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Bionic Adaptive Thin-Membranes Sensory System Based
on Microspring Effect for High-Sensitive Airflow Perception

and Noncontact Manipulation

Wei Zhou, Peng Xiao,* Yun Liang, Qiling Wang, Depeng Liu, Qing Yang,* Jianhua Chen,

Yujing Nie, Shiao-Wei Kuo, and Tao Chen*

Recently airflow sensors based on mechanical deformation mechanisms have
drawn extensive attention due to their favorable flexibility and sensitivity.
However, the fabrication of highly sensitive and self-adaptive airflow sen-
sors in a simple, controllable, and scalable method still remains a challenge.
Herein, inspired by the wing membrane of a bat, a highly sensitive and adap-
tive graphene/single-walled nanotubes-Ecoflex membrane (GSEM) based
airflow sensor mediated by the reversible microspring effect is developed. The
fabricated GSEM is endowed with an ultralow airflow velocity detection limit
(0.0176 m s™), a fast response time (=1.04 s), and recovery time (=1.28 s). The
GSEM-based airflow sensor can be employed to realize noncontact manipula-
tion. It is applied to a smart window system to realize the intelligent, open,
and close behaviors via a threshold control. In addition, an array of airflow
sensors is effectively designed to differentiate the magnitude and spatial dis-
tribution of the applied airflow stimulus. The GSEM-based airflow sensor is
further integrated into a wireless vehicle model system, which can sensitively

1. Introduction

In nature, creatures such as human
beings and animals have complex and
diverse sensory systems that can respond
to mechanical, temperature, humidity,
and other imperceptible external stimulus
(e.g., smell, light, sound, breeze, etc.) to
effectively perceive environment infor-
mation."® Among them, the function of
airflow perception is an important part of
sensory systems that existed in creatures
that can effectively respond to noncontact
stimuli in uncertain environments (e.g.,
dark, noisy, etc.) to tackle imperceptible
dangers." 2l Actually, in practical applica-
tions, achieving sensitive and rapid air-
flow sensing is urgently required due to

capture the flow velocity information to realize a real-time direction of motion
manipulation. The microspring effect-based airflow sensing system shows
significant potentials in the fields of wearable electronics and noncontact

intelligent manipulation.

its wide and diverse applications in breath
monitoring,¥ airplane flight control,
weather observation,™ mine warning,!"®
etc. In recent years, extensive efforts have
been devoted to developing airflow sensors
to expand the field of flexible electronics.
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Compared with traditional rigid and bulky systems,”-2)
flexible materials enabled airflow sensors based on mechan-
ical deformation (e.g., piezoresistive,?"?°l  capacitive,?l
piezoelectric,”28 electrical,?’! optical 2% and magneticl3!32
mechanism) are endowed with features of flexibility, minia-
turization, and mild operation condition. For example, the
covalently assembled graphene oxide (GO) ultrathin film can
experience a reversible change of interlayer gaps to reach effi-
cient detection of airflow.*’! Besides, a carbon nanotubes based
flufty fabric can be easily sewn to clothes to sensitively capture
tiny airflow fluctuation for wearable electronics.l?! However,
the realization of airflow sensors with ultralow detection limit,
fast response time, simple structure, and high adaptability in a
facile, efficient and low-cost way still remains a challenge.

Bats have ultrasensitive airflow sensory organs on their wing
membranes characterized by flexible, elastic, and thin proper-
ties to detect airflow condition for smooth flight.3334 In the
sensory system, the fine hairs embedded in wing membranes
can sensitively capture the tiny airflow variation and experi-
ence reversible mechanical bending displacement to rapidly
trigger the Merkel cells (a slow adapting mechanoreceptor that
responds to gentle touch) around the hair follicles, resulting in

