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Preface

Flexible and stretchable electronics represent an emerging technology with the
potential to significantly impact a wide array of areas including healthcare, energy,
robotics, manufacturing, and defense. Unlike rigid electronics, this technology
enables novel applications ranging from wearable or implantable devices to soft
robots. Although many interdisciplinary challenges exist in this field, a fundamental
challenge is achieving mechanical flexibility, stretchability, or surface conformabil-
ity while maintaining the functionalities and performance of the electronics.

The mechanics of materials, structures, and interfaces plays a crucial role in
addressing this challenge. This book aims to showcase some successful and nascent
approaches including soft functional materials (such as composites, nanomaterials,
organic semiconductors, hydrogels, liquid metals, and so on), soft structures (like
origami/kirigami, serpentines, wrinkles, buckles, architected materials, etc.), and
advanced bio-electronics adhesives, among others. The focus throughout is on
the mechanistic understandings and/or the mechanics-driven designs of such
materials, structures, interfaces, and systems.

Recent books in the field of flexible and stretchable electronics largely focus on
materials, manufacturing, electronics, and applications. However, the mechanics
underlying these advancements have been instrumental in the rapid progress of this
field. We believe that a book summarizing the recent developments in this crucial
aspect is both timely and necessary.

Our primary audience includes senior undergraduate students, graduate students,
and early-stage researchers who are interested about the mechanics of soft elec-
tronics or planning to take it on as their research directions. Additionally, instruc-
tors teaching undergraduate and graduate courses on the topic will find valuable
resources within these chapters. Anticipated readers may come from a wide range
of disciplines including, but not limited to, mechanics, physics, materials science,
chemical engineering, electronics, and biomedicine, reflecting the multidisciplinary
nature of flexible and stretchable electronics.

Authored by leading experts, this book is divided into three parts, comprising
15 chapters. Part I (Chapters 1-5) addresses the mechanics of a variety of mate-
rials commonly used in flexible and stretchable electronics such as hydrogels,
1-D and 2-D nanomaterials, liquid metals, and organic semiconductors. Part II
(Chapters 6-10) explores the mechanics involved in the design and manufacturing

xiii
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Preface

of these electronics, covering diverse structural designs like mechanics-guided
3D assembly and wrinkling/buckling instabilities, and manufacturing processes
including laser-based methods and electrospinning. Part III (Chapters 11-15) delves
into mechanics issues relevant to applications, such as the indentation behavior
of soft electronics, wet adhesion, and the integration of mechanics in applications
like tactile sensors, haptics with curved origami, and transient electronics. These
15 chapters provide a snapshot of the recent advancements in the mechanics of
flexible and stretchable electronics.

We extend our sincere gratitude to all contributing authors, whose dedication and
hard work made this book possible. We are also indebted to the editorial team at
Wiley-VCH for their exceptional technical assistance.

June 2024 Yong Zhu and Nanshu Lu
Raleigh and Austin
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Extreme Mechanics of Hydrogels Toward /n Situ Hydrogel
Bioelectronics
Tsz H. Wong!, Xuanhe Zhao**, and Shaoting Lin*

! Michigan State University, Department of Biomedical Engineering, 775 Woodlot Dr, East Lansing, MI
48824, USA

2Massachusetts Institute of Technology, Department of Mechanical Engineering, 77 Massachusetts Avenue,
Cambridge, MA 02139, USA

3Massachusetts Institute of Technology, Department of Civil and Environmental Engineering, 77
Massachusetts Avenue, Cambridge, MA 02139, USA

“*Michigan State University, Department of Mechanical Engineering, 474 S Shaw Ln, East Lansing, MI 48824,
USA

