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E N G I N E E R I N G

Non–von Neumann multi-input spike signal processing 
enabled by an artificial synaptic multiplexer
Dong Hae Ho1†, Dong Gue Roe2†, Yoon Young Choi3, Seongchan Kim4, Young Jin Choi1, 
Do Hwan Kim5, Sae Byeok Jo1, Jeong Ho Cho1*

Multiplexing is essential for technologies that require processing of a large amount of information in real time. 
Here, we present an artificial synaptic multiplexing unit capable of realizing parallel multi-input control system. 
Ion gel was used as a dielectric layer of the artificial synaptic multiplexing unit because of its ionic property, allow-
ing multigating for parallel input. A closed-loop control system that enables multi-input–based feedback for ac-
tuator bending control was realized by incorporating an ion gel–based artificial synaptic multiplexing unit, an 
actuator, and a bending angle sensor. The proposed multi-input control system could simultaneously process 
input and feedback signals, offering a breakthrough in industries in which the processing of vast amounts of 
streaming data is essential.

INTRODUCTION
The importance of the ability to collect information about the sur-
rounding environment is growing in various related fields, such as 
health care, autonomous vehicles, and smart manufacturing, as it is 
essential for artificial intelligence (AI) devices to make decisions 
(1–4). Information on the surrounding environment is obtained 
using sensor networks, and thus, the amount of obtainable infor-
mation is determined by the number of sensors in the network (4). 
This implies that the active and preemptive response of AI devices 
relies on the densification of the sensor network (5–11), which inev-
itably causes incremental system complexity (4, 12–16). In this sense, 
various strategies using the conventional complementary metal- 
oxide semiconductor (CMOS) devices have been proposed to relieve 
system complexity upon the densification (16–21) including a mul-
tivariable proportional integration differential (PID)–based control 
system (22–24) and a parallel-to-serial converter (25–28), but they 
have a fundamental limitations of the serial processing (29, 30). There-
fore, a multiplexing unit capable of processing multiple sensor inputs 
in parallel has emerged as an alternative to overcome this limitation 
(27, 31–33). While a majority of conventional transistors lack the abil-
ity to process multiple inputs in parallel, synaptic transistors with 
polymeric ion gel dielectrics can be excellent tools for implementing 
the function of a multiplexing unit. This is due to the characteristics 
of the synaptic transistor, in which the current density of the semi-
conductor channel is determined by the concurrent sum of the elec-
tric fields applied to the polymeric ion gel dielectric (34–38). On the 
basis of the working mechanism of the ion gel synaptic transistor, 
parallel signal processing can be achieved by simply designing mul-
tiple gate electrodes on the ion gel dielectric.

The capability of parallel signal processing in a synaptic transistor 
is essential for realizing a closed-loop control system. This system is 

driven by reducing the difference between the target and set values 
of the object. Unlike an open-loop control system, which operates by 
simply setting an input, a closed-loop control system can cope with 
changes in external conditions and can accurately reach the target 
value compared to its counterpart (39). However, closed-loop con-
trol systems presuppose the ability to simultaneously receive exter-
nal factors along with signals for the complementary response for 
correction (40–46). That is, multiple signals should be processed par-
allelly to contribute to the output. Traditional CMOS technology, as 
well acknowledged, is capable of such parallel signal processing. 
However, it posits the incorporation of the analog-to-digital con-
verter, digital-to-analog converter, and CMOS signal processor to 
the system. Those additional components for the parallel processing 
inevitably accompany the integration of numerous transistors, which 
can cause high energy consumption and the von Neumann bottle-
neck as the system complexity increases with increasing amounts of 
inputs. On the contrary, a single synaptic transistor-based multiplexer 
can process multiple signals simultaneously without extra compu-
tational processes. Therefore, the replacement of circuit components 
with a single synaptic device can greatly reduce the circuit complexity. 
Therefore, by designing a closed-loop control system with the multi-
plexing characteristics of synaptic transistors, environment-resistive 
control can be realized.

