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Soft ionic materials combine charged mobile species and tailored polymer structures in a
manner that enables a wide array of functional devices. Traditional metal and silicon
electronics are limited to two charge carriers: electrons and holes. lonic devices hold the
promise of using the wide range of chemical and molecular properties of mobile ions and
polymer functional groups to enable flexible conductors, chemically specific sensors, bio-
compatible interfaces, and deformable digital or analog signal processors. Stand alone
ionic devices would need to have five key capabilities: signal transmission, energy
conversion/harvesting, sensing, actuation, and signal processing. With the great
promise of ionically-conducting materials and ionic devices, there are several fields
working independently on pieces of the puzzle. These fields range from waste-water
treatment research to soft robotics and bio-interface research. In this review, we first
present the underlying physical principles that govern the behavior of soft ionic materials
and devices. We then discuss the progress that has been made on each of the potential
device components, bringing together findings from a range of research fields, and
conclude with discussion of opportunities for future research.

Keywords: polyelectrolyte, ionomer, ionotronics, soft robotics, electrochemistry, polymer, circuits

1 INTRODUCTION

Recent advances in soft ionic materials that incorporate mobile ions within flexible polymer matrices
provide alternatives to traditional rigid inorganic materials, allowing devices to be deformable and have
good performance [1]. Polymers have extensive tailorability due to the ease of changing their composition
and sequence to tune physical/chemical properties. Furthermore, polymer-based materials often have
advantages including low cost, ease of fabrication, biocompatibility, and operatability in complex
environments [2]. As the palette of multifunctional polymers continues to grow, researchers have
begun imagining how they could be used to create an entirely new class of functional devices. The past
100 years have been marked by the dramatic development and proliferation of electronics. However,
electrical conductors are generally limited to electrons (and sometimes holes) as their current carrying
particles, and are typically rigid. Ionic conductors can take advantage of the wide array of ions. A single
wire could carry many ion signals simultaneously, or interact directly with the ionic signalling found
throughout nature. Ionic materials promise to usher in a new era of ionic devices that are more
biocompatible, biointerfacing, flexible, and low-power than electronics. The developments necessary to
realize fully ionic devices are occurring in many fields simultaneously, while the building blocks share
similar fundamental science. We aim to bring an ionic device lens to the varied ways that potential ionic
device components are discussed, described, conceptualized, and formalized across these different fields
(Figure 1).
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FIGURE 1| Overview of functions commonly needed for a freestanding ionic device, how they interact with each other, and example ways the device would interact

with the external world.

One essential function within a device is to move information
from point A to point B. In ionic devices, this information takes
the form of electric fields and chemical concentrations. In Section
3.1, we discuss the fundamental mechanisms for ion movement,
and then talk about how researchers are improving the electrical,
mechanical, and chemical properties of these ion signal carriers
by tailoring the chemical composition, modifying the processing,
and swelling the networks with different solvents and ions.

The next thing an ionic device must usually do is interact with
its environment, bringing ion signals into and out of the device.
These interactions with inputs and realizations of outputs take the
form of sensors and actuators respectively. In Section 3.2 we
discuss the basic mechanisms of mechanical-ion coupling and
then detail how researchers have used this coupling to create
mechanical sensors and actuators. We then explore how tailored
chemical functionalization is able to couple ionic polymers to
other aspects of the environment like light, heat, and humidity.

After generating an ionic signal and transmitting it across the
device, devices must process the incoming signal. In Section 3.3
we discuss recent work creating ionic counterparts of electrical
components like capacitors and transistors. We also discuss
where the unique properties of polymers and ions enable
device architectures not possible with traditional electronics,
provide a categorization for diodes, and showcase state of the
art ionic transistors.

Finally, ionic devices must follow the laws of thermodynamics,
and thus moving information around and interacting with the
outside world requires energy. There is simultaneously a deep
literature on ionic power sources and little focus on powering
ionic circuits. In Section 3.4 we discuss energy storage and

conversion technologies we believe are promising for soft ionic
devices.

We then conclude with our thoughts on opportunities for
future device development and where our understanding of the
underlying mechanisms remains both thin and critical.

2 GOVERNING PHYSICS

2.1 Constituent Materials

Ionic devices are built from four main material types: electrical
conductors, neutral gels, polyelectrolytes, and dielectric
elastomers (see Figure 2 for polymer naming convention).
Each type is used for a variety of purposes, but shares a set of
governing physics and common assumptions. For example,
conductors can serve as both surface electrodes and internal
conductive structures. This section details each material type,
typical properties, and assumptions commonly made about each
in the context of ionic devices.

2.1.1 Electrical Conductors

Electrical conductors are materials that allow electrons to flow
freely inside them. They are able to accept and donate electrons of
any energy level. The vast majority of conductors are metals.
Some organic conjugated polymers like PEDOT:PSS (poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate) can also be
conductors. Conductors generally follow Ohm’s law, a linear
relationship between the electric field across a conductor and
the electric current that flows inside it. In physics this is generally
written as in Eq. 1. Throughout this text, vectors are written with
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where E is the local electric field, ] is the current density, and
o is the conductivity tensor. In electrical engineering,
components are typically lumped into discrete elements. As
such, the local vector fields in physics are replaced with net
currents and potentials. The electric field E is integrated over
the device length and becomes a voltage, V. The current
density is integrated over the device area and becomes the
total current, I. Finally, the conductivity is assumed isotropic,
flattened to one dimension, and inverted to give a resistance,
R. Taken together, these replacements give the engineering
formulation of Ohm’s law:

V =1R 2)

When electrical conductors are used in ionic devices, their
conductivity is typically orders of magnitude higher than the
conductance of any other part of the system. This implies that the
electric fields within conductors are smaller than in other parts of
the system, and thus charge imbalances are only present at the
boundaries. Therefore, they can carry large currents without large
voltage drops. Electrical conductors in ionic devices are thus often
assumed to contain no internal electric field and be at uniform
voltage.

The most common use of conductors within ionic devices is as
electrodes. These electrodes are often extremely thin films, and
are thus assumed not to contribute to the mechanical properties
of the device. Electrode design must still take into consideration
the expected mechanical deformation of the device so as not to
rupture or delaminate.

2.1.2 Neutral Gels

Neutral gels are crosslinked polymers that do not contain
ionizable groups and are swollen in solvents. Most neutral gels
used in ionic devices contain electrolytes with mobile ionic
species. An electrolyte has mobile positive and negative ions. If
swollen with water, they are generally referred to as hydrogels; the
solvent content once swollen can exceed 99% by volume. If
swollen with ionic liquids, they are referred to as ionogels.
Ionogels tend to have greater stability and durability in air
than hydrogels because they are not subject to water
evaporation [3]. Neutral gels generally enable high mobility for
a wide range of chemical species, which allows them to form the
core of many ionic devices. They are to ions what electrical
conductors are to electrons, and often act as ion carrying “wires”.
They additionally provide mechanical stability.

At smaller degrees of swelling, the porosity, connectivity, and
chemical identity of the gel microstructure influence how easily
mobile species move through it. They also determine how much
and what type of solvent the gel can be swollen with [4].
Additionally, some gels have chemical functionality that allows
them to change their properties in response to a stimulus. These
stimuli can be light, chemical species, etc. as discussed in Section
3.2 [5, 6]. The governing equations of gels can be broken up into
mechanical, electrical, thermal, and diffusive parts, which can
then be coupled together. For example, deformation can affect
transport, and electric fields can induce stress.

There is a wealth of literature detailing the modelling of the
mechanics of gels [7-9]. For most ionic devices, large-
deformation isotropic incompressible elasticity captures the
relevant features. This elasticity is typically given by the Neo-
Hookean model for small to moderate deformation and the Gent
or Arruda-Boyce models if stretches approaching failure are
expected [10]. Expressions for the true stress under uniaxial
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tension for the Neo-Hookean and Gent models are given by Egs.
3 and 4 respectively.
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where X is the true stress in the direction of applied tension, A is
the stretch (ratio of final to initial length) in the direction of
applied tension, G is the shear modulus that depends on the
solvent content by G o (Vd,y/Vs)” % where V; is the swollen gel
volume and Vy,, is the dry gel volume, and I,, is a material
property that sets the stretch at which dramatic strain hardening
will occur and will generally decrease with increasing solvent
content. Most of the modelling complexity in gels for ionic
devices comes from the interaction of their electric field,
concentrations gradients, and mobile species. Electrochemical
relations are covered in Section 2.2; mechano-electro-chemical-
thermal coupling is discussed as technology relevant in Section 3.

Because gels provide the mechanical structure for most ionic
devices, it is important that they can survive the stretching and
deformation these devices undergo during operation. There has
been significant work to improve the toughness and strength of
gels. While covering this research in depth is out of scope of this
paper, we direct readers to these papers on mechanical durability
of hydrogels and ionogels [11-15].

