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stretchable strain sensors have been 
widely developed to detect such in-plane 
force by employing various of active mate-
rials, such as metal/carbon nanomaterials, 
conductive polymers, liquid metal, micro-
fluidics, and so on.[2,16–52] Proper strategies 
were also proposed to enhance the sensi-
tivity of the 2D sensor, and system-level 
design by assembling multiple flat-film 
sensors was developed to achieve motion 
recognition.[53] Out-of-plane force is caused 
by the interaction outside of the plane 
where the senor is located, for example, 
induced by the air/fluid flow, or other 
indirect contact to the sensor. Out-of-plane 
force detection can significantly enhance 
the capability of the system to perceive 
the environment, because the physical 
interaction with the external environment 
always involves the air/fluid flow. In fact, 
in nature, animals and plants, like spiders 
and Venus flytrap, have already evolved 

to possess the soft stretchable sensor to sense the mechanical 
signal induced by such out-of-plane force.[54–56] In contrast to 
the abundant research of the 2D flat-film stretchable strain 
sensor, a few nonstretchable 3D-structured strain sensors were 
fabricated based on new composite materials[57–59] and the deli-
cate microelectromechanical systems technology[60–66] to detect 
the out-of-plane force. However, it remains a big challenge to 
design a 3D-structured stretchable strain sensor with optimized 
structures for sensitivity enhancement, high stretchability, and 
strain-direction recognition for the out-of-plane force detection.

Herein, we report a 3D-structured stretchable strain sensor 
composed of stretchable sensing units by employing a capil-
lary force-assisted 3D self-pinning effect. Our 3D-structured 
stretchable strain sensors work excellently up to 120% tensile 
strain applied to the sensing unit. It is also capable of detecting 
multistrains and the corresponding strain direction by using 
one single sensor with good stability and repeatability (more 
than 10 000 strain cycles). The mechanism behind this ability 
was investigated in detail. It can be easily integrated and used 
to detect minute gas and fluid flows. Intricate flow details also 
can be monitored including flow speed, damping vibration, 
quasistatic force balance, and flow state. This is a cost-efficient, 
all-solution-based method that potentially can be applied 
for large-scale fabrication through the booming printing 

Stretchable strain sensors, as the soft mechanical interface, provide the key 
mechanical information of the systems for healthcare monitoring, rehabilita-
tion assistance, soft exoskeletal devices, and soft robotics. Stretchable strain 
sensors based on 2D flat film have been widely developed to monitor the 
in-plane force applied within the plane where the sensor is placed. How-
ever, to comprehensively obtain the mechanical feedback, the capability to 
detect the out-of-plane force, caused by the interaction outside of the plane 
where the senor is located, is needed. Herein, a 3D-structured stretchable 
strain sensor is reported to monitor the out-of-plane force by employing 3D 
printing in conjunction with out-of-plane capillary force-assisted self-pinning 
of carbon nanotubes. The 3D-structured sensor possesses large stretchability, 
multistrain detection, and strain-direction recognition by one single sensor. 
It is demonstrated that out-of-plane forces induced by the air/fluid flow are 
reliably monitored and intricate flow details are clearly recorded. The develop-
ment opens up for the exploration of next-generation 3D stretchable sensors 
for electronic skin and soft robotics.

3D Sensors

Stretchable strain sensors are crucial for the soft mechan-
ical interface to obtain the mechanical feedback for health-
care, rehabilitation monitoring, human–machine interaction, 
and soft robotics.[1–15] There are mainly two categories of the 
mechanical force interacting with the stretchable strain sensor: 
in-plane force and out-of-plane force (Figure 1a and Figure S1, 
Supporting Information). In-plane force is normally applied by 
direct stretching of the sensor, such as the tensile force induced 
by the skin deformation and joint bending, and the applied 
force is in the plane where the sensor is placed. 2D flat-film 
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technology. We envision that our design could open up the 
development of 3D-structured stretchable sensors with superior 
properties for stretchable electronics.

For out-of-plane force detection, the key issue is to ensure 
efficient transduction of the force from the top of the sensor 
to the root, where the sensing unit is located and protected, in 
order to obtain high sensitivity. If the strain could not be prop-
erly transferred, the sensing performance would become worse. 
Therefore, the strain concentration at the root (εc) and the area 
of strain concentration (Aε) should be optimized. We designed 

four models of increasing complexity in terms of their 3D-archi-
tectured structures I–IV (Figure 1b,c) and determined the strain 
concentration and distribution for each model using finite ele-
ment modeling (FEM) simulation. This approach was used to 
identify the key features of the 3D-structured stretchable strain 
sensor that contribute to signal amplification and transmission, 
and to define the optimal 3D design for strain detection.

