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All-Flexible Artificial Reflex Arc Based on Threshold-

Switching Memristor

Depeng Wang, Shufang Zhao, Linlin Li, Lili Wang, Shaowei Cui, Shuo Wang,

Zheng Lou,* and Guozhen Shen*

The simulation of human feelings, perceptions, and actions has become an
important application field for medical treatment, human—computer inter-
faces, and intelligent robots. However, the need for various functional units
hinders system integration. A threshold-switching memristor is used as the
sympathetic nerve center to simulate an unconditioned reflex. High current
nonlinearity (10°) is achieved by adopting a nanocontact structure, and high
flexibility (bending radius of =5 mm) is obtained by combining the structure
with a flexible polymer film. Furthermore, integrating a flexible sensor and

a flexible artificial muscle made of ionic polymer—metal composite allows

to form an all-flexible complete reflex arc of an unconditioned reflex. The
threshold-switching memristor can provide strain-dependent control through
simple control logic, indicating the great potential of adopting threshold-
switching memristors for primary neuromorphological control and flexible

intelligent medical treatment.

1. Introduction

Living organisms can respond to external or internal stimuli
due to their highly developed neural control network, which
can efficiently receive signals from receptors and activate
actuators to respond accordingly. For instance, the reflex arc
is controlled by the central nervous system to achieve specific
physiological responses involving a few tissues and organs.?
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Such responses enable a living organism
to operate basic physiological functions
with high efficiency, low energy consump-
tion, and stability for adapting to the envi-
ronment or their self-state. Hence, the
design of biological functions and bionic
robots has been widely studied in the past
few decades.’~"] However, limitations such
as compatibility, toxicity, and complexity
limit most bionic systems to applications
in industrial and medical auxiliary fields
through man-machine control.

Flexible electronics can be compatible
with the structural mechanics and engi-
neering functions of living organisms and
provide unique advantages for simulating
life systems.®”] The recent emergence and
rapid iteration of flexible bionic neural
devices, such as memristors and synaptic
transistors, have enabled the advanced design and combina-
tional logic implementation in conventional neural circuits,
greatly reducing the complexity of bionic neural circuits.[-1
In addition, diversified flexible sensors and artificial muscles
may endow humans with improved human-level or even super-
human-level signal perception and motion control capabilities.
Accordingly, by designing an integrated system with multiple
flexible devices, many complex applications can be developed,
such as artificial prostheses, pain evaluation systems, and
humanoid robots. 1213l However, overly complex systems gener-
ally incur high computational complexity and energy consump-
tion of the central processing unit, hindering implementation.
Therefore, simple closed-loop systems to complete simple tasks
are preferable to implement bionic intervention systems com-
posed of flexible electronics with low computational complexity.

In this work, we combine an MXene/thermoplastic polyure-
thane (TPU) tensile sensor, an Ag ionic polymer-metal com-
posite (IPMC) actuator, and a novel flexible threshold-switching
(TS) device to construct an unconditional reflex arc system. As
the operating conditions change, the system can be adjusted
through an internal Ag nanowire (NW) pathway. The developed
system can simulate a basic reflex arc and perform simple self-
control. The system may be used to perform auxiliary functions
for treating diseases such as neurogenic bladder dysfunction,
as illustrated in this paper. In addition, the adopted approach
can help to further clarify the causes of functional failure and
provides potential treatment alternatives while potentially
providing a practical solution for applications in health moni-
toring, soft robots, and wearable devices.

(10f9) © 2022 Wiley-VCH GmbH
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2. Results

