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Organic synaptic transistors for flexible 
and stretchable artificial sensory nerves
Dae‑Gyo Seo,† Gyeong‑Tak Go,† Hea‑Lim Park, and Tae‑Woo Lee*

This article reviews artificial nerve electronics (nervetronics), an emerging field in which 
the goal is to develop bioinspired electronics that implement biological sensory functions. 
An artificial synapse is a fundamental core technology of artificial sensory nerves that can 
emulate functional properties of a biological synapse. Use of artificial synapses reduces the 
energy consumption and increases the sensitivity of low-level perception in artificial sensory 
nerves. Wearable and implantable devices require artificial sensory nerves that are flexible and 
stretchable. Therefore, development of organic artificial synapses that have these qualities 
is a central focus in nervetronics. Here, we review the concept and mechanism of organic 
artificial synapses for use as basic elements of flexible and stretchable artificial nerves. Next, 
we outline the research direction of the flexible and stretchable artificial sensory nerves so far, 
and finally, identify challenges of artificial sensory nerves that must be solved to enable actual 
application of this developing technology.

Introduction
“Artificial nerve electronics” (nervetronics) is a recently 
developed field that has the goal of developing electronic sys-
tems that emulate the processing of signals and information by 
biological nervous systems. The development of nervetronics  
is aimed to build artificial nerves that consist of central  
nervous system or peripheral nervous systems that possess 
learning and memorizing abilities, human-like stimulus sensing, 
and human-like motor coordination.1,2 Therefore, nervetronics  
is regarded as a promising candidate that can replace  
von-Neumann architecture by offering low energy consump-
tion and identical operating fundamentals as in a biological 
system. Most notably, the development of artificial sensory 
nerves that can perceive internal and external stimuli may 
enable construction of sensing systems that mimic the sensory 
detection and low-level perception of a biological peripheral 
nervous system.3–5 Similar to a biological sensory nerve, the 
artificial sensory nerve consists of sensor, artificial neuron, 
and artificial synapse (Figure 1). Stimuli detected by the  
sensor unit are converted to a spike signal by an artificial  
neuron such as a ring oscillator,3,6 then processed in the 

artificial synapse.3 The artificial synapse consumes less energy 
than traditional CMOS transistors.7–9 Also, low-level percep-
tion can be achieved without an external processing unit, 
because an artificial nerve can process information based on 
synaptic behaviors (mostly short-term plasticity).3,10 Nerve-
tronics can replace processing units, which consist of CMOS 
transistors. Therefore, an electronic system that consumes low 
energy can be developed.

With these advantages, artificial sensory nerves can be 
demonstrated for various sensing applications such as the 
Internet of Things (IoT), wearable electronics, neuroprosthet-
ics, and interactive robotics.1,11–13 Nervetronics may also have 
applications as edge-computing devices in sensor systems that 
use distributed processing. For these applications, the artificial 
nerves must be flexible and stretchable.

Organic materials are easily tuned at a molecular level, so 
they are regarded as more suitable than inorganic materials 
to realize flexible and stretchable properties.14 Various kinds 
of electronic devices and systems that use organic materials 
have demonstrated flexible or stretchable properties; exam-
ples include organic artificial synapses and organic artificial 
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sensory neurons. Artificial sensory nerves that have these 
functionalities will have applications in future sensor-based 
electronics. Here, we first introduce the basics of artificial syn-
apse that emulate biological functions. Next, we introduce the 
concepts of artificial sensory nerves, and recent research trends 
on the topic. We also discuss future challenges and possible 
strategies to construct reliable and functionalized stretchable 
artificial sensory nerves.

Basic concepts of artificial synapses
Biological synapses
Biological nervous systems in vertebrates are divided into 
two parts: the central nervous system (CNS) that is composed 
of the brain and the spinal cord, and the peripheral nervous 
system (PNS) that is composed of the sensory and the motor 
nerves.2 In these biological nervous systems, a huge number 
of neural signals are transmitted through a neural network that 
consists of  ~1012 intricately intertwined neurons and ~1015 
synapses.15,16 The system processes input information through 
the synaptic transmission in a massively parallel, resilient, 
error-tolerant, and highly energy-efficient manners, and con-
sume only around 1 ~ 10 fJ per synaptic event.2,3,7 Pre-neurons 
are connected to post-neurons by the synapses; their responses 
to stimuli (action potentials) can change over time;17,18 this 
“synaptic plasticity” contributes to information flow, data pro-
cessing, and memory.2,19 When an action potential arrives at 
the axon terminal of the pre-neuron, synaptic vesicles move 
toward the axon terminal, where they release neurotransmit-
ters; they diffuse across the synaptic cleft and bind to receptors 
on the postsynaptic membrane. As a result, ion channels open 
and the postsynaptic membrane potential changes. Diverse 
kinds of neurotransmitters are used; some increase the sen-
sitivity (excitation) of the post-neuron, and some decrease it 
(inhibition).17 Excitation depolarizes the membrane potential; 
the deviated potential state is called the excitatory postsynap-
tic potential (EPSP).20 Inhibition negatively hyperpolarizes 
the membrane potential; the new state is called inhibitory 

