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Physically reconfigurable synaptic plasticity and
learning in stretchable neuromorphic systems
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Wearable electronics that use intrinsically stretchable organic neuro-

morphic devices offer a promising approach to achieve human-like

on-device processing with a seamless human body interface. A central

challenge, however, lies in achieving tunable synaptic plasticity within

the neuromorphic systems for endowing task-adaptable functions for

broad and versatile applications, because synaptic plasticity is typically

hardwired by the structural configuration of conventional devices.

Here, we present a physically reconfigurable neuromorphic transistor

platform enabled by an ion-conductive adhesive elastomer (IAE) that

ensures robust mechanical integration and electrolyte-gated neuro-

morphic operation. The IAE-gated organic neuromorphic transistors

(IONTs) exhibit exceptional mechanical resilience, maintaining nearly

identical electrical properties and synaptic plasticity under 50% strain

and after 1000 mechanical stretching cycles in stark contrast to the

conventional ion-gel-gated device, which suffers a current drop

exceeding two orders of magnitude. Uniquely, by selection and

assembly of the gate electrode materials that can be a stretchable

carbon nanotube or a flexible gold electrode, we program the IONTs

with distinct synaptic plasticity for sensory processing or learning.

Utilizing the strategy, we demonstrate high-accuracy classification of

handwritten digits and spoken digits using a reservoir computing

framework. Our findings establish a stretchable neuromorphic plat-

form wherein functionally distinct synaptic devices can be achieved

individually through physical reconfiguration, paving the way for

neuromorphic hardware for multi-functional body-conformable arti-

ficial intelligence.

1. Introduction

Wearable electronics are advancing toward continuous and
long-term collection of sensory signals by exploiting tissue-
like mechanical properties and conformable interfaces.1,2 For
artificial intelligence (AI) to fully utilize such massive sensory
inputs in real time, it is crucial to perform energy-efficient, on-
device processing directly on the human body. Organic neuro-
morphic devices are well-suited for this task, offering low power
consumption3–5 and mechanical softness6–8 that is compatible
with biological tissues. To emulate the efficiency and adapt-
ability of biological neural networks, electronic systems must
implement precisely tunable synaptic plasticity, which is a
cornerstone for task-specific computation and learning.

Among organic neuromorphic platforms, electrolyte-gated
organic neuromorphic transistors (ONTs) emulate the ionic
signal transmission of biological systems and exhibit tunable
synaptic plasticity through material- and device-level engineering,
making them well-suited for a wide range of neuromorphic
applications.9–12 Depending on the synaptic decay characteristics,
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New concepts
Our research introduces the concept of a physically reconfigurable
neuromorphic platform, enabled by an ion-conductive adhesive elasto-
mer (IAE). This material allows the synaptic plasticity to be programmed
simply by attaching different functional gate electrodes after fabrication.
This approach fundamentally differs from conventional neuromorphic
devices where synaptic functions are permanently ‘‘hardwired’’ during
manufacturing, thus limiting their adaptability. Our work decouples
device fabrication from functional programming; specifically, the device
can be configured to exhibit either short-term or long-term plasticity
simply by assembling it with distinct gate electrodes (CNTs or Au). This is
enabled by the IAE that simultaneously provides high ionic conductivity
for neuromorphic operation and reliable adhesion for physical reconfi-
guration. This dual-functionality material strategy unlocks a new pathway
to develop truly adaptive and multi-functional electronics, where a
neuromorphic device can be tailored for diverse computational tasks like
sensory processing or memory.
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ONTs can be tailored for specific functions; devices with short-term
plasticity are suited for sensory processing,1,13–15 while those with
long-term plasticity facilitate learning behaviors,16,17 akin to per-
ipheral and central nervous systems, respectively. This tunability
has been achieved through various strategies, including engineer-
ing the microstructures of semiconducting polymers11,18–20 and
particularly the choice of gate electrode materials,21,22 which
influence voltage drop and ion migration dynamics via differences
in polarizability and surface area.21,23–26 Such approaches have
enabled the fabrication of individual devices with specific synaptic
characteristics. However, a key limitation persists: once fabricated,
the synaptic plasticity of each device is fixed for a specific task,
hardwired by its structural configuration. This restricts the adapt-
ability and multifunctionality of neuromorphic systems, especially
in wearable applications where compact, integrated, and reconfi-
gurable systems are highly desirable. Moreover, the development of
stretchable ONTs that enable physical reconfiguration has been
hindered by the lack of suitable gate dielectrics that simultaneously
provide high ionic conductivity and reliable interfacial adhesion.