1.1 Introduction

In-situ bioelectronics, a rapidly evolving field focusing on the development of elec-
tronic devices that can operate within the body for on-site sensing, stimulation, and
powering, holds great promise for revolutionizing the field of medicine in a variety
of ways (Figure 1.1a) [1, 2]. For example, the development of biosensors that can
achieve on-site quantification of biomarkers closely related to the development and
progression of colorectal cancer (CRC) would enable early CRC detection prevent-
ing CRC from progressing, thereby increasing the five-year relative survival rate up
to 90% [3]. The development of neural probes that can form intimate interfaces with
neurons without provoking a severe foreign body response would enable chronic
neuron stimulation and recording, facilitating fundamental understanding of neural
activities and offering long-term treatment for neuropsychiatric disorders, traumatic
injuries, and inflammatory conditions [4-6]. The advancement of energy harvesting
devices that can provide sustainable power supply to cardiac pacemakers could pro-
long their lifespan and help maintain or restore a normal heart rhythm with electri-
cal impulses [7-9]. However, the key challenge faced by in-situ bioelectronics stems
from the fundamentally contradictory properties between electronic components
and biological systems, which induce foreign body responses due to mechanical,
chemical, and biological mismatches. Specifically, electronic components are typ-
ically made of metals, silicon, glass, ceramics, and plastics that are hard, dry, and
abiotic; in contrast, biological systems are composed of living tissues that are soft,
wet, and dynamic.

Hydrogels, as polymer networks infiltrated with water, exhibit intriguing multi-
physics phenomena associated with mechanical, electrical, chemical, and thermal

Mechanics of Flexible and Stretchable Electronics, First Edition. Edited by Yong Zhu and Nanshu Lu.
© 2025 WILEY-VCH GmbH. Published 2025 by WILEY-VCH GmbH.



4 | 1 Extreme Mechanics of Hydrogels Toward In Situ Hydrogel Bioelectronics
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Figure 1.1 Overview of the in-situ hydrogel electronics. (a) /n-situ bioelectronics
revolutionized the field of medicine in a variety of ways. (b) Hydrogels form long-term,
high-efficacy, multi-modal bridging interfaces between electronic components and
biological systems. (c) Three key components of in-situ hydrogel bioelectronics include
stretchable hydrogel conductors, electrochemical hydrogel biosensors, and flexible
hydrogel biobatteries.

couplings [10, 11]. Hydrogels are typically constituted of two phases: one phase
of interconnected polymer networks giving the solid-like network elasticity, and
the other phase of infiltrated water molecules endowing the fluid-like transport
property [12-15]. Due to the unique combination of polymer networks and water
molecules, hydrogels show their superior softness, wetness, responsiveness, bio-
compatibility, and bioactivity, therefore having been regarded as an ideal material
candidate to form long-term, high-efficacy, multi-modal bridging interfaces between
electronic components and biological systems (Figure 1.1b) [16, 17].

Recently, a nascent field named hydrogel bioelectronics has rapidly evolved,
exploiting hydrogels as key components for electronic devices that seamlessly
interact with biological systems. The generic idea for the design of hydrogel
bioelectronic device is to embed functional electronic components such as con-
ductors, microchips, transducers, resistors, and capacitors inside or attached to
the surface of a highly stretchable and tough hydrogel matrix, providing a soft,
wet, and biocompatible environment interfacing with biological tissues [18]. As
the hydrogel bioelectronic device is stretched, flexible electronic components can
deform together with the device while rigid electronic components maintain their
undeformed shapes, which involves large deformation of hydrogels around rigid
electronic components [19, 20]. Therefore, to maintain reliability and function-
ality of the device, the hydrogel matrix and the interface between hydrogel and
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functional components need to be tough and robust. Pioneered by Gong et al.,
hydrogels with fracture toughness higher than 10* J/m? have been widely available
[21-23]; additionally, initiated in the past 10years, hydrogel adhesions to diverse
substrates can successfully achieve interfacial fracture toughness above 10°J/m?,
on the same order as their biological counterparts [24-29]. The recent development
of tough hydrogels and tough hydrogel adhesions as well as their synthesis and
fabrication techniques have enabled various soft material technologies in the form
of diverse hydrogel bioelectronics [18, 30, 31].