2.1.3 Polyelectrolytes

The defining characteristic of polyelectrolytes is that they are
polymers carrying ionizable moieties, which can dissociate in
polar solvents, leaving charged groups covalently linked to
polymer chains. These charged sites are balanced either by
oppositely charged sites also fixed to polymer chains or by mobile
charges. Polyelectrolytes with positive fixed charges are known as
polycations, whereas polyelectrolytes with negative fixed charges are
known as polyanions. Ionomers are a subclass of polyelectrolytes that
have less than 15% of the monomers charged and for which these
charged sites are typically phase segregated, forming a physical
crosslink [16]. This fixed charge leads to one of the key behaviors
of polyelectrolytes in ionic devices, which is referred to as Donnan
exclusion: polycations tend to exclude mobile cations from their
interior and polyanions tend to exclude mobile anions. Donnan
exclusion, combined with the electrically insulating properties led to
an alternative nomenclature for these materials when used as films:
ion exchange membrane (IEM), cation exchange membrane (CEM),
and anion exchange membrane (AEM) [17, 18].

Unlike gels, polyelectrolytes do not always contain additional
solvent. The polyelectrolyte structure itself is sometimes sufficient
for small ionic molecules to diffuse through it. Ionomers in
particular tend to have reasonable ionic conductivity with
relatively low solvent content because of the channels
resulting from their phase segregated morphology [19],
and therefore also tend to be stiffer and stronger than a
hydrogel. Like gels, the mechanical properties of many
polyelectrolytes can be well captured using the Neo-
Hookean or Gent models (Eqs. 3 and 4). Many ionomers
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and other lower solvent content polyelectrolytes are
compressible and have viscoplasticity as a limit on device
range of operation [20, 21].

2.1.4 Dielectric Elastomers

Dielectric elastomers are stretchable polymers that are
neither ionically nor electrically conductive and thus lack
long range charge mobility. They do have polymer bond
dipoles that give rise to a dielectric constant (see Section 2.2)
and so retain a linear internal electric field. In the context of
ionic devices the main properties of interest are shear
modulus, bulk modulus, and dielectric permittivity [22, 23].

2.2 Mobile Species Transport

The electrochemical performance of both polyelectrolytes and
neutral gels in ionic devices is largely determined by the behavior
of their mobile species. While modelling electric fields in
materials, we assume that the speed of light is instantaneous
compared to the rearrangement timescale of mobile charges.
Therefore, we do not consider the propagation delay of
electromagnetic fields, and thus use the electrostatic form of
Maxwell’s equations as given in Eqs. 5 and 6. Equation 5 is
the local form of Gauss’s law and describes the relationship
between the divergence of the electric field and the charge
density. Equation 6 states that the electric field is conservative.

v.e="t 5)
€o
VxE =0 (6)

where p is the charge density, € is the permittivity of free space, V-
is the divergence and Vx is the curl. Equations 5 and 6 enable
computation of the electric field everywhere given the charge
distribution of the device under study. In a polyelectrolyte or gel
there are three main forms of charges to be considered. First,
there are the mobile charges; these take the form of ions like Na*
or CI', or mobile electrons. Second, there are the bound and
balanced electrons and protons within the solvent or in the
polymer chains. Third, there are charges bound within the
polymer chains but uncompensated by bound opposite
charges. We assume that bound charges quickly and locally
rearrange themselves in response to external fields. This
rearrangement occurs much faster (on the order of ns)
than the ms timescale of many ionic devices, so we assume
that these rearrangements happen instantly [24]. They do
however affect the electric field within the material. The
charge rearrangement gives rise to an additional material
dielectric constant, €,, that represents how much polarization
the quasi-neutral polymer chains and solvent undergo. An
absolute permittivity, €, is defined according to Eq. 7. Typical
values for € are approximately 3 for dielectric elastomers, 10
for ionogels, and 80 for hydrogels.

€ = €€, (7)

Plugging Eq. 7 back into Eq. 5 and defining p* as the charge
density of mobile charges and uncompensated polymer chain
charges, we get a modified form of Gauss’s law (Eq. 8)
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v.E=F ®)

Finally, diffusive relations govern the flux of mobile species,
including solvent, through the gel. See Narayan et al. for a
detailed derivation [25]. The procedure at a high level is as
follows: We define an electrochemical potential energy for
each species that describes the energy cost associated with
increasing the local concentration of that species. Systems tend
to minimize their free energy, and thus tend to minimize their
electrochemical potential. Separate species are often assumed
to obey ideal solution mixing, where their interactions with
other species are identical to their self-interactions. The
gradient of this electrochemical potential is taken as a force
driving the system to electrochemical equilibrium. An
isotropic linear relationship is assumed between the
gradient of the electrochemical potential and the flux of a
particular mobile species. This process gives the Nernst-Planck
equation shown in Eq. 9 where ] @ is the flux, 2 is the charge
number, C*” is the concentration, F is Faraday’s constant, R is
the universal gas constant, T is the temperature, and u® is the
mobility of the i-th species.

J@ = -u(RTVCY + CYzVFVV) )

Equation 9 describes the behavior of both neutral and
charged species. For neutral species, the electric field does
not contribute to their electrochemical potential because their
charge number, z”, is zero. For many gels and for the
constituent solvent especially, ideal solution mixing is not a
good assumption, since the solvent interacts differently with
the polymer chains than it does with itself. Additionally,
because the gel polymer matrix is able to exert mechanical
forces it can exert a pressure on the solvent, which modifies the
free energy. Consequently, the governing equations for the
solvent are often described separately from the dilute mobile
species.

The Nernst-Planck equation (Eq. 9) and Gauss’s law (Eq. 8)
lead to some fundamental device behaviors that are the main
takeaways from this section. First, for mm scale devices, they
ensure quasi-electrical neutrality throughout the vast majority of
the device. Any electric dipole must either be limited to a small
magnitude or a small length. The characteristic length scale over
which electroneutrality is disobeyed is known as the Debye-
Hiickel length (Ap).

eRT
D)

1

/\D = (10)

where C(()i) is the initial concentration in mol m™> of species i. A;,
decreases as concentration increases. For many polymer systems
Ap is on the order of 1-100 nm. These small length scales with
large electric fields tend to occur at the polymer boundaries. In
fact, the requirement to minimize free energy ensures that large
changes in species concentration can only occur at similarly large
discontinuities. This happens at boundaries with conductors, free
space, other polymers, etc. Second, the current response of a
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particular region of space to a given electric field strongly depends
non-linearly on the concentration of mobile charged species in
that region. This second feature is at the core of how many ionic
devices amplify, change, and gate signals, and will be discussed in
detail in Section 3.3. It is important to note that the equations
discussed so far all rely on a statistical mechanical mean field
assumption. That is, the space considered is large enough to allow
the statistical average to dominate.

3 TECHNOLOGIES

In this section, we walk through the different ionic component
functions that are commonly needed for independent soft ionic
devices: signal transmission, sensing and actuating, signal
transmuting (including memory), and energy/power sources.

3.1 Signal Transmission
Movement of mobile ions in response to an external stimuli
allows for signal transmission across a soft ionic polymer. ACis a
common way to achieve signal transmission through ionic
conductors, especially when connected to an external
electronic circuit. AC transmission is often preferable to DC
because local ion concentration is maintained without concern
for boundary conditions. DC transmission requires that ions are
able to flow though an entire circuit without the impediment of
non-ion-conducting  materials and  boundaries.  Both
transmission methods rely on the same ion transport
mechanisms in the ionically conductive material (Figure 3A).
The mechanisms shown in Figure 3A are the physics that
underpin the magnitude of the ion mobility coefficient
discussed in Eq. 9. This one coefficient includes combined
contributions from each mechanism present in a given polymer.
One standard setup for AC ionic signal transmission is to place an
ionically conductive material between two electrodes and apply a
sinusoidal electric field. This causes the mobile ions to oscillate
between the charged electrodes. Details of the transmission depend
on frequency. At low frequencies, an electrical double layer (EDL) at
the polymer electrode interface screens the charge by slowly charging
and discharging in response to the alternating signal at the electrode
surface (Figure 3B). The ionic current is out-of-phase with the input
signal, observed as a phase angle approaches —90°, and the response
of the material is governed by the interfacial properties, i.., the
capacitance of EDL. With an increase in frequency, the ionic signal
becomes more in-phase with the applied signal, as the overall bulk
properties become more dominant, leading to a resistor-like
response, with the phase angle =0°. At high enough frequencies,
very small time scales are insufficient for the EDL to fully charge/
discharge. The rapid charge reorientation within the material leads
to a response similar to that of a dielectric capacitor, and the phase
angle approaches —90° again. The specific frequencies at which the
device undergoes these transitions between in-phase and out-of-
phase response are related to the Debye length, ionic mobility, and
the distance between electrodes, and can be easily experimentally
characterized by impedance spectroscopy so that it can be taken into
account in device design.
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Polyelectrolytes are candidates for ionic signal transmission
because they can achieve relatively high conductivity. In hydrated
CEMs, this high conductivity is primarily due to the Grotthuss
mechanism—a transport mode involving rapid association and
dissociation of protons to neighboring water molecules [27-29]
(Figure 3A). The Grotthuss mechanism is also found in AEMs,
where OH- can be transported in a similar manner [30-32].
Another mechanism, found in hydrated polyelectrolytes, and also
in hydrogels and ionogels, is en masse or vehicular transport.
Here, charges are associated to solvent or water molecules, using
them as “vehicles” for transport. Conductivity for this mode of
transport is reported to be up to 1S m™"' [33]. In (nearly) dry
IEMs, ions are transported by hopping along oppositely charged
backbone sites. This results in a significantly lower conductivity.
For example, experimental studies showed an increase in
conductivity from ~10°S m™" to ~10' S m™" with an increase
in relative humidity for Nafion membranes [33-36].