In this work, we introduce a physically reconfigurable organic
neuromorphic transistor platform using an ion-conductive adhe-
sive elastomer (IAE) that has both high ionic conductivity and
stable interfacial adhesion. Here, we define ’physical reconfigur-
ability’ specifically as the capability to modify gate-electrode-
induced synaptic behaviors by assembling distinct gate electrodes
onto the electrolyte. The IAE, composed of tethered ions and
mobile counterions without any liquid components, was adhesive
due to abundant ionic groups that enable intrinsic interfacial
interactions (Fig. 1a). This enables facile voltage-induced ion
migration for electrolyte-gated operation and achieves mechanical
integration due to its reliable adhesion with the bonding substrate.
This allowed the IAE-gated ONTs (IONTs) to exhibit mechanical
resilience even under 50% strain and after 1000 mechanical
stretching cycles, maintaining their electrical and synaptic proper-
ties. As a key feature, synaptic plasticity could be physically
reconfigured by mechanically integrating the IONT with different
gate electrodes that were either stretchable carbon nanotube (CNT)
electrodes or flexible gold electrodes (Fig. 1b). This approach
allowed the function of the individual device using the same
channel to be tailored for either sensory processing or learning,
respectively. Leveraging this unique reconfigurability, the reservoir
computing framework could be constructed by using the IONT to
serve as both a physical reservoir and a trainable readout, achiev-
ing high-accuracy recognition of handwritten digit images and
spoken-digit audio datasets of up to 93.5% (Fig. 1c).

2. Results and discussion
2.1. Design of IAEs for electrolyte-gating of ONTs

We began by evaluating poly(ionic liquid) (PIL)-based elasto-
mers as candidate gate dielectrics for stretchable ONTs, moti-
vated by their potential to form reliable adhesive interfaces due
to the intrinsic interfacial interaction, including ion–dipole
interactions and hydrogen bonding.27–30 Although PIL elasto-
mers form a reliable interface within stretchable devices such

as sensors and ionic diodes, their application in ONTs has been
critically limited due to intrinsically low ionic conductivity,
typically ranging from 10�7 to 10�5 S cm�1,31–34 which restricts
efficient ion transport and hinders electrochemical doping of
the semiconducting polymer channel.35,36 Therefore, a key
challenge in developing a PIL elastomer-based gate dielectric
suitable for ONTs lies in simultaneously achieving high ionic
conductivity and intrinsic adhesion. To overcome this, we
incorporated a highly polar small molecule, succinonitrile
(SN),37 into a polycationic adhesive elastomer,33 poly(1-[2-
acryloyloxyethyl]-3-butylimidazolium bis(trifluoromethane) sul-
fonimide) (PAT, Fig. S1 and Table S1) to formulate an IAE.

The ionic conductivity of an IAE with different weight ratios of
PAT elastomer to SN was first measured using electrochemical
impedance spectroscopy (EIS) (Fig. S2); i.e., 10 : 0 (IAE0), 8 : 2 (IAE2),
and 6 : 4 (IAE4). The conductivity systematically increased with SN
content, from 1.27� 10�6 S cm�1 in IAE0 to 1.47� 10�4 S cm�1 in
IAE2, and 3.74 � 10�4 S cm�1 in IAE4, representing an increase of
over two orders of magnitude. This originates from the dissociation
of ion pairs,37–39 which facilitates ion migration within the
designed IAE, consistent with previously reported plastic-
crystalline electrolytes that use SN. By leveraging this design
strategy, we effectively addressed the primary challenge of low
ionic conductivity, thereby establishing IAEs as suitable gate
dielectrics for high-performance IONTs.

We next evaluated the electrolyte-gating efficiency in the IONTs
using a blend of poly(3-hexylthiophene) (P3HT) and polystyrene-
block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) as the
stretchable semiconducting channel (Fig. 2a).40 Transfer charac-
teristics of IONTs were measured under standard conditions (the
gate voltage VG: 1.5 V to�3.5 V at 20 mV s�1 and drain voltage VD:
�0.5 V). By increasing SN content, the IONTs exhibited a dramatic
increase in the maximum drain current Imax of IONTs from
0.031 mA (IAE0) to 0.709 mA (IAE2), and up to 1.04 mA (IAE4)
(Fig. 2b), highlighting the direct correlation between IAE ionic
conductivity and electrolyte gating performance, as higher ion trans-
port enables more effective electrochemical doping of organic
channels.36,41,42 In addition, this over 30-fold improvement in the
Imax clearly demonstrates the critical role of SN in enabling efficient
ion transport and enhancing electrolyte-gating efficiency.

Cyclic voltammetry under voltage sweeps was performed in a
2-electrode configuration to further evaluate the effect of SN
addition to the oxidation of the semiconducting polymer
(Fig. 2c). Two distinct oxidation peaks were observed for all
IAE compositions, which are attributed to the sequential oxida-
tion of the polymer’s crystalline and amorphous regions as the
potential increases.43,44 For IAE0, these peaks were located at
1.18 V and 2.08 V. Both peaks systematically shifted to lower
potentials, 1.14 V and 1.58 V for IAE2, and 0.75 V and 1.52 V for
IAE4, as the SN content increased. In addition, the current
density increased gradually and significantly with increasing
SN ratio, indicating enhanced ionic penetration and electro-
chemical doping, which leads to increased charge carrier
density in the semiconducting polymer.11,45–47 This reduction
in oxidation peak potentials indicates that the ionic conductiv-
ity of the IAE is critical for facilitating the electrochemical
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doping of semiconducting polymers, consistent with the tran-
sistor characterization results.