www.afm-journal.de

action current that is transmitted through nerve fibers to the
central nervous system to percept airflow (Figure 1a).1*>% The
simple and effective evolved sensory structures have inspired
us to design a highly sensitive and adaptive airflow sensor
based on microspring effect, which is enabled by well-designed
graphene/single-walled nanotubes (SWNTs)-Ecoflex membrane
(GSEM). The monolithic GSEM was prepared via an air/water
interfacial self-assembly and asymmetric functionalization
strategy,¥’ ! allowing the formation of a highly adaptive, elastic,
and conductive membrane with SWNTs randomly distributed
among graphene sheets for reversible microspring structures
(Figure 1b). When GSEM is blown by airflow, the vertical down-
ward wind force increases the contact points between the inter-
layer spring-like SWNTs and the underlying graphene sheets or
SWNTs, resulting in the GSEM-based airflow sensor exhibiting
current-increased sensing performance. (Figure 1b). The inte-
grated GSEM airflow sensor represents ultralow airflow velocity
detection limit (0.0176 m s7), fast response time (=1.04 s) and
recovery time (=1.28 s), and high stability of 660 times cycles.
As a result, a GSEM-enabled intelligent window system was
further designed to sense the airflow velocity threshold for
controllable open and close. In addition, a 4 x 4 airflow sensor
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Figure 1. a) Schematic of bat’s wing membrane structure and airflow perception principle. b) Diagram of the preparation, structure, and sensing prin-
ciple of bionic structured GSEM for airflow sensing. c) Photograph of ultrathin GSEM with one finger closely contact under the Ecoflex surface. Inset:
The outline of the human palm can be observed through GSEM. d) Cross-sectional SEM image of GSEM with obvious exposed and embedded GSH
sensing layer. e) Airflow sensor based on GSEM is able to detect airflow as low as 0.0176 m s~ with excellent cyclic stability.

Adv. Funct. Mater. 2021, 31, 2105323 2105323 (2 of 11) © 2021 Wiley-VCH GmbH

85U8017 SUOWILIOD BA11eR1D) 3[cedl|dde 8Ly Aq peusenob afe saoie YO ‘8sn JO Sa|n 10y Ak TauIIUQ AB]IAN UO (SUONIPUOD-PUR-SLLIBY WD AB 1M A RRIq 1[UIUO//SdNL) SUOTIPUOD PUe SWis 1 84) 38S *[£202/60/20] U0 A%iqiaulluo A8 |1 ‘SELBTR I JO @Imisu| 0gBuiN Aq £2850TZ02 WiPe/Z00T OT/I0p/W00 A8 1M AIq el juo//SAny WOy pepeo|umod ‘Zy ‘TZ0Z '82089T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

array was constructed to effectively differentiate the magnitude
and spatial distribution of applied airflow stimulus. Moreover,
based on this sensor array, a wireless vehicle can be sensitively
manipulated in a noncontact mode to realize a high-sensitive
direction control. The microspring effect interacted flexible
and adaptable membrane shows great promise in flexible elec-
tronics and noncontact intelligent devices manipulation.

2. Results and Discussion

The fabricated GSEM demonstrates ultrathin and flexible fea-
tures, which can conformally adapt to the finger surface and
clearly present the texture of finger skin (Figure 1c). Owing to
the translucency of GSEM, the contours of a human palm can
be visualized through the film in the presence of light. Note that
the abovementioned properties of GSEM are quite similar to
the macroscopic properties of the bat's wing membrane. Micro-
scopically, the cross-sectional scanning electron microscopy
(SEM) image of GSEM is shown in Figure 1d and Figure S1,
Supporting Information, which indicates a monolithic mem-
brane structure with graphene/SWNTs hybrid (GSH) sensing
layer embedded or exposed on one side of the Ecoflex matrix,
giving the membrane favorable structural combinative ability
and conductivity for signal sensing. The monolithic structure

