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Tactile visual synapses combine the functionality of tactile artificial
synapses with the ability to visualize their activity in real time and provide
adirect and intuitive visualization of the activity, offering an efficient route
for insitu health monitoring. Herein we present a tactile visual synapse that
enables in situ monitoring of finger rehabilitation and electrocardiogram
analysis. Repetitive finger flexion and various arrhythmias are monitored
and visually guided using the developed tactile visual synapse combined
with an electrical and optical output feedback algorithm. The tactile visual
synapse has the structure of an electrochemical transistor comprising an
elastomeric top gate as atactile receptor and an electrochemiluminescent
iongel as alight-emitting layer stacked on a polymeric semiconductor layer,
forming an electrical synaptic channel between source and drain electrodes.
The low-power (-34 pW) visualization of the tactile synaptic activity
associated with the repetitive motions of fingers and heartbeats enables the
development of a convenient and efficient personalized healthcare system.

The integration of displays into artificial synapses can create new
types of neuromorphic device called visual synapses. They combine
the functionality of artificial synapses with the ability to visualize their
activity in real time'. Visual synapses provide real-time and intui-
tive visualization of the activity of artificial synapses. This capability
enables scholars to observe and analyse the behaviour of synapses as
they process information, adapt and learn. Moreover, the develop-
ment of motion-monitoring systems that enable direct communication

at human-device interfaces is enhanced by visual synapses*”. For
instance, in amonitoring system that involves the motion of human
bodies, the physical distance between an artificial synapse and an
external communication device varies substantially from a few mil-
limetres to centimetres, requiring lengthy electrical interconnects for
long-distance communication®’. Visual synapses can mitigate these
problems, making communication faster with low power consumption.
Numerous examples of visual feedback are found in applications for
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monitoring human protection and biomedical fields, such as assisting
patients using visualized alarms to prevent acute arrhythmia®’ and
facilitating rehabilitation processes'*".

Sensory synapses capable of sensing and learning a wide range of
stimuli, such as pressure ™, light” %, temperature’>*, humidity***
and magnetic fields?*”, have been demonstrated. These devices can
be combined with various chromic and self-emitting materials that
change their optical properties in response to electrical or chemical
signals arising from artificial synapses. Visualization of an artificial
synapse associated with various tactile stimuli, such as repetitive
tapping and stretching, is of great importance for real-time motion
tracking and revising'*'¢. Various tactile visual synapses, comprising
individual sensors, artificial synapses and light-emitting devices, have
beenreported.Insome cases, they are physically interconnected with
microprocessor units for facile signal conversion of those from the
sensor and synapse into the display**~*'. However, these bulky tactile
visual synapses are rarely suitable for real-time motion-monitoring
and healthcare systems owing to their poor wearability on the body
and high power consumption (Supplementary Table 1). Therefore, the
development of asingle-device tactile visual synapse is required, where
tactile synaptic activity acquired by the device is directly visualized
fromthe device. Asingle-device tactile visual synapse with full visible
colour operation could further facilitate feedback-based diagnosis
and rehabilitation with high accuracy.

We present a compact, low-power, full-colour, single-device
electrochemiluminescent tactile visual synapse (ECL-TVS) inspired
by a marine snail’***. The proposed ECL-TVS is based on a top-gate
organicelectrochemical transistor (OECT), comprising an elastomeric
top gate as a tactile receptor, electrochemiluminescent ion gel as a
light-emitting layer, and a polymeric semiconductor layer as a synaptic
channel. While tactile motionsimposed onthe top gate are represented
by the synaptic current of the semiconducting channel as a function of
the degree and frequency of the tactile motions, the synapticactivity is
visualizedinthe electrochemiluminescention gel. An energy-efficient
(--3V,~34 pyW) wearable ECL-TVS panel capable of monitoring subtle
distal motions of fingers, in which the repetitive finger flexion (and
extension) motions are monitored and visually guided using our thin
wearable ECL-TVSin combinationwith the electrical and optical output
feedback algorithm, is demonstrated. Furthermore, various types of
arrhythmia, which are unwanted irregular heartbeats, are visually
monitored and interpreted inreal time using a spiking neural network
(SNN). The ECL-TVS serves as a convenient and effective platform for
personalized healthcare by enabling the monitoring of repetitive finger
movements and heartbeats. We validate its utility as a tool for in situ
monitoring by observing functional enhancements in users’ finger
movements and the high accuracy of electrocardiogram (ECG) data
analysis facilitated by the ECL-TVS.

Results

Electrochemiluminescent tactile visual synapse (ECL-TVS)
Hinea brasiliana, a glowing sea snail, processes a tactile sensory syn-
apticdisplay (chemiluminescence) that protectsit from predators, as
schematically shownin Fig. 1a. The tactile sensory synaptic display of
aseasnail involves the tactile receptor (Fig. 1a(i)), neurotransmission
atthe synapse (Fig.1a(ii)) and the light-emitting cell (Fig. 1a(iii)) (Sup-
plementary Note1). Inspired by the touch-responsive synaptic chemi-
luminescence of the seasnail, we developed a full-colour single-device
ECL-TVSbased onatop-gated bottom-contact OECT withamechanically
deformable elastomeric top gate, as schematically showninFig.1b. The
ECL-TVSis composed of interdigitated indium tin oxide (ITO) source/
drainelectrodes, and athin poly(3-hexylthiophene-2,5-diyl) (P3HT) film
approximately 50 nmin thickness. Ontop of the P3HT layer, an approxi-
mately 750-um-thick ion gel, which is composed of a poly(vinylidene
fluoride-co-hexafluoropropylene) (P(VDF-HFP)) matrix and an ionic
liquid—1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)

imide ([PYR,][TFSI])—containing co-reactant tripropylamine (TPrA)
and luminophores, is placed using the ‘cut-and-stick’ method**. The
device utilizes three representative luminophores: Ru(bpy),Cl,,
Ir(dFppy),(bpy)PF,and Ir(dFppy),(pic) (Firpic) for red, greenand blue
ECL, respectively. The top layer contains a mechanically deformable,
hemisphere-shaped elastomeric polydimethylsiloxane (PDMS) gate,
coated with a thin Cr/Aufilm. The detailed fabrication processis shown
inSupplementary Fig. 1.