More recently, an emerging class of in-situ bioelectronics that combines hydro-
gel technologies with electronic components to create devices that can interact with
harsh environments within the body, which we define as in-situ hydrogel bioelectron-
ics, have been recently proposed with great promise in potentially addressing the
limitations faced by existing in-situ bioelectronics [16, 31, 32]. Despite the promise,
the complicated chemical, biological, and mechanical factors in the physiological
environment pose significant challenges to the reliability and functionality of hydro-
gel electronic devices when operating within the body. What are the key properties
of hydrogels and how to rationally design these properties for developing electronic
devices that can operate in the physiological environment for reliable on-site sens-
ing, stimulation, and powering? These are unanswered questions, even considering
a growing number of reviews on hydrogel bioelectronics [16, 33-37].

This chapter aims to provide an overview of the design principles, implementation
mechanisms, and manufacturing/fabrication techniques, particularly centering
on extreme mechanics of hydrogels, for developing three key components of
in-situ hydrogel bioelectronics (Figure 1.1c): (i) stretchable hydrogel conductors,
(ii) electrochemical hydrogel biosensors, and (iii) flexible hydrogel biobatteries.
The chapter is organized as follows. Section 1.2 will discuss polymer mechanics
for rationally designing extreme mechanical and physical properties of hydrogels
crucial for the development of in-situ hydrogel bioelectronics. Section 1.3 will
discuss the multiscale orthogonal design of stretchable hydrogel conductors and
strategies for implementing the orthogonal design. Section 1.4 will discuss the
principles for achieving high-specificity and high-sensitivity of electrochemical
hydrogel biosensors, specifically focusing on selective transport design in hydrogels
and electrochemical sensing performance at hydrogel-electrode interfaces. Section
1.5 will briefly review the recent efforts in developing flexible hydrogel biobatteries
by harvesting mechanical energy, chemical energy, and thermal energy. Section
1.6 will conclude the chapter with a set of future opportunities by integrating
interdisciplinary efforts in ingestible sensors, neural interfaces, miniature robots,
and data analytics.

1.2 Extreme Properties of Hydrogels by Polymer
Network Design

Due to the unique combination of solid-like polymer networks and fluid-like
water molecules, hydrogels exhibit superior softness, wetness, responsiveness,
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Polymer-network design
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Figure 1.2 Extreme properties of hydrogels by polymer network design. (a) Schematics of
unconventional polymer networks such as ideal polymer networks, interpenetrating
polymer networks, semi-crystalline polymer networks, micro-/nanofibrous polymer
networks. (b) Schematics of mechanical and physical properties critical for the development
of in-situ hydrogel bioelectronics, including elasticity, fracture, fatigue, and mass transport.

biocompatibility, and bioactivity, therefore being exploited as key material candi-
dates for developing in-situ hydrogel bioelectronics. These properties have been
intensively studied by understanding the nonlinear elasticity [38], swelling [39-43],
poroelasticity [44, 45], viscoelasticity [46-50], fracture [51-53], and fatigue [54-57]
of hydrogels, following the pioneering work in the field of polymers and soft
materials [58-69]. Despite these unique mechanical and physical properties of
common hydrogels, the development of in-situ hydrogel bioelectronics also requires
hydrogels to possess extreme mechanical and physical properties, such as tunable
elastic modulus, extremely high values of fracture toughness and fatigue threshold,
and tunable molecular transport. In this section, we will discuss the polymer
mechanics to rationally push the limits of mechanical and physical properties of
hydrogels including elastic modulus, fracture toughness, fatigue threshold, and
mass transport that are crucial for the development of in-situ hydrogel bioelectronics
(Figure 1.2).

