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Robust Memristive Fiber for Woven Textile Memristor
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Memristors with an intrinsic crossbar structure and high computing capability 
offer promising opportunities for the flexible information-processing 
component that can well integrate with the interwoven structure of electronic 
textiles. However, it remains difficult to achieve uniform inorganic memristive 
layer at nanometer thickness on the curved surface of fiber electrode, thus 
hindering the applications of textile memristors. Here, a high-performing and 
reliable textile memristor made of robust Pt/CsPbBr3 fiber through an electric-
field-assisted assembly method is reported. The textile memristor exhibits a 
cycle to cycle variation of less than 8% and an average set voltage of ≈0.16 V, 
which is lower than that of the majority of planar metal-oxide memristors. The 
flexible and mechanically robust Pt/CsPbBr3 fibers are woven into a scalable 
textile memristor array with good device-to-device reproducibility. This textile 
memristor can be seamlessly integrated with textile electronics toward a smart 
clothes system to accurately process complicated physiological information, 
providing an effective interactive interface for intelligent healthcare.
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electrical connections for complete cir-
cuit.[5,9] As a result, the surface roughness 
and complex deformation of textiles gen-
erally degrade or even disable the attached 
devices, and in turn, the devices inevitably 
diminish the flexibility and breathability of 
textiles. Designing scalable information-
processing devices having the interwoven 
architecture that well unifies with textile 
fabrication is urgently needed but far less 
developed.

With an intrinsic crossbar structure 
compatible with textile and excellent com-
puting capabilities, memristor is consid-
ered as a suitable component to fabricate 
textile information-processing system by 
replacing planar electrodes with flexible 
fiber ones.[10,11] To achieve efficient con-
ductive filaments and ion transport, it is 
critical to deposit uniform nanometer-

thick active layer—typically made of inorganic materials[12–14]—
onto flexible conductive fiber electrodes. While high-quality 
inorganic memristive film could be achieved through methods 
of physical vapor deposition, chemical vapor deposition or 
spin coating that are widely used in planar electronic devices, 
they are hardly applicable to one-dimensional fiber electrodes 
having a curved surface.[15,16] Most recently, dip coating and 
electrochemical deposition were typically used to load inorganic 
active materials on fiber electrodes,[17–19] but difficult to achieve 
smooth memristive layer that requires both high evenness and 
ultrathin thickness at nanometer scale. Fabricating flexible and 
robust functional fibers with uniform inorganic memristive 
layer at the nanometer scale remains an unmet need to realize 
a high-performing textile memristor.

Herein, we report a high-performing textile memristor 
made of flexible fiber electrode with uniform memristive layer 
at nanometer scale through an electric-field-assisted (EFA) 
assembly method (Figure  1a). Using such an EFA assembly 
method, the memristive inorganic materials such as TiO2, 
ZnO, and CsPbBr3 quantum dot were continuously and uni-
formly deposited on the fiber electrode with an accurate tun-
ability. As a demonstration, the resultant textile memristor 
weaving with Pt/CsPbBr3 fiber exhibited a low set voltage 
(≈0.16 V), long retention time (>5000 s), high on/off ratio (>105) 
and switching uniformity (set voltage variation of <8%). Such 
a memristor was also flexible and mechanically stable to with-
stand over 1000 cycles of bending. The woven textile memristor 
array containing 49 working units showed good device-to-device 
reproducibility, thus promising to realize real-time health mon-
itoring electronic textiles for patients with arrhythmia disease.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202201510.