a

is also characterized by the Raman spectrum and 2D mapping
image in Figure S2, Supporting Information, which presents
characteristic peaks of both graphene/SWNTs (D: 1343 cm™, G:
1587 cm™!, 2D: 2684 cm™) and Ecoflex (low frequency: 488 cm™,
707 cm™%; high frequency: 2904 cm™, 2962 cm™) on GSH side.
The airflow sensor fabricated by transferring GSEM onto the
glass slide can detect flow velocity as low as 0.0176 m s with
good repeatability (Figure le), demonstrating the significant
potentials of this monolithic structure for airflow sensing.
Since the bionic hybrid structure of GSEM can respond rap-
idly and sensitively to airflow stimuli, the potential working
mechanism is also studied in our system. To explore the effect
of microspring microstructure, control experiments with pure
1D and 2D membranes were conducted to detect applied air-
flow, including assembled graphene sheets and physically
entangled SWNTs network. First, cross-sectional SEM images
were captured to demonstrate the initial sensing layer structures
of pure graphene, GSH, and pure SWNTs films (Figure 2a—c).
As displayed in Figure 2a, there is a lamellar stacked structure
with a few tiny gaps between graphene nanosheets. In addi-
tion, the SWNTs film presents a densely entangled conductive
network (Figure 2c). For the GSH sample, it can be observed
that SWNTs are randomly distributed on the surface and fur-
ther extends to the gaps among graphene nanosheets, forming
a specific spring-like microstructure. It is expected that when
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Figure 2. Cross-sectional SEM images of films based on a) pure graphene, b) GSH, and c) pure SWNTs in the initial condition without airflow. d) Sche-
matics of changes in the internal microstructure of graphene, GSH, and SWNTs films before and after airflow being applied. e) Cyclic sensing curves
of the relative current variation at the airflow velocity of 1.5 m s~ and f) plots of the relative change in current versus airflow velocity of pure graphene,
GSH, and pure SWNTs films. g) Diagram of the current flow and the equivalent circuit of an ideal structural unit in GSH.
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the mechanical force is applied, the distance between graphene
nanosheets can experience remarkable change, resulting in
the sensitive change of contact resistance for excellent airflow
sensing performance. Besides, the surface morphology of the
above three samples is presented in Figure S3, Supporting
Information, which illustrates that the assembled films are
endowed with uniform microstructures. Based on the initial
microstructures discussed above, schematic models are devel-
oped to further explain the enhanced performance of the hybrid
system (Figure 2d). When the airflow is applied, the micro-
spring-like SWNTs in the GSH will prominently increase the
contact area with the underlying graphene sheets or SWNTs
through the microscale movement or deformation of interlayer
SWNTs?I for remarkable reduction of contact resistance.
In comparison, graphene sheets-based film and SWNTs-based
one both represent a relatively slight increase of contact area.
As a result, the GSH-based microspring structure enables
improved performance of airflow sensing. The relative cur-
rent variation curves of thin-membranes based on graphene,
GSH and SWNTs sensing layers were tested at 1.5 m s™! and
the hybrid system is found to have the largest current variation
(Figure 2e). Furthermore, Figure 2f shows a typical positive
correlation relationship between relative current variation and
airflow velocity, where the GSH film presents the best airflow
responding performance.

A diagram of the current flow between an ideal structural
unit in GSH is presented in Figure 2g. The current is mainly
composed of two parts. One is the current that flows laterally,
which primarily flows between graphene nanosheets, between
SWNTs network, and between graphene and SWNT5. The cor-
responding resistance is the bulk film resistance, labeled as Ry
The other is the longitudinal current, which is mostly due to
the decrease in contact resistance of the interlayered SWNTs
by micro-deformation based on the microspring effect when
the airflow is applied, and the related resistance is noted as R..
The equivalent circuit of the structural unit in GSH is estab-
lished based on the schematic of current flow. The total resist-
ance R, can be calculated according to Ohm’s law, as shown in
Equation (1):

Rt_

Rf (2R +Rs) Ry L1
2(Re+R;) 2| Ry

C

1

+1

Compared with the R R is sensitive to airflow. Once the air-
flow is applied, R, will decrease rapidly. As can be seen from
Equation (1), a decrease in R, will eventually lead to a decrease
in R, suggesting the airflow sensing performance with an
increase of current for GSEM-based airflow sensor. Further-
more, the argon response behavior of GSEM-based airflow
sensor was also tested. As shown in Figure S4, Supporting
Information, compared with the nitrogen, the airflow sensor
exhibits almost the same sensing performance at the airflow
velocity of 0.0176 m s7!, which indicates that this sensor pri-
marily detects the airflow rather than the gas type.