An ECL-TVS emulates the tactile visual synapse of a sea snail
in a single-device platform. As depicted in Fig. 1c(i), a deformable
hemisphere top gate serves asamechanoreceptor. The P3HT channel
current corresponds to synaptic properties, as schematically shown
inFig.1c(ii). Electrochemiluminescence (ECL) intheion gel replicates
light emission observed in sea snails, as depicted in Fig. 1c(iii). Direct
full-colour ECL visualization of the synaptic activity was achieved by
the proper formulation of the ionicliquid ([PYR,,][TFSI]), co-reactant
(TPrA) and luminophores (R, Gand B) inthe electrically robust dielec-
tric polymer, P(VDF-HFP). The homogeneous mixing of reactant and
luminophores in anion gel was confirmed using X-ray photoelectron
spectroscopy as well as two-dimensional grazing-incidence wide-angle
X-ray scattering (Supplementary Figs.2and 3). The contact area of the
hemispherical top gate onthe ion gel was controlled by applying pres-
sure (-12.51kPa), resulting ina contact diameter of -2 mm (Fig.1d). The
leftinsetinFig.1d isaphotoofacircular-shapediongellayer containing
three pieces of ion gels with red, green and blue luminophores. The
right inset in Fig. 1d shows an interdigitated source/drain electrode
pattern. The cross-section of an ECL-TVS was examined using a scan-
ning electron microscope combined with energy-dispersive X-ray
spectroscopy (EDX), and theresults show that all the constituent layers
are uniformly laminated (Supplementary Fig. 4).

Inthe proposed ECL-TVS, the electrical synaptic activity is repre-
sented by the lateral P3HT channel current, while the visualization of
the synaptic activity results from the electrochemical reaction in the
iongelsandwiched between the top gate and P3HT channel (see Supple-
mentary Figs. 5and 6 for photographs of full-colour ECL and its mecha-
nism). The ECL spectra illustrated in Fig. 1e confirm the full-colour
emission from the ECL-TVSs with the wavelengths at the maximum
intensities of approximately 620 nm, 543 nm and 474,493 nmforR, G
and B luminophores, respectively. We examined the electrical transfer
and luminance characteristics of the ECL-TVSs as a function of the
gate voltage, and the results are presented in Fig. 1f. The three types
of ECL-TVS demonstrate similar transfer curves, with an ON/OFF cur-
rent ratio of approximately 1.13 x 10*. Moreover, they show electrical
hysteresis owing to the presence of theionicliquids [PYR,,][TFSI]in the
ion gels®*°. Amaximum brightness of approximately 37.82 cd m2was
achieved inan ECL-TVS (Fig. 1f) (Supplementary Fig. 7).

As shown in Fig. 1g, the electrical threshold voltages for the R, G
and BECL-TVS devices are approximately-0.46 V,-0.53 Vand -0.37V,
respectively. The corresponding threshold voltages for light emission
areapproximately -2.47 V,-3.43 Vand -2.81 V. The results confirmthat
thethreshold voltagesfor R, Gand B emissions depend on the oxidation
potentials of the co-reactant and luminophores**¢, Notably, the ionic
liquid [PYR,][TFSI]employed in the ECL-TVS devices exhibits awider
chemical stability window than do other ionic-liquid-based ion gels.
We conducted a comparative analysis with 11 additional ionic liquids
commonly used for ionic device applications (Supplementary refs.
16-32, Supplementary Fig. 9 and Supplementary Table 2). Among the
testedionicliquids, [PYR,][TFSI] exhibited the largest electrochemical
window of approximately 5V, enabling the stable operation of R, Gand
BECL, as explicitly described later.

Analysis of the operational mechanisminan ECL-TVS

The synaptic current from the P3HT channel and ECL in the ionic gel
associated with the mechanical touch events occurred as follows:
(1) electric double layer formation and anion doping into the P3HT
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Fig. 1| Electrochemiluminescent tactile visual synapse (ECL-TVS). a,c,
Schematic of the sea snail’s biological tactile perception and bioluminescence
system: (i) the tactile sensory receptors, (ii) synapse and (iii) light-emitting

cell (photocyte) in the epithelial tissue of the glowing sea snail (a) and the
corresponding ECL-TVS based on anion-gel-gated device (c). b, Device structure
of ECL-TVS and the components that make up the electrochemiluminescent ion
gel. c(i), Artificial tactile sensors with dome-shaped elastomeric gate electrode
andion gel dielectric layer below it; (ii) artificial synapse showing synaptic
currents between source (S) and drain (D) electrodes; (iii) artificial light-emitting

Gate voltage (V)

cellwithion gel containing luminophore and co-reactant, which generate light
through electrochemiluminescence. d, Photograph of the ECL-TVS device from
the front view and quarter view. Front view: gate electrode pressing the ion

gel. Quarter view: ECL-TVS device and the pressure-sensitive gate electrode.
Insets: photograph of full-colour light-emitting ion gel and schematic of the