For the most basic structure (Figure 1c, I), the sensor body 
was directly inserted into the elastic substrate and the whole 
substrate acted as a strain buffer zone that assists in absorbing 
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Figure 1.  Mechanical design optimization of 3D-structured stretchable strain sensors. a) Diagram to show the in-plane force and out-of-plane force to 
be detected by a stretchable strain sensor. b) Diagram of the 3D-structured stretchable strain sensors to show the concept that this sensor could be 
integrated with the subcircuits for the functionalized surface, for example, soft robotics’ skin, to detect the out-of-plane force. c) Three-step mechanical 
optimization based on energy conservation and classical bending moment theory and four structures (I, II, III, IV) developed correspondingly. The 
lower panel illustrates strain concentration and distribution under the bending angle of 45° as calculated by FEM simulation for the four different struc-
tures proposed. The negative value reflects compression. d) Strain concentration in the four different structures in a) under different bending angles.  
e) Strain distribution areas (>0.1%) in the four structures in (a) under the bending angle of 45°.
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the strain energy. For structure I, the strain was much less con-
centrated at the root where it was expected to induce significant 
local changes in both εc and Aε (Figure 1c–e). It would limit the 
sensitivity of the 3D-structured stretchable strain sensor. Thus, 
first of all, we decided to tune the overall distribution volume of 
the strain by introducing a gradient transition region between 
the sensor body and the elastic substrate (Figure 1c, II). Such 
a region was beneficial in terms of avoiding sharp transitions. 
It also localized the strain rather than distributing it across the 
entire substrate. According to the classical formula of strain 
energy,[67] a relationship between the external work, W, and 
the inner deformation energy can be written as W E dV

v∫ ε= 1
2

2 , 
where E is the Young’s modulus, ε is the strain induced, and 
V is the volume. By applying the mean-value theorem of inte-
grals, this expression can be rewritten as W E A hε= ε

1
2

2 , where ε  
is the midvalue, and h  is the average thickness. Thus, for a 
given external work applied, Aε can be maximized by relatively 
reducing the wall thickness of the volume, for example, by hol-
lowing the gradient transition region (Figure 1c, III).

The FEM showed that although Aε increased significantly by 
this two-step design (Figure 1e), εc did not increase for type I-III 
(Figure 1d). Again, we went back to the classical theory of bending 
moment.[67] In this theoretical model, the 3D-structured sensor 
can be simplified as an ideal beam, and the force acting on the 
root can be expressed as: F = 3EIy/l3, where y is the deflection, E 
is the Young’s modulus, l is the length of the sensor, and I is the 
moment of inertia. Thus, εc ≈ 3EIymax/l3 and then, for a specific 
sensor with a given length and applied ymax, εc was determined by 
the stiffness, EI. The critical issue was how to enhance the stiff-
ness of the sensor. In our design, a coaxial composite was used 
to increase the stiffness (Young’s modulus) of the core. Thus, by 
replacing the core with a stiffer polymer, polylactic acid (PLA), 
whose modulus was larger than that of the surrounding soft 
polymer (polydimethylsiloxane), the stiffness would be increased 
and εc was enhanced (Figure 1c, IV). Finally, after this three-step 
design, the strain energy transfer from the top to the bottom was 
optimized and both Aε and εc were enhanced (Figure 1d,e and 
Figure S2, Supporting Information). It should be emphasized, 
however, that further optimization following this procedure can 
be used to advance the performance of this 3D-structured stretch-
able strain sensor, for example, by adjusting the shape parameter 
of the conic root and modulus of the stiffener.

