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The human brain efficiently processes external information using ions as information carriers, inspiring the
development of ionic brain-like intelligence. Central to such systems are neuromorphic iontronic devices
(NIDs), including artificial axons, synapses, and neurons, which employ ions as charge carriers. Recently, NIDs
based on soft ionic conductors (SICs), such as ionic hydrogels, ionogels, and ionic elastomers, have attracted
growing attention due to their ionic compatibility, flexibility, biocompatibility, and facile fabrication and
integration, making them promising candidates for next-generation neuromorphic technologies. Despite their
potential, research remains in its infancy, with key challenges in elucidating fundamental mechanisms,
establishing design principles, and realizing practical applications. To address these issues and guide future
research, this review first introduces the functional roles and electrical signalling of axons, synapses, and
neurons, thereby defining the performance requirements for NIDs. It then summarizes means for controlling
Received 16th October 2025 jon transport in SICs and discusses feasible approaches for constructing SIC-based NIDs, including structural
DOI: 10.1039/d5¢s00580a and interfacial engineering, device architectures, and dropletronic techniques. Finally, recent advances in SIC-
based NIDs are reviewed, and their prospects in human—machine interaction and brain-like computing are
rsc.li/chem-soc-rev discussed along with the remaining challenges.
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1. Introduction

Artificial intelligence is currently undergoing a critical transi-
tion from the conventional von Neumann architecture to more
biomimetic neuromorphic architectures, with the ultimate aim
of achieving brain-like intelligence."” Traditional hardware
systems based on the von Neumann model operate through a
storage-compute separation and serial processing, which
results in high energy consumption and low processing
speed.® In contrast, neuromorphic hardware systems (often
referred to as brain-like chips), such as TrueNorth,’ Loihi,°
and Tianjic,"" mimic neural networks by integrating functional
units resembling biological synapses and neurons. These sys-
tems enable in-memory computation and parallel processing,
thus offering significantly improved energy efficiency and
computing speed."””™* Importantly, the goals of brain-like
intelligence extend beyond fast and energy-efficient processing
tasks such as classification, recognition, and decision-making.
They also aim to simulate biological processes including signal
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transmission, perception, learning, memory, self-adaptation,
and emotion building."®™® Achieving these advanced capabil-
ities holds great promise for applications in neuromodulation,
disease treatment, prosthetics, brain-machine interfaces, and
artificial life.>*>* However, realizing such goals requires con-
tinuous exploration of hardware systems that more closely
match the electrical, chemical, and functional characteristics
of the human brain.

Artificial axons, neurons, and synapses, collectively known
as neuromorphic devices, form the core functional units of
brain-like intelligent hardware systems. These devices respec-
tively enable signal transmission,”® signal integration and
encoding,*® information storage,”” and computation.*® Assem-
blies of neuromorphic devices are expected to process informa-
tion as efficiently and with minimal energy consumption as the
human brain,*® while enabling seamless communication with
biological systems.*® As of now, the neuromorphic devices that
have reached a relatively mature stage in terms of both research
and applications are based on solid-state electronics, which use

Dr Yyjia Zhang is a Tenure Track
Assistant  Professor at  EPFL,
Switzerland, and the principal
investigator of the Laboratory for
Bio-Iontronics. A major interest of
his laboratory is the development of
iontronic biointerfaces for medicine
and hybrid intelligent systems for
neuromorphic computing. Recently,
his laboratory has pioneered
dropletronics, in which networks of

microscale,  modular,  hydrogel
Yujia Zhang droplets  function as  multi-
functional  bioiontronic  and

bioelectronic devices.

Dr Kai Xiao is an Associate
Professor in the Department of
Biomedical Engineering at
Southern University of Science and
Technology, China. He received his
BSc from Jilin University (2012) and
PhD from the Institute of
Chemistry, Chinese Academy of
Sciences (2017), and was an
Alexander von Humboldt Fellow at
the Max Planck Institute of Colloids
A and Interfaces. Since 2021, he leads
Kai Xiao the “Iontronic  Materials  for
Neuromorphic Devices” group at
SUSTech. He has authored over 70 papers and two book chapters (H-
index 45, > 6200 citations). His research focuses on nanofluidics, soft
materials, iontronics, and neuromorphic devices.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5cs00580a

Published on 03 December 2025. Downloaded by ECOLE POLY TECHNIC FED DE LAUSANNE on 12/13/2025 10:20:23 AM.

Chem Soc Rev

electrons/holes as charge carriers. In contrast, the human
brain, a naturally evolved liquid-electrolyte system, relies on
the controlled transport of ions to execute advanced functions
such as perception, memory, learning, and computation.’
Over the past decade, this fundamental distinction has
prompted researchers to reconsider the foundational design
of neuromorphic devices, driving the development of devices
that use ions as charge carriers, namely neuromorphic iontro-
nic devices (NIDs), toward systems that more closely emulate
biological characteristics.*> > It is widely believed that such
ion-based systems offer several advantages, including bio-
signal compatibility,>® low energy consumption,®” and resis-
tance to electromagnetic interference,*® among others.

NIDs reported to date are mainly composed of two types of
materials: nanoscale pores/channels and soft ionic conductors
(S1Cs).>*"*! The former, commonly used in fabricating nano-
fluidic memristors, has been effective in emulating synaptic
plasticity features such as paired-pulse facilitation/depression
(PPF/PPD), long-term potentiation/depression (LTP/LTD), and
spiking rate/timing-dependent plasticity (SRDP/STDP).**"?
These devices have also shown potential for implementing
pulse-neuron models, such as Hodgkin-Huxley (H-H)
circuit.>>® Several recent reviews have provided comprehen-
sive summaries of this class of devices.?”?#%%°%57 Nevertheless,
their electrochemical performance depends heavily on the
precise manufacturing of nanoscale pores/channels,”® which
would lead to high cost and limited reproducibility. Moreover,
the use of liquid electrolytes as ion reservoirs in nanofluidic
systems restricts their flexibility, mechanical stability, and
scalability.>” In contrast, SICs, such as ionic hydrogels and
ionogels, are stretchable and bendable materials that combine
ionic conductivity with properties like flexibility, low toxicity,
low cost, and ease of stable fabrication.>*** These features
make SICs particularly suitable for constructing NIDs that
support human-machine interaction,®*®* flexible wearable
electronics,”®  long-term  semi-implantable/implantable
devices,”"”? and large-scale integrated ionic circuits and artifi-
cial neural networks (ANNs).”*”7® Moreover, emerging drople-
tronic technologies offer a promising platform for device
miniaturization, reduced energy consumption, and efficient
integration, further accelerating the practical translation of
SIC-based NIDs.”””® As such, SIC-based NIDs represent a
compelling pathway toward the development of next-
generation brain-like intelligence.

SICs are a class of soft materials in which ions serve as the
primary charge carriers.”® They typically comprise two or three
phases, including ion species, polymers, and solvents.®® Within
these systems, the polymer matrix forms a three-dimensional
network that confines the solvent and ions, creating a contin-
uous and stable medium for ion transport.’’ Owing to the
mobility of polymer chains, SICs exhibit excellent mechanical
flexibility, accommodating stretching, compression, and bend-
ing deformations. Representative examples include solvent-
containing systems such as ionic hydrogels, ionogels, and ionic
organogels, as well as solvent-free systems such as ionic elas-
tomers and polyionic elastomers. By carefully tuning their
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physical structures, chemical compositions, and interfacial archi-
tectures, ion migration behavior within SICs can be precisely
controlled, enabling adjustable electrical properties such as capa-
citance, conductivity, short-circuit current, and open-circuit vol-
tage. These characteristics provide a solid foundation for the
development of SIC-based NIDs. It should be emphasized that
conventional SICs typically lack electron or hole transport cap-
ability, as most polymers do not possess m-conjugated chemical
structures capable of long-range electron/hole delocalization. In
contrast, conjugated organic semiconductors, such as poly(3,4-
ethylenedioxythiophene) (PEDOT),** poly(3-hexylthiophene)
(P3HT),** and poly(benzimidazobenzophenanthroline) (BBL),**
exhibit both ionic conductivity and tunable electronic/hole trans-
port under ionic (electrochemical) doping, making them widely
employed as organic mixed ionic-electronic conductors (OMIECS).
Soft organic electrochemical transistors (OECTs) employing these
SICs as channel layers have been extensively applied in artificial
synapses.®> Although the source-drain current of these devices
mainly originates from electron/hole transport, gate-induced ion
doping and dedoping remain essential for signal amplification,
conductance modulation, and information storage. Therefore, SICs
with coupled ionic and electronic (or hole) conductivity are pivotal
for NIDs. A deeper understanding of their synergistic ion-electron
transport and coupling is expected to guide the design and
optimization of novel NID architectures.®®

Although SIC-based NIDs have garnered considerable atten-
tion in recent years, the field remains in its early stages and
faces major challenges, including understanding ion transport
mechanisms, establishing robust device design principles, and
enabling practical applications. This review aims to provide a
theoretical framework and design guidance for the develop-
ment of SIC-based NIDs, with a particular focus on conven-
tional SICs that lacking electronic or hole conductivity. NID-
based OECTs are only briefly discussed, as their design and
applications have been extensively reviewed elsewhere.®”
Fig. 1 outlines the structure of this review. It begins with an
overview of the functional units of the nervous system and their
electrochemical characteristics, clarifying the biomimetic
objectives and performance requirements for NIDs. Next, we
summarize the mechanisms of ion transport in SICs and
common strategies to modulate their behavior. Building on
this foundation, we highlight both established and prospective
design principles for SIC-based NIDs, encompassing artificial
axons, synapses, and neurons, which constitute the core con-
tent of this work. Finally, recent advances in device develop-
ment and applications are reviewed, followed by a forward-
looking perspective on the challenges and opportunities in this
emerging field, particularly regarding human-machine inter-
action and neuromorphic computing.

2. Neural components and their
electrochemical characteristics

The biological nervous system primarily consists of axons,
synapses, neuronal cell bodies, and the neural networks they
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Fig. 1 Schematic outline of this review.

form. Accurately simulating their electrochemical characteris-
tics at the device level is essential for the development of NIDs,
which in turn lays the foundation for constructing brain-
inspired intelligent systems at the hardware level.

2.1 Axons

Axons serve as transmission pathways for nerve impulses
(action potentials), transmitting these signals from the neuro-
nal cell body to the terminal synapses (Fig. 2(a)). This transmis-
sion process relies on the coordinated opening and closing of
various ion channels, such as voltage-gated Na' channels,
voltage-gated K channels, K' leak channels, and Na'-K"
pumps along the axonal membrane (Fig. 2(b)).”” These
mechanisms enable ultra-fast, long-distance, and energy-
efficient signal transmission with minimal information loss.’®

2.2 Synapses

The human brain contains approximately 10"° synapses. A
typical synapse comprises the axon terminal of a presynaptic
neuron, the cell body or dendrite of a postsynaptic neuron, and
the synaptic cleft between them (Fig. 2(a)).”® Beyond merely
serving as signal transmission bridges, synapses play a central
role in information storage and computation,'®® enabling the
brain to operate with ultrahigh speed, ultralow energy con-
sumption, and exceptional fault tolerance.’®® The biological
basis for synaptic storage and computational functions lies in
the modulability and memory effects of the postsynaptic
membrane potentials (PSPs), collectively known as synaptic
plasticity.’®* Specifically, upon receiving a nerve impulse, the
presynaptic membrane releases excitatory or inhibitory neuro-
transmitters into the synaptic cleft (Fig. 2(a)). These neuro-
transmitters bind to specific receptors on the postsynaptic
membrane, modulating ion channel activity (e.g., Ca*>", Na",
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K', CI7), and thereby inducing increases or decreases in PSPs
(Fig. 2(a)). The resulting responses are called excitatory/inhibi-
tory postsynaptic potentials (EPSPs/IPSPs) (Fig. 2(c-i))."* The
timing and frequency of incoming impulses influence changes
in PSPs, giving rise to plasticity features such as SRDP'®* and
STDP.'” These changes may be transient or long-lasting,
known respectively as short-term plasticity’®® and long-term
plasticity.’®” PSP levels directly determine the synaptic weights
(SWs) between connected neurons. In simple terms, higher
PSPs make it easier for the postsynaptic neuron to be activated,
and vice versa.'®® Through adaptive regulation of PSPs/SWs
at each synapse in neural networks, the brain realizes advanced
functions such as perception, memory, learning, and
computation.'®’