1.2.1 Elastic Modulus

Elastic modulus is one of the most important properties of hydrogels used in
biomedical applications, as it governs their ability to withstand deformations while
maintaining compliance without damaging the surrounding soft tissues or causing
adverse foreign body responses. There are several methods available to measure the
elastic modulus of hydrogels, including tensile/compression, rheology, and inden-
tation tests, as illustrated in Figure 1.3a. The shear elastic modulus of a hydrogel
G can be measured by identifying the initial slope of the stress-strain curve in
tensile or compression tests E, namely G = aE, where « is a dimensionless perfector
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Figure 1.3 Common experimental methods to characterize mechanical and physical
properties of hydrogels. (a) Tensile, rheology, and indentation tests to measure the elastic
modulus of hydrogels. (b) Pure shear, T-peel, and tearing tests to measure the fracture
toughness of hydrogels. (c) Pure shear fatigue tests to measure the fatigue threshold of
hydrogels Iy by plotting the crack extension da/dN versus the applied energy release
rate G. (d) 1D transport assay, fluorescence recovery after photobleaching (FRAP), and
particle tracking methods to measure the diffusivity of particles (e.g. ions, monomers,
proteins, viruses) in hydrogels.

depending on samples’ dimensions and material incompressibility [70]. Rheology
test is the other method to measure the shear elastic modulus of a hydrogel,
which is often preferred for soft hydrogels. Rheology tests can provide information
on both storage and loss modulus across a range of frequencies, allowing for a
quantitative decomposition of elastic and viscous contributions during deformation
[71]. Indentation tests can also be used to characterize the shear elastic modulus,
but the results may be affected by water migration and stress state. Therefore, a
theoretical analysis is necessary to accurately interpret the indentation results and
decouple nonlinear elasticity, viscoelasticity, and poroelasticity in hydrogels [72].

Assuming the polymer network of a hydrogel is fully amorphous with negligible
molecular entanglements and crystalline domains, the shear elastic modulus of a
hydrogel G can be theoretically predicted following the classical affine and phantom
network theories of elasticity [12, 66],

k—GT =C¢p'*n 1.1)
where ¢ is the volume fraction of dry polymers, n is the number of elastically active
polymer chains per unit volume of dry polymers, k is the Boltzmann constant, T is
the absolute temperature, and C is a constant that has a value of 1 when the polymer
network of the hydrogel follows affine deformation and 1 — 2 when the polymer
network of the hydrogel follows phantom deformation with f being the function-
ality of the polymer network (i.e. the number of chains connected to a junction
point). By substituting the typical values of C =1, ¢ = 0.1, n = 10** — 10* m~3, and
kT =4.11 x 102! J, the shear elastic modulus of a hydrogel is estimated on the order
of 1-100 kPa.

Recent experiments have shown that the measured shear modulus of a hydrogel
is consistently below the theoretical predictions by Eq. (1.1) due to the presence of
molecular defects in a real hydrogel. Given the capability of counting the numbers
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of various orders of molecular defects in hydrogels, Olsen and Johnson and cowork-
ers [73] developed a real elastic network theory to quantify the impact of molecular
defects on shear elastic modulus,

G _f-2
A "

where n; is the number of the type i polymer chains per unit volume of the hydrogel
associated with a specific type of molecular defects, ¢; is the elastic effectiveness of
the type i polymer chains. ¢; accounts for the elastic contribution of each polymer
chain, having a value of 1 if the polymer chain is an ideal chain with no impact from
defects and a value smaller than 1 if the polymer chain is a defective chain affected
by surrounding molecular defects. The real elastic network theory suggests the crit-
ical role of polymer network architecture on hydrogel’s elastic modulus. The design
principle for achieving tunable elastic modulus of hydrogels is to engineer the type
and density of molecular defects, ubiquitous in synthetic hydrogels and biological
tissues [74] (Figure 1.4a).