As shown in Figure 1a,b, without control of the midbrain
center, urination is a threshold-activated reflex. As the epi-
dermal bladder sensing cells increase in content, the force
perception also increases. When the perceived force exceeds a
critical value, the pain nerve is activated and transmits signals
to the sacral urination center, which in turn triggers the contrac-
tion of the detrusor to excrete urine. To develop a fully flexible
bionic reflex arc system, we use an MXene/TPU stretch sensor,
a TS device obtained by combining Ag NWs and polymer as
the nerve center, and an Ag-plated IPMC electrochemical actu-
ator as an artificial muscle. A memristor can serve as a bionic
device with resistance transition at a specific voltage threshold,
and it can resemble the activation and deactivation of a reflex
arc.l01415] Although a remember switch (RS) memristor can
maintain a stable memory capacity in resistance, after its activa-
tion, it takes a long time or requires a reverse voltage for recov-
ering, increasing the control circuit complexity. On the other
hand, a TS device can pass from a high- to a low-resistance
state. If the voltage is below a threshold, a resistance transition
occurs, quickly recovering the device from a low- to a high-
resistance state, as illustrated in Figure 1c. This characteristic
can allow artificial nerves to sustain long-term intermittent
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work and stability.'! For operation, we mix high-aspect-ratio
(=300, Figure 1d; Figure S1, Supporting Information) Ag NWs
with polyvinylidene fluoride (PVDF) copolymer as variable
materials to achieve a high switching ratio and compatibility by
flexible and nontoxic characteristics. As a copolymer of PVDF
and hexafluoropropylene (HFP) groups, PVDF-HFP has excel-
lent thermal stability, mechanical stability, chemical resistance,
and wear resistance, and it can maintain various properties
over a long term.

To experimentally compare the TS performance of different
PVDF copolymers and Ag-NW-doped dielectric layers, we evalu-
ated PVDF, PVDF-HFP, P(VDF-chlorotrifluoroethylene), and
P(VDF-trifluoroethylene). A PVDF-copolymer-DMF (N,N-
dimethylformamide) solution with the same mass concen-
tration (20 wt.%) was mixed with the DMF suspension of Ag
NWs to obtain four types of polymer and NW suspensions by
stirring. As shown in Figure 2, we found that the experimental
group of PVDF-HFP mixed with Ag NWs provides the highest
performance. In the group, when the ratio of Ag NW content
to PVDE-HFP solution is 1:1 (volume ratio), the device can
realize reversible bidirectional TS. Among the many types of
PVDF copolymers, PVDF-HFP has more amorphous domains
and better hydrophobic properties than PVDF because of its
large constituent groups and poor ferroelectric properties. In
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Figure 1. a) Comparison diagram of the biological primary urinary system and artificial urinary system. The bladder surface receptor (stretch sensor)
detects the critical pressure response, and the signal is transmitted to sacral spinal cord center (I) (TS device—II). Then, the detrusor muscle (I11)
(electrochemical actuator is applied—IV) contracts. b) Statistical diagram of urine accumulation and excretion in the bladder. c) Schematic diagram of
resistance of RS device and TS devices in response to voltage. d) Scanning electron microscopy image of Ag NWs used in TS memristors.
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Figure 2. a) Schematic of flexible TS memristor with two-terminal Au/Ag NW—P(VDF-HFP)/Au planar structure. b) Typical I-V characteristics of flexible
TS memristor with highly nonlinear, bidirectional, and low-voltage TS behavior. c) Flexible TS memristor with a high nonlinearity of =10° at V, of 0.25 V
and fast activation slope of 6.7 mV dec™. d) Ten consecutive cycles of DC voltage sweeps with compliance current of 1 mA showing no deterioration.
Positive and negative voltage sweeps were alternately applied. ) Voltage V;, according to outward bending angle from 0° to 160°. The inset shows the
optical image of the fabricated flexible TS memristor during bending. f) The influence of different compliance current levels on the switch performance

of TS memristors.

addition, PVDF-HFP also has the lowest dielectric constant
and highest electrical stability among the four evaluated mate-
rials.”l Single nanobelts have been used as resistive materials
for TS devices, achieving high switching performance./'618l
However, the protection characteristics of polymer doping are
also important and can be used in flexible electronic devices
for complex operating environments. Owing to the protection
of PVDF-HFP, the deterioration reaction of external water and
oxygen is avoided, and a long working life of Ag-NW TS devices
can be achieved.