To investigate the extent of electrochemical doping, in situ
Raman spectroscopy was performed on transistors comprising
P3HT/SEBS active layers, with varying SN content in the IAE
(Fig. 2d). The two distinct vibrational modes of P3HT: the intra-
ring CQC stretch (B1444 cm�1) and intra-ring C–C stretch
(B1378 cm�1) were clearly observed in all samples.48 Upon
application of a �3.5 V gate bias for 10 s, all devices exhibited a
dramatic redshift in CQC peaks, indicative of oxidation-
induced polaron formation in the P3HT chains, which promotes
p-electron delocalization and reduces the effective bandgap.49,50

Notably, the degree of redshift was significantly larger in IAE2
(37 cm�1) and IAE4 (38 cm�1) compared to IAE0 (25 cm�1),

directly correlating with the increased ionic conductivity intro-
duced by SN. These results demonstrate that enhanced ion
transport in the IAE facilitates more efficient electrochemical
doping, thereby accelerating polaron generation in the semi-
conducting polymer. Consequently, the IONTs exhibit the high-
est Imax (1.04 mA) and transconductance gm (1.49 mS, Table S1)
among reported organic electrochemical transistors utilizing
PIL-based dielectrics (Table S2).

We then investigated the adhesion properties of IAEs with
varying SN ratios through the 901 peel test and tack test (Fig. 2e
and f). First, 901-peel tests were performed to measure the
interfacial toughness, which represents the energy required to
propagate delamination between the IAE and the thermoplastic
polyurethane (TPU) substrate used as the elastomeric base for

Fig. 1 Conceptual diagram of the IAE-enabled physical reconfiguration of synaptic plasticity. (a) Schematic illustration of the IAE chemical structure,
highlighting fixed cations, mobile anions, and succinonitrile additives. Magnified view: interfacial interactions between the IAE and the bonding substrate.
(b) Device architecture and the IAE-gate electrode assembly process. The synaptic functionality is physically programmed by laminating either a CNT
gate or a gold gate electrode onto the IAE electrolyte. (c) Concept of physically reconfigurable synaptic plasticity and the IONT-based reservoir
computing (RC) framework. The CNT gate-attached IONT exhibits short-term plasticity suitable for the physical reservoir, whereas the gold gate-
attached IONT demonstrates long-term plasticity suitable for the trainable readout.
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IONTs. The results indicated a systematic decrease in tough-
ness from B60.7 J m�2 for the pure IAE0 to B1.7 J m�2 for
IAE4. To complement this, tack tests were conducted to evalu-
ate the adhesion energy, quantifying the force needed for
vertical separation after the initial contact. These tests con-
firmed the same decreasing trend, with values dropping from
B82 J m�2 (IAE0) to B41.4 J m�2 (IAE4). We observed that the
incorporation of SN induces a trade-off between ionic conduc-
tivity and adhesion in the IAE, which is attributed to the
reduced density of ionic groups by SN molecules within the
polymer matrix. Due to this trade-off, IAE2 was identified as the

optimal composition that achieves both high ionic conductivity
and intrinsic adhesion, with its adhesion performance signifi-
cantly surpassing that of the conventional poly(vinylidene fluoride-
co-hexafluoropropylene) (PVDF-HFP) and 1-ethyl-3-methylimid-
azolium bis(trifluoromethanesulfonyl)imide ([EMIM][TFSI])-based
ion-gel (Fig. S3).

To investigate the origin of the intrinsic adhesion properties
of IAEs, density functional theory (DFT) calculations were
performed. The surface electrostatic potentials (ESPs) of the
constituent monomers of the PAT elastomer, [2-acryloyl-
oxyethyl]-3-butylimidazolium (AEBI+) and bis(trifluoromethane-

Fig. 2 Design of IAEs for electrolyte-gating of ONTs. (a) Schematic illustration of the electrolyte-gated operation mechanism of the IONT. (b) Transfer curves of
IONTs using IAE0, IAE2, and IAE4 as electrolytes. (c) Cyclic voltammetry performed using three IAEs as electrolytes (arrows indicate the oxidation peaks). (d)
In situ Raman spectra of the P3HT/SEBS channel before and after applying gate bias using three IAEs as electrolytes. (e) 901-peel test results (force per width vs.
displacement) of three IAEs on TPU substrates. Schematic: test setup. (f) Tack test results (adhesion stress vs displacement) of three IAEs on a TPU substrate.
Schematic: test setup. (g) Electrostatic potential surfaces of AEBI+ and TFSI�, calculated using DFT. Color scale: positive (blue) to negative (red) potential. DFT
calculations of binding energies between (h) TFSI�-urethane and (i) AEBI+-urethane with schematic representations of interfacial interactions.
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sulfonyl)imide (TFSI�), are depicted in Fig. 2g and display
extremely positive and negative ESP values, respectively.52 We
then calculated the binding energies of AEBI+ and TFSI� with
the urethane model unit (Fig. 2h and i), which revealed the
interactions between each molecule (TFSI�� � �urethane, bind-
ing energy �22.4 kcal mol�1; AEBI+� � �urethane, binding energy
�15.6 kcal mol�1).53 These results confirm that the reliable
adhesion between the IAE and TPU originates from favorable
interfacial interactions (ion–dipole interactions and hydrogen
bonding) between the abundant ionic moieties in the IAE and
the polar urethane groups in the TPU, validating the molecular
design of the IAE.28–30,51 Although the incorporation of SN can
compromise this adhesion by reducing the density of ionic groups
in the IAE, it simultaneously plays a critical role in significantly
enhancing ionic conductivity. Notably, IAE2 retained sufficient
interfacial interactions with TPU, maintaining an intrinsic
adhesion significantly higher than that of conventional ion gels
(Fig. S3). From these material characterization studies, the

