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Neurorobotic approaches to emulate human
motor control with the integration of

artificial synapse

Seonkwon Kim't, Seongchan Kim2t, Dong Hae Ho', Dong Gue Roe3, Young Jin Choi’,
Min Je Kim", Ui Jin Kim3, Manh Linh Le?, Juyoung Kim**, Se Hyun Kim>*, Jeong Ho Cho'*

The advancement of electronic devices has enabled researchers to successfully emulate human synapses, thereby
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promoting the development of the research field of artificial synapse integrated soft robots. This paper proposes
an artificial reciprocal inhibition system that can successfully emulate the human motor control mechanism
through the integration of artificial synapses. The proposed system is composed of artificial synapses, load tran-
sistors, voltage/current amplifiers, and a soft actuator to demonstrate the muscle movement. The speed,
range, and direction of the soft actuator movement can be precisely controlled via the preset input voltages with
different amplitudes, numbers, and signs (positive or negative). The artificial reciprocal inhibition system can
impart lifelike motion to soft robots and is a promising tool to enable the successful integration of soft robots or

prostheses in a living body.

INTRODUCTION

Living organisms have evolved to exhibit efficient functionalities to
adapt to their environments. These inherent traits have inspired re-
searchers to develop innovative biomimetic electronics aimed at
integrating living organisms and electronic devices (1-10). In par-
ticular, biomimetic approaches for soft robots have enabled the de-
velopment of soft prostheses that exhibit continuous and natural
deformation with large compliance (11-15). Owing to these charac-
teristics, such devices can easily adapt to different environments
while safely interacting with humans (16-18). To successfully inte-
grate soft robots with the human body, compatibility with the living
body, such as the connection with the living organism at the neuro-
nal level and similarity in the signal transmission of the living body,
is substantial (19). In this context, it is necessary to understand the
human motor system and ensure the appropriate incorporation of
electronic devices that operate similar to the human nervous system
to enable its emulation.

Recent studies on artificial synapses (ASs) successfully demon-
strated the movement of actuators by mimicking human motor
neurons (20-29). Notably, these works focused on the operation of
actuators by using the signal transmission characteristics of a single
AS. However, to enable the application of such devices as prosthe-
ses, a bioinspired circuit that mimics the complex signaling system
of humans must be developed. Integration of ASs in the conven-
tional logic circuits (e.g., buffer and inverter gates) would further
broaden the horizon of AS applications, which can eventually em-
brace even the emulation of complex biosignaling. Although AS-
integrated logic circuits have been widely studied so far (28, 30-35),

"Department of Chemical and Biomolecular Engineering, Yonsei University, Seoul
03722, Republic of Korea. 25KKU Advanced Institute of Nanotechnology (SAINT),
Sungkyunkwan University, Suwon 16419, Republic of Korea. 3School of Electrical
and Electronic Engineering, Yonsei University, Seoul 03722, Republic of Korea.
“Department of Advanced Materials Engineering, Kangwon National University,
Samcheok 25931, Republic of Korea. *Division of Chemical Engineering, Konkuk
University, Seoul 05029, Republic of Korea.

*Corresponding author. Email: juyoungk@kangwon.ac.kr (J.K.); shkim97@konkuk.ac.kr
(S.H.K); jncho94@yonsei.ac.kr (J.H.C.)

tThese authors contributed equally to this work.

Kim et al., Sci. Adv. 8, eabo3326 (2022) 28 September 2022

further in-depth investigations on the actual implementation of
biomimetic systems are imperative because of their foreseeable ad-
vantages in terms of desirable complexity reductions. Considering
that complementary metal-oxide semiconductor (CMOS)-based
neuromorphic hardware requires more than 10 devices to emulate
one synapse, implementing AS would enable compact and lightweight
prosthetics for children and frail adults (36-37). For instance, when
a person performs a voluntary movement of a joint, a pair of mus-
cles (an agonist muscle and an antagonist muscle) work in synchrony
to ensure a smooth and continuous movement (i.e., reciprocal inhi-
bition) (38-40). Descending signals from the brain bifurcate in the
spinal cord; one branch innervates the alpha motor neuron to con-
tract an agonist muscle, and the other branch innervates the inter-
neuron, causing the relaxation of an antagonist muscle. This aspect
is one of the most ubiquitous physiological mechanisms involved in
human and animal motor control and has been thoroughly studied
since the early 1900s. The emulation of this motor control mecha-
nism of humans via an AS-based artificial motor control system
can likely impart lifelike movement to bioinspired soft robots and
prostheses.