In this study, a closed-loop multi-input control system was real-
ized via introducing an artificial synaptic multiplexing unit capable 
of simultaneously processing various sensory inputs. Three com-
ponents, namely, the sensor, actuator, and multiplexing unit, were 
fabricated as the form of fiber to comprise a closed-loop control sys-
tem with compact and versatile applicability for the flexible robotics 
and wearable electronics. A fiber-type sensor that can detect the 
bending motion of an actuator was developed. A soft actuator with 
a wide bending range and a small form factor was fabricated using 
a shape memory alloy (SMA) fiber. A fiber-type synaptic transistor 
with a poly(3-hexylthiophene) (P3HT) semiconductor channel and 
an ion gel gate dielectric was used as the multiplexing unit. The sat-
uration current of the synaptic transistor was regulated by the feed-
back signal from the sensor directly attached on top of the actuator 
as well as the environmental input signal, which corrects the poten-
tiation of the multiplexing unit. On the basis of the parallel signal 
processing capability of the artificial synaptic multiplexing unit, a 
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closed-loop control system that regulates the bending motion of a soft 
actuator under environmental stress was successfully demonstrated.

RESULTS
Artificial synaptic multiplexing unit–based multi-input 
control system
Figure 1A shows the proposed multi-input control system. By simulta-
neously receiving information about the actuator and environmental 
variables such as strain, humidity, and temperature, environment- 
resistive regulation of the actuator with low system complexity can be 
achieved. Figure 1B shows a flow diagram of the artificial synaptic 
multiplexing unit–based multi-input closed-loop control system. In 
the artificial synaptic multiplexing unit, an environmental signal that 
can be defined as the change in ambient conditions, such as tempera-
ture, humidity, and pressure changes, and various feedback signals 
caused by physical changes of an actuator enter in parallel with a con-
trol input spike. The signals are then transmitted to the actuator after 
being integrated to adjust the physical state of the actuator. Feed-
back signals reflecting the updated physical value of the actuator are 
then delivered to the artificial synaptic multiplexing unit again for 
subsequent signal integration. A clear representation of the feedback 
signal transmission within a closed loop is the overactuation protec-
tion under environmental stress. A general scheme for controlling a 
multivariable system involving environmental constraints such as 
temperature, moisture, pressure, and strain conditions compels the 
use of incremental addition of PID controllers in conventional von 
Neumann systems. By demonstrating the environment-resistive 

actuation procedure, the feasibility for the successful completion of 
invulnerable feedback loop via the artificial synaptic multiplexing 
unit can be corroborated. Figure 1C shows a schematic diagram of 
a closed-loop control system that has an overactuation protection 
function as well as environment-resistive characteristics enabled by 
the artificial synaptic multiplexing unit. The overactuation-protective 
environment-resistive closed-loop control system has three main 
components, namely, an artificial synaptic multiplexing unit, an ac-
tuator, and a sensor. Each component was designed in the form of 
fibers, as it is advantageous for large deformations while having a 
small form factor. The artificial synaptic multiplexing unit receives 
multiple input signals and delivers one output signal to the actuator. 
When a signal (Vinput1) is delivered to the fiber actuator, the fiber 
contracts, causing bending deformation of the polydimethylsiloxane 
(PDMS) matrix. The change in the electrical resistance of the sensor 
due to the physical deformation of the actuator was then applied to 
the comparator as a voltage spike. Here, a comparator compares the 
input voltage spike from the sensor to the reference value to deter-
mine whether a voltage spike that attenuates the actuation is required 
to be applied to the artificial synaptic multiplexing unit. If the input 
signal is higher than the reference value, an indication of overactua-
tion, the comparator transmits a depression feedback signal (Vinput2) 
to the artificial synaptic multiplexing unit. As a result of the regula-
tory feedback process, the bending angle (BA) of the actuator of the 
closed-loop control system operates securely without inordinate 
actuation. Furthermore, actuation can be controlled more precisely 
by adjusting the error caused by ambient temperature. High tem-
perature causes heat to be stored in the PDMS matrix, delaying the 
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Fig. 1. Logic diagram of the synaptic control system. (A) Illustration of the multi-input control system using an artificial synaptic multiplexing unit. (B) Flow diagram 
of the multi-input closed-loop control system comprising an artificial synaptic multiplexing unit, an actuator, and multiple sensors. (C) Schematic diagram of the 
closed-loop control system using a single-fiber artificial synaptic multiplexing unit, a single-fiber actuator, a single-fiber bending angle (BA) sensor, and an environmental 
signal input circuit.
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cooling of the SMA fiber. To minimize the error of control caused 
by such an unavoidable environmental stressor, the environment- 
resistive characteristic of the artificial synaptic multiplexer was de-
termined by connecting it with the environmental signal input 
subcircuit. To this end, as shown in Fig. 1C, an environmental signal 
input subcircuit that generates a depression signal (Vinput3) according 
to the ambient temperature outside the system was fabricated.