Commercial IEMs, such as Nafion and Neosepta, were initially
designed for use in fuel cells; see Berezina et al. for a comprehensive
list of commercial IEMs, along with their electrochemical features
[37]. Their high conductivity and ion selective transport is also
utilized in devices ranging from energy conversion and storage [38]
to bioelectronics [39]. However, one of the main issues encountered
in many such polyelectrolyte conductors is chemical and mechanical
degradation due to repeated swelling and deswelling [40-42]. In
addition, these materials are designed for applications where large
deformation is unlikely to occur, and typically lack the necessary
stretchability and toughness for use in deformable technologies. To
overcome these issues, one recent approach in developing IEMs
involves layer-by-layer fabrication of composite polyelectrolytes
[43-45]. The layer-by-layer method enables nanoscale composites
of otherwise challenging to combine materials.

Hydrogels and ionogels can also be good ionic conductors.
Conductivity in these systems can be on the order of 1 Sm™ [46],
but generally decreases with increasing crosslink density [47],
resulting in a tradeoff between mechanical and ionic transport
properties. In one of the seminal publications on signal
transmission employing hydrogels, Keplinger et al. reported on
activation of a dielectric elastomer actuator (DEA) using

controlled ionic signal [1]. Flow of Na® and Cl” through a
polyacrylamide hydrogel network was used to deliver charge
and activate VHB (very high bond tape, 3 M), a material
widely used in DEA. The ionic signal was transmitted at
frequencies exceeding 10kHz and voltages above 10kV,
inducing rapid deformation of the DEA, sufficient for operating
a loudspeaker. Building upon this seminal work, Yang et al.
designed an ionic cable for signal transmission across
significantly larger distance (45 cm), and at frequencies as high
as 100 MHz [48]. Such performance was achieved by sandwiching
a dielectric as an insulator between two parallel polyacrylamide
conductors. The dielectric layer blocks charge transport between
the parallel conductors, and each small segment of the cable
behaves as a capacitor, charging and discharging in response to
an AC signal. Chen et al. synthesized an ionogel capable of
powering DEA in humidity ranging from 10% to 54% [49].
Such performance is achieved by infusing poly(acrylic acid)
(PAA) with an ionic liquid. A similar concept of using ionogels
to control DEA through ionic signals was also reported by Ming
et al. [50]. More recently, Shi et al. reported ionic signal
transmission in harsh environments by synthesizing an ionogel
conductor using poly(ethyl acrylate) as the underlying polymer
network [51]. This ionic conductor is capable of powering LEDs by
ionic current at temperatures from —75°C to 75°C.

Self-healing is a desirable attribute for highly deformable ionic
conductors, and in many cases arises naturally from the polymer
structure. Cao et el. proposed an approach based on a polar
polymer cross-linked by ion-dipole interactions and infused with
ionic liquid [52]. Once healed, the material system proved capable
of transmitting ionic current. More recently, Li et al. identified an
elastomeric copolymer providing both self-healing properties and
ionic conductivity, using it to power LEDs after healing [53].
Similarly, Zhao et al. demonstrated conductivity restoration upon
self healing of PAA hydrogels with dissociated salt [54].

Ion selective transport, or ion exclusion, in charged polymeric
backbones is another highly desirable feature which can be
enhanced through layer-by-layer deposition. In contrast to
filtering particles based on size, ion exclusion in
polyelectrolytes typically arises due to electrostatic interaction
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between the mobile ions and charged polymer backbone [55-57].
The multilayer structure, such as the one reported by Cheng et al.
[58], allows for enhanced selectivity by excluding divalent ions.
To complement the design of novel ion exchange materials and
structures, development of computational tools for predicting
this mechanism has gained significant attention in recent years
[59, 60].

3.2 Sensing and Actuating

Over the last few decades, soft sensors and actuators have
advanced substantially [65]. Here we focus on ionically
conducting polymers only, excluding other electroactive
polymers such as: intrinsically conducting (conjugated)
polymers, dielectric elastomers, and liquid crystal elastomers,
for which comprehensive reviews exist [66-73]. We divide the
discussion below into swelling/deswelling driven actuators and
sensors, resistive sensors, capacitive sensors, and ion release
actuators.

3.2.1 Swelling Sensors and Actuators

Many soft actuators and sensors are based on swelling/deswelling
processes. When driven by electric fields, these processes are
typically related to flow of mobile ions that may also bring solvent
with them, and add/subtract specific volume to/from the
polymer. A second, less direct, pathway is that electrochemical
reactions drive pH changes in the actuator/sensor environment
that change the ionization state of the polymer and therefore its
equilibrium swelling in solvent (osmotic pressure). These types of
soft actuators and sensors are typically designed for either in-air
or in-fluid operation, with different design considerations for
each. In-air devices have flexible electrodes attached to their
surfaces. In-fluid devices can have both, one, or no electrodes
attached. We will start by discussing the both electrodes attached
case—a device commonly known as an ionic polymer metal

composite (IPMC)—and then move on to the other cases,
which operate only in a fluid environment.

IPMC:s are bending mode actuators and sensors composed of a
partially hydrated ionomer or polyelectrolyte-gel core, coated on
each side with thin noble metal electrodes. The polymer is
typically negatively charged, with mobile cation counter ions,
but the reverse is possible. This bias towards polyanions is in large
part due to their higher commercial availability and stability as
compared to polycations [74]. As discovered simultaneously by
Oguro et al. 1992, Shahinpoor et al. 1992, and Sadeghipour et al.
1992 [75-77], an applied voltage actuates bending (Figure 4A). A
primary advantage of IPMCs, and ionic-based actuators more
generally, is that they operate at relatively low voltages, typically
in the range of 1V to 3V [66, 78]. The voltage drives cations to the
cathode following the Nernst-Planck equations. These cations
typically have a hydration shell that moves with them. The
combined motion of the cations and solvent molecules causes
expansion on the cathode side along with contraction on the
anode side, that in concert lead to a bending motion. One
downside of IPMC actuators is that they relax over time and
eventually even bend in the opposite direction [78].

As sensors, IPMC respond to a bending type deformation,
such as transverse tip deflection, since bending will drive
motion of the ions and solvent. Sensing can be performed
actively or passively through voltage, current, charge,
impedance, or capacitance [78-82]. The passive approaches
tend to be better for static deformation sensing and the active
approaches tend to be better for dynamic deformation sensing.
Each approach comes with trade-offs in terms of signal-to-
noise, appropriate frequency range, environmental sensitivity,
and device complexity. A primary deficiency of IPMCs as
sensors is that the mechanical to electrical coupling is
orders of magnitude weaker than the electrical to
mechanical coupling [83].
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Ionomer selection, ionomer processing, cation selection, and
device geometry all critically influence IPMC performance. The
most common ionomer used in IPMC is Nafion. Other common
choices are Aciplex, Flemion, and PSS [61]. Each of these
materials combines sufficiently high ion conductance and
mechanical stiffness. The conductance, and to a lesser extent
the mechanical properties, depend on the film processing and
choice of cation. Ionogels and polymer electrolyte hydrogels can
also be used as the polymer component of IPMC. The
performance of hydrogel-based IPMC tend to suffer from
drying out effects, but are promising from an ease of
fabrication and bio-compatibility perspective [84]. Ionogel-
based IPMC do not suffer from drying out and are less
susceptible to back relaxation than ionomers in IPMC, but do
tend to be less stiff and strong than ionomers [85-89]. Ion
exchange of H" for Li", Na’, K', TMA", etc. is also a
common step in IPMC preparation since these other cations
will have larger associated swelling strain [72]. The area of the
electrode/polymer interface is also important because it sets the
device capacitance. A wide range of approaches are used to create
a large-area interaction between the ionomer and the noble-metal
particulate electrode [74, 78, 90]. Finally, time scale and blocking
force of the actuator are set by the mobility of the combined
cations and hydration sphere and the thickness of the ionomer
membrane. Relatively thin membranes are typically used (~
200 um), keeping the timescale of response in the seconds or
faster range and blocking forces in the mn range [72]. Device
thickness can be increased to increase actuator blocking force, but
it comes with a trade-off in actuator displacement and response
time [78, 91, 92]. Blocking forces for IPMC are typically in the
1-100 mN regime [78, 93].

