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Abstract
Neuromorphic materials are promising for fabricating artificial synapses for flexible electronics, but they are usually expen-
sive and lack a good combination of electronic and mechanical properties. In this paper, low-cost flexible carbon nanotube/
polydimethylsiloxane (CNT/PDMS) nanocomposites were prepared by solution processing. Their neuromorphic properties 
were studied as a function of PDMS macromolecular network structure. Specifically, the structural defects of the polymer 
network originating from intermolecular crosslinking reactions were tuned to tailor the electron transfer between carbon 
nanotubes, resulting in a recorded low switching power consumption (1.40 × 10–10 W) and a high working bending radius 
of curvature (5 mm) compared to other organic, flexible neuromorphic materials. As-fabricated CNT/PDMS composites 
demonstrate robust performance for 104 operating cycles under mechanical deformation. Emulation of synaptic functions 
was also presented, showing long-term potentiation (LTP) and long-term depression (LTD) characteristics. These results lay 
a foundation for networked polymer-based multifunctional nanocomposites for flexible neuromorphic electronic devices.

Keywords  Neuromorphic materials · Artificial synapse · Carbon nanotubes · Memristor · Nanocomposite

1  Introduction

The need for multifunctional composites is growing due to 
their synergistic functions suitable for increasingly complex 
application scenarios [1–3]. Recent advances in flexible and 

wearable electronics drive the development of multifunc-
tional composites that combine good electronic and mechan-
ical performances. Upon deployment, it is imperative that 
the massive amount of data generated by electronic devices 
can be stored and processed efficiently. Memristor-based 
artificial synapses are promising for energy-efficiency neu-
romorphic computing. Particularly, nanocomposite materi-
als having nanoscale fillers embedded in organic matrices 
are promising for flexible neuromorphic electronics due to 
their mechanical flexibility, biocompatibility, and simple 
fabrication process [3–5]. Also, low energy consumption 
for flexible memristor units has been sought after because 
it is critical for densely packed data analysis [5–9]. Several 
attempts to achieve high energy efficiency against mechani-
cal deformation were based on incorporating natural materi-
als [10–12], which could achieve 1.50 × 10–10 W resistive 
switching power consumption with a working bending 
radius of curvature of 15 mm. Although natural materials 
have been widely explored for flexible memristive devices, 
they could lack diversity for structural customization [13] 
or require additional chemical modification to exhibit neu-
romorphic behaviors. For example, it would take weeks to 
harvest protein nanowires from the bacterium Geobacter 
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sulfurreducens in a strictly controlled environment to fab-
ricate a protein–nanowire film-based active layer [14, 15].

On the other hand, synthetic polymers like polydimethyl-
siloxane (PDMS) and silicon elastomers are cheap, ready 
to use, flexible, and biocompatible, which is a promising 
candidate for flexible organic matrices for nanocomposite 
electronics [16]. The molecular structure of PDMS is also 
easily tuned for many applications, but its nature of non-
conductive property hindered its neuromorphic application. 
Incorporating conductive fillers, such as carbon nanotubes, 
into polymer nanocomposite materials is promising to over-
come this problem. Single-wall carbon nanotubes (SWCNT) 
are widely used in electronics due to their exceptional con-
ductivity and high aspect ratio. A small amount of inclu-
sion can significantly improve the electrical properties of 
the non-conductive polymer matrix [17, 18]. However, the 
neuromorphic properties of flexible SWCNT/PDMS nano-
composites remain unknown. Although the macromolecular 
structure influences the mechanical and thermal properties 
of materials in various applications [19–22] and electrical 
sensing and conducting behavior are well-studied [23], its 
effects on memristive behavior have not been studied.

In this paper, PDMS/SWCNT nanocomposites were 
prepared by simple solution processing with an extra low 
loading of SWCNT, and their neuromorphic functionalities 
were studied. By tuning the PDMS crosslinking density, 
the resultant memristor’s operation voltage can be adjusted 
as low as 0.7 V, and a switching power consumption of 
1.40 × 10–10 W with a high bending radius of curvature of 
5 mm. The memristive performance also demonstrated good 
stability against cyclic switching and the ability to mimic the 
biological synapse behavior.