1. Introduction

Electronic textiles capable of sensing,[1,2] supplying elec-
tricity,[3,4] and displaying[5,6] are empowering various fields of 
smart engineering for flexible electronics, information tech-
nologies, and biomedical applications.[7,8] Among them, infor-
mation-processing component is the indispensable building 
block to transmit, store and/or process the data from other 
functional components. However, conventional planar infor-
mation-processing devices that are attached to the textile are 
typically based on rigid planar substrates and require complex 
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2. Results and Discussion

Through electric-field-assisted (EFA) assembly method, uni-
form and thickness-tunable active materials could be effec-
tively deposited onto conductive substrates with various sizes 
and shapes driven by electric field.[20–22] Thus such a method 
is potentially suitable to effectively load active layer on fiber 
substrate with a curved surface. We chose CsPbBr3 quantum 
dot (QD) as the building block to assemble memristive layer 
in this study because it has high ionic conductivity and struc-
tural stability for superior resistive switching performance and 
durability.[23–25] For a typical CsPbBr3 memristor, due to the 
highly active Br ions in CsPbBr3 layer, conductive Br vacancies 
can be formed under external voltage, thus enabling resistive 
switching.[26,27] CsPbBr3 QD was first synthesized by a triple-
ligands method at room temperature (see details in the Experi-
mental Section),[28] which was confirmed by X-ray diffraction 
pattern (Figure S1, Supporting Information). The CsPbBr3 QD 
demonstrated a typical cubic crystal morphology with a uniform 
size of 12 ± 2.68 nm (Figure S2, Supporting Information), and 
could be stably dispersed in n-octane solution for over 20 days 
(Figure S3, Supporting Information). The CsPbBr3 QD  had a 

negatively-charged surface from the negative zeta potential of 
−37.4 mV, which originated from the rich distribution of Br ions 
on its surface.[25,29] Such uniform cubic morphology and nega-
tively-charged surface of CsPbBr3 QD were helpful for its com-
pact and uniform arrangement on the fiber substrate during 
the assembly process.

In a typical EFA assembly process (Figure  1a), two Pt fiber 
electrodes were parallelly placed into the CsPbBr3 QD solution. 
When a voltage was applied to the electrodes, the negatively-
charged surface enabled CsPbBr3 QD to migrate toward the 
positive fiber electrode to form CsPbBr3 film.[21] The resultant 
Pt/CsPbBr3 fibers could be woven with Ag fibers to form a 
textile memristor, where each interlaced point functions as an 
individual memristor unit (Figure 1b–d; Figure S4, Supporting 
Information). The thickness and quality of CsPbBr3 film could 
be accurately tuned in a facile way by changing the concentra-
tion of CsPbBr3 QD solution, applied voltage and/or depos-
iting time (Figure S5, Supporting Information). We traced the 
depositing process under different conditions and found that 
the CsPbBr3 QD preferentially deposited on the exposed areas 
on the Pt fiber, and eventually filled the remaining pores to 
form a dense and even CsPbBr3 layer (Figure S5, Supporting 

Figure 1.  Pt/CsPbBr3 fiber and textile memristor. a) Schematic of fabrication process of textile memristor using Pt/CsPbBr3 fibers through EFA assembly 
method. b) Scanning electron microscopy (SEM) (top) and energy-dispersive X-ray spectroscopy (bottom) images of Pt/CsPbBr3 fiber. c) SEM image 
of a textile memristor unit made from interlaced Ag and Pt/CsPbBr3 fiber. d) Photograph of a textile memristor consisting of 49 memristor units.  
e) Cross-sectional SEM image of Pt/CsPbBr3 fiber and its enlarged view (top right inset). f) SEM image of a bent Pt/CsPbBr3 fiber with bending radius 
of 20 µm. g) Enlarged SEM image of surface of Pt/CsPbBr3 fiber as marked with yellow dotted box in (f). Scale bars: 10 µm (b), 100 µm (c), 3 mm (d), 
10 µm (e), 200 nm (inset of (e)), 20 µm (f), 200 nm (g).
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Information). A fiber electrode having an optimized CsPbBr3 
film with a thickness of ≈200  nm was demonstrated in 
Figure  1e. The Pt fiber was fully covered with CsPbBr3 QD 
without any obvious pinholes, where the characteristic ele-
ments of Cs, Pb, and Br were homogenously distributed from 
the energy-dispersive X-ray spectroscopy analysis (Figure  1b; 
Figure S6, Supporting Information). The CsPbBr3 film had 
a smooth surface with a small average roughness factor of 
6.6 nm (Figure S7, Supporting Information). Moreover, the EFA 
assembly method could be generalized to evenly deposit other 
common inorganic memristive materials like TiO2 and ZnO 
onto various conductive fibers with a wide range of diameters 
from 20 to 130 µm (Figures S8–S10, Supporting Information).