postsynaptic potential (IPSP).20 
The synaptic plasticity is catego-
rized by its duration; short-term 
plasticity (STP) and long-term 
plasticity (LTP).21 Repeated or 
frequent stimulations for a long 
period of time may induce a tran-
sition from STP to LTP.

Signals in a biological system 
are transmitted by depolariza-
tion of the nerve membrane; this 
depolarization can be represented 
as a voltage spike. They have the 
same magnitude; information 
is encoded as spike frequency 
and spike timings. The synaptic 
strength in biological neural net-
works can be changed by spike 

rate, either as spike-rate-dependent plasticity (SRDP) or spike-
frequency-dependent plasticity (SFDP).22

Emulation of biological synaptic functions
Artificial synapses have emulated the STP, LTP, and other syn-
aptic functions of biological nervous systems. By implement-
ing these biomimetic functions, artificial sensory nerves have 
achieved unique properties. Artificial synapses can adjust their 
conductance state in response to electrical pulses, which cor-
respond to action potentials in biological nerves; this change 
corresponds to synaptic weight in biological nerves.7,23,24 Exploi-
tation of diverse behaviors of such conductance states can yield 
artificial synapses that can implement natural synaptic functions.

When signals from sensors are applied to the artificial 
synapses, the conductance of the artificial synapses can be 
increased or decreased that emulates EPSP and IPSP in biolog-
ical synapse. When the changed retention time of conductance 
state is short, the artificial synapse implements STP and when 
the retention time is long, the artificial synapse implements 
LTP. For the artificial sensory nerves, achieving STP properties 
in artificial synapses is important to avoid afterimage of the 
sensory signals in artificial sensory nerves.

Paired-pulse facilitation (PPF) and paired-pulse depression 
(PPD) are representative properties of STP that are induced 
by two consecutive spikes (Figure 2a). The first spike that 
reaches the artificial synapse stimulates an increase in synaptic 
weight A1; normally this increase would then decay over time 
to its initial weight, but if a second spike is applied before the 
decay is complete, the effect A2 of the second spike either has 
a greater effect on synaptic weight than the first one (PPF), or 
a weaker one (PPD). This strengthening or weakening effect 
can be expressed by the PPF or PPD index, which is calculated 
from A2/A1. PPF index and PPD index decrease as the time 
interval between the spikes increases.

In artificial sensory nerves, the sensory inputs can be dis-
tinguished by the spike rates applied to the artificial synapses. 
For example, the conductance state of an artificial synapses 
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Figure 1.  Schematic of biological sensory nerve (top) and artificial sensory nerve (bottom).
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expressed as An/A1, where An is the 
postsynaptic current induced by the 
nth spike voltage.

Inputs to artificial sensory nerves 
can also be applied in the forms of 
various amplitudes of spikes. As the 
amplitude of input spikes differs, 
the postsynaptic current of artifi-
cial synapses can vary (Figure 2c). 
This feature is called spike-voltage-
dependent plasticity (SVDP). As the 
amplitude of the spike input from 
the sensors of the artificial sensory 
nerves increases, the postsynaptic 
current of the artificial synapses 
increases.3 Emulating biological 
synaptic functions is a key to achieve 
bioinspired artificial sensory nerves. 
Among artificial synaptic transistors, 
organic artificial synaptic transis-
tors can emulate biological synap-
tic functions with very low energy 
consumption, which were previously 
mentioned above (Table I).