ITO source/drain electrode. e, Normalized R, G and BECL-TVS emission spectra.
a.u., arbitrary units. f,g, Electrical transfer and luminance characteristics of the
ECL-TVSs as a function of gate voltage (f) and the threshold voltages for electrical
transistor and emission of the three ECL-TVSs with R, G and B luminophores (g).

channel, (2) polaron generation, (3) enhanced conductance of the P3HT
channeland (4) ECL emissionintheiongel correlated with the enhanced
P3HT channel conductance, as schematically illustrated in Fig. 2a. When
anegative pulse wasimposed onan ECL-TVS, the electric double layer
was instantly developed at the ionic gel, including [PYR,,J[TFSI] with
a P3HT channel, followed by the doping of TFSI anions into the P3HT
channel. Simultaneously, holes injected from an ITO drain electrode
produced polaron pairs of holes, enhancing the channel conductance.
The increased conductance boosted the drain-source current (/) at
adrain-source voltage (V) of —0.1 V. Consecutive gate pulses further
increased the channel current due to cumulative polaron accumula-
tion, resulting in the characteristic synaptic long-term potentiation
behaviour (Supplementary Figs.10-13). ECL originates from a redox
reaction of luminophoresin theiongel, initiated by a capacitive voltage
greater than the threshold redox voltage of the luminophores. In addi-
tion, since the redox reaction occurs at the interface between the ion
geland the P3HT channel, the P3HT channel should supply asufficient
number of hole carriersto facilitate the interface redox reaction, which
should correlate with the electrical conductance of the ion-gel-gated
P3HT channel. The close link between the synaptic behaviour (that is
the electrical device characteristics) and the gate-pulse-dependent

ECL behaviour enables direct visualization of the electrical synaptic
properties.

To quantitatively assess the mechanistic details of the ECL synap-
tic behaviours, we first performed an in situ spectroelectrochemical
experiment to support our speculation of the ECL being dependent
upon the synaptic P3HT channel current. The spectral signatures of
polaronic states in the P3HT channel were monitored in real time for
gate bias ranging from —-0.2 to -1.2 V versus Ag/Ag", as schematically
shownin Fig. 2b (Supplementary Fig.14). As shownin Fig. 2d, abroad
absorption peak from 750 nm to 1,100 nm increased with gate volt-
age, correspondingto theincrease in the polaronic absorption, while
neutral P3HT absorption (-500 nm) decreased.

Furthermore, we measured the gate current to quantitatively
calculate the hole concentration (number of holes injected per
unit volume) in response to gate potentials ranging from
-0.2 to -1.2 'V (Fig. 2e). The hole concentration was calculated
by integrating the gate current over time using the relation

hole concentration = —f 1 dt, where e denotes the elemen-

ewLd
tary chargeand W, L and d denote the channel width, length and thick-
ness, respectively. As shown in Fig. 2f, similar to the results from the

gate
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Fig. 2| Analysis of the operational mechanismin an ECL-TVS. a, Schematic
illustration of the operational mechanismin an ECL-TVS. EDL, electric double
layer. b,c, Schematic illustrations of liquid-electrolyte- (b) and solid-electrolyte-
based (c) in situ measurement systems, with corresponding results shownin
d-fand g-k, respectively.d, Absorbance plots of the P3HT layer as a function of
doping potential. e, Plots of transient gate current of the P3HT film with different
applied doping potentials. f, Calculated hole concentration from e. g, h, Real-time

plots of PSC (g) and ECL photocurrent (h) under the gate bias of -3.5 Vin solid-
electrolyte-based ECL-TVS. Therise times of PSC (7psc) and ECL (1) represent
the timespans between 10% and 90% of the maximum values, while the ECL
delay time (At,,) is the delay from V,, (gate-source voltage) application to ECL
emission. i-k, Plots of rise time of PSC (i), delay time (j) and rise time of ECL (k)
as functions of applied gate voltage. Error barsin (fi-k) represent mean +s.e.m.,
calculated from technical replicates (n = 6).

spectroelectrochemical measurements (Fig. 2d), the number of gener-
ated hole polarons increased with the gate potential. The hole carrier
concentration reached approximately 10* cm™atagate bias of -1.2V,
comparableto the hole concentration typically observed inbulk-doped
channels of OECTs**°. Therefore, we can suspect that a high degree of

doping of the P3HT channel is a necessary condition for the observed
ECL emissionto occurinour devices (Supplementary Figs.15and 16).

In situ monitoring of the source-drain current and ECL intensity
with time was performed as a function of gate bias from -2.5to -5V
inan ECL-TVS (ion gel based), as schematically shown in Fig. 2c. Both
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source-drain currentand ECL were increased withtime atagiven gate
voltage of -3.5V, as shown in Fig. 2g,h, respectively. The rate at which
the postsynaptic current (PSC) saturated increased with the gate bias,
as shown in Fig. 2i, which is qualitatively consistent with the in situ
spectroelectrochemistry results that directly indicate the degree of
polaron formation by TFSI' doping (Supplementary Figs. 17 and 18).
Therate at which ECL emissionintensity saturated also increased with
the gate bias, as shownin Fig. 2k. Overall, the results from the spectro-
electrochemistry, PSC and ECL all indicate that ECL is closely related
to the P3HT channel conductance governed by the polaron density
generated from TFSI” ion doping and the level of hole injection from
thedrain electrode. (See Supplementary Note 2 for the Butler-Volmer
equationin ECL-TVS.)