In this study, we developed an artificial reciprocal inhibition sys-
tem, inspired by the human physiological mechanism involved in
voluntary movements. The designed system consisted of excitatory/
inhibitory synapse circuits (ESC/ISC), voltage/current amplifiers,
and a soft actuator to demonstrate the muscle movement. An indi-
um tin oxide (ITO)/indium gallium zinc oxide (IGZO)/organic-
inorganic (O-I) hybrid dielectric/aluminum (Al) structure was used
for both the AS and load transistor constituting the ESC/ISC. The
O-1 hybrid dielectric exhibits the electrical properties of a typical
dielectric when thermally treated at 180°C, whereas it exhibits re-
tentive properties when treated at 230°C. The ESC and ISC, composed
of an AS and a load transistor connected via a voltage distributing
circuit, are considered an AS-integrated buffer and inverter logic gate,
respectively. These circuits were connected to Ni-Ti shape memory
alloy (Ni-Ti SMA) fibers comprising the soft actuator, respectively.
These fibers represented the agonist and antagonist muscle fibers of
human muscle and implemented the synergistic movement through
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the contraction of one side with the simultaneous relaxation of the
other side. In the designed system, the speed, range, and direction of
the soft actuator movement could be precisely controlled via the
preset input voltages with different amplitudes, numbers, and signs
(positive or negative). Artificial reciprocal inhibition system was
successfully controlled with far less circuit complexity with lower
energy consumption than a conventional all-CMOS-based system
owing to the pulse-based operation of AS. Successful emulation of
the reciprocal inhibition found in the human body is expected to
promote research on AS-based soft robotics control.

RESULTS

Figure 1A schematically illustrates the descending motor pathway
(corticospinal tract), which modulates voluntary muscle move-
ment. First, the precentral gyrus in the brain transmits nerve signals
to initiate the muscle movement. These signals bifurcate in the spi-
nal cord, connected in parallel to the agonist and antagonist muscle.
One branch facilitates the excitatory alpha-motoneuron (a-MN),
and the other branch facilitates the inhibitory interneuron (Ia-IN),
which, in turn, innervates the inhibitory a-MN. Figure 1B shows
the biological excitatory synapse pathway with the corresponding
designed circuit denoted as the ESC. In the biological pathway, the
descending signals directly innervate the excitatory a-MN to con-
tract the agonist muscle. Inspired by this signaling mechanism, the
ESC is developed using an AS and a load transistor. Presynaptic
voltage (Vi) is applied to the AS to facilitate or depress it to control
the output voltage of the ESC (denoted as Vgs). The biological inhi-
bition synapse pathway with the corresponding circuit denoted as
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the ISC is shown in Fig. 1C. Descending signals innervate Ia-IN,
which converts the descending signals into inhibitory signals, there-
by accommodating the relaxation of the antagonist muscle in coor-
dination with the contraction of the agonist muscle. Inspired by this
disynaptic inhibition, the ISC is designed to consist of an AS and a
load transistor. V. is applied to the AS to control the output volt-
age of the ISC (denoted as Vig).

The circuit diagram for the entire system designed by connecting
the ESC and ISC in parallel is shown in Fig. 1D. Vgsand Vis generated
by applying V. pulses to the AS of the ESC and ISC, which are con-
nected to the common electrode supplied with the drain voltage (Vp),
pass through noninverting voltage amplifiers [operational amplifier
(OP AMP)] and current amplifiers [bipolar junction transistor (BJT)]
to drive the soft actuator. Figure 1 (E and F) schematically illustrate
the sequential signal transmission process. With the application of
consecutive positive V. pulses to the AS, as shown in Fig. 1E, the
conductance of the AS (Seynapse) gradually increases on both the ESC
and ISC. Increasing Sgnapse induces gradual potentiation of Vgs and
depression of Vis. Last, the soft actuator with two electrodes, connected
to Vgs and Vi, bends in the direction in which Vgg is connected
owing to the contraction on the Vg side and relaxation on the Vg
side. When consecutive negative V. pulses are applied, as shown in
Fig. 1F, Seynapse> gradually decreases, which induces the depression of
Vs and potentiation of Vis. Consequently, the soft actuator bends in
the direction of the contracted Vig side, while the Vg side is relaxed.
Opverall, actuation enabled by the application of either positive or
negative V. pulses capacitates the bidirectional movement.