Characterization of fiber-type BA sensor and soft actuator
To monitor the movement of the soft actuator, a BA sensor was 
designed in the form of a fiber (Fig. 2A). The BA sensor com-
prised chemical and friction-resistant poly(vinylidene fluoride-
co- hexafluoropropylene (PVDF-HFP) nonwoven nanofibers and 
Ti3C2Tx MXene with high electrical conductivity. Specifically, the 
PVDF-HFP acetone solution was blow-spun. MXene solution, syn-
thesized using a previously reported method (fig. S1), was then spray- 
coated thereon (fig. S2). After drying, the conductive nonwoven 
fabric film was rolled up to form a 30-cm-long single strand and cut 
to the desired length (Fig. 2B and fig. S3). The resulting BA sensor 
consisted of numerous strands of nanofibers entangled with each 
other, as shown in Fig. 2C. Figure 2D shows the energy-dispersive 
x-ray spectroscopy (EDS) images of the fiber BA sensor. Fluorine 
abundantly present in PVDF-HFP and titanium of MXene were 

evenly distributed, indicating that the MXene was uniformly coated 
on the fiber strand. Figure 2E shows the electrical resistance change 
of the BA sensor as a function of BA, defined as the angular dis-
placement of the free end of the fixed end as its central axis. The BA 
sensor had good sensitivity over a wide range of BA up to 90°: its 
electrical resistance decreased with a sensitivity of 5.08 gigohms/° 
and 2.80 megohms/° in the low ( < 43°) and high ( > 43°) BA re-
gion, respectively. This decrease in electrical resistance may be at-
tributed to bending due to the structural properties of the BA sensor. 
The electrical resistance decreased because the MXene flakes that 
were electrically isolated on top of the nonwoven PVDF-HFP nano-
fiber matrix that can be deformed by the external force were con-
nected to the adjacent MXene flakes by bending (47–49). Figure 2F 
shows the real-time resistance change of the BA sensor for various 
BAs. The electrical resistance decreased by BA returned to the orig-
inal resistance level when bending was released, and the resistance 
drop was more drastic as BA increased. The BA sensor also exhib-
ited outstanding electrical stability, as shown in Fig. 2G. During the 
cyclic bending test with a BA of 60° up to 500 bending cycles, the 
electrical resistance in the bent as well as released states remained 
unchanged. Furthermore, response times of 210 and 500 ms were 
measured for bending and releasing at 10°, respectively, as shown 
in Fig. 2H.