Interestingly, we observed that there was a delay in the onset of
ECL emission (Fig. 2h), Ate,,, from the onset of the PSC channel at a
given gate bias (Fig. 2g). More specifically, ECL occurred approximately
300.4 msafter the channel current onset at the gate bias of —3.5 V. This
reflects the extra time required to reach a certain channel conduct-
ance (and therefore polaron density in the channel) before initiating
ECL emission. At,,,, decreased withincreasing gate bias (Fig. 2j), until
ECL emission was simultaneously activated from the gate bias of -4 V
(SupplementaryFig.19). Additionally, the origin of the current between
the top gate and the bottom source/drain electrode (/,,) of an ECL-TVS,
whichisresponsible for ECL, was further analysed with aset of OECTs
with different components (Supplementary Fig. 20).

Visualization of the tactile synaptic activity inan ECL-TVS

The tactile synaptic activity was visualized in an R-ECL-TVS, as shown
in Fig. 3a,b. Specifically, a constant negative gate voltage of -3.5V
was applied to the ECL-TVS, sufficiently large for the oxidation of the
Ru(bpy),?* and TPrA, which in turn triggered the ECL reaction. The
level of PSC and ECL increased with the number of applied gate tactile
pulses, asshownin Fig.3a. Theredox current data of our ECL-TVS were
obtained by subtracting the ionic doping current associated with the
P3HT channel current from the total gate current (Supplementary
Fig. 21). The redox current qualitatively correlates with the transient
ECL brightness, supporting the ECL-TVS mechanism (Fig. 3a,c and
Supplementary Fig. 22).

The synaptic plasticity of the device at different tactile pulse
frequencies was examined, and the results are shown in Fig. 3c. The
PSC level increased in dependence on the gate tactile frequency in
the order of 0.2 Hz, 0.5 Hz and 2.0 Hz, which is consistent with the
results for synaptic plasticity at different electrical pulse frequencies
(Supplementary Fig.11c). The light intensity paired-pulse facilitation
(I-PPF) and emitting area paried-pulse facilitation (A-PPF) are plot-
ted as a function of the tactile pulse frequency, as shown in Fig. 3d e,
respectively. The ECL-TVS of this study exhibits an increase in the
light-emitting area with the number and frequency of tactile pulses
(Fig. 3b,e). These unique results in the light-emitting area arose from
the gate-electric-field-dependent ECL reaction in a thick volumetric
ion gel with a thickness of approximately 750 um, as schematically
illustrated in Fig. 3f. Following consecutive gate pulses, the area of
ECL was controlled by the asymmetric electric field between the top
gateandbottomdrainelectrode developed by the geometric design of
bothelectrodes and the ion gel. Numerical simulations of the electric
field distributionin our ECL-TVS were conducted using finite-element
analysis, as depicted in Fig. 3g (see Supplementary Fig.23 for the sym-
metric (flat-contact) case). In particular, in the ECL-TVS developed
in this study, the area between the P3HT and ion gel is larger (5 mm)
than that of the gate electrode (2 mm), and the capacitance of the
device was notably increased with ion gel thickness (Fig. 3h). In this
‘asymmetric-geometry capacitor’ situation, the light emission area
was readily controlled by varying the relative dimensions of the two
electrodes and the thickness of the ion gel, as shown in Fig. 3f,g (Sup-
plementary Note 3 and Supplementary Figs. 24-26). The full-colour

ECL-TVS operation, which will later be utilized in the application, is
described in Extended Data Fig. 1, Supplementary Note 4 and Sup-
plementary Video1.

Finger rehabilitation monitoring with awearable ECL-TVS

We developed a personalized wearable device to help with the reha-
bilitation of various finger motions (Supplementary Fig. 28) facilitated
with an ECL-TVS (Supplementary Note 5). We emphasized the func-
tional rehabilitation of finger bending, a crucial function in daily life
for actions such as writing, typing and grasping. As shown in Fig. 4a,
ECL-TVSswere fabricated with red, green and blue ECL chromophores
onaglasssubstrate, followed by being vertically fixated ona palm (see
Methods for detailed fabrication of the wearable ECL-TVS). The posi-
tions of three ECL-TVSs on the rehabilitation panel were optimized for
finger contact. They were determined on the basis of a personalized
hand recognition algorithm combined with image analysis, and the
results are shown in Fig. 4b (Supplementary Fig. 29). After coordina-
tionwas completed, red, green and blue ion gels were carefully placed
on the obtained coordinates, as shown in Fig. 4b. Personalized finger
positionrecognition coding was also performed, allowing reliable ECL
emission upon finger contact events (Supplementary Figs. 30 and 31).

We examined the bending of the index, middle and ring fingers.
The electrical threshold of 0.13 mA was consistent across all fingers,
with ECL thresholds set at 1.45 x 10° Ibrightness for the index finger,
1.3 x10° Xbrightness for the middle finger and 9 x 10° Zbrightness for
theringfinger, achievable with ten moderate taps (12.51 kPa) (see Sup-
plementary Fig. 32 for rehabilitation monitoring, and Supplementary
Fig.33 for the exercise programme). AsshowninFig.4c,d, the electrical
and ECL output data were collected when the index, middle and ring
fingers were successfully tapped on the wearable panel 12, 8 and 4
times, respectively. Both electrical and ECL output (see Supplementary
Fig. 34 for brightness extraction algorithm) were intensified with the
taps, as shown in Fig. 4c,d, respectively (Supplementary Video 2). As
expected, only theindex finger, with its 12 successful taps via proximal
interphalangeal joint motions, exceeded both the electrical and ECL
thresholds. Eight and four taps of the middle and ring finger bending
motions onthe panel were not sufficiently large toreach the threshold
values. When the exercise was performed adequately with all three
fingers, both electrical and ECL results successfully exceeded the
threshold values (Supplementary Fig. 35). Furthermore, this method
successfully tracked the rehabilitation progress and provided visual-
ized feedback to users immediately (Supplementary Note 6 and Sup-
plementary Figs. 36 and 37).