Statistical analysis verified that the fiber electrode (with a length 
of 5  cm) was fully covered with CsPbBr3 QD along the length 
direction, and in particular, such a full coverage of CsPbBr3 was 
well repeatable for multiple batches of Pt fibers (Figure S11, Sup-
porting Information), indicating high reproducibility of the EFA 
assembly method. Such spatial uniformity of CsPbBr3 QD at dif-
ferent positions on the fiber electrodes could ensure the stability 
of the resultant textile memristor for wearable use. We further 
evaluated the mechanical stability and flexibility of Pt/CsPbBr3 
fiber. No obvious cracks on the film were observed when the Pt/
CsPbBr3 fiber was bent at a curvature radius of 20 µm (Figure 1f,g; 
Figure  S12, Supporting Information), which was indicative of 
robustness and reliability of the memristive layer, and crucial to 
the stability of resultant textile memristor to withstand various 
deformations in practical wearable applications.

In comparison, by using dip coating method that is commonly 
used to load active materials onto the fiber electrode, uneven 
distribution of CsPbBr3 QD with lots of holes was obviously 
observed even after over 100 times of dip-coating operations 
(Figures S13 and S14, Supporting Information). The average 
roughness factor (17  nm) of the surface of CsPbBr3 layer was 
2.5 times higher than that using EFA assembly method. Based 
on the detailed analysis of film quality with dip-coating times, 
QD tended to aggregate with each other to form large particles. 
Statistical analysis indeed indicated that nearly 20% of the sur-
face area on the fiber electrode was exposed without any coverage 
of CsPbBr3 QD, and the coverage ratio of CsPbBr3 QD largely 
fluctuated from 40% to 80% along the length direction and for 
different batches of Pt fibers. The uneven and incomplete cov-
erage was mainly attributed to the redissolution and aggregation 
of CsPbBr3 QD during the repeated dip-coating operations.[30,31]

The prepared Pt/CsPbBr3 fiber was interlaced with an Ag 
fiber to fabricate a textile memristor unit (Figure 1c). The elec-
trical measurements of the textile memristor unit were per-
formed by applying a direct voltage sweep to the Ag working 
electrode and Pt/CsPbBr3 fiber (Figure  2a). Inherited from 
the high-quality CsPbBr3 memristive layer on the fiber elec-
trode through EFA assembly method, the textile memristor 
unit exhibited robust comprehensive electrical performances. 
For instance, the current–voltage (I−V) curves indicated that 
the textile memristor unit had a low average set voltage of 
≈0.16 V with slight variations in the investigated 50 switching 
cycles (Figure  2b). Such set voltage is lower than that for the 
majority of metal-oxide memristors.[32–34] The resistances of 
both high resistance state (HRS) and low resistance state (LRS) 
for the memristor unit were well maintained in the repeated 

switching cycles (Figure 2c), accompanied by a high resistance 
ratio (>105) of HRS to LRS. In addition, as shown in Figure 2d, 
four discrete LRS states from 102 to 104 Ω were readily tuned by 
changing the compliance currents. Such memristor with mul-
tiple resistance states is desired to achieve multi-level memory.