Extensive work over the last 2 decades has gone into modeling
of IPMCs in both the actuator and sensor context [78, 83, 94, 95];
these models can be used to design devices such as grippers and
assess their expected performance. Continuum modeling
approaches work well for describing actuation but typically
require some fitting parameters and still struggle with back
relaxation [25, 83, 96-100]. Equivalent circuit modeling works
well for IPMC sensors as this is a fast, low computational cost
approach to modeling that facilitates integration of IPMC into
more complex devices, including for self-sensing purposes [79,
101-104].

In solution, polyelectrolytes can be actuated through
additional mechanisms to that described for IPMC above.
These mechanisms arise because ions can move through the
solution and into/out of the polymer. As nicely described by
Glazer et al. [105], the two primary additional mechanisms of
swelling driven actuation available in solution are: 1) pH changes
resulting from electrolysis at the electrodes change the
polyelectrolyte protonation and therefore its equilibrium
dimensions in solution, 2) ions distribute unevenly across the
gel/electrolyte interfaces because of Donnan exclusion and this
local ionic strength variation drives local expansion or
contraction changes by osmotic swelling (aka dynamic
enrichment/depletion by [106]); this swelling will be different
on the gel sides facing the anode and cathode. Relevance of the pH
mechanism heavily depends on timescale of the device actuation,
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the size of the electrodes, and distance from the electrodes to the
specimen: electrolysis produced ions must first be produced at
significant concentration and then diffuse into the polymer. The
dynamic enrichment mechanism is more widely relevant. Either
mechanism can drive bending or overall volumetric contraction
given appropriate specimen geometry. In many devices, both
mechanisms contribute to actuation in a manner not simple to
differentiate. The deformation of an acidic copolymer gel
electrolyte in solution under an applied non-contact electric
field was first observed by [107]. In 1992, Osada et. al.
demonstrated bending of a polymer gel made of weakly
crosslinked acidic copolymer immersed in a surfactant
solution, when 20V was applied to electrodes 20 mm apart,
that are parallel to each other and to the gel [108]. Much
experimental [62, 109-116] and modeling [117-120] work has
been done since then to develop these concepts into actuators,
usually for soft robotics-type applications, and usually using
bending mode deformation [62, 121-127]. One particularly
exciting example is that of Morales et. al., who demonstrated a
walker that works within an electrolyte solution (0.01 M NaCl)
with one leg composed of an anionic gel and one leg composed of
an cationic gel (Figure 4B) [62].

3.2.2 Resistive Sensors

Resistive sensing relies on a change in resistance in the device in
response to the input that is being sensed. Within a sensor, this
resistance change can result from geometric changes and/or ionic
conductivity changes. Drilling down one step further, ionic
conductivity changes can result from changes in either ion
diffusivity or ion concentration.

Gels with mobile ionic components work directly as resistive
strain sensors because their internal conduction path changes
when uniaxial tension is applied. For a nearly incompressible
material like a gel, the concentration of conductive ions will
remain nearly constant under deformation, and therefore the
conductance of the material will remain nearly constant as well.
The conductive path length however, will increase by the tensile
stretch A, and the cross-sectional area will decrease by a factor of
1/A (Figure 5A): the resistance therefore increases by a factor of
A% For example, Cao et. al. synthesized a transparent,
mechanically robust, and highly stable ionogel sensor using
the poly(ethyl acrylate)-based elastomers and ionic liquids.
The ionic liquid anions interact with the poly(ethyl acrylate)
matrix via hydrogen bonding and increase the compatibility
[128]. Much of the design concerns for these resistive strain
sensors centers around enabling large reversible strain (e.g., by
using a double network with dynamic and covalent bonds) and
preventing loss of fluid from the gel (e.g., by using glycerol instead
of water as the solvent) [129-133].

Ion concentration changes that result in resistance changes
have been used to sense environmental humidity and have
potential to sense light (Figure 5B). For many polyelectrolytes,
ion dissociation commonly happens upon water absorption,
making them natural humidity sensors [134-137]. For
example, Yang et. al. demonstrated sulfonic acid doped
poly(propargyl alcohol) as a humidity sensor: the presence of
water facilitates the ionization of sulfonic acid as well as increases
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the ion mobility. Thus the conductivity of the material increases
as a function of the water vapor content [134]. Light has also
recently been demonstrated as a method of modulating the ionic
conductivity of polymer electrolytes, paving the way for these
materials to be used as light sensors. This conductivity change in
response to particular wavelengths achieved by
incorporating molecules that have photoswitchable binding
of ions. Nie et. al. designed a copolymer with imidazolium-
containing diarylethene (DAE) groups that bind to divalent
nickel cations [138]. The DAE group is driven to a weaker
metal binding ring open state by ultravioloet (UV) light and
reverted to a stronger metal binding ring closed state by visible
light. UV light therefore results in metal cations that move
more freely through the material and overall a higher ionic
conductivity material.

Finally, ionic mobility changes can be used for resistive sensors
[63, 139, 140]. For example, Jin et. al. reported an ionic
chemiresistor skin which can detect volatile organic
compounds (VOCs). The core of the device is a highly
stretchable ionogel film made of thermoplastic polyurethane
matrix infused with ionic liquids. The sensor changes
resistance when exposed to volatile organic compounds
(VOCs) (Figure 4C). The ionic liquid viscosity decreases as
the VOC concentration increases, and the viscosity decrease in
turn increases ionic liquid diffusivity [63]. Similarly, a
thermoplastic polyurethane-based ionogel was shown to detect
temperature through temperature-dependent ionic mobility
changes within the ionogel [140].

was

3.2.3 Capacitive Sensors

Changes in capacitance can be used for a variety of deformable
sensor applications including stretch, touch, temperature, and
humidity. Sun et. al. in 2014 introduced a configuration of two
polymer electrolyte hydrogels sandwiching a soft dielectric for
capacitive sensing [141]. The ionic hydrogels act as stretchable
conductors, enabling measurement of changes in capacitance of

the dielectric elastomer resulting from deformation (shape
changes). The authors were able to demonstrate reversible
sensing of uniaxial tensile deformation, equibiaxial
deformation, finger bending, and pressure sensing under
touch. Lai et. al. was able to perform capacitive stretch sensing
using a similar configuration, but with ionogels in place of
polymer electrolyte hydrogels, leading to greater stability in air
[131]. Kim et. al. utilized a bilayer of ionogels with opposite fixed
charges and ionic liquid counterions, coated with carbon
nanotube electrodes on opposite sides, to form a sensor that
changes capacitance under in-plane tensile deformation. This
capacitance change arises primarily across the interface of the two
ionogels [142]. Kim et. al. took a distinct approach to achieve
touch sensing using a polyelectrolyte hydrogel: they applied
uniform voltage across a strip of the hydrogel that the touch
disturbed (acting as a capacitor to a ground point), thereby
driving an ionic current that could be measured (Figure 4D)
[64]. Sawar et. al. took a third tact in using polymer gel
electrolytes for sensing touch independent of sensor
deformation. They created arrays of parallel architected
polymer gel electrolytes separated by a dielectric layer.
When a voltage is applied across the two polymer gel
electrolyte electrodes, there is a projected electric field that
interacts capacitively with a finger as it approaches. The finger
location is determined by sweeping the sensor array [143].
Subsequent papers have extended these three sensing concepts
in terms of material formulation and sensor geometry [131,
144-146].

Beyond these essentially mechanical sensors, IPMCs can also
be made into capacitive-type humidity sensors [147, 148]. For
example, Esmaeli et. al. built a IPMC-based humidity sensor
based on Cr/Au or Ti/Au electrodes sandwiching a Nafion sheet.
The dielectric constant of the IPMC changes when water
molecules occupy the nano-channels inside Nafion, resulting
in higher capacitance [147, 149]. Recently, Wang et. al
demonstrated that changes in the diffuse layer capacitance of
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ion-conductor interfaces can be used to sense temperature [150].
They made a sandwich of hydrogel, dielectric elastomer, and a
sensing electrode. As temperature increases, the Debye length
increases, which lengthens the diffuse layer of the electrode
double layer. This decreases the capacitance, which increases
the voltage across the interface. The dielectric stops potential
faradaic electrode reactions.

3.2.4 lon Release Actuators

Ionic devices open the door to sensing and releasing biological
signals, a feature highly utilized in many bioelectronic
technologies, including controlled substance delivery
actuators and neural recording sensors. In therapeutics, ion
selectivity of PSS to conduct protons has been employed by
[151] for targeted delivery of H" in response to an electric signal,
while blocking the transport of Cl™. Sjostrom et al and
Gabrielsson et al. both demonstrated different PSS-based
actuators capable of releasing the neurotransmitter
acetylcholine. Sjostrom et al. focused on miniaturization and
speed, achieving release times on the order of ms, while
Gabrielssonn  achieved large continuous currents of
neurotransmitter with longer time scales [152, 153]. There
are also ion actuators known as organic electronic ion
pumps. These use the oxidation of conjugated polymers
(usually PEDOT:PSS) to drive the continuous migration of
an ion from a source reservoir to a target reservoir [154,

155]. Lastly, while largely outside the scope of this review,
there has been significant work using polyelectrolytes and
hydrogels in electrical biointerfaces and bioelectronics that
read and influence the electrical and ion environment of the
body [156-158].

