Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2018.

Supporting Information
for Adv. Mater., DOI: 10.1002/adma.201800323

Textile Display for Electronic and Brain-Interfaced
Communications
Zhitao Zhang, Liyuan Cui, Xiang Shi, Xiaochaoran Tian,
Dongping Wang, Chunni Gu, Er Chen, Xunliang Cheng, Yifan
Xu, Yajie Hu, Jiayi Zhang,* Lei Zhou, Hon Hang Fong, Pibo
Ma, Gaoming Jiang, Xuemei Sun, Bo Zhang, and Huisheng
Peng*

Supporting Information

This PDF file includes:
Experimental Section (Pages S1 to S6)
Figures S1 to S35 (Pages S7 to S41)
Tables S1 to S3 (Pages S42 to S45)
Captions for Movies S1 to S6 (Page S46)
Supplementary References (Page S47 and S48)

Experimental Section
1. Fabrication and characterization of the SEF
1.1. Preparation of PVA/PEO-based hydrogel solution. Poly (vinyl alcohol) (1 g,
molecular weight of 195,000, Aladdin, China) and poly (ethylene oxide) powder (0.1
g, molecular weight of 100,000, Alfa Aesar, USA) were first swollen in deionized
water (10 mL) for 12 h, followed by dissolving at 95 °C under magnetic stirring for 2
h.[S1] Potassium hydroxide (1 g, Aladdin, China) was dissolved in deionized water (1
mL), which was then added dropwise to the pre-prepared solution. Finally, the
mixture was stirred at 95 °C for another 20 min to produce the hydrogel solution.
1.2. Preparation of electroluminescent solution. A series of electroluminescent
solutions were separately prepared by mixing ZnS phosphor powder (Global Tungsten
& Powders Corp, USA) and silicone elastomer (Dragon skin 00-10, Smooth-On Inc,
USA) at weight ratios of 1/9, 1/4, 3/7 and 2/3, followed by stirring at 200 rpm for 5
min. Here the silicone elastomer was made from silicone elastomer Part A (10 mL)
and B (10 mL), Thi-Vex silicone thickener (0.44 mL, Smooth-On Inc, USA) and
Slo-Jo platinum silicone cure retarder (0.11 mL, Smooth-On Inc, USA). Thickener
was used to modify the rheological property, and the cure retarder was added to
enhance pot life.[S2] After homogenizing, the mixture was degassed under vacuum for
20 min.
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1.3. Fabrication of SEFs. The pre-prepared PVA/PEO-based hydrogel solution and
electroluminescent solution were first transferred into three 3D printed syringes (50
mL) that were connected to the customer-designed needle (Changsha Nanoapparatus,
Ltd, China) with three polytetrafluoroethylene tubes, followed by putting three 3D
printed syringes on three pumps, respectively. The extruding speeds for the
electroluminescent solution channel and the two PVA/PEO-based hydrogel solution
channels were 0.4, 0.03 and 0.03 mL/min, respectively. To ensure the resulting SEFs
do not stick to each other, they were collected by a continuous rotating roller that
moves synchronously in the horizontal direction.
1.4. Calculation of ionic conductivity of hydrogel. Ionic conductivity was
calculated using the equation σ= l/(A×R), where σ is the ionic conductivity, and R, A
and l are the resistance, the area and the thickness of the hydrogel sandwiched
between two stainless steel plates, respectively (Figure S3).[S1,S3,S4] The electrical
resistance was measured to be 10.5 Ω from alternating current impedance spectra, and
the area and thickness were 1.5 cm and 0.5 cm2, respectively (Figure S4). Therefore,
the ionic conductivity was calculated to be nearly 0.29 S/cm.
1.5. Structure and performance characterization. The structures of the SEF were
characterized by scanning electron microscopy (Hitachi FE-SEM S-4800 operated at
1 kV). The ionic conductivity of the hydrogel was conducted with an electrochemical
analyzer system (CHI 660D). The stretchability was measured by an HY0350
Table-top Universal Testing Instrument. The light intensity of the SEF was carried out
by a Photoresearch PR-680 under an alternating current waveform using a function
generator (3312 A; Hewlett Packard) and a high-voltage amplifier (610 D; TREK
Inc.).