We further made detailed comparisons of memristive per-
formances for textile memristors based on different deposition 
methods. The set voltage of textile memristor prepared by EFA 
assembly method was well maintained with a small fluctuation 
of less than 8% (Figure  2e). In comparison, the textile mem-
ristor using dip-coated fiber showed anomalous variation in the 
I−V curves (Figure S15, Supporting Information), where the set 
voltage largely fluctuated by over 13%. In addition, the resist-
ance of HRS largely fluctuated from 108 to 1012  Ω in an oper-
ating duration of 5000 s (Figure 2f), compared with the stably-
maintained values of textile memristor based on EFA assembly 
method. These comparison results showed that EFA assembly 
method endowed fiber electrode with high-quality memristive 
layer, thus enabling textile memristor to have good cycle-to-
cycle uniformity and retention reliability.

The performing stability and durability of textile memristor 
under complex deformations are crucial to practical wearable 
use. We first evaluated the electrical performances of a woven 
textile memristor unit under bending, and did not observe any 
obvious variation in both HRS and LRS when the textile (with 
a size of 2 × 5 cm2) was repeatedly bent for 1000 cycles (with 
a bending radius of 20  mm, Figure  2g; Figures S16 and S17, 
Supporting Information). Moreover, due to the uniformity of 
CsPbBr3 memristive layer on the curved surface of fiber elec-
trode, the resistance values of HRS and LRS were well main-
tained when the Ag fiber interlaced with Pt/CsPbBr3 fiber at 
different positions along both length and circumferential direc-
tions (Figure 2h; Figures S18 and S19, Supporting Information), 
enabling the textile memristor working stably after sliding over 
each other between crossed two fiber electrodes that caused by 
textile deformations. In addition, the electrical performance of 
our textile memristor remained almost unchanged after it was 
stored in the ambient environment for 20 days (Figure  S20, 
Supporting Information). Overall, due to the mechanical 
robustness and environmental reliability of CsPbBr3 film 
through EFA assembly method, our textile memristor is stable 
and durable to withstand various harsh conditions in practical 
wearable applications.

Scalable textile memristor array was further fabricated by 
weaving multiple Ag fibers, Pt/CsPbBr3 fibers and commer-
cial polymer fibers together, in which the interlaced points 
between Ag and Pt/CsPbBr3 fibers worked as memristor units 
(Figure  3a). For a textile memristor containing 49 memristor 
units (7 × 7 array, Figure 3b), the I−V curves of each unit based 
on EFA assembly method showed repeatable switching perfor-
mances with a small set voltage variation of 10% (Figure  3c). 
Such textile memristor units also had a high device yield of 96% 
(Figure 3d), indicating good device-to-device reproducibility. In 
comparison, most textile memristor units based on dip-coating 
method were disabled, with a much lower device yield of 39%, 
and even the remaining working units showed largely-varied 
switching behaviors (Figure 3e). As expected, the textile mem-
ristor units prepared by EFA assembly showed a much nar-
rower distribution of set voltage and resistance state compared 
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with that based on dip-coating method (Figure 3f; Figure S21, 
Supporting Information). Together, these results indicated that 
the textile memristor array prepared by EFA assembly had good 
device-to-device reproducibility and is promising for large-scale 
fabrication and application.

The data-processing capability of our textile memristor was 
then evaluated through a typical simulation based on the meas-
ured characteristics (Figure S22, Supporting Information). Our 
textile memristor could efficiently and correctly perform informa-
tion-processing tasks. For instance, as a typical recognizing model, 
a three-layer artificial neural network with 784 input neurons,  
300 hidden neurons and 10 output neurons was designed to recog-
nize the Modified National Institute of Standards and Technology 
(MNIST) handwritten dataset images (Figure 4a).[35–37] After only 
15 learning epochs of 60  000 images, an average recognition 
accuracy of 87% was achieved by a textile memristor after testing 
10 000 images (Figure 4b). The confusion matrix showed that each 
digit image was optimally recognized, which was reliable enough 
for further learning and recognizing applications.[38,39]