Figure 2A shows the schematic of a thin-film transistor fabricated
using an O-I hybrid gate dielectric (GPSi), the properties of which
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Fig. 1. Operation mechanism of artificial reciprocal inhibition system. (A) Schematic of biological reciprocal inhibition composed of excitatory motor neuron, inhibi-
tory interneuron, inhibitory motor neuron, agonist muscle, and antagonist muscle. (B and C) Schematic of biological excitatory/inhibitory synapse pathway with the
corresponding circuit. (D) Circuit diagram of artificial reciprocal inhibition system. (E and F) Schematic of the signal transmission process in the artificial reciprocal inhibi-

tion system.
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Fig. 2. Chemical analysis of GPSi gate dielectrics. (A) Schematic device structure and chemical state of the load transistor and AS. (B) Transfer characteristics of GPSi-180 and
GPSi-230. (C) Capacitance (left) and phase angle (right) properties of GPSi-230 as a function of frequency ranging from 0.001 to 10° Hz. (D) Schematic of three dielectric polar-
ization mechanisms of the GPSi-230 layer. (E) Nyquist plot of GPSi at different annealing temperatures. (F) Fourier transform infrared (FTIR) spectra and (G) Raman spectra of
GPSi annealed at different temperatures. (H) X-ray photoelectron spectroscopy (XPS) C 1s spectra of GPSi annealed at different temperatures. a.u., arbitrary units.

vary with the thermal annealing temperature. First, the ITO source
and drain electrodes are sputtered onto a glass substrate, followed by
the deposition of the IGZO channel. Subsequently, the GPSi di-
electric is spin-coated onto the substrate. Last, Al is thermally deposited
onto the GPSi film. GPSi sol is prepared using 3-glycidoxy propyl tri-
methoxysilane, propyltrimethoxysilane, titanium (IV) isopropoxide,
and alkoxysilane-functionalized amphiphilic polymer (AFAP) as pre-
cursors (fig. S1) (41). The sol-gel-derived GPSi films exhibit different
behavior under different annealing temperatures owing to the
thermal decomposition of the propyl and glycidyl functional groups
attached to the corner of the polyhedral oligomeric silsesquioxane
(POSS) cage (fig. S2). Figure 2A (bottom) illustrates the chemical
states of GPSi at different annealing temperatures. GPSi films an-
nealed at 180°C (GPSi-180) and 230°C (GPSi-230) are used to pre-
pare the load transistor and AS, respectively. Thermal annealing at
230°C induces the bond cleavage of the glycidyl functional groups,
resulting in the residue of small molecules with large dipole moments.
These small molecules align themselves with the electric field and re-
tain their orientation even after the electric field is removed. Figure 2B
shows the transfer characteristics of GPSi-180 and GPSi-230 devices.
Although the GPSi-180 device exhibits negligible hysteresis, the GPSi-
230 device exhibits large anticlockwise hysteresis of the drain current
(Ip) owing to the dipolar relaxation of the residual small molecules.
Transfer characteristics of GPSi-based devices under different anneal-
ing temperatures and the resulting memory window are shown in fig.
S3. The retentive properties of the GPSi-230 device can be observed in
the time-dependent Ip measurements (fig. S4).
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To investigate the retentive properties of the GPSi-230 film, a
metal-insulator-metal structure capacitor test bed is fabricated, as
shown in the inset in Fig. 2C. Electrochemical impedance spectros-
copy (EIS) measurements of the GPSi-230 film are obtained by
applying an AC voltage with a frequency (f) ranging from 10° to
0.001 Hz to the capacitor and measuring the complex impedance
(Zior). Figure 2C shows the effective capacitance (Cef) and phase
angle (0) as a function of f, with Ceg determined through the Z of
the capacitor (Cef = —1/2nZ"f) (42). Three regions can be identified
on the basis of 8 = —45°, which represents whether the capacitive
element is dominant (6 < —45°) or the resistive element is dominant
(6> —45°) in the device. As shown in Fig. 2D, the capacitive behavior
in R1 (f < 0.005 Hz) can be attributed to the formation of an electric
double layer at the metal interfaces. The resistive behavior in R2
(0.005 Hz < f < 2.7 Hz) can be attributed to the ionic relaxation. Last,
the transition from R2 to R3 (f > 2.7 Hz) indicates the changeover of
the ionic contribution to the dipolar contribution (i.e., dipolar relax-
ation) (43). The AS operates in the region of 2.7 Hz < f < 10 Hz
(shaded region in Fig. 2C), confirming that the dipolar relaxation
governs the retentive behavior of the AS. In contrast, the GPSi-180
exhibits a straight line of 6 = —90° at all frequencies, characteristic of
an ideal capacitor (fig. S5). This difference between the GPSi-180
and GPSi-230 films can also be confirmed by the Nyquist plot shown
in Fig. 2E (see also fig. S6). Moreover, phase angle change as a func-
tion of funder different annealing temperatures is shown in fig. S7.

