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Compared to pressure,[9–14] tempera-
ture,[15,16] humidity sensors,[6,17–22] reported 
in literature, the flexible airflow sensors 
are less investigated, even though they 
play an essential role in above applica-
tions, such as detection of gas,[23] breath 
monitoring,[24–26] weather observation,[27] 
or even monitoring of gas leakage.[28] In 
general, the working mechanism for the 
airflow sensors is based on the signal 
change of piezoresistive,[11,20,21,29,30] capaci-
tive,[31,32] piezoelectric,[33–35] optical,[6,36,37] 
or magnetic[38] airflow-induced mechan-
ical deformation. Occasionally, airflow-
induced temperature variation[39] is also 
utilized for designing the airflow sensor.

So far, there are still some drawbacks 
for the present airflow sensors. First, 
many present fabrication methods are 
complicated, inefficient, and expensive, 
impractical for the large-scale production. 
Second, most of the airflow sensors, due 
to their elaborate micro/nanostructures, 

could not work well in complex and changeable environment. 
Third, many airflow sensors are lack of flexibility. Therefore, 
it remains a challenge to find an efficient, low-cost, and room-
temperature operation condition method to prepare flexible air-
flow sensors with ultralow detection limit, fast response, stable, 
and long-term service life.

Many insects in nature have developed hair-like sensors after 
long evolution for perceiving surrounding information,[40–43] 
e.g., the cerci of crickets,[44] the fluff on spiders’ legs,[45] or 
even filiform hairs of cockroaches.[46] They used filiform hairs 
serving as windows to environment, the hair-like sensors pro-
vide insects with relevant information of escape, defense, or 
predation. Such an ingenious and effective sensory system of 
insects inspired researchers to design ultrasensitive airflow 
sensor based on tiny hair-like structures. Herein, mimicking 
the filiform hair of insects, we developed a novel strategy to 
design an ultrasensitive and flexible airflow sensor based on 
short carbon fiber network (SCFN) using electrostatic flocking 
technique. The SCFN airflow sensor operated on the basis of 
piezoresistive effect. Namely, the short carbon fibers, similar 
to filiform hair, can be bent and swung by airflow (a force of 
several micro-Newtons), thus making the contact resistance of 
SCFN change easily. This SCFN airflow sensor exhibited excel-
lent sensing performance, very good flexibility, remarkable 
abrasive resistance, and high sensing cycle stability. We fully 
took advantage of designability of the SCFN airflow sensor to 
position leakage point for a sealed space, and able to detect the 

Electronic skin or wearable electronics have attached great attention due to 
their huge potential applications, and flexible airflow sensor, as an important 
part, reveals extensive applications. However, finding an efficient, low-cost, 
and room-temperature operation condition method to prepare flexible airflow 
sensors with high sensing performance still remains a challenge. Herein, 
inspired by filiform hairs of insects, a highly sensitive, stable, and flexible air-
flow sensor based on short carbon fiber network (SCFN) structure via electro-
static flocking is developed. The fabricated SCFN is endowed with an ultralow 
detection limit (0.053 m s−1), wide detection range (0.053–2.66 m s−1),  
multiangle response (0°–90°) with a fast response (1.7 s) and recovery time 
(3.4 s), together with excellent stability. Besides, its sensing mechanism is 
elaborated and demonstrated from microscale. Furthermore, it is applied to 
detect the velocity and direction of airflow through a 3D layout decoration of 
sensors and integrated into monitoring the leak location in a sealed reac-
tion device. The combination of mild high-throughput preparation and high 
sensing performance of SCFN airflow sensor shows significant potentials in 
electronic skin or wearable electronics filed.
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1. Introduction

Evoked by the idea of constructing a human–computer interac-
tion world, the electronic skin or wearable electronics get rapid 
development in recent years.[1] Plenty of novel sensors that are 
able to perceive different signals in environment are urgently 
needed. At the same time, these novel sensors also require 
flexibility, miniaturization as well as simple fabrication for large-
scale utilization,[2–4] quite different with the conventionally rigid 
and cumbersome sensors.[5–8]
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airflow direction when 3D layout decoration was employed. The 
excellent sensing performance of SCFN airflow sensor, along 
with their simple fabrication process, offers great promise for 
a wide application potential in electronic skin, wearable elec-
tronics, and other applications.