The flexible TS memristor is fabricated using a nanocontact
strategy.”l The memristor comprises two planar Au/Cr electrodes
sandwiching a transparent thin film including Ag NWs diffused
in the P(VDF-HFP) copolymer (Figure 2a, optical image is shown
in Figure S2, Supporting Information). This simple structure
provides bidirectional TS in a flexible device. Figure 2b shows the
typical T'S behavior of the Ag NW TS memristor under a forming
voltage of =1 V. The initial resistance is high until it abruptly
switches from the OFF state (107° A) to the ON stage (1073 A)
at activation voltage Vy of =0.25 V. Then, as the voltage returns
to zero, the flexible TS memristor almost immediately returns to
the OFF state, differing from the RS device with a slow behavior.
Symmetry endows the flexible TS memristors with bidirectional
switching, as reported in a previous study. The nonlinear area
is magnified in Figure 2c, and nonlinearity reaches above 10° at
Von of 0.25 V. The steep slope is almost 6.7 mV dec™, being sim-
ilar to that of other flexible switching devices.
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Uniformity, speed, and stability of implementation are also
important for applying flexible TS devices. Figure 2d shows ten
circle I-V curves obtained continuously when a single flexible
TS memristor was operated in DC mode. Voltage threshold Vy,
and other characteristics do not show degradation, indicating
the device reliability, which was also verified under bending
conditions. The threshold voltage does not change dramati-
cally with an increase in external bending (>0), as shown in
Figure 2e, which depicts the relation between threshold
voltage and bending angle. Interestingly, activation current Ioy
decreases when the bending angle increases, implying that a
large bending angle reduces the elastic tensile deformation and
internal Ag NW density, weakening the nanocontact.

We established four experiment groups of compliance cur-
rent ranging from 107 to 107> A to test the highest current in
the ON state. At the first switching in DC mode, as shown in
Figure 2f, voltage Vy, (0.8 V) at a compliance current of 107 A
is far higher than that of the other groups (0.25 V). At the initial
formation of the effective link in the conductive filament, Ag
atoms connected to the positive pole in the PVDF-HFP film are
fused by Joule heat to change the initial shape and gradually
drift under the electric field and try to form an electrical con-
nection. Thus, the device requires a high voltage and produces
a large switching ratio to establish a connection for the first
time. After the voltage returns to zero, the Ag NW path breaks
under the action of interface free energy and external pertur-
bation. However, the broken fragments remain near the path,

© 2022 Wiley-VCH GmbH
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and the subsequent conductive connections do not require long
atomic drifts, substantially reducing the threshold voltage com-
pared with that required for the first activation.

The environment composed of dielectric materials in which
the nano-conducting materials are located is crucial for the for-
mation of conductive filaments. The structure of alternating C—F
bonds and C—H bonds formed by highly electronegative fluo-
rine atoms in PVDF materials makes the polymer have higher
polarity and larger intramolecular dipole moment. Therefore,
the conductive filaments are greatly hindered by the dielectric
material in the process of forming and breaking. To validate the
PVDF copolymer, we evaluated other PVDF copolymers as dielec-
trics and performed the same -V characteristic test (Figure S3,
Supporting Information). Scanning electron microscopy images
show a randomly oriented Ag NW network embedded in the
surface layer of the PVDF polymer (Figure S4, Supporting Infor-
mation). Among PVDF-HFP, due to the larger molecular groups
and less polarity, a better balance can be achieved after mixing
with silver nanowires. It can not only induce the internal genera-
tion of conductive paths by voltage, but also delay the breaking
speed of conductive paths by utilizing high chemical stability
and residual polarity. Through a reasonable ratio of similar polar
groups and nanowire concentrations, the electrical properties of
threshold switching devices can be effectively regulated, such as
the magnitude of the turn-on voltage and the speed of recovery
after turning off. Hence, NW-based TS memristors should have
a suitable protective layer material with electrical and chemical
stability. We also tested the infrared absorption spectra of PVDF-
HFP monomer and PVDF-HFP mixed with silver NWs (Figure S5,
Supporting Information). The pair of absorption bands at 1170
is mainly caused by the CF, stretching vibration. The sharp
absorption of 1070 is the vibration of the crystalline phase, the
absorption bands at 875, 835 are the characteristic absorption
of the amorphous phase, and the 1400 absorption band is the
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variable-angle vibration of CH,.2% The results show two posi-
tions of the absorption peaks of the control group remain the
same, but the absorption intensity is different, which may be
caused Dby the difference in concentration caused by the silver
NWs supporting the polymer grid.