Fig. 2. Characteristics of single-fiber BA sensor and soft actuator. (A) Three-dimensional illustration of the BA sensor and the structural formula of poly(vinylidene 
fluoride-co-hexafluoropropylene (PVDF-HFP) and MXene. (B) Photograph of the BA sensor. (C) Scanning electron microscopy image of the surface of the BA sensor. 
(D) Energy-dispersive x-ray spectroscopy mapping images showing the distribution of chemical elements in the MXene-coated BA sensor (F and Ti). (E) BA versus electrical 
resistance characteristics of the BA sensor. Inset shows the definition of BA. (F) Real-time dynamics of the BA sensor with the various BAs (4.5°, 7°, 10°, 12°, 14°, 16°, 24°, 32°, 
and 65°). (G) BA sensor stability test using a BA of 65° up to 500 cycles. (H) Minimum BA and response characteristics of the sensor. The top graph shows the signal applied 
to the bending machine, and the bottom graph shows the real-time signal response of the BA sensor. (I) Three-dimensional illustration of the soft actuator using NiTi 
shape memory alloy fiber and a 2D cross-sectional illustration of the actuator. PDMS, polydimethylsiloxane; PTFE, polytetrafluoroethylene. (J) Side and top views of the 
distribution of the strain applied to the actuator based on the simulated results. (K) Soft actuator BA results of the experiment and simulation depending on the voltage 
and fiber shrinkage, respectively. (L) Photographs of the soft actuator according to the applied voltage.
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The actuator was fabricated by passing a NiTi SMA fiber 
(diameter = 500 m) through a polytetrafluoroethylene (PTFE) 
tube thinly embedded in a PDMS matrix, as shown in Fig. 2I. Upon 
the application of electricity, the NiTi SMA in the martensite phase 
transformed to the memorized austenite phase by joule heating, and 
the accompanying structural deformation shortened the length of 
the fiber (fig. S4). The relaxation action of NiTi SMA is performed 
by cooling. NiTi SMA in austenite turns into relaxed martensite 
when cooled to its transition temperature. The shrinkage of the NiTi 
fibers induced compressive strain on the side where the fiber was 
shallowly embedded and tensile strain on the opposite side, leading 
to the bending actuation of the PDMS matrix. Figure 2J shows the 
strain distribution of the actuator obtained from the bending simu-
lation result of the three-dimensional (3D)–modeled actuator with 
the same pressure allocation as that of the NiTi fiber–embedded 
PDMS actuator. The simulated strain distribution was consistent 
with the theoretically predicted strain distribution, confirming the 
bending mechanism described above. Figure 2K shows a good cor-
relation between the applied voltage–BA relation and that of fiber 
shrinkage–BA analyzed from the bending simulation, which further 
provides evidence of bending by fiber shrinkage. Figure 2L shows the 
photographic images of the actuator according to the applied volt-
ages. No prominent actuator bending was observed until 4 V. How-
ever, the actuator bent substantially when the voltage exceeded 6 V, 
implying the presence of a phase transformation.

Electrical characterization of ion gel–based artificial 
synaptic multiplexing unit
To properly process multiple signals (a feedback signal and environ-
mental signals) and transmit them to the actuator, it is important to 

understand the characteristics of the multigate artificial synaptic mul-
tiplexing unit. Figure 3A shows a schematic of a single-gate synaptic 
transistor on a nylon fiber. We chose nylon fiber because of its var-
ious advantages such as high chemical resistivity, tensile strength, 
and compressive strength, which are suitable traits for realizing 
flexible robotics and wearable electronics in future. The nylon fiber 
substrate was deposited with a P3HT semiconductor channel, gold 
electrodes, and an ion gel dielectric layer (optical microscope image 
in fig. S5). To estimate the synaptic performance of the fiber-shaped 
single-gate synaptic transistor, various electrical measurements were 
performed. First, the transfer curve and excitatory postsynaptic cur-
rent (PSC)/inhibitory PSC showed a large hysteresis and long re-
tention time, respectively (figs. S6 and S7). In addition, long-term 
potentiation/depression (LTP/D) characteristics were evaluated 
through current-voltage measurements, as shown in Fig. 3B. As an 
input spike (VG1), various amplitudes of 50 potentiation spikes (VG1 = 
−2 V, −2.5 V, −3 V) followed by 50 depression spikes (VG1 = +2 V) 
were applied at a drain voltage of 0.5 V, as shown in the top panel 
of Fig. 3B. The PSC increased and decreased consistently during 
the continuous potentiation spikes and depression spikes, respec-
tively, and the change in PSC was larger as the amplitude of the 
spikes was greater (bottom panel). PSC dependency on the am-
plitude of the depression spike was also measured by applying 50 
potentiation spikes (VG1 = −3 V) followed by 50 depression spikes 
(VG1 = +2 V, +2.5 V, +3 V), showing a consistent decrease in satu-
ration current as the depression voltage increased (fig. S8). More-
over, LTP/D characteristics of the artificial synaptic multiplexing unit 
were observable until 3 kHz (fig. S9).