Mechanism of artificial 
synapse
Organic artificial synapses are 
promising for artificial sensory 
nerves due to flexibility, stretchabil-

ity, and versatility. Flexibility and stretchability are essential 
properties to enable application of artificial sensory nerves 
in nerve prosthetics and soft robotics. Such organic artificial 
synapses can be mainly classified into two types, according to 
structure: two-terminal structure and three-terminal structure.
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Figure 2.  Synaptic plasticity (a–c) and mechanism (d, e) of ion-gel gated organic transistors. 
(a) Paired-pulse facilitation behavior in artificial synapses. (b) Spike-frequency-dependent 
plasticity. Postsynaptic changes depending on the presynaptic spike frequency. (c) Spike-
voltage-dependent plasticity. Postsynaptic changes depending on the presynaptic spike 
voltage. Reprinted with permission from Reference 24. © 2019 Elsevier. (d) Formation of 
electrical double layer during ([i]) no bias, ([ii]) bias applied, ([iii]) bias removed. (e) Ion penetra-
tion to semiconductors during ([i]) no bias, ([ii]) bias applied, ([iii]) bias removed. Draw under 
assumption of p-type semiconductors.

Table I.  Summary of organic synaptic transistors.

a (Energy consumption) = (Spike voltage) × (Peak current) × (Spike duration time).
b Poly(3-hexylthiophene).
c Fused thiophene diketopyrrolopyrrole.
d Poly(thienoisoindigo-naphthalene).
e Poly(2-(3,3′-bis(2-(2-(2- methoxyethoxy)ethoxy)ethoxy)-[2,2′-bithiophen]-5-yl)thieno [3,2- b]thiophene).

Mechanism Materials Emulated Synaptic Properties Write-
Read 
Cycle

Energy  
Consumption 

Per Spikea

References

Gate Insulator Semiconductor

Charge trapping PMMA/C3N4 Pentacene SNDP, SVDP, SDDP, PPF – 18.06 fJ 12

Ion migration/electro-
chemical reaction

[EMIM][TFSI]/
PS-PMMA-PS 
based ion-gel

P3HTb SNDP, SVDP, SFDP, SDDP, PPF  > 8 6 nJ 23

FT4-DPPc SNDP, SVDP, SFDP  > 500 70 nJ 3

PTIIG-Npd SNDP, SVDP, SFDP, SDDP, PPF  > 10 8.08 nJ 24

P3HT-PEO core-sheath SNDP, SVDP, SFDP, SDDP, PPF, STDP – 1.23 fJ 7

FT4-DPP nanowire SNDP, SVDP, SFDP, SDDP, PPF – 772 pJ 36

[EMIM][TFSI]/
P(VDF-HFP)
based ion-gel

p(g2T-TT)e SNDP  >  108 80 fJ 31

P3HT-NFs/PDMS SNDP, SFDP, SDDP, PPF – 123 μJ 37

depends on the sensory input spike frequencies, either as 
SRDP or SFDP (Figure 2b). By varying the frequency of a 
given number of spikes, the postsynaptic current of the arti-
ficial synapses can be modulated. Commonly, the gain of 
the postsynaptic current by various spike frequencies can be 
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In two-terminal devices, also called memristors, the top 
and bottom electrodes which contain electrochemically reac-
tive metals (e.g., Al, Cu) are separated by mostly an insulating 
layer. In response to stimulation, the insulating layer switch 
between a low-resistance state (LRS) and a high-resistance 
state (HRS).2,25 Under the electric field, the metal ions are 
oxidized and then drive into the insulating layer. The metallic 
ions then are reduced to metallic atoms by electrons, which 
results in the formation of metallic filaments. The metallic 
region can be destroyed by Joule heating, spontaneous dif-
fusion of ions/atoms, or diffusion of ions/atoms by reverse 
bias. Two-terminal devices have been widely used for brain-
inspired computing such as artificial neural network.26 con-
volutional neural network,27 and spiking neural network.28 
But this binary response is not compatible with modulation of 
synaptic properties and expression of diverse synaptic func-
tions, so two-terminal devices are seldom used in artificial 
sensory nerves.