Notably, the developed wearable rehabilitation device consumes
power only when afinger exercise is performed with12 discrete events
(for example, finger bending motions). Onthe basis of the 12 consecu-
tive cyclesshowninFig. 4c, the total energy consumption of one person
for afive-week rehabilitation period is 84 mJ (Supplementary Fig. 38).
An experiment was conducted to assess the feasibility of utilizing the
ECL-TVS asawearable device capable of operating with four standard
portable batteries. (Supplementary Fig. 39 and Supplementary Video
3).Long-term performance of the ECL-TVS connected with asoft actua-
tor was examined (Supplementary Figs.40-42).

Arrhythmia monitoring with ECL-TVS

We also demonstrate that our full-colour ECL-TVS s suitable for moni-
toring and directly visualizing various types of arrhythmia with dif-
ferent ECL colours, combined with an SNN, and the results are shown
in Fig. 5. The MIT-BIH arrhythmia dataset was employed (Fig. 5a) to
perform the prompt visualization of arrhythmia status*. The dataset
contains ECG signals corresponding to either normal or abnormal
heartbeats. As shownin Fig. 5a, the ECG signals exhibit unique shapes
and features of heartbeats over time, which canbe labelled into five rep-
resentative classes: ‘N’,‘S’,‘V/,‘F’and ‘Q’. The N class indicates a healthy
state, whereas the remaining classes represent types of arrhythmia.
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Fig. 3| Visualization of the tactile synaptic activity in an ECL-TVS. a, Plots of
the PSC response, the brightness and the redox current of an R-ECL-TVS with

20 tactile pulses under a continuously applied negative gate voltage (V= -3.5V,
V4 =-0.1V, pressure pulse duration = 0.15 sand pressure pulse interval =1s).

b, Plots of the light intensity and light-emitting area of the R-ECL-TVS from a with
inset photographs displaying the ECL at the 1st, 4th, 8th, 12th, 16th and 20th
tactile pulses. Scale bar: 5mm. ¢, Plots of the PSC response, the brightness and
the redox current of an R-ECL-TVS at different frequencies of pressure pulses.

d,e, Lightintensity (d) and emitting area (e) at first, second and tenth pulses at
pressure frequencies of 0.2 Hz, 0.5 Hz and 2 Hz. f, Schematic illustration of the
electric field for adome-shaped gate electrode and light emission of the ECL-TVS.
g, Finite-element analysis simulation of the electric field distribution in the
ECL-TVS with adome-shaped electrode contact. TE, top electrode; BE, bottom
electrode. h, Plots of capacitance as a function of ion gel thickness when the
lateral dimension of the ion gel was 2 mm and 5 mm, respectively.

Additional datasetinformationis giveninSupplementary Table 3 and
Methods. Figure 5b shows a diagnostic flow example of an SNN based
onan ECL-TVS withrespect to V. The SNN, which closely emulates the
operating principle of the human brain, operates on the basis of the
sequence and timing of spikes, thereby facilitating time-series infor-
mation processing, suchasan ECG signal, with high energy efficiency
when compared with artificial neural networks*.

As shown in Fig. 5b, the SNN contains synapses fully connected
between pre- and post-neurons (Supplementary Figs. 43 and 44
and Methods). Here, we applied the ECL-TVS as both synapses and
post-neurons on the basis of its synaptic, tactile and ECL function-
alities (Supplementary Fig. 45). When an ECG signal enters the
network, pre-neurons transform their temporal inputs into sparse

electrical spiketrains (V,.). The post-neurons collectand integrate the
incoming spikes from pre-neurons, which are scaled by the strength
of the synaptic connection (that is, synaptic weight, w). If the sum
of the weighted spikes (wV,,.) over time at a certain post-neuron
(V(t)) exceeds a threshold, the post-neuron fires an output spike
(Vpose) @and then visualizes the diagnostic results with ECL (Supple-
mentary Fig. 45). Figure 5c shows experimental demonstrations of
spike-timing-dependent plasticity (STDP) obtained from an ECL-TVS
as a function of pressure. STDP, which is a fundamental learning rule
of the brain, can determine the change in the synaptic weight (Aw) on
the basis of the relative spike timing of the pre- (¢,,.) and post-neuron
(tpost) (AL =10~ tpre; Tef. 42). Despite the application of the same
input voltage scheme (left inset of Fig. 5c), the STDP can be further
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Fig. 4 |Finger rehabilitation monitoring with awearable ECL-TVS. a, Schematic
illustration of finger rehabilitation exercise for index, middle and ring fingers.
Leftinset: photograph of a personalized wearable finger rehabilitation ECL-TVS
panel. Rightinset: photograph of a finger cap made of alightweight rubber film
with an elastomeric hemispherical top gate. Scale bar: 5 mm. b, Personalized
rehabilitation equipment and hand recognition algorithm process through
image analysis. Scale bars: 5 cm (upper panels), 2.5 cm (lower panels). PIP,
proximaliinterphalangeal joint. ¢, Plots of electrical output of the ECL-TVS
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*1s =30 frames

during the exercise for the index finger, middle finger and ring finger. Duration
oftapping = 1.5, interval of tapping = 4 s and gate voltage at each tapping
action =-4.5Vwere used during cycles of tapping action. In contrast, erasing
gate voltage = +3.5 V was used toreturn the device to the initial state. d, Plots
ofthe ECL output during exercises corresponding to c. Insets: photographs of
emissions of the initial and final states of the index finger, middle finger and ring
finger.Scale bar:2 mm.

modulated on the basis of the applied pressure. This result indicates
that the external pressure inputs enable the insitu alternation of STDP
behaviour, which can be utilized as a tunable learning parameter
(Supplementary Table 4).