At the device level, simulating synaptic plasticity involves
replicating the PSP signals associated with specific plasticity
features. Fig. 2(c) illustrates PSP dynamics for several key
behaviors, including PPF/PPD, LTP/LTD, SRDP and STDP.
PPF/PPD describes the phenomenon where, under stimulation
by two nerve impulses, the PSP amplitude induced by the
second impulse is enhanced (PPF)''° or reduced (PPD)'!
compared to the first (Fig. 2(c-ii)), with the difference dimin-
ishing as the inter-pulse interval increases. PSPs induced by a
small number of nerve impulses generally decay quickly to the
initial level, thus PPF/PPD is a manifestation of short-term
plasticity. However, under repetitive stimuli by multiple
impulses, the PSP level undergoes significant increases or
decreases and requires a long time to recover. This character-
istic is known as LTP or LTD, a manifestation of long-term
plasticity (Fig. 2(c-iii)).""* The changes in PSPs induced by nerve
impulses at a higher frequency are more pronounced, a char-
acteristic known as SRDP (Fig. 2(c-iv)).'"® Research also sug-
gests that alterations in the PSP level are linked to the timing of
presynaptic and postsynaptic nerve impulses. If the presynaptic
nerve impulse precedes the postsynaptic one, the PSP level
rises, and vice versa. This characteristic is termed STDP or
Hebbian rule (Fig. 2(c-v))."**

2.3 Neuronal cell bodies

Neuronal cell bodies are characterized by numerous dendrites,
which provide extensive surface area for synaptic input
(Fig. 2(a)). Their primary function is to integrate incoming
signals from other neurons and fire nerve impulses.'™ Subse-
quently, these impulses travel along the axon to synapses,
affecting the membrane potential of downstream neurons. A
threshold excitation mechanism governs signal integration and
impulse generation.’'® Specifically, impulse inputs from all
presynaptic neurons modulate the local membrane potential
of the cell body, inducing both up- and down-regulation
(Fig. 2(d)). When the overall membrane potential exceeds a
critical threshold, an action potential is triggered at the
axon hillock; otherwise, no signal is fired. Furthermore, neu-
ronal cell bodies encode information through the number
and frequency of action potentials."'” This mechanism has
inspired the development of spiking neural network (SNN)
architectures."*® The number and frequency of generated

This journal is © The Royal Society of Chemistry 2025
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v). (d) Electrical behavior of neurons, highlighting signal integration, threshold-triggered spiking, and frequency-

coded information transmission. (e) Parallel computing paradigm of neural networks, demonstrating how interconnected neurons collaboratively

process information.

impulses depend on the cumulative strength of inputs from
presynaptic neurons.

2.4 Neural networks

Neural networks are integrated assemblies of axons, neuronal
cell bodies, and synapses that enable advanced functions such
as cognition, recognition, emotion, decision-making, and asso-
ciative learning through parallel processing."" In this comput-
ing paradigm, neuronal cell bodies integrate stimuli from
upstream neurons and encode them into action potentials,
which are transmitted by axons to downstream synapses
(Fig. 2(e)). Synapses serve as dynamic interfaces that connect
adjacent neurons and modulate synaptic weights to regulate
signal transmission (Fig. 2(e)). In addition to conventional
synaptic (hard-wired) connections, signal propagation in neural
networks can also occur through ephaptic coupling, a non-
synaptic mechanism mediated by local electric field interac-
tions between adjacent neurons.'*® Although ephaptic coupling

This journal is © The Royal Society of Chemistry 2025

plays a critical role in biological systems, it remains largely
unexplored in current electronic neuromorphic devices. This
limitation stems from the fact that electrical crosstalk, which
enables ephaptic interactions, is typically considered an unde-
sirable artifact in electronic circuits and is minimized by
design. Integrating both synaptic and ephaptic signalling
mechanisms into hardware architectures presents a promising
direction for developing more biologically realistic and func-
tionally versatile neuromorphic computing systems.

3. Design principles of SIC-based NIDs

SIC-based NIDs combine biocompatibility, flexibility, stretch-
ability, and facile encapsulation and integration. Nevertheless,
a systematic theoretical framework for the rational design and
construction of such devices remains lacking. In this section,
we first summarize the mechanisms of ion transport within
SICs, then review common strategies for regulating ion
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migration, and finally propose several highly feasible
approaches for constructing SIC-based NIDs.

3.1 Migration mechanisms of ions in SICs

Ion transport mechanisms in SICs form the theoretical
foundation for designing SIC-based NIDs. These mecha-
nisms are generally categorized into two types: continuous

Migration mechanisms of ions in SICs

a-i  Continuous migration a-ii
in solvent

Continuous migration b
along the polymer chain
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transport and discontinuous transport.”’ Depending on the
specific SIC system, one mechanism may dominate, or
both may synergistically govern the overall transport
behavior.'?*71%3

3.1.1 Continuous transport. Continuous transport refers
to ion migration within a continuous effective medium
(Fig. 3(a)), where ion motion obeys the fundamental continuity
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between low-energy sites

@® @ Solvated ions @® © Bareions

Polymer chain  — Continuous migration

Solvent

4
/
1
’I
!
@
©

T Low-energy site ----— Hopping migration

1
1 Co |
1 High Electric  Low Force Heat source Light 1
1 potential pressure Hot :
| ‘ =~ 1
I @ “ (5) @ I
1 T l -— P —> H —> l l :
1
1 ‘ 1
: =) ; \ -— ) —> = —> :
1 ¢ )\ L J 1
: Low potential High pressure Hot Cold Cold :

e Large pore-small pore Neutral-positive

d Network Network Functional .
Low density High Less ChLe(Jr)» More Less M» More Lomeiy High
] X o o - o |
y d > g i : <y e :
J : ++ + ++++++ P b :‘

Negative-positive hydrophilic-hydrophobic

interface interface interface interface
& A A —%
A ) +
++ + F - 4 + F
¥ o N 7 it
+ e + $E
Bk < =
{ -+ < +—+
3—F A% a5 36 —+ +

Fig. 3 Theoretical foundation for designing SIC-based NIDs. (a) Continuous ion transport mechanisms, including migration in solvent media (a-i) and
along polymer chains (a-ii). (b) Discontinuous ion transport via hopping mechanisms. (c) Stimuli-responsive ion transport driven by electrical, mechanical,
thermal, and optical inputs. (d) Structural strategies to enhance ion transport rate differences between ion species, including gradients in network density,
charge distribution, functional group density, and hydrophilicity/hydrophobicity. (e) Interfacial engineering to modulate ion transport selectivity, such as
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equation:'**

% +V-N;=0 (1)

Here, ¢; and N; represent the concentration and molar flux of
ion species i, respectively. The effective medium is a compo-
nent that has good compatibility with ions, containing solvents
and polymer chains. This compatibility arises from van der
Waals forces, hydrogen bonding, dipole-dipole interactions,
and other non-covalent interactions."”> It is generally believed
that when there is good interaction between the ions and the
matrix of SICs, the ions primarily undergo continuous trans-
port, such as in ionic hydrogels, ionic organogels, and
ionogels.®" In SICs with low ion concentrations (covering levels
observed in biological systems), continuous ion transport can
be accurately described by the Poisson-Nernst-Planck (PNP)
theory, governed by the following two key equations:'>¢

z:¢;D;F 20¢iD;
N; = —D;Ve¢; — RT vV - T VT + uc; 2)
V- (78()8er) = FZZ,'C,’ (3)
i

where D; is the diffusion coefficient, z; is the valence state, F is
the Faraday constant, R is the gas constant, T is the absolute
temperature, V is the electrostatic potential, «; is the reduced
Soret coefficient, u; is the convection velocity, ¢, is the vacuum
permittivity, and &, is the relative permittivity. This theory
suggests that ion fluxes, in both magnitude and direction, arise
from multiple contributions, such as free diffusion, electro-
phoresis, thermophoresis, and solvent convection, but are not
limited to these. Although these flux components can be
calculated independently, they are inherently interdependent
through ion concentration. Meanwhile, the PNP theory
indicates that the driving forces behind ion migration originate
from controllable factors such as concentration gradients,
potential gradients (direction and intensity of the electric field),
temperature gradients, and solvent flow. These insights provide
a theoretical foundation for manipulating ion transport to
modulate the electrochemical properties of SICs. Under iden-
tical external conditions, the intrinsic properties of ions,
including diffusion coefficients, valence states, and Soret coef-
ficients, govern the differences in their fluxes. Therefore, ionic
electrical signals with distinct characteristics can be achieved
by selecting the ion species in SICs.

While the conventional PNP theory is well-suited to
dilute ionic systems, its accuracy diminishes at high ion
concentrations.”” This is because, in SICs with high ion
concentrations, the interactions between ions, as well as
between ions and polymer networks, become significant, espe-
cially in ionogel and polyionic elastomers. These non-negligible
interactions result in non-ideal behaviors, such as deviations in
effective ion concentrations (ionic activity) and variations in
local permittivity. To extend the applicability of the PNP frame-
work to such complex systems, several modifications have
been proposed. These include introducing activity coefficients
to correct for non-ideal ion concentrations (ionic activity

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review Article
theory),lzs—mo
interaction-induced transport contributions,
concentration-dependent permittivity models,
the generalized Poisson-Boltzmann theory.

According to the PNP theory, the diffusion coefficient is a
fundamental parameter reflecting the mobility of an ion spe-
cies: the larger the coefficient, the faster the ion migration, and
vice versa. The diffusion coefficient of ions in SICs is signifi-
cantly different from that in pure solvents. In SICs, the diffu-
sion coefficient, besides being negatively correlated with the
size of the ion species and the solvent viscosity, and positively
correlated with temperature, is also influenced by steric hin-
drance from the polymer network and by the compatibility
between ions and polymer chains."®”**° Specifically, a denser
polymer network imposes greater spatial resistance to ion
movement, thereby reducing the diffusion coefficient. Simi-

incorporating additional flux terms to account for
1317133 and establishing
1347136 a5 reflected in

larly, poor ion-polymer compatibility limits the number of
favorable migration pathways, further suppressing ion mobi-
lity. Therefore, compared to nanofluidic systems based on
nanopores or nanochannels, which use electrolyte solutions
as ion reservoirs, SIC systems offer more abundant design
possibilities and flexibility for tailoring electrochemical
properties.

3.1.2 Discontinuous transport. Discontinuous transport
refers to the fact that ions no longer move along a continuous
smooth path, but exhibit a hopping behavior,'*® e.g. the Grot-
thuss mechanism'** (Fig. 3(b)). In SICs, this type of transport
typically occurs when ions have poor compatibility with the
polymer network and the solvent. In such cases, ions need to
jump between energetically favorable sites to achieve long-
distance migration.'** These energetically favorable sites often
include hydrogen bonding sites, ionic bonding sites, and defect
sites. However, ion hopping requires overcoming the energy of
these physical interactions (the activation energy), resulting in
a very slow ion transport rate (diffusion coefficient). This
behavior can be captured by Arrhenius-type kinetics:**?

k:A-eXp(—If;,) (4)

where k denotes the diffusion coefficient (or ionic conductivity),
A is the reference diffusion coefficient (or ionic conductivity) at
temperature T, and E, is the activation energy. This equation
can be converted to a linear form:

E, 1
In(k) = In(4) — 2T (5)
By plotting In(k) versus 1/T, the activation energy E, can be
experimentally estimated. In addition, molecular dynamics
simulations provide a microscopic view of this hopping process
and help calculate the associated energy barriers.

A recent study demonstrated that when hydrated ions
migrate from hydrophilic hydrogels into hydrophobic organo-
gels, they undergo dehydration, a process that requires suffi-
cient energy to overcome the dehydration energy barrier."**
Owing to the distinct dehydration energy barriers associated
with different ion species, the resulting ion flux under varying
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voltage inputs differs, offering a new strategy for generating
complex ionic electrical signals in SICs. Once inside the orga-
nogel, the migration kinetics of dehydrated (bare) ions resem-
ble those observed in sub-nanopore/channel.’** In such an
extremely confined condition, strong ion-ion pairing interac-
tions (fractional Wien effect®), along with ion-polymer inter-
actions like frictional forces, electrostatic attraction, van der
Waals forces, and hydrogen bonding, play a crucial role in
determining ion transport pathways and rates. Some research-
ers further suggest that bare ions may exhibit quantum trans-
port  behavior under sub-nanometer confinement,
characterized by ultrafast, stochastic motion."*>™**

3.2 Means of controlling ion transport

As previously discussed, ion transport in SICs is strongly
influenced by factors including ion concentration, tempera-
ture, electric field, solvent flow, and interactions between ions
and the polymer network. This indicates that ion transport can
be controlled through external fields, structural modifications
to SICs, and the introduction of specialized interfaces.