The effect of hybridization with different weights ratio of
SWNTs and Gr on the airflow sensing performance is fur-
ther discussed, as shown in Figure 3a. Whether G3S;H or
GiS;H film, hybridization can dramatically improve airflow
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responsiveness compared to pure graphene sheets or SWNTs
as discussed in Figure 2. However, the sensing performance of
films with G3S{H and G;S;H as sensing layers is slightly infe-
rior compared with that of G;S;EM, which may result from the
failure of forming microstructures with the optimal number
and uniform distribution in G3;S;EM and G;S;EM. As shown
in Figure S4a,d, Supporting Information, SWNTs in G3S;H are
sparsely distributed on the surface of the graphene sheets, and
only a small amount of SWNTs formed a microspring-like sup-
port structure between the graphene sheets. When the airflow
blows onto the surface of the membrane, the scarce interlayered
SWNTs lead to a small change in contact resistance. In G;S;H,
excessive SWNTs aggregated to form carbon nanotube bundles
due to the poor dispersion, which could completely cover the
surface of graphene sheets. Meanwhile, these SWNTs bun-
dles also would extend downward from the sheets surface and
further contact the underlying graphene sheets to form con-
nections. This dense interlayer distribution leads to excessive
contacted sites in the absence of airflow stimulus (Figure S4c,f,
Supporting Information). As a result, the change of contact
resistance is not as remarkable as expected when the airflow is
applied. The inset in Figure 3a also reveals that the three sen-
sors have the sharpest rate of change in current with increasing
airflow velocity in the low airflow region (<0.1 m s7). The
highly sensitive response of the hybrid film to minute airflow is
similar to the highly sensitive Merkel receptors to low-level air-
flow and gentle touch.®) Among them, the current of G;S;EM-
based sensor varies most significantly with increasing flow rate
due to the formation of a relative perfect hybrid structure with
a suitable number of interlayered SWNTs microspring struc-
tures (Figure S4b,e, Supporting Information). Therefore, it is
supposed that the composite strategy can favorably enhance the
airflow sensing performance at an appropriate of weight ratios
between SWNTs and graphene sheets. When the weight ratio
of SWNTs in the composite is too much or too low, the airflow
sensing performance is not as excellent as predicted due to
the limited variation of the contact sites. The microspring-like
microstructure can be achieved via uniformly distributed of
SWNTs between the graphene layers, allowing optimal perfor-
mance of airflow sensors. In the subsequent experiments, the
G,S;H-based membrane is chosen for the airflow sensor unless
otherwise stated.

The setup for testing airflow sensing performance is illus-
trated in Figure S6, Supporting Information, including a
nitrogen tank, glass rotameter, gas mass flowmeter, and GSEM-
based airflow sensor. First, the relative current variation in
response to airflow at different velocities is explored. Figure 3b
shows a typical plot of the relative change in current versus air-
flow velocity. The airflow direction is perpendicular to the sur-
face of GSEM, and the tube port is less than 5 mm from the
sensor surface. The airflow was turned on/off three times con-
tinuously at each flow velocity, and the airflow sensor exhibits
high resolution and reproducible response curves even at a very
low airflow velocity. When the velocity becomes stronger (over
3 m s7), the top region of the curve is split, probably attributed
to the bouncing of the airflow that causes multiple blowing of
the GSEM surface. In addition, the current change remains
constant at 3.5 and 4 m s7! as the airflow velocity continues to
increase (Figure S7, Supporting Information). Therefore, the
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Figure 3. Airflow sensing performance of the GSEM based sensor. a) Plots of the relative current variation versus airflow velocity for airflow sensors
based on G3S1EM, GiS1EM, and GiS3EM (x and y represent the weight ration of Gr and SWNTs in G,S,). b) Cyclic curves of relative current variation
against airflow velocities based on G;S;EM sensor. c) Airflow sensing curves at airflow velocity of 1.5 m s™ with different airflow blowing angles.
d) Measurement of response and recovery time from the relative current variation curve. e) Comparison of the detection limit and response time of

G;S1EM based airflow sensor with other reported airflow sensors in previous works.

cyclic on/off at the airflow velocity of 1.5 m s™' and blowing angle of 90°.

response range of the GSEM-based airflow sensor is =0.0176—
3.5 m s7\. The sensitivity S of the airflow sensor is defined as
the following:

5(?11

_ 0

s_—av (2)
Al=I-1, A3)

where I, and I represent the initial current without airflow and
the current when airflow is applied, respectively, Al is the cur-
rent variation, and v is the airflow velocity. The sensitivity is
calculated based on the slope of the relative current variation
curve in Figure S8, Supporting Information, and is divided
into two regions: 9.12% m™' s (0.0176-0.1 m s7!) and 0.2% m™' s

Adv. Funct. Mater. 2021, 31, 2105323

2105323 (5 of 11)

(11.2125,27,29,46-48] £) Relative current variation curve of 660 airflow

(0.1-3.5 m s7!). Moreover, the GSEM-based airflow sensor can
differentiate airflow with different blow angles. The blowing
angle is defined as the angle between the tube and the sensor
surface. When the angle changes from 90° to 30°, the relative
current variation gradually decreases due to the gradual reduc-
tion of the vertical component force of the airflow at the same
velocity (Figure 3c). The sensing signal can be detected even
when the airflow blowing angle decreases to 0°. However, there
is a little noise on the current curve, which may be caused by
the low as well as unstable airflow that stimulates vertically
on the sensor when the tube is parallel to the GSEM surface.
(Figure S9, Supporting Information).