2. Simulation of the electric and optical fields of the SEF
In order to better explain the angular luminance distribution of the SEF, we simulated
the electric and optical fields of the SEF with the help of Alfrey-Taylor model and
Finite Elements Method (FEM) technique.[S5-S9] Firstly, by light of the Alfrey-Taylor
model, the relation of light intensity (I) and voltage (V) can be expressed by the
equation of I=Aexp(-B×V-1/2), where A and B are two constants. Combined this
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equation with the measured data provided in Figure 1d (black points, ZnS 40 wt%), A
and B were calculated as 10670 and 10.64, respectively. According to the equation of
V=E×L, where L represents the distance between two hydrogel electrodes (0.44 mm
measured from the cross-sectional SEM image of the SEF shown in Figure 1c), we
can obtain I(x,y)=A'exp(-B'×E(x,y)-1/2), here A'=A=10670 and B'=B=0.67. The electric
field distribution E(x,y) can be obtained from FEM simulation, as shown in Fig. 1f.
The applied alternating current voltage between two hydrogel electrodes was 1000 V
in amplitude and 1000 Hz in frequency, and the geometry parameters were obtained
from the SEM image in Figure 1c. Therefore, we can measure the luminance at any
point within the SEF (Figure S9a). Finally, we can measure the angular luminance
distribution of the whole SEF (Figures S9b and Figure 1g).
The luminance along x direction was higher than that along y direction due to the
anisotropy of optical transmission within the SEF. The relative permittivity (ε) of the
hydrogel and the electroluminescent layer were measured as 2.22+0.00i and
2.65+0.02i, respectively. Therefore, hydrogel was much more transparent than the
electroluminescent layer, resulting in a low light absorption when the emission light
propagated along x direction (Figure S9c). This conclusion can be further verified by
comparing two results shown in Figure S11. For a point light source bedded in a fiber
with hydrogel domains shown in Figure S11a, its angular luminance distribution was
anisotropic (Figure S11b). However, in a fiber without hydrogel domains, its angular
luminance distribution became isotropic (Figure S11c, d).