3.3 Transmuting the Signals

In electrical circuits, the basic linear elements are resistors,
capacitors, and inductors. In addition to these linear elements,
analog circuits often take advantage of nonlinear elements.
The most common of these are the transistor and the diode.
Memory could also be realized through nonlinear history-
dependent resistors known as memristors [159-164], but to
the authors’ knowledge polymer or gel ionic memristors do not
yet exist. Almost any analog circuit can be produced by a
combination of these five elements. There has been significant
work in the literature to create these elements using ions
instead of electrons. The simplest of the above is the ionic
resistor. This is an element that has a linear relationship
between the electrochemical potential difference between
two places and the ion current that flows between those two
places. As discussed in prior sections (and Eq. 9), almost all
ionically conducting polymers can act as a resistor
(Figure 6A). Thus, we focus in the following sections on
the other circuit elements (Figure 6, Supplementary Videos
S1-S4).
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FIGURE 7 | The structure of a traditional electronic supercapacitor.
Shown in a charged state with electrical terminal T1 at higher voltage and
terminal T2 at lower voltage.

3.3.1 Capacitor

The second circuit element that has been recreated with ionics is
the capacitor. Capacitors store energy in the form of electric
fields. Generally they have a linear relationship between the
stored charge and the voltage across them. One way to make
an jonic capacitor is to sandwich a dielectric elastomer between
two polymer electrolytes. Mobile ions in the electrolytes can then
build up on opposite sides of the separating membrane and store
energy in the resulting electric field. This is analogous to thin film
solid state electrical capacitors. These devices tend to have low
specific capacitances that are limited by the thickness of the
separation layer but posses fast switching and charging times.
They are also generally symmetric and thus can be charged in
both polarities. Yang et al. created a capacitor of this type with
two hydrogels separated by half a mm of VHB. Their device had
an area of 2 cm” and a capacitance of 850 pF. This closely matches
the theoretical parallel plate capacitance of 840 pF [48].

Tonic capacitors can also be made by inverting the structure of
an electrolytic or super capacitor (Figure 7). In this setup, two
electrolytes are separated by a thin electrically-conducting film.
As the capacitor charges, ions build up on the two conductor
faces. This build up induces a rearrangement of the charge inside
the conductor, which leads the formation of two double layers of
charge, one at either side of the conductor (Figure 6B,
Supplementary Video S1). The capacitance of these devices
scales with the surface area of the ion-conductor interface.
The larger this interface, the more ions can be stored at it for
a given voltage. Janson et al. achieved a high specific capacitance
by using PEDOT:PSS as the interface between a carbon conductor
[165]. The size of this interface was about 4 mm?. The PEDOT:
PSS is both an ionic conductor and an electrical conductor, and
thus allows a very large number of ions to accumulate in its
microstructure. As the device charges, electrons pass from one
PSS interface to the other. This movement of charge changes the
doping level in the PEDOT:PSS, oxidizing one side of the
capacitor and reducing the other side. They reported a
volumetric capacitance of 14.5Fcm™ which is at least six
orders of magnitude larger than the basic parallel plate
capacitor. However, unlike the parallel capacitor, the PEDOT:
PSS electrodes were limited to about 1V before redox reactions
like water splitting grew to dominate the charge transfer. The time
constant of the capacitor charging was about 250 ms. Martin et al.
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took a similar approach with different materials, making an inside
out capacitor from reduced graphene oxide and a central PDMS
ion barrier. Similar to Jansen et al., most of the volume of the
device had both high ionic and electrical conductivity, while a
small barrier region was only electrically conductive. This
maximized the surface area available to create an ion double
layer. They reported a volumetric capacitance of 4.31F cm ™ with
a time constant of approximately 5s [167].

3.3.2 Diodes

Diodes are key nonlinear circuit elements. A polycation, with
mobile counter anions, behaves similarly to an n-doped
semiconductor, which has mobile negatively charged electrons.
A polyanion, with mobile counter cations, behaves similarly to a
p-doped semiconductor. When a polycation and polyanion are
touched to each other, they form a bipolar membrane, which is a
junction that behaves like a diode (Figure 6C, Supplementary
Video S2). The specifics of how these devices function depends
on the chemical identity of the mobile carriers in each polymer, as
well as the mode of transport dominant in each polymer. Three
diode classes are described below. To facilitate this description,
we define some terminology and conventions. Device voltage is
voltage at the mobile cation side minus voltage at the mobile
anion side. For type II devices, device voltage is defined using with
the initial locations of the non-interacting ion pair. Positive
junction current is when positive charges flow from the
mobile cation side to the mobile anion side or negative
charges flow in the reverse direction. Open circuit voltage
(OCV) is the device voltage when no current is flowing and
the system is in electrochemical equilibrium. Applying voltages
more positive than the open circuit voltage is called forward
biasing; the converse is reverse biasing. Minority carriers are ions
with the same charge and in the same region as fixed
polyelectrolyte charges [167-169].

Type I diode: Anmnihilating ions with significant Donnan
exclusion. This diode type is commonly created when bipolar
membranes are placed between aqueous acid and base solutions.
The membranes typically have high density of fixed charges and
are selective to H" and OH". Under forward bias, H" and OH~
migrate toward the junction and combine to form water, which
then diffuses away from the junction (similar to electron/hole
annihilation in a traditional semiconductor PN junction). Under
reverse bias, the mobile ions migrate away from the junction,
leaving a region without charge carriers. This creates a large
electric field that opposes the applied voltage and thus very little
current flows in the device. If the reverse bias junction electric
field is large enough, and there is a neutral species present in the
junction made from the mobile ions (like H,0), then this field can
rip that neutral species apart into separate mobile charges and
current will flow. This reverse bias breakdown can be
intentionally used or suppressed, as discussed later.

Type II diode: Annihilating ions without significant Donnan
exclusion. These diodes can be made from a hydrogel
polyelectrolyte or a neutral gel, which does not exclude neutral
salts. The rectification direction depends on the relative
concentration of ionic charge carriers in baths bordering either
side of the gel. Under forward bias, migration of the non-
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annihilating counterions dominates. Under reverse bias, the
current is lower because chemical recombination of the
annihilating ions creates a region of neutral species right at
the bath/polymer junction that is higher in resistance than the
bulk polymer. If the gel is neutral, this device is called an
electrolytic diode.

Type 1II diode: Non-annihilating ions with Donnan exclusion.
This describes junctions between most polyelectrolytes. Under
forward bias, the concentration of mobile carriers increases until
it is sufficient to drive minority carriers into the opposing region.
Therefore, forward bias current must be carried by minority
carriers. Reverse operation is similar to type I, but if non-hydrogel
polyelectrolytes are used, can sustain larger reverse voltages
without breakdown.

With these categories in mind, there are four main metrics
used to evaluate the performance of an ionic diode: rectification
ratio, forward bias current, (reverse) breakdown voltage, and
switching time. Rectification ratio is the ratio of the current
flowing through a diode under forward bias to the current in
reverse bias. Note that for the small voltages often used for
polyelectrolyte diodes, it is important whether the voltages
used to bias the diode are centered around the open circuit
voltage, or instead around 0V. The current under forward
bias is determined by the applied voltage and conductivity at
the transition from an exponential growth to an ohmic I-V curve
with increasing forward bias voltage. The breakdown voltage
refers to the voltage where the current begins to increase
dramatically under reverse bias of the junction. Finally, the
switching time refers to how long the diode takes to reach a
steady state current after a transition from reverse to forward bias
or vice versa.

The simplest polymer diode is a type II electrolytic diode with
only one material layer that separates baths with different
concentrations of ionic charge carriers [169]. Because their
function depends on the annihilation of charge carriers, these
are generally made using acids and bases that react to form water
[169]. Zhao et al. devised an enhanced type II diode by using ions
that react to form an insoluble precipitate instead of water. When
these ions are driven into the junction (under reverse bias), they
rapidly form an impermeable salt barrier that prevents further ion
migration [170]. Under forward bias, the large fields induced
across the precipitate barrier rip it back apart into its constituent
ions. The non-interacting counterions to the reactive ions are
then free to cross the junction and sustain an ionic current.

Recently, type III diodes have been constructed from aqueous
polyelectrolytes. One popular choice is to use PSS and PDAC as
the polyanion and polycation respectively, with platinum foil as
the electrode [171-173]. Carye et al. and Zhang et al. used these
polymers directly while Wang et al. embedded them in a double
network. The direct use of the polymers led to a much higher
rectification ratio, but limited the device stretchability, while the
double network diode retained performance up to a stretch of 4.
One disadvantage of these water based systems was that the
breakdown voltages were low. Ataround —2 V, the currents began
to increase dramatically as water was dissociated at the junction.
Because the electrodes in these devices were made from platinum
or silver and thus semipolarizable, the measured response of the
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diode was a function of the electrode interface in addition to the
polyelectrolyte junction. For example, while the open circuit
voltage of the system was likely in the hundreds of mV range
[173], the device only conducted well in forward bias above 2 V
when the platinum electrodes were able to split water efficiently
[168]. Han et al made a similar type III diode with non-
polarizable electrodes and demonstrated a turn on voltage
near 0V [174].