Three-terminal artificial synapses have an additional elec-
trode, called a gate. The presynaptic action potential is applied 
through the gate, and the conductance of the channel material 
changes in response. The gate at which the input is received 
is separated from the electrode that give output (drain), so 
three-terminal structure permits modulation of the channel 
materials by various methods.23,24 Therefore, three-terminal 
devices can show STP, which is an important synaptic func-
tion for artificial sensory nerves. In three-terminal artificial 
synapses, which commonly use ion migration in an electrolyte 
gate, STP property can be achieved by modulating the inter-
action between ions and organic active layers.7 Use of ion 
migration as an operating mechanism can match the speed 
of biological sensory nervous systems. Application of volt-
age to the gate causes ions to form an electrical double layer 
(EDL) between the gate/electrolyte interface and electrolyte/
semiconductor interface, so the conductance of the artificial 
synapse changes. This EDL is very thin (nanometers), so the 
ions rapidly diffuse back to their initial distribution as soon as 
applied gate voltage is removed.

The switching between ON and OFF in artificial synapse 
can differ from switching between OFF and ON: formation of 
the EDL layer can take ~ 1 ms whereas the switch from ON to 
OFF takes 0.5 ms; which means that EDL layers can respond 
in <1 ms.29,30 When the organic active layer is permeable to 
ions, they can penetrate the organic semiconductors when 
additional gate voltage is applied. Ions that penetrate to the 
organic semiconductors can be trapped and/or induce elec-
trochemical doping of the organic semiconductors; the effect 
increases the retention time of the artificial synapses.7,23,24 
Ions that penetrate only partially may be retained for only a 
few seconds, but ions that have penetrated deeply may have 
retention time of tens of seconds to minutes, which is unsuit-
able for artificial sensory nerves.23,24 Artificial sensory nerves 

must avoid strong penetration of the ions to the organic active 
layers; this requirement is different from those of artificial 
synapses for neuromorphic computing, which require a long 
retention time.

The EDL that forms between gate/ion-gel and ion-gel/
semiconductor interface is very thin (Figure 2d, e). Its 
capacitance can be extremely large (up to μF  cm−2) due to 
its thinness and locates at gate/ion-gel and ion-gel/semi-
conductor interfaces.30 The bulk electrolyte region between 
interfaces is neutral, so the effective capacitance that affects 
the functions of the artificial synapses depend not on the 
thickness of the ion-gel, but on ion migration under bias 
conditions.

The 1-ms switching time of EDL is dominated by the 
migration of ions in the ion gel under bias conditions.29,30 
A switching time of a few milliseconds can be suitable for 
biointegration, but can be too long for various sensory applica-
tions in electronic systems (e.g., IoT, robotics), so efforts have 
been made to decrease it. Use of a semiconducting polymer 
poly(2-(3,3′-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2′-
bithiophen]-5-yl)thieno[3,2-b]thiophene) (p(g2T-TT)) and ion 
gel reduced the switching time to 20 ns, and achieved write 
speed <1 μs. Although the mechanism of such fast switching 
is not yet known, the result is meaningful in that it overcame 
the limits of the ion-gel EDL response time. As a result, the 
artificial synapses can be applied to artificial nervous system 
that receive input signals at >1 kHz.31

Flexible artificial synapses have been achieved using 
various materials and operating mechanisms.2,32 However, 
relatively few papers have reported stretchable artificial 
synapses. For both two-terminal and three-terminal artifi-
cial synapses, the same strategies can be applied to achieve 
deformability. Stretchable semiconductors will be key tech-
nologies in stretchable artificial synapse. Several approaches 
have reported development of stretchable semiconductors: (1) 
geometrical structural modulation, (2) blending semiconductor 
with elastomer matrix, and (3) use of intrinsically stretchable 
semiconducting materials. Geometrical structural modulation 
such as prestrained elastomer,33 rigid island structure,34 and 
 wrinkles35 have been reported for stretchable semiconductors 
in stretchable organic thin-film transistors (OTFTs). Espe-
cially, stretchable artificial synapses that have been prepared 
using a prestraining strategy have been achieved using electro-
spun fused thiophene diketopyrrolopyrrole (FT4-DPP)-based 
semiconducting polymer nanowire,36 and poly(3-hexylthio-
phene nanofibrils) (P3HT-NFs) thin film has been transferred 
onto a prestrained elastomer.37 A stretchable optoelectronic 
artificial synapse has been demonstrated using wavy elec-
trospun nanowire and prestrained styrene ethylene butylene 
styrene (SEBS) (Figure 3a); the synapse shows identical elec-
tronic properties and synaptic characteristics under 0% and 
100% strain.
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Synaptic properties that can be changed by stretching of 
the material have been achieved using P3HT-NFs film and 
ion-gel film (Figure 3b);38 when the ion gel is stretched, poly-
mer chains open, and ion transport is facilitated. Therefore, 
hysteresis, PPF index, and retention time decrease as strain 
increases. A semiconducting polymer can be blended with an 
elastomer such as poly(dimethylsiloxane) (PDMS),39,40 and 
 SEBS41 to yield stretchable semiconducting polymer blend.