Smart electronic textile is considered as one ultimate form of 
wearables to bridge human-machine interaction.[5,40] As a proof-
of-concept, we demonstrated our textile memristor integrated 
into a smart clothes could serve as a real-time diagnosis tool for 
personalized healthcare by processing complicated physiological 

information like electrocardiogram signal (ECG) patterns  
collected from patients with arrhythmia diseases, enabling the 
classification of five distinct health states (Figure  4c; Table S1,  
Supporting Information).[41–43] Specifically, these collected 
ECG signals were converted to specific voltage pulses to input 
into the artificial neural network based on textile memristor 
units. Different weight values were repeatedly output by com-
paring with the ideal values, so as to update to form minimum 
errors through the back-propagation algorithm with increasing 
learning epochs. After only 15 epochs, the weight values of each 
class exhibited recognizable waveforms and morphologies with 
a high final classify accuracy of 83% (Figure  4d,e), indicating 
that the characteristic ECG had been accurately processed. With 
these data processing capabilities, it is envisioned that our textile 
memristor array can integrate with other electronic textiles to 
realize real-time health monitoring and treatment without pro-
fessional training, especially for the elderly living alone.

3. Conclusion

In summary, an efficient and facile electric-field-assisted 
assembly method was employed to prepare uniform and robust 
memristive layer on fiber electrode for textile memristor. The 

Figure 2.  Memristive characteristics and stability of textile memristor unit. a) Schematic of a textile memristor unit for electrical characteristic measure-
ment. b) Current–voltage curves of memristor using Pt/CsPbBr3 fiber by EFA assembly method as applied with 50 consecutive voltage sweeps. c) The 
resistance values of high resistance state (HRS) and low resistance state (LRS) during 50 switching cycles. d) Resistive switching behavior of memristor 
with different compliance currents (CC). e) Set voltage distribution and f) retention time of memristor using Pt/CsPbBr3 fiber by EFA assembly and 
dip coating methods. g) HRS and LRS values as the memristor unit woven in a textile was repeatedly bent at a curvature radius of 20 mm. h) HRS and 
LRS values as the Ag fiber electrode slid on the Pt/CsPbBr3 fiber with different displacements.
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resultant textile memristor array woven by Pt/CsPbBr3 fibers 
exhibited a low set voltage (≈0.16  V), high cycle-to-cycle uni-
formity and good device-to-device reproducibility, which will 
effectively unlock the development of the flexible information-
processing system that is well integrated with electronic textiles. 
Our scalable textile memristor array could potentially function 
as a real-time diagnosis tool by processing complicated physi-
ological information like electrocardiogram signals with high 
recognition accuracy. With the integration of sensing, displaying, 
and supplying electricity, the textile memristor is poised to offer 
exciting opportunities for multi-functional smart textile systems.

4. Experimental Section
Materials: PbBr2 (99.999%), Cs2CO3 (99.9%), and 

didodecyldimethylammonium bromide (DDAB, 98%) were purchased 
from Aladdin. Octanoic acid (OTAc, 99%) and tetraoctylammonium 
bromide (TOAB, 98%) were purchased from Macklin Inc. Toluene 
(99.5%) and ethyl acetate (99.5%) were obtained from Sigma-Aldrich. 
Ag fibers (99.99%, with a diameter of 20 µm) and Pt fibers (99.99%, with 
diameters of 20, 50, and 100 µm) were ordered from Alfa Aesar. These 
materials were used as received without further treatment.