There are two ways researchers have solved this low
breakdown voltage. First, water dissociation can be avoided by
eliminating water from the system. Kim et al. demonstrated a
diode junction made from acrylate polymers swelled with ionic
liquids [142]. Second, the water splitting reaction can be
suppressed by reducing the local electric field or removing a
base catalyst by changing the chemistry [175, 176]. Gabrielsson
et al. demonstrated both suppression approaches. By placing a
neutral gel between the polycationic and polyanionic layers of the
junction, the junction electric field spreads over a much larger
distance and water splitting was eliminated. Unfortunately, it
dramatically harms another key diode metric, the switching time.
The forward-to-reverse-bias switching time of this neutral layer
device is on the order of hundreds of seconds, since all the ions
must be extracted from the neutral layer before current stops
flowing. By instead replacing the polyammonium group on their
polycation with a polyphosphonium, they removed the weak base
catalyst that speeds up water dissociation. With this polycation,
they were able to reverse bias the junction up to —40 V without
water splitting, and still retain the fast (~4s) switching time of
direct contact junctions [175].

Gabrielsson et al. also demonstrated that the neutral gel
approach can be improved by changing to a type I diode. By
using hydroxide and hydrogen ions as the mobile species, ions do
not accumulate in the neutral region during forward bias, and so
there is nothing to extract in reverse bias. To create a source of
these mobile ions, Gabrielsson et al. additionally proposed using
two other direct contact type I junctions oppositely biased to the
main junction to generate mobile hydroxide and hydrogen on the
fly [177].

3.3.3 Transistors

Transistors are three terminal devices where the current or
voltage at one terminal controls the current between the other
two terminals. Transistors are widely used in both digital and
analog circuitry as the foundation for logic gates and amplifiers
respectively. Ionic transistors would enable a wide variety of ionic
circuits. There has been much research into creating transistors
with nano-pores and microfluidic channels [178, 179], but
relatively little progress in solid state bulk transistors that do
not require nano-structuring. As far as the authors are aware,
there are only five such transistors documented in the literature;
three are Bipolar Junction Transistors (BJTs), while two are a
Junction Field Effect Transistors (JEETs). One of these JFETSs has
only been proposed but not experimentally realized.

3.3.3.1 Bipolar Junction Transistors
BJTs consist of two junctions in series with opposite polarity. The
three terminals spanning these two junctions are the emitter,
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base, and collector (Figure 6D, Supplementary Video S3). The
ionic version of the BJT is simpler than the semiconductor
equivalent in two ways [1]: these transistors do not rely on
quantum mechanics or different energy bands to function [2];
the selective mobility in each polymer is created chemically rather
than electronically. In a polymer BJT with a polycation base and a
polyanion emitter and collector, the ionic current flowing from
the emitter to the collector is controlled by the current flowing
through the base. This is analogous to a PNP semiconductor BJT.
If the materials and currents are reversed, then a device analogous
to an NPN transistor is created. BJTs rely on movement of
minority carriers for their operation. Key metrics for ionic
BJTs are switching time, amplification gain, and side reactions.

For PNP devices, each junction acts like a type III diode.
Forward biasing the emitter-base junction (Vp < V) injects a
large number of mobile minority cations into the base. Some of
the minority mobile ions that enter the base, flow out of the base
terminal, comprising the emitter-base current. The base-collector
junction is reverse biased (V3 > V), such that a large electric field
is created across this junction. This field creates a depletion region
of majority carriers (anions) in the base at the base-collector
junction. The injected minority cations however, feel this field
and migrate across the base-collector junction where they
become majority carriers again and carry the source-drain
current.

Tybrant et al. made a transistor using overoxidized PSS as the
CEM and a commercial Fumatech membrane as the AEM with
neutral PEG in the middle. PEG decreased the magnitude of the
electric field between the polyelectrolyte membranes. This
allowed for reverse bias voltages greater than 1.5V on each of
the junctions without water splitting. The junctions were on the
order of 25 pm by 200 pm. They achieved a current amplification
of about 10, and a switching time on the order of 10s. They used
this transistor to deliver neurotransmitter to some cells
[180, 181].

Gabrielsson et al. took their polyphosphonium material
previously used to create a diode and used it to create a BJT.
Their material contains no water, enabling them to remove the
neutral gel separator that Tybrant et al. used. Polyphosphonium
was patterned over an over-oxidized PEDOT:PSS base. PEDOT:
PSS was additionally used as the electrodes. They report a gain of
up to 43.9, with a switching time of under 2 s. They attribute this
fast switching time to the small (2 um) distance between collector
and emitter and high voltages that are enabled by not having
water splitting [182].

Kim et al. created a water-free BJT from an ionic liquid
and acrylate polyelectrolytes. These are the same materials
they used to create their diode described in Section 3.3.2.
Their device had a switching time comparable to Gabrielsson
et al., but suffered from a low gain of only slightly greater
than one.

3.3.3.2 Field Effect Transistors

The second type of ionic transistor being researched is the Field
Effect Transistor, which is quite different from the BJT
(Figure 6E, Supplementary Video S4). By analogy with
traditional semiconductors FETs, in an N-channel Junction
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FET (JFET), there would be a continuous polycation
connecting the source to the drain terminals. This polycationic
channel is then surrounded by a polyanion, which is connected to
the gate terminal. When the gate is disconnected or at high
voltage, anions can flow freely through the polycationic channel.
When the gate is at a low potential, the gate-channel junction is
driven into a stronger reverse bias. This bias increases the size of
the depletion regions at the edge of the channels by forcing
cations out, thereby reducing the current flowing through the
device. With sufficient reverse bias, the depletion regions
completely close off the channel, stopping the current flowing
from source to drain. Boon et al. modeled how a fully ionic P-
channel FET might be created [183]. The main challenge in
creating ionic FETs is the small size of the depletion regions in
ionic junctions due to their high carrier concentration and thus
small Debye length. The polycation channel must have a diameter
on the order of 10s of nanometers. Boon et al. proposed creating
these channels by using an electrically conductive nano-porous
carbon matrix. Instead of a continuous polyionic channel, a
solvent filled nano-porous membrane would be capped by two
polycationic membranes. This means that the junction is formed
between a metal and an anion filled channel, rather than a
polycation and a polyanion directly, but the operational
mechanism is similar. Their model predicts an amplification
factor of up to 6, with a switching time of better than 10 ms.
They simulated these transistors in three configurations and
demonstrated good functionality in all three cases. Zhong et al.
[184] made a nanoscale FET using a Maleic—chitosan channel
controlled by a silicon gate. Their device controls 2.5nA of
current from source to drain with a gate voltage swing of 30 V.

3.4 Energy Sources

Ionic devices need power sources in order to perform most of
their functions. While a myriad of energy sources exist for
powering traditional electronic circuits, the natural form of
power for ionic devices is in the form of ions. In other words,
the devices we have discussed will be run off of concentration
gradients and electric fields. In fact, because the mobile
species are often charged, concentration gradients lead to
electrochemical potential gradients. Thus, in order to power
our devices, we need something that is soft, polymeric, and
able to set up an electrochemical potential gradient. This
section explores four technologies that promise to do so:
batteries, reverse-electrodialysis, mechanical harvesters,
and thermoelectrics (Figure 8, Supplementary Videos
§5-87). The capacitors from Section 3.3.1 have the
potential to be used as energy storage devices, but are
included there because of how they are used in existing
literature.

3.4.1 Flexible Batteries

In traditional robotics, batteries are a ubiquitous source of power.
They also work internally with ions, and so appear naturally
adaptable for powering ionic circuits and devices. Wang et al.
demonstrated how this might be done in their 2017 paper on
inverted batteries [185]. By inverting the construction of a
traditional lithium ion battery, the previously internal ion
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an electrical connection instead of an ionic one. (E) Legend for all schematics.