Having established the optimized structure for strain detection, 
our next challenge was how to deposite stretchable conducting 
film for strain measurement on this 3D structure. The stretch-
able conducting film must completely cover the out-of-plane gra-
dient root region and part of the sensor body to enable accurate 
monitoring of the strain concentration at the root. Our previous 
study showed that single-wall carbon nanotubes (SWCNTs) modi-
fied with carboxyl groups could easily fully cover the in-plane 
flat substrate with SWCNTs thin film by utilizing a self-pinning 
approach.[68] Herein, we report the fabrication of self-pinned 
SWCNTs in the out-of-plane direction using a capillary force-
mediated approach (Figure 2a). Specifically, after constructing the 
optimized structure through 3D printing, the SWCNTs solution 
was deposited at the root of the sensor and allowed to climb the 
sensor body (height of around 2  mm) through capillary action 
during which the self-pinning effect enabled the formation of an 
out-of-plane SWCNTs film (Figure S3, Supporting Information). 

The unique feature of our method was that SWCNTs did not 
only form ring structure on the outside, but also fully covered 
the region between the rings with a thin film (Figure 2b). The 
method was also suitable for deposition on thin microwire of 
diameter ≈25 µm (Figure S4, Supporting Information) and could 
be applied to other polymer substrates, for example, Ecoflex.[69] 
Moreover, it was also found that multiple rings were formed on 
the sensor body (Figure 2a, Figures S5, S6 and Notes S1, S2, Sup-
porting Information). Two major noncoplanar ring regions can be 
observed: one at the bottom of the sensor root and another one on 
the body, which can be used as connection points in the following 
encapsulation and testing process (Figure 2b). In order to show 
the advantage of this self-pinning method, we prepared a carbon 
nanotubes (CNT) and polydimethylsiloxane (PDMS) composited 
film, with CNT homogeneously dispersed in PDMS, and tested 
the sensing performance (Figure S7, Supporting Information). 
The result shows that the resistance change is much smaller (only 
≈18%) and the repeatability is also poor, and our observation is 
consistent with previously reported results.[70]

The as-prepared 3D-structured stretchable strain sensor is 
presented in Figure 2b. As investigated before, the in-plane 
SWCNT film possesses full stretchability.[68] However, the 
stretchability of the SWCNT film in the out-of-plane direction 
in the sensing unit (in the root) had to be further studied. Here, 
it should be emphasized that a real fine hair on human body 
actually possesses the stretchable sensing unit (Figure S8, Sup-
porting Information), so the stretchability should be achieved 
in order to fully mimic the function of the tactile hair. This 
stretchability is quite important for the sensor. It can guarantee 
the sensing capability of the sensor when suffering mechan-
ical strain, including stretching, bending, and compressing. 
Previous reported hair-like sensors showed great potential in 
mimicking the function of bending strain sensing of tactile 
hairs,[60–66] however could not detect stretching strain and did 
not possess this important stretchable sensing unit which would 
make them be hard to integrate with other soft and stretchable 
sensing elements. To test the stretchability, the tensile strain 
was directly applied to the sensor body (Figure 2c) and the strain 
induced in the sensing unit was modeled by FEM (Figure 2d). 
The performance of the fabricated sensor was then tested with 
respect to its stretchability and strain-sensing function, espe-
cially for bending strain. The sensor (Figure 2c,d) displayed 
high stretchability (Figure 2e and Movies S1 and S2, Supporting 
Information). Moreover, it was able to detect and withstand at 
least 10  000 tensile strain cycles at 120% strain acting on the 
sensing unit (Figure 2f and Note S3, Supporting Information). 
It also showed excellent performance under compression strain 
(Figure S9a, Supporting Information). Therefore, this 3D-struc-
tured stretchable strain sensor can be used to detected tensile 
and compression strain. We also verified that a hollow root 
structure possessed significantly greater strain sensitivity com-
pared to a solid root (Figure S9b, Supporting Information).

It would be highly desirable if a single 3D-structured stretch-
able strain sensor also could distinguish different strain 
directions, as it opens up for the exploration of complex flow 
patterns. According to the FEM simulation, it is obvious that the 
strain distribution in the root could be divided into four regions 
(Figure S2a, Supporting Information and inset of Figure 3a): 
i) tensile region, iii) compressed region, and ii,iv) two side 
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regions. Thus, the strain direction can be recognized as long as 
regions i and iii are figured out. This can be accomplished by 
measuring the resistance between Point A on the sensor body 
and Points B, C, D, and E at the bottom ring (inset of Figure 2b 
and Figure S10, Supporting Information). When bending strain 
was applied in one direction, for example, from point B to 
point C, RAB would increase with the bending angle due to the 
tensile strain, whereas RAC would initially decrease and then 
change little. RAD and RAE changed marginally with increasing 