Figure 5d,e shows firing frequencies of different post-neurons
before and after STDP learning over timesteps at 12.51 kPa. Note that
N, S,V, Fand Q are sequentially entered into the network every 100
timesteps (top of Fig. 5d,e). Before learning (Fig. 5d), the post-neurons
areobservedtofireirregularly regardless of theincoming ECG classes,
indicating complete failure of diagnosis (accuracy ~12%). However,

after the learning (Fig. 5e), each post-neuron fires only when the
corresponding ECG class enters the network, exhibiting a considerable
improvement in diagnostic accuracy (-84%). The output spikes are
then utilized to implement ECL, allowing the diagnostic results to be
readily visualized and confirmed (Fig. 5b and Supplementary Fig. 45).
Figure 5f shows a change in the diagnostic accuracy with respect to
different pressures. Considering that the normal resting blood pres-
sure of anadultranges from 11 kPato 16 kPa, the suggested SNN could
potentially be extended to on-skin wearable healthcare devices (Sup-
plementary Note 7).
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Fig. 5| Arrhythmia monitoring system with ECL-TVS. a, A schematicillustration
of the five representative classes of ECG signals from the heart:N, S, V,Fand Q.

b, A diagnostic flow and its visualization process based on an SNN comprising
pre-and post-neurons connected by synapses, when receiving V-class signal.
Inset (blue dotted lines): the operation schemes that show the utilization of
ECL-TVS within the SNN. The ECL-TVS canscale V,,. from various pre-neurons
with the synaptic and tactile functions (wV,,.), accumulating over time as V(¢)
inthe corresponding post-neuron. Once V() reaches athreshold, V, is fired
and transmitted as input for ECL visualization of the diagnostic result, enabling
real-time ECG monitoring. ¢, Plots of STDP learning behaviours of the ECL-TVS as
afunction of external pressure inputs. Aw increases when the designed voltage
pulse scheme consisting of 1.5V, 2 Vand -1.5 Vwith awidth of 40 msis applied to

both the pre-and post-neuron with asmaller At and a stronger pressure. All the
plots follow exponential STDP curves (red dashed lines). d,e, Plots of V., over
timesteps of the SNN based on the ECL-TVS before (d) and after STDP learning (e)
inresponse to different ECG classes at 12.51 kPa. The sequence of applied input
classes is shown at the top. f, Diagnostic accuracies of the ECG signals after

the STDP learning as a function of the applied pressure. For 12.51 kPa, the
estimated diagnostic accuracy is observed to achieve its optimal value (-84%).

g, Aphotograph of the experimental set-up for the direct visualization process of
diagnostic results. Scale bar: 1 cm. h, Photographs of ECL emission over timesteps
ateach post-neuron after STDP learning. This diagnostic result corresponds to
e.Scalebar:1cm.i, Plots of the ECL output over timesteps at each post-neuron,
whichreflects and quantifies the ECL emissioninh.

Thedirectvisualization of the trained post-neuron output spikes
of N, S,V, Fand Q (Fig. 5e) was achieved using five ECL-TVSs with ECL
luminophores of red, green, blue, red/green and red/blue, as shown
in the photograph in Fig. 5g. For the visualization of post-neurons
for F and Q inputs, we employed an ECL layer containing hemicircles
of red/green and red/blue, respectively. The post-neurons mostly
corresponding to N inputs during the time step from O to 100 were
visualized in an ECL-TVS with red luminophores responsible for N
inputs, as shown in Fig. 5h. Similarly, the post-neurons for S, V, F
and Q inputs were successfully visualized in ECL-TVSs with green,
blue, red/green and red/blue ECL, as shown in Fig. 5h. The intensi-
fied ECL with the time-sequential post-neurons of N, S, V, F and Q is
quantified in Fig. 5i. This demonstration suggests a framework for
real-time arrhythmia detection and visualization application with

a full-colour ECL-TVS, promising an intelligent healthcare display
attheedge.

Discussion

We have demonstrated that atactile visual synaptic device is potentially
suitable for electrically and optically monitoring movements of body
parts, offering a broad range of healthcare applications, including
personalized therapy, intelligent healthcare and physiological moni-
toring. An ECL-TVS was developed based on atop-gated OECT, and its
emission was conveniently modulated in the full visible range with
the gate voltage of the device. The study revealed that the synaptic
current from the semiconducting channel was correlated with lumi-
nescence from the ionic gel upon a pulsed gate field associated with
the mechanical touch events. Sensing, learning and visualization of
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various tactile events were power-efficiently (-34 pW) accomplished
in the tactile visual synapse. Remarkably, the wearable tactile visual
synapse suited to a palm and a finger promotes the rehabilitation of
the finger, enabling efficient tracking of the progressin both electrical
and optical modes. Furthermore, advanced physiological monitoring
with SNN learning of ECG data was demonstrated. The integration of
embedded electronics with advanced machine learning algorithms
could enable more predictive analytics, offering pre-emptive adjust-
ments to therapy protocols based on patient-specific data trends. This
motion-monitoring device with visual feedback based on an artificial
visual synapse sets a promising foundation for future research and
developmentin various biomedical applications while exploring new
light-emitting materials and device configurations.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
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Methods