1.2.2 Fracture Toughness

Fracture toughness, the energy required to propagate a unit area of crack surface
under monotonic load, defines the ability of a material to resist crack extension
under stress. Fracture toughness of a hydrogel is crucial for maintaining reliability
of in-situ hydrogel bioelectronics [10, 11]. As illustrated in Figure 1.3b, the fracture
toughness of a hydrogel can be measured through pure shear, T-peel, and tearing
tests, originally proposed by Rivlin and Thomas for measuring the fracture tough-
ness of rubbers [75]. In a pure shear test, the fracture toughness of a hydrogel I
is determined by the critical energy release rate applied on a notched sample G,
I' = G, = W(4,)H, where W is the strain energy density stored in the unnotched
sample with A, being the critical stretch for crack extension in the notched sample,
and H is the sample height [53]. T-peel tests can also be used to measure the frac-
ture toughness of hydrogels [76], where a hydrogel layer with a precut is sandwiched
between two inextensible backing layers. The fracture toughness of the hydrogel is
then calculated via I' = 2F /b, where F is the steady-state plateau force, and b
is the specimen’s thickness. Tearing tests, also known as trouser tests, are another
commonly adopted method for measuring hydrogel toughness [77]. Unlike pure
shear and T-peel tests with the crack deformed in Mode I, the crack in a tearing
test is deformed in Mode III (out-of-plane shear loading). The fracture toughness of
a hydrogel in a tearing test is determined by I' = 2F 4. /b, where F is the steady-state
plateau force, and b is the specimen’s thickness.

Common hydrogels are intrinsically brittle [78]. The intrinsic fracture energy of a
hydrogel I'y can be calculated following the classical Lake-Thomas theory [12, 61,
791,

I, = ¢*3 - ny/Nb - NU = ¢*/*nbN**U (1.3)

where ¢ is the volume fraction of dry polymers, n\/ﬁ b is the number of elastically
active polymer chains per unit area of crack surface, with n being the number of
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Figure 1.4 Design principles for extreme properties of hydrogels. (a) Achieving tunable
elastic modulus by engineering type and density of molecular defects in hydrogels.

(b) Achieving high fracture toughness of hydrogels by introducing both bulk hysteretic
dissipation and near-crack dissipation in stretchy polymer networks. (c) Achieving high
fatigue threshold of hydrogels by introducing high-energy phases to impinge fatigue crack
extension. (d) Achieving tunable diffusivity in hydrogels by leveraging the synergy of
reversible bonds and network elasticity.

elastically active polymer chains per unit volume of dry polymers, N being the num-
ber of Kuhn monomers in each polymer chain, b being the length of each Kuhn
monomer, NU is the energy required to fracture a polymer chain, with U being the
energy required to fracture a single Kuhn monomer. It is commonly assumed that the
dry polymers of a hydrogel satisfy the volume conservation following Nnb3 = 1 with
b? being the volume of a Kuhn monomer. By imposing the volume conservation, the
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intrinsic fracture energy of a hydrogel can be calculated via,
[, = $**b2NY2U (1.4)

By substituting the typical values of ¢ = 0.1, b = 10" m, N = 100 — 10, 000, and
U = 100kT = 4.11 x 1071°J, the intrinsic fracture energy of a hydrogel T, is esti-
mated as low as 1-10 J/m?, orders of magnitude lower than biological tissues around
1000J/m?.

Lin and Zhao recently developed a defect-network fracture model to predict the
intrinsic fracture energy of polymer networks containing various types of topological
defects including cyclic loops and dangling chains [80]. The defect-network frac-
ture model is inspired by the real elastic network model [73] or, more generally, the
phantom network model [66, 81] discussed in Section 1.2.1. Analogous to the pre-
vious elastic models, the key idea of this fracture model is to introduce effectively
longer fractured chains to account for the energy of the fractured chains on the crack
path. However, physically different from the previous elastic models, the effectively
longer chains in the fracture model do not change the density of the layer of fractured
chains. The intrinsic fracture energy of the polymer network with defects normal-
ized by that of the corresponding defect-free ideal network can be expressed as:

= Z(yX _ l)n';l(ffected _ anlactive +1 (1.5)
X X

where y > 1 is the fracture effectiveness to account for the contribution to intrinsic
fracture toughness by a single polymer chain affected by defect X, ng‘(ffe“ed isthe num-
ber density of affected chains due to the presence of defect X, ngla“ﬁ"e is the number
density of inactive chains due to the presence of defect X. The defect-network frac-
ture model indicates a competing effect due to the presence of topological defects:
toughening by increasing effective chain length and weakening by introducing inac-
tive chains. While the defect-network fracture model predicts that the presence of
defects can potentially enhance intrinsic fracture energy of hydrogels by a few times,
such enhancement is not sufficient to ensure the reliable use of hydrogels in engi-
neering applications.