The response and recovery performance of the airflow sensor
is investigated in Figure 3d. The response and recovery time are
defined as the time from flow on/off to 90% increase/decrease
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in relative current variation. Based on the current curve, the
response time of the airflow sensor is only 1.04 s at 1.5 m s
and recovery time is =1.28 s, which further confirms the GSEM
based airflow sensor is high-sensitive to airflow. Besides, the
response and recovery time at other airflow velocities are shown
in Figure S10, Supporting Information, where the recovery
time is generally slightly longer than the response time. This
phenomenon is generally caused by the viscoelasticity of the
elastic matrix. Compared with previously reported airflow sen-
sors based on various operating principles, such as thermal,
optical, piezoresistive, piezoelectric, electrical, and capacitive
principles,[1121:2527.29.46-48] the airflow sensor based on contact
resistance change in this work performs excellent flow velocity
detection limit (0.0176 m s7}) and fast response time (1.04 s)
(Figure 3e and Table S1, Supporting Information). Figure 3f
demonstrates the sensing signal over 660 consecutive cycles
of airflow on/off with no significant current signal drop in
the inset, indicating the excellent stability and reliability of the
GSEM-based airflow sensor. The superior sensing performance

a Glass slide Silicon rubber

-

Time (s)
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of GSEM-based airflow sensors is inextricably associated with
the interface preparation method. To demonstrate the advan-
tages and importance of this interfacial strategy, the perfor-
mance of the airflow sensor constructed using the bulk mixing
method was measured. As shown in Figure S11, Supporting
Information, it exhibits low sensitivity and poor signal-to-noise
ratio due to the absence of the preformed microspring-like
structure.

Benefiting from the ultrathin and flexible characteristic of
GSEM, it can be further transferred onto diverse targeted sub-
strates, which can effectively adapt conformally to the smooth
or rough surface for favorable self-adaptability. In our system,
a flat glass slide, a flexible silicone rubber sheet with an ini-
tial bending angle of 38° a rough stone surface, and the
round bottom of a flask are chosen as substrates (Figure 4a).
The results illustrate that even on the rough stone surfaces,
the GSEM can still spread smoothly on the textured surface. The
excellent transferability and tight adhesion to the substrate
ensure robust sensing performance of the GSEM-based airflow

Round flask Rough stone

e

0.0
Glass  Silicon Round Rough
slide rubber flask stone
e 20 80
1.64 64
S| N | <
L 1.2 Lag =
< 5
< 081 \ r32 5
* (&}
0.4 F16
0.0 v v v . 0
40 60 80 100 120
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Figure 4. a) Photographs cyclic curves of relative current change and b,c) the specific current variation values when GSEM-sensor is adapted onto
different substrates, including flat glass slide, flexible silicon rubber sheet, round-bottom flask and rough stone surface. Scale bar: 1 cm. d) Relative
current variation of GSEM under different tensile levels. ) Relationship of relative current variation/initial current versus bending angle.
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sensor. The corresponding relative current variation curves
for airflow stimulation of 1.5 m s are presented in Figure 4b
with almost identical current variation value for these airflow
sensors built up on those different substrates. The current
variation value in Figure 4c more intuitively demonstrates the
stability of the airflow sensing performance. Compared with the
conventional airflow sensors, the GSEM-based flexible sensors
are endowed with good adaptability and can apply to a variety
of soft/hard and smooth/rough surfaces without compromising
their airflow sensing performance.

In addition, flexible electronics are commonly required to
be used in a stretched condition, the GSEM shows excellent
stretchability and tensile strength (Figure S12, Supporting
Information). The sensing performance of GSEM-based air-
flow sensors in a tensile state is also measured. The tensile
level of GSEM is indicated by the center angle, and the silicon
tube located directly above the silicone rubber sheet, where the
degree of stretch is the significant. Surprisingly, the GSEM
transferred to the flexible silicone rubber sheet could still
maintain a relatively stable sensing signal when the silicon
sheet is bent from the initial 38° to 73° and 110° (Figure 4d).
Additionally, the initial current of GSEM-based sensor gradu-
ally dropped with increasing bending angles, which may be the
result of the partial disruption of the internal transverse con-
ductive path. When the bending angle reaches 110°, the relative
current change value remains almost the same as the initial
one (Figure 4e). However, as the bending angle increases to
144°, the relative current variation curve becomes somewhat
noisy and the current variation value decreases slightly, which
may be attributed to slight damage to the internal microspring
structure caused by overstretching of the film (Figure S13, Sup-
porting Information). The above results show that GSEM has
favorable structural stability and can maintain excellent airflow
sensing performance even in a certain degree of stretching.