3.2.1 External field control. External stimuli, such as
electricity, force, heat, and light, can all drive ion transport in
SICs (Fig. 3(c)). This principle underlies many intelligent SIC-
based devices, including actuators,"*®**° transistors,"* >3
diodes,"* > energy harvesters,">’'*® and ionic skins.
Electrical stimulation drives ion migration by creating a direc-
tional electric field. Force-driven ion migration typically arises
from the piezoionic effect."®> When an external force deforms
the SIC, it generates a pore pressure difference within the
material. This difference induces solvent flow, which, through
Stokes resistance, drives ion migration, as described in the
fourth term of eqn (2). In solvent-free ionic and polyionic
elastomers, deformation can drive ion transport by generating
a chemical potential gradient.'®® Thermal stimuli, both cold
and hot, induce temperature gradients within SICs, leveraging
the thermodiffusion effect of ions (described by the third
term in eqn (2))."®® Light, when absorbed, can convert into
heat through the photothermal effect, driving further ion
migration.'®” The ability to respond to external stimuli is
essential for SIC-based NIDs, enabling them to perform tasks
such as sensing, information transmission, storage, and neu-
romorphic computing.

3.2.2 Structural control. To ensure that SICs generate
detectable ionic electrical signals under external stimuli, it is
vital to create a differential transport rate between anions and
cations. In addition to the inherent properties of ion species,
such as charge, size, and Soret coefficient, the structural
features of the polymer network, including density, charge,
functional groups, and hydrophilic or hydrophobic nature,
can also significantly influence ion transport. These structural
features interact with ions in different ways, modulating their
transport behavior. Consequently, incorporating structural gra-
dients within SICs can amplify differences in migration rates
among ion species, resulting in stronger ionic electrical signals
and more complex ion transport behaviors (Fig. 3(d)). This
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design approach would allow SIC-based devices to better mimic
diverse neural electrical signals with greater accuracy.

3.2.3 Interfacial control. Heterogeneous interfaces in SICs,
such as hydrophilic-hydrophobic interfaces, large pore-small
pore interfaces, and neutral polymer network-positive/negative
polymer network interfaces, serve as selective barriers that can
significantly amplify the transport differences between ion
species (Fig. 3(e)). For example, larger ions often face obstruc-
tion at large pore-small pore interfaces, while smaller ions can
pass through unimpeded."®® When ions traverse a hydrophilic-
hydrophobic interface, hydrophilic ions (such as metal cations
and halide anions) are repelled,"** sometimes requiring the
removal of their hydration shells, while ions with hydrophobic
functional groups (e.g., alkyl chain-bearing quaternary ammo-
nium ions and ionic liquids) may pass through more easily. At
the neutral polymer network-positive (negative) polymer net-
work interface, cations (anions) are repelled by electrostatic
forces, while anions (cations) can pass through.'”® Additionally,
at the negative polymer network-positive polymer network
interface (ionic p-n junction), dual electrostatic repulsion
allows ions to pass in only one direction, creating a unique
ion rectification effect."”® These interface characteristics can be
strategically designed and combined within SICs to enable
more precise ion selectivity.

3.3 Construction strategies for SIC-based NIDs

The electrical signalling properties of biological axons, neuro-
nal cell bodies, and synapses form the fundamental basis for
designing artificial axons, neurons, and synapses. Building on
the ion transport mechanisms and modulation methods dis-
cussed earlier for SICs, we outline several viable strategies for
constructing SIC-based NIDs. While some of these approaches
have been preliminarily reported, many still require further
experimental validation.

3.3.1 Construction strategies for artificial axons. Artificial
axons are designed to transmit electrical pulse signals. In
principle, traditional linear SICs, such as ionic hydrogel fibers,
ionic organogel fibers, and ionogel fibers, can perform this
function via long-distance ion migration."””® However, due to
the inherently high resistance and low ion mobility of SICs,
these devices may suffer from signal distortion, including
diminished signal intensity and frequency. Therefore, enhan-
cing conductivity and ion mobility is crucial. This can be
achieved by utilizing ions with high diffusion coefficients,
increasing ion concentration, introducing multiple ion trans-
port mechanisms,"” and constructing axially aligned ion
pathways'”! (Fig. 4(a)). Suo et al. proposed an SIC-based artifi-
cial axon structure, which is highly effective for transmitting
pulse signals.'®® This structure relies on the fast charging and
discharging of ion capacitors rather than long-distance ion
migration, providing advantages such as ultrafast signal trans-
mission and minimal signal distortion (Fig. 4(b)). This strategy
is further discussed in Section 4.1.1.

3.3.2 Construction strategies for artificial synapses by two-
terminal devices. Using SICs to simulate the characteristic
signals of PSPs (Fig. 2(c)) lays the groundwork for constructing
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transmission speed along the ionic cable (unit: m? s™3), greatly exceeds
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Copyright@2015, Elsevier.

SIC-based artificial synapses with distinctive, tunable intensity
and memory characteristics, including IPSPs/EPSPs, PPF/PPD,
LTP/LTD, SRDP, STDP, etc. Therefore, a promising approach to
reproduce such behaviors in SIC-based devices involves the
controllable modulation and retention of electrical parameters,
including resistance, conductance, short-circuit current (the
current generated by the device itself with no connected load),
and open-circuit voltage (electrostatic potential) (Fig. 5(a)).
Specifically, resistance and conductance reflect the device’s
electrical conductivity, short-circuit current represents ion flow
triggered by external stimuli, and open-circuit voltage corre-
sponds to the internal ion distribution. However, conventional
SIC-based sensors, such as strain-resistive, piezoelectric, and
thermoelectric types, typically fail to exhibit memory behavior
because their electrical signals decay rapidly after stimulus
removal. This limitation arises from the absence of specialized
structures or interfaces that can regulate ion transport, which is
essential for mimicking synaptic functions. In the following
sections, we discuss potential strategies to enable controlled
modulation and memory of electrical parameters in SIC-based
two-terminal devices.

3.3.2.1 For resistance and conductance. The electrical con-
ductivity of SICs is influenced by several factors, including the
concentration of charge carriers, the ion migration rate, the
size of the effective ion migration paths, the ion flux at hetero-
geneous interfaces, interactions between ions, and interactions
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between ions and the polymer network (Fig. 5(b)). Based on
this, the following strategies are proposed:

(1) utilizing ion species with reversible self-assembly/disas-
sembly capabilities: ion species that can reversibly self-
assemble and disassemble in response to external stimuli
(e.g:, light, sound, heat, electricity, or magnetic fields) can serve
as dynamic charge carriers. Upon assembly, these ion aggre-
gates exhibit significantly increased volume and consequently
lose their mobility, rendering them inactive as charge carriers.
This strategy enables precise, stimulus-responsive regulation of
charge carrier concentration (Fig. 5(b-i)).

(2) Incorporating ion-adsorbing/releasing functional compo-
nents: functional components capable of reversibly adsorbing
and releasing ions in response to external stimuli can be
integrated into the system. Once adsorbed, the ions become
immobilized and no longer serve as charge carriers. These
components can include micro/nanoparticles, ion-trapping
groups such as spiropyran,’”> or host functional groups such
as cyclodextrins and cucurbiturils.’”® This strategy provides a
reversible and controllable means to regulate charge carrier
concentration (Fig. 5(b-ii)).

(3) Using ion species with molecular configurations tunable
by external stimuli: ion species whose molecular configurations
can be reversibly tuned by external stimuli, such as photore-
sponsive charged derivatives of spiropyrans and azobenzenes,
can be employed. Configuration changes modulate their inter-
actions with the solvent and polymer matrix, including spatial
hindrance, hydrogen bonding, electrostatic interactions, and
van der Waals forces, thereby altering their diffusion coeffi-
cients. This strategy enables precise regulation of ion migration
rates (Fig. 5(b-iii)).

(4) Incorporating phase-changeable polymer networks: poly-
mer networks capable of undergoing phase transitions in
response to external stimuli, such as thermoresponsive
poly(N-isopropylacrylamide)'”* as well as its derivatives and
analogues, can be introduced. Phase changes such as precipita-
tion or crystallization restrict ion transport by narrowing or
blocking migration pathways, enabling precise control over the
size of effective ion migration paths (Fig. 5(b-iv)).

(5) Integrating stimuli-responsive polymer networks for contrac-
tion/expansion: stimuli-responsive polymer networks capable of
reversible contraction or expansion, such as photoresponsive azo-
benzene- and spiropyran-based polymers,'”® can be incorporated
into the system. This strategy allows precise modulation of the
effective ion migration pathways by controlling the network’s
structural changes (Fig. 5(b-v)).

(6) Controlling ion migration paths via precipitation for-
mation and dissolution: research has shown that the size of
effective ion migration paths can be precisely controlled by
regulating the formation and dissolution of local precipitates
within SICs.'”® This study reports an anomalous hydrogel ionic
p—n junction, where anion and cation enrichment at the
heterogeneous interface leads to precipitate formation
(detailed in Section 4.1.2.2) (Fig. 5(b-vi)).

(7) Introducing heterogeneous interfaces: heterogeneous
interfaces, such as hydrophilic-hydrophobic interfaces, large
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Fig. 5 Construction strategies for two-terminal artificial synaptic devices. (a) Overall design principle, illustrating the use of electrical parameters of SICs
to emulate PSP signals. (b-i)—(b-viii) Strategies for achieving controllable modulation and memory effects in the resistance or conductance of SICs.
(c-i)—(c-iii) Strategies for achieving controllable modulation and memory effects of short-circuit current and open-circuit voltage in SICs. (d) Exploiting
slow ionic EDL discharge to enable controllable modulation and memory effects of open-circuit voltage in SIC-based devices.

pore-small pore interfaces, neutral polymer network-positive/
negative polymer network interfaces, and negative polymer
network-positive polymer network interfaces, can be intro-
duced. These interfaces promote ion enrichment and dissipa-
tion near the interface due to their selective ion permeability.
Small changes in ion concentration (induced by external sti-
muli) within these regions can significantly affect the net ion
flux across the interface, thereby modulating the device’s con-
ductivity. The combined effect of multiple interfaces may
further enhance control (Fig. 5(b-vii)).

(8) Using hydrophobic organogel to confine hydrated ions: a
recent study demonstrated that thin-layer hydrophobic organic
gels are equivalent to sub-nanoporous membranes for hydrated
ions (strong hydrophilic ions)."** As a result, within the poly-
mer network of organogels, dehydrated (bare) ions exhibit
unconventional transport behaviors, such as tightly bound
Bjerrum pair formation,” ion Coulomb blockade,"”” and quan-
tum transport.**> These phenomena arise from strong ion-ion
and ion-polymer interactions in sub-nanometer confined
environments. Leveraging this property, devices with a hydro-
gel/organogel/hydrogel architecture may exhibit memristive
behavior reminiscent of that observed in nanofluidic memris-
tors (Fig. 5(b-viii)).

Chem. Soc. Rev.

3.3.2.2 For short-circuit current. To achieve ionic current with
memory (i.e., relaxation) behavior in SIC-based devices, the key
is to reduce the migration rate of ion species. When external
stimuli induce asynchronous transport of cations and anions, a
transient ionic current is generated. Upon removal of the
stimulus, ions undergo back-diffusion driven by the chemical
potential, leading to a gradual decay of the current. By slowing
ion migration, the relaxation time of the ionic current is
prolonged, enabling memory-like behavior (Fig. 5(c)). Based
on this, some general strategies are listed below:

(1) Employing ion species with low diffusion coefficients: ion
species with inherently low diffusion coefficients, such as bulky
ions or those poorly compatible with the polymer matrix, can
effectively slow down ion migration (Fig. 5(c-i)).