In the past 20years, the fracture toughness of hydrogels has been significantly
enhanced above 1000J/m?2, making tough hydrogels key load-bearing components
for devices and machines [82, 83]. The generic toughening mechanism of hydrogels
is to incorporate two physical processes: one is the scission of a layer of polymer
chains on the crack tip, and the other is the bulk hysteretic dissipation around the
crack tip such as Mullins effect and viscoelasticity [22, 23, 51, 78, 84-91]. The first
process defines the intrinsic fracture energy I'; as discussed in Egs. (1.3)-(1.5), and
the second process defines the bulk hysteretic dissipation’s contribution FbD“lk. Con-
ceptually, the total fracture toughness of a tough hydrogel can be expressed as:

[ =T, + Dk (1.6)

which is often named the bulk dissipation model. The value of FbDulk can be esti-
mated by I'2"* = U, Ly, with Uy, being the energy for breaking sacrificial bonds per
unit volume of the material and L, being the length of the process zone around
crack tip where breaking sacrificial bonds occurs. U}, can be estimated by the bond
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energy of one sacrificial bond times the number of sacrificial bonds per unit vol-
ume of the material, on the order of 10° J/m?3. Since the value of L canreach 1 mm
[92], the value of FbDulk can reach 1000J/m?, with the orders of magnitude larger
than I,.

The bulk dissipation model has been widely used to qualitatively explain the
toughening mechanisms in diverse soft tough materials [21, 23, 93-95], but recent
study shows that the bulk dissipation model significantly underestimates the
toughness enhancement of tough hydrogels [93]. The missing term is attributed to a
near-crack dissipation that does not rely on bulk hysteresis [96-98]. To account for
both bulk hysteretic dissipation and near-crack dissipation in soft tough materials,
an extreme toughening model was recently proposed, indicating that the total
fracture toughness of a tough hydrogel exhibiting both bulk hysteretic dissipation
and near-crack dissipation can be expressed as:

=T, + kP (1.7)

where I, is the intrinsic fracture energy, T2"* is the bulk hysteretic dissipation’s con-
tribution to fracture toughness, and ng is the near-crack dissipation’s contribution
to fracture toughness. A governing equation for the extreme toughening model can
be further derived as:

r__=»s (1.8)

I, 1-—ahy
where f = (FO +1“gp) /Ty =1 is a dimensionless number to account for the
near-crack dissipation due to molecular entanglements, 0 < a <1 is a dimensionless
number depending on the stretch-dependent hysteresis of the bulk materials (o =1
for highly stretchable materials), and 0<h, <1 is the maximum stress-stretch
hysteresis of the bulk material. While the cause of the near-crack dissipation
is not fully understood, the reported experiments have shown the potential for
achieving high values of g up to 10, suggesting the crucial toughening role by
the near-crack dissipation. To summarize, the design principle for achieving high
fracture toughness in hydrogels is to introduce both bulk hysteretic dissipation
(e.g. Mullins effect and viscoelasticity) and near-crack dissipation (e.g. molecular
entanglements) in stretchy polymer networks, as depicted in Figure 1.4b.

1.2.3 Fatigue Threshold

Fatigue threshold, the energy required to propagate a unit area of crack surface
under cyclic load, defines the ability of a material to resist fatigue crack extension
under stress [55, 99, 100]. Fatigue threshold of hydrogels is critical for achieving
longevity of in-situ hydrogel bioelectronics. As illustrated in Figure 1.3c, the mea-
surement of fatigue threshold of hydrogels requires cyclic loading of unnotched and
notched hydrogel specimens. The fatigue tests for hydrogels are typically performed
in a chamber with controlled humidity or water bath to ensure the sample reaches
an equilibrium state [54, 56]. By monitoring the crack extension A a at a controlled

11
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energy release rate G, one can identify a critical energy release rate at the intersection
of abscissa axis as the measured fatigue threshold I,

