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Hydrogel ionotronics

Canhui Yang and Zhigang Suo® *

Living matter conducts electricity mostly using ions,
while machines conduct electricity mostly using elec-
trons. The two systems, natural and synthetic, function
through distinct ionic and electronic circuits; however,
ionic and electronic circuits are coupled at human-
machine interfaces in the electrophysiological study of the
brain, heart and muscle'*® (FIC. 1a). Hybrid circuits
of ions and electrons also enable batteries™, super-
capacitors”' and fuel cells'"'?. Human-machine inter-
faces and energy-storage devices have inspired the field
of ionotronics (also called iontronics), in which devices
function by using both mobile ions and electrons"*'°.
In this Review, we discuss ionotronic devices that use
hydrogels as stretchable, transparent ionic conductors.
Hydrogels are an integral part of living matter; many
tissues and organs of animals and plants are hydro-
gels. A hydrogel contains a polymer network and water
molecules (FIC. 1b). The polymer network makes the
hydrogel an elastic solid, and the water molecules make
the hydrogel an ionic conductor. The polymer network
has a mesh size of ~10nm, which is much larger than
the size of a water molecule, allowing water molecules in
the hydrogel to maintain the same chemical and physi-
cal properties as in liquid water. Dissolving salt in water
yields mobile ions, which change the resistivity of the
water from ~18.2 MQm (the value of purified water) to
~107' Qim, depending on the type and concentration of
the salt'”. Mobile ions and electrons form an electric dou-
ble layer (EDL) at the interface between a hydrogel and
ametal (FIC. 1¢). The EDL functions as a capacitor with a
capacitance of ~10~' F m and couples the ionic current
in the hydrogel and the electronic current in the metal.
Hydrogel ionotronics rely mostly on non-Faradaic
processes, with no matter or charge crossing the interface.

Abstract | An ionotronic device functions by a hybrid circuit of mobile ions and mobile electrons.
Hydrogels are stretchable, transparent, ionic conductors that can transmit electrical signals of
high frequency over long distance, enabling ionotronic devices such as artificial muscles, skins
and axons. Moreover, ionotronic luminescent devices, ionotronic liquid crystal devices,
touchpads, triboelectric generators, artificial eels and gel-elastomer—oil devices can be designed
based on hydrogels. In this Review, we discuss first-generation hydrogel ionotronic devices and
the challenges associated with the mechanical properties and the chemistry of the materials.
We examine how strong and stretchable adhesion between hydrophilic and hydrophobic
polymer networks can be achieved, how water can be retained in hydrogels and how to design
hydrogels that resist fatigue under cyclic loads. Finally, we highlight applications of hydrogel
ionotronic devices and discuss the future of the field.

The hydrogel can be connected to an ionic device or
a living tissue, and the metal can be connected to an
electronic device. At first approximation, the elec-
trochemistry of hydrogels is similar to that of aque-
ous electrolytes, which has been extensively studied’;
however, aqueous electrolytes are liquids, and hydro-
gels are solids, allowing a broad range of applications.
For example, hydrogels have long been used in elec-
trophysiological measurements to connect metallic
electrodes and living tissues'**. A hydrogel can be
stretched several times its initial length and recover
elastically, with its elastic moduli being readily tuned
from 1kPa to 100kPa, or even beyond this range. The
elasticity is entropic and results from the change in
the configuration of the polymer network and water
molecules, negligibly affecting the ionic conductivity.
Thus, stretching a strip of hydrogel A times its initial
length leads to a change in resistance by a factor of
approximately A* (FIC. 1d). The polymer network does
not scatter light, which makes the hydrogel highly
transparent to visible light of all colours, similar to the
optical properties of water. A hydrogel retains trans-
parency as the thickness increases and the resistance
decreases (FIG. Te). This combination of properties
makes hydrogels ideal materials for ionotronic devices,
including artificial muscles* %, artificial skins*~**, arti-
ficial axons"’, ionotronic luminescent devices***, iono-
tronic liquid crystal devices™, touchpads”, triboelectric
generators™*, artificial eels*" and gel-elastomer-oil
(GEO) devices*™*, for applications such as wearable
electronics for humans and robots and implantable
human-machine interfaces.

Compared with synthetic materials such as metals,
ceramics, plastics and semiconductors, synthetic
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Fig. 1| Hydrogels as ionic conductors. a| Measuring the electrophysiology of the brain,
heart and muscle requires mobile ions and mobile electrons. b | Hydrogels are made of
polymer networks, which make a hydrogel an elastic solid, and water, which makes the
hydrogel an ionic conductor. ¢ | At the interface between a hydrogel and a metal, mobile
ions in the hydrogel and mobile electrons in the metal form an electric double layer.

d| An electronic conductor breaks at a smaller stretch, A, than a hydrogel. e | Electronic
conductors are less transparent at low resistance, R, than hydrogels. AgQNWs, silver
nanowires; CNTs, carbon nanotubes; ITO, indium tin oxide; R, electrical resistance in the
stretched state; R, electrical resistance in the initial state. Panels d and e are adapted
with permission from REF.?!, AAAS.

hydrogels, first reported for biological use in the
1960s", are relatively new but rapidly evolving materi-
als for biomedical applications, for example, in contact
lenses*, superabsorbent diapers”, cell cultures®, tissue
regeneration’’ and drug delivery™. In these applica-
tions, synthetic hydrogels mimic the optical, mechanical
and chemical functions of living tissues but not their
electrical functions or properties. The field of hydro-
gel ionotronics has benefited from biological applica-
tions of synthetic hydrogels but also faces previously
unmet challenges.

In this Review, we discuss first-generation hydro-
gel ionotronic devices. We highlight areas of mate-
rials research that are directly motivated by hydrogel
ionotronics, including the engineering of strong and
stretchable adhesion between hydrophilic and hydro-
phobic polymer networks™ -, the retention of water in
hydrogels in air**°"***> and the improvement of fatigue
resistance in hydrogels under cyclic loads™*-*". We pro-
vide an overview of all hydrogel ionotronic devices
that have been described in the literature so far, with
an emphasis on the fundamental principles of hydrogel
ionotronics and challenges regarding the mechanical
properties and chemistry of the materials. Finally, imme-
diate opportunities in the field of hydrogel ionotronics
are highlighted.

Artificial muscle, skin and axon

First-generation hydrogel ionotronic devices have been
explored to mimic neuromuscular and neurosensory
systems. Ionic signals play a key role in neurosensing;
for example, stepping on a nail results in an ionic sig-
nal triggered by the contact between the metal and the
skin®. The jonic signal propagates along the axon to the
central nervous system, which, in response, generates an
ionic signal and sends it in two directions: to the brain
to register the pain and to the muscle to lift the foot.
Hydrogel ionotronic devices mimic the functions but
not the anatomies of the skin, axon and muscle. The
nervous system senses, decides and acts through a com-
bination of ionic signalling and chemistry; however, the
hydrogel ionotronic device applies a combination of
ionics and electronics.

Artificial muscle

Muscles convert chemical reactions into mechanical
movements. Pelrine and co-workers invented the first
artificial muscles that convert electric voltages into
mechanical movements®’°. These artificial muscles,
called dielectric elastomer actuators, have undergone
substantial development, enabling a broad range of
applications, including soft robots, prosthetic devices
and adaptive optics®™”!-",

An jonotronic artificial muscle comprises a layer of
elastomer sandwiched between two layers of hydrogel”
(FIC. 2a). The elastomer is a dielectric, the hydrogel is
a conductor and the sandwich is a capacitor. Metallic
wires connect the two hydrogel layers to an external
power source. Voltage applied between the two metal-
lic wires by the power source leads to the movement of
mobile electrons in the metals and mobile ions in the
hydrogels either away from or towards the interfaces
between the metals and the hydrogels. At the same time,
mobile ions accumulate at the two interfaces between
the hydrogels and the elastomer. The two hydrogel-
elastomer interfaces are charged with opposite polarities,
and their attraction causes a decrease in the thickness
and an increase in the area of the elastomer. The hydro-
gels can be made much softer than the elastomer, so
that the hydrogels do not restrict the deformation of
the elastomer. The electromechanical coupling is highly
nonlinear and, depending on the geometry, enables dif-
ferent designs of artificial muscles and many modes of
electromechanical instability’>”°. Both the elastomer
and hydrogel can be made transparent, and the metal
wires can contact the hydrogels in regions outside of
the active area, making the whole ionotronic artificial
muscle transparent (FIC. 2a).