(2) utilizing solvent-free SICs: in solvent-free SICs, such as
ionic elastomers or polyionic elastomers, ion mobility is inher-
ently low due to the absence of free solvents (Fig. 5(c-i)).

(3) Introducing structural gradients to impede ion reflux:
structural gradients, such as variations in polymer density,
charge distribution, functional groups, or hydrophilicity/
hydrophobicity, can hinder ion backflow by creating asym-
metric migration pathways within the polymer network

(Fig. 5(c-ii)).
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(4) Introducing heterogeneous interfaces to restrict ion
reflux: heterogeneous interfaces act as energy barriers to ion
backflow. While external stimuli facilitate ion movement across
these interfaces during stimulation, their absence during
relaxation impedes backflow, thereby slowing the decay of the
ionic current (Fig. 5(c-iii)).

3.3.2.3 For open-circuit voltage. When external stimuli drive
the asynchronous transport of cations and anions, an electro-
static potential can be generated due to the uneven ion dis-
tribution. To sustain this potential, it is essential to prevent the
ion distribution from returning to equilibrium, i.e., to impede
ion reflux. Consequently, the strategies for controlling
open-circuit voltage closely mirror those for controlling
short-circuit current (Fig. 5(c)). Moreover, when inert conduc-
tive materials (such as gold, platinum, or indium tin oxide) are
used as electrodes, the open-circuit voltage generated
by the ionic electric double layer (EDL) on the electrode
surface can naturally exhibit controllability and memory beha-
vior. This is because the EDL’s charging process is governed by
the input charge (electrons and holes), and its discharging
process has a long half-life."”® As a result, SIC-based ionic
capacitors hold potential for use in artificial synaptic devices
(Fig. 5(d)).

3.3.3 Construction strategies for artificial synapses by
three-terminal devices. OECTs based on OMIECs represent a
prototypical class of three-terminal NIDs that can function
directly as artificial synapses.’® A typical OECT comprises
source, drain, and gate electrodes; an organic semiconductor
film serving as the charge transport channel; and an electrolyte
layer that facilitates ionic transport and electrochemical cou-
pling at the interface (Fig. 6(a)).'®° The electrolyte may be liquid
(e.g., electrolyte solution, ionic liquids), gel-based (e.g., ionic
hydrogels, ionogels), or solid-state. The source and drain
electrodes inject and collect charge carriers, while the gate
electrode regulates ionic migration and tunes the channel
conductance through the applied electric field. The fundamen-
tal operating mechanism of synaptic OECTs is governed by the
gate-voltage-driven ion-electron coupling process (Fig. 6(a)).
Specifically, upon applying a voltage to the gate, free ions in the
electrolyte migrate across the electrolyte/organic semiconduc-
tor interface, analogous to neurotransmitter release; the sub-
sequent ion insertion or extraction modulates the channel’s
chemical doping and local charge density, mimicking the
functional action of neurotransmitters, which in turn induces
reversible changes in the source-drain current that emulate the
EPSPs and IPSPs of biological synapses.'® The carrier mobility,
ion-channel interaction, and volumetric capacitance of the
channel layer collectively determine the transconductance,
dynamic response, and memory characteristics of the device.
Meanwhile, the ion species, concentration, and viscosity of the
electrolyte govern the kinetics and stability of ionic transport.
Therefore, the coordinated design of both material parameters
(channel and electrolyte) and geometric factors (channel thick-
ness, volume, and electrode overlap area) directly dictates the
amplitude, response speed, and retention time of synaptic

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review Article

behavior. Comprehensive reviews of OECT-based devices are
available in the literature®”°*'®! and will not be repeated here.

Regarding the channel materials, OECTs are broadly cate-
gorized into hole-dominated p-type and electron-dominated n-
type devices, each presenting distinct operating mechanisms
and design considerations. Representative p-type materials
include PEDOT,'®*7'® P3HT,"®*"*° and alcohol- or polyether-
functionalized thiophene-based conjugated polymers (e.g.,
p(g2T-T), p(g2T-TT)),"°*** which generally offer high hole
mobility, excellent ionic compatibility, and large volumetric
capacitance. By modulating the gate voltage to drive ion injec-
tion, the hole concentration within the channel can be precisely
controlled, enabling reversible doping and dedoping (Fig. 6(b)).
N-Type materials, in contrast, have historically been challenged
by limited electronic stability and side reactions under aqueous
conditions, but notable advances have been achieved
recently.'”® Typical examples include BBL,"**°® naphthalene
diimide (NDI)-based conjugated polymers, and various
donor-acceptor polymers.®® Incorporating strong electron-
accepting units such as bithiophene imide (BTI), diketopyrro-
lopyrrole (DPP), and azaisoindigo (AIID) can lower the LUMO
level, enhancing electron affinity and environmental
stability.”®® In n-type devices, a negative gate voltage drives
cations into the channel, forming electrostatically neutral pairs
with reduced high-electron-density states, thereby increasing
electronic conductivity (Fig. 6(b)). Overall, p-type OECTs are
particularly advantageous for high transconductance, signal
amplification, and mechanical stretchability, whereas
the advancement of n-type OECTs is critical for enabling
complementary logic circuits,?* signal amplification,>** ambi-
polar synaptic networks,>*® and more complex brain-inspired
circuitry.""” In terms of operation, OECTs are typically categor-
ized into depletion and enhancement (accumulation) modes.
Depletion-mode devices exhibit a high-conductivity (ON) state
at zero gate bias, and the applied gate voltage triggers dedoping
or an opposite chemical transition, leading to a decrease in
conductance (OFF) (Fig. 6(c-)).>** In contrast, enhancement-
mode devices exhibit a low-conductivity (OFF) state at zero gate
bias, where the application of a gate voltage with an appropriate
polarity drives ion injection into the channel layer, induces
electrochemical doping, and consequently increases the chan-
nel conductance (ON) (Fig. 6(c-ii)).>? It should be emphasized
that the volatile (short-term memory) or non-volatile (long-term
memory) characteristics of OECTs are not determined by the
operation mode itself.

Moreover, the physical architecture of OECTs plays a critical
role in shaping ionic transport pathways, the distribution of
interfacial capacitance, and parasitic impedance, thereby gov-
erning the temporal dynamics and amplitude of synaptic
function.®® Top-gate configurations enhance gate-channel cou-
pling and shorten ion penetration paths, improving both
response speed and transconductance (Fig. 6(d-i)). Coplanar-
gate designs are facile to fabricate and well-suited for flexible
integration, but their relatively long lateral ion diffusion limits
the device response speed (Fig. 6(d-ii)). Vertical architectures
reduce the channel length to the nanometer scale while
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maintaining a large cross-sectional area, minimizing ion migra-
tion time without compromising transconductance and
enabling high-frequency operation (Fig. 6(d-iii)). Membrane-
based structures between the channel and electrolyte can
localize ion or charge retention and enable selective transport
(Fig. 6(d-iv)).>*°>'° For example, Nafion®*® and polyethylene
oxide layers®'" can extend SW retention time, thereby achieving
non-volatile memory behavior.

In summary, the development of high-performance OECT-
based artificial synapses relies on the integrated optimization
of material chemistry, channel structure, electrolyte properties,
and device geometry to precisely regulate the kinetics and
reversibility of ion-electron interactions. Employing these stra-
tegies enables targeted enhancement and functional tailoring

Chem. Soc. Rev.

i), coplanar (d-ii), vertical (d-iii), and membrane-based (d-iv) architectures.

of device performance for diverse applications, including tran-
sient information processing, long-term memory, low-power
sensing, and high-frequency neuromorphic computing.
Inspired by the ion-electron coupling mechanism in OECTs,
Yan et al. further demonstrated a two-terminal device based on
an ionic elastomer/P3HT heterojunction, in which electric-
field-induced ion doping and dedoping in P3HT allow precise
modulation of channel conductance, leading to a non-volatile
synaptic memristor.®® The conductance of this device arises
from the synergistic contributions of ion migration and hole
transport. This innovative approach not only expands the
conceptual framework of OECT-inspired iontronic systems
but also provides valuable guidance for the design of novel
SIC-based NIDs.
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3.3.4 Construction strategies for artificial synapses by dro-
pletronics. From the perspective of macroscopic device archi-
tecture and material interfaces, SICs exhibit excellent
processability, enabling not only conventional stacked device
configurations but also bioinspired designs that mimic cellular
structures. In particular, designing devices as microscale
droplets, an approach now referred to as dropletronics,”
offers a novel route for constructing artificial synapses. Soft
microemulsion droplets employed as SICs have been widely
utilized to fabricate diverse iontronic devices.”””**'> Their
intrinsic modularity and facile miniaturization facilitate
high-density integration and low-power operation, high-
lighting their considerable potential for cost-effective neuro-
morphic computing.>*'> Moreover, energy consumption
analyseg®>46:°0,93,110,184,213,2167236 indicate that several drople-
tronic artificial synapses can achieve per-spike energy efficien-
cies comparable to, or even lower than, those of biological
synapses (Fig. 7).>*”

Building on these advantages, Najem et al. demonstrated
a two-terminal dropletronic device featuring a droplet inter-
face bilayer (DIB) that exhibited key artificial synapse
functionalities.>'* The device comprised two aqueous droplets
suspended in a transparent reservoir filled with hexadecane
oil, with the aqueous solution containing 1,2-diphytanoyl-
sn-glycero-3-phosphocholine (DPhPC) lipids, alamethicin
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peptides, and an electrolyte. In their experiments, each
200 nL droplet was pipetted onto the ball-end of Ag/AgCl
electrodes coated with agarose hydrogel and submerged in
oil. Within minutes, lipid monomers self-assembled at the
droplet surface between the aqueous and oil phases, and when
the droplets were brought adjacent to one another, a lipid DIB
formed spontaneously. The setup was enclosed in a grounded
Faraday cage to minimize electrical noise during measurement.
Upon application of a voltage exceeding a threshold, alamethi-
cin peptides inserted into the DIB region, forming conductive
ion channels (Fig. 8(a)). A defining characteristic of artificial
synapses is the ability to retain temporal information from
prior electrical states, which is essential for temporal signal
processing. The dropletronic device exhibited such memristive
behavior, as evidenced by the pinched, symmetric hysteresis in
the I-V characteristics under voltage sweeps (Fig. 8(b)). In
addition, Najem, Collier, and collaborators reported memcapa-
citive effects in similar dropletronic devices.”’* Two adjacent
droplets suspended in oil formed a DIB at their interface. In the
absence of ion channels spanning the DIB, the hydrophobic
acyl chains of DPhPC lipids prevented ion transport across the
bilayer, producing an ionic capacitor structure. Under zero
transmembrane potential, the measured specific capacitance
was 0.46 UF cm 2 in decane and 0.68 uF cm 2 in hexadecane.
Upon voltage application, two primary geometric effects were
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Fig. 7 Comparison of the energy consumption per spike of investigated artificial synapses and reservoir computing based on different charge
carriers #246:5093110.184,213.216-236 ECT, organic electrochemical transistor; OEM, Optoelectronic memristor; FET, field effect transistor; TATM, trap-
assisted tunneling memristor; IGRT, ion-gating reservoir transistor; VCM, valence changing memristor; CBM, conductive bridge memristor; SFCM, solid-
state fluidic channel memristor; ICM, ion carrier memristor; PICM, protein ion channel memristor; DMR, droplet memristor; DMC, droplet memcapacitor.
The "active area” refers to the functional region of each device where primary physical or chemical phenomena occur. For instance, Paulo et al. designed
a cylindrical hydrophobic nanopore activated for ion transport, in which the axial cross-section of the pore was defined as the active area.?® Hossain
et al. utilized droplet-based memcapacitors for their work, with DIB formed between two droplets.?*® The DIB area constituted the active region. In the
case of photonic memristors developed by Yamazaki et al., the junction area served as the active area.?*°
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observed (Fig. 8(c)): (1) electrowetting (EW), which increased
the DIB area due to charge-induced reductions in bilayer
tension;**® (2) electrocompression (EC), resulting from expul-
sion of trapped oil between the DIBs, reducing DIB thickness
while maintaining the area.>"® Both EW and EC contributed to
the non-linear capacitance-voltage (C-V) response (Fig. 8(d))
and the pinched hysteresis in charge-voltage (Q-V) loops,
indicative of memecapacitive behavior. Furthermore, owing to
the lower viscosity of decane, the non-linear capacitive response
was more pronounced and faster than in hexadecane (Fig. 8(e)),
highlighting the role of oil viscosity in modulating the memca-
pacitance bandwidth.

