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1. Introduction

With the recent development of mobile 
electronics and internet of things, tribo-
electric nanogenerators (TENGs) based on 
the conjunction effect of contact electrifi-
cation and electrostatic induction[1] have 
attracted significant research efforts due to 
the potential advantages of low cost,[2] high 
efficiency,[3] simple structure,[1] and diverse 
material options[4,5] and the potential 
applications in robotics,[6,7] human-com-
puter interaction,[8–10] especially in health-
care.[4,5,11–13] At low frequencies (<5  Hz), 
TENG can harvest irregular mechanical 
energy and convert it into large electrical 
output more efficiently compared to elec-
tromagnetic generators[14] and possess 
the merits of no depolarization or heavy 

metal pollution compared with piezoelectric nanogenerators 
by using situation adaptable and compatible materials.[15–17] 
By now, TENGs have been widely used as energy harvesting 
devices,[18–20] self-powered sensors,[21–24] and provide a new pos-
sibility for movement monitoring due to their unique qualities 
and advantages.[2,25,26] Especially, due to its unlimited mechan-
ical power harvesting capacity, long working life, and adjust-
able size and biocompatibility, TENGs are expected to be one 
of the most promising self-powered mechanical sensors for in 
vivo mechanical movement monitoring,[11,12,27,28] particularly for 
conversion of physiological signal to electrical signals, such as 
long-time in vivo monitoring of heart rate[11,12] and breathing.[27]

Besides the ordinary movement induced by the heartbeat and 
diaphragmatic movement, the weak in vivo microscale move-
ments induced by smooth muscles (around 20 mN with fre-
quency below 5 Hz[29,30]), are quite important for the diagnosis, 
pathophysiological understanding, and the treatment of respi-
rator, circulatory and digestive diseases, etc.[31–34] For instances, 
increased airway smooth muscle contractility is the cardinal 
feature of asthma; contraction of vascular smooth muscles is 
directly related to pathological states of blood vessels, and it is 
responsible for stabilizing vessels and regulating blood flow and 
ensuring adequacy of local perfusion;[34–36] the gastrointestinal 
motilities are of overriding importance to the obesity, constipa-
tion and indigestion in the digestive tract, deviant gastrointestinal 
smooth muscle contractility may be an important physiologic 
and pathophysiologic mechanism.[37–39] Conventionally, the weak 
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in vivo microscale movements are often accompanied with the 
movement caused by other muscles[16,37,40] and respiration.[41] 
The interference from these background signals introduced by 
these movements makes the extraction and precise detection of 
microscale movements quite difficult. Despite the development 
of various sensing systems in recent decades, the analysis of in 
vivo smooth muscle motility such as bronchus,[32] gallbladder,[33] 
aorta,[36] and small intestine[37,42] are still challenging. For nonin-
vasive methods like radiopaque markers, scintigraphy or wireless 
motility capsules, the precision and accuracy are not adequate 
(high scattering indexes cause low sensitivity ≈65%–87%);[30,43–48] 
while for invasive methods like manometry, tracheal and gastro-
intestinal obstruction is needed, which leads to the restriction of 
the sensing areas (the motility of segmental bronchus, jejunum 
and ileum is almost inaccessible)[16,29,40,46,41,49–51] and makes the 
long-time, in situ monitoring of the in vivo smooth muscle 
motility unavailable.[41,49] TENG has the potential to address 
the problem of real-time and long-time monitoring of weak 
microscale movements in vivo. However, limited by the strictly 
controlled encapsulation, size and thickness of TENG, useful 
signal is too easy to be flooded in the background artifacts. So, 
developing a real-time and long-time monitoring technique for 
detecting the weak in vivo microscale movements accurately is 
critically important.

Here, a new type of mechanically asymmetrical and ultra-
sensitive TENG (ATNG) with ultrashort working distance of 
only a few micrometers is designed and fabricated. It is further 
developed to realize a self-powered, long-time and accurately in 
vivo monitoring of the weak microscale muscle motility. And 
it has a high anti-interference capability when in the highly 
interferential in vivo environment. ATNG’s mechanically asym-
metrical structure avoids the interference from muscle move-
ments, respiration and other intestinal peristalses during the 
duodenal motility monitoring process. After being implanted 
into the rabbit’s abdominal cavity, the periodic contractions at a 
frequency of ≈0.32 Hz is precisely detected, and the peristalsis 
of the duodenum is monitored in real time for a long time. It 
is found that the intestinal peristalsis is accelerated by glucose 
absorption (frequency increases from 0.31 to 0.41  Hz within 
5 min), and the long-time monitoring indicates different duo-
denal peristalsis states during different time periods and dif-
ferent physiological states.