As mentioned above, the device switches back to the high-
resistance state automatically as the voltage returns to zero, indi-
cating the rupture of unstable filaments. To clarify the under-
lying mechanism, we developed the phenomenological model
shown in Figure 3a for the proposed flexible TS memristor. The
Ag NWs randomly dispersed in P(VDF-HFP) do not form an
effective conductive path. Before the voltage gradually increases
to the threshold voltage, Ag atoms from the Ag NWs are oxidized
to Ag* ions (Ag — e — Ag"). Along the electric field, the posi-
tively charged ions move toward Ag NWs nearby and are reduced
back to Ag atoms (Ag* + e~ — Ag). The junction of Ag filaments
is produced according to the accumulation of Ag atoms, and the
flexible TS memristor is activated. When the voltage drops back
to zero, owing to Rayleigh instability and Joule heat, the Ag NW
pathway breaks at the most vulnerable position and stays near
the pathway, such that the memristor returns to the OFF state.[!

Owing to the irregular Brownian motion, the Ag atoms
remaining in the channel gradually move away from the cur-
rent position.?223] However, continuous voltage switching
causes a large number of Ag atoms to gather along the pathway
and enlarge the current path, which is also reflected in the
increased OFF-state current. According to Figure 3b, the con-
tinuous cycle causes the switch current ratio to decrease rapidly.
When controlling the voltage stimulation interval, as shown in
Figure 3c, both the threshold voltage and OFF-state current
gradually recover to their initial state. Compared with TS mem-
ristors developed in recent years, 8192430 the proposed flexible
TS memristors have a high switching ratio and ultralow oper-
ating voltage, enabling low energy consumption (Figure 3d).
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Figure 3. a) Schematic of flexible TS memristor switching between OFF and ON states. The yellow path represents the conductive filament formed by
adjacent Ag NWs. b) Variation of current in ON and OFF states under continuous cycle test. ) I-V characteristics of flexible TS memristors at different
cycle intervals. d) Statistical diagram of ON/OFF ratio, threshold voltage, and bending radius of planar TS devices.
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Considering the variation in the high-resistance state of
TS memristors after multiple adjacent activation cycles, we
speculate that such variation resembles synapses with certain
memory capabilities. To verify the strengthened connection
and its maintenance to establish artificial synaptic devices,
multiple sets of spike stimulation experiments were conducted
and analyzed considering the spike voltage and reading voltage.
As shown in Figure 4a, under stimulation using a single spike
with a reading voltage of 0.001 V and a spike voltage of 1V, the
TS memristor rapidly increases its current from 1.17 X 10~ to
1.36 x 1073 A, showing a large variation (1.16 x 10%). By com-
paring the resistance states of the TS devices before and after

threshold switching (at the same read voltage), we define a
value “RVS” whose resistance varies with the state to quantify
the static effect of the pulse on the strength of the weighted
connection. RVS is obtained by taking the rate number of the
resistivity after the change/the resistivity before the change

RVS = & 1

Before

After removing the spike stimulation, the current drops and
remains at =107° A. Compared with the initial current, the spike
stimulation increases the conductivity of the TS memristor,
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Figure 4. a) Current response of TS memristor under single-spike stimulation with spike voltage of 1V and reading voltage of 0.001 V. b) Under the
stimulation of two adjacent spikes, the current of the TS memristor exhibits paired-pulse facilitation (A,/A; ~ 1.19) while maintaining a high RVS
(1.06 x 10%) under reading voltage of 0.001 V. c) Under the stimulation of five adjacent spikes, the current of the TS memristor exhibits paired-pulse
facilitation (As/A; ~ 1.21) while maintaining a high RVS (1.65 x 10%). d) Two groups of spike stimuli were applied to TS memristor with an interval of
6 min between groups to resemble learning. e) Ebbinghaus forgetting curve.
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indicating a memory capacity similar to the formation of syn-
apses. The TS memristor was further subjected to five consecu-
tive spikes with a reading voltage of 0.001 V and spike voltage
of 1V, obtaining the results shown in Figure 4b,c. Obviously,
we found from the double-pulse stimulation that the pulse cur-
rent of the latter part is higher than the former part, and its
double-pulse alienation rate (A,/A;) is 1.19. As the number of
pulses increases, the internal conductance connection strength
of the TS memristor gradually increases. Compared with
double pulse alienation, the alienation rate As/A; of five pulses
is 1.21, In addition, continuous spike stimulation has a negli-
gible effect on the ON-state current of the TS memristor. More-
over, the current under the reading voltage shows a substan-
tial increase of 60% compared with the reading-voltage current
under double-spike stimulation. The change in reading-voltage
current is caused by the continuous spike stimulation, which
increases the strength of the conductance inside the TS mem-
ristor. Accordingly, the resistance variation of the TS mem-
ristor composed of PVDF-HFP and Ag NWs indicates temporal
memory of external stimuli, which can be strengthened by con-
tinuous stimulation.