Synthesis of CsPbBr3 QD Solution: A room-temperature triple-ligands 
method was used to synthesize CsPbBr3 QD solution.[26] First, 1.5 mL 
of cesium precursor solution (1  mm Cs2CO3 in OTAc) was quickly 

Figure 3.  Memristive characteristics of textile memristor array. a,b) Schematic and photograph of textile memristor array, respectively. Scale bar in (b) 
is 3 mm. c) Current–voltage curves of a textile memristor array containing 49 memristor units using fibers by EFA assembly method. d) Device yield 
(DY) of textile memristor array using fibers based on EFA assembly and dip coating methods. e) Current–voltage curves of a textile memristor array 
containing 49 memristor units using fibers based on dip coating method. f) The HRS resistance distribution of textile memristor array using fibers 
prepared by EFA assembly method.
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added into 6  mL of PbBr2 solution (1  mm PbBr2 and 2  mm TOAB in 
toluene). The reaction mixture was stirred for 5 min in open air. 1 mL 
of DDAB solution (in toluene 10 mg⋅mL−1) was then injected into the 
above mixture, followed by stirring for 2  min. To purify, extra ethyl 
acetate was added into the QD crude solution with a volume ratio 
of 2:1. After centrifuging at a rate of 6000 revolutions per minute for 
3  min, the precipitate was collected and dispersed in n-octane for 
further use.

Fabrication of Pt/CsPbBr3 Fiber: Two Pt fibers serving as positive 
and negative electrodes were immersed in as-synthesized CsPbBr3 
QD solution, spaced at approximately 5  mm from each other. The 
EFA assembly process was then performed under a direct voltage. The 

morphology and thickness of CsPbBr3 QD film could be controlled by 
the concentration of CsPbBr3 QD solution, applied voltage and time 
during the process. After optimization, the CsPbBr3 QD was deposited 
on the positive Pt electrode under a voltage of 40  V for 10  min in QD 
solution (with a concentration of 1  mg mL−1). Finally, the Pt/CsPbBr3 
fiber was dried at room temperature before testing.

Preparation of Textile Memristor: The multiple Ag fibers as working 
electrodes were carefully woven with the Pt/CsPbBr3 fibers to 
fabricate textile memristor. To measure the electrical performance of 
memristor, the working electrode was connected with semiconductor 
characterization system to supply external bias, while the Pt fiber as 
counter electrode was grounded.

Figure 4.  Processing capacity of textile memristor to recognize MNIST images and ECG patterns. a) Schematic of a three-layer neural network.  
b) Recognition accuracy evolution with learning epochs for MNIST images and confusion matrix that compared predicted label with true label (inset). 
c) Schematic of smart healthcare clothes integrated with textile memristor as information-processing component to analyze physiological information 
and display the categorizing results. d) Featured weight values of each class connected to the output neuron after learning process. e) Recognition 
accuracy for ECG patterns corresponding to learning epochs and confusion matrix that compared predicted label with true label (inset).
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Characterization: The chemical properties of CsPbBr3 QD were 
characterized by transmission electron microscopy (TEM, JEOL  
JEM-2100F operated at 200  kV), X-ray diffraction (Bruker AXSD8) 
and dynamic light scattering detector (Malvern-Nano ZS90). The 
morphologies of CsPbBr3 film were analyzed through field emission 
scanning electron microscopy (SEM, Zeiss Gemini SEM500 FESEM 
operated at 5  kV; EDS, Aztec X-Max Extreme EDS operated at 10  kV) 
and atomic force microscopy (Fast-scan module). The coverage 
ratio of CsPbBr3 film on the Pt fiber electrode was calculated by the 
different brightness between coverage and exposed electrode through 
Image J analysis. The photographs were captured by a digital camera  
(Sony A6000, Japan). The electrical measurements of the memristor 
were performed by Keithley 2400 and 2612 Source Meter.

Simulation: The artificial neural network simulation was performed 
on the tool of platform CrossSim.[44] A three-layer fully connected neural 
network was utilized to perform supervised learning with the pre-
processed MNIST images and ECG patterns datasets, based on back-
propagation algorithm.

Statistical Analysis: The set voltage variation is defined as the standard 
deviation of set voltage divided by its average value. The particle size of 
CsPbBr3 QD was presented as the mean ± standard deviation of total 
QD particle sizes in TEM image.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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