A stretchable artificial synapse array has been fabricated 
using a blend of P3HT-NFs in PDMS elastomer matrix (Fig-
ure 3c).37 P3HT-NFs percolated into the PDMS matrix, so 
the P3HT can be stretched up to 50% of strain and continue 
to emulate synaptic behaviors. Similarly, various blending 
combinations and ratios can be applied to obtain high stretch-
ability and tuning of synaptic characteristic. As a result of 

the nanoconfinement effect, OTFTs 
that use blends of diketopyrro-
lopyrrole polymer (DPP)-based 
polymer and SEBS elastomer 
retain high charge-carrier mobility 
upon 100% strain (Figure 3d).41 
Although this strategy is highly 
effective for OTFTs, the stretching 
can alter the synaptic properties. 
Among those strategies, geometri-
cal structural modulation shows 
stretching insensitive synaptic 
properties but blending strategy 
show stretching dependent synaptic 
properties (Table II). Intrinsically 
stretchable semiconducting materi-
als that have been already devel-
oped for OTFTs can also be used 
to obtain a stretchable artificial 
synaptic transistors.42 Intrinsically 
stretchable semiconductor can be 
developed with tunable electronic 
properties and ion-doping proper-
ties and yielded controllable synap-
tic properties; this possibility may 
be a future research direction.

Concepts of artificial sensory nerves
Mechanism of artificial sensory nerves
Artificial sensory nerves require a STP-dominant behavior, 
which is a different property than in neuromorphic comput-
ing. If the ions that form the EDL or penetrate the active layer 
lightly rather than strongly, the artificial synapses can imple-
ment synaptic functions that are suitable for artificial sensory 
nerves. Strategies to achieve this trait include modifying the 
active layer to reduce the number of ions that it traps, or using 
materials that tend to trap a small number of ions.3,24,36 Also, 
use of ions that tend to not be trapped in the active layer may 
achieve STP-dominant artificial synapses for artificial sensory 
nerves.
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Figure 3.  Stretchable artificial synapses using organic nanofibers and the network embedded 
in elastomers. (a) Stretchable electrospun organic nanowire artificial synapse with prestrained 
geometry. Reprinted with permission from Reference 36. © 2018 AAAS. (b) Stretchable 
artificial synapse prestrained P3HT-NFs film. Reprinted with permission from Reference 38. 
© 2020 Elsevier. (c) Stretchable artificial synapse with P3HT-NFs blended in PDMS elasto-
mer. Reprinted with permission from Reference 37. © 2019 AAAS. (d) Schematic diagram of 
nanoscale networks of stretchable semiconducting polymer (blending of diketopyrrolopyrrole 
polymer and SEBS elastomer). Reprinted with permission from Reference 41. © 2017 AAAS.

Table II.  Synaptic properties of stretchable organic synaptic transistors.

a Spike number = 10 (An = A10).
b Spike number = 10 (An = A10).
c Spike number = 20  (An =  A20).

Strategy Stretchable Semiconductor PPF Ratio  (A2/A1) SFDP Gain (An/A1) References

0% Stretched 0% Stretched

Geometrical structural modulation Wavy
FT4-DPP nanowire

134 134%
(100% strain)

1.55 1.55a

(100% strain)
36

Wavy P3HT-NF film 230 180%
(60% strain)

2.5 2.2b

(60% strain)
38

Blending with elastomer matrix P3HT-NF film 146 114%
(50% strain)

2.3 1.82c

(50% strain)
37
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Engineering of the polymer semiconductor morphology can 
be a promising strategy for modulating the synaptic functions 
of ion-gel gated organic synaptic transistors, which are suit-
able for artificial sensory nerves.24 To receive auditory sig-
nals, a triboelectric sensor was integrated with artificial syn-
apses. When the artificial synapse showed an LTP-dominant 
behavior, the first auditory signal overlapped the later auditory 
signals; this response reduces the accuracy of artificial sen-
sory nerves. In contrast, when the artificial synapses showed 
a STP-dominant behavior, they showed fast decay and rapid 
response to auditory signals without any overlap between first 
and second signals; this difference of response indicates that 
the interaction between the ion-gel and polymer semiconduc-
tor layers must be controlled to reduce the number of ions that 
the polymer semiconductors trap.