In the case of a dual-gate artificial synaptic multiplexing unit, 
two different input spikes were simultaneously applied to each gate 
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for signal multiplexing, as depicted in Fig. 3C. Specifically, negative 
(VG1) and positive spikes (VG2) were applied to gates I and II, re-
spectively. When gate II is open and only negative VG1 is applied, it 
follows the working mechanism of the single-gate synaptic transis-
tor: Under the application of a negative voltage spike, mobile anions 
(PF6

−) that retracted from the gate electrode by electrical repulsion 
in the ion gel can easily penetrate the free volume of the semicon-
ducting P3HT layer and temporarily dope the semiconductor chan-
nel that increases the PSC, as illustrated in the top panel of Fig. 3D. In 
contrast, some anions are extracted from the free volume by the 
electrical attraction of gate II when positive VG2 is applied. There-
fore, the penetration of the anions into the P3HT layer is disturbed 
and the PSC increase is inhibited. This presumption of the effect of 
positive VG2 on PSC is shown in Fig. 3E. To confirm the contribu-
tion of VG2 to PSC, −3 V, which caused the greatest increase in PSC 
(Fig. 3B), was selected as the amplitude of VG1. The amplitude of 
VG2 was given as 1.50, 1.75, and 2.00 V as well as an open state, and 
the frequencies of VG1 and VG2 were all 1 Hz. As the amplitude of 
VG2 increased, the PSC showed a tendency to decrease. The decrease 
in PSC was also dependent on the frequency of VG2, as shown in 
Fig. 3F; the higher the frequency, the greater the decrease in the 
PSC. Figure 3G shows real-time normalized PSC measurements ac-
cording to VG1 and VG2 inputs. A negative VG1 spike of −3 V, 2.5 Hz 
was applied throughout the test. Up to t = 40 s, only a positive 
VG1 spike was applied to increase the PSC level. From t = 40 s, neg-
ative VG2 spikes of 1 Hz were applied with amplitudes of 1.5, 1.75, 
and 2.0 V. The resulting increasing PSC was partly suppressed while 
maintaining an increasing trend under 1.5 V of VG2, and it eventual-
ly decreased when the applied VG2 increased to 2.0 V. The feasibility 

of artificial synaptic multiplexing behavior by three or more gates is 
shown in fig. S10. When four potentiation spikes were given (VG0 = 
−3 V, VG1 = −1.5 V, VG2 = −1.5 V, and VG3 = −1.5 V), the saturation 
current of PSC was measured to 197 A. However, when one potenti-
ation and three depression spikes were given (VG0 = −3 V, VG1 = 1.5 V, 
VG2 = 1.5 V, and VG3 = 1.5 V), the saturation current of PSC de-
creased to 95 A. As the number of gates applying potentiation 
spikes increased, the saturation current level of the PSC increased. 
This result shows that the artificial synaptic multiplexing unit can suc-
cessfully process the signal even when several inputs are provided.