favorable balance between ionic conductivity and interfacial
adhesion positions IAE2 as the most promising candidate to
overcome the critical limitation of low ionic conductivity inher-
ent to conventional PIL materials. Yet, the mechanical durabil-
ity of this material under strain, which is critical for wearable
applications, requires systematic quantification based on device
failure analysis.

2.2. Mechanical resilience of IONTs

To confirm the mechanical viability of IAE2, which currently
presents the most favorable balance of properties for mechanically
compliant devices (Fig. 2), a fully-stretchable IONT architecture
was developed for systematic characterization of electrical perfor-
mance under deformation. The IONT was fabricated by spin-
coating a P3HT/SEBS blend onto a TPU substrate in which CNT
electrodes were embedded and subsequently transferring the IAE
onto the channels (Fig. 3a). The detailed fabrication procedure and
the reproducibility of the device performance across independent

Fig. 3 Electrical and synaptic characteristics of IONTs under mechanical deformation. (a) Schematic illustration of the IONT device structure. Transfer
curves of the device under increasing strain applied (b) perpendicular and (c) parallel to the channel length direction. (d) Transfer curves of the device
before and after mechanical stretching cycles. Synaptic characteristics of the device from EPSC responses, including (e) spike number-dependent
plasticity (SNDP) with 1 to 8 spikes, (f) spike voltage-dependent plasticity (SVDP) with the VG from �2.5 to �3.5 V, and (g) spike frequency-dependent
plasticity (SFDP) with the spike frequency from 6.5 to 12.5 Hz under 0% to 50% strain.
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batches are presented in Fig. S4, confirming the reliability of our
fabrication scheme. Regarding the channel material, the P3HT/
SEBS blend exhibits a favorable mesh-structured phase separa-
tion that prevents crack formation even under mechanical
deformations,40 as evidenced by the atomic force microscopy
(AFM) and optical microscopy images in Fig. S5.

The transfer characteristics were measured under our stan-
dard conditions while applying strain either perpendicular
(Fig. 3b) or parallel (Fig. 3c) to the channel length direction.
Under a 50% static strain applied perpendicular to the channel,
the device exhibited excellent mechanical stability, maintaining
89% of its initial Imax (decreasing from 112 mA to 100 mA). Along
the parallel direction at 50% strain, the device also maintained
79% of its initial Imax (from 121 mA to 96 mA), further demon-
strating its mechanical resilience along multiple stretching
directions. Furthermore, the device exhibited excellent cyclic
durability, retaining B87% of its initial Imax after 1000 mechan-
ical stretching cycles at 30% strain (Fig. 3d). These results
highlight that the intrinsic interfacial adhesion of the devel-
oped IAE effectively preserves device integrity under mechan-
ical deformation, enabling stable and reliable operation of the
IONT even under deformation.

To extend the discussion on material selection from
material-level characterization to quantitative verification at
the device level, we conducted a comparative analysis of the
operational failure modes of IONTs incorporating the high-
conductivity IAE4. While IAE4 possesses higher ionic conduc-
tivity, its poor adhesion (interfacial toughness of 1.7 J m�2) led
to a clear failure mode characterized by interfacial delamination
at 30% strain. This is quantitatively demonstrated in Fig. S6,
where the IAE4-based device exhibits a sharp drop in the drain
current and a loss of gate modulation at this strain. This failure
stands in sharp contrast to the stable operation of the IAE2-
based device, which maintained robust performance even at
50% strain as shown above. This device-level quantitative ana-
lysis confirms that IAE2 represents the optimal material choice
for ensuring stable neuromorphic operation under deforma-
tion. Additionally, we performed a device-level analysis on ONTs
fabricated with the conventional PVDF-HFP/[EMIM][TFSI] ion
gel. The results showed a drastic reduction in current by more
than two orders of magnitude at strain levels above 30% (Fig.
S7). This failure aligns with the poor interfacial toughness (Fig.
S3), confirming that the lack of adhesion leads to critical failure
mode under strain.

To further validate the capabilities of the optimized IAE2
platform, we investigated its dynamic response speed and
scalability. The dynamic response speed of the IONT was
characterized using short input voltage spikes, which is critical
for real-time neuromorphic perception. The device successfully
maintained fundamental synaptic facilitation behaviors even
when stimulated by spikes with a duration and interval of 5 ms,
confirming its potential for high-speed signal processing (Fig.
S8). Furthermore, the scalability and uniformity of the device
platform were verified by fabricating a 4 � 4 IONT array (Fig.
S9). The array exhibited consistent transfer characteristics
across 16 devices as indicated in Fig. S9c.