The retentive behavior of the GPSi-230 film can be characterized
by investigating the chemical structure. Therefore, various chemical
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analyses including the Fourier transform infrared (FTIR) spectros-
copy, Raman spectroscopy, x-ray photoelectron spectroscopy (XPS),
and thermogravimetric analysis are conducted. Figure 2F shows the
FTIR spectra of GPSi annealed at different temperatures. As the
hydrolysis/condensation progresses upon thermal annealing, the in-
tensities of the Si-O-C peak at 1056 cm ™" and O-H peak at 3400 cm ™"
decrease; however, the intensities of the peaks at 910 to 960 cm ™" and
1029 cm™! corresponding to Si-O-Ti and Si-O-Si, respectively, sig-
nificantly increase (44). In particular, upon annealing at 230°C, the
peaks at 2900 to 3000 cm ™ (assigned to C-H stretching) and 1080 to
1100 cm™ (corresponding to overlapped peaks of the C-O-C and
Si-C bonds) diminish owing to the fragmentation of the propyl and
glycidyl functional groups attached to the corners of the POSS cages
(45-47). Existing studies on the thermal treatment of POSS have
indicated that the POSS cage can withstand a temperature of up to
450°C (48-52), although the organic elements start to degrade at
180°C, consistent with the findings of our study. According to the
Raman spectra (Fig. 2G), the peaks at 2800 to 3000 cm ', shaded in
gray, which represent C-H stretching, significantly decrease, further
supporting presence of bond cleavage of the glycidyl and propyl
functional groups. The C-O bond cleavage induced by thermal an-
nealing at 230°C is confirmed by the XPS C 1s spectra of GPSi
(Fig. 2H) (53). Figure S8 shows the thermal degradation curve of the
GPSi; the film begins to lose weight at approximately 200°C and
exhibits a weight difference of 4% at 230°C. This result indicates the
sublimation of the volatile propyl functional groups, owing to the
Si-C bond scission. Furthermore, the contribution of the thermal
degradation of AFAP on the retention behavior of GPSi-230 can be
excluded, considering the several measurements shown in fig. S9.
Overall, the POSS structure gradually develops through the hydrolysis/
condensation reaction as the temperature increases; however, the
thermal annealing at 230°C induces the bond cleavage of the propyl
and glycidyl functional groups in the POSS structure, resulting in the
residue of small molecules with large dipole moments.