bending angle. This pattern of changes was stable over a large 
number of cycles (Figure 3b) and enabled us to determine the 
strain direction. If the strain was applied in the direction in 
between BC or DE (Figure S11a, Supporting Information), the 
strain direction still can be determined. In this situation, RAB 
and RAE referred to the compression region and RAC and RAD to 
the tension region. For example, for bending angle of 15°, RAB 
and RAE decreased and RAC and RAD increased (Figure S11b–e 
and Note S4, Supporting Information). Therefore, the sloping 
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Figure 2.  3D-structured stretchable strain sensors with out-of-plane multirings by the 3D self-pinning effect and their performance with respect to 
strain sensing. a) Diagram of the slip-and-stick self-pinning effect which is essential for the formation of the out-of-plane multirings and CNT thin film 
on the sensor body. b) Image of a fabricated 3D-structured stretchable strain sensor. Inset illustrates the five-point encapsulation method. c) Optical 
images of the sensor during stretch and the corresponding strain distribution by FEM method shown in panel (d). e) Resistance change with different 
strain concentration applied to the sensing unit. Normalized resistance, R/R0, where R and R0 are the resistance values monitored with and without 
applied strain. The inset shows how the strain is applied. f) The durability of the sensor under tensile strain. Tensile strain of 120% at the sensing unit 
was applied for over 10 000 strain cycles.
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direction also can be determined using the five-point method. 
Following our proposed strategy, the accuracy in determining 
the bending strain direction can most likely be improved fur-
ther by increasing the connecting points on the lower ring.

To further understand the mechanism behind the resist-
ance change, the surface morphology in the four regions was 
studied under bending strain of a single 3D-structured stretch-
able strain sensor. It can be seen that formation of cracks and 
wrinkles under strain differs significantly between the regions 
(Figure S12, Supporting Information). For instance, when 
bending strain was applied from point B to point C, the induced 
cracks aligned orthogonally to the stretching direction in region i 
(Figure 3c) resulting in an increase in resistance RAB. Conversely, 
in the compression direction (region iii), the induced wrinkles 

aligned orthogonally to the compression direction thereby short-
ening the conductive path, leading to a reduction in resistance 
RAC. Moreover, the SWCNTs film can be modeled by a resistance 
network (Figure 3e and Note S5, Supporting Information). It can 
be seen that point A was vital for breaking the symmetry of the 
circuit, thus enabling us to determine the direction of the applied 
strain (Figure S13 and Note S6, Supporting Information).

The performance of the fabricated 3D-structured stretchable 
strain sensor under isotropic strain was also of importance for 
real applications as the sensor was inevitably exposed to multi
dimensional strains. To achieve isotropic stretchability was a 
nontrivial task that required a more complicated design. Our 
previous study has shown that the CNT film formed by self-
pinning effect on the 2D flat substrate possessed isotropic 
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Figure 3.  The resistance network modeling based on the strain distribution and related surface morphology under bending strain. a) Normalized 
resistance with different bending angle in different strain regions (as demonstrated in the inset). b) The durability of the sensor under bending strain. 
The inset presents the diagram of tensile strain and compression strain regions with black color and pink color, respectively. The compressive signal 
here was collected during the cycling and presented here at the end of the signal at region i. c,d) Cracks and wrinkles distribution in tensile region 
(region i) and compressed region (region iii) under the bending angle of 60°, respectively. White arrows indicate the stretching and compressing direc-
tion, respectively, and black one shows the crack orientation. e) The resistance network is abstracted through three-step modeling. The four regions 
correspond to that analyzed in Figure S2 (Supporting Information) and the four resistors in the final model.
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stretchability.[68] Herein, we checked the isotropic stretchability 
of the sensor fabricated by 3D self-pinning. First, the 3D-struc-
tured stretchable strain sensor array was successfully fabricated 
(Figure S14a, Supporting Information). The two edges of the 
array were fixed on a hollowed rigid substrate. Then, we applied 
vertical stress from the bottom using a stick (Figure S14b, Sup-
porting Information). The isotropic strain, εI, was estimated 
as A/A0 –1, where A is the apparent area of the lower ring 
after applying isotropic strain and A0 is its initial area. Under 
an applied isotropic strain of εI  = 50% to the substrate, the 
bending strain was applied to the sensor body and the resist-
ance was monitored in different strain domains. It was found 
that the overall trend of the resistance changes (R/R0) remained 

similar to the sample without isotropic strain applied (Figure 3a 
and Figure S14c, Supporting Information). This result revealed 
that the sensor array performs excellently under preexposure 
to isotropic strain. Moreover, it can be fully used to recognize 
the tactile pattern, for example, a tactile path with "NTU" shape 
(Figure S14d, Supporting Information). This ability of pattern 
recognition will be of importance for the e-skin and smart 
robots providing them with the ability to sense external stimuli 
without being in direct physical contact with the sensor system.