Materials

Processing solvents, acetone, 2-propanol and toluene were purchased
from Sigma-Aldrich. PDMS (Sylgard 184) and its cross-linkers were
purchased from Dow Corning. P3HT (weight-averaged molecular mass,
M, =50,000-75,000) with a regioregularity above 90%, P(VDF-HFP)
(M,,=400,000, number-averaged molecular mass, M, =130,000) and
TPrAwere purchased from Sigma-Aldrich. Additionally, [PYR,,][TFSI],
Ru(bpy),Cl, and Ir(dFppy),(bpy) were purchased from TCI. Firpic was
purchased from Ossila. The P3HT solution was prepared by dissolving
itintoluene at a concentration of 10 mg ml*and heating onahot plate
for1hat 65 °Ctocoatthe semiconductor layer. The electrochemilumi-
nescent ion gel solution was prepared by dissolving P(VDF-HFP) and
[PYR,I[TFSIlinacetoneatal:3.5:6.5 weight ratio. Subsequently, lumi-
nophores and TPrA were added to the solution, maintaining a weight
ratio of 0.1 and 2, respectively, relative to the weight of P(VDF-HFP).
First, P(VDF-HFP) was dissolved in acetone under continuousstirring at
65 °Cfor2 h.Subsequently, [PYR,,][TFSI]was added to the solution, and
the mixture was stirred at 65 °C for an additional 30 min. Subsequently,
luminophores were introduced into the solution, stirring at 60 °C for
3 h. Finally, TPrA was added to the solution, and the temperature was
lowered to 50 °Cto prevent thermal degradation. The mixture was then
stirred for 2 h before use. The entire process was carried out inside a
glove box to minimize the humidity.

Device fabrication

A glass substrate was cleaned using an ultrasonic bath, first with ace-
tone and subsequently with 2-propanol, each for 10 min. First, the ITO
(60 nmthick) for the source/drain electrodes (channellength and width
of 120 pm and 180 mm, respectively) was sputtered onto the cleaned
substrate. Following the sputtering, the deposited ITO was patterned
using photolithography to form the source/drain electrodes. Subse-
quently, the P3HT solution was spin-coated on the source/drain elec-
trodes, employing aspeed of 1,500 r.p.m.for 60 s. Heat treatment was
administered at 150 °C for 10 min to enhance the P3HT mobility'. The
drop-casted ion gel was then transferred to the device. Drop-casting
was performed onahot plateat 50 °C. After 1 min, a PET film was floated
onthesolutiontoensure aplanar gel surface. Following heat treatment
for 3 h and film removal, the remaining solvent was allowed to evapo-
ratein ambient conditions for 12 h. Subsequently, the ion gel was trans-
ferred ontothe P3HT using the cut-and-stick method. PDMS (mixedina
base and curingagent ratio of 10:1) was poured onto a dome-shaped Si
mould and annealed at 80 °Cfor 12 hto facilitate hardening to fabricate
the elastomerictop gate. Thereafter,2 min 30 s of O, plasma treatment
was applied to the moulded PDMS, and Cr/Au (3 nm/60 nm thick) was
thermally evaporated onto the dome-shaped PDMS.

Device characterization

The cross-sectional morphology and elemental composition of the
ECL-TVS device were analysed using a field-emission scanning elec-
tron microscope (JEOL-7800F) and energy-dispersive X-ray maps,
respectively. Transistor properties and synaptic characteristics meas-
urements were performed using aKeithley 4200 semiconductor char-
acterization systemand a semiconductor parameter analyser (4155C,
Keysight) equipped with a pulse generator (81104A, Keysight). Pres-
sure application and measurement were performed by utilizing z-axis
pressure equipment, paired with force gauges. The luminance and
ECL spectra of the devices were obtained using a spectroradiometer
(KonicaCS2000). Numerical simulations of the electric field distribu-
tionwithin the device were conducted using the finite-element analysis
software COMSOL Multiphysics 5.6 (COMSOL). The impedance of
the ECL-TVS ion gels was measured via electrochemical impedance
spectroscopy, sweeping through a frequency range from 100 Hz to
1MHz, using a multichannel potentiostat (VMP2, BioLogic). Cyclo-
voltammetry was performed at ascan rate of 25 mV s using the same

multichannel potentiostat. Characterization of the crystallinity of the
ECL-TVSion gels was accomplished via grazing-incidence wide-angle
X-ray scattering, performed at the PLS-11 9A U-SAXS beamline at
the Pohang Accelerator Laboratory. The X-ray wavelength was set
t01.1069 A, while the incident angle was modulated between 0.10°
and 0.15°.

Electrochemical and spectroelectrochemical characterization

All liquid-electrolyte-based electrochemical measurements were
performed using a BioLogic SP-200 potentiostat with a standard
three-electrode system and acetonitrile solution with 0.1 M [PYR,]
[TFSI] supporting electrolyte. P3HT thin films spin-coated on
ITO-coated glass substrates, Ag/Ag” wire filled with 0.01 M AgNO,
and 0.1 M tetrabutylammonium perchlorate, and a coiled platinum
wire were employed as the working, reference and counter-electrodes,
respectively. For spectroelectrochemical measurements, aKeen Inno-
vative Solutions OPTIZEN POP UV-vis spectrometer wasemployed. The
beam path passed through an electrolyte-filled quartz glass cuvette
containing the polymer/ITO/glass working electrode. A background
spectrum of the cell without external bias was recorded before in situ
spectroelectrochemical measurements.

Development of hand recognition and video brightness
extraction algorithms

Hand recognition and video brightness extraction algorithms were
developed within the Google Colab environment. For the hand rec-
ognition algorithm, modifications were made to the source code
provided by Google MediaPipe, leveraging its robust framework for
hand-tracking applications. The video brightness extraction algorithm
involved uploading videos to the Colab environment for efficient video
processing and brightness analysis in the cloud. Further technical
details, including the configurations and adjustments made to the
algorithms, can be found in Supplementary Figs. 29 and 34. The code
for these algorithms is available upon request from the correspond-
ingauthor.