Figure 3A shows a simplified schematic of the synaptic pathways
in the reciprocal inhibition of the agonist-antagonist muscle pair.
Disynaptic inhibition of an antagonist muscle along with the exci-
tation of an agonist muscle is activated via a single descending ac-
tion potential from the central nerve. The synapses constituting this
neuromuscular system facilitate the transfer of the action potential
from the upper neuron to the lower motor neuron. Inspired by the
aforementioned neuromuscular system, an AS with a GPSi-230 gate
dielectric is fabricated (Fig. 3B). Various electrical properties of the
AS are analyzed. Figure 3C shows the excitatory postsynaptic cur-
rent (EPSC) of the AS with GPSi-230 as a function of V. (pulse
width, Ay = 200 ms, 1.5, 2.0, and 2.5 V). The device exhibits the
EPSC response as the conductance abruptly increases upon the ap-
plication of the input spike and gradually decays without converg-
ing to the initial value. As the amplitude of the applied voltage
increases from 1.5 to 2.5 V, the change in the PSC (APSC) increases
from 0.53 to 1.02 nA, 10 s after the spike. The synaptic connection
can be controlled via the voltage amplitude, owing to the depen-
dence of the input voltage amplitude on the electric field-induced
dipole change of GPSi-230. In contrast, the device with the GPSi-
180 gate dielectric exhibits negligible retention properties. This be-
havior can be confirmed through the inhibitory PSC measurements
shown in fig. S10.

Figure 3D shows the long-term potentiation/depression (LTP/D)
characteristic of the AS with GPSi-230, measured by applying 100
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consecutive potentiation pulses followed by 100 consecutive de-
pression pulses. Each pulse set involves amplitudes of 1.5, 2.0, and
2.5 V for potentiation and —1.0, —1.5, and —2.0 V for depression,
with the frequency and width fixed as 2.5 Hz and 200 ms, respec-
tively (frequency dependency of LTP/D characteristic is exhibited
in fig. S11). The maximum conductance increases from 5.2 to 10.3 uS
as the amplitude of the potentiation pulse increases from 1.5 to
2.5V. As repeated pulses are applied, the electric field-induced di-
pole orientation continues to change, and the degree of synaptic
connection changes accordingly (also see the LTD behavior shown
in fig. S12). Moreover, the PSC response to paired pulses in a short-
time interval is investigated, as shown in fig. S13. Figure 3E shows
the highly uniform distribution of the dynamic range (Gmax/Gmin)
of the AS arranged in a 5 x 5 array on a single substrate. The average
Grmax/ Gimin 18 2.72 + 0.19 (x 10°), and the calculated relative SD is
6.9%. The corresponding distribution and LTP/D results for each
device are shown in fig. S14. The operational stability of the AS is
investigated by repeatedly applying 100 potentiation pulses, fol-
lowed by 100 depression pulses for 50 cycles (Fig. 3F). The ampli-
tude of the potentiation and depression voltage are fixed at 1.5 and
—1.0 V, respectively. No significant variation can be observed in the
shape of the LTP/D curve, from the beginning to the end of the cy-
clic test (Fig. 3G). Moreover, fig. S15 shows the excellent environ-
mental stability of the AS (also see fig. S16 for temperature-dependent
behavior of the AS device). Overall, the AS with GPSi-230 exhibits
high uniformity and operational stability, although the retention
property of the device is based on the thermal decomposition of the
GPSi film.

Inspired by the excitatory and inhibitory synapses in the biolog-
ical system, we construct AS circuits, ESC and ISC, as shown in
Fig. 3H, by integrating the AS with GPSi-230 and load transistor
with GPSi-180 (Fig. 2A), respectively. The ESC and ISC are de-
signed on the basis of voltage divider circuits consisting of an AS
and a load transistor connected in series. For the ESC, the AS is
connected to the drain terminal of the load transistor, whereas the
AS is connected to the source terminal of the load transistor for the
ISC. The output voltages, denoted as Vo (Vgs or Vig), are determined
as Vgs= Vp [Sload_l/(sload_1 + Ssynapse_l)] and Vis=Vp [Ssynapse_l/
(Stoad " + Ssynapse_l)], where Sqynapse and Sjoaq denote the conductance
of the AS and load transistor, respectively. Vi, responses to V. are
examined by sweeping the Vi, from =10 V to 10 V (fig. S17), consist-
ent with the change Seynapse-

The change in V. is deterministically controlled by varying the
number and amplitude of Vi, pulses. First, pulse sets with different
number of pulses are applied to the V. terminal to investigate the
response of Vi to the number of V. pulses (Fig. 3I). Specifically,
potentiation V. pulses of +2 V are applied 25, 50, 75, and 100
times to the V. terminal, followed by the application of depression
pulses of =2 V with the same number of pulses. Application of the
potentiation pulses to the V. terminal increases the synaptic con-
nection of the AS, leading to an increase in Vgg and decrease in
Vis. In contrast, the application of depression pulses reduces the
synaptic connection and leads to a contrasting result. The resulting
maximum Vgg and minimum Vjg are summarized in Fig. 3] under
various number of pulses. As the number of pulses increases from
25 to 100, the maximum Vg increases from 0.53 to 0.81 V and min-
imum Vig decreases from 0.59 to 0.11 V.