Demonstrations of multi-input control system
Last, an artificial synaptic multiplexing unit–based multi-input control 
system was fabricated by incorporating the functions of an artificial 
synaptic multiplexing unit, actuator, and sensor. Figure 4 (A and B) 
shows a closed-loop feedback circuit diagram of the environment- 
resistive overactuation protection system and its signal flow at each 
phase, respectively. Overall, the system comprises three subcircuits: 
(i) an artificial synaptic multiplexing unit circuit that integrates sig-
nals and delivers it to the actuator, (ii) a feedback circuit in which 
the sensor detects the overactuation of the actuator and provides a 
depression signal to the artificial synaptic multiplexing unit, and 
(iii) an environmental signal input circuit that provides a depression 
signal in terms of external temperature variance to the artificial syn-
aptic multiplexing unit. The combination of these circuits enables 
the realization of a feedback system based on the artificial synaptic 
multiplexing unit. First, an artificial synaptic multiplexing unit con-
verts the negative voltage spike applied to its gate (for BA control) 
into a PSC, followed by an RC delay for signal amplification and 

Fig. 4. Operation of a closed-loop control system based on artificial synaptic multiplexing unit. (A) Circuit diagram of a closed-loop control system. (B) Conceptual 
graphs of signals at designated points. (C) BA of the soft actuator depending on the amplitude of the input potentiation voltage spike. (D) BA and feedback voltage signal 
as functions of time. (E) Experimental scheme simulating the warm ambient temperature condition. (F) BA and feedback voltage signal as a function of time at 40°C 
without (left) and with (right) environmental signal input circuit, respectively. (G) Photographic images of bending of the soft actuator according to ambient temperature 
[40°C and room temperature (25°C)] and the presence of environmental signal input circuit (left) and BA of the soft actuator in each condition (right).
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filtering (Fig. 4, A and B ① and ②, and fig. S11A). Subsequently, the 
signal, power-enhanced by the bipolar junction transistor, enters the 
soft actuator to gradually bend it (Fig. 4, A and B ③, and fig. S11B). 
The bending of the soft actuator causes a decrease in the electrical 
resistance of the fiber BA sensor mounted on the actuator (Fig. 4, 
A and B ④, and fig. S11C). The decrease in the sensor resistance 
results in an increase in the amplitude of the positive voltage spikes 
generated by the voltage divider. After passing through the voltage 
divider, the voltage spike is applied to the comparator, which com-
pares the value of the applied voltage spike with a reference spike. 
When the level of the applied voltage spike exceeds the reference 
threshold, which indicates overactuation of the soft actuator, the de-
pression signal is induced from the voltage divider and is delivered to 
the artificial synaptic multiplexing unit, ensuring that the soft actua-
tor securely remains within a desirable BA range (Fig. 4B ⑤).

To achieve environment resistance, an environmental sensing unit 
was additionally designed to minimize the unwanted bending due 
to the external temperature. Although PDMS contributes to the soft 
nature of the actuator, it is prone to accumulate heat from the ambient 
environment and deform itself, causing an error in the BA. There-
fore, depressing signals that minimize the heat-induced bending 
error should be presented in addition to the overactuation protec-
tive feedback system. This bending correction is governed by the 
generation of a depression signal from a thermistor and voltage di-
vider (Fig. 4A, top right). The higher the temperature, the lower the 
resistance of the thermistor and the higher the positive voltage spikes 
applied to the artificial synaptic multiplexing unit (Fig. 4B ⑥).