2. Results and Discussion

2.1. The Fabrication Principle and Process of SCFN Airflow Sensor

The fabrication process of SCFN airflow sensor is illustrated in 
Figure 1a (see details in the Experimental Section). Briefly, the 
SCFN airflow sensor is composed of polyimide (PI) foil, inter-
digital electrode, polydimethylsiloxane (PDMS) adhesive layer, 
and quasi-vertical short carbon fiber network from bottom to 
top. First, the PI foil and PDMS adhesive layer were selected 
due to their flexibility and stability, which make the interdigital 
electrode flexible and stable under constant bending and com-
pressing. The interdigitated electrodes are prepared by a thermal 
evaporation process. And the electrostatic flocking technique 
was used to prepare a microstructure of carbon fibers (CFs) 
on an interdigital electrode. The methods of preparing SCFN 
and interdigital electrodes are mature and low-cost, which can 
be able to prepare in mild operating conditions. Besides, the  
substrate could be made into PI tape, which can be adhered to 
anywhere we need. Full-flexible design and mild preparation 
endow SCFN airflow sensor with great flexibility (Figure  1d), 
miniaturization, and the possibility for large-scale fabrication.

Insects construct ultrasensitive sensory system based on their 
tiny hairs (Figure 1b): A common characteristic of all these hair-
like airflow sensors of insects is their small size and the tiny mass, 
just like a lever arm, these tiny filiform hairs grown on body sur-
face can sensitively be deflected under the viscous forces exerted 
even by the slightest whiff of air, and then the nerves receptor 
under the body surface recognizes the mechanical signals to sense 
the airflow (Figure 1c). The resulting structure of SCFN is similar 
to filiform hairs of insects, which possesses a hair-like microstruc-
ture (Figure  1e). It can be observed from the situ-optical micro-
scope (as shown in Video S1, Supporting Information) that the 
fibers possess similar response to filiform hairs of insects under 
airflow: CFs was bended and swung under the action of airflow. 
We chose PDMS with a smaller modulus after curing (Figure S1, 
Supporting Information) to build a softer “skin,” which is ben-
eficial to fibers’ deformation under airflow. Too thick adhesive 
is avoided, because the fiber cannot penetrate through the thick 
adhesive and contact the metal electrodes, as a result, the conduc-
tive loop cannot be formed (Figure S2, Supporting Information). 
By trial and error, the PDMS thickness is set to ≈15 µm.

2.2. The Morphology and Structure of SCFN

Figure  2 reveals micromorphology of SCFN prepared with 
average CFs length of 508, 319, and 120 µm (Figure 2a1–a3 and 
Figure S3a, Supporting Information) after sieving by screen with 
different meshes, respectively, which are labeled as SCFN-500, 
SCFN-300, SCFN-100 for simplify. In general, the quasi-vertical 

Figure 1. a) The fabrication process of SCFN airflow sensor; b) optical image of trichobothria on spider's walking leg;[47] c) schematic diagram of filiform 
hairs under airflow. d) Optical image of an SCFN airflow sensor (scale bar, 1 cm). e) SEM image showing the micromorphology of SCFN.
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CFs contact with each other and form a conductive network in 
plane direction. It can be seen that the average orientation angle 
(Figure S3b,c, Supporting Information) decreases with decreasing 
fiber length. This quasi-vertical orientation of CFs is caused by the  
polarization on the plate electrode and the damping motion in 
air of short carbon fibers, within a high-voltage electric intensity 
(Figures S4 and S5 and Videos S2 and S3, Supporting Information). 
Longer CFs are easier to orient in high-voltage electric intensity[48] 
and form more vertical array structure than network structure 
(Figure 2b). In other words, short fibers are easier to contact with 
each other when we got a poorer oriented structure (the orien-
tation angle is relatively small[49]). Meanwhile, we used the high 
electric field intensity providing enough kinetic energy for CFs in 
electric field to penetrate the PDMS adhesive layer, which ensures 
CFs contact with the interdigital electrode to form a galvanic circle 
and fixes the short carbon fibers to the PI substrate. Further, 
micro-computed tomography (micro-CT) was used to analyze 
area density of CFs: as the fiber length decreases, the number of 
fibers per unit area (Figure 2c) decreases gradually.