The voltage needed to considerably deform the elas-
tomer scales as V = H(y;/€;)"% in which Vis the voltage
applied across the thickness of the elastomer and H, p;
and ¢; are the thickness, shear modulus and permittivity
of the elastomer, respectively”. The electric field in the
elastomer scales as E =~ (u/¢e;)"%. Representative values
of such ionotronic artificial muscles are H,=10"* m,
py=10°Pa and ¢, =10" F m', with a voltage of
V = 10'V and an electric field of E = 10V m™. The
artificial muscle operates at high voltage but with low
current. Careful design can mitigate concerns regarding
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Fig. 2 | Artificial muscle, skin and axon. a| An artificial muscle consists of an elastomer sandwiched between two
hydrogels, connected to a source of electrical power by metallic wires. The interface between the metal and the hydrogel
forms an electrical double layer (EDL). If a voltage, V, is applied between the two metal wires, the hydrogels conduct ions,
and mobile ions of opposite polarities accumulate at the interfaces between the hydrogel and elastomer, causing a
decrease in the thickness and an increase in the area of the elastomer. To realize an artificial muscle, a sheet of elastomer is
radially pre-stretched and fixed to a circular rigid frame. In the centre of the elastomer, thin layers of hydrogels are
attached to both sides of the elastomer. Each layer of hydrogelis connected to a metallic electrode. For example, a

hydrogel ionotronic loudspeaker is transparent and plays music (ionic music or iTunes). b | An artificial skin consists of an
elastomer sandwiched between two hydrogels, connected to a capacitor meter, ¢, by two metallic wires. Pressure or
stretching causes the elastomer to change shape and capacitance. An array of such pressure sensors (ionic skin, iTouch or
iPad) can be attached to the back of a hand. c| In an artificial axon (ionic cable), two hydrogel layers are insulated by a layer
of elastomer. The input port connects to a source of time-varying voltage, V, and the output port connects to a load of
impedance, Z. In a myelinated axon, the myelin sheath is a dielectric, and body fluid is the electrolyte. I, ionic current. Panel
ais adapted with permission from REF.*, AAAS. Panel b is adapted with permission from REF.?°, John Wiley and Sons. Panel c

is adapted with permission from REF."%, Elsevier.

safety. For example, an ionotronic fish can be designed
to swim in water and to be held in the hand*. The
operating voltage can further be reduced by decreasing
the thickness or elastic modulus or by increasing the
permittivity of the elastomer”””*.

The high operating electric field of artificial muscles
requires elastomers of high electric breakdown strength.
In their pioneering work, Pelrine and co-workers
demonstrated that the acrylic elastomer® VHB manu-
factured by 3 M Inc. attains an electric breakdown
strength of ~4 x 10V m™', comparable to that of thin
films of silicon dioxide (~10°V m™), which are com-
monly used in microelectronics. VHB is highly trans-
parent and stretchable and has since been widely used
for the design of artificial muscles; however, the time-
dependent stress—stretch behaviour of VHB is not
ideal for many applications®*”'~"*. Artificial muscles
require elastomers that possess high electric breakdown

strength, high permittivity and low hysteresis. Different
elastomer chemistries are being explored’’*-%, but
the lack of a clear figure of merit has complicated the
development of the ideal elastomer for artificial mus-
cles. In particular, little is known about the long-term
stability of hydrogel-elastomer laminates subjected
to high voltage'.

Many existing dielectric elastomer devices use carbon
grease instead of hydrogels as compliant electrodes®*%.
Carbon grease is a plastic liquid, like toothpaste. Plastic
liquids do not flow if the applied stress is below the yield
strength of the material but do flow if the applied stress
is above the yield strength. The plasticity of carbon
grease provides the rheological requirements for artif-
icial muscle devices. Carbon grease can be brushed onto
the surface of the elastomer, and on a stationary elasto-
mer, the carbon grease remains stationary and does not
drip under gravity or small disturbances. The carbon
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grease also conforms to an elastomer undergoing large
and repeated elastic deformation. However, it can form
wave-like patterns if the elastomer is subjected to large
deformations over many cycles®, and it is sticky and
opaque. Therefore, other stretchable conductors have
been developed for artificial muscles, such as car-
bon nanotubes, graphene, patterned metal electrodes,
metallic nanoclusters, metallic nanowires and conduct-
ing polymers®®. All these electronic conductors are
stretchable, but it remains a challenge to make them
transparent at the same time. Aqueous electrolytes have
also been used as conductors in artificial muscles, but in
liquid form®~"". By contrast, hydrogels are used in solid
form and have the advantage of providing a stretchable
and transparent polymer network as conductors.

The high voltage required to operate an ionotronic
artificial muscle raises the question®’ of whether the
EDL between a hydrogel and a metal averts an electro-
chemical reaction. Certain electrode-electrolyte inter-
faces are non-Faradaic, that is, they do not react as long
as the voltage across the interfaces is sufficiently small
(£1V)* In series with the elastomer, the EDL behaves
like an additional capacitor (FIC. 2a). At the EDL, charges
of opposite polarities separate at the nanometre scale,
endowing the EDL with a capacitance per unit area of
Cep, = 107 F m™2 (REF”). By contrast, the elastomer sep-
arates charges of opposite polarities at the millimetre
scale and thus has a much smaller capacitance per unit
area of ¢, = 10* F m2. Charge balance requires that
CoprAepr Vi = 6GAg Vi in which A, and A are the areas
of the EDL and elastomer, respectively, and V; and V,
are the voltages across the EDL and elastomer, respec-
tively. For Ap;:A,> 107, the voltage across the EDL is
small, V;;;, <1V, owing to the large capacitance ratio,
cppi€p = 107, even if the voltage across the elastomer,
V. is on the order of 1kV. Hydrogels contact the met-
als outside the active area of the device, and therefore,
the criterion of A;p;:A;> 107 is easy to fulfil. If neces-
sary, the area of the EDL can be increased using porous
electrodes similar to those used in supercapacitors.

Another important consideration is whether a
hydrogel transmits an electrical signal fast enough?'.
A hydrogel has high resistivity, p = 107> Qm, which
is about a million times higher than that of copper.
However, ionic conduction ensures fast signal transduc-
tion, for example, humans can move their limbs within
milliseconds after a thought has formed in the brain.
The fast signal transduction of hydrogels through ionic
conductivity has initially inspired the development of
hydrogel ionotronics. The elastomer endows the artifi-
cial muscle with capacitance, and resistance is provided
by the hydrogels. For a working area of A, = 1072 m?
and with a hydrogel resistance of R = 100 Q, the
resistive—capacitive (RC) delay of the artificial muscle
is estimated to be 107 s. This RC delay is much smaller
than the period of the drive voltage or the fundamen-
tal resonance owing to the elasticity and inertia of the
artificial muscle?’. Thus, a hydrogel transmits electrical
signals fast enough to enable the operation of an iono-
tronic artificial muscle. The introduction of hydrogels
as stretchable and transparent electrodes has broad-
ened the scope of applications for dielectric elastomer

actuators, for example, for transparent loudspeakers?',
artificial fish* and soft robots**.

Artificial skin

Human skin is a stretchable, large-area sheet of distrib-
uted sensors of pressure, deformation, temperature and
humidity. These characteristics have inspired the devel-
opment of artificial skins to enable wearable or implant-
able electronics for entertainment and health care**”
by using stretchable electronic conductors or stretchable
ionic conductors such as hydrogels. A hydrogel-based
ionotronic artificial skin comprises an elastomer sand-
wiched between two hydrogels® (FIG. 2b). The two hydro-
gels connect to a capacitive meter through two metallic
wires. The artificial skin is usually encapsulated by two
additional layers of elastomer for electrical insulation
and water retention. Both the elastomer and hydrogel are
transparent and stretchable, and the metallic wires
are outside of the active area, making the ionotronic
artificial skin transparent and stretchable” (FIC. 2D).