The synaptic plasticity under mechanical deformation,
which is critical for wearable neuromorphic applications, was
characterized; spike-number- (SNDP), spike-voltage- (SVDP), and
spike-frequency-dependent plasticity (SFDP) (Fig. 3e–g). For
SNDP, increasing the number of input voltage spikes (�3.5 V)
from one to eight increased the excitatory post-synaptic current
(EPSC) from B1.9 mA to B3.7 mA. The device also exhibited
facilitation in response to spike amplitude and frequency; the
EPSC ratio (A8/A1) increased from 150% to 210% as the voltage
was increased from �2.5 V to �3.5 V (SVDP), and from 140% to
210% as the frequency was increased from 6.3 Hz to 12.5 Hz
(SFDP). Remarkably, all of these fundamental synaptic behaviors
were robustly maintained, with negligible changes in current
levels and spike index, even under 50% strain applied perpendi-
cular to the channel length direction. Furthermore, stable
synaptic operations were consistently preserved when strain
was applied parallel to the channel direction (Fig. S10), collec-
tively demonstrating the exceptional mechanical resilience and
functional integrity of the IONT using an IAE.

2.3. Physically reconfigurable synaptic plasticity for reservoir
computing frameworks

To demonstrate the physical reconfigurability and mechanical
compliance of synaptic plasticity in IONTs, we first verified the
ability of IONTs to maintain structural and functional integrity
under various physical configurations. This was demonstrated
by the conformal adhesion of IONTs to diverse and complex
surfaces, including wavy geometries, a brain replica, and a thin
rod (diameter = 2 mm), while preserving mechanical robust-
ness during bending and stretching (Fig. 4a).

Building on this, a post-fabrication strategy was developed
to define synaptic behavior. After constructing the multilayered
structure consisting of a TPU substrate, CNT source/drain
electrodes, a P3HT/SEBS channel, and an IAE2 gate dielectric,
synaptic plasticity was configured by selectively assembling
different gate electrodes onto the IAE layer. Specifically, a
high-surface-area CNT/TPU electrode was employed to induce
short-term plasticity (STP), whereas a flat Au thin-film/polyi-
mide (PI) electrode was used to achieve long-term plasticity
(LTP). Regarding electrode fabrication, the Au gate was formed
by thermal evaporation, resulting in a relatively flat surface
morphology. Conversely, the stretchable CNT gate was fabri-
cated by spray-coating a CNT network and subsequently
embedding it into a TPU elastomer. As confirmed by scanning
electron microscopy (SEM) and AFM analyses (Fig. S11a and b),
the dense CNT network remained well-exposed on the contact
surface, creating a highly porous interface composed of ran-
domly oriented bundles with a higher surface roughness (Rq =
5.3 nm), standing in sharp contrast to the relatively flat Au
electrode (Rq = 2.5 nm). Such morphological distinction directly
translates to electrochemical properties; capacitance measure-
ments revealed that the porous CNT electrode possesses a
significantly larger specific capacitance (58.9 mF cm�2) com-
pared to the relatively flat Au electrode (4.9 mF cm�2) (Fig. S11c
and d). The observed capacitance difference arises because the
porous CNT network provides a larger effective surface area for
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electric double-layer formation compared to the planar Au
interface. Consequently, compared to the high-capacitance
CNT gate, the relatively smaller capacitance of the Au gate
leads to a larger portion of the gate voltage dropping at the gate/
electrolyte interface, resulting in the slower withdrawal of ions
from the channel, as established in previous reports.21,23–26

The modulation of synaptic plasticity and mechanical stabi-
lity of the physically attached gate electrodes was then assessed
through a load-bearing test, where the load was suspended from
the assembled gate electrodes. The distinct STP and LTP beha-
viors of the two reconfigured IONTs were successfully verified,
with negligible changes in drain current and synaptic plasticity
even under a shear stress of 8.7 kPa (Fig. 4b and c). These results
confirm that physical reconfiguration enabled by the IAE can
effectively modulate synaptic plasticity while simultaneously
ensuring high mechanical stability. Such dual functionality is
essential for constructing reliable and intelligent wearable and
on-body neuromorphic systems.

This strategy enables the STP and LTP functionalities to be
programmed at desired locations, facilitating the construction
of neuromorphic computing systems, such as the reservoir
computing (RC) framework demonstrated here.54 The RC fra-
mework was built entirely from the reconfigurable IONTs,
which could be programmed to implement the different
inter-node connection behaviors in reservoir and readout layers
(Fig. 5a). The IONT integrated with the CNT gate electrode (STP
IONT) was employed as a physical reservoir to process temporal
sensory inputs, and the IONT integrated with the Au gate
electrode (LTP IONT) functioned as a trainable readout layer,
which enabled stable memory and learning capabilities.