While hydrogels have been made tough with high toughness above 1000J/m?, as
discussed in Section 1.2.2, these tough hydrogels still suffer from fatigue fracture
when subjected to prolonged cyclic loading [54, 79, 97, 101]. The experimental find-
ings conclude that the resistance to fatigue crack propagation after prolonged cycles
of loads is the energy required to fracture a single layer of polymer chains (i.e. the
intrinsic fracture energy of the hydrogel), which is unaffected by the additional dis-
sipation mechanisms introduced in tough hydrogels [56]. To address the challenge
of fatigue failures in conventional tough hydrogels, we and others have proposed
a general design principle for fatigue-resistant hydrogels (Figure 1.4c) - inducing
delocalized damage around the crack tip by fracturing high-energy phases, such
as nanocrystals [28, 56, 100, 102-104], micro—/nanofibers [105], and macro-fibers
[92, 106] in hydrogels. Additionally, hierarchical molecular structure design such
as introducing bi-continuous phase networks can suppress fatigue-induced crack
advance [57, 107].

The fatigue threshold of fatigue-resistant hydrogels containing high-energy phases
can be qualitatively calculated by modifying the Lake-Thomas theory:

T, = ¢**nl,NU (1.9)

where ¢ is the volume fraction of dry polymers, n is the number of elastically active
polymer chains per unit volume of dry polymers, NU is the energy required to frac-
ture a polymer chain with N being the number of Kuhn monomers in each polymer,
U being the energy required to fracture a single Kuhn monomer, and [, is the length
scale of the delocalized damage and understood as the crack processing zone length
at the threshold. In conventional hydrogels, I, is equal to the length of a single layer
of polymer chains, i.e. [; = \/1%; in fatigue-resistant hydrogels, [, is larger than the
length of a single layer of polymer chains, i.e. [; > \/N_b Since the parameters ¢, N,
and U are intrinsic properties of hydrogels with little room to engineer, the strategies
to enhance fatigue threshold of hydrogels mainly rely on the mechanisms that can
significantly enlarge the value of I, which can be achieved by introducing intrinsi-
cally high-energy phases above mentioned.

1.2.4 Mass Transport

Diffusion in a hydrogel, movement of particles (e.g. ions, monomers, proteins, and
viruses) through the hydrogel, is a ubiquitous phenomenon in nature and a fun-
damental process that governs the working principles in diverse applications. For
example, the distinct diffusion of different biomarkers in hydrogels determines the
sensing sensitivity and sensing specificity in electrochemical hydrogel biosensors
discussed in Section 1.4; the stress-induced diffusion of ions in nano channels of
hydrogels governs the stress-voltage coupling in flexible hydrogel batteries discussed
in Section 1.5. The diffusivity of particles in hydrogels can be commonly charac-
terized by 1D transport assay, fluorescence recovery after bleaching (FRAP), and
particle tracking methods (Figure 1.3d).
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The mode of diffusion in a hydrogel is determined by the mesh size of the hydrogel.
When the hydrogel’s mesh size is much larger than the size of the substance, the
substance moves as Brownian diffusion, the diffusivity of which is governed by the
viscosity of solvent (i.e. water) in the hydrogel [108]:

_ kT
" 3and
where k is the Boltzmann constant, T is the absolute temperature, # is the dynamic
viscosity of water, and d is the diameter of the substance. By substituting the typical
values of kT =4.21 x 10721 ], =8.9x 10~* Pa - s, and d = 1 nm, the diffusivity of the
substance in a hydrogel with large mesh size is estimated as 107'° m/s?. When the
hydrogel’s mesh size is on the same order as the size of the substance, the diffusivity
of the substance in a hydrogel is governed by the hydrogel’s mesh size & [109]:
D d
D, exp < f) (1.11)
where D, is the diffusivity of the substance in water. For a hydrogel with its mesh
size two times the substance diameter (i.e. d/& = 2), the diffusivity of the substance
reduces by 10 times on the order of 107! m/s? .