2. Results and Discussion

The structure of ATNG is composed of inner and outer parts 
separated by a 20 µm air gap and each part has 4 layers: the fric-
tion material, electrode, substrate, and encapsulation material, 
as demonstrated in Figure 1 and Figure S1, Supporting Infor-
mation. Figure 1 shows the SEM images of the cross section of 
ATNG. Such design of ATNG has a mechanically asymmetric 
structure (ultra-flexible inner part and relatively hard outer 
parts), which ensures its high adaptability to detect feeble forces 
and isolate interference from outside in the high-noise in vivo 
environment (as demonstrated in the right part of Figure  1); 
and a working distance as short as several micrometers which 
ensures its capability to precisely detect the microscopic move-
ment of intestinal peristalses. Besides, the whole assembled 

ATNG has an ultrathin structure (less than 100 µm thick) with 
a tiny area (1 cm × 7 cm) and excellent flexibility, as shown in 
the insets of Figure 1 and Figure S2, Supporting Information, 
which means it is suitable for most in vivo environment moni-
toring through implantation.

For the inner part, 20-µm-thick PDMS film (the Young’s 
modulus is 750 kPa) with Cr/Ag electrode on one side is chosen 
to be the soft substrate to obtain a large deformation under 
feeble force. PDMS micro/nanopillars etched by Reactive Ion 
Etching (RIE) on the other side of the PDMS film act as electron 
attracting friction material, as shown in the middle part and the 
upper right corner of Figure 1. For the outer part, 30-µm-thick 
PET film (the Young’s modulus is 4600 MPa) with Cr/Ag elec-
trode on inner side is chosen to be the hard substrate, and poly-
amide-6 (PA-6) microbelts are electrospun on Cr/Ag electrode 
as electron losing friction material (the SEM image of PA-6 
microbelts is shown in the middle and the lower right corner of 
Figure 1). PA-6 microbelts can reduce the thickness of friction 
layer while PDMS micro/nanopillars can increase the friction 
area, which ensure the largest open-circuit voltage of 40 V and 
short-circuit current of 0.5 µA for microscale weak movements, 
as shown in Figures S3–S4, Supporting Information) and long-
time working ability of ATNG. Finally, the ATNG is encapsu-
lated by PDMS to enhance the biocompatibility, robustness 
and stability in in vivo environment. The upper part of Figure 1 
illustrates the detailed working mechanism of ATNG, with a 
periodic change of working distance from I to III, and III to I, 
the amount of induced charges in Cr/Ag electrodes changes 
periodically, which produces an alternating current between 
electrodes. In this way, ATNG will have a large electrical output 
even the working distance is just 20  µm as the simulations 
demonstrated, where the largest potential difference can reach 
360 V (bottom part of Figure 1).

Furthermore, the novel structure character including 
extremely small thickness and narrow air gap makes this 
ATNG has an ultrashort working distance and ability to harvest 
and detect the microscopic movement. Driven by the simulated 
intestinal peristalsis with microscopic movement provided by a 
linear motor, the open-circuit voltage and the short-circuit cur-
rent of ATNG reaches 109  mV and 1.1 nA respectively under 
a 5-µm-amplitude perturbation, as shown in Figure 2b and 
Video S1, Supporting Information, which enable the accuracy 
to detect the gentle peristalsis of intestines. Additionally, when 
external triggering forces with different frequencies are applied 
on ATNG, the open-circuit voltage and short-circuit current 
output of ATNG (Figure 2 and Figure S5, Supporting Informa-
tion) show that the largest error between applied frequencies 
and corresponding measured frequencies is within 0.02  Hz, 
and the accuracy of detected frequencies is around 99.3%, 
extremely in intestinal peristalses frequency (0.3–0.5  Hz), 
as shown in Figure  2 and Figures S6 and S7, Supporting 
Information.

Due to the significant difference in Young’s modulus of soft 
and hard substrates, the deformation and electrical output of 
ATNG would be distinctly different when the force is applied 
from different directions and onto different substrates. To 
better understand the relationship between electrical output 
and the mechanically asymmetrical structure of ATNG, the 
deformation and electrical output are simulated by finite 
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Figure 1. Schematic diagram, structure and working mechanism of the ATNG. a) The device structure of the ATNG. A 20-µm-thick PDMS spacer is 
used to ensure an ultrashort working distance (20 µm). The inset photos show an actual image of the ATNG (scale bar represents 1 cm). b) Scanning 
electronic microscopy (SEM) images of the ATNG. The left part is the cross section of the ATNG. The middle part is the internal friction layers of the 
ATNG composed of PDMS micro/nanopillars and PA-6 microbelts. The right part is the top views of PDMS micro/nanopillars and PA6 microbelts. 
Scale bars in the left, middle, top right, and bottom right parts of figure (b) represent 20, 5, 2, and 2 µm respectively. c) Schematic of the processes of 
charge transferring (top part) and simulated potential distribution (bottom part) in different working state of the ATNG.
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element calculations using COMSOL software. When the pres-
sure ranging from 0.1 to 1  Pa is applied onto the PDMS soft 
substrate, the deformation of the ATNG varies from 0.48 to 
4.75  µm and the corresponding capacitance change ∆Cmax is 
26.78 pF, in contrast with the 7.43 to 74.28 pm deformation and 