These experimental results demonstrate that dropletronic
devices can emulate key synaptic behaviors—both memristive
and memcapacitive—while providing tunable electrochemical
properties. By integrating microscale droplets with precise
interfacial control, dropletronic devices exemplify the practical
potential of SIC-based NIDs to achieve energy-efficient, high-
density, and functionally versatile neuromorphic computing
components. Moreover, despite the limited number of studies
to date, dropletronic technology is expected to be broadly
compatible with most SIC-based NID fabrication strategies
discussed above, further supporting its promise as a scalable
platform for future neuromorphic systems.

3.3.5 Construction strategies for artificial neurons. Artifi-
cial neuron devices are commonly implemented using electri-
cal components such as memristors, resistors, and capacitors,
which are configured into neuronal circuit models like the H-H
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model (Fig. 9(a)) and the Leaky integrate-and-fire (LIF) model
(Fig. 9(b)). The H-H model, regarded as the most biologically
accurate representation of neuronal dynamics, captures the
complex interplay between Na' and K' channels, including
their voltage-dependent activation and directional transport.®®
Recent theoretical studies have suggested that analog nano-
fluidic memristive devices could be integrated into such
models to mimic neuronal spiking and signal encoding.>*™*
However, the H-H model’s complexity and reliance on multiple
power supplies pose challenges for system miniaturization and
integration. To address these limitations, the simplified LIF
model has been widely adopted. This model focuses on the
opening and closing of voltage-gated ion channels, which can
be abstracted as a threshold-switching digital memristor.?*” A
representative I-V curve of such a device is shown in Fig. 9(c)
(red curve), featuring two threshold voltages corresponding to
the set (turn-on) and reset (turn-off) transitions. To date,
however, no digital-type memristors based on ionic charge
carriers have been experimentally demonstrated. Here, we
propose a conceptual design for an ionic threshold-switching
memristor by introducing an energy barrier at a heterogeneous
interface (green curve in Fig. 9(c)). In this design, when the
input voltage exceeds a certain threshold (set voltage), ions gain
sufficient energy to overcome the interfacial barrier, triggering
a transition from a low-conductance to a high-conductance
state. Conversely, when the voltage drops below another thresh-
old (reset voltage), the ions are no longer able to cross the
barrier, and the device reverts to a low-conductance state. This
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Fig. 9 Construction strategies for artificial neurons. (a) Typical H-H neuron circuit. (b) Typical LIF neuron circuit. (c) Characteristic /-V curve of digital
memristors and a potential implementation approach that utilizes interfacial energy barriers to enable threshold switching of ionic conductivity.
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10 cm

ased on long-distance ion migration. Reproduced with permission from ref.

240. Copyright@2023, Wiley-VCH. (b) Sandwich-structured hydrogel-based ionic cable. (c) Theoretical results (solid curves) and experimental results
(open circles) of [V(1)/V(0)] vary with frequency for several fixed resistors, in which V() and V(0) represent the maximum amplitudes of the output and input
AC voltage signals, respectively. (d) The ratio P()/P(0) varies with resistance for several fixed frequencies, in which P(/) and P(0) represent the average
power at the output and input ends, respectively. (e) The ratio |V(l)/V(0)| varies with frequency for several fixed inductors. (f) Demonstration of the
flexibility of the ionic cable. Reproduced with permission from ref. 169. Copyright@2015, Elsevier.

approach offers a promising pathway toward the realization of
compact, ion-based artificial neurons.

All discussions regarding design principles above focus on
how to achieve the analog of neural electrical signals. Besides
this, practical application scenarios also need to be considered.
For instance, NIDs intended for wearable electronics require
flexible, stretchable electrodes and packaging materials. In
contrast, implantable or semi-implantable NIDs necessitate
the use of highly biocompatible ionic hydrogels. For integration
into iontronic chips, NIDs should be constructed using SICs
that are compatible with high-precision processing and scal-
able fabrication. In addition, NIDs based on ionic or polyionic
elastomers offer enhanced durability and operational stability,

Chem. Soc. Rev.

as they are free of issues such as solvent leakage and
evaporation.?*’

4. Research progress of SIC-based
NIDs

Currently, the development of SIC-based NIDs is still in its early
stages, primarily focusing on the fabrication and performance
evaluation of individual devices, with system-level integration
yet to be achieved. This section provides an overview of
the research progress on SIC-based NIDs, including device
classification and applications. It should be noted that
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well-established studies on OECT-based NIDs are not repeated
here, as their developments have already been comprehensively
reviewed in the existing literature.®”"%°

4.1 Classification

4.1.1 Artificial axons. The conventional artificial ionic sig-
nalling transmission system typically relies on linear SICs,
which transmit electrical signals through the long-distance
migration of ion species (Fig. 10(a)).>**>*> However, compared
to electronic conductors, such as gold, copper, silver, and
aluminum, SICs have much higher resistance, leading to sig-
nificant energy and signal intensity losses. Additionally, since
the signal pattern of artificial neural systems typically consists
of pulse trains, slower ion migration in SICs would lead to the
loss of frequency information within the pulse trains, and limit
signal transmission.

To address the above issues, Suo et al. pioneered a
sandwich-structured hydrogel-based ionic cable.*®® This device
uses ions as charge carriers to achieve high-speed, long-
distance, and ultra-low-decay transmission of pulsed signals,
and is therefore also referred to as an artificial axon. Fig. 10(b)
shows the structure and working principle of this ionic cable.
The device consists of two parallel wires of ionic hydrogels,
insulated from each other by a sheet of dielectric. One end of
the ionic cable serves as the input port, connecting to a pulse
source via two copper electrodes, and the other end serves as
the output port, connecting to an external load through two
copper electrodes. When an electrical signal is applied, an EDL
forms at the hydrogel/electrode interface, which in turn
induces ion capacitance within the cable. Each small segment
of the cable behaves like a capacitor, charging and discharging
as current flows through the wires, enabling signals to transmit
from one side to the other. The authors conducted theoretical
modeling of this phenomenon. The theory shows that the
potential difference v(x, t) between the two sides of the dielec-
tric layer in the ionic cable obeys the a diffusion equation, dv/0t
= Dd%v/ox?, with the diffusion coefficient (reflecting the trans-
mission speed of the signal) of the signal being D ~ (bd)/(pe),
where b and d respectively are the thickness and resistivity of
the ionic hydrogel, p and ¢ respectively are the thickness and
permittivity of the dielectric. In a typical device, D can reach
10” m® s~ ', which is much higher than the diffusion coefficient
of ions in water and hydrogels (107'° to 10~®* m® s")."*” Based
on this mechanism, the ionic cable can transmit pulsed signals
remotely and efficiently retain information such as frequency,
amplitude and energy of the signals (Fig. 10(c)-(e)). Interest-
ingly, the hydrogel’s flexibility allows the ionic cable to exhibit
excellent stretchability (Fig. 10(f)). Additionally, this device
paradigm could be extended to other SICs, such as organogels
and ionogels, which can effectively prevent problems such as
short lifetimes and device instability caused by water evapora-
tion and bacterial contamination. This study not only lays the
foundation for the construction of circuits in brain-like intelli-
gent systems using ions as charge carriers (for connecting
artificial neurons and synapses), but also provides the means
to create brain-computer interfaces.

This journal is © The Royal Society of Chemistry 2025
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4.1.2 Artificial synapses. In recent years, artificial synaptic
devices based on SICs have witnessed rapid development,
driven by strategies to precisely regulate ionic dynamics. These
approaches primarily focus on four aspects: control of carrier
concentration, regulation of ion migration path dimensions,
design of systems with intrinsically low ionic mobility, and
construction of heterogeneous interfaces. The following sec-
tions present representative studies exemplifying each of these
approaches.

4.1.2.1 Based on controlling the concentration of carriers. Liu
et al. designed a supramolecular hydrogel whose electrical
conductivity can be modulated by near-infrared light, success-
fully realizing a photosynaptic device.>** The polymer network
of this hydrogel consists of polyacrylamide and supramolecular
nanofibers self-assembled from azo-benzene functionalized
imidazole (AZIM) salt, with its interior also filled with triiron
tetraoxide (Fe;O,) nanoparticles which possess photothermal
effects (light-to-heat conversion) (Fig. 11(a)). When the hydrogel
is irradiated with near-infrared light, the converted heat drives
the disassembly of the supramolecular nanofibers, generating a
large number of mobile ion carriers and thereby increasing the
hydrogel’s conductance (Fig. 11(a)). This enhanced conduc-
tance gradually diminishes after the near-infrared light is
removed due to the spontaneous reassembly of AZIM
(Fig. 11(a)). Based on this mechanism, the hydrogel device
can simulate synaptic PSP signalling patterns such as PPF
and LTP under pulsed light stimulation (Fig. 11(b) and (c)).
To further improve the mechanical durability of the hydrogel
device, the team introduced a dynamic covalent polymer net-
work, building on their previous work. This modification
endowed the device with enhanced stretchability and self-
healing capabilities.***
assembly behavior of ions through the photothermal effect is
a unidirectional process, and thus cannot achieve reversible
regulation of carrier concentrations. Therefore, the synaptic
device cannot regulate SWs in either direction.

Unfortunately, controlling the self-

4.1.2.2 Based on controlling the size of effective ion migration
paths. Chung et al. developed a hydrogel heterojunction with a
size-tunable ionic conductive path, which successfully
mimicked the shortterm and long-term plasticity of
synapses.'’® As shown in Fig. 11(d) and (e), the heterojunction
is composed of p-type polyanionic and n-type polycationic
hydrogels, with a precipitable pair of reservoir solutions on
each gel side, e.g., barium chloride (BaCl,) aqueous solution
on the p-type hydrogel side and sodium sulfate (Na,SO,)
aqueous solution on the n-type hydrogel side. In this case,
Ba®" and SO,>” accumulate at the junction under a forward-
bias voltage to form BaSO, precipitates, which act as physical
barriers to narrow the ionic conductive path (Fig. 11(d)).
Under a reverse-bias voltage, the precipitates dissolve to expand
the conductive pathway (Fig. 11(d)). Thus, the conductivity
of the device can be reversibly controlled by applying
external electric fields in different directions. Building on this
principle, the device simulated PSP signalling patterns
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Fig. 11

(@) An optically modulated ion-conductive (OMIC) hydrogel for synaptic function emulation. (b) Conductance response of OMIC hydrogel to two

successive optical pulses, demonstrating PPF. (c) Modulation of SWs in OMIC hydrogel under 20 optical pulses; inset shows magnified data in the red
dashed box. Reproduced with permission from ref. 243. Copyright@2023, American Association for the Advancement of Science. (d) Schematic of ionic
conductive path regulation in a hydrogel precipitation heterojunction. (e) Mechanism of precipitate formation with corresponding optical images. (f) lonic
currents measured under train of four reverse-bias pulses, mimicking short-term plasticity. (g) Mimicking LTP and LTD effects. Reproduced with
permission from ref. 176. Copyright@2022, National Academy of Sciences.

corresponding to different synaptic plasticity characteristics
under pulsed voltage stimulation, including short-term plasti-
city, LTP, and LTD (Fig. 11(f) and (g)). Excitingly, this artificial
synapse has been demonstrated to be adaptable to aqueous
environments, laying a solid foundation for the construction of
implantable brain-like intelligent devices and human-compu-
ter interfaces.