Based on the desirable performance of GSEM-based air-
flow sensor, we further demonstrate its potential application
in a smart window system via flow velocity threshold control.
People usually would like to open windows on windy and
sunny days to keep indoor ventilation, and close windows on
windy days to prevent bad weather from affecting indoor envi-
ronment. The process of opening or closing windows can be
intelligently controlled by GSEM-based airflow sensor, thus
avoiding the trouble and inconvenience of human operation.
As depicted in Figure 5a, when the airflow sensor is stimulated
by a breeze and outputs a signal with a relative current change
below a threshold, the window will automatically remain open.
As the wind becomes stronger and the relative current variation
of the airflow sensor exceeds the threshold value, the window
will close. The components between the airflow sensor and
the window are displayed in Figure S14, Supporting Informa-
tion, which consists of four parts: signal input, signal amplifica-
tion, signal processing, and signal output. The airflow velocity
is controlled by the distance between the silicone tube and the
airflow sensor.

As shown in Figure 5b and Movie S1, Supporting Informa-
tion, in the original state, the tube is so far away from the sensor
that the airflow applied to the sensor surface is negligible, and
the window remains open. As the tube slowly approaches the
sensor, the window suddenly close automatically when the tube
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reaches a certain distance from the surface of GSEM (State-1).
After that, the pipe slowly moves away from the sensor to a
certain distance, and the window is opened abruptly due to the
low airflow velocity sensed by the sensor (State-2). Thereafter,
as the distance continues to increase until the silicon tube is
removed away, the window remains open all the time (State-3).
The change of current and the tube’s distance during one pro-
cess of opening and closing window is recorded in Figure Sc.
In the initial stage, the current change is zero, indicating that
the flow rate detected by the airflow sensor is too low, so the
window opens. As the tube approaches the sensor, the rela-
tive current change gradually increases, and when it is higher
than the threshold, the window closes (State-1). As the tube
is gradually moved away from the sensor, the relative current
change will immediately decrease. The window will not open
immediately until the current change is below the threshold
(States-2 and 3). Besides, the intelligent open/close process of
the smart window was conducted for 55 cycles, which indicates
the superior stability and reliability of the GSEM-based airflow
sensor in practical application (Figure S15 and Movie S2, Sup-
porting Information). More importantly, the window with on/
off state can be controlled at different angles by setting multiple
thresholds. As presented in Figure 5d, the relative current vari-
ation gradually increases as the tube approaches. The window
progressively closes from 45° with an interval of 15° when the
current change is in four stages I, II, III, and IV, respectively.
When the tube leaves, the window gradually opens from 0°
to 45°. This process can also be repeatedly implemented, and
the corresponding video is provided in Movie S3, Supporting
Information.

Furthermore, the GSEM can be easily cut into desired
shapes and integrated into a designable airflow sensors array,
enabling to perceive the magnitude and spatial distribution of
the airflow stimulus. As a result, a 4 x 4 airflow sensor array
is illustrated in Figure 6a, which consists four parts: electrode,
GSEM, glass slide, and acrylic substrate (Figure 6b). When the
airflow is applied vertically on the surface of a sensor, it has the
maximal current change. The airflow will spread from the cen-
tral stimulation site to the surrounding area, so that the neigh-
boring sensors are also stimulated by the airflow and generate
sensing electrical signals. If the flow rate becomes higher, the
diffusion distance of the airflow will be farther. The sensor is
positioned further away from the point of airflow stimulation
and the corresponding output current signal is lower. Based on
the above principles, the airflow with different velocities and
stimulus positions can be distinguished by the 4 x 4 airflow
sensor array by comparing the relative current variation value
of each sensor (Figure 6¢). When the airflow perpendicularly
blowing to the sensor located at (2,2) with low velocity, only the
sensor at this position exhibits a significant current response.
At this time, if the flow rate is increased, the current variation
of the airflow sensor located at (2,2) increases, and some of the
surrounding sensors will also output obvious sensing signals
(Figure S16a,b, Supporting Information). Similarly, when the
airflow moves from the top of one sensor to the middle posi-
tion in the array at the high flow rate, each sensor in the array
also exhibits different sensing signals in these two cases, thus
achieving the discrimination of the spatial position of the air-
flow stimulus (Figure S16b,c, Supporting Information).
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85UB01 7 SUOWILLIOD AIIRID 3cedt[dde au Aq pauenob ae Il VO ‘8SN JO Sa|NI Joj ARiqiT 8UlUO /8|1 LD (SUORIPUOD-PUE-SWIRIALIOD"AB | 1M Ale.d U |Uo//Sty) SUORIPUOD pue SWie | 8U) 89S *[£202/60/20] U0 AiqiTauliuo AB|iM ‘SELSRIN JO 8Inisu| ogbuiN Aq £2€50TZ0Z WIPe/Z00T 0T/I0p/Wod A8 i Ake.q pul|uo//Sdny wouy pepeojumod ‘gy ‘TZ0Z ‘8Z09TIT