negligible capacitance change of 0.32 fF when the same weak 
pressure is applied onto the PET hard substrate, as shown in 
Figure 3 and Figure S8, Supporting Information. As the output 
of a TENG is highly related to the capacitance change,[52] the 
remarkable variations of capacitance change caused by the 
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Figure 3. The mechanical asymmetry and output asymmetry of the ATNG. a) Simulated deformations and capacitance change of ATNG with small 
pressure exerted on the PDMS side, and PET side, respectively. b) Simulated output voltage of the ATNG (PDMS-PET) and a conventional symmetric 
TENG (PDMS-PDMS) driving by the simultaneous simulated peristalsis (28 Pa and 0.3 Hz) on one side and the simulated respiration (200 Pa and 
0.6 Hz) on the other side. c) The open-circuit voltage and d) short-circuit current of the ATNG driven by a water droplet from the PET side and PDMS 
side, experimentally.

Figure 2. The accurate response for driving distance and frequency of ATNG. a) The open-circuit voltage and b) short-circuit current output of the 
ATNG under different micro driving distances. c) The open-circuit voltage output of the ATNG under periodically driving sinusoidal forces with different 
frequencies. d) The correspondence relation between the frequency of open-circuit voltage output and that of input driving force, where slope = 0.993 
illustrates the accuracy of frequency detecting (deviation: ≈± 0.7%).
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asymmetric structure of the ATNG is utilized to eliminate the 
interference from respiration during the GI monitoring.

To further confirm the ATNG’s performance of harvesting 
and detecting the weak movement and its anti-interference 
ability, a simulation was carried out. Sinusoidal forces are 
applied normally onto both substrate sides: simulated pressure 
of GI peristalsis (28  Pa at 0.3  Hz) is applied onto the PDMS 
soft substrate and simulated pressure of respiration (200 Pa at 
0.6 Hz) is applied onto the PET hard substrate of ATNG. The 
electrical output of ATNG is shown in the left part of Figure 3: 
the sinusoidal output signal has a frequency of 0.3  Hz and 
amplitude of 0.3  mV, indicating the complete elimination of 
interference. When only the simulated pressure of respira-
tion is applied, the electrical output of ATNG is also negligible 
(amplitude around 150 nV as shown in Figure S9, Supporting 
Information). To give a clearer illustration of the importance 
of mechanical asymmetry of ATNG, the same pressures are 
applied onto the conventional symmetrical TENG with double 
PDMS substrate (its detailed fabrication process is given in 
Experiment Section) under the same conditions. The output 
signal is composed by two superimposed sinusoidal signals 
with frequencies of 0.6 Hz and 0.3 Hz, as shown in the right 
part of Figure 3. In addition, the sensitivity of ATNG to feeble 
forces and its anti-interference ability are also verified through 
a water drop experiment. The water droplet (≈31 mg) is dropped 
on the soft PDMS and hard PET sides respectively from 10 cm 
height above the ATNG. The open-circuit voltage (Figure  3) 
and short-circuit current (Figure 3) of ATNG when water drops 
on PDMS side are around 1.0 V and 20 nA respectively, while 
those signals when water drops on PET side are negligible, 
which means the ATNG has the ability to eliminate the external 
interference from the direction of hard PET substrate. More-
over, the sensitivity and the detectable limit of ATNG toward 
the weak force can reach 0.67 nA (mN)−1 and 3.04 mN, respec-
tively (Figure S10, Supporting Information).

In order to in vivo monitor the peristalsis of the duodenum, 
ATNG is implanted into the abdominal cavity of the rabbit, 
as shown in Figure 4. Since the contraction of duodenal peri-
stalsis is quite gentle (F ≈ 20 mN) and slow (f ≈ 0.3 Hz),[28,29] it 
is almost unobservable and overwhelmed by the movement of 
respiration or blood vessel, as demonstrated by the Videos S2 
and S3, Supporting Information. When a conventionally sym-
metrical TENG is implanted into the same position of rabbit, 

the monitored electrical signal is different with the form of duo-
denal peristalsis but rather close to the form of respiration as 
shown in Figure S11, Supporting Information, since the force 
and the distance of duodenal peristalsis are much smaller than 
and obscured by that of breath. When the ATNG is implanted 
into the abdominal cavity, where the soft PDMS substrate is 
attached onto the duodenum and hard PET substrate is faced to 
other intestines and abdominal cavity, the signals of duodenal 
peristalsis are detected as shown in Figure  4. The electrical 
output caused by duodenal peristalsis is quite lower than that 
caused by respiration (less than 0.2 mV compared with 1 mV), 
and the frequency of the former is smaller than respiration. 
This is clearer in the domain field (Figure 4) after doing a fast 
Fourier transformation of the electrical signals: the electrical 
signal monitored by ATNG is dominated by the frequency at 
0.32 Hz, while that monitored by conventional TENG is domi-
nated by the frequency at 0.58 Hz