FIGURE 8 | Schematics of selected energy conversion approaches Video animations of parts A, C, and D are included in the Supplementary Materials for ease

of visualization and on YouTube. (A) inverted battery with two ionic connections. Positive ions enter the device at the left and leave at the right. They are driven by the
energy difference between the anode and cathode material. (B) lonic Thermoelectric. A heat gradient from hot on the left to cold at the right causes mobile positive ions to
travel towards the colder side of the device, increasing the electrochemical potential at the VV + connection and decreasing it at the V — connection. (C) Reverse
electrodialysis. The concentration difference between the right (initially salty) chamber and the left (initially salt-free) chamber drives mobile cations out the right V' +
connection, increasing the electrochemical potential there and decreasing it at the left V — connection. (D) Mechanical transducer (IPMC). The strain in the IPMC
increases the pressure at the bottom of the device. This causes solvent to migrate upward, and the binding between solvent and ions carries positive mobile ions with it.
Like the other energy devices, this increases the electrochemical potential at the V + connection. Unlike the other devices, this change in potential is usually captured by

P i .
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¥ water

e electron electrical

i+ cathode ion site connection
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transport now drives power through an external circuit. This
inverted configuration is shown in Figure 8A and
Supplementary Video S5. Electrons flow inside the battery
and are compensated by ions flowing through the external
terminals. One challenge is that lithium metal used as an
anode is incompatible with water. In order to use a water-free
battery electrolyte at the same time as a water based external
circuitry, they used water impermeable cation exchange
membranes near each battery terminal to provide a barrier
between the internal and external electrolytes. This concept
promises to allow the significant advancements in soft battery
technology to relatively directly carry over to ionic circuitry [185].
There are still, however, obstacles to realizing fully soft
polymeric batteries. There are two main challenges: creating
effective polymer electrolytes and creating flexible, high
density electrodes. Approaches to both of these problems can
additionally be broken down into two camps. The first approach
is to integrate thin films or small particles of conventional
electrochemical materials into soft substrates. In this direction
(“structural design”), the emphasis is to provide flexibility to
materials that already have the desired chemical functionalities
but are otherwise inflexible. In a second approach, one can start
with soft materials, then impart the desired electrochemical
properties (“materials design”). Either approach has led to
successful energy conversion and storage devices. However,
improving the performance and stability to match those of
traditional electrochemical components remains a challenge.

Soft-ionic electrolytes have been extensively studied as gels,
polymers, or composites [186-194], promising to replace the

existing norms of hard solid-state electrolytes and liquid
electrolyte/porous separator combinations. To meet this
ambitious goal, soft-ionic electrolytes must fulfill the

requirements of solid-state electrolytes, which include high
ionic conductivity, mechanical and electrochemical stability,
ease of processing, and low interfacial resistance [195]. These
are similar to the requirements for good ionic conductors as
discussed in Section 3.1, but with additional restrictions unique
to Dbatteries: electrochemical stability and low interfacial
resistance. For example, many battery chemistries like lithium
are incompatible with water, and so cannot use the variety of
water based polyelectrolytes. Fulfilling these requirements,
however, has required trade-offs. For example, the free volume
in polymers can benefit the ion’s motion but has a negative effect
on the mechanical stability [196, 197]. Similarly, hydrocarbon
polymers have low cost, good chemical stability, and easy
integration with manufacturing; however, their low dielectric
constants restrict the ion-pair dissociation required for high
conductivity [195, 198]. Gel-based electrolytes using an inert
polymer matrix (polyvinylidene fluoride, “PVdF”) with battery
salts (LiPF6) and solvents (mixture of carbonates) offer high
energy density and ease of packaging [199]; however, the limited
electrolyte fraction, interaction between ions and polymers, and
poor interfacial contacts restrict the conductivity of gel-based
battery systems [200, 201].
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At present, these electrolyte membranes need to be combined
with non-polymeric flexible electrodes to achieve flexible
batteries. Because batteries with high gravimetric and
volumetric energy densities require dense, well-packed
electrodes and electrolytes, structural design and ease of
processing are a critical consideration for the soft-ionic-
materials integration [202]. This is especially true for
electrodes containing inorganic oxides, which must be
sufficiently thick to provide reasonable capacity, but not too
thick such that the rigidity compromises the device mechanics.
In addition to this trade-off, the interface between electrode and
current collector must be able to handle bending stress. These
challenges highlight the need to understand the electronic and
ionic connectivity at the interface within and between electrodes,
electrolytes, and current collectors. We point the readers to
several excellent reviews on the structural design of flexible
electrodes [203-205].

Electrodes are also tackled from a “materials design” approach.
One example is to functionalize carbon nanomaterials, which are
conductive and intrinsically flexible. The functionalized groups
can be molecular or nanoparticles [206-210]. The goal is to
increase the energy density and stability to match the
performance of conventional batteries. To enable this
improvement, one can increase the voltage windows by
engineering the electronic structure of the redox center and
their density [211-213]. With these advances, carbon-based
electrodes with >1000mA h g ' capacities can now be
obtained [212, 213]. However, these organic compounds were
developed for energy density and thus their mechanical
properties have yet to be evaluated. The next steps are to
further improve the volumetric energy density and stability of
these organic materials, and study more extensive combinations
of batteries and ionic devices.

3.4.2 Reverse Electrodialysis
Reverse electrodialysis (RED) is a promising technology that
generates electric power from a salinity gradient. In RED, an
alternating series of AEMs and CEMs separate compartments of
concentrated salt solution and less concentrated solution. These
high and low salinity regions can take the form of fluids or gels.
Salt wants to flow from high concentration to low concentration,
but the specific configuration of ion exchange membranes means
that one ion can only flow inside the RED device, while the
counterion can only flow through the terminals and external
circuit. This constraint on jon paths turns a salt flow into an
electrochemical power source. The magnitude of power generated
is primarily determined by the salinity gradient and the number
of chambers in the RED device [214, 215] (Figure 8C,
Supplementary Video S6). RED devices in literature are often
characterized while connected to external electrical circuits with
electrodes, but this is not required when using them with other
ionic components. RED device performance and membrane stack
design has been analyzed using multiphysics models similar to
those discussed previously but with additional fluid motion terms
(Navier-Stokes) [216-219].

Baek et al. reported using a miniaturized RED patch made from
commercial IEMs to power a electro-chemiluminescent bio-sensing
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microchip [220]. An eight-layered patch was capable of generating
1.9 V while a ten-layered RED patch produced 2.5 V. The electrode-
less RED patch was also used as an ionic power source for active
transdermal drug delivery [221]. Shroeder et al. made a RED system
that used hydrogels instead of liquid solutions for the salt chamber
[222]. The maximum power density per unit cell was 27 mW cm >
while the open-circuit voltage reached up to 110 V by stacking gels
in series. It was also demonstrated that power density can be
increased by reducing the thickness of hydrogel films to as thin
as a few hundred nanometers [223]. Based on these results,
exploration into ultrathin membranes with improved
permselectivity and conductivity based on advanced materials
opens up novel possibilities for robust energy harvesting with
RED [224-230].

One challenge with most existing RED systems is that they
need a mechanical pump or regular injection of saline solution
into every compartment to maintain power levels. This makes
traditional RED impractical for stand-alone ionic devices. To
overcome this limitation, Baek et al. developed a RED device that
uses precipitation and dissolution to maintain the ion
concentrations in the high and low salinity chambers [231]. In
this device, two different salts are placed into alternating high
concentration chambers. These salts are chosen such that they are
individually soluble, but both metathesis products are insoluble.
Ions entering the low concentration chambers thus precipitate,
maintaining that low concentration. The maximum power of a
20-stack precipitation assisted RED was ~ 100 yW while the
open circuit potential maintained 90% of the maximum after
~ 5hrs. One potential challenge with this approach is the
precipitate clogging the ion exchange membranes after
extended periods of use.

3.4.3 Mechanical lon Transducers

Energy harvesting from mechanical motion or vibration is a
sustainable power source for various wearable devices and
ionic gradient generation. Efforts have been dedicated to
several types of mechanical transducers, such as
electromagnetics, electrostatics, electrokinetics, piezoelectrics or
triboelectrics [232-238]. However, these energy generators are
efficient in collecting mechanical/vibrational energy at a relatively
high frequency (>20 Hz) while dramatically compromising their
energy harvesting performance with reduced operating frequency
(<1 Hz), where most unused natural mechanical energy or
human motion takes place. Ionic transducers can be soft and
provide durable energy as well as sensitive in low frequencies,
where electricity generation is based on ionic transport and
conduction.

We mentioned ionic polymer metal composites (IPMCs) as
sensors in Section 3.1, but with mechano-electric characteristics,
high compliance and wet environment compatibility, they are also
frequently applied to energy harvesting in underwater applications.
Therefore, IPMCs have been used to harvest energy from base
excitation [239], the flutter induced vibration of a heavy flag [240],
hydroelastic impact under impulsive loading [241], fluid-induced
mechanical buckling [242], hydrodynamic coupling between arrays
of IPMC strip [243], fluid-structure interactions from a miniaturized
turbine [244], and vibration of a biomimetic tail [245]. The harvested
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power ranged from 10> W to 10 W for centimeter-scale systems
while the performance was heavily determined by the energy
exchange between the coherent fluid structure, like vortex rings
and pairs, and IPMCs [246]. This is shown in Figure 8D and
Supplementary Video S1.