4.1.2.3 Based on the low migration rate of ions. Leveraging the
principle of slow ion migration, several studies have explored
SIC-based devices that can emulate synaptic behaviors. Lee
et al. first reported an ionic organogel heterojunction capable
of mimicking EPSPs.>*® This device comprises two organogel
layers with distinct polymer networks and ion species
(Fig. 12(a)). Due to differences in ion diffusivity and solubility
across the layers, an ionic EDL forms at the heterogeneous
interface under equilibrium, resulting in pronounced ionic
rectification (Fig. 12(b)). Upon application of a pulsed voltage,
the device generates a current spike followed by slow relaxation,
resembling the typical PSP memory profile (Fig. 12(c)). This

Chem. Soc. Rev.

relaxation process is attributed to the slow ion reflux. However,
the specific role of the heterogeneous interface in this relaxa-
tion behavior remains unclear. Wu et al. conducted a similar
study and developed a stretchable sandwich-structured device
composed of a low-salt-concentration neutral hydrogel, a poly-
anionic hydrogel, and a high-salt-concentration neutral hydro-
gel (Fig. 12(d)).>*® This work reported the first hydrogel-based
synaptic device, representing a major breakthrough in the field
of smart hydrogels. Beyond exhibiting pronounced ionic recti-
fication, the device can also emulate synaptic plasticity, such as
PPD, when subjected to pulsed voltage stimulation (Fig. 12(e)).
Although their introduction of heterogeneous interfaces
endowed the hydrogel device with rectification properties,
these interfaces did not play a decisive role in the relaxation
behavior of the current. Instead, it was still primarily due to the
inherently slow rate of ion reflux. Zhang et al. provided addi-
tional evidence for this conclusion.**” They designed a synaptic
device based on ionic elastomers without incorporating any
heterogeneous interfaces. The device adopts a sandwich struc-
ture in which an ion-containing poly(ureaurethane) (PUU) layer

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic illustration and rectification mechanism of the bilayer ionic organogel diode. (b) /-V curves of the device, demonstrating rectifying

behavior. (c) EPSP triggered by electrical stimulation. Reproduced with permission from ref. 245. Copyright@2022, Springer Nature. (d) Schematic design
and optical image of the first hydrogel-based synaptic device, composed of a low-salt-concentration neutral hydrogel, a polyanionic hydrogel, and a
high-salt-concentration neutral hydrogel. (e) PPF response induced by two successive voltage pulses. Reproduced with permission from ref. 246.
Copyright@2023, Elsevier. (f) Structural design of the sandwich-type ionic elastomer-based synaptic device. (g) Simulated PSPs and corresponding
mechanism. Reproduced with permission from ref. 247. Copyright@2023, American Chemical Society.

is placed between two metallic carbon nanotube (CNT) film
electrodes on PDMS substrates (Fig. 12(f)). When a positive
pulsed voltage is applied, cations and anions migrate within
the PUU layer toward opposite directions, generating a positive
current. After stimulus removal, the ions gradually reflux,
producing a negative current accompanied by a relaxation
response (Fig. 12(g)). The slow ion reflux suppresses

This journal is © The Royal Society of Chemistry 2025

subsequent current spikes, enabling the emulation of PPD
and LTD. Moreover, the SWs (current level) of the device can
be reversibly adjusted by applying pulsed voltages of opposite
polarities. Building on this principle, Chen et al. designed the
devices with a fiber-based architecture, enabling seamless
integration with textiles and establishing a paradigm for smart
wearable electronics.>*®
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To impart light-responsiveness, Huang et al. developed a
bilayer ionic elastomer synaptic device with asymmetrical
incorporation of photothermal nanoparticles.>*® The device
consists of two elastomer layers, each containing lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), with one layer
additionally doped with polypyrrole nanoparticles (PPy-NPs)
that exhibit strong photothermal effects (Fig. 13(a)). Upon
exposure to light, the PPy-NPs convert optical energy into heat,
generating a temperature gradient across the bilayer structure.
This gradient drives the directional migration of TFSI~ and Li"
ions from the PPy-NP-doped layer to the undoped layer. Owing
to the differences in ion size, Soret coefficient, and effective
diffusivity, the cation and anion migration rates diverge, result-
ing in a net ionic current. When the light stimulus is removed,
the temperature gradient decays gradually due to slow heat
dissipation, leading to a progressive relaxation of the current, a
behavior analogous to synaptic memory (Fig. 13(b)). This light-
gated ion transport mechanism enables the device to emulate
synaptic plasticity features such as PPF and LTP under pulsed

View Article Online

Chem Soc Rev

light stimulation (Fig. 13(c) and (d)). In a similar study, Liu
et al. fabricated such devices into an interlaced textile fiber
architecture, thereby reducing integration difficulty and enhan-
cing overall flexibility and conformability.**° Recently, we also
developed a bilayer hydrogel synaptic device asymmetrically
doped with photothermal nanoparticles (Fig. 13(e)), capable of
responding to both light and pressure.”®" In this system, ion
migration is driven by the thermodiffusion effect under light
and by the piezoionic effect under mechanical pressure. The
distinct migration rate of cations and anions modulate the
open-circuit voltage (ionic potential). Upon cessation of exter-
nal stimuli, the slow ion backflow induces a gradual decay of
the ionic potential, thereby mimicking the PSP memory

(Fig. 13(f)).

4.1.2.4 Based on introducing heterogeneous interfaces. Hetero-
geneous interfaces can effectively regulate ion transport beha-
vior, exhibiting pronounced ion selectivity and enabling the
confinement of specific ions within designated regions. For
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Reproduced with permission from ref. 251. Copyright@2025, Wiley-VCH.
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example, Yossifon et al. developed an analog hydrogel synaptic
memristor based on heterogeneous charge interfaces.>>> They
constructed a multilayer structure of polyanionic hydrogel
(P-gel)/neutral hydrogel (M-gel)/polycationic hydrogel (N-gel)
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within a microfluidic channel (Fig. 14(a)). Due to electrostatic
repulsion at the interfaces, the P-gel end selectively permits
cations to enter the M-gel, while the N-gel end selectively
permits anions. Under a forward voltage, ion carriers
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accumulate in the M-gel, increasing the device’s conductivity.
Conversely, under a reverse voltage, carrier depletion occurs,
reducing the conductivity. Consequently, the conductivity of
the device depends on the history of the applied voltages, as
demonstrated by the typical pinched hysteresis loop observed
in its I-V curves (Fig. 14(b)). Based on this mechanism, the
conductivity (SWs) can be reversibly modulated by pulsed
voltages of opposite polarities, achieving the simulation of
PSP signalling patterns such as PPF/PPD and LTP/LTD
(Fig. 14(c)). Furthermore, the incorporation of multiple hetero-
geneous interfaces effectively inhibits carrier backflow, allow-
ing the device to achieve a maximum memory retention time of
up to 4000 seconds (Fig. 14(d)).

Zhang et al. engineered a hydrogel synaptic transistor by
incorporating dynamically tunable heterogeneous charge
interfaces.”” The device architecture comprised an npn-type
ionic transistor, constructed using a p-type polyanionic hydro-
gel droplet positioned between two n-type polycationic hydrogel
droplets (Fig. 14(e)). Above the n-type droplets, a regulatory
hydrogel droplet containing freely dispersed, positively charged
poly-i-lysine molecules was introduced. In the initial state, the
heterogeneous charge interfaces within the npn heterojunction
acted as barriers to anion transport, maintaining the device in a
low-conductance state. Upon applying a forward regulatory
current, poly-L-lysine molecules migrated from the regulatory
droplet into the n-type hydrogel, weakening the charge inter-
faces, increasing anion flux, and thereby enhancing device
conductance (Fig. 14(e)). Conversely, a reverse regulatory cur-
rent extracted poly-L-lysine from the n-type hydrogel, reinfor-
cing the charge interfaces, reducing anion flux, and decreasing
conductance (Fig. 14(e)). This configuration enabled precise
bidirectional modulation of SWs, demonstrating significant
potential for in-memory computing applications (Fig. 14(f)).
Notably, the proposed dropletronic platform offers a versatile
paradigm for the micro/nano-fabrication and high-density inte-
gration of SIC-based devices.

In recent years, our research group has made notable con-
tributions in this field. For instance, we developed a sandwich-
structured device composed of neutral hydrogel, polycationic
hydrogel, and neutral hydrogel to emulate synaptic functions
(Fig. 14(g))."”® The interfacial electric fields between the neutral
polymer network and the polycationic polymer network within
the device exhibit a pronounced ability to suppress cation
migration across the layers (Fig. 14(h)). Consequently, follow-
ing the migration of both cations and anions induced by
pressure or electrical stimuli, the reflux of cations occurs at a
slower rate, resulting in a relaxation behavior of the ionic
potential (open-circuit voltage) at the device terminals
(Fig. 14(i)), which effectively mimics the short-term memory
characteristics of synapses. Based on this principle, repeated
external stimuli can precisely modulate the ionic potential
(SWs) of the device. Theoretical modeling revealed that
the voltage response of the device to current stimulation is
inversely proportional to its effective area.'’® Guided by this
insight, we fabricated a bilayer synaptic device comprising a
neutral ionogel and a polyanionic ionogel with a nanofibrous
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architecture via electrospinning (Fig. 14(j)).”** The reduced
effective area imparted by the fibrous structure enabled an
ultralow single-event energy consumption of 6 fJ, comparable
to that of biological synapses (Fig. 14(k)). Recently, Wu’s
team reported a similar study, in which synapse-like memory
behavior was achieved by constructing a heterogeneous inter-
face between neutral and positively charged ionogel
networks.>>® The ionogel devices in this work exhibited excel-
lent adhesion and self-healing capabilities, attributed to
cation-n interactions. In addition, we engineered a heteroge-
neous density interface to realize hydrogel-based synaptic
devices (Fig. 14(1)).>>* Our results show that the heterogeneous
density interface selectively obstructs the migration of ions with
larger hydrated radii across the interface and localize them
within the high-density gel region. By tuning the density con-
trast between the upper and lower layers, we successfully
constructed both excitatory and inhibitory synaptic devices,
offering tunable synaptic behaviors (Fig. 14(m)).

4.1.3 Artificial neurons. To date, no complete artificial
neuron device or circuit based on SICs has been realized. Such
devices would enable the generation of action potentials and
frequency-controllable signalling, comparable to mature elec-
tronic devices. While ionic artificial synapses have been exten-
sively studied, the realization of ionic artificial neurons
remains largely theoretical.>>® Nevertheless, considering the
mechanisms of action potential generation and information
transmission through controllable ion migration, SIC materials
provide a unique physical and chemical basis for constructing
artificial neurons.

In principle, SIC-based ionic memristors exhibiting
threshold-switching behavior can be integrated with classical
neuron models, such as the H-H or LIF models, to enable
neuron-level signal integration, pulse generation, and fre-
quency encoding. Although such devices have yet to be realized,
the design strategies discussed in Section 3.3.5 of this review
indicate that this challenge is achievable. Experimentally,
despite the absence of standardized SIC neuron circuit plat-
forms, existing studies demonstrate the potential of SIC devices
to emulate neuronal dynamics. For instance, Madden et al.
developed a piezoionic hydrogel device (Fig. 15(a)) in which ion
species in a polyacrylamide hydrogel generate action potential-
like ionic currents and voltages under mechanical force
(Fig. 15(b))."*” This behavior arises from hydrostatic pressure-
driven asynchronous migration of cations and anions, known as
the piezoionic effect.'®> Remarkably, the resulting ionic pulses
can interface with mouse sciatic nerves to induce leg muscle
contraction (Fig. 15(c)). Similarly, Xiao et al. reported a hydrogel-
based artificial nerve fiber incorporating directionally aligned
electronegative helical microfibers (Fig. 15(d)).>® The combined
piezoionic and nanoconfinement effects (Fig. 15(e)) substantially
enhance action potential-like ionic pulses (Fig. 15(f)), which are
also capable of interacting with animal nerves. Together, these
studies underscore the promise of SICs for emulating neuronal
function and for bio-interactive applications.

Additionally, Bayley et al. employed dropletronics to con-
struct a biomimetic artificial nerve, achieving a complete

This journal is © The Royal Society of Chemistry 2025
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functional chain from physicochemical signal transduc-
tion to information propagation and neurotransmitter release
(Fig. 15(g)).>** The system consists of three modules:
(1) a signal transduction module, comprising sensing droplets,
hydrogel axons, and a light-responsive proton pump

This journal is © The Royal Society of Chemistry 2025

(Archaerhodopsin-3, aR3), which converts light into ionic cur-
rents along the axon; (2) a signal transmission module, formed
by hydrogel fibers that convey ionic signals to the terminal,
analogous to an axon; and (3) a neurotransmitter release
module, composed of two synaptic droplets connected via
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a-hemolysin (o-HL) pores, which release ATP in response to
axonal signals. Furthermore, multi-channel spatiotemporal
transmission and processing are achieved through nerve-
bundle-like arrangements, providing a novel strategy for next-
generation implants, soft machines and computing devices.
Overall, although SIC-based artificial neurons remain at the
proof-of-concept stage, their unique advantages in material
properties, biocompatibility, and interface design provide a
solid foundation for constructing low-power, interactive, and
adaptive brain-like systems. With continued advancements in
SIC memristors, transistors, and dropletronics, SIC-based arti-
ficial neurons are expected to evolve from single-neuron beha-
vior emulation to network-level cascades and neural circuit
construction, thereby promoting human-machine integration,
neural repair, and the development of soft intelligent devices.