Materials that tend to trap fewer ions have also been used 
as artificial nervous synapses. Artificial synapses that use DPP 
have been used as artificial sensory nerves and stretchable 
organic sensorimotor synapses.3,36 Artificial synapses that 
use DPP polymers tend to implement STP-dominant synaptic 
properties, unlike P3HT, which tends to show LTP-dominant 
properties,23 or thienoisoindigo polymer (PTIIG), which can 
show both STP-dominant and LTP-dominant properties, 
depending on the microstructure.24

STP-dominant artificial synapses have a response time of 
2 to 3 ms, which is comparable to biological response time 
(1.5–5 ms).3,43,44 Artificial synapses that use DPP were inte-
grated with pressure sensors and ring oscillators (Figure 4a) 
to implement a slow adaptive Type I (SA-I) artificial afferent 
nerve. An SA-I receptor is a mechanoreceptor that measures 
static force.45 Measured pressure from a carbon nanotube 
(CNT) pyramid pressure sensor was changed to a voltage spike 
via ring oscillators, which is suitable for firing artificial syn-
apses. A continuous output signal from a sensor must be con-
verted to a voltage spike to activate the synaptic functions of 
artificial synapses and implement diverse synaptic behaviors. 
As the pressure increases, supply voltage to the ring oscillator 
also increases, so its output frequency increases.

The artificial synapses had a SFDP property, so the artificial 
afferent nerves output postsynaptic currents that varied with 
pressure intensity (Figure 4b). They also had spike number 
dependent plasticity (SNDP), so postsynaptic current also var-
ied with the duration of pressure (Figure 4c, d).

With artificial synapses, processing of sensory information 
in artificial afferent nerves is a useful trait. When multiple 
pressure sensors are aligned in parallel, the direction of the 
pressure movement can also be detected. The pressure sen-
sors detected the direction of movement by a rod-like object 

(Figure 4e–g). When an artificial 
synapse shows a LTP behavior, 
the change of the pressure by time 
cannot be distinguished, because 
they are obscured by the remaining 
signals after the spatiotemporally 
changing inputs.

The possibility of using these 
artificial sensory nerves as nerve 
prosthetics was testified by trans-
ferring the output signal to the leg 
of a roach (Blaberus discoidalis). 
An appropriate pressure intensity 
of postsynaptic oscillating signals 
enabled actuation and control of the 
tibial extensor muscle in the leg. 
As the time and pressure applied 
to CNT pressure sensor increased, 
the force of leg extension increased. 
The pressure information from the 
pressure sensors was successfully 
transmitted to the synaptic transis-
tor, of which the output was used to 
induce the tibial muscle extension. 
This system successfully realized an 
artificial afferent-biological efferent 
hybrid reflex arc.

Artificial sensory nerves must 
also be able to transmute detected 
signals to presynaptic spikes by 
exploiting STP-dominant artificial 
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Figure 4.  (a) An artificial afferent nerve composed of a pressure sensor, ring oscillator, and 
artificial synapses. The ring oscillator converts a signal from sensors to voltage spikes. (b–d) 
Postsynaptic current for three different pressure (b) intensities and (c) duration. (d) Peak 
current depends only on the duration of fixed pressure intensity. (e) Artificial afferent nerves 
with pressure sensors aligned in parallel. (f, g) Postsynaptic current when a rod-like object is 
moving in two different directions. The change of the rod-like object movement by time could 
be detected due to the short-term plasticity property of the artificial synapse. Reprinted with 
permission from Reference 3. © 2018 AAAS.
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synapses that constitute the core part of artificial sensory 
nerves. Such strategies permit implementation of various arti-
ficial sensory nerves that can detect physical stimuli such as 
pressure, sound, strain, temperature, and vibration.

Future challenges
Microstructure engineering of polymer semiconductors is 
one of the important strategies to control charge transport in 
OTFTs. For example, edge-on orientation and compact π–π 
stacking leads to high charge-carrier mobility in OTFTs.46,47 
However, unlike OTFTs, how the microstructure of semicon-
ducting polymers affects the characteristics of organic artificial 
synapses has not been intensively studied in depth. There are 
only reports that high crystallinity of polymer semiconduc-
tors leads to emulation of long-term plasticity in P3HT and 
PTIIG.23,24,48 More in-depth and comprehensive microstruc-
ture engineering considering polymer chain morphology and 
molecular orientation have to be conducted for developing 
versatile organic artificial synapse and nervetronics. Also, 
organic/polymer material design and development to emulate 
STP and LTP behaviors required for specific applications of 
nervetronics.