Finally, we demonstrated that the 3D-structured stretchable 
strain sensor (Figure 4a) can be employed for detection of gas 
and water flow at high sensitivity. When the sensor was subjected 
to light gas flow of 0.3-1.5 m/s (the weakest wind speed region 
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Figure 4.  Isotropic stretchability of the sensor array and detection of subtle fluid flow. a) Photograph of the sensor array. b) Normalized resistance 
change under different speeds ranging from ≈1 to 11 m s−1. c) Stability of the detection signals under the nitrogen speed of 5.7 m s−1. d) Amplified 
view reveals that the damping vibration dominates the later part of the signal as illustrated in the inset. e) Signal obtained under different water speeds 
corresponding to two different flow states: laminar and turbulent flow. The green square indicates a typical signal of laminar flow and the inset shows 
the magnified view. The red ellipse highlights the typical vibration signal of the 3D-structured stretchable strain sensor induced by turbulent flow. The 
red rectangle shows the signal induced by the sudden shut-off of the water flow.
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in which wind starts to be visible in smoke), a 20% change in 
resistance can be observed. For the region referred to as fresh 
breeze (8.0-10.7 m/s), the resistance increased by a factor of ≈10 
(Figure 4b and Figure S15a, Supporting Information). More 
excitingly, even pulsed gas pressure for both low and high wind 
speed can be monitored through the damped vibrations of the 
sensor body (Figure 4c,d, Figure S16 and Note S7, Supporting 
Information). Water flow detection, on the other hand, occurred 
through static rather than vibration strain induced in the sensor 
root by the water pressure (Figure S15b, Supporting Informa-
tion). This was because the viscosity of water is much larger than 
that of gases. It was interesting to note that the sensor can detect 
different flow states and even the shock induced by the fluid 
inertia due to sudden shut-off of water (Figure 4e and Note S8 
and Movie S3, Supporting Information). This ability to sense the 
gas/fluid flow could benefit the wind/fluid field analysis during 
applications such as underwater robotics and flying control. Addi-
tionally, the size of the 3D-structruced stretchable strain sensor 
could be scaled down by more precise 3D printing technology to 
prepare the template. Since the carbon nanotube is very small, 
there is no barrier at the side of active materials to scale down. 
However, the wire bonding and encapsulation could be the bar-
rier because the operational complexity would increase dramati-
cally with the decrease of the size. This could be overcome by 
standardizing the manufacture process and arranging operation 
under the help of industrial robots. Also, for the further commer-
cial product, 3D printing method could be replaced by the mod-
ular integration. The hair body with rigid core, the hollowed cone 
structure underneath, and the film substrate could be fabricated 
separately. Then, they are assembled together by proper soft glue, 
as long as the assembling process would not affect the original 
mechanical design to keep the effective strain transfer.

In summary, we reported a 3D-structured stretchable strain 
sensor which can detect tensile, compression, bending strains, 
and distinguish the strain direction by a single sensor. We also 
proposed a new strategy, capillary force-assisted 3D self-pinning 
of SWCNT into a thin film/ring structure, that utilized the com-
bination of capillary rise and self-pinning. This enabled sensi-
tive detection of subtle strains. It also offered us an avenue to 
distinguish the strain direction that was critical for many appli-
cations. The mechanism behind this ability was investigated 
and the key point was to break the symmetry of the resistance 
networks under the assistance of multi out-of-plane rings. It 
can be easily integrated and used to detect multistrains, minute 
gas, and fluid flows. Intricate flow details also can be monitored 
including flow speed, damping vibration, quasistatic force bal-
ance, and flow state. Additionally, it has to be emphasized that 
the 3D printing technology and solution-based material process 
employed herein make the whole process cost-efficient and 
attractive for large-scale applications. The concept of 3D-struc-
tured stretchable strain sensor and related design principles 
also open up for the exploration of new sensing principles for 
artificial electronic skin and stretchable electronics.