3. Biomedical application
3.1. Animals. All animal care and protocols were approved by Institutional Animal
Care and Use Committee at Shanghai Public Health Clinical Center. C57BL/6 male
mice (~6 weeks old) were purchased from SLAC Laboratory Animal Company
(Shanghai, China). All mice were kept on a 12 h light/dark cycle at 18-22 °C.
3.2. Surgery. Mice were anesthetized with 0.5-1% isoflurane in oxygen. The mice
were kept on a heating pad (FHC Inc., USA), followed by subcutaneous injection of 1%
lidocaine (10 mg mL-1 lidocaine in saline; MP Biomedicals, USA) under the scalp.
The scalp and periosteum over the skull were removed, and then the skull was treated
with hydrogen peroxide. A titanium alloy head-bar was fixed on one side of the skull
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with two skull screws and dental cement (Metabond®). A craniotomy window in the
skull was created on the opposite side of the head in V1 (3.1-4.2 mm posterior to
bregma and 2.0-3.2 mm lateral). Warm (37 °C) sterile buffered saline (150 mM NaCl,
2.5 mM KCl, 10 mM HEPES, pH 7.4) was applied to craniotomy throughout the
experiment.
3.3. Generation of surrounding light. The colors of the surrounding light were
generated by green and blue LEDs (green: 520-525 nm, blue: 455-460 nm, Shenzhen
Kebi Electronic Technology Company, China). The light intensities of green and blue
LEDs were similar (~ 0.2548 µW/mm2) at the position of mouse cornea. The ON and
OFF of the LEDs were controlled by a customized circuit board. The ON duration of
each LED (3-10 sec) was controlled by the microcontroller unit. The LEDs were
synchronized with the electrophysiology computer for data analysis. The light
intensities of the LEDs were adjusted by the external power source.
3.4. In vivo electrophysiology recording. After the surgery was completed, mice
were fixed onto an air-floating styrofoam ball by securing the head-bar onto an
adjustable holder (Phenosys, Germany). A 16 channel (4×4) platinum-iridium
microelectrode array (1 MΩ, 250 μm apart, Microprobes, USA) was inserted into V1
and the signals were collected at 200-400 μm below the surface of the brain using
Cheetah (Digital Lynx, Neuralynx Inc, USA), sampled at 40 kHz, band-pass filtered
at 600-6000 Hz, thresholded at 60 μV.
3.5. Decoding of spiking activities from V1 neurons. Chromatic-selectivity analysis:
a blue-green index (BGI) was calculated for each neuron as a measurement for
chromatic-selectivity. BGI was defined as: BGI = (Fprefer – Fnon-prefer)/(Fprefer +
Fnon-prefer), where Fprefer and Fnon-prefer are the average firing rates during the first two
seconds of stimulation. If BGI > 0.3, the neuron was considered chromatically
selective. If BGI = 1, the neuron responded to only one color. In our experiment, the
neurons with the BGI between 0.3 and 0.75 were chosen to be color-selective for
decoding analysis. A customized matlab script based on func-threshold generated two
thresholds for the preferred and non-preferred colors based on the firing rates. The
firing rate at time t was defined as Ft. The instantaneous change in firing rate was
defined as n(t) = Ft – Ft-1. To identify the threshold for the preferred color, n (n > 0)
was initially segmented into two parts using a randomly selected starting threshold.
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The data were then divided into two groups according to the starting threshold. A new
threshold was computed as the average of the means of the two groups. This process
was repeated until the threshold did not change any more, which was defined as the
preferred-threshold. The data points higher than preferred-threshold were excluded
from n, and we used the same matlab script to calculate non-preferred-threshold
(Figure S33).
Offline analysis. Neural activity files were split by Neuraview 2.0 (Neuralynx Inc.,
USA) to temporally align these files with stimuli time. Spikes were sorted by offline
sorter (Version 4, Plexon Inc, USA) using K-mean Scan under two criteria: (i) the
average waveform showed spike-like shape; (ii) histograms of Inter-spike-Intervals
(ISI) are Poisson-like distribution. Post stimulus time histograms (PSTHs) were
calculated from sorted files using Spike2 (Version 7.16, Cambridge Electronic Design,
UK) for chromatic selectivity analysis.
Online decoding. Each online decoding analysis consisted of two sessions: training
and online test. In the training session, 812 alternating green and blue surrounding
LED light (5 sec duration) was presented to the mouse. Spiking signals were sorted in
SpikeSort3D using KlustaKwik (Neuralynx, USA). A template for spike waveform
was generated after chromatic selectivity analysis and sent to the Digital Lynx SX 64
channel acquisition system. In the online test session, the number of spikes was
transferred in real time from Cheetah to Matlab using Router (Neuralynx, USA) once
every second. The chromatic selectivity analysis generated two thresholds, i.e.,
preferred-threshold and non-preferred-threshold for one neuron. A customized Matlab
script utilized these two thresholds to generate commands for the electroluminescent
textile in real time. If n > preferred-threshold, the Matlab script sent command to turn
on the SEF with preferred color. If n ≤ preferred-threshold and n >
non-preferred-threshold, the Matlab script sent command to turn on the fiber with
non-preferred color. If n ≤non-preferred-threshold, the Matlab script sent nothing. If
the decoded color was different from the color of the LED, or the delay between the
onset of the LED and the decoded onset of the electroluminescent was > 1 sec, this
event was marked as an incorrect decision.
3.6. Driver for the electroluminescent textile. The driver circuit was connected to
an external power source and the electroluminescent textile, controlling the input
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voltage of the electroluminescent textile. The circuit can control up to 20 individual
pathways, and each pathway can be controlled by Matlab commands sent from the
computer. The circuit was designed based on microcontroller (STM32) and
communicated with computer through the serial port. The voltage power supply was
controlled by relay, and the microcontroller unit drove the relay through the optical
coupler to protect the general purpose input output (GPIO).
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Figure S1. Schematic illustration to the structure of the customer-designed extruding
needle.
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Figure S2. Dependence of optical transmittance of the hydrogel on wavelength (inset,
a hydrogel film attached onto a labelled paper that was wrapped around a glass bar).
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Figure S3. Photograph of measuring the ionic conductivity of the hydrogel.
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Figure S4. Alternating current impedance spectra of the hydrogel with frequencies