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

a

Threshold
S
= =ad

Time

A,

i
Below the threshold

A.rﬂg : Original state
sel
! |

b

www.afm-journal.de

Threshold

Figure 5. a) Schematic of the smart window open on a breeze day and close on a windy day when the relative current variation of the airflow sensor
is below and higher than the threshold, respectively. b) Pictures of the window’s state (open or close) at original state, state-1, state-2, and state-3 as
the silicon tube slowly approaches and moves away from the sensor. c) The relative variation of current and the tube’s distance during one process
of opening and closing the window automatically. d) The window was controlled to open and close at different angles by multiple thresholds control.

Owing to the excellent spatial resolution of the airflow
sensor array, the motion of a wireless vehicle can be manipu-
lated by an airflow sensor array in a noncontact mode. As
depicted in Figure 6d, a 2 x 2 array is built up with four sensors
representing the front, back, left, and right directions, respec-
tively. When the airflow blows any of the sensors in the array,
the vehicle will move in the corresponding direction. The entire
manipulation system is displayed in Figure 6e. When one of
the sensors in the array is blown by the airflow, the generated
electrical signals are transmitted to four independent amplifiers
through a four-wire interface. After that, the amplified signals
are transmitted to the Arduino module for processing, and
finally the wireless manipulation of the car motion direction is
realized via Bluetooth. The circuit diagram and working prin-
ciple of such a system are illustrated in Figures S17 and S18,
Supporting Information, respectively. In brief, when airflow is
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applied on any of the sensors in the array, there is a maximum
change in the corresponding output electrical signal. When its
electrical signal exceeds the threshold value and the electrical
signals of the other three sensors are below the threshold value,
the car moves in the corresponding direction. Figure 6f dem-
onstrates a wireless vehicle being successfully manipulated in
noncontact mode by a 2 x 2 airflow array, moving in the front,
back, left, and right directions, respectively. The real-time video
and electrical signals of the motion process can be found in
Movie S4 and Figure S19, Supporting Information, respectively.

3. Conclusion

In summary, inspired by the bats’ wing membrane with the
unique capability of airflow sensing, we designed a highly
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Figure 6. a,b) Photograph and schematic of a 4 x 4 airflow sensor array. c) Differentiation of magnitude and spatial distribution of the airflow stimulus
through the 4 x 4 array with airflow applied vertically on the array at a height of 1.5 cm. d) Diagram of a wireless vehicle’s motion being manipulated in
noncontact mode through a 2 x 2 airflow sensor array. €) The composition part of the noncontact wireless manipulation system. f) Photos of a wireless
vehicle being manipulated to go forward, go backward, turn left, and turn right by airflow stimulating the array.

sensitive and adaptive GSEM-based airflow sensor enabled by
microspring effect. The GSEM was prepared through interfa-
cial self-assembly of graphene/SWNTs interlayered structures
and asymmetric Ecoflex functionalization for a monolithic
hybrid membrane. When airflow is applied, the contact resist-
ance among the interlayered SWNTs and graphene sheets can
experience a remarkable decrease through spring-like mechan-
ical deformation of interlayered SWNTS5. As a result, the flexible
airflow sensor shows ultralow airflow velocity detection limit
(=0.0176 m s7), fast response time (=1.04 s), wide airflow range
(0.0176-3.5 m s7!), and favorable cyclic stability (660 times). As
proof of concept, the GSEM based airflow sensor is further
introduced into the intelligent home system to realize a wind-
threshold-control window switch behaviors of open and close.
Besides, a 4 x 4 airflow sensor array was further designed to
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differentiate the magnitude and spatial distribution of airflow,
followed by further manipulation of a wireless vehicle with
effective direction control in noncontact mode. The flexible,
adaptive monolithic thin membranes enabled by microspring
effect are expected to demonstrate significant potentials in flex-
ible electronics and noncontact devices manipulation.