2 � Experimental

2.1 � Materials

The single-wall carbon nanotube (SWCNT) was purchased 
from Raymor Industries. The SWCNT’s outer diameter, 
length, and density were 1.2–1.7 nm, 100–4000 nm, and 
1.3 g cm−3, respectively. Silicon elastomer base and cur-
ing agent (Sylgard 184) was purchased from Dow Corning. 
ITO-coated PET was purchased from Adafruit. Chloroform 
(MACRON Chemicals) and DMF (Sigma-Aldrich) were 
used as received.

2.2 � Device fabrication

The scheme of nanocomposite memristor fabrication is 
shown in Fig. 1. SWCNTs were ground with mortar and 
pestle with 4–5 drops of DMF into a black paste state. 
The paste was mixed with chloroform and tip-sonicated at 

50 W for 1 h while ice-cooled. Sylagard 184 was dissolved 
in chloroform and added to the CNT/chloroform mixture. 
Then, the mixture was tip sonicated underwater/ice mix-
ture cooling for 2 h at 30 W. The tip sonicator was set in 
an interval working mode with 1 min ON time followed 
by 30 s OFF time for cooling. Chloroform was refilled as 
needed. The chloroform solution of PDMS (50 mg/ml), 
containing CNTs (0.05–0.2 wt% of PDMS), was mixed 
with a curing agent (5%, 10%, and 20% weight of PDMS). 
As-prepared solution (0.2 ml) was spin-coated on ITO-
coated PET substrate (10 mm*10 mm) at 3000 RPM for 
30 s, using a spin coater (Laurell Technologies) and then 
cured at 80 °C for 2 h under vacuum. The thickness of the 
resultant PDMS-SWCNT composite film is around 30 μ, as 
measured by a scanning electron microscope (SEM JEOL 
JSM-7500F). Finally, Au was thermally evaporated onto 
the film surface at 10–7 Torr with a thickness of about 
200 nm, using a thermal evaporation system from Oxford 
Vacuum science.

2.3 � Device characterization

Crosslinking density was determined using a solvent-swelling 
method according to the literature, and the calculation is given 
as follows [20]:

where V1 is the molar volume of solvent (chloroform; 
80.2 ml mol−1), V2 is the volume fraction of polymer in the 
swollen network, and χ is the Flory–Huggins interaction 
parameter between the PDMS and chloroform. The electri-
cal properties of devices were characterized under ambient 
conditions, using a Keithley 2400 SMU and 4200 PMU. 
The characteristic I-V curve was measured by voltage sweep 
(170 mV/s). Currents at LRS and HRS were obtained at 
0.2 V, 1 ms reading pulse followed by pulse voltage input, 
5 V for writing, and − 5 V, 1 ms pulse for erasing. PPF was 
characterized by sequential pulse voltage input (5 V, 1 ms 
width) with various time intervals (Δt) from 1 to 10 ms. 
Long-term synaptic functions of devices were measured 
after ± 1 V, ± 4 V, and ± 5 V pulse voltage input. The sweep-
ing rate’s effect on I-V curves is performed with sweeping 
rates of 170 mV/s, 175 mV/s, and 180 mV/s.

3 � Results and discussion

The design of the neuromorphic composite is inspired by 
the structure of the synapse, where signals were transmitted 
from presynaptic axons to postsynaptic dendrites through a 
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synaptic cleft (Fig. 2a). The sandwich-structured composite 
consists of a bottom electrode (BE), an active middle layer, 
and a top electrode (TE) to simulate the synapse function, as 
illustrated in Fig. 2b. A commercially available flexible elec-
trode, indium tin oxide (ITO)-patterned polyethylene tereph-
thalate (PET) membrane, was used as the bottom electrode. 
The ITO/PET as BE is commercially available and low-
cost, offering flexibility and an excellent interface for BE 
and PDMS-based middle layers [24]. SWCNT dispersed in 
PDMS was spin-coated on ITO/PET BE with 20-μm thick-
ness, which serves as an active middle layer for non-volatile 
bipolar resistive switching behavior (Fig. 2c). The dispersed 
size of SWCNT in the PDMS active layer was examined by 
an atomic force microscope (AFM), as shown in Fig. 2d.