For the implementation of reconfigurable IONTs for reservoir
and readout layers, they were characterized by applying distinct
sets of voltage spikes (Fig. 5b–d). The STP IONT, serving as the
physical reservoir, effectively separated the temporal input of
4-bit voltage spike trains (250 ms) into 16 distinct reservoir states

(Fig. 5b). This hardware-level preprocessing allows for a reduction
in the network size by a factor of four, significantly lowering the
subsequent computational cost. The LTP IONT functioned as a
trainable readout, demonstrating 50 discrete conductance states
in response to a series of potentiation (�3.5 V, 300 ms) and
depression (2.2 V, 300 ms) voltage spikes across five consecutive
cycles (Fig. 5c), with the corresponding nonlinearity values as
indicated in Fig. S12. This capability indicates its ability to update
the analog weights for neuromorphic computing. The conduc-
tance states were measured at time t = 12 s after voltage spike
applications, where DG = |1� I(t)/I(t� 0.05 s)| o 0.5%, where I(t)
is the current at time t, and I(t � 0.05 s) is the current at the
previous measurement point, with 0.05 s as the interval between
successive measurements (Fig. 5d). Finally, the complete reser-
voir computing framework was validated through simulations on
sensory recognition tasks, using the Mixed National Institute of
Standards and Technology (MNIST) handwritten digit database
and the free spoken-digit dataset (FSDD). For the RC simulation,
the characteristics of both reservoir and readout layers were
implemented directly from the experimentally measured charac-
teristics of the STP and LTP IONTs (details on the simulation are
provided in the Methods section). This approach stands in
contrast to previously demonstrated hybrid RC frameworks that
rely on software-defined weights, which increases the system
complexity and limits their integration potential.55–57 The frame-
work yielded high classification accuracies of 93.5% for spoken
digits and 88.4% for handwritten digit datasets in 30 epochs
(Fig. 5e). The confusion matrices further indicated that the
trained model successfully classified the digits according to their
true labels. This successful demonstration confirms that our
reconfigurable IONTs can serve as foundational building blocks
for neuromorphic computing, emulating the adaptability and
multifunctionality of biological neural networks.

The following aspects of the IAE-based neuromorphic system
can be further investigated to enhance its integration and

Fig. 4 Gate assembly-defined modulation of synaptic plasticity. (a) Photographs demonstrating the conformal adhesion of IONTs to various complex
geometries, including a bent rod (top), a wavy surface (bottom left), and a brain replica (bottom right). (b) Short-term plasticity (STP) behaviors of an IONT
assembled with a stretchable CNT/TPU gate electrode. (c) Long-term plasticity (LTP) behaviors of an IONT assembled with a flexible Au/PI gate electrode.
The electrical characteristics in (b) and (c) were measured with and without an applied shear stress of 8.7 kPa (load-bearing test), confirming stable
synaptic operation under external mechanical loads.
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operational speed. First, high-resolution fabrication processes
such as photolithography58 or inkjet printing59 can be implemen-
ted to effectively improve both synaptic response and device
density. Second, surface passivation strategies can be introduced
to minimize parasitic capacitance for stable high-frequency
operation.60 Finally, the manual functionalization step can evolve
into high-throughput automated assembly, potentially utilizing
transfer printing61 to precisely integrate gate electrode arrays.

3. Conclusions

In summary, we present a stretchable neuromorphic transistor
platform with physically reconfigurable synaptic plasticity,
overcoming the limitations of conventional ONTs in which
synaptic plasticity is hardwired by their structural configu-
ration. This was achieved by designing an IAE gate dielectric
layer that simultaneously provides high ionic conductivity for
efficient electrolyte-gating operation and intrinsic adhesion for
mechanical robustness, thereby enabling post-fabrication
reconfiguration of synaptic plasticity through mechanical

integration with different gate electrodes. The IONTs exhibited
excellent mechanical resilience, maintaining stable electrical
and synaptic characteristics by preserving 89% of the Imax

under 50% strain and 87% after 1000 cycles of mechanical
stretching, in stark contrast to the over two-orders-of-magnitude
current drop in devices using conventional ion gel gate dielec-
trics even under only 30% strain. This strategy allowed a single
IONT to exhibit either STP or LTP depending on the mechani-
cally attached gate electrode, providing functional versatility
that conventional ONTs with fixed configurations cannot offer.
Leveraging this approach, we constructed a reservoir computing
framework using the reconfigurable IONTs that operate as both
a physical reservoir exhibiting STP behavior and a trainable
readout exhibiting LTP behavior. This system achieved high
recognition accuracy (up to 93.5%) and demonstrated multi-
tasking capability by successfully classifying both visual and
auditory sensory inputs. This research demonstrates a signifi-
cant step towards versatile, body-conformable neuromorphic
electronics, laying the foundation for future on-body artificial
intelligence systems that are multifunctional, reconfigurable,
and seamlessly integrated into daily life.