2.3. The Sensing Characterization and Stability of SCFN  
Airflow Sensor

In order to explore the sensing performance of SCFN to air-
flow, the testing device (Figure  3a) was established for SCFN 

airflow sensor under different airflow rates and different angles 
(see details in the Experimental Section). First, the relative 
resistance variation in response to airflow at different airflow 
rates was measured to explore the performance of the air-
flow sensor, as shown in Figure  3b and Figures S6–S8 in the 
Supporting Information. The airflow direction was perpen-
dicular to the SCFN airflow sensor; the tube port was around 
1  cm from the sensor surface. The slope of resistance varia-
tion (R0−R)/R0 varied with airflow rate was used to define the 
sensor sensitivity in response to the application of airflow. R0 
and R represent the resistance with no airflow and an airflow is 
applied, respectively. The values of ΔR/R0 (ΔR = R0−R) almost 
no longer increase when airflow rate is larger than 50 L min−1 
in our test, hence the sensitivity of airflow range was consid-
ered from 1 to 50 L min−1. The SCFN-300 and SCFN-500 sen-
sors show higher sensitivity than SCFN-100. It is worth noting 
the sensitivity of SCFN-500 decreases when the airflow rate is 
larger than 30 L min−1. This is probably due to the fact that the 
sensor with a larger length/diameter ratio has higher fiber areal 
density (Figure 2c). The overlarge areal density will hinder fiber 
bending and swinging, and finally decreasing the sensing per-
formance. In the following sections, we chose SCFN-300 with 
higher sensitivity for further research.

Figure  3c reveals the resistance variation of SCFN-300 is 
changed at different airflow angle (α  = 0°, 45°, 90°, which is 
defined in Figure 3a). It is expected that the short carbon fibers 

Figure 2. a1–a3) Optical images, b1–b3) SEM top view images, and c1–c3) micro-CT slice images (scale bar, 100 µm) of carbon fibers with average 
length around 508, 319, 120 µm. The slices were taken at the middle height of SCFN structure from the bottom of substrate (scale bar is 100 µm).
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are able to deform and connect with each other in spite of the 
air flow angle. The difference, as shown in Figure S9 in the Sup-
porting Information, is that when the airflow direction is per-
pendicular to the sample surface, the whole fibers can deform, 
thus resulting in large variation of resistance of the sensor; 
however, when the airflow direction is parallel to the sample 
surface, only part of fibers facing the airflow can deform, the 
fibers are not fully deformed, therefore, the resistance variation 

becomes smaller. When the airflow angle is between 0° and 
90°, the resistance variation is between the values of perpen-
dicular and parallel directions, and the smaller the value of α, 
the closer to the perpendicular direction.

Figure  3d exhibits the signal changes if airflow is on or 
off. When an airflow is applied to the SCFN sensor, a signal 
is gotten seen from the curve, if the airflow is off, then the 
curve recovers to the initial state. Thus, the response and 

Figure 3. a) Schematic diagram of the setup for the airflow sensing test, α represents the airflow angle inclined from normal direction. b) The resist-
ance variation (ΔR/R0) against flow rate measured using SCFN-100, SCFN-300, SCFN-500. c) Cyclic sensing curves obtained with the SCFN-300 airflow 
sensor at an airflow rate of 30 L min−1 with different airflow angles. d) The response time and recovery time, which is defined as the time taken to reach 
a resistance variation of 90% from initial values when the airflow is on or off. e) The response sensing curve of SCFN-300 with different applied time 
of airflow at 30 L min−1. f) The response sensing curve of SCFN-300 after 20 abrasion resistance test cycle under different stress at a relatively large 
airflow rate of 50 L min−1. g) The sensing curve of SCFN airflow sensor during 500 airflow on–off cycles at 30 L min−1 and 90°.
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recovery times are defined as the time from airflow on/off to 
90% increase/decrease in ΔR/R0. The response and recovery 
times are 1.7 and 3.4  s for SCFN-300 applied (α  = 0°) at  
30 L min−1. Further investigations on the response and recovery 
times at different airflow rate are shown in Figure S10a in the 
Supporting Information (average response and recovery times 
are 1.68 and 3.51  s, respectively). The fast change of contact 
resistance makes SCFN airflow sensor reveal fast response and 
recovery ability. Table S1 in the Supporting Information com-
pares the detection range and response time of our work with 
previously reported works. Most of the airflow sensors reported 
cannot possess both low detection limit and fast response time 
simultaneously, e.g., a CSF@CNTs airflow sensor[50] possesses 
a response time of 0.021 s, but its detection limit is 0.11 m s−1. 
A reduced graphene oxide[11] sensor has been prepared with 
ultralow detection limit (0.026 m s−1), however, its response 
time is relatively long (26 s).