decreased from 1 MHz to 0.01 Hz.
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Figure S5. Dependence of ionic resistance on strain. R0 and R correspond to the
electrical resistances before and after stretching, respectively.
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Figure S6. Dependence of ionic resistance on stretching cycle number. Resistance
varied below 4% after stretching for 1000 cycles at a strain of 300%. R0 and R
correspond to the electrical resistances before and after stretching, respectively.
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Figure S7. Dependence of luminance of an SEF on frequency under an electric field
of 2.2 V/μm. Maximum luminance is at 2500 Hz.
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Figure S8. Photograph of the instrument used to measure luminance of the SEF at
different angles.
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Figure S9. Simulation of the distribution of electric and optical fields of the SEF.
(a) Electric field distribution calculated by FEM simulations (left) and luminance
distribution of every point within the SEF (right). (b) Luminance at a specific angle
calculated by summing up luminance of every point within the whole SEF. (c)
Schematic of the mechanism of the luminance anisotropy.
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Figure S10. Dependence of optical transmittance of the electroluminescent layer
(thickness, 200 μm; ZnS, 40 wt%) on wavelength.
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Figure S11. (a to d) Angular luminance distribution of a point light source bedded in a
fiber with (a, b) hydrogel domains and without (c, d) hydrogel domains.
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Figure S12. Photograph of a lit spiral SEF.
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Figure S13. Luminance distribution along the axial direction of an SEF with the
variation below 5%.
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Figure S14. Polarized electroluminescence spectra of SEFs that emit green, blue and
yellow light.
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Figure S15. (a) and (b) Photographs of SEFs that emit blue and yellow light,
respectively. (c to f) Photographs of SEFs that emit different colors of light being
twisted together (c, d) and selectively lit (e, f).
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Figure S16. Dependence of luminance ratio on strain. L0 and L correspond to
luminance before and after stretching, respectively. Luminance is fully recoverable at
300% strain.
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Figure S17. Dependence of luminance ratio on stretching cycle number. L0 and L
correspond to luminance before and after stretching, respectively. Luminance
remained unchanged after 100 cycles of stretching at 300% strain.
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Figure S18. Dependence of tensile force of SEF without the two inner hydrogel
electrodes on strain at increasing ZnS content.
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Figure S19. Dependence of luminance and strain on ZnS content. The maximal strain
was decreased from 890%, 750% and 680% to 570% when ZnS mass percentage
increased from 10%, 20% and 30% to 40%, and the corresponding maximal
luminance was accordingly increased from 22.4, 65.6 and 133.6 to 242.6 cd/m2.
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Figure S20. Photograph of the SEF being put into a beaker filled with silicone oil.
SEF continued to emit light.
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Figure S21. (a) and (b) Photographs of the electroluminescent textile woven from a
1-meter long SEF (a) and being bent by hand (b).
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Figure S22. Dependence of luminance ratio on radius of curvature. L0 and L
correspond to luminance before and after bending, respectively.
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Figure S23. Photograph of a weaving machine used to weave the SEF with
commercial fiber materials such as wool.
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Figure S24. Photograph of an electroluminescent textile being selectively lit.
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Figure S25. (a to c) Photographs of the smiling pattern of a displaying textile with
increasing illuminance intensities.
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Figure S26. Photograph of the SEF being woven into the textile with a design of "8".
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Figure S27. An electroluminescent textile displaying numbers from 0 to 9 controlled
by the controller board and relay.
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Figure S28. Displaying circuit program flow chart.
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Figure S29. Relay control circuit.
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Figure S30. Dependence of temperature of the displaying textile on working time.
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Figure S31. Schematic of the brain-interfaced camouflage system. Mice are
exposed to green and blue LED light. A 16-channel microelectrode array is implanted
in the primary visual cortex of the brain (V1), and spiking activities from V1 neurons,
which represent brain-coded visual information, are recorded by an acquisition system.
A neural decoder translates the V1 activities into command signals for an external
driver that subsequently delivers ON and OFF signals to the electroluminescent
textile.
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Figure S32. Signal output control circuit.
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Figure S33. Offline decoding of activities from V1 neurons. Green and blue light
with random durations were presented alternatively for 14 times. Green and blue bars
and dotted vertical lines represent green and blue lights, respectively. The difference
in firing rate between two neighboring 1 sec time bin was calculated as Ft – Ft-1.
Green and blue dotted horizontal lines represent the thresholds for green and blue
colors, respectively.
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Figure S34. Identification of color-selective neuron during the training session. (a)
Waveforms of one V1 neuron before and after spike sorting. (b) Light responses of the
color-selective neuron sorted in (a).
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Figure S35. The reaction time of electroluminescent textile in the online
brain-interfaced camouflage experiment. (a) Photographs of electroluminescent
textile emitting green and blue light. Scale bar: 1 cm. (b) Delay between the
presentation of the surrounding light and the onset of the electroluminescent textile.
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Table S1. Comparison on the physical properties between our hydrogel electrodes and
those of previously reported other kinds of electrodes.