SWCNTs were dispersed in the PDMS matrix as exploited 
small bundle, with a small loading of 0.1 wt% concentra-
tion to achieve highly efficient charge transportation. The 
SWCNTs’ concentration affects the devices’ electrical per-
formance, as shown in Fig. S1. Due to the insulating nature 
of pure PDMS, the low SWCNT concentration (0.01 wt%) 
device exhibited only an insulating state (Fig. S1a). On 
the other hand, the device's current–voltage (I-V) char-
acteristics with 0.1 wt% CNT content displayed resistive 
switching behavior (Fig. S1b). The 0.1 wt% of SWCNT 
content is theoretically the upper limit of possible resistive 
switching because the percolation threshold of SWCNT 
(d = 1.2–1.7 nm, l = 100–4000 nm, ρ = 1.3 g cm−3) is about 
0.1 wt% as calculated by the following equation [25]:

The theoretical percolation threshold and experiment 
variance are because SWCNTs are slightly aligned in the 
shear field during the spin coating process with 2000-
RPM speed, where the resultant theoretical threshold was 
0.065–0.097 wt%. In high SWCNT loading (0.2 wt%), the 
device exhibited conductive behavior with SWCNTs forming 
conducting paths with a percolated network (Fig. S1c). Au 
was deposited as the top electrode by thermal evaporation 
with a thickness of around 100 nm, as shown in Fig. 1c. The 
matrix material of the middle layer of Au/CNT-PDMS/ITO 
devices was fabricated with 5: 1, 10: 1, and 20: 1 elastomer/
curing agent ratio to investigate the polymer structure effect 
on the electrical performance, which was named device A 
(5: 1), device B (10: 1), and device C (20: 1), respectively.

Vertically assembled sandwich-structured devices exhibit 
bipolar resistive switching behavior with continuous voltage 
sweep experiments at a rate of 170 mV s−1, under an ambi-
ent environment (Fig. 3a–c). The electrical performance of 
fabricated memristors was characterized using a Keithley 
2400 SMU semiconductor analyzer. In a representative 
voltage sweep loop, the devices exhibited bipolar resistive 
changing behavior, the transition from the high resistance 
state (HRS) to the low resistance state (LRS) at each turn-
on voltage (Von). At 0 V, device A demonstrated an HRS 
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Fig. 1   Schematic description for the fabrication of flexible carbon nanotube/ polydimethylsiloxane nanocomposite memristor
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until the voltage of 4.4 ± 0.3 V (± standard deviation) was 
applied. The current curve experienced a spiking increase 
of up to three times magnitude, indicating a conductivity 
transition from the HRS to the LRS. When exceeding the 
Von, device A stayed in LRS. The LRS state was retained 
at reversing voltage sweep until it was switched off at a 
turn-off voltage (Voff) of − 4.3 ± 0.3 V (Fig. 3a). The device 
then remained in the HRS until the next voltage sweep-
ing, after which the cycle was repeated. Also, device B 
switched from HRS to LRS at 3.2 ± 0.4 V (Von) and LRS 
to HRS at − 3.8 ± 0.1 V (Voff), as illustrated in Fig. 3b. Most 
importantly, device C demonstrated Von at 0.6 ± 0.01 V 
and Voff at − 0.7 ± 0.5 V (Fig. 3c), decreasing crosslinking 
density of active layer from (7.3 ± 0.9) × 10–3 mol  cm−3 
(device A) to (4.4 ± 1.1) × 10–3 mol cm−3 (device B) and 
(1.95 ± 0.32) × 10–3 mol cm−3 (device C) (Fig. 3d) leads 
gradual reducing of both Von and Voff of all devices from 
4.7 V to 0.7 V (Fig. 3e). Despite the SWCNT content being 
the same at all devices, the difference in switching voltage 
indicated that the structure of the PDMS matrix affects the 
transport phenomena of electrons between the SWCNTs 
under external electrical fields.

The exceptional ON/OFF tunability can be attributed to the 
crosslinking density-controlled charge trapping dynamics at the 

functional composite middle layer of the device. We attribute 
the operation mechanism of the resistive switching to the trap-
controlled charge transport, which is illustrated in Fig. 4a and 
b. The HRS was stabilized by the selective electron trap in 
a space-charged layer between SWCNTs and PDMS matrix 
with a superficial level. After reaching a threshold during the 
first 0 to 5 V sweep, the electrons trapped in SWCNT were 
selectively released at a specific positive voltage (Von) under 
the applied electronic field. As a result, the device switched 
from HRS to the fully charged LRS, where trapped electrons 
freely flow. In the last cycle, the device switched from the LRS 
to the HRS at Voff, where all the electrons trapped in the space-
charged layer were fully released. As a result, the device returns 
to the low conductivity state (Fig. 4d–f). Along this mecha-
nism, the decreases in the On and Off voltage of the devices 
from 4.7 V to 0.7 V (Fig. 3e) can be attributed to the different 
electrical properties of PDMS, which is related to crosslink-
ing density; the lower activation energy for effective charge 
carrier hopping and thus a reduced threshold switching volt-
age. Based on the dielectric layers sandwiched between the 
electrodes, the resistive switching behavior has been explained 
with different mechanisms. To study the resistive switching 
mechanism in our system, the I-V curves have been fitted with 
the trap-controlled surface-charge limited conduction (SCLC) 