Existing efforts have been mostly focused on Brownian diffusion of particles in a
fluid, the diffusivity of which is governed by the viscosity of fluids. In contrast, when
particles diffuse in the polymer networks of a hydrogel, the transport of particles
is a discrete process of particles making stochastic hops between neighboring
sites, namely hopping diffusion, the diffusivity of which is governed by the energy
required to overcome the elasticity of polymer networks [110]. Such network
elasticity can be readily tuned by mechanical deformation applied on the hydrogel.
This implies the potential of harnessing mechanical deformation as a new design
space to program particle transport in hydrogels. Specifically, for a particle with
size d confined in a cage formed by polymer chains with mesh size & slightly
smaller than particle size (i.e. £ <d), the particle can still escape from one cage
to the other neighboring cage by overcoming the energy barrier due to network
elasticity. The probability for such escape P is determined by the energy barrier

(1.10)

E viaP= [ e_E;/kT dx where k is the Boltzmann constant and T is the absolute
temperature, resulting in a reduced hopping diffusivity [110],
Dnetwork = DOP (1'12)

where D, is the particle diffusivity in a hydrogel free of network elasticity. The
fundamental understanding of how mechanical deformation modulates particle
transport in soft materials remains an unexplored research topic but will potentially
lead to multiple previously inaccessible technologies that rely on mechano-transport
design in hydrogels, including but not limited to force-sensitive cargo for on-demand
drug delivery, and strain-programmable tissue adhesive for prolonged tissue repair.

In addition to network elasticity, hopping diffusion in hydrogels can also be
induced by reversible interactions between particles and functional groups in
hydrogels [111]. During a hopping event, multipoint particle attachment results
in caging. As one or more of the attached points can be released, the particle
can escape from one cage to the other neighboring cage, resulting in hopping
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diffusivity,
N
Dreversible = ZkofijDO' (1-13)
Jj=2

where P; is the probability of a particle maintaining j number of bonding sites, N
is the number of bonding sites on the particle, D, is the particle diffusivity with
one bonding site (N = 1), and k. is the dissociate rate of the reversible interac-
tion. Harnessing hopping diffusion by reversible interactions enables selective
transport of chemical and biological cargoes based on reversible cargo-barrier
interactions [112, 113]. Overall, the principle to tune particle diffusivity in
hydrogels is to leverage the synergy of network elasticity and reversible bonds
(Figure 1.4d).

1.3 Stretchable Hydrogel Conductors

Hydrogel-based electronic materials that can conduct electricity while being able
to stretch and deform without fracture, known as stretchable hydrogel conductors,
hold great potential as an alternative to traditional metallic conductors in the
development of in-situ hydrogel bioelectronics due to their unique combination of
tissue-like properties and electrical conductivity [18, 114]. Despite the promising
potential, existing stretchable hydrogel conductors face a technical challenge in rec-
onciling superior mechanical toughness and high electrical conductivity, limiting
their use in in-situ hydrogel bioelectronics that require both mechanical and elec-
trical properties [115-117]. Currently, most stretchable hydrogel conductors consist
of a mixture of electrically conductive fillers in stretchable hydrogel matrices,
resulting in low electrical conductivity due to low connectivity between electrical
phases in the hydrogel matrices. Although increasing the amount of conductive
filler can improve the electrical conductivity by forming a percolation network,
this approach significantly compromises the hydrogel’s mechanical properties by
reducing stretchability and fracture toughness.

1.3.1 Multiscale Orthogonal Design

The design principle of stretchable hydrogel conductors is depicted in Figure 1.5,
where the integration of electrical and mechanical phases is accomplished by
a bi-continuous structure with an orthogonal design of each phase. To achieve
high electrical conductivity, various electrical fillers such as ions [118, 119],
conductive monomers [120, 121], conductive polymers [122-124], conductive
nanoparticles [125, 126], and conductive macro fillers [127, 128] have been used.
On the other hand, to achieve superior mechanical elasticity, stretchable hydro-
gels with interpenetrating polymer networks [21, 23, 129], hybrid crosslinkers
[130-132], high-functionality crosslinkers [133-135], monodispersed polymer
chains [136, 137], and meso-/macro composites [138-140] have been designed.
While high electrical conductivity and superior mechanical elasticity have been