Organic artificial synapses that exploit ion migration of 
ions have been evaluated for use as artificial sensory nerves 
to implement STP. Liquid-type and ion-gel-type electrolytes 
can emulate synaptic properties well and are not affected by 
strain, but they are vulnerable to environmental factors such as 
moisture,49 and to solvents. To reduce environmental effects, a 
solid-type ionic electrolyte is more advantageous than liquids 
and ion gels. Especially, acquisition of environmental stabil-
ity, ease of processability, and various functionalities requires 
development of all-solid-state stretchable artificial synapses. 
For this development, stretchable ion-conducting elastomer 
that can replace a rigid solid electrolyte or ion-gel/liquid type 
electrolyte can be applied.50,51 Also, to increase environmental 
stability for wearable and implantable applications, reliable 
flexible/stretchable encapsulation materials and processes 
must be developed.

Processing of signals from multiple sensors requires a flex-
ible/stretchable array of artificial synapses. Especially, a reli-
able patterning process is required for both a stretchable semi-
conducting layer and electrolyte materials. Patterning methods 
for a stretchable semiconducting layer have been reported for a 
stretchable OTFT array.52,53 Similar to the conventional strat-
egies on stretchable OTFT array, reliable patterning method 
for artificial synapse arrays have to be developed (e.g., photo-
lithography, ink-jet printing, electrohydrodynamic nanowire 
printing).54,55 Although ion-gel or solid electrolyte materials 
can be patterned by stencil printing,56 cut-and-paste,37 and 
aerosol printing,57 a reliable patterning method for scaling and 
integration such as photolithography has not been developed.

One goal is a free-standing sensing system that can be 
easily constructed without wiring to an external power 
source. Similar approaches in a stretchable wireless biologi-
cal sensing system have used radiofrequency identification 

(RFID) and near-field communication (NFC); these ideas 
may be applicable to artificial sensory nerves.58,59 RFID 
and NFC application use a frequency of 13.56 MHz or such 
frequency levels, so wireless artificial sensory nerves must 
have appropriate rectifiers and other components.

Stretchable batteries composed of various materials and 
structures also have been studied for use in wearable and 
implantable electronics.60 However, some challenges such as 
degradation of battery performance upon charging–discharg-
ing cycles, and under strain, must be overcome to realize 
reliable battery-operated artificial sensory nerves.

Self-powered devices provide another option. Photo-
voltaic devices and triboelectric nanogenerators have been 
connected as gate signals of an artificial synapse,24,36 but 
not in drain and operating voltages for other components; 
this untested possibility provides a future research direc-
tion. Although fully free-standing artificial sensory nerves 
have not be developed yet, they are important components 
of wearable and long-term implantable applications.

Conclusion and outlook
We have introduced the concepts of organic artificial sensory 
nerves and artificial synapses, which are important compo-
nents of artificial sensory nerves. We also reviewed recent 
studies on flexible/stretchable organic artificial synapses and 
organic artificial sensory nerves with operating mechanisms. 
Artificial sensory nerves are composed of sensor, artificial neu-
ron, and artificial synapse, and they mimic a biological sen-
sory nerve system. Therefore, an artificial sensory nerve can 
process sensory information by exploiting synaptic plasticity 
and can enable low-level perception without external comput-
ing units. Artificial sensory nerves including STP-dominant 
artificial synapses enable sensing, low energy consumption, 
and the possibility of developing neural prosthetics with 
biocompatible signals. Use of organic materials means that 
organic artificial synapses can exhibit various functionalities 
(e.g., flexibility, stretchability, self-healing ability, biocompat-
ibility) for a variety of applications such as wearable elec-
tronics, implantable diagnostic devices, soft robotics, neural 
prosthetics, and IoT. However, the development of artificial 
sensory nerves is in an early stage and many challenges (e.g., 
environmentally stable device, reliable pattering technology, 
and free-standing system) remain before they can be realized. 
When these challenges can be overcome, stretchable nervetro-
nics will be widely applicable in systems that process signals 
from the environment.
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