The contacts between the hydrogels and the metallic
wires form two EDL capacitors in series with the elastomer
capacitor. The capacitance of the EDL is much larger than
that of the elastomer, and therefore, the equivalent capaci-
tance is dominated by the elastomer capacitance, £, A,/H,,
in which ¢, A; and H; are the permittivity, area and thick-
ness of the elastomer, respectively. If pressure is applied or
the elastomer is stretched, the thickness of the elastomer is
decreased, and the area is increased. The change in shape
causes a change in capacitance, which is recorded by the
capacitive meter. Unlike the artificial muscle that deforms
in response to high voltage, the artificial skin deforms in
response to applied forces, and the corresponding change
in capacitance can be measured at voltages<1V. The
hydrogel ionotronic artificial skin can sense single touch
events while remaining functional in the deformed state”,
can sense multiple touches” and can self-heal’*.

Ionotronic artificial skins have also been designed to
sense changes in resistance’®”. Current hydrogel iono-
tronic artificial skins sense only pressure and deforma-
tion; however, hydrogels can also be used to convert
changes in temperature and humidity into electrical
signals, mimicking the function of human skin.

Artificial axon

Axons transmit ionic signals to coordinate sensing,
decision-making and function. An artificial axon mimics
the function of an axon and certain aspects of its ana-
tomy. In an ionotronic artificial axon, two hydrogel
layers are separated by a layer of elastomer (FIG. 2¢),
inspired by the structure of a myelinated axon®, which
features a saline solution as the electrolyte and myelin,
which is the fatty sheath of the axon, as the dielectric
shell. The electrolyte and the dielectric shell establish a
fast conduit for electrical signals. In the artificial axon,
the dielectric elastomer mimics the myelin sheath, and
the electrolytic hydrogel mimics body fluid. One end of
the artificial axon serves as the input port and connects
to an external power source, and the other end serves
as the output port and connects to a load Z. If a time-
dependent signal is applied, the artificial axon can trans-
mit the signal from the input port to the output port.
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In an artificial axon, the contacts between hydrogels
and metallic wires form four EDLs. The artificial axon
can transmit alternating voltage only at an amplitude
<1V across the EDL to function without electrolyzing the
EDLs. The voltage between the top and bottom hydrogels
is described by v(x,t), in which x is the location along the
length of the artificial axon and ¢ is the time. The voltage
obeys the diffusion equation, dv/dt=D 0*v/0x?, in which
D is the diffusivity of the electrical signal. In a layered
cable design, the diffusivity of an electrical signal scales
as D = ab/(pe,), in which a and b are the thicknesses of the
hydrogel and the elastomer, respectively, p is the resistivity
of the hydrogel and ¢, is the permittivity of the elastomer".
Using the representative values a=b=10"m, p=10"2 Om
and £;=10"" F m™!, the diffusivity of an electrical signal
in the artificial axon can be calculated as D =~ 10" m?s™!
(REF."). This diffusivity is many orders of magnitude
larger than that of ions in water (D, = 10~ m?s™")'".
Thus, transmitting an ionic signal along the artificial
axon does not require ions to migrate from one end to
the other. Rather, ions just need to move locally to enable
propagation of the electric field.

The high diffusivity of the signal allows the artificial
axon to transmit signals over a long distance and at high
frequency, but it does not invoke depolarization. By con-
trast, a human axon transmits an action potential with-
out decay in amplitude by continuously depolarizing its
membrane'”’. However, because the voltage obeys the
diffusion equation, the signal will not significantly decay
if the length of the artificial axon is smaller than the dif-
fusion length, wpe L*/(ab) < 1, in which w is the angular
frequency of the signal and L is the length of the artificial
axon. A signal with a frequency of 1 MHz can be readily
transmitted along a 1 m long artificial axon". The scaling
relation further indicates that the artificial axon does not
change its behaviour if the length and the thickness of the
hydrogel and the elastomer are proportionally decreased,
enabling the miniaturization of ionic circuits.

The artificial axon can transmit power to resistors,
capacitors, inductors and semiconductor components.
Light-emitting diodes function only if electrons flow
in one direction; however, an artificial axon can light
up diodes without electrolysis through a ‘rocking-chair’
design, which connects two diodes with antiparallel
polarity'”. The EDLs do not allow continuous elec-
tron flow, but the rocking-chair design enables the two
diodes to inject electrons to each other, illustrating the
possibility to design ionotronic circuits that involve both
hydrogels and semiconductor components.

The use of hydrogels further makes artificial axons
highly stretchable and transparent’ (FIG. 2¢), with the
axon remaining functional despite being stretched sev-
eral times its original length. These properties make arti-
ficial axons applicable as interconnects for wearable and
implantable devices and for soft robots”'*.

Hydrogel ionotronic devices

Optoelectronic devices

Optoelectronic devices often require materials that
combine optical transparency and electrical conductiv-
ity. The widely used transparent electrode, indium tin
oxide (ITO), is rigid, brittle and costly, hampering the

© SOFT ROBOTICS

use of optoelectronic devices for mobile and wearable
applications. Therefore, stretchable and transparent
electronic conductors are being developed using soft
matrices that contain conducting materials, such as
patterned wires'*>'"*, conducting polymers'*>'®°, carbon
nanotubes'””'* and silver nanowires'*>'"’. However,
these conductors are limited by low stretchability®, low
transparency''' and degradation under cyclic loading'"*.

By contrast, hydrogels achieve high transparency
and stretchability without sacrificing conductivity
(FIG. 1d.e). Hydrogels can contain ions at multiple moles
per litre, gaining a resistivity of ~10~' Qm (REF’*), which
is much higher than that of ITO (~10~° Qm); however,
a millimetre-thick hydrogel can achieve a surface resist-
ance of 100 Q sq~! and still retain an optical transparency
of 99.9%"'. The softness of hydrogels further enables
large and elastic deformation over many deformation
cycles***, and hydrogels maintain conductivity even
when highly stretched?'. The properties of a hydrogel
can be tuned by modifying its components' ">, allow-
ing for the design of tough hydrogels similar to natural
rubber''®""” and of hydrogels that retain water in low-
humidity environments*’. These properties make hydro-
gels ideal candidates as electrodes in electro-optical
devices, providing both electro-optical performance and
high stretchability.

ITonotronic luminescence. Phosphors have long been used
in displays and for solid-state lighting''. Phosphors emit
light in response to an electric current or an alternating
electric field. In the latter case, the alternating electric field
generates mobile electrons and holes from the interior of
the phosphors, which subsequently recombine to produce
light. The mobile electrons and holes are not injected into
the phosphors from an external power source. Therefore,
an electronic conductor can be replaced with an ionic
conductor in electroluminescent devices™ .

An jonotronic luminescent device consists of a
layer of phosphor particles sandwiched between two
elastomer layers and two hydrogel layers** (FIC. 3a).
An applied alternating voltage causes ions of opposite
polarities to produce an electric field, lightening up
the phosphor. The hydrogels and elastomers are trans-
parent, allowing light to be transmitted. The metallic
wires are in contact with the hydrogels to connect the
device to an external power source located outside of
the luminescing area to avoid blocking the light. The
use of hydrogels and elastomers makes the device
stretchable, and stretchability is not compromised by
the brittle phosphor particles owing to their small size
(ranging in diameter from nanometres to tens of
micrometres) (FIG. 3b,c).

Conventional electroluminescent devices operate at a
voltage of ~10'V (REF.'"). By contrast, hydrogel ionotronic
luminescent devices operate at voltages ranging from
100V to 10kV (REFS***), which can be decreased to allow
applications for wearable applications. When the phos-
phor luminesces, the EDLs between the hydrogels and
metals do not undergo electrolysis, and the elastomer
does not undergo electric breakdown. The three types of
capacitors — the EDL, the elastomer and the phosphor
— are in series. The EDLs only sustain voltages of <1V
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if A, :A;> 107 For the elastomer and the phosphor,
the balance of electric charge requires that e.E, = ¢ E,,
in which ¢; and E; are the permittivity and the electric
field in the elastomer, respectively, and ¢, and E, are the
corresponding quantities in the phosphor. Typically,
the permittivity of the elastomer and phosphors are of
the same order of magnitude. For example, the permit-
tivity of zinc sulfide, a widely used and commercial-
ized phosphor, is ¢, = 8.5 (REF.'""), and the permittivity
of VHB is ¢; = 4.7 (REF*). The electric field enabling
luminescence of the phosphors is one order of magni-
tude lower than the electric breakdown strength of the
elastomer. For example, zinc sulfide luminesces under
an electric field of E =10V pum™ (REF''), and the elec-
tric breakdown strength of VHB is 2100 V um™ (REF*).
Therefore, the elastomer does not suffer electric break-
down when the phosphor luminesces. The high voltage
in hydrogel ionotronic luminescent devices is required
because of the thickness (~1 mm) of the elastomer.
Decreasing the dielectric elastomer thickness, for exam-
ple, to 1 pum, allows for a decrease in the working voltage
to 10 V. Moreover, the RC delay of hydrogel ionotronic
luminescent devices is ~107* s, similar to that of an arti-
ficial muscle, and thus does not limit the response speed
because the working frequency of electroluminescent
devices usually ranges from 10°-10*Hz (REF.'%).