To evaluate the resistance maintenance characteristics (i.e.,
memory characteristics) of the TS memristor over time, we
applied two groups of spike stimulations with an interval of
6 min to the TS memristor and conducted a “learning—forget-
ting-learning” test. The ratio of first peak current B; in the
second group to first peak current A; in the first group is 1.1
(Figure 4d). In addition, the reading voltage shows that the con-
ductivity strength increases after the first set of spike stimula-
tion and returns to its initial state after 30 s. As Figure 4d is
consistent with Figure 3c, increasing spike stimulation of the
TS memristor increases its reading-voltage current. However,
as the interval between stimulation groups increases, the con-
nection strength gradually decreases until restoring the initial
high-resistance state. Therefore, voltage stimulation with suit-
able interval control allows to maintain the TS memristor active
continuously. The memory characteristics are similar to the
manifestation of the Ebbinghaus forgetting curve (Figure 4e).53!
For some repetitive reflexes, such as the pain reflex, multiple
high-response stress reflexes induce organisms to adjust their
perception thresholds of the pain reflex arc to avoid excessive
damage and elicit the reflex sooner in subsequent exposures to
the triggering stimulus. The function of modulating the reflex
threshold is the basis for biological self-adjustment and self-
evolution under external stimuli.

To imitate a low-level reflex arc, we used three devices for
sensing, control, and motion, integrating a system to elicit a
basic reflex.3233 TiC, a 2D MXene material with excellent elec-
trical conductivity, was coated on the TPU film obtained by
electrospinning to prepare a highly sensitive stretch sensor.}*3’]
A schematic diagram of the device simulation stretching bio-
sensor and its photograph are shown in Figure 5a. As shown in
Figure 5b and Figure S6 (Supporting Information), the stretch
range of the MXene/TPU stretch sensor ranges from 10%
to 40%, which is similar to the bladder radius expansion rate
(volume change rate of 300%), and the maximum stretch strain
response can reach 225%. As the Ag NW TS system is used
as the control unit, and a considerable voltage shift is needed
to activate the mechanism, a large voltage change should be
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applied. As a result, the sensor must react to the degree of
stretching with a broad range of resistance adjustments. There-
fore, MXene was selected as the sensitive sheet. Given the
interconnected TiC content, the tensile sensor has an apparent
reaction under limited stress because of the excellent conduc-
tivity of this 2D material, and the laminated construction causes
the relative change rate of the instrument to increase drasti-
cally under high pressure owing to the interconnections. The
non-conductivity of the nanocomposite is caused by separation
under high pressure (Further detail in Figure S7, Supporting
Information). As shown in Figure 5b, when the maximum
effective stretch reaches 40%, the relative resistance change rate
is as high as 525.62, and the maximum gauge factor is 1314.05.
In addition, we measured the real-time relative resistivity of the
stretch sensor according to the loading/unloading strain, and
the results show no obvious hysteresis during loading (95 ms)
and unloading (385 ms) (Figure 5c). Then, in Figure S8 (Sup-
porting Information), we further checked the unidirectional I-V
characteristics under different stretching degrees and found that
the sensor has high stability and linearity. We also performed a
5 Hz frequency tensile response loop test on the device, and the
results are presented in Figure S9 (Supporting Information).