The overactuation protection of the soft actuator was demon-
strated on the basis of the concept of the depression signals described 
above. First, the amplitudes of the control input potentiation spikes 
(VP) were taken as −2.5, −2.6, and −2.7 V with a frequency of 1 Hz 
to investigate the change in BA according to the input spike. As the 
amplitude of VP increased, the saturation current of the artificial 
synaptic multiplexer and BA increased by 135 A and 31°, respec-
tively, as shown in Fig. 4C and fig. S12. As shown in Fig. 4D and 
movie S1, when the soft actuator reached the overactuation bending 
point (BA = 39°) at 30 s under the VP of −2.7 V, +1.9 V of depression 
voltage spike (VD,1) was applied to the artificial synaptic multiplexer 
by a comparator to depress the overactuation of the soft actuator. 
Conversely, in case of −2.5 and −2.6 V, the overactuation protecting 
depression voltage spikes were not applied to the artificial synaptic 
multiplexer unit owing to the low BA, as shown in fig. S13. Figure 4E 
shows the environment-resistive control of the soft actuator enabled 
by overactuation protection. To create a warm environment (40°C), 
a chamber containing a soft actuator and thermistor was heated by 
blowing warm air (70°C) through the vent gate. The effect of the in-
creased temperature on the bending error is shown in the left panel 
of Fig. 4F (see movie S2). At 40°C and a VP of −2.7 V, the heat accu-
mulation caused overactuation of the soft actuator and showed a 
noticeable error compared to the room temperature BA condition, 
regardless of the depression signal (VD,1) (fig. S14). However, when 
the environmental signal input circuit was applied to the artificial 
synaptic multiplexer, the BA of the soft actuator was controlled more 
precisely, thereby maintaining a BA similar to that at room tempera-
ture (Fig. 4F, right, and movie S3). Figure 4G shows photographic 
images of bending of the soft actuator according to the ambient tem-
perature (40°C and room temperature) and the presence of an envi-
ronmental signal input circuit. In the absence of the environmental 
signal input signal, the temperature increased from room temperature 

to 40°C, resulting in a notable increase in BA. In contrast, when 
the circuit was introduced, the environmental signal input voltage 
spike (VD,2) effectively reduced the BA by 17.5° to reach a BA simi-
lar to that at room temperature. The overactuation function showed 
consistent behavior regardless of the temperature change even at 
35°C, as shown in fig. S15. This BA behavior is well correlated with 
the PSC at the output of the artificial synaptic multiplexing unit, as 
shown in fig. S14. At an ambient temperature of 40°C without an 
environmental signal input circuit, the PSC reached the overactua-
tion protection level much faster than the other cases, whereas the 
other three conditions exhibited a PSC behavior similar to that at 
room temperature conditions. These results confirm that our artifi-
cial synaptic multiplexing unit–based multi-input control system can 
implement environment-resistive physical control of the actuator 
via a simple synaptic feedback system.

DISCUSSION
The synaptic transistor–based multiplexer capable of simultaneous 
parallel processing of multiple input signals is proposed, with which 
a closed-loop multi-input control system was realized. Using ion gel 
as the dielectric layer of the artificial synaptic multiplexer, multigat-
ing was performed for the processing of a parallel input. To demon-
strate feedback signal transmission based on signal multiplexing, 
we built an environment-resistive control system that can maintain 
the bending of the actuator within a certain range regardless of dif-
ferent environmental stressing, by integrating the functions of the 
ion gel–based artificial synaptic multiplexer, actuator, BA sensor, 
and thermistors.

The core idea behind the proposed artificial synaptic multiplexer 
is the use of the ion-based electrochemical operating mechanism. 
Considering that the field of electrochemical transistors has been 
under rigorous investigations and optimizations in various perspec-
tives including semiconductors, dielectrics, and encapsulations, there 
is plenty of room for advancements in terms of operation speed and 
miniaturizations of the synaptic multiplexer. The suggested ion gel–
based artificial synaptic multiplexing control of the multi-input con-
trol system sets the basis for a new field of synaptic functionalities, 
which demonstrates the immense potential for applications in par-
allel processing requiring industries and AI.