4. Experimental Section

Materials: SWNTs (diameter < 2 nm; length =5-30 um) with purity of
over 95% were purchased from Chengdu Organic Chemistry Co., Ltd.,
and thoroughly rinsed with anhydrous ethanol and dried in a stream
of nitrogen before use. The graphene slurry (solid content: 5%) was
from Ningbo Institute of Material Technology and Engineering, Chinese
Academy of Sciences, and was sealed immediately after use to ensure
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that the solid content remains constant. Silicon rubber (Ecoflex 00 50)
was purchased from Smooth-on, USA. Other analytical reagent grade
solvents and reagents were obtained from Sinopharm Chemical Reagent
Co., Ltd. and used as received. Deionized water was used as substrate to
prepared GSH film and GSEM at the air/water interface.

Preparation of GSH Film: The GSH film at the water/air interface
was prepared according to a previous modified Langmuir-Blodgett
assembled method. Typically, pretreated SWNTs (100 mg) and graphene
slurry (2000 mg) were dispersed with anhydrous ethanol (200 mL),
followed by strong ultrasonication for =6 h using an ultrasonic (250 W)
to form a uniform and stable dispersion. Subsequently, the resultant
dispersion (30 mL) was spread onto the water surface by a spray-coating
method, and a uniform pre-assembled film was formed at the water/
air interface. After stabilization for =30 min, water was rapidly drawn
from one side of the water/air interface with a microporous sponge,
followed by a significant reduction in the area of the pre-assembled GSH
film. Notably, the homogeneous pre-assembled GSH layer was closely
packed toward the opposite direction of the siphon situation. When the
compression of the film stopped and sponges could not compress the
film further, it indicated that the film with dense structure was finally
formed. For single graphene and single SWNTs used for comparison,
the preparation process was the same as above except for the masses of
SWNTs and graphene slurry in the dispersion were different.

Preparation of GSEM: The prepolymer and cross-linker of Ecoflex (1:1,
w/w) were diluted using N-heptane with a weight ratio of 5.5%. Then,
the obtained mixture solution (35 mL) was dripped onto the surface
of the as-prepared GSH film. After curing at room temperature for 6 h,
the GSEM was obtained at the water/air interface. For thin membranes
using single graphene and SWNTs as sensing layer, the preparation
process is the same as above.

Fabrication of GSEM Based Airflow Sensor: GSEM prepared at the
water/air interface was transferred onto a glass slide at first. After
removing the water and forming a close contact between the film and
the glass surface in a 60 °C oven, the GSEM was cut into strip with a
size of 0.8 X 5 cm. Then, copper tape was cover on the two ends of the
GSEM strip with the aid of sliver paste curing at 60 °C, following by
welding aluminum wire to the end of copper tape, thus the electrode
was formed and the GSEM based airflow sensor was successfully
fabricated.

Fabrication of Airflow Sensor Array: First, the prepared GSEM was
transferred to 16 blocks of glass sheets with a size of 2.5 x 3 cm,
followed by drying at 60 °C to make the film adhere closely to the glass
sheets. Then, all the films were cut into a rectangle with a size of 1.5 x
3 cm, leaving strips with a size of 0.75 x 0.5 cm on both sides of the
rectangle for electrodes. After the electrodes were formed, all the films
were transferred onto the surface of the PMMA plate with the glass
sheet’s bottom stuck by double-side tape to form a 4 x 4 airflow sensor
array.

Airflow Sensing Performance Test: The current output of the airflow
sensor and the array was tested by an electrochemical workstation (CH
Instruments, CHI660E.Chenhua Co., Shanghai, China) under a constant
initial voltage of 1V at room temperature. The airflow velocity (v) was
calculated by the following formula (4):

v== )

where Q is the nitrogen’s flow flux, read directly from commercial gas
mass flowmeter (MF5712) and S is the cross-sectional area of silicone
tube measured with a vernier caliper. The flow flux value is adjusted by
the valve of the nitrogen tank and the glass rotameter.

Characterization: SEM was performed to observe the micromorphology
and structure of undecorated GSH films and GSEM with a Hitachi S4800
cold field emission SEM at an accelerating voltage of 4 kV. Raman spectra
were collected by R-3000HR spectrometer (Raman Systems, Inc., R-3000
series) using a solid-state diode laser (532 nm) as an excitation source
with a frequency range of 3500-300 cm™'. The tensile performance was
conducted by the Zwick Z1.0 universal testing machine. GSEM was cut
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into rectangular strips (25 X 5 mm) with one end fixed and the other end
elongated at a constant rate (50 mm min™).

Supporting Information

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