Fig. 5 IONT-based RC framework. (a) Schematic of the RC framework constructed using IONTs (CNT gate-attached for physical reservoir and Au gate-
attached for trainable readout). (b) Reservoir states of the CNT gate-attached IONT in response to 4-bit spike trains (selected examples shown). (c)
Potentiation and depression characteristics of the Au gate-attached IONT (50 spikes each). Gmax: maximum conductance state and Gmin: minimum
conductance state. (d) Discrete conductance states programmed during 50 successive potentiation spikes. (e) Classification accuracy and confusion
matrices for spoken and handwritten digit recognition tasks.
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4. Experimental section
4.1. Materials

2-Bromoethyl acrylate (stabilized with 900–1500 ppm of 4-meth-
oxyphenol) was purchased from Alfa Aesar. The bis(trifluoro-
methane)sulfonimide lithium salt (Li[TFSI]) and 2,2-dimethoxy-2-
phenylacetophenone (DMPA) were purchased from TCI chemicals.
Dichloromethane (DCM) and acetonitrile were purchased from
Daejung Industry. SEBS (H1221) was purchased from Asahi Kasei.
TPU (KA-480) was obtained from Kolon Industries. P3HT (Mw

70–90 kDa) was purchased from Solaris Chem. CNT (P3-SWNT)
was purchased from Carbon Solutions. Isopropanol alcohol (IPA)
was purchased from Fisher Scientific. [EMIM][TFSI] was purchased
from Solvionic. 1-Butylimidazole, poly(ethylene glycol) diacrylate
(PEGDA, average Mn 250), SN, trichloroethylene, octadecyltri-
methoxysilane (OTS), ammonium hydroxide, PVDF-HFP (average
Mn B130 000), acetone, toluene, tetrahydrofuran (THF), and de-
ionized (DI) water were purchased from Sigma-Aldrich. All che-
micals were used as received.

The 1-[2-acryloyloxyethyl]-3-butylimidazolium bis(trifluoro-
methane) sulfonimide (AT) monomer was synthesized following
previously reported procedures.33,62 2-Bromoethyl acrylate (5.0 g,
1.0 equiv) was mixed with 1-butylimidazole (3.64 g, 1.05 equiv) in
30 mL of acetonitrile. The reaction mixture was stirred at 60 1C
overnight. Upon completion, acetonitrile was removed under
reduced pressure using a rotary evaporator. The resulting crude
product, 1-[2-acryloyloxyethyl]-3-butylimidazolium bromide
([AEBI]Br), was dissolved in 30 mL of DI water. Subsequently,
Li[TFSI] (8.0 g, 1.0 equiv) was added to the aqueous solution,
and the mixture was stirred at room temperature overnight to
allow anion exchange. The resulting water-insoluble AT mono-
mer was extracted with DCM and washed with DI water at least
three times. The organic layer was dried over anhydrous sodium
sulfate, and the final product was obtained as a pale yellow
liquid after vacuum drying (o10�1 Torr).

4.2. IAE electrolyte preparation

The AT monomer was mixed with 2 mol% PEGDA as a cross-
linker. Subsequently, 0.5 mol% DMPA dissolved in ethanol
(100 mg mL�1) was added as the photoinitiator. The resulting
solution was stirred thoroughly, and ethanol was removed
under vacuum (o10�1 Torr) at room temperature. The viscous
mixture was then cast into a polytetrafluoroethylene mold,
separated by polyethylene terephthalate spacers. Photopoly-
merization was carried out by irradiating the sample with
365 nm UV light for 30 min. After curing, unreacted monomers
were removed by immersing the cured AT in DCM overnight.
The final elastomer was dried in a vacuum oven at 60 1C for
24 h to eliminate any residual solvent.

To prepare IAEs with varying weight ratios of PAT elastomer
to SN, the mass of the previously synthesized PAT elastomer
was first measured to determine the required amount of SN for
each formulation. SN was dissolved in DCM at a weight ratio of
1 : 1.2 (SN : DCM) to prepare a homogeneous solution, which
was uniformly applied onto the elastomer. The samples were
then sealed in Petri dishes and incubated at 40 1C for 12 h to

facilitate diffusion of SN into the polymer network. The resulting
materials were optically transparent and exhibited no visible phase
separation or crystallized SN domains. To remove the residual
solvent, the samples were subsequently dried under vacuum
(o10�1 Torr) at 40 1C for an additional 2 h.

4.3. Device fabrication

A semiconducting polymer solution was prepared by dissolving
P3HT (5 mg mL�1 in toluene) and stirring the mixture over-
night at 200 rpm and 70 1C. This solution was then mixed with
a separate SEBS solution (27 mg mL�1 in toluene) at a 65 : 35
weight ratio (P3HT:SEBS) to form the final solution. CNT
solution was prepared by dispersing P3-SWNTs in a 9 : 1 (v/v)
mixture of IPA and DI water. The mixture was subjected
sequentially to bath sonication for 6 h and tip sonication for
30 min, followed by centrifugation at 8000 rpm for 30 min to
remove large precipitates.

To investigate the effect of different IAE compositions, a set of
IONTs on rigid glass substrates were first fabricated. For these
devices, the source, drain, and gate electrodes were formed by
thermally evaporating Au (30 nm) with a 5 nm Cr adhesion layer
onto a glass substrate via a shadow mask (L = 250 mm and W =
3 mm) under high vacuum (E10�6 Torr). The P3HT/SEBS solution
was then spin-coated onto the substrate (2000 rpm, 60 s), resulting
in a 30 nm thick film, which was subsequently annealed at 100 1C
for 30 min in a N2 atmosphere. The device fabrication was
completed by attaching the IAE, which serves as the electrolyte.