Fig. 2   Structure of the composite memristor device. (a) Illustration 
of the structure of a synapse. (b) Illustration of the architecture of 
SWCNT/PDMS nanocomposite memristor with Au top electrode, ITO 
bottom electrode, and PET substrate to simulate the neuromorphic 

function. (c) Cross-sectional SEM image of the SWCNT/PDMS nano-
composite memristor with a 10-μm scale bar. (d) AFM images of well-
dispersed 0.1  wt% CNT-PDMS active layer with root-mean-square 
roughness of 9.4 nm



Advanced Composites and Hybrid Materials            (2023) 6:14 	

1 3

Page 5 of 11     14 

mechanism, which is controlled by defects [26]. In our system, 
the structural defects were related to the following mechanism 
for forming the conduction path between carbon nanotubes. 
As well-known polymer chemistry, PDMS undergoes an 
intermolecular crosslinking reaction with a curing agent, con-
trolling the crosslinking density by varying the curing agent. 
Consequently, a highly crosslinked polymer network has fewer 
structural defects (dangling ends, unreacted sites) than a loosely 
crosslinked polymer network with more structural defects. As 
illustrated in Fig. 4b and c, higher defect concentration due 
to lower crosslink density leads to a lower threshold volt-
age to transport electrons in the space-charged layer between 
SWCNTs and PDMS matrix across the polymer networks; the 
structural defects make additional energy states (Edefect) below 
the original energy barrier level of PDMS (Fig. 4c, S3) which 
enable electrons trapped on the CNT-PDMS interfaces moves 
to the next trap (CNT) easier than no-defect condition (fully 
crosslinked); the low charge carrier mobility in networked 
structure and crystalline regions leads the lower conductivity 
of highly crosslinked polymer than less crosslinked, linear, and 
amorphous polymer matrix [27].

The I-V curves of the devices are illustrated in a double-
logarithmic scale, as shown in Fig. 4d–f, to verify the SCLC 
model in our system. The I-V curve characteristic of trap-
controlled consists of three parts in HRS: (1) Ohmic region 
( I ∝ V ) observed at low bias, (2) shallow trap SCLC ( I ∝ V

n ), 

(3) trap-filled-limit SCLC, and (4) trap-free SCLC that steep 
current increase observed at the high electrical field, especially 
over the threshold voltage (Von). The I-V curves are matched 
with the trap-controlled SCLC mechanism. In particular, at low 
voltage, the current conduction follows Ohm’s law with a slope 
of 1. At higher voltage (Fig. 4f), the shallow trap SCLC mecha-
nism could be dominant. During this intermediate region, the 
charge transport is regulated by trapping and de-trapping of 
the charge carrier. The current–voltage relationship follows the 
Mark–Helfrich law[28] where the trapped are exponentially 
distributed (Figure S2) and follows the equation below:

where N0 is the effective density of states at the conduc-
tion band edge, μ is the mobility of charge carriers, ε is the 
permittivity of the composite film, N

trap
 is the trap density,  

l is the power coefficient, and l > 1 , v is the effective volt-
age, and d is the thickness of the composite film. It can  
be obtained that in this region, I ∝ V

n and n > 2 according  
to Eq. (3). Figure 3d–f shows a typical transition of the  
current–voltage scaling from low-bias Ohmic regime trap-
filled limited SCLC and the recovery of the trap-free regime 
at high bias, suggesting that the trap-controlled SCLC con-
trols the switching mechanism.
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Fig. 3   Molecular structure dependence of the resistive switching 
behavior. Current–voltage (I-V) curves under 5 voltage sweep cycles 
of (a) device A, (b) device B, and (c) device C. Arrow indicates the 
voltage sweep path. (d) Crosslinking density of devices with differ-

ent mixing ratios. (e) Molecular structure dependence of On and Off 
voltages, 5: 1 for device A, 10: 1 for device B, and 20: 1 for device C 
(PDMS: curing agent ratio)
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The slope value in the trap-controlled region (n = 4.9) 
in low crosslinking density device C supports the shal-
low trap SCLC mechanism suggesting that high-density 
structural defects (free ends, dangling ends) help electron 
transport. They could also form a physical hopping path via 
local change of conformational alignment along the applied 
electronic field. In addition, we noticed the sweeping rate 
dependence of resistive switching behavior (Fig. S3), which 
can also be attributed to the SCLC-controlled switching 
mechanism, where the transition from SCLC to Ohmic con-
duction as the sweeping rate increases.