The elastomer has several functions in hydrogel ion-
otronic luminescent devices. It prevents the device from
electric breakdown, it separates the two hydrogel layers
and it isolates the phosphors from the hydrogel and the
environment. The long-term stability of ionotronic lumi-
nescent devices has not yet been systematically studied,
but phosphors are known to degrade at high humidity'*.
However, we have developed elastomer-encapsulated
devices that remain functional for more than 8 months
despite being stored at ambient conditions™. Moreover,
stable phosphors are currently being developed'*"'*.

Ionotronic luminesce can operate over large
areas. Electric charge balance requires that ¢, Ay,
Vi =¢,4,V,, in which ¢, A  and V, are the capacitance
per unit area, the area and the voltage across the phos-
phor, respectively. Using representative values, an area
of A <10%A,, is obtained. Thus, the device can stably
operate without electrolyzing the EDL if the working
area is <100 times the area of the EDL. The EDLs are
located outside of the working area, and therefore, it
is easy to scale up the EDL area, for example, by using
porous electrodes; for an EDL area of A, =1m? the
maximum working area is 100 m’.

The softness and stretchability of ionotronic lumi-
nescent devices provide opportunities for applications in
soft robotics and wearable electronics. For example, the
geometry of ionotronic luminescent devices resembles
that of a capacitive pressure sensor, and a combination
of ionotronic luminescence and pressure sensing enables
soft robots to sense and communicate™.

Ionotronic liquid crystal device. An electro-optical
device can modulate various properties of light, includ-
ing the phase, polarization, amplitude and frequency'”.
Liquid crystals have enabled many electro-optical
devices, most notably liquid crystal displays'**. ITO is

commonly used as the electrode, making liquid crystal
devices fragile. Liquid crystal devices require the appli-
cation of voltage and not the injection of electrons. A
hydrogel ionotronic liquid crystal device is made of a
layer of liquid crystal sandwiched between two elastomer
layers and two hydrogel layers™ (FIC. 3d). For example, the
liquid crystal molecules in a cholesteric liquid crystal
device form twisted domain structures that scatter light.
Applying a voltage causes the liquid crystal molecules to
align with the electric field and to transmit light (FIC. 3e).
Therefore, the voltage can switch the device from an
opaque state to a transparent state (FIC. 3f). Alternating
voltage is applied to avoid the accumulation of space
charges in the liquid crystals'”. The hydrogel ionotronic
liquid crystal device is soft and stretchable and remains
functional under an equibiaxial stretch of 1.5 (FIC. 3.

The high stretchability of hydrogel ionotronic liq-
uid crystal devices enables a new mode of operation’;
the device is switchable in response to a combination
of electrical voltage and mechanical force. Applying a
predesigned voltage keeps the liquid crystal layer in the
opaque state, whereas stretching without increasing the
voltage causes the liquid crystal layer to become trans-
parent. Upon stretching, the area of the liquid crystal
layer increases, and the thickness decreases, resulting in
an increase in the electric field across the liquid crystal
layer. The liquid crystal layer becomes transparent if the
electric field is higher than the threshold above which
liquid crystal molecules align.

The basic structure of hydrogel ionotronic liquid
crystal devices can be fabricated using existing tech-
niques, such as surface patterning, particle distribution,
polymer dispersion of liquid crystals and polymer sta-
bilization of liquid crystals. For example, a polymer-
dispersed liquid crystal consists of a solid polymer
matrix containing dispersed liquid crystal droplets'*
of the same refractive index. Sandwiching a polymer-
dispersed liquid crystal layer within two hydrogel layers
enables the fabrication of an all-solid but stretchable
liquid crystal device.

Touchpad

Touchpads provide intuitive human-machine inter-
faces by combining sense and display. Mechanisms
for sensing include resistive, capacitive, surface acous-
tic and infrared sensing'?’~'*". Resistive and capaci-
tive touch sensing have found broad applications in
mobile phones, computers, ticketing machines and
point-of-sale terminals'*. Both touch sensing systems
require transparent conducting films. A 1D hydrogel
ionotronic touchpad consists of a strip of hydrogel with
metallic electrodes at both ends, which are subjected
to the same alternating voltage applied through cur-
rent meters” (FIC. 4a). As a finger touches a point in the
hydrogel, an ionic current flows between each of the
ends and the point of touch. The capacitive coupling
at each EDL causes the flow of an electronic current
through a current meter. The two measured electronic
currents determine the location of the point of touch.
The capacitance of a finger is small (~100 pF)"*, and
thus, even for a hydrogel with a thickness of 10 pym and a
surface resistance of 100 Q) sq', the RC delay is ~10~ s,
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Fig. 3| Optoelectronic devices. a | In an ionotronic luminescent device, a layer of phosphor is sandwiched between two
transparent elastomers and then two transparent hydrogels. Applying an alternating voltage causes luminescence of the
phosphor. b | Phosphor particles are hard but small and thus do not restrict the stretchability of the device. ¢ | The intensity
of light remains unchanged under an area strain of 1,500%. d | In an ionotronic liquid crystal (LC) device, a layer of LC is
sandwiched between two elastomers and then two hydrogels. e | A cholesteric LC forms twisted domains and scatters
light once the voltage is turned off; the domains unwind and transmit light once cyclic voltage is applied. f | A hydrogel
ionotronic LC device is soft and stretchable, behaves like a light shutter and remains functional under an equibiaxial
stretch of A=1.5. Panels b and c are adapted with permission from REF**, John Wiley and Sons. Panels e and f are adapted

with permission from REF.*, RSC.

which is smaller than the sampling instant (~1072 s) of
most measuring instruments. The hydrogel ionotronic
touchpad is soft and stretchable, providing opportuni-
ties for the development of soft and seamless interfaces
for human-machine interactions.

Triboelectric generator

A triboelectric nanogenerator (TENG) converts
mechanical movement into electric current*>**. In a
hydrogel ionotronic TENG, a hydrogel layer is encapsu-
lated in an elastomeric cell and connected to an external
load by a metal**** (FIG. 4b). If a dielectric approaches
and moves away from the elastomer cyclically, ions
flow in the hydrogel, and the capacitive coupling of the
EDL causes electrons to flow between the metal and the
ground, generating an alternating current. Hydrogel ion-
otronic TENGs are highly stretchable and transparent

and perform similar to TENGs based on electronic
conductors™.