Good reliability and stability are important for airflow 
sensors. Figure 3e suggests a stable and periodic curve, and 
there is no obvious change for response and recovery times 
when airflow was applied to SCFN-300 at 30 L min−1 for 5, 10, 
20, and 40 s (Figure S10b, Supporting Information). It shows 
that the SCFN airflow sensor is not sensitive to the time of 
blowing, and still shows reliability. The wear abrasion of 
sensor is also important to real application. Here, the sensing 
performance of SCFN-300 was investigated after 20 cycles 
of abrasion resistance (Figure S11, Supporting Information) 
under different applied stresses. As shown in Figure  3f, 
SCFN-300 still reveals obvious signal peaks even after 10 kPa, 

even though the variation of ΔR/R0 decreases. Excessive 
applied stress may result in changed orientation of fibers or 
fiber pullout and even breakage. In spite of that our sensor 
still resists a certain degree of pressing, which is an obvious 
advantage over other hair-like airflow sensors. Also, the per-
formance of SCFN airflow sensor is investigated during/after 
bending, as shown in Figure S12 in the Supporting Infor-
mation, there is no obvious change in ΔR/R0, which means 
bending does not affect performance of SCFN airflow sensor 
obviously. Furthermore, cyclic signals during 500 consecu-
tives on/off of airflow are shown in Figure 3g, which indicate 
the excellent stability and reliability of SCFN airflow sensor 
in long-term use.

2.4. The Airflow Sensing Mechanism Exploration

Figure 4a illustrates the schematic diagram of how the SCFN 
airflow sensor works under airflow. The short fibers, like fili-
form hairs of insects, can deform under the application of air-
flow, form network structure. As a voltage is applied to the 
sensor, the current can pass through the network (Figure  4b). 
There are two paths for current to flow in SCFN sensor: flowing 
through the PDMS “skin” or short carbon fibers network. As 
a result, the equivalent circuit diagram of SCFN structure 
is established based on the current flow model, as shown in 
Figure 4c. When current flows through the network structure, 
the current flows vertically upward first, passing the resistance 
through thickness direction (Rt), and then through network 

Figure 4. a) Schematic diagram illustrating the change of carbon fiber network structure during airflow. b) The current direction of SCFN airflow sensor 
(SEM microstructure of SCFN is also shown above). c) An equivalent circuit diagram of SCFN airflow sensor (Rt, Rcont, Rsub represent the resistance 
through thickness direction of SCFN and contact resistance of SCFN in-plane direction and the resistance of substrate). d) The resistance values of 
SCFN-100, SCFN-300, SCFN-500. e) Force–displacement curve of a flocked single carbon fiber (≈500 µm long, average orientation angle is 77°) tested 
using diamond tip. f) The resistance variation (ΔR/R0) against direct-contact stress of SCFN airflow sensors tested by DMTA.
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structure. We labeled the resistance of network in plane direc-
tion as Rcont, and the resistance of PDMS layer as Rsub. Then 
the total resistance of SCFN (R) can be calculated as following 
equation

1
1 1

1

1
·

sub t cont

cont

sub

contR

R R R
R R

R

R R
t

t( )=
+

+

=
+ +





+  (1)

Rsub is much larger than Rt + Rcont due to the PDMS adhe-
sive layer is almost nonconductive, therefore, R≈Rt + Rcont 
according to Equation  (1). In general, mechanical deforma-
tion of SCFN structure occurs when an airflow is applied on 
SCFN airflow sensor, increasing contact sites of CFs, as a 
result, Rcont decreases, while Rt and Rsub are almost change-
less (the value of Rt is close to the bulk resistance of CFs). 
Therefore, the airflow signal is converted into a mechanical 
signal when the fiber network structure is deformed, and 
then converted into an electrical signal through the change 
of contact resistance, so as to realize sensing of airflow. In 
addition, the poorly oriented SCFN possesses lower resist-
ance (Figure 4d), namely, more contact sites, which is easier 
to reach saturation of contact sites, that is why SCFN-100 pos-
sesses lower sensitivity.