Furthermore, the change in V, is investigated by varying the
amplitude of the V. pulse of each circuit. Vo is set as 0.5 V before
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Fig. 3. Electrical properties of ESC and ISC. (A) Schematic of biological synaptic pathways in reciprocal inhibition of agonist and antagonist muscle pair. (B) Schematic
of biological synapse with the corresponding AS. (C) Comparison of PSC properties between a load transistor with GPSi-180 and AS with GPSi-230. (D) LTP/D characteristic
of AS subjected to 100 consecutive potentiation pulses (Ve = 1.5, 2.0, and 2.5 V), followed by 100 consecutive depression pulses (Ve =—1.0, —1.5,and —2.0 V). (E) Distribution of
Gmax/Gmin Of the AS arranged in a 5 x 5 array on a single substrate. (F) LTP/D characteristics of AS over 50 cycles. (G) Cycle-to-cycle variations of LTP/D curve over
50 cycles. (H) Schematic of biological excitatory synapse and inhibitory synapse with the constructed corresponding circuits. (I) Ves and Vjs observed after application of
25,50, 75, and 100 consecutive potentiation pulses (Vyre = 2.0 V), followed by 25, 50, 75, and 100 consecutive depression pulses (Vpre =—2.0 V). (J) Maximum Vgs and minimum
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pulses. (M) Ves and Vjs values after application of 20 pulses with varying pulse amplitudes. (N) Plots of AV as a function of number of pulses (top) and ROC;-¢ values as a

function of amplitude of pulses (bottom).

the measurement (see fig. S18 for the adjustment), and 40 consecu-
tive input pulses of +1 to +3 V (Fig. 3K) and -1 to -3 V (Fig. 3L) are
applied. Figure 3M presents the values of Vgg and Vg after the appli-
cation of Vi 20 times with varying amplitudes. Higher values of
Vout are obtained in the case of Vj. pulses with higher amplitudes.
Moreover, V. pulses with higher amplitudes induce a larger change
in the synaptic connection of the AS in the same period, resulting in
a steeper Vo change. Figure S19 shows the rate of change (ROC) of
Vesand Vigat t = 0 (the derivative of V,, by time at t = 0) as a function
of the Ve amplitude. Figure 3N (top) shows the value of Vgs - Vis
(denoted as AV) after the application of varying number of pulses.
AV represents the difference in the synaptic connection of the ESC
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and ISC, which is an essential parameter that induces the deforma-
tion of the soft actuator. The findings indicate that the range of soft
actuator movements can be precisely controlled through the number
of applied Ve pulses. Figure 3N (bottom) shows the ROC of AV at
t =0 as a function of the pulse amplitude. The findings indicate that
the speed of the soft actuator movement can be precisely controlled
through the amplitude of the V}. pulses. Overall, the designed sys-
tem can emulate the range and speed control mechanism of volun-
tary muscles in the biological system.

Inspired by the reciprocal inhibition of agonist-antagonist pair
in the biological system, an artificial reciprocal inhibition system (ARIS)
is constructed using the ESC and ISC. Figure 4A shows the circuit
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A) Circuit diagram of artificial reciprocal inhibition system with ESC, ISC, voltage/current amplifiers, and a soft actuator.

T|me

(B) Schematic of the Ni-Ti SMA fiber-embedded soft actuator, along with cross section of the actuator and photograph of the actuator indicating the BA. (C) 3D schemat-
ic of the bending actuator when subjected to Vs" and Vis" on each fiber. (D) Side and front views of the strain distribution based on the simulated results of a bending
actuator. (E) Actuator BA as a function of AV’ with the fitted line. (F) Real-time AV’ measurement with the corresponding photographic images of the soft actuator. Photo
credit: Seonkwon Kim (Department of Chemical and Biomolecular Engineering, Yonsei University).