Transparency

Resistance
after
stretching

Maximal
strain
(%)

Cycle
number

191.5
Scm2/mol

Electrode

Resistance

This work

179
Scm2/mol

92

800

1000
(300%
strain)

185 Ω/sq

87.5

90

1000

1480 Ω/sq

255.8 Ω/sq

Graphene/
SEBS[S10]
[S11]

CNT/PDMS

PEDOT:PSS/
SEBS

[S12]

Ag nanowire
/PU[S13]
Au/PDMS

[S14]

(%)

328 Ω/sq

79

150

1500
(25%
strain)

59 Ω/sq

96

800

1000
(100%
strain)

2.8 fold
increase

120

1500
(30%
strain)

111 Ω/sq

maintain
the same

reversible

15 Ω/sq

83

2.5 Ω/sq

-

60

100
(15%
strain)

-

60

15

30
(5%
strain)

ITO/PDMS[S15]

SEBS: styrene-ethylene-butadiene-styrene
PDMS: polydimethylsiloxane
PEDOT:PSS: poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
PU: polyurethane
ITO: indium tin oxide
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Table S2. Comparison on the physical properties between our hydrogel electrodes and
those of previously reported hydrogel electrodes.

Material

Conductivity

Transparency
(%)

Maximal
strain (%)

Conductivity
after
stretching

31 S/m or 191
Scm2/mol

This work

29 S/m or 179
Scm2/mol

92

800

AA-AETA-SiO2
crosslinked
hydrogel[S16]

1.9 S/m

-

370

-

PAA ionogel[S17]

0.22 S/m

97

400

-

PVDF-co-HFP
ionogel[S18]

0.01 S/m

92

>5000

-

PAMPS-based
double network
ionogel[S19]

1.9 S/m

>95

158

-

PVA-borax
slime[S20]

0.0029 S/m

100

2830

-

PC-PMMA-LiC
lO4 ionic
conductor[S21]

0.056 S/m

almost 100

700

rarely
changed

PAAm
hydrogel[S22]

120.2
Scm2/mol

98.9

650

-

(1000 cycles,
300% strain)

AA: acrylamide
AETA: [2-(Acryloyloxy)ethyl]trimethylammoniumchloride
PAA: poly(acrylic acid)
PVDF-co-HFP: poly(vinylidene fluoride-co-hexafluoropropylene)
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PAMPS: poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
PVA: poly(vinyl alcohol)
PC: propylene carbonate
PMMA: poly(methyl methacrylate)
PAAm: polyacrylamide
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Table S3. Comparison on the flexibility between our displaying textiles and those of
the other reports on wearable electroluminescent displays.

Display

Bending radius
(mm)

Bending number

Luminance
remaining after
bending (%)

This work

1

500

98

OLED by Kim et
al.[S23]

5

1000

100

OLED by Kim et
al.[S24]

20

1000

100

OLED by Choi et
al.[S25]

1

3000

100

ZnS ELD by Hu et
al.[S26]

1.25

-

80

ZnS ELD by
Liang et al.[S27]

2

500

90.9

ZnS ELD by
Zhang et al.[S28]

1

1000

97

OLED: organic light-emitting diode
ELD: electroluminescent device
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Captions for Supplementary Movies

Movie S1. The electroluminescent fiber was continuously produced.
Movie S2. An electroluminescent fiber was stretched from 0 to 800%.
Movie S3. An electroluminescent fiber was repeatedly stretched.
Movie S4. A textile display showed different numbers.
Movie S5. A textile display was controlled by computer.
Movie S6. The color of the textile display was controlled by mouse brain.
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