The intrinsically stretchable IONTs were fabricated by first
preparing a stretchable CNT–TPU electrode film. A hydrophobic
OTS self-assembled monolayer was formed on a silicon wafer by
spin-coating a 0.1% (v/v) solution of OTS in trichloroethylene at
2000 rpm for 30 s. Then, the wafer was exposed to an ammonium
hydroxide atmosphere for 6 h, followed by rinsing with toluene.
The CNT dispersion was then spray-coated onto this OTS-treated
surface, which was maintained at 150 1C, to define the electrode
patterns (L = 250 mm and W = 3 mm). A TPU solution (60 mg mL�1

in THF) was then drop-cast and dried at room temperature. The
resulting CNT–TPU film was peeled off the wafer and flipped over
to serve as the stretchable substrate with the electrodes. The P3HT/
SEBS solution was spin-coated (2000 rpm, 60 s) onto to CNT–TPU
film using a PI stencil mask to cover the gate electrode area,
followed by annealing (100 1C, 30 min, N2). The IAE electrolyte
with a thickness of 100 mm was then attached over the channel and
gate area. For the PVDF–HFP ion-gel, a solution of PVDF–HFP,
[EMIM][TFSI], and acetone was prepared in a 1 : 2 : 7 weight ratio.
The solution was then drop-cast and dried overnight to yield a
100 mm-thick film.

For the physically reconfigured IONTs, the common base
devices were fabricated by first forming CNT–TPU source and
drain electrodes, followed by spin-coating P3HT/SEBS and
attaching the IAE, as described previously. In parallel, two
distinct top-gate electrodes for assembly (Au and CNT) were
prepared separately: the flexible Au gate was fabricated by
thermally evaporating Cr (5 nm) and Au (30 nm) onto a PI film
through a shadow mask, while the stretchable CNT gate was
prepared by spray coating CNT onto OTS-SiO2, drop-casting
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TPU, and peeling off the resulting CNT–TPU film. Finally, a
selected top-gate electrode was gently placed and brought into
contact with the IAE surface to finalize the device assembly.

4.4. Characterization

All electrical characteristics of IONTs were measured using a
Keysight B1500A semiconductor device parameter analyzer.
In situ Raman spectroscopy was performed using a LabRAM
HR Evolution system with a 785 nm laser wavelength. The
Raman spectra were acquired after applying a voltage of �3.5 V
for 10 s. EIS measurements were performed using a Novocon-
trol Concept-40 spectrometer. SEM, AFM, and optical micro-
scopy images were obtained using a SUPRA 55VP (Carl Zeiss),
NX-10 (Park Systems), and BX53M (Olympus), respectively. The
Peel test and tack test were measured using an Instron 3343
Single-Column Testing System. For the peel test, a thin polyester
film was used as a backing layer for the IAE. The sample was then
mounted on a TPU substrate and loaded into an Instron uni-
versal testing machine. The measurement was conducted by
pulling the sample at a speed of 50 mm min�1. The width of
the sample was 1 cm. The interfacial toughness was calculated
from the steady-state peeling force per unit width in the plateau
region. For the tack test, a TPU substrate was applied to an IAE
and affixed to it by applying a pressure of 100 kPa for 30 s. The
adhesion stress was measured by separating the samples at a
speed of 20 mm min�1. The adhesion energy was calculated as
the area under the stress–displacement curve. DFT calculations
were conducted using Gaussian 09W software, with geometry
optimization performed using b3lyp/6-311g(d,p), including the
atom-pairwise dispersion correction with Becke–Johnson damp-
ing, and binding energy calculated as EBinding = EAB � EA � EB,
where EA, EB, and EAB stand for the energy of component A,
component B, and the complex of A and B, respectively.

4.5. Reservoir computing simulation

All simulations were conducted in a Python 3.7 environment
utilizing the open-source CrossSim Ver 2.0 simulator (https://
github.com/sandialabs/cross-sim/releases/tag/v2.0, Sandia National
Laboratory). The neural network architecture comprises a physical
reservoir layer replicating the voltage spike train response of the
STP-IONT device, coupled to a trainable single-layer perceptron
(SLP) readout. For the handwritten digit recognition (MNIST) task,
each 28 � 28 pixel image was encoded into 196 spike trains by
segmenting the data into 4-pixel blocks. For the spoken-digit
recognition task using the publicly available FSDD,63 raw audio
files were preprocessed into 64� 80 pixel cochleagrams using the
Lyons hearing model; these were normalized, binarized, and
subsequently segmented into 1280 spike trains. These spike trains
were fed into the physical reservoir. The resulting reservoir states
were read by the SLP readout layer, which was configured with
dimensions of (196 � 10) for the MNIST task and (1280 � 10) for
the FSDD task. The output neurons utilized the softmax activation
function. The network was trained using a stochastic gradient
descent algorithm with a batch size of 1024. Weight updates were
determined by mapping calculated gradients to a conductance
lookup table generated from the actual potentiation/depression

characteristics of the LTP IONT devices. The MNIST task utilized
60 000 training and 10 000 test images, while the FSDD task
employed 2400 training and 600 test samples.

4.6. Informed consent statement

Informed consent was obtained from the human subject
involved in the photographic demonstration shown in Fig.
S9b. The subject is one of the authors, S.-W. Lee, and the
procedure was limited to a non-invasive visual demonstration
without any physiological data collection.
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