Artificial eel

An electric eel can operate with a peak electric poten-
tial of up to 600V and currents of 1 A (REF.'*). This
high power is generated by thousands of ionic gradi-
ents arranged in series'**. Hydrogels can dissolve salts
at a variety of concentrations and are ion-selective
through the incorporation of polyelectrolyte networks.
Hydrogels with different ion concentrations and hydro-
gels with reverse ion selectivity can be combined to form
an ionic gradient to generate power. Thus, an artificial
eel can be created by stacking a high-salinity hydrogel,
a cation-selective hydrogel, a low-salinity hydrogel, an
anion-selective hydrogel and a second high-salinity
hydrogel in sequence*' (FIG. 4c). Upon contact, an
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Fig. 4 | Hydrogel ionotronic devices. a| In a 1D touchpad, a hydrogel strip is connected at both ends to metallic
electrodes, at which an AC voltage is applied through two current meters, A1 and A2. If a finger touches the hydrogel, an

ionic current flows in the hydrogel between the point of touch and each electrode. Capacitive coupling at each electrical
double layer (EDL) causes an electronic current to flow through each current meter. The current is inversely proportional to
the distance between the electrode and the point of touch. b| In a triboelectric generator, a hydrogel is encapsulated in an

elastomer cell and connected to an external load by an electrode. If a dielectric film contacts the elastomer, charges of
opposite polarities coincide at the contacting surface. Removal of the dielectric film leaves excess charges behind at the
elastomer-air interface. Subsequently, ions in the hydrogel accumulate at the hydrogel-elastomer surface, and charges of
opposite polarities accumulate at the EDL between the hydrogel and the electrode, inducing electrons to flow between
the electrode and the ground through the external load. If the dielectric film approaches the elastomer, electrons resume
their flow but in the reverse direction. Repeated contact-separation movement leads to the generation of an alternating
current through the load. c| In an artificial eel, stacking of a high-salinity hydrogel, a cation-selective hydrogel, a low-
salinity hydrogel, an anion-selective hydrogel and a second high-salinity hydrogel leads to the formation of an ionic
gradient, resulting in an open-circuit voltage, V, . d | In a gel-elastomer—oil (GEO) device, a layer of liquid dielectric is
encapsulated in an elastomer cell and sandwiched between two hydrogels, which are connected to two metallic
electrodes. If a voltage is applied between the two metallic electrodes, the electrostatic interaction bends the two layers of
elastomer and displaces the liquid dielectric. Cy, .., capacitance of the finger; R, electrical resistance of the external load.
Panelais adapted with permission from REF.*’, AAAS. Panel b is adapted from REF.**, CC-BY-4.0. Panel c is printed with
permission from Caitlin C. Monney. Panel d is adapted with permission from REF.*?, AAAS.

ionically conductive pathway is established to form an
ionic gradient, resulting in an open-circuit voltage, V.,
which can be scaled up by stacking additional hydrogels
in series, reaching up to 110V (REF.").

GEO devices

Liquids have long been used in machines to deliver
power over a distance and have been integrated in die-
lectric elastomer actuators'”’. Electrohydrodynamic
movements can further facilitate specific modes of
operation in devices that integrate hydrogels, elasto-
mers and liquid crystals®. The combination of a gel, an
elastomer and oil allows for the creation of a soft device
for a variety of applications (FIC. 4d). For example, GEO
devices are being explored for the engineering of artifi-
cial muscles**. In such a device, the electrostatic attrac-
tion caused by an applied voltage displaces the liquid to
the surrounding volume, generating a hydraulic pressure

that deforms the actuator. The liquid dielectric can
self-heal after electric breakdown™.

Materials for hydrogel ionotronics

Hydrogels, salts, elastomers and metals are the main
material components in hydrogel ionotronic devices
(TABLE 1). Polyacrylamide (PAAm) hydrogels are easy to
synthesize, highly stretchable and transparent. Although
commonly used, polyacrylamide networks are cova-
lently linked and thus do not heal after rupture. To pro-
vide healing, polyvinyl alcohol (PVA) and polyacrylic
acid/alginate (PAAc/alginate) hydrogels can be used’'.
Salts include sodium chloride and lithium chloride,
which have similar conductivities, but sodium chlo-
ride has better biocompatibility, while lithium chloride
has better water retention. Elastomers are stretchable
polymers and often transparent. Frequently used elas-
tomers include VHB'*, polydimethylsiloxane (PDMS)
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Table 1 | Hydrogel ionotronic devices

Device Hydrogel Salt Conductivity Elastomer Metal Working  Refs
network (Sm™)? voltage®
Artificial muscle PAAM NaCl 10 3MVHB Copper 1-10kV 2
PAAM LiCl 10 3MVHB Copper/Tin  1-10kV #320
PVA LiCl NA 3MVHB Aluminium  1-10kV 7
PAAM LiCl NA Silicone Copper 1-10kV B
Artificial skin PAAmM NaCl 10 3M VHB NA <1V 9
PAAmM NaCl 10 PDMS Silver NA 0
PAAc/Alginate NaCl NA 3M VHB NA NA £
PDMA NaCl NA # NA 1V 22
PAAc-co-DMAPS  NaCl NA 3M VHB NA NA £
Artificial axon PAAm LiCl 10 3MVHB Copper Y% Y
Electroluminescent PAAm LiCl 10 3MVHB Aluminium  1-10kV #
device
PAAM LiCl 10 Ecoflex00-30  Copper 1-10kV >
Liquid crystal PAAmM LiCl 10 3MVHB Aluminium  0.1-1kV %
device
Touchpad PAAM LiCl 1 3M VHB Platinum 1V 3
Energy generator PAAM LiCl 10 3MVHB/ Aluminium/ 1-100V *
PDMS Copper
PVA Na,B,0, 1 3MVHB Platinum 1V 39
PVA NA NA PDMS Nickel 1-100V 0
Artificial eel PAAmM/PAAM NaCl NA ## Silver 0.1-100V “
copolymer
GEO device PAAmM LiCl 10 PDMS NA 1-10kV A

DMAPS, 3-dimethyl(methacryloyloxyethyl) ammonium propane sulfonate; GEO, gel-elastomer—oil; LiCl, lithium chloride; NA,
information unavailable; Na,B,O,, sodium tetraborate; NaCl, sodium chloride; PAAc/alginate, polyacrylic acid/alginate; PAAm,
polyacrylamide; PDMA, poly(N,N-dimethylacrylamide); PDMS, polydimethylsiloxane; PVA, polyvinyl alcohol; VHB, VHB by 3 M Inc.
2Conductivity is represented as the order of magnitude. "Working voltage is represented as the order of magnitude. # indicates
that polyethylene was used. ## indicates that an uncoated polyester was used.

and Ecoflex (Smooth-On). VHB is highly stretchable
(~9 times its initial length) and transparent (>90% trans-
parency at a thickness of 1 mm); however, the shape of
VHB cannot be changed because it is already crosslinked.
PDMS is less stretchable than VHB (~2 times its initial
length) but is also transparent (>90% transparency at
a thickness of 1 mm). Ecoflex is also highly stretchable
(~7 times its initial length) but becomes opaque at thick-
nesses >1 mm. PDMS and Ecoflex can be synthesized
from precursors and fabricated into various shapes with
different thicknesses. The working voltage of hydrogel
ionotronics ranges from <1V to ~10kV; to enable actu-
ation, the voltage is typically ~1-10kV; to provide power,
the voltage ranges from 0.1-100V; and for sensing, the
voltage is <1 V. The voltage across the EDL should be
restricted to approximately + 1 V. Various electronic
conductors have been used in hydrogel ionotronics;
however, a systematic investigation of the electrochem-
istry at the interfaces between electronic conductors
and hydrogels remains elusive. The working hypothesis
is that the electrochemistry of these interfaces is similar
to that of interfaces between electronic conductors and
aqueous electrolytes.

Most hydrogels are fragile. A polyacrylamide hydro-
gel can be stretched several times its original length but
ruptures at a much smaller stretch if the gel contains

a crack that exceeds a few millimetres in length. This
flaw sensitivity is common to all materials, but different
materials are sensitive to flaws of different size'”. The
flaw sensitivity is related to the fracture energy (tough-
ness) of a material. The fracture energy is ~1-10Jm™ for
tofu and jello and ~100] m™? for polyacrylamide hydro-
gels. By contrast, the fracture energy of natural rubber
is>10,000] m™2. However, hydrogels can be made as
tough as elastomers'’®, allowing the possibility to cre-
ate highly stretchable and tough hydrogels for hydrogel
ionotronics'”'*-"". The development of tough hydrogels
requires specific material properties to achieve strong
and stretchable adhesion between hydrophilic and
hydrophobic polymer networks and to resist fatigue
fracture under cyclic loading.