diagram of the constructed system, which includes the ESC, ISC, RC
circuit, noninverting voltage amplifier, current amplifier, and soft actuator.
A photograph of the whole system implementation is shown in fig. S20.
The ARIS is initiated by applying input pulses to the ESC and ISC
connected in parallel, which convert the input pulse (V}) to Vgsand
Vs, respectively. To reduce the electrical signal noise, an RC circuit
that functions as a low-pass filter is added (fig. S21). Subsequently,
the filtered signals pass through the noninverting voltage amplifier
and current amplifier and are eventually converted to Vgs" and Vig/,
which drive the soft actuator. The difference in Vgg’ and Vis’ causes
the deformation of the soft actuator. Figure 4B shows the structure
of the designed soft actuator for emulating the agonist-antagonist muscle
pair. Two Ni-Ti SMA fibers, representing agonist and antagonist muscle
fibers, are embedded on opposite sides of the polydimethylsiloxane
(PDMS) matrix. Application of electricity causes the fibers to shrink
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in length owing to the structural deformation accompanied by the
phase transition in the fiber. In particular, compressive and tensile
strains are induced in the sides with a higher and lower voltage, re-
spectively, resulting in the bending of the actuator toward the direction
in which the higher voltage is applied. Figure 4C shows a schematic
of the actuator when Vs’ and Vig’ are applied on each Ni-Ti SMA
fiber. The amplitude of Vg’ is larger than that of Vig', leading to the
bending of the PDMS matrix to the Vgg’ side. Owing to the inverse
relationship between Vgs' and Vis', one side contracts and the other
side relaxes. Figure 4D shows the simulated strain distribution dia-
gram of the three-dimensional (3D) modeled actuator subjected to
the same pressure allocation as the Ni-Ti SMA fiber-embedded
PDMS actuator. The tensile strain induced by the contraction on
the other side is prominently reduced, indicating that the actuator
exhibits a synergistic bending motion, as expected. Figure 4E shows
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the bending angle (BA) of the actuator as a function of Vgs' — Vig’
(denoted as AV’) with the fitted line. The direction of bending de-
pends on whether Vgs' — Vis' is positive or negative, suggesting that
the designed system can produce bidirectional motion.

Last, the operational performance of the ARIS is evaluated to demon-
strate the efficacy of the designed system (see movie S1). Figure 4F
shows real-time observations of the changes in Vgs' — Vis’ (AV’) with
Vpre> along with photographs of the actuator in each condition. First,
as consecutive input pulses of +2 V are applied to the V. terminal,
AV’ gradually increases and approaches +5 V. Consequently, the
soft actuator bends, from BA of 0° (state 1) to 14° (state 2). Next,
pulses of =2 V are applied until the actuator gradually returns to its
original position (state 3). Second, pulses of the same amplitude (+2 V)
are applied to the V. terminal. AV’ approaches +9 V, causing bend-
ing of the actuator from states 3 to 4 with the corresponding BA of
34°. Subsequently, consecutive pulses of —2 V are applied to ensure
that the actuator returns to the original position (state 5). The dif-
ference in BA between states 2 and 4 is 20°. In this case, the range of
muscle movement is controlled by applying different numbers of
Vpre pulses. Subsequently, successive V. pulses of +3 V are applied,
and the actuator transforms from states 5 to 6. In this case, the BA
value (34°) is the same as that of state 4; however, the time required
for the change from the original position is different (12.6 s from
states 3 to 4 and 6.4 s from states 5 to 6). This scenario is one in
which the speed of muscle movement is controlled through the V.
pulse amplitude. The same trend can be observed in the opposite
direction. When continuous input pulses of -3 V are applied to the
Vpre terminal, AV’ rapidly approaches —10 V, resulting in the change
in the actuator from states 7 to 8 with a corresponding BA of —36°.
Subsequently, input pulses of +3 V are applied to promptly return the
actuator to the original position, followed by the application of the
input pulses of -2 V to the V.. terminal. AV" gradually approaches
—10V, causing the soft actuator to bend from states 9 to 11. The time
required for the actuator bending to the same level under different
input voltages was 6.24 s from states 7 to 8 (at Ve of =3 V) and 14.65 s
from states 9 to 11 (at Vpr. of =2 V). These results confirm that analog
control of the actuator can be realized by changing the number and
amplitude of the input pulses, and in particular, the operating speed
can be controlled by the input voltage amplitude. Note that the
pulse-driven characteristic of our system enables the lower energy
consumption compared to the all-CMOS-based circuit (table S1).