The electronic performances are tested to demonstrate 
the potential of our device to serve in flexible electronic 
applications. Stability against voltage stress is essential 
for electrical performance of resistive switching devices. 
The cyclic stability of Au/CNT-PDMS/ITO devices with 

different crosslinking densities was developed by meas-
uring the current at the On state (Ion) and Off state (Ioff) 
with the eclipse of cycles at the reading voltage of 0.2 V 
after each writing voltage of 5  V and erasing voltage 
of − 5 V (Fig. S4) up to 104 times (Fig. 5) under ambi-
ent condition. Device A was stable for 104 cycles, and 
device B was also steady with no visible degradation of 
the On/Off ratio (Fig. 5a and c). Also, the Ion of device 
C, a low crosslinking density device (20: 1), was main-
tained for 104 cycles. The statistical distributions of Ion/Ioff 
and log-normal relevant results (Fig. 5b, d, and f) indicate 
the average values of Ion increase from 0.985 ± 0.019 μA 
(device A) to 1.075 ± 0.018 μA (device B) and finally 
reach 1.159 ± 0.028 μA (device C) as crosslinking den-
sity decreases, with the ratio of current at each HRS and 
LRS (Ion/Ioff) increases from 2.62 for device A to 2.67 for 

Fig. 4   Operation mechanism of resistive switching devices. (a) Sche-
matic energy diagram and charge transportation of resistive switching 
devices. (b, c) Molecular structure-dependent space-charge limited 
conduction mechanism of PDMS/SWCNT nanocomposite memris-
tor in (b) high crosslinking density and (c) low crosslinking density. 

Double logarithm plot of I-V curves of (d) device A, (e) device B, 
and (f) device C for scaling transitions from the low-bias Ohmic 
curve regime, shallow-trap SCLC, trap-filled limit SCLC, and trap-
free SCLC at high voltage
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Fig. 5   The cyclic stability of the nanocomposite memristor and histogram of currents at On and Off states with different crosslinking densities. 
Device A (a, b), device B (c, d), and device C (e, f). The black lines are log-normal fits to the distributions
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device B and finally 3.06 for device C. The higher ratio 
between Ion/Ioff promises a low misreading rate and high 
device accuracy during operation. Thus, device C provides 
the best electrical performance.

Furthermore, the emulation of synaptic behaviors is 
critical functionality for the artificial counterparts to be 
used in neuromorphic devices. Here, we demonstrated that 
our multifunctional nanocomposite could also mimic the 

Fig. 6   The long-term potentiation (LTP) and long-term depression 
(LTD) of artificial synaptic devices with various pre-synaptic pulse 
amplitudes (■: device A, ▲: device B, and ●: device C). Presynap-
tic pulse with 1 ms width and 1 ms time interval (Δt) with (a) ± 1 V, 

(b) ± 4 V (b), and (c) ± 5 V amplitude (positive for potentiation and 
negative for depression). (d) The conductance On/Off ratio (Gon/Goff) 
corresponds to the pre-synaptic spike amplitude for the devices with 
different crosslinking densities

Fig. 7   The performance of flexible memristor under bending defor-
mation. (a) Sequential electrical measurement for the flexible device 
under different radii of curvature (R) from flat (i) to 15(ii), 12.5 (iii), 
10 (iv), 7.5 (v), 5 (vi) mm, respectively, with 10 mm scale bar. (b–d) 
Current at On state (Ion) and Off state (Ioff) of (b) device A, (c) device 