For a brittle solid, such as silica glass, all bonds
between the atoms are strong. It is this unyielding
strength that leads to brittleness. The fracture energy
of such a solid can be described by the Griffith model'**
(FIG. 5a). Propagation of a crack in a brittle solid causes
only one layer of atomic bonds to break; the remaining
atomic bonds deform elastically and do not dissipate
energy. Consequently, the fracture energy of a brittle
solid corresponds to the covalent energy in a layer of
atoms per unit area (~1]m™). By contrast, an elastomer
or a hydrogel is made of a network of crosslinked polymer
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Adhesion. An integrated circuit functions by integrating
dissimilar components. Hydrogel ionotronics integrate
hydrogels with other materials, most notably metals and
elastomers. Hydrogels function as conductors, and elas-
tomers function as dielectrics and seals, retarding dehy-
dration of the hydrogels if the device is in contact with
air or the exchange of solutes if the device is immersed
in aqueous solution. Therefore, an elastomer must
have low solubility and diffusivity of water and solutes.
Moreover, many hydrogel ionotronic devices require
that both hydrogels and elastomers are stretchable and
transparent. To design an ionotronic device based on
hydrogels and elastomers, strong adhesion between
hydrophilic and hydrophobic polymer networks
needs to be achieved without sacrificing stretchability

Fig. 5| Fracture energy. a | The fracture energy of a brittle solid corresponds to the
covalent energy of a layer of atoms per unit area. b | The fracture energy of a polymer
network corresponds to the covalent energy of a layer of polymer chains per unit area.
c|The facture energy of a polymer network can be increased if the polymer chains
crossing the plane of a crack are strong enough to elicit hysteresis in the bulk of the
network. Panel c is adapted from REF.""/, Macmillan Publishers Limited.

chains. Along each polymer chain, the monomer units
strongly bind through chemical bonds similar to those
in solids, but between polymer chains, the monomer
units associate only weakly through physical interac-
tions similar to those in liquids. Thus, at the molecular
scale, an elastomer or a hydrogel is a solid-liquid
hybrid. The fracture energy of a stretchable polymer
network can be described by the Lake-Thomas model'*
(FIG. 5b). The interaction between the polymer chains
is weak, and when stretching the network, just before
the polymer chain breaks at the front of the crack, each
monomer unit along the polymer chain has a strength
near that of a chemical bond. Breaking of the chain ata
single bond then triggers the stored energy in the entire
chain to be dissipated. Thus, the fracture energy of a
polymer network corresponds to the covalent energy
of a layer of polymer chains per unit area (~10-
100 m™) and depends on the length of the chains in
the network.

The fracture energy of a polymer network can be
increased if the polymer chains across the plane of the
crack are strong enough to elicit hysteresis in the bulk
of the network™ (FIG. 5¢), which stems from sacrificial
bonds. The hysteresis dissipates energy and contributes
to the fracture energy. A high fracture energy is achieved
by sacrificial bonds that break when the hydrogel is
stretched to an intermediate level'””. If the sacrificial
bonds break under low stretching, a negligible amount
of energy is dissipated through hysteresis, and thus,
the fracture energy is low. If the sacrificial bonds break
under high stretching, the polymer network ruptures
without breaking the sacrificial bonds in a large vol-
ume of the material, and thus, the fracture energy is low
as well. The synergy between crack bridging and bulk
hysteresis is inherent to tough materials, such as ductile
metals, tough ceramics, ceramic matrix composites and
rubber-filled plastics'”'~'**. A variety of physical sacri-
ficial bonds have been explored for the fabrication of
tough hydrogels and elastomers'!7-"*0-14155,

Adhesion, water retention and fatigue

The major challenges to overcome for materials to be
applied in hydrogel ionotronics are achieving strong
adhesion between hydrogels and hydrophobic elastomers,
water retention and fatigue resistance under cyclic loads.

and transparency.

Hydrogels and elastomers often have an adhesion
energy (typically <1Jm™) lower than the fracture
energy of tough elastomers and hydrogels (typically
>1,000] m~2)"*°. However, it is possible to design hydro-
gels and elastomers with an adhesion energy as high
as the bulk fracture energy’'~>>*”'*%, Dissimilar mate-
rials adhere through physical interactions, chemical
bonds or combinations thereof'”’. An adhesive (for
example, epoxy or cyanoacrylate) and an adherend
(for example, an elastomer, plastic, metal or ceramic)
can achieve appreciable adhesion energy without chem-
ical bonds if the physical interactions are sufficiently
strong and dense. Every atom or monomer unit at the
interface between the adhesive and adherend carries a
specific load to establish adhesion (FIG. 6a). However,
this non-covalent adhesion is particularly weak between
hydrogels and elastomers. The water molecules in the
hydrogel are densely packed, but they do not carry load
because they behave similar to how they behave in
liquid water (FIG. 6b). Moreover, the weak bonds between
the loosely packed polymer chains in the hydro-
gel and elastomer do not activate the Lake-Thomas
mechanism or elicit sufficient hysteresis in the bulk of
the material.

The Lake-Thomas mechanism for adhesion can be
activated between a hydrogel and an elastomer through
the formation of strong inter-network bonds (FIC. 6¢),
which need to be as sparse as the crosslinks within the
individual networks to maintain stretchability and trans-
parency. Inter-network bonds denser than the crosslinks
inside the hydrogel can increase the adhesion but
decrease the stretchability along the plane of the inter-
face. Moreover, an adhesion energy higher than the frac-
ture energy of the hydrogel is in general useless because
rupture can simply occur inside the hydrogel near the
interface. The adhesion energy can be further increased
by the presence of sacrificial bonds in the bulk of the
hydrogel and the elastomer (FIC. 6d), and if the inter-
network bonds are strong enough to elicit hysteresis
in the bulk of the material**’ (FIG. 6e). These conditions
allow for the adhesion energy between a hydrogel and
an elastomer to be comparable to the fracture energy of
the hydrogel.

The third network that is formed at the interface
between the hydrogel and the elastomer establishes
three types of topology: topological entanglement
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Fig. 6 | Hydrophilic-hydrophobic adhesion. Adhesion between a plastic adhesive and a dense substrate is established

through a high density of non-covalent bonds, with the individual bonds being of modest strength (panel a). In a hydrogel,
polymer chains are sparse (panel b). Water molecules have the same properties as in liquid water and are densely packed.
The adhesion energy is almost the same as the fracture energy if the two networks form strong, sparse inter-network bonds
(panel c). A sacrificial network enables hysteresis in the bulk of a hydrogel (panel d). The adhesion energy is increased if the

inter-network bonds are strong enough to elicit hysteresis in the bulk of a hydrogel (panel e). Adhesion can be further
increased if a third network is in topological entanglement with the two pre-existing networks (panel f), in topological
entanglement with one pre-existing network and strongly and sparsely bonded to the second pre-existing network
(panel g) or strongly and sparsely bonded to both pre-existing networks (panel h). Panel e is adapted from REF.'”/,
Macmillan Publishers Limited. Panel f is adapted with permission from REF.**°, John Wiley and Sons.

with the two pre-existing networks'* (FIC. 6f), topo-
logical entanglement with one pre-existing network
and strong bonds with the second pre-existing net-
work (FIG. 6g), or strong bonds with both pre-existing
networks (FIG. 6h). The adhesion energy is comparable
to the fracture energy if the third network and the
inter-network bonds are strong enough to activate
the Lake-Thomas mechanism and elicit hysteresis in
the bulk of the network. If the third network forms a
topological entanglement with the two pre-existing
networks (FIC. 6h), stretchable and strong adhesion is
achieved without the need for functional groups from
the two pre-existing networks. This method of adhe-
sion is called topological adhesion (or topohesion). In
this case, the third network functions as a molecular
suture. The interplay of cohesion, adhesion and topo-
hesion offers opportunities for the design of integrated
polymer devices.