DISCUSSION

We developed a motor control system that can mimic human recip-
rocal inhibition by using ESC/ISC, voltage/current amplifiers, and a
soft actuator to demonstrate human muscle movement. The O-I
hybrid GPSi was used as a gate dielectric for both the AS and load
transistor in the ESC and ISC: GPSi annealed at 230°C served as the
retentive dielectric for the AS, whereas GPSi annealed at 180°C
served as a typical dielectric for the load transistor. By connecting
the AS and load transistor in series, we designed the ESC and ISC
connected to the Ni-Ti SMA fibers embedded in the PDMS matrix.
By exploiting the inverse relationship of the output voltages of the
ESC and ISC, reciprocal inhibition could be successfully emulated.
In other words, relaxation on one side could be realized to accom-
modate the contraction of the other side of the actuator. The speed,
range, and direction of the actuator bending could be precisely con-
trolled via the preset input voltages. The proposed implementation
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of AS-integrated ESC and ISC as logic gates can facilitate follow-up
research on the AS-integrated logic circuit-based complex system
and can promote the application of these devices in bioinspired soft
robots and prostheses.

MATERIALS AND METHODS

Device fabrication

To fabricate the load transistor and AS, a 30-nm-thick ITO layer
was deposited onto a glass substrate via radio frequency magnetron
sputtering. Subsequently, the ITO layer was patterned by conven-
tional photolithography (AZ 5214E), followed by chemical etching
with 35 volume % (vol %) hydrochloric acid diluted in distilled wa-
ter. Next, a 30-nm-thick IGZO layer was deposited onto the ITO
layer via radio frequency magnetron sputtering, followed by sinter-
ing at 300°C for 2 hours. The sintered IGZO layer was patterned by
conventional photolithography, followed by chemical etching with
3 vol % LCE-12 (Cyantek Co.) diluted in distilled water. Moreover,
6 weight % GPSi sol, dissolved in ethanol, was spin-coated onto the
IGZO layer at 3000 rpm for 60 s, followed by annealing at 180°C for
1 hour (load transistor) and 230°C for 2 hours (AS) in the ambient
condition. In addition, a 40-nm-thick Al gate electrode was evaporated
through a shadow mask onto the gate dielectric layer. To fabricate
the soft actuator, a 100 mm by 20 mm by 6 mm (length x width x
height) mold for PDMS was prepared using a 3D printer (Prusa MK3S).
Four polytetrafluoroethylene (PTFE) tubes (diameter = 0.92 mmy;
Misumi, TUBF26-10) were placed through the holes of the mold
to provide paths for the Ni-Ti SMA fibers (diameter = 0.5 mm;
DYNALLOY Inc.). Subsequently, the uncured PDMS (SYLGARD 184)
was poured into the mold, coupled with the PTFE tubes, and placed
in vacuum for 30 min to extract the bubbles remaining in the
PDMS. The PDMS was cured at 80°C, followed by the removal of the
mold. The Ni-Ti SMA fiber was threaded through the PTFE tube and
connected to the electrodes in the body of the actuator.

Measurements

EIS measurements were obtained using a VersaSTAT4 potentiostat
(AMETEK). FTIR spectroscopy was performed using a Spectrum
Two FTIR spectrometer (PerkinElmer) in the attenuated total re-
flection mode. XPS measurements were obtained using the VG
ESCALAB 250 (Thermo Fisher Scientific) instrument, equipped with
a monochromatic Al-Ka radiation source (hv = 1486.8 eV). Raman
spectroscopy was conducted using an alpha300 R (WITec) device
with an excitation wavelength of 632.8 nm. The electrical properties of
the transistors were measured using a Keithley 4200A-SCS instru-
ment. Bending simulation was conducted via the SimScale Multi-
physics simulation software using the 3D modeled soft actuator with
the same pressure allocation as that of the Ni-Ti SMA-embedded PDMS
soft actuator. The BA was measured through the Image] PhotoBend
plugin using the recorded video at the side of the actuator.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo3326
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