IPMC, a kind of electrochemical actuator based on a Nafion
film, was used as an artificial muscle (Figure 5d). Owing to
their large deformation and operational stability in the air, they
are promising candidates for artificial muscles. In addition, the
low working voltage (2-3 V) also complies with the working
range of the proposed system, being easy to integrate with
other equipment and possibly preventing biological damage in
applications.[*®l When a specific voltage is applied to both sides,
the prepared actuator strip exhibits a large bending deforma-
tion, and the degree of bending can be determined by varying
the applied voltage bias (Figure Se; Figure S10, Supporting
Information). Owing to the capacitor structure, the -V curve
of the actuator presents the electrochemical characteristics of
a double-layer supercapacitor (Figure S11, Supporting Informa-
tion). We chose Nafion N117 film as the substrate, and prepared
dense silver layers on both sides of it as electrodes by electro-
chemical plating. The detailed SEM characterization diagram is
shown in Figure S12 (Supporting Information). When the actu-
ator is subjected to cyclic voltammetry tests at different rates,
the device also exhibits an obvious charging curve similar to
that of a supercapacitor (Figure S13, Supporting Information).
The actuator withstands ten cycles of periodic voltage switching
between 3 and —3 V, demonstrating its reversibility and reli-
ability (Figure 5f).

By integrating the three devices, we conducted a biological
unconditioned reflex test on the obtained system. We consid-
ered the bladder diastolic reflex using the MXene/TPU stretch
sensor as the afferent nerve and the NW-based TS memristor
as the parasympathetic nerve to control the muscles, which
were simulated by the IPMC actuator to complete the artificial
reflex arc.l’?l The appearance of the bladder changes according
to the amount of stored urine. When urine enters the bladder,
the bladder wall stretches until it is full and is flattened by the
overlying bowel into an oval shape.?”38 The stretch sensor was
glued to the periphery of the artificial bladder represented by
a similarly shaped balloon, and the parallel TS memristor was
placed on top with a small change (Figure 5g). As the balloon

© 2022 Wiley-VCH GmbH
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Figure 5. a) Human skin stretching and stretch sensor photographs. b) Current curves over time of MXene/TPU stretch sensor at different stretching
levels. From 10% to 40%, the relative resistance of the stretch sensor increases step by step, indicating that the sensor can identify different stretching
degrees over a reasonable range. c) Response time and recovery time of MXene/TPU stretch sensor. d) Schematic of human muscle and photograph
of Ag-Nafion IPMC film. e) Tip-to-tip displacement bar graph of Ag-IPMC actuator measured at DC voltages from 1to 5 V. f) The working current curve
of IPMC under the stimulation of positive and negative 3 V square wave voltage g) Optical picture of the complete system combined with a balloon.
h) Current curve over time of control circuit during stretching test. i) Displacement of Ag-IPMC actuator before and after system response.

is filled with liquid and begins to expand, the sensor stretches.
Through the parallel connection of the two devices, strain-
dependent programming of the resistance of the TS mem-
ristor is achieved. Given that the reference resistor is known,
the initial low strength of the tensile sensor shields the parallel
TS memristor, and the voltage is insufficient to activate the
TS memristor, with the total current remaining at 10™* A. As
the stretch sensor is further stretched, the total resistance and
voltage of the parallel circuit increase, but the TS memristor
cannot be activated below the threshold voltage. The diastolic
reflex of a biological bladder is activated after reaching a stimu-
lation threshold, forcing the detrusor to initiate urination. As
shown in Figure 5h, the developed system changes sharply
from a high-resistance to a low-resistance state only when
the strain stimulus reaches the preset threshold (Figure 5i;
Movie S1, Supporting Information). Simultaneously, given the
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self-recovery of the TS memristor, when the tensile sensor
signal drops below the threshold, the shielded TS mem-
ristor gradually recovers from the low-resistance to the high-
resistance state without requiring a reverse voltage.

The proposed system may be applicable for medical assis-
tance to extend the simulation of the bladder relaxation reflex.
In many neurogenic bladder dysfunctions, such as detrusor
underactivity or underactive bladder, a reduced contraction
strength often leads to excessive urination time or incomplete
urination. Currently, intermittent urinary catheterization by
inserting a straw into the urethra is considered the most effec-
tive method for emptying the bladder. However, this method
increases the susceptibility to urinary tract infections, and its
use is limited by periodic pain. Without requiring intubation,
the proposed system may be used to monitor changes in the
bladder volume and perform urination assistance.