The adhesion between a hydrogel and an elasto-
mer can be improved by treating the elastomer sur-
face with oxygen plasma or ozone's'"'** (FIC. 7a). The
van der Waals interactions between water molecules

and the -CH, groups of the hydrophobic polymer
chains are the main interactions in an elastomer (FIG. 7b).
Hydrophilic treatment converts the ~-CH, groups into
—-OH groups, leading to the formation of a nanometre-
thick hydrophilic layer'** and promoting the spread of
the hydrogel precursor (FIG. 7c). The hydrophilic surface
easily degrades in air but is preserved when in contact
with water'®. However, such a treatment usually does
not lead to high adhesion energy. Even if a monolayer
of water molecules are strongly bonded to the surface
of the elastomer, the water molecules in the bulk are
still as weakly bonded as in liquid water. The treatment
does promote stronger physical association between the
polymer chains in the hydrogels and the elastomer, but
still not strong enough to elicit the Lake-Thomas mech-
anism or significant hysteresis in the bulk. Separation
of the water-elastomer interface results in two new
interfaces (the water—air and elastomer-air interfaces).
For example, the water-PDMS, water—air and PDMS-
air interfacial energies are ~0.04Jm2, ~0.07 Jm™2 and
~0.02]m?, respectively'®, with an adhesion energy
between the elastomer and hydrogel of ~0.05] m™.
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Fig. 7| Chemistry of hydrogel-elastomer adhesion. a | Plasma or ozone treatment converts —CH, groups on the
elastomer chains into —OH groups. Following the casting and curing of hydrogel precursors, the hydrogel adheres to
the elastomer through physicalinteractions. b | The -CH, group on an elastomer is hydrophobic, repelling water,
leading to the formation of droplets. ¢ | Treatment of an elastomer to convert the hydrophobic ~CH, groups into
hydrophilic -OH groups leads to water spreading and the formation of interfacial bonds that do not affect the
intermolecular bonds inside of water. d | Diluted cyanoacrylate can be applied between a preformed hydrogel and a
preformed elastomer. The monomers polymerize and form a third network. e | The surface of an elastomer can be
treated with benzophenone. Hydrogel precursors are cast on the surface and exposed to UV irradiation. One part
of benzophenone reacts with all the oxygen at the hydrogel-elastomer interface, and the other part initiates free
radicals on the elastomer network that participate in the polymerization of the hydrogel network. f | Silane
coupling agents can be added to the hydrogel and elastomer precursors. During network formation, the

coupling agents are incorporated into the polymer chains, but they do not condensate. Following a

manufacturing process, the coupling agents condensate, add crosslinks to the networks and generate adhesion
between the networks.
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Fig. 8 | Water retention. a | Modulus of elasticity and water permeability of different materials. b | The relative humidity
(RH) of saturated aqueous salt solutions. ¢ | A combination of a hydrogel, a hygroscopic salt and a hydrophobic elastomer.
Panels a and c are adapted with permission from REF.>*, American Chemical Society.

With plasma or ozone treatment of PDMS (assuming
that the surface tension is increased to that of water), the
adhesion is ~0.14] m~ when only interfacial bonding
and not effects of chain breaking and bulk hysteresis
are considered.

A gluing method can be applied, in which cyano-
acrylate monomers form polymer chains at the inter-
face between the hydrogel and the elastomer™ (FIG. 74).
The cyanoacrylate adhesive is diluted to avoid rapid
polymerization, which would result in a bulky and brit-
tle layer'®. The polymerized cyanoacrylate network is
strong enough to elicit large hysteresis in the hydro-
gel bulk'®®. Depending on the hydrogel, the adhesion
energy can reach up to 2,000J m The gluing method
is characterized by fast bonding and high toughness,
and extended curing or crosslinking is not required.
The instant nature of this reaction is important for time-
critical applications such as rapid prototyping. However,
a non-acidic environment and preformed materials are
required. Moreover, the mechanism of adhesion by
gluing has not yet been identified.

Adhesion can also be improved by using benzophe-
none to modify the surface of the elastomer®’ (FIC. 7e).
Benzophenone reacts with dissolved oxygen to allevi-
ate the inhibition effect'® and acts as a photoinitiator to
covalently anchor the hydrogel network onto the elasto-
mer network'”>"”". This method is broadly applicable to
various types of elastomers and hydrogels and results in
high interfacial toughness (>1,000 ] m™). Such surface
modification demands that the hydrogels are cast on pre-
formed elastomers, which requires an oxygen-free envi-
ronment for polymerization of the hydrogel. Moreover,
the elastomer cannot be coated on a preformed hydrogel
of arbitrary shape.

Alternatively, silanes can be incorporated as cou-
pling agents into the precursors of both the hydrogel
and elastomer® (FIG. 7f). During formation of the net-
works, the coupling agents are covalently incorporated
into the networks but do not condensate. Following a
manufacturing process, the coupling agents conden-
sate, add crosslinks to the individual networks and form
covalent bonds between the networks. The coupling
agent method achieves strong adhesion independent of
the sequence of network formation and is compatible
with a variety of manufacturing processes. The bonding

kinetics can be tuned by changing the temperature or pH
or by adding surfactants. However, a post-condensation
time is required, which is time consuming and difficult
to implement in the manufacturing process.

Finally, nanoparticles can be added to the hydrogel-
elastomer interface to increase adhesion to ~10Jm (REF'7?).

Water retention. Electronics are prone to moisture.
Conventional rigid electronics are hermetically sealed
with inorganic coatings, but for stretchable electronics,
alternative strategies must be applied. However, stretch-
able materials with low water permeability do not yet
exist™ (FIC. 8a). At the molecular level, stretchability and
permeability are inextricably linked. Only materials that
contain long and flexible polymer chains are capable of
large and elastic stretching. To be stretchable, individ-
ual polymer chains need to undergo continuous thermal
motion. Consequently, small molecules, such as water
and oxygen, can diffuse in an elastomer as readily as in
a polymer liquid.

Hydrogels are susceptible to dehydration in air.
Dissociation of a hygroscopic salt in water results in the
formation of hydrated ions, decreasing the vapour pres-
sure'”'”? (FIG. 8b). The salts further stabilize the water in the
hydrogels. For example, a polyacrylamide hydrogel con-
taining 12 M lithium chloride retains water at a humid-
ity of 10%"*. Hydrogels containing hygroscopic salts do
not dry out in air but swell and de-swell in response to
fluctuations in the ambient humidity. The correspond-
ing fluctuation in water content causes changes in the
electrical properties. Alternatively, an ionogel, that is, a
polymer network swollen with an ionic liquid'”*, can be
used because it is non-volatile in a vacuum'” and can
perform over a wide range of temperatures, depending
on the type of ionic liquid'”.

Hydrogels can also be coated with a thin film of elas-
tomer to retain water’>°"*. At the scale of the mono-
mer units, the elastomer is liquid-like and thus allows
the diffusion of molecules that are smaller than the
mesh size of the elastomer. Thus, coating with an elas-
tomer slows but does not stop dehydration. However,
the combination of a hygroscopic salt and hydrophobic
coating can eliminate dehydration® (FIG. 8c). Under low-
humidity conditions, water molecules diffuse out of the
hydrogel through the elastomer coating. An elastomer
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Fig. 9 | Fatigue of hydrogels. a | Exposing an uncut
hydrogel sample to a cyclic load leads to irreversible
changes in certain mechanical properties, such as the
elastic modulus. These changes are called fatigue
damage. b | Exposing a pre-cut hydrogel sample to a
cyclic load leads to the gradual extension of the crack, a,
which is called fatigue fracture. ¢ | The extension of the
crack per cycle, da/dN, as a function of energy release
rate, G. The black curve corresponds to a hydrogel that
contains a single permanent network, and the red
curve corresponds to a hydrogel that contains a hybrid
of a permanent network and a sacrificial network.
Adapted with permission from REF.”, American
Chemical Society.

can be designed with a specific thickness to increase the
diffusion time of the water molecules so that the ambi-
ent humidity already becomes high or low before the
hydrogel loses or absorbs water. Thereby, the hydrogel
maintains a constant water content.

A hydrogel also exchanges solutes with the envi-
ronment, for example, if it is immerged in an aqueous
solution or in contact with a wet surface, such as a tis-
sue. Sealing the hydrogel with a thin film of elastomer
can also prevent mass exchange. For example, the dif-
fusion of ions out of a salt-containing hydrogel, which
increases the resistance of the hydrogel in a deionized
water bath, can be prevented by coating with butyl rub-
ber”. A thin adherent elastomer coating further ena-
bles a hydrogel to sustain temperatures >100 °C without
boiling™, similar to pressure cooking. These approaches

allow for the design of wearable, washable and ironable
hydrogel ionotronic devices.

Fatigue. A metal wire can be bent back and forth repeat-
edly, but after a certain number of cycles, it breaks.
Fracture under cyclic load, called fatigue, has been well
studied for load-carrying materials, such as metals,
plastics, ceramics and composites’’”'”%. Less is known
about fatigue in hydrogels. However, the investigation
of fatigue and the development of fatigue-resistant
hydrogels are important for applications of load-carrying
hydrogels in medicine and engineering.