4.2 Applications

4.2.1 Signal transmission. The hydrogel artificial axon
developed by Suo et al. is an ideal tool for transmitting pulsed
signals (Fig. 10(b)), and can be used in brain-like intelligent
systems to connect pulse sources (such as signal generators,
artificial neurons, sensors) to artificial synapses. For example,
Suo et al. successfully used this axonal device to transmit music
signals (electric pulse trains), effectively connecting a mobile
phone and a loudspeaker (Fig. 16(a))."® Li et al. also verified
that this type of axonal device can be used to transmit pulsed
signals, and found that it works even at 300% stretch with

\‘ \‘ \
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Cell phone Loudspeaker Oscilloscope
music signal

Tonic cable
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essentially the same input and output signals.>*® Chen et al.
constructed a neuromorphic tactile processing system by using
such axonal devices to connect pressure sensors and synaptic
transistors (Fig. 16(b)).>>” In this system, the pressure sensor,
artificial axon and synaptic transistor mimic the receptor, axon
and synapse of a biological sensory neuron, respectively. The
pressure sensor converts pressure stimuli into electrical pulses,
which are transmitted to the gate of the synaptic transistor via
the hydrogel axonal device and further modulate the conduc-
tance (reflecting SW level) of the synaptic transistor. This study
provides an important reference for employing such an artifi-
cial axon in constructing brain-like intelligent systems that
utilize ions as charge carriers.

4.2.2 Information storage. One important function of the
hippocampus in the brain is memory, which relies on the short-
term potentiation and LTP of relevant synapses’ SWs/PSPs.?®
The SW/PSP level reflects the strength of the memory. Short-
term potentiation represents short-term memory, while LTP
represents long-term memory. Similarly, artificial synapses can
simulate this process, making them useful for information
storage. For instance, a storage array (5 x 5) composed of 25
hydrogel synaptic devices has achieved image storage.>*® The
SWs of each synaptic device in the array can be independently
regulated. Thus, an image can be written by applying multiple
pulsed stimuli to the devices corresponding to the image pixel
points (to increase the SWs of the devices) (Fig. 17(a)). Depend-
ing on the memory behavior of the devices, the written image
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Fig. 16 Applications of the artificial axon developed by Suo et al. (a) Transmission of musical signals. Reproduced with permission from ref. 169.
Copyright@2015, Elsevier. (b) Connection between a pressure sensor and a synaptic transistor. Reproduced with permission from ref. 257. Copy-

right@2018, Wiley-VCH.
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Fig. 17 SIC-based NIDs for information storage and machine perception. (a) Image-writing method on a hydrogel synaptic array and the corresponding
real-time memory strength of each device. (b) Storage performance. Reproduced with permission from ref. 246. Copyright@2023, Elsevier. (c) Schematic
of a fully ionogel-based ionic pressure-perception system, integrating both a pressure sensor and a synaptic device. (d) The left panel shows the voltage
(i.e., SWs) across the synaptic device in response to consecutive pressure pulses, while the right panel displays photographs of the robotic hand at
selected time points. The hand grasps the ball when the SWs exceed a preset threshold and releases it when the SWs fall below the threshold.
Reproduced with permission from ref. 253. Copyright@2025, Springer Nature. (e) An artificial retina based on ionic elastomer synaptic devices and its
testing protocol. (f) Imaging performance. Reproduced with permission from ref. 249. Copyright@2024, Springer Nature. (g) A pressure-responsive
hydrogel synaptic device for simulating self-adaptive tactile perception, illustrating the biological mechanism of skin adaptation (left) and the LTD effect
emulated by this device (right). Reproduced with permission from ref. 178. Copyright@2024, American Chemical Society. (h) A hydrogel synaptic device
capable of integrating pressure and light stimuli. (i) A robotic hand equipped with this device for intelligent grasping and hazard avoidance. Reproduced
with permission from ref. 251. Copyright@2025, Wiley-VCH.

can be stored in the array for a long time (Fig. 17(b)). In recent  highlighting the potential of SIC-based synaptic devices for
years, many related applied studies have been reported, clearly information storage.'”®239:253:254
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4.2.3 Machine perception. The human perceptual system
generally consists of receptors, afferent neurons (sensory neu-
rons), and the sensory cortex.>®® External stimuli are initially
transduced into ionic electrical signals by receptors, which are
subsequently converted into nerve impulses by afferent neu-
rons and relayed to the sensory cortex. There, SW/PSP at
synapses is dynamically modulated by incoming impulses,
enabling sensory perception. The magnitude of SW/PSP corre-
lates with the intensity of the perceived stimuli. To replicate
this perceptual process in intelligent robots, researchers typi-
cally integrate sensors, ring oscillators (optional, for converting
DC signals into pulse signals to emulate afferent neurons), and
artificial synapses to form an artificial sensory system.>**% In
these designs, artificial synapses generally respond to electrical
stimuli. Building on this concept, Wu et al. developed the first
fully gel-based integrated ionic pressure-perception system.>**
The system combines an ionogel pressure sensor with an
ionogel synaptic device, allowing temporal integration of pres-
sure stimuli and mimicking the sensory mechanism of human
skin (Fig. 17(c)). Importantly, it could allow intelligent control
and adaptive modulation of robotic grasping, providing critical
guidance for the development of smart soft robotics (Fig. 17(d)).

However, synaptic devices capable of directly responding to
external physical stimuli, such as pressure, light, sound, or
heat, would facilitate the development of highly integrated SIC-
based intelligent sensory systems.>®* In recent years, numerous
such SIC-based synaptic devices have been reported. For exam-
ple, a 5 x 5 array of light-responsive ionic elastomer synaptic
devices has been engineered to construct an artificial retina,
imparting basic visual functionality to robotic platforms
(Fig. 17(e)).>*° As a light spot traverses the array, the SW of
the illuminated devices increases. However, due to relaxation
dynamics, devices stimulated earlier exhibit lower SW than
those stimulated later (Fig. 17(f)). This dynamic modulation
enables not only image formation but also the real-time capture
of the light spot’s motion trajectory. Similarly, a 6 x 6 array of
light-responsive hydrogel synaptic devices, integrated with a
deep learning algorithm, has been demonstrated to directly
impart mechanical systems with visual cognitive capabilities,
allowing autonomous recognition of motion direction.”*

Beyond visual perception, pressure-responsive SIC-based
synaptic devices show great promise in emulating tactile per-
ception. A representative example is a flexible ionic hydrogel
synaptic device that exhibits PPD and LTD effects under applied
pressure, thereby mimicking the self-adaptive tactile responses
observed in human skin (Fig. 17(g))."”® Moreover, the intrinsic
multi-stimuli responsiveness of SIC materials offers a compel-
ling strategy for constructing structurally simple, multimodal
sensory fusion systems. For instance, a hydrogel synaptic device
that simultaneously responds to both pressure and light sti-
muli can effectively integrate inputs across different sensory
modalities (Fig. 17(h)).>>* When mounted on the fingertip of a
robotic hand, such a device enables visual-tactile synergistic
control, equipping the robotic platform with human-like cap-
abilities for intelligent grasping and emergency avoidance

(Fig. 17(1))-
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4.2.4 Brain-like computing. Artificial synapses and neu-
rons constitute the fundamental functional units of brain-
inspired neuromorphic computing hardware. Artificial
synapses can be categorized into volatile and non-volatile types,
each serving distinct yet complementary roles. Volatile synaptic
devices are typically employed for dynamic preprocessing of
input signals, enabling functionalities such as temporal
filtering,**> noise suppression,*®® contrast enhancement,>®’
transient memory,”®® and time-domain encoding.>®® These
dynamic responses are critical for enhancing signal fidelity
and selectivity in early sensory processing stages. Non-volatile
synapses, on the other hand, are designed to emulate the
learning and memory functions of biological synapses by
providing multilevel, programmable conductance states with
excellent retention stability.””° Their ability to perform parallel
processing and in-memory computation makes them ideal for
constructing ANN and SNN hardware. In parallel, artificial
neuron devices are engineered to replicate the integrate-and-
fire behavior of biological neurons. These devices integrate
input signals and generate output spikes once a threshold is
reached, thereby encoding information into discrete temporal
patterns.”® The interplay between artificial synapses and neu-
rons enables the implementation of fully hardware-based neu-
romorphic systems capable of low-power, parallel, and adaptive
information processing.

SIC-based artificial synapses reported thus far are inherently
volatile, with limited capability to maintain stable SWs over
extended periods. Consequently, their primary utility lies in
dynamic preprocessing of input signals. In one representative
study, a hydrogel-based synaptic device was employed to
temporally encode compressed images, thereby increasing the
dimensionality and richness of the information content
(Fig. 18(a))."”® Remarkably, even when handwritten digit
images were compressed to only ten dimensions, a fully con-
nected neural network achieved a classification accuracy of up
to 95%, substantially lowering computational complexity with-
out compromising recognition performance (Fig. 18(b)). Addi-
tionally, a convolutional kernel comprising excitatory and
inhibitory hydrogel synaptic devices was constructed to mimic
the Mach band effect observed in biological visual systems
(Fig. 18(c)), enabling edge enhancement and sharpening of
image features (Fig. 18(d)).>** This bioinspired preprocessing
approach significantly improved edge definition and structural
clarity in images (Fig. 18(d)), leading to enhanced classification
accuracy in downstream tasks (Fig. 18(e)). Of particular note is
a recent approach that exploits the electrolyte-sharing nature of
ionic devices to emulate the ephaptic coupling effect observed
in neural tissue, thereby achieving high-performance n-back
working memory tasks.”** In this system, multiple pairs of
electrodes were patterned onto a single ionogel film, with each
pair functioning as an individual synaptic node (Fig. 18(f)).
Upon activation of a given synaptic node, local ionic activity
generated electric fields that propagated through the shared
electrolyte, modulating the SWs of adjacent nodes and thus
enabling inter-synaptic coupling analogous to that in biological
networks (Fig. 18(g)). This coupling mechanism greatly

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5cs00580a

Published on 03 December 2025. Downloaded by ECOLE POLY TECHNIC FED DE LAUSANNE on 12/13/2025 10:20:23 AM.

Chem Soc Rev

a

Computing procedure

Correct output

01234567389

Predicted output

B s R
® ®

5000
|

View Article Online

Review Article

|

® @
5/0.0 o
< 6 7
2
o
o |° %3
o
Position
e 83%
0.8+ o -—---—-—--'
o
6 06} 68.9%
o
3
8 0.4t
<
0.2r ——Without preprocessing

—=— With preprocessing

0 10 20 30 40 50

Epoch

seeen Deiee e h 7-back -
i-°=°: =:2°°’.‘ o °:j=l 1: True |A|B|G|D|C|A|B;A:
0-0-0.° 5 5067708 7086 _'_'l
T T L O:False|A|B|G|D|C|A|Bi__i

. S time

1 ®» oo ceoo® weoo
® Ground truth
Prediction
VObaices 1Y Ovevice 04 B ) SRR G 3 ) SR (0 SR

Time

Fig. 18 SIC-based NIDs for brain-like computing. (a) Schematic of a hydrogel synaptic device used for processing compressed handwritten digit images.
(b) Resulting classification accuracy. Reproduced with permission from ref. 178. Copyright@2024, American Chemical Society. (c) A bioinspired
convolutional kernel composed of excitatory and inhibitory hydrogel synaptic devices (left), enabling simulation of the Mach band effect (right). (d) Image
enhancement achieved using the convolutional kernel. (e) Improved recognition accuracy for preprocessed images. Reproduced with permission from
ref. 254. Copyright@2025, Wiley-VCH. (f) An ionogel-based synaptic array for emulating the ephaptic coupling effect, with physical layout (top) and
conceptual diagram (bottom). (g) Mechanism underlying inter-synaptic coupling via shared electrolyte fields. (h) Demonstrated performance in a 7-back
working memory task. Reproduced with permission from ref. 234. Copyright@2025, Wiley-VCH.

enhanced temporal information integration, resulting in a
marked improvement in n-back task performance (Fig. 18(h)).