Other types of mechanical energy harvesters operative in a low
frequency regime utilize different materials and mechanisms. Kim
etal. [247] utilized electrochemically active materials to realize stress-
composition coupling, where lithium ions migrating across an
electrolyte membrane (microporous polypropylene monolayer
soaked with electrolyte) under a bending-induced pressure
difference drive electron flow in the outer circuit. Energy can also
be harvested by cyclically changing the surface area and capacitance
of ionic interfaces. Harvesting energy from electrode-ionic-
conductor interfaces has been demonstrated [248, 249]. By using
a polycation-polyanion interface instead, one can take advantage of
the rectification behavior of the interface, creating DC currents from
AC mechanical inputs [143, 250]. Hou et al. [250] proposed a flexible
ionic diode that is an organic p-n junction with asymmetric ionic
liquid/ionomer and multi-walled carbon nanotube incorporated into
the matrix. The equilibrium of the p-n junction can be disrupted
upon mechanical stimuli, producing a power density of 2 yWcem ™ at
a frequency of 0.1 Hz.

Ionic triboelectric nanogenerators (TENG) harvest energy
based on contact electrification and electrostatic induction
[251-253]. Pu et al. created a skin-like TENG with PAAm-
LiCl hydrogel as ionic conductor, realizing high stretchability
and transparency as well as a maximum power density of
3.5 uWem > [252]. Hwang et al. developed an ion-pump based
TENG (iTENG), where the capacitance of the device changed
with increasing number of free ions under pressure [253, 254].
The maximum power density achieved by a single iTENG is
2.2 Wem™2, Although the mechanisms governing ionic TENG are
still somewhat debated, they are typically understood and
modeled in terms of ion transfer from differential surface
affinity of unbound anions and cations, assymetrical
separation of water, and mechanochemical generation of ions
and radicals [255-260]. Density functional theory is a particularly
powerful approach for computationally investigating these
mechanisms. The output performances of ionic TENGs could
be further enhanced by maximizing the surface area, therefore
maximizing the surface electrostatic charge density through
surface treatments and modifications, or by increasing the
dielectric ~ permittivity =~ through  material  optimization
combining polymers with graphene sheets, graphite particles,
and high-dielectric nanoparticles.

3.4.4 lonic Thermoelectrics

Thermoelectric (TE) devices generate current from an applied
temperature gradient, allowing for the re-conversion of waste
heat to usable energy. Fundamental to these devices is the
Seebeck effect, where a voltage is generated given a
temperature gradient. The maximum efficiency of a TE
material is determined by its figure of merit ZT:

_ S

zZT T, (11)
K
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where « is the thermal conductivity in W/mK, S is the Seebeck
coefficient in V/K, o is the electrical conductivity in S/m, and T is
the temperature in Kelvin. The Seebeck effect is caused by the
thermal diffusion of charge carriers. In traditional TE materials,
the charge carriers are electrons or holes. Recently, ionic TE
materials have gained interest, in which ions serve as a significant
charge carrier. The ionic contribution to the Seebeck coefficient
can be quantified via S;p;c = aiTz(i)C<i)DT, where Dy is the Soret
thermal diffusion coefficient of the ions in m*s™'K ™! [261]. In a
conventional ionic TE, the Soret effect [262] creates a voltage on
top of the electronic contribution. The large Seebeck coefficients
in ionic TEGs could originate from temperature-dependent
dissociation of ions [263]. Unlike electrons, ions cannot pass
the interface between the TE material and external electrodes.
Thus, one way to utilize the Soret effect is via ionic thermoelectric
supercapacitors (ITESCs) [264]. These devices could be used, for
example, to harness solar energy, in which the ITESC charges via
the Sun’s heat during the day and discharges at night [265].
ITESCs were also found to generate a voltage from a small
temperature difference, making them appealing for wearables
and other low-grade heat recovery [266].

To leverage the high conductivity of electrons and high
Seebeck coefficient of ions, research has been conducted on
mixed ionic and electronic conductors. For example, PEDOT:
PSS is known for achieving a high ZT value of 0.42 in the organic
TE field [267]. The addition of sodium ions further improved
ionic conductivity and Seebeck coefficients [268]. Higher
humidity is beneficial because water molecules weaken
electrostatic potential traps created by anions [268]. Ionics and
electronic conductivities could be simultaneously enhanced by
altering oxygen positions on polymer side chains [269].
Additionally, the Seebeck coefficient was improved in various
ways, including type II cellulose ionic conductors associated with
high Na + selectivity [270], a gelatin matrix modified with added
ion providers and redox couple species [271], an ionogel
composed of ionic liquids and PVDF-HFP [272], and a low-
cost ambipolar ionic polymer gel [273].

Despite recent work, a gap persists with respect to
understanding  the  thermodynamics  governing ionic
thermodiffusion, making predictions of material performance
difficult [265]. Furthermore, it is challenging to operate a
purely ionic TEG in continuous mode.

4 DISCUSSION

Ionic devices and components have seen significant progress in
the past 10 years. Here we discuss what they can enable and where
we see opportunities for improvement.

Ideally, ionic devices should not be limited by a requirement to
interface with traditional electronics. Much existing research
involves tethering ionic devices to computers and power supplies
that provide power and analyze the signals. While this approach is
sufficient for characterizing single component performance in the
lab, it has two problems in the context of ionic devices: 1) the devices
are not tested with the boundary conditions they will experience

Frontiers in Physics | www.frontiersin.org

July 2022 | Volume 10 | Article 890845


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Tepermeister et al.

when combined, and 2) it restricts the application of the devices to
those where external computer connections are possible. As such,
more development is needed to develop testing techniques that
impose boundary conditions that components would experience
within larger ionic circuits.

Some researchers have approached this challenge by using one
ionic component to test the performance of another, while others
seek to verify that performance in the context of a larger system. In
that first category, Han et al combined a reverse electrodialysis
energy source with hydrogel wires and a type III polyelectrolyte
diode to make a complete circuit. This allowed them to characterize
the diode behavior under DC ion current, in contrast with the AC
methods popular with electrode boundary conditions [274]. In the
second category we have logic gates. They are similar in architecture
to traditional semiconductor diode based logic gates. Logic devices of
up to three components have been experimentally realized in a few
different architectures [171, 174, 177, 275].

Tonic devices are often conceptualized by analogy with traditional
semiconductors. While this works well for many designs, there are a
couple of key differences between ionic and electronic devices that will
only become more relevant as more complicated circuits are created.
First there are differences in scale. Ionics have conductivities on par
with doped semiconductors, but even the best ionic conductors are
many orders of magnitude higher resistance than metal wires (10 vs.
10° Sm™). The carrier concentrations required to reach these modest
conductivities result in characteristic length scales for ionics that are
much smaller than their semiconductor equivalents. As mentioned in
Section 2.2, the Debye-Hiickel length for these systems is on the order
of nano-meters while for semiconductors it is on the order of microns.
This places strong limits on the behavior of junction-based devices like
JFETs. These differences in scale are supplemented by differences in
kind. For example, ionic devices are capable of simultaneously
containing multiple charge carriers. This, combined with the fact
that most charge carriers used are non-annihilating, means that the
design space for ionic devices is both different and broader than
traditional semiconductors. This benefit also has consequences for
how ionic devices can be combined together. Many devices rely on
specific ions in order to function well This means that many
components cannot be directly connected with one another. If that
was tried, then the function of the components would change over
time as the individual jons mixed together. In general, the long term
functioning of a device is jeopardized if the thermodynamic
equilibrium of each component is not the same as the operating
condition of the device. For example, type I diodes that rely on the
mixing of an acid and a base solution are difficult to integrate into a
larger device both because they require something to regenerate that
acid and base solution, and because the extreme pHs constrain the
other connected ionic components.

The field also currently lacks, as far as we are aware, standardized
metrics for comparing ionic devices against each other. This leads to a
wide variety of device analyses, with little directly comparable
performance. Selection of centralized metrics would be aided by
more research and analysis of what are currently the critical
bottlenecks in performance. These may be significantly different
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from those present when the ionic devices are used as part of a
larger electronic system. For example, thermoionic power systems
and diodes are limited by the interfacial capacitance when connected
to electrical conductors [142, 261], but this bottleneck might
disappear when they are used in ionic circuits because there is no
electrode to saturate.

Further, we need better modelling and design methods if we
are to invent more complex ionic circuits. Current approaches
rely heavily on finite element solutions to the full continuum
equations of state. This works well for individual components, but
will likely have trouble scaling to simulate larger circuits that
involve of many junctions. Computational approaches in general,
while not the focus of this review paper, have proved rather
difficult because of the large spread in length and time scales of
the various effects at play in an ionic device.

5 CONCLUSION

This review paper discussed the current state and potential of soft
ionic materials in the context of stretchable fully ionic devices. Soft
ionics are poised to play a key role in a new era of biocompatible
medical devices, fully soft robots, and novel signal processing
systems. Many of the elements needed for these devices have
already been developed—energy converters/harvesters, sensors,
actuators, signal transmitters, capacitors, diodes, and
transistors—but have not been designed for interacting with
other ionic elements. Designing elements with device integration
in mind, standardization of performance metrics, and expansion of
system level modeling approaches will enable these devices to reach
their potential.
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