Experimental Section
Preparation of the Template and Stiffener: The template was 3D printed 

using Ultimaker 2 with the nozzle diameter of 0.4 mm and the printed 

polymer was PLA. The rigid part of PLA (around 15 mm in length) with 
the tensile modulus of 3.5  GPa was taken as the stiffener inside the 
sensor body. In order to make the sensor hollow, the template had a 
cone-shaped root with the diameter of 7 mm for the base circle and the 
height of 5 mm.

Preparation of 3D-Structured Stretchable Strain Sensor: The PDMS, 
purchased from Sigma-Aldrich, was employed as the soft substrate. 
The prepolymer and the cross linker were mixed together in a ratio of 
10:1 by weight, and then defoamed by vacuum for about half of an hour, 
finally dropped onto the template fully, then spin coated at 500 rpm for 
60 s and cured in 60 °C for 6 h. The thickness of the PDMS film was 
about 320  µm. The SWCNTs modified with the hydrophilic function 
group of carboxylic acid was from Carbon Solution, Inc. It was dispersed 
in the deionized water in ultrasound water bath. The power was 
200 W for about 2 h (Fisher Scientific FB15051). The SWCNTs with the 
concentration of 2  g L−1 was well dispersed in the solution and ready 
to be used after around 15 min’ standing for the subsiding of the large 
aggregates.

Next, the gradient root of the sensor was exposed to the oxygen 
plasma to become hydrophilic by using a covering mask with circled 
hollow pattern to limit the hydrophilic area. The oxygen pressure was 
5 mbar with power of 50 W for 0.5 min. After removing the hollow 
mask, 10  µL SWCNT solution was dropped on the gradient root and 
immediately covered the pattern even climbing up the sensor body 
to the height of about 2  mm under the assistance of capillary force. 
After the evaporation for around 30 min in the air at room temperature, 
the 3D self-pinning effect ended. Finally, the sensor was cut off from 
the PLA substrate with the stick left inside the sensor body, and the 
3D-structured stretchable strain sensor was ready to be tested after 
the careful encapsulation. The sensor array was also prepared in this 
similar method. However, the wire bonding was more complicated and 
performed among the sensors following the pattern of crossing bar, and 
then the resistance vibration of certain sensor was calculated by solving 
the linear equations.

Preparation of CNT&PDMS Composite Film: Multiwall CNTs 
(Timesnano, Chengdu, China) were with 30–50  nm in diameter and 
10–20  µm in length. The CNT powder was dispersed in toluene at an 
8 wt% concentration in sonicated bath. PDMS monomer was added to 
the mixture followed by a full mixing and the cross linker was added after 
the full evaporation of the toluene. Then, the air bubble was removed by 
vacuum. Finally, the mixture was poured to the petri dish and cured for 
more than 2 d at room temperature.

Wire Bonding and Dynamic Resistance Testing under Cyclic Loading: 
The bonding copper wires were with diameter of 0.1  mm to make the 
compliant contact with the SWCNTs rings (Figure S9, Supporting 
Information). The liquid metal (Gallium–Indium eutectic, Sigma-Aldrich) 
severed as the conductive adhesive for hugely improving the stability of 
this encapsulation, especially benefitting the dynamic resistance testing. 
It should be emphasized that wires were all shaped in an arc to keep 
continuous contact during the cyclic loading.

Characterization: The cyclic bending strain was also applied by 
using this machine and a customized transducer to change the vertical 
displacement to rotation. Field emission scanning electron microscopy 
was performed using JEOL 7600F with the accelerating voltage of 5 kV 
and the current of 110 pA. The resistance was measured by using 
Keithley 4200-SCS with the sampling rate of 125 points per second. 
The testing process of tensile strain was also illustrated in Movie S1 
(Supporting Information).

Detection of Gas and Water Flow: Nitrogen was employed here to apply 
the gas flow of different speed. The double faced adhesive tape was used 
to modify on the head of the sensor body to enhance the gas pressure 
receiving. Gas gun was open first, applied nitrogen for around 1 s, and 
then removed. The sensor would suffer the damping vibration process 
before reaching to the static state at last. The rubber tube with diameter 
of 5 mm was utilized to tune the different flow state by adjusting the tap 
pressure. Additionally, Reynolds number is the standard dimensionless 
number reflecting the flow state, and when it is larger than 4000, the 
flow state is usually taken as turbulence.
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