To further experimentally demonstrate the fiber response 
to weak force, we used diamond nanoindenter tip to touch 
a single carbon fiber (Figure S13 in the Supporting Infor-
mation, ≈500  µm long, orientation angle ≈77°), which was 
flocked on a transparent glass substrate with PDMS adhe-
sive layer. The displacement control mode was used to 
move needle tip down for 5 µm after touching the fiber. As 
a comparison, PDMS “skin” was also tested (Figure S14a, 
Supporting Information). The maximum force for PDMS 
is much larger than for single carbon fiber (see Figure S14a  
in the Supporting Information and Figure  4e). Note if the 
needle tip does not touch the substrate or the fiber, the 
sensor would not sense the force, as shown in Figure S14b 
in the Supporting Information. As shown in Figure  4e, the 
curves change linearly when force is applied to the top of 
CF, the response behavior of the fibers is similar to that of 
a cantilever beam constrained by an angular spring on the 
fixed end, it only takes a few micro-Newtons of force to drive 
a single carbon fiber. The arrows in Figure  4e represent the 
process of loading and unloading forces, showing repeata-
bility of loading and unloading cycles. This result verifies that 
the hair-like fibers on flexible “skin” are easy to deform under 
tiny force (several micro-Newtons). Furthermore, a dynamic 
mechanical thermal analyzer (DMTA) was used to press the 
SCFN samples from the Z-direction (Figure S15, Supporting 
Information); here, small stress is applied (Figure S16, Sup-
porting Information). Figure  4f reveals that the resistance 
change value of SCFN sample increases with the application 
of force from thickness direction. Deformation due to direct 
contact also caused increasing of contact points between the 
fibers, resulting in a resistance change. These prove experi-
mentally that tiny forces make the fibers to bend and swing, 
causing network structure to deform, and then the contact 
resistance would change. This provides unique structural 
characteristics for airflow sensing.

2.5. Applications of the SCFN Airflow Sensor

The sensing performance of single SCFN airflow sensor was 
elaborated above, then we used the designability of SCFN sensor 
to demonstrate its potential application further. In a real situa-
tion, more complicated and diverse functions can be realized 
through the combination of several SCFN airflow sensor units. 
Four SCFN-300 airflow sensors were adhered to the four sur-
faces of a toy due to the flexible and adhesive characteristics of 
the sensor, as shown in Figure 5a,b. When an airflow is applied 
from a direction perpendicular to sensor 1, the response signals 
of the four sensors are shown in Figure 5c–f, respectively. Sensor 
1 reveals a highest variation of ΔR/R0, sensor 2 and sensor  
3 come second, while sensor 4 reveals almost no signals. Thus, it 
was concluded that the airflow is from direction 1, and the flow-
rate is around 20 L min−1. The accuracy of velocity and direction 
measurement might be improved by increasing the number of 
sensor units and combining proper algorithms.

In industrial production or even international space station, 
the gas leakage is an intractable problem, which may bring about 
serious accident. Detection of weak gas leakage is a big challenge. 
With ultrasensitivity to weak airflow, the SCFN airflow sensor 
may play the essential role in this area. A simplified illustration 
is shown in Figure 6a. Nitrogen gas was injected into a sealed 
reaction device that requires gas protection, and a small hole was 
created in advance. Figure  6b shows the related photograph. A 
probe that based on SCFN-300 airflow sensor was used to detect 
the gas leakage (Video S4, Supporting Information). There is no 
signal variation on the screen, as the probe is far away from the 
gas leak location (Figure  6c,f); as the probe is close enough to 
the gas leak location, a signal variation appears on the screen in 
a short time (Figure  6d,g); once the probe is moved away, the 
signal was recovered to the initial level (Figure 6e,h). We propose 
that the SCFN airflow sensor can be mounted between the gap 
and key position of the complex pipelines to alert the engineers 
that a gas leak occurs and its accurate location. In addition, we 
also demonstrate the potential application of our sensor in wear-
able electronics for sensing movements (Figure S17, Supporting 
Information). The SCFN sensor can detect the movement of 
human body and the raising of arm due to the airflow.

3. Conclusions

In summary, inspired by the filiform hair of insects, we fabri-
cated an ultrasensitive and flexible airflow sensor based on SCFN 
prepared by electrostatic flocking. Short carbon fibers were quasi-
vertically oriented in the electric field and fixed by soft PDMS 
adhesive layer. Similar to filiform hair of insects, the fibers can 
easily bend and swing, form contacting network microstructure, 
thus leading to significant variation of contact resistance under 
weak stress, such as airflow. The forming SCFN airflow sensor 
revealed ultralow detection limits (0.053 m s−1), wide detection 
range (0.053–2.66 m s−1), multiangle response (0°–90°) with fast 
response time (1.7 s). Besides, SCFN airflow sensor also showed 
excellent stability during airflow on–off cycles and good abrasion 
resistance. Some demonstrations (3D layout of SCFN airflow 
sensor to monitoring the velocity and direction of airflow, sensor 
in wearable electronics for sensing movements, sensor for 
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detecting of gas leak location for a sealed reaction device) were 
given to show the potential applications of this SCFN airflow 
sensor. The high performance, all flexible design, mild and high 
throughput fabrication endow its potential applications in elec-
tronic skin or wearable electronics.