B, and (d) device C under flexural deformation. (e) The photograph 
image of the mechanical flexibility of the device. (f) The power con-
sumption versus minimum radius of curvature of flexible memristors 
[11, 29–46]. For data, see table S1
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synaptic functions of long-term potentiation (LTP) and 
depression (LTD), which are essential for constructing the 
artificial synaptic device. In detail, LTP/LTD represents 
temporal or long-lasting enhancement or decaying of syn-
aptic connections related to long-term memory. The syn-
aptic functions of SWCNT-PDMS devices are measured 
by the Keithley 4200A-SCS parameter analyzer shown in 
Fig. 6 to mimic the biological synapses. A model of long-
term memorization and forgetting of the artificial synapse 
was demonstrated by using a pulse input at three different 
amplitude levels (1 V, 4 V, and 5 V) between the threshold 
voltage (Von; VA, VB, VC) of each device (VC < 1 V < VB 
< 4 V < VA < 5 V) as shown in Fig. 6a–c. For long-term 
potentiation (LTP), the pulse signals of 1 ms width and 
1 ms time interval (Δt) with different pulse amplitude 
(1 V, 4 V, and 5 V) were applied to devices. For long-term 
depression (LTD), negative pulse signals (1 V, 4 V, and 
5 V) were used. Synaptic weight was enhanced after posi-
tive pre-synaptic signs and decaying with negative inputs, 
showing a typical LTP/LTD behavior. The low crosslinking 
density device C has a lower programming voltage of 1 V 
while obtaining the sufficient conductance ratio of On and 
Off states (Gon/Goff). At higher operation voltages, device B 
receives the acceptable On/Off ratio at 4 V, and all devices 
achieve synaptic functions (Fig. 6d). Therefore, this high 
On/Off ratio (Gon/Goff) at low operation voltage (1 V) of a 
common crosslinking density device would provide a bet-
ter opportunity for wearable and implantable applications.

A good combination of electrical performance and 
mechanical flexibility is the key to flexible electronics. To 
meet the demand for wearable and implantable electronic 
applications, the mechanical flexibility of the CNT-PDMS 
memristor was evaluated by bending the devices on semi-
cylindrical molds with different radii of curvature (Fig. 7). 
The characteristic currents at HRS and LRS of the devices 
were measured from flat to bending state with a radius of 
curvature of R = 15, 12.5, 10, 7.5, 5 mm, respectively, and 
returned to a balanced state as shown in Fig. 7a. During the 
deformations of bending and relaxing, the currents in each 
bending state were kept stable (Fig. 7b–d). Irrespective of 
the bending deformations, the resistance between HRS and 
LRS of the device remained constant 3 times within 1.3% 
(device A), 1.5% (device B), and 4.6% (device C) changes, 
respectively, from a pristine flat state. The PDMS-CNT 
memristor thus demonstrates good electrical stability against 
mechanical deformation for wearable applications.

We compared the performance of the CNT-PDMS devices 
with other memristors on a two-dimensional space constructed 
with the power consumption within resistive transition and 
radius of curvature at maximum deformation (Fig. 7f). The 
device C optimized in this experiment, which performs the 
stable resistive switching at a radius of curvature of 5 mm, 
achieved a low power consumption of 1.4 × 10–10 W during 

operation. The device’s flexibility is well below the trend line, 
reaching relatively low operating power consumption variance 
compared to other flexible memristors [11, 29–46].

4 � Conclusion

We demonstrated a multifunctional, inexpensive PDMS-
SWCNT nanocomposite with a low operation–voltage neu-
romorphic behavior. The resistive switching behavior of 
the PDMS-SWCNT nanocomposite is tuned by controlling 
the network structure of the PDMS matrix by varying the 
crosslinking density. The electron transport between discon-
nected SWCNTs depends on defects concentration, which 
is related to the crosslinking density of polymer networks. 
The underlying mechanism is ascribed to the space-charge 
limited conduction (SCLC) theory. The low threshold resis-
tive switching voltage of 0.7 V was achieved by lowering the  
crosslinking density of the PDMS matrix, offering a high 
defect concentration. Also, the devices demonstrated suc-
cessful emulation of biological synaptic properties (LTP/
LTD), which is essential for constructing artificial neural 
networks. The device performs high endurance (104 cycles) 
and flexibility. Besides, the PDMS-SWCNT nanocompos-
ite memristors demonstrated unprecedented low operating 
power consumption (1.4 × 10–10 W) against high mechanical 
deformation (5 mm radius of curvature bending) compared 
to reported flexible neuromorphic devices. The flexible 
CNT/PDMS artificial synapse device was also attractive due 
to the low-cost, commercially available materials. Overall, 
polymer network engineering provides an efficient avenue 
toward the multifunctional composite design of flexible neu-
romorphic computing devices.
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