MATERIALS AND METHODS
Device fabrication
BA sensor
Eleven weight % PVDF-HFP (Sigma-Aldrich, Mw = 400,000) solution 
was prepared by dissolving 5.5 g of PVDF-HFP pellets (44.5 g) in 
acetone. The solution was stirred for 3 hours at room temperature 
(25°C). After the PVDF-HFP pellets were completely dissolved, 5 ml 
of PVDF-HFP solution was poured into the reservoir of an airbrush 
with a nozzle size of 0.2 mm (FD-116A, Falcon). The airbrush was 
connected to an air compressor with a maximum pressure of 8.27 bar 
(ULTRA 340, AirFactory). The aluminum foil collector was placed 
at a 70° angle to the ground, and the airbrush was triggered with 
6.21 bar pressure from a distance of 60 cm to fabricate the PVDF-HFP 
nanofiber mat. A 5 mg/ml concentration of Ti3C2Tx, MXene solution 
was prepared by etching aluminum in 4 g of Ti3AlC2, MAX powder 
(99%, 200 mesh, Forsman) using LiF/HCl solution as previously re-
ported (50). MXene solution (8 ml) was spray-coated on top of the 
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as-prepared blow-spun PVDF-HFP nanofiber mat. The MXene- 
coated nanofiber mat was rolled in one direction to complete the 
fabrication of the BA sensor.
Soft actuator
A 100 mm by 20 mm by 3 mm (length by width by height) mold for 
the PDMS soft body was designed (fig. S16) and prepared using a 
3D printer (Prusa Mk 3 s). Two PTFE tubes (diameter = 0.92 mm; 
Misumi, TUBF26-10) for the NiTi SMA fiber path were passed through 
the holes of the mold. Subsequently, the uncured PDMS (Sylgard 184) 
was poured into the mold coupled with the PTFE tube and placed in 
a vacuum for 30 min to remove air bubbles inside the PDMS. Then, 
the PDMS was cured at 80°C. The mold was removed, and a NiTi 
SMA fiber was threaded through the PTFE tube to complete the soft 
actuator (fig. S17).
Artificial synaptic multiplexing unit
P3HT solution was prepared by dissolving P3HT in chloroform at 
a concentration of 2 mg/ml. The solution was stirred for 3 hours 
at 50°C under ambient conditions. The ion gel was prepared by 
mixing poly(ethylene glycol) diacrylate monomer, 2-hydroxy-2- 
methylpropiophenone initiator, and 1-butyl-3-methylimidazolium 
hexafluorophosphate ([BMIM][PF6]) ionic liquid in a weight ratio 
of 2:1:22. To form the channel of the artificial synaptic multiplexing 
unit, P3HT was inkjet-printed on a nylon fiber (diameter = 0.5 mm) 
and dried overnight in Ar. Cr/Au (3/17 nm) was patterned by ther-
mal evaporation through a shadow mask to form the source, drain, 
and gate electrodes. Last, the ion gel was drop-casted to cover both 
the channel and the gate electrodes and subsequently cross-linked 
by ultraviolet irradiation (100 mW/cm2 at 365 nm for 8 s).

Measurements
The surface morphologies of the single-fiber BA sensor were mea-
sured by a field emission scanning electron microscope (FE-SEM) 
(JEOL-7800F) in the secondary electron imaging mode with an ac-
celerating voltage of 10 kV. EDS mapping of the fiber was performed 
using an Oxford Instruments Nanoanalysis unit attached to the 
FE-SEM. A bending simulation was performed using the SimScale 
Multiphysics simulation software with the 3D model used to fabri-
cate the soft actuator mold for accurate simulation. The bending of 
the soft actuator was video-recorded on its side, and BAs were esti-
mated by analyzing the recorded videos using the ImageJ PhotoBend 
plugin (51). A warm condition of 40°C was simulated by blowing hot 
air into a 50 cm by 50 cm by 70 cm acrylic box. A thermistor (NTSM-7, 
Boyuan) was attached to the side of the wall, and the temperature 
measurement unit was placed at the corner of the acrylic box. The 
electrical properties of the all devices were measured with a Keithley 
4200A-SCS and Tektronix DPO3052 unit.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn1838
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