4. Experimental Section
Materials: Polyimide films (Macans) with 10 µm thickness were used 

for substrates. Continuous polyacrylonitrile-based carbon fibers with 
7  µm diameter (Grade T300, Shanghai Liso Composite Co., Ltd.) were 
chopped and separated with sieves of different mesh numbers (100, 200, 
300) so as to get short fibers having different length. PDMS (Sylgard 
184) for adhesive layer was purchased from Dow corning Co., Ltd.

Fabrication of Interdigital Electrode: A PI film substrate was first 
tailored into proper size, and adhered to the metal bracket of a thermal 
evaporation machine (SBC-2, Beijing KYKY Technology Co., Ltd). Then 
the PI film was cleaned by acetone for several times. After cleaning, a 
customized metal mask plate was covered on the PI film and was fixed. 
At last, metal Cr (10 nm) and Au (100 nm) were, respectively, deposited 
on it by thermal evaporation.

Fabrication of the Sensor based on SCFN: As shown in schematic diagram 
of fabrication process in Figure 1a, the precursor and curing agent of PDMS 

was intensively stirred and degassed using a vacuum deformer (Thinky, 
Japan) for 5 min. The resulting mixture (precursor/curing agent of PDMS) 
was used as the flocking adhesive later. Before electrostatic flocking, the 
short carbon fibers were mechanically vibrated, making them evenly fall 
onto the bottom plate electrode without any significant agglomeration. 
The flocking adhesive was applied on PI substrate to cover the interdigital 
electrode using a wire rod coater to prepare an adhesive layer. Then the 
substrate was adhered to the upper plate electrode using a double-faced 
adhesive tape. The separation between the electrodes was set as 10  cm, 
and the voltage was 30 kV. As the power was on, the short carbon fibers 
were charged, aligned along the direction of electrical field, flew away from 
bottom electrode, and inserted to the opposite uncured adhesive layer in 
10 s. The sample was put in oven at 80 °C and cured for 120 min.

Characterization: The morphologies and structures of the samples 
were measured by scanning electron microscopy (SEM, Hitachi, 
SU8220) and micro-CT (Zeiss, Xradia 510 Versa) with 1.0  µm of voxel 
resolution. The quasi-static process of fiber swinging process was 
measured by an optical microscope (Meta Test) in situ observation.

The Test for Driving a Single Carbon Fiber: A very small amount of short 
carbon fibers was flocked to PDMS adhesive layer on glass substrate. A 
diamond tip (Berkovich, the radius of tip is 100 nm) of the mechanical 
testing system for nanoindentation (TI950, Hysitron) equipped with an 
optical microscope was used to drive a single carbon fiber. In order to 
ensure that the force was applied to the fiber accurately, the fiber was 
located through the optical microscope.

Figure 5. a,b) 3D layout of SCFN airflow sensor (labeled as sensor 1–4) on a toy (scale bar, 1 cm). c–f) The response sensing cycles of sensor 1–4.
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Sensing Performance Test of the Sensor: Electrical measuring device of 
the airflow sensors was set up as shown in Figure 4a. The sensor was 
fixed on a steel plate, using a glass rotameter to control gas flow and 
a spray gun to control air flow on or off. A piece of tube was connected 
with the front of the spray gun and fixed on the iron support to control 
the angle of air flow, the radius of the tube is 1  cm. The variation of 
resistance was measured by a computer-controlled digital source 
meter (Keithley-DMM7510) at room temperature. (R0−R)/R0 (%) was 
calculated, where R and R0 were the resistance of sensor measured 
when the airflow was on and off, respectively. All tests were carried out 
in a windless room to avoid interference of air flow. For the data points 
on same test conditions, the airflow rate (Q) and velocity (v) could be 
converted by formula: v = Q/S, where S is the tube cross-sectional area 
(S = πr2, r is the radius of the tube).
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Figure 6. a) Schematic diagram of complex pipeline leakage. b) Optical image of a sealed reaction device, a gas leak was created in advance.  
c–e) Optical images and f–h) resistance variation curve when detecting the leak location.
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