© 2022 Wiley-VCH GmbH
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3. Conclusion

The electrical and neurological properties of Ag NWs and
P(VDF-HFP) composite dielectric materials used as threshold
transition memristors were investigated in this study. An artifi-
cial device was developed to replicate the action of the diastolic
reflex arc in a biological bladder. The continuous stretch signal
was successfully transformed into a control signal following
the all-or-none rule, and an electrochemical actuator was acti-
vated for reflex control owing to the threshold modulation of
a stretch sensor and an Ag NW TS memristor. By using nano-
contacts, we found that various factors influence the transition
of the Ag NW network TS memristor, including the concentra-
tion and length of Ag NWs as well as the electrical stability of
the dielectric content, which are essential for operation. NW-
based TS memristors have high application potential owing to
their simple preparation, versatile modulation constraints, and
electrical self-recovery characteristics. Furthermore, the system
developed in this study, which was made of modular electronic
components, can be used in flexible electronics applications
such as wearable electronics, alternate neural prostheses, and
intelligent flexible robots.

4. Experimental Section

Synthesis of Ag NWs: Poly(vinylpyrrolidone) (0.2 g) was added to
25 mL of ethylene glycol and mixed until full dissolution at 60 °C. The
solution was then filled with 0.25 g AgNO; and 3.5 g FeCl; until dissolved
completely by stirring. The mixed solution was transferred immediately
to a reaction bowl and heated to 130 °C for 5 h in an oven. After the
hydrothermal reaction, the vial was centrifuged twice at 3500 rpm for
5 min with acetone and ethanol. The obtained Ag NWs were scattered in
DMF. Finally, the solution was concentrated at 0.8 g mL™".

Fabrication of Flexible TS Memristor: First, a polyethylene terephthalate
substrate was ultrasonically cleaned with deionized water and then
ultrasonically cleaned with ethanol and toluene. Next, Au (50 nm)/
Cr (5 nm) symmetric electrodes (W/L = 500) were deposited on the
substrate by photolithography. Then, the NW suspension was mixed
with the DMF solution (0.2 g mL™") of P(VDF-HFP) and stirred for 1 h
to obtain a mixed solution of Ag NWs-P(VDF-HFP). Finally, a flexible
printed device (Prtronic Tech) was used to coat the mixed solution on
the electrodeposition and dried at 40 °C.

Fabrication of Ag-IPMC Actuator. Before IPMC was manufactured,
Nafion N117 membranes were treated by being roughened with
sandpaper, immersed in a 5 wt.% H,0, aqueous solution, boiled for
30 min, washed repeatedly in deionized water, and boiled at 100 °C for
1 h. Then, the resulting film was immersed in 0.1 mol L™' H,SO, and
boiled for 30 min. The film was boiled again in deionized water at 100 °C
for 1 h for full swelling. The metal Ag electrode layer was prepared on
the Nafion membrane by assisted electroless plating. This process
included 1) immersing the treated Nafion membrane in a 0.25 mol L™
NaOH solution, keeping it at 25 °C for 40 min, and then placing it
in a 0.03 mol L' Ag(NH;)OH aqueous solution for 15 h. 2) Then,
0.025 mol L™ C¢H,O¢ solution was added dropwise to the reaction
solution and stirred slowly. The Ag ammonia ions adsorbed on the
surface of the Nafion membrane were reduced to metallic Ag and
nano-adsorbed on the Nafion membrane. 3) The obtained membrane
was washed with distilled water and ultrasonicated for 5 s to eliminate
the influence of bad Ag particles. To ensure conductivity of the Ag
electrode, electroless plating steps 1-3 were repeated twice. The Nafion
membrane with a high-quality Pt electrode was dried at 90 °C for 4 h and
then reswelled in deionized water to eliminate solvent impurities in the
Nafion membrane.
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Fabrication of MXene/TPU Stretch Sensor: Four grams of TPU was
added to 16 g of DMF, and the solution was stirred and dissolved in an
oil bath at 60 °C to obtain a colorless, transparent solution. Then, the
solution was inserted into a syringe, and the TPU film was spun at 12 kV
and 15 cm between the nozzle and collection plate. Finally, the TPU film
was cleaned using a plasma machine (12 W), and an aqueous MXene
solution was drip-coated on the pre-stretched film and air-dried at room
temperature to obtain the stretch sensor.

Measurements: The electrical and sensing characteristics were
measured using a Keithley 4200 SCS station and a Keysight 1500A
analyzer. For pressure sensing, voltage pulses were delivered by a
function signal generator (Keithley 2182A) to obtain electrical signals
with different pulse widths/intervals/frequencies. The external pressure
was delivered by a fixed mass weight.
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