Reservoir computing architectures typically consist of three
layers. (1) An input layer encodes and distributes incoming data

This journal is © The Royal Society of Chemistry 2025

to the reservoir layer, which comprises a network of nonlinear,
recurrently connected nodes. (2) A reservoir transforms the
input into a high-dimensional state space that captures tem-
poral features. (3) An output layer can be trained using linear or
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logistic regression to map the reservoir states to the desired
output.>’’?”® Owing to their inherent memory properties,
dropletronic memristors and memecapacitors are well-suited
for handling complex temporal signals in the reservoir layer
at significantly lower energy costs than traditional computing
paradigms.”’* For instance, Maraj et al used a voltage-
dependent ion channel, monazomycin, embedded in the DIB
to create a memristor with improved sensory adaptation,
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thereby amplifying small differences in temporal input
signals.>”® The sensory adaptation resulted from the transloca-
tion of membrane-active monazomycin species to the opposite
side of the membrane (the other droplet) under continuous
voltage stimuli. In the modeling of a 5 x 5 digit classification
task, they employed 5 independent dropletronic memristors in
the reservoir layer. Each memristor received information from a
distinct pixel row (Fig. 19(a)). By setting the translocation rate
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Fig. 19 Dropletronic devices used as the reservoir layer for neuromorphic computing. (@) By comparison with the conventional reservoir computing
system, which consists of an input layer, a reservoir, and an output layer, droplet-based memristors can execute the reservoir function due to their
memory effect. In a 5 x 5 digits classification task, 5 independent dropletronic memristors were included in the reservoir layer. (b) Difference in short-
term plasticity between models with different translocation rate constants. The 1x group induced sensory adaptation with a moderate amount of
inactivation of ion-conductive channels. The 10 x group exhibited a greater degree of inactivation, resulting in a rapid return to baseline by the end of the
second pulse. (c) The overall training and testing accuracies of the dropletronic memristor in a 5 x 5 digit classification task. (d) The handwritten digit
classification task with the device-multiplexing setup. (e) The average accuracy heatmap (n = 20) of the model with the sensory adaptation. Reproduced
with permission from ref. 275. Copyright@2023, Wiley-VCH.
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constant from the conductive to inactivated channel state to the
baseline values (1x), which was experimentally determined
(Fig. 19(b)), their model adopted a slow activation for conduc-
tive ion channels in the reservoir layer, achieving a test accuracy
of 90% (Fig. 19(c)). However, experimental results yielded only
~70% accuracy, suggesting that further optimization of input
parameters and array assembly of droplet pairs will be
required. They also simulated a classification task of the
Modified National Institute of Standards and Technology hand-
written digit dataset (Fig. 19(d)). Assuming that exploiting the
history dependence of memristors is crucial for maximizing the
performance of the reservoir layer, they adopted the device-
multiplexing method.>”® Each input signal was sent to multiple
devices, where voltage pulses with the same patterns but
different amplitudes were sent to respective devices. With the

Table 1 Summary of key information on representative SIC-based NIDs
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sensory adaptation feature, their system achieved a peak testing
accuracy of ~94% by using the device-multiplexing between
voltage amplitudes of 85 and 145 mV (Fig. 19(e)).

5. Outlook and challenges

This review systematically summarizes recent advances in NIDs
based on SICs (Table 1 summarizes key information on repre-
sentative devices), with a particular focus on their biomimetic
implementation of artificial axons, synapses, and neurons. We
emphasize the ionic transport behaviors and structural design
strategies of SIC materials, and analyze their application path-
ways for mimicking essential neural functionalities, including
axonal signal propagation, synaptic plasticity, spike generation,

Device Materials Response type Functionalities Applications Ref.
Artificial Ionic hydrogel and elasto- Electricity Transmitting AC signals Transmitting music 169
axon mer (dielectric layer)
Electricity Transmitting pulse signals Connecting sensor and synaptic =~ 257
device
Electricity Transmitting pulse signals Connecting sensor and robotic 258
hand
Artificial Dropletronic hydrogel Electricity Synaptic transistor (npn-type) Simulation of reversible SW 77
synapse modulation
Ionic elastomer Electricity Bipolar memristor Neuromorphic computing 86
Ionic hydrogel Electricity, heat, EPSP/IPSP, PPF/PPD, SRDP — 113
and strain
Hydrogel p-n junction Electricity Rectification, EPSP/IPSP, PPF/PPD, LTP/ Simulating hippocampal neural 176
LTD circuit
Ionic hydrogel Pressure and EPSP/IPSP, PPF/PPD, LTP/LTD, STDP Tactile perception and neuro- 178
electricity morphic computing
Aqueous droplet Electricity Unipolar memristor — 213
Aqueous droplet Electricity Memory capacitor — 214
Ionogel Electricity EPSP/IPSP, PPF/PPD, LTP/LTD, SRDP, Reservoir computing and n-back 234
STDP task
Ionic supramolecular Light and heat EPSP, PPF, LTP Machine perception and intelli- 243
hydrogel gent control and
244
Ionic organogel Electricity Rectification, EPSP — 245
heterojunction
Asymmetric trimeric ionic  Electricity Rectification, IPSP, PPD Multimodal memory and image 246
hydrogel storing
Ionic elastomers Electricity EPSP/IPSP, PPF/PPD, LTP/LTD, SRDP Simulating proprioception 247
Ionic hydrogel Electricity, EPSP/IPSP, PPF/PPD, SRDP Intelligent machine control 248
chemical, and
light
Ionic elastomer Light EPSP, PPF, LTP Artificial vision and motion 249
tracking and
250
Ionic hydrogel Pressure and light EPSP, PPF, LTP Tactile-visual fusion perception 251
and machine control
Ionic hydrogel Electricity Bipolar memristor Simulation of reversible SW 252
modulation
Ionogel Electricity EPSP, PPF, LTP Intelligent machine control 253
Ionic hydrogel Light EPSP/IPSP, PPF/PPD, LTP/LTD, SRDP Artificial vision and neuromorphic 254
computing
Aqueous droplet Electricity Unipolar memristor Reservoir computing 275
Artificial Tonic hydrogel Pressure Piezoionic effect Bionic mechanoreceptor for 137
neuron biointeraction and
256
Aqueous droplet and Light Photochemical signal transduction and  Parallel information processing 242

hydrogel
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chemical signal transmission

mimicking nerve bundles
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sensory preprocessing (touch and vision), and short-term work-
ing memory. Notably, we outline several representative device
engineering approaches rooted in the fundamental principles
of ionic dynamics and control, providing valuable insights for
future device development in this emerging field.

Benefiting from the inherent softness, bio-language homol-
ogy, multi-stimuli responsiveness, rich designability, material
diversity, and high biocompatibility of SIC materials, their
devices offer distinctive advantages for constructing low-
power, flexible, multimodal, and efficient human-machine
interaction platforms and neuromorphic computing systems.
However, despite rapid progress, the field remains in its
infancy and faces critical technical bottlenecks that demand
concerted efforts in the following directions (Fig. 20):

(1) Expansion of functional capabilities: most reported SIC-
based synaptic devices exhibit volatile behavior, making them
unsuitable for long-term weight retention, and thus limiting
their role in learning and memory units within neuromorphic
computing systems. Meanwhile, the development of hardware-
level artificial neurons based on SICs with reliable spike-
generation and time-domain encoding capabilities remains
an unsolved challenge. Realizing SIC-based non-volatile
synapses and functional neurons will be a crucial step toward
constructing fully ionic brain-inspired chips.

(2) Enabling chemical responsiveness: current research pre-
dominantly focuses on SIC-based devices that respond to
physical stimuli such as electrical, mechanical, optical, or
thermal signals. However, devices with selective chemical
recognition capabilities remain scarce. Future work could
incorporate functional groups into the polymeric matrix of
SICs to enable selective recognition and adaptive learning of

v’ Basic information preprocessing
® Adaptive integrated architecture

® Adaptive algorithm

\
N

1 Computing \
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specific ions or biomolecules, facilitating applications in phy-
siological signal sensing, metabolic monitoring, and patholo-
gical diagnostics.

(3) Adaptation to complex environments and systems: while
much attention has focused on the neuromorphic functionality
of individual devices, their stability and durability under prac-
tical conditions remain largely unexplored. For real-world
applications such as wearable electronics and human-machine
interfaces, devices must reliably operate in humid, stretchable,
and skin-contact environments, demanding advances in
material formulation, structural design, and encapsulation
strategies. Moreover, scalable integration architectures and
packaging techniques are needed to achieve high-density,
low-power, and extensible ionic neural networks. Dropletronic
NIDs have shown considerable promise in these areas; how-
ever, current implementations predominantly rely on manual
assembly, limiting their scalability and reproducibility. Future
efforts should prioritize the development of scalable droplet-
electronic networks to enhance computational complexity and
processing speed. In this context, three-dimensional droplet
fabrication platforms may offer an efficient and precise route to
constructing large-scale dropletronic networks.””” A further
challenge is the instability caused by evaporation of aqueous
droplets, which significantly constrains long-term device opera-
tion. Potential strategies to extend device lifetime include
encapsulating droplets within an oil phase or integrating
hydrogel scaffolds.

(4) Enhancing bio-interaction: SIC-based iontronic devices
present significant potential for building safe and efficient
bio-interaction systems. While previous studies have explored
their interactions at the cellular,”® tissue,”*'** and animal
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® Spike encoding (neuron device)
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levels,"*”**® these have largely focused on unidirectional
modulation of neural activity through ionic electrical signals,
without achieving true bidirectional communication. Further-
more, these devices are mostly energy devices rather than
neuromorphic systems, lacking adaptive regulation capabil-
ities. Moving forward, interaction paradigms from electronic
neuromorphic systems®”®*%® could inform the development of
SIC-based NIDs. Crucially, their bio-interactions should extend
beyond electrical signalling to include material exchanges such
as ions and signalling molecules, enabling more comprehen-
sive and dynamic bio-device integration.

(5) Device-system-algorithm co-optimization: although SIC-
based NIDs have shown promising results in image recogni-
tion, edge detection, and working memory tasks, challenges
remain in terms of device uniformity, manufacturability, and
system integrability. For example, the dropletronic platform
proposed by Zhang et al. offers a promising solution to
these issues.”®”%*'?> Furthermore, the development of neuro-
morphic algorithms tailored to the dynamic characteristics of
ionic devices will be critical for achieving effective coupling
between device-level behaviors and network-level computing,
ultimately enabling system-level co-optimization and intelli-
gent evolution.

(6) Integration of ionic and electronic intelligence: ionic
intelligent systems inherently offer bio-interactivity and excel-
lent biocompatibility, with potential for stable operation in
aqueous environments. However, their development remains
immature, and their multifunctionality, computational capabil-
ity, and operational stability still lag behind those of conven-
tional electronic systems. Consequently, integrating ionic and
electronic systems represents a promising development
pathway, analogous to the established route of achieving com-
patibility between advanced neuromorphic systems and con-
ventional complementary metal-oxide-semiconductor (CMOS)
platforms. For instance, in bio-interfacing or in vivo
applications, ionic devices can be placed in close contact with
biological tissues to exploit their unique advantages, while
electronic devices perform distal, complex signal processing
to ensure robust system-level functionality. A key challenge in
this approach is achieving efficient signal conversion at the
ionic-electronic interface. To address this, ion- and molecule-
tunable organic semiconductors may play a central role in
establishing high-efficiency coupling, while high-precision,
highly sensitive bioelectrodes can provide complementary
solutions.

In summary, SIC-based NIDs are driving the evolution of
neuromorphic systems from simple functional biomimicry
toward integrated functional-mechanistic emulation. Contin-
ued progress in material design, interface modulation, micro/
nanofabrication, dropletronics, and algorithm-device co-
optimization will be critical to unlocking their full potential
in next-generation applications such as flexible perception,
human-machine interfaces, neural rehabilitation, and adaptive
intelligent hardware. Looking ahead, SIC-based neuromorphic
platforms are poised to enable closed-loop systems that seam-
lessly couple perception, computing, and storage, laying the

This journal is © The Royal Society of Chemistry 2025
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groundwork for fully integrated, biointerfacing computing
architectures (Fig. 20).
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