The fatigue of hydrogels can be studied using either
uncut or pre-cut samples®’. Exposing an uncut hydrogel
sample to a cyclic load leads to irreversible changes in
the mechanical properties of the hydrogel, for example,
of the elastic modulus; these changes are called fatigue
damage (FIC. 92). A hydrogel that is free of fatigue damage
usually contains a permanent network and a few tran-
sient, reversible bonds*¢*>*. The permanent network
enables entropic elasticity, and the reversible bonds
allow for hysteresis and increase the toughness. A pure
polyacrylamide hydrogel is close to perfectly elastic but
still exhibits slight hysteresis under loading-unloading
cycles”. In a hydrogel that contains both a polyacryla-
mide network and PVA chains, the PVA chains interact
with each other through hydrogen bonds, leading to
pronounced hysteresis'”. Such a hydrogel recovers its
initial stress—strain curve after 5,000 loading cycles®’.
Depending on the chemical composition, the recov-
ery time can vary and can be accelerated by increasing
the temperature. For example, an alginate/polyacryla-
mide hydrogel exhibits pronounced hysteresis in the
first cycle of loading and unloading but less hysteresis
in subsequent cycles, with recovery occurring only at
increased temperatures'"”.

Exposing a pre-cut hydrogel sample to a cyclic load
causes a gradual extension of the crack, which is called
fatigue fracture (FIC. 9b). Fatigue fracture has been
studied for four types of hydrogels: pure polyacryla-
mide hydrogels™, alginate/polyacrylamide hydrogels”’,
poly(2-acrylamido-2-methylpropane sulfonic acid)/
polyacrylamide (that is, double-network) hydrogels*
and polyacrylamide/PVA hydrogels®. The crack always
propagates cycle-by-cycle, and thus, ‘fatigue-free’ hydro-
gels do not exist by this definition. Therefore, both fatigue
damage and fatigue fracture should be considered in the
hydrogel design.

The chemical composition of a hydrogel has a pro-
found effect on fatigue fracture. The crack extension
per cycle, da/dN, is an increasing function of the
energy release rate, G (FIG. 9¢). If da/dN is large, G
approaches the fracture energy, whereas if da/dN is
small, G approaches the fatigue threshold, G,, below
which the crack does not extend upon cyclic loading. In
hydrogels that contain both a permanent network and
sacrificial network, the sacrificial network can greatly
increase the fracture energy but negligibly affects
the fatigue threshold**. At a load above the fatigue
threshold, the crack extension per cycle in a tough
hydrogel is smaller than in a brittle hydrogel by orders
of magnitude (FIC. 9¢).

www.nature.com/natrevmats

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Fatigue fracture has been studied only for hydrogels
that contain covalent networks, which enable entropic
elasticity and thus recovery. In hydrogels that consist of
only physical networks, the networks can self-heal after
damage. However, most existing self-healing hydrogels
are weak and deform under small loads, behaving like
a plastic liquid®'. Hydrogels can be designed so that the
physical networks are strong enough to provide the
elasticity that facilitates recovery. For example, strong
and weak ionic bonds can be combined in a hydrogel;
strong bonds provide crosslinks, enabling elasticity,
and weak bonds can be reversibly formed and broken
to induce energy dissipation and toughen the hydro-
gel'**. However, the fatigue behaviour of such hydrogels
remains elusive.

Conclusions and outlook

Artificial intelligence, synthetic biology, augmented
reality, machine learning, persistent deep-brain record-
ing and stimulation, cyborgs and digiceuticals repre-
sent technologies at the interface between natural and
artificial, and the integration of humans and comput-
ers already plays a central role in the development of
wearable and implantable devices. Synthetic hydrogels
mimic living tissues in terms of mechanical, chemi-
cal, optical and electrical properties and therefore
constitute key players for the integration of humans
and machines. First-generation hydrogel ionotronic
devices feature hydrogels as stretchable, transparent,
ionic conductors. The unique combination of trans-
parency, stretchability and ionic conductivity enables
high-voltage ionotronics, high-speed artificial axons,
ionotronic luminescence, highly stretchable liquid
crystal devices and touchpads. Furthermore, the devel-
opment of hydrogel ionotronic devices has posed fun-
damental challenges to the chemistries and mechanics
of hydrogels, for example, strong and stretchable
adhesion, water retention and fatigue resistance.
Hydrogels can further be used as soft electrolytes in
electrophysiological measurements to connect tissues
and metals'*?, as soft substrates for electrical compo-
nents'® and as soft electronic conductors composed of
conductive polymers'**~'%,

Next-generation hydrogel ionotronics are envisioned
to be implemented in applications such as soft robots
and wearable and implantable devices. Many immedi-
ate opportunities exist, for example, in inventing new
concepts of hydrogel ionotronic devices, in advancing
the science of hydrogels and in developing integration
and manufacturing. Soft robots require soft sensors and
soft interconnects. However, many existing soft robots
contain hard components, limiting their performance
and application. For example, the movements of fin-
gers or knees of an exoskeleton are restricted by the
dangling wires that connect the respective components
to the microprocessors'*>'*. Hydrogel-based devices
could provide soft connecting components for soft and
stretchable robots. The mechanical properties of elec-
tronic conductors used to establish human-machine
interfaces often do not match those of soft tissues, such
as the brain, heart or skin. Hydrogels can be applied to
provide seamless human-machine interfaces.

© SOFT ROBOTICS

Many hydrogel ionotronic devices integrate hydro-
gels and elastomers and employ planar laminated
structures; however, such devices suffer from poor
adhesion between hydrogels and elastomers. New
adhesion methods and manufacturing processes will
improve the integration of hydrogels and elastomers
and allow for the design of devices with complex
shapes. For example, ionotronic luminescent devices
could be integrated into wearable and washable tex-
tiles. Currently available hydrogel devices that respond
to stimuli such as temperature, electric and magnetic
fields or light work only in aqueous environments;
however, coating hydrogels with elastomers could
enable the operation of such devices in air. Hydrogel
ionotronic devices also rely on non-Faradaic coupling
between mobile electrons and mobile ions. Devices that
require voltage but not electron injection can be readily
implemented using hydrogels. Specific designs, such as
the rocking-chair design, enable hydrogels to transmit
power to light-emitting diodes'’. Many existing devices
are based on the hypothesis that the electrochemis-
try of a metal-hydrogel interface is similar to that of
a metal-water interface. This hypothesis should be
studied to better understand the effect of polymers on
the interface.

A hydrogel-elastomer laminate in an artificial mus-
cle operates under high voltage. Ions and water mole-
cules can migrate from the hydrogel to the elastomer,
causing electric breakdown. Thus, ideal combinations
of materials need to be explored to engineer devices
with long lifetimes. Electrical breakdown and water
treeing in polymers have been extensively studied for
applications in high-voltage cables'*, providing use-
ful input for studying polymer behaviour in hydro-
gel ionotronics. Current hydrogel ionotronic devices
mainly rely on manual assembly. The lack of robust
techniques for rapid prototyping has become a bot-
tleneck to innovation. Batch synthesis can be applied
to produce devices with feature sizes of ~1 mm; how-
ever, printing would enable the fast and low-cost mass
production of devices at the sub-millimetre scale. For
example, 3D extrusion printing is a versatile method
compatible with a variety of materials, including
hydrogels'®>'¥”. Miniaturization by printing could
facilitate the production of hydrogel ionotronic strain
sensors”, soft somatosensitive actuators'® and capac-
itive, soft strain-sensing'®’, tactile-sensing and
motion-sensing suits'®.

Ionotronic devices can also function when the
hydrogels are exposed to solvents other than water, for
example, ionic liquids or ethylene glycol**. Ionogels are
non-volatile at a wide range of temperatures and thus
can extend the range of possible applications'”*!7>1%0-1%2,
For example, ionogels made of various polymer net-
works and ionic liquids'’*'**"* can be integrated with
dielectric elastomers and other materials. The develop-
ment of these materials, along with methods of integra-
tion, is wide open for exploration. Advances in hydrogel
ionotronics will help to create deep integration between
the natural and the artificial.
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