Fabrication and set-up of the wearable ECL-TVS device

Three elastomeric finger caps with hemispherical gold-coated PDMS
top gates were fabricated and fitted on the index, middle and ring
fingers (Fig. 4a). The ECL-TVSs were designed to emit red, green and
blue ECL corresponding to the bending motions of the index, mid-
dle and ring fingers, respectively. A 7.5 cm x 5 cm panel device inte-
grating three ECL-TVSs was developed and mounted onto a palm for
secure placement (left inset, Fig. 4a). Lightweight finger caps made
fromacommercial rubber film with an elastomeric hemispherical top
were also prepared for ease of use (right inset, Fig. 4a). To precisely
control the tactile contact area during exercises, a 2-mm-diameter
hole was introduced into each ECL-TVS using masking tape
(rightinset, Fig. 4a).

Preparation of dataset for arrhythmia monitoring task

The MIT-BIH arrhythmia dataset contains ECG recordings from 47
subjects, eachindependently annotated by two or more cardiologists.
Onthe basis of the AAMIEC57 standard, the annotations can be catego-
rized into five classes (Supplementary Table 3). The MIT-BIH dataset
was first preprocessed with a 125 Hz sampling frequency to evaluate
the monitoring capability of the suggested SNN. All data were cropped
and downsampled to ensure the same dimension, such that eachECG
signal contained 187 data points with normalized amplitudes ranging
from O to1over timesteps.

Arrhythmia monitor based on an SNN with ECL-TVS

For arrhythmia monitoring, we designed a SNN comprising 187
pre-neurons, 935 synapses and 5 post-neurons. The network initial-
ized allthe wto 0.1and then assigned each class to each post-neuron.
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To encode ECG signals into spikes, pre-neurons utilized a Gaussian
neuron model as follows:

1 x—m)’
g = exp (— A ) i)
oy2n 20
where
Hi = Xmin +(xmax—xmin)ﬁ, fori=0,..,n—1 (2)

Here, x, n and o are the input, the number of populations at each
pre-neuron and the s.d. n and o were set to be 10 and 0.25. Although
the number of pre-neurons is effectively increased by n (in our case,
187 x10 =1,870), this population encoding scheme can facilitate tem-
poral precision and the neuronal variability problem of temporal coding
by spreading each input over multiple pre-neurons. Note that constants
nand o can be further optimized. The Gaussian pre-neurons sparsely
generated either one or no spikesinresponse toaninput. Ifarelatively
stronginputisapplied to the pre-neuron, the spike latency required to
generate one spike (¢,,.) becomes shorter. Conversely, arelatively weak
input makes ¢, longer. An example of the spike encoding scheme using
Gaussian pre-neurons is presented in Supplementary Fig. 41.

On the basis of the set of ¢, and w, when the weighted spikes
were delivered into post-neurons, their membrane potentials (V(¢t))
over timestep (¢) changed according to the leaky integrate-and-fire
neuron model:

V(t+Aty) = V(o) + % (=V(@®) +RI, (1)), (€)

where constants 7,, Rand A¢, were set tobe 6,5and 0.01, while /,(¢) rep-
resents the weighted input at ¢. If V(t) at a certain post-neuron exceeds
athreshold of 3.5, the post-neuron fires an output spike at a timestep
toos @s shownin Fig. 5b.

For the SNN learning, we employed a two-step learning process:
(1) the supportive step and (2) the STDP learning step. The supportive
step aims to adjustinitial wvalues to acertain set to enhance the effect
of subsequent STDP learning. For example, a post-neuron receives
either its corresponding or non-corresponding ECG class; w values
were updated toincrease (thatis, reward) or decrease (that is, penalize)
by Aw, respectively, on the basis of ,.:

Aw = C(1-tye), )

where constant C was set to be 4. Moreover, the penalty is evenly dis-
tributed over inactive synapses connected to non-spiking pre-neurons
by Aw/Niycives Where Nipacive i the number of inactive synapses. Note
thatinactive synapses that have aninitial w value are excluded, and the
minimum wwas set to the initial w. An example of the supportive step is
providedinSupplementaryFig.42.STDP learning was then performed
onthebasis of At =t — t,., mathematically expressed as

Aw=A, exp(g), (5)
+

where fitting parameters A, and 7, with respect to different pressures
are presented in Supplementary Table 4. The w values connected
to pre-neurons that generate spikes before their corresponding
post-neuron fires are strengthened according to experimental STDP
curves, and vice versa. We used 200 and 50 ECG signals for learning and
diagnosis, respectively. Note that diagnostic accuracy can be further
improved by learning the network with alarger dataset instead of device
optimization and changing the SNN framework.

Data availability

The data that support the findings of this study or additional data
related to this study are available from the corresponding author upon
reasonable request. Source data are provided with this paper.
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Extended DataFig.1|Full-colour ECS-TVS. (a) A plot of the PSC response of an
R-ECL-TVS, utilising 20 V,, pulses sequentially increasing in magnitude. The inset
photographs display the light emission of R-ECL-TVS at the increasing number
of Vs pulses. scale bar: 5 mm. (b) Photographs of R, G, and B-ECL-TVS with
continuous 15 gate voltage pulses, sequentially increasing in magnitude from
-2.2Vto-5V.Scalebar: 3 mm. (c) Plot of the PSC response of integrated R-,

G-, and B- ECL-TVS, utilising 15 gate voltage pulses comprising three sets

of five voltage pulses with different voltage magnitudes (-2.7 V for five pulses,
-3.3 Vfor five pulses, and —4.5 V for five pulses) under pressure 0of 17.20 kPa.

(d) Photographs of integrated R-, G-, and B- ECL-TVS at the 1%, 5", 6™, 10, 11", and
15"V, pulses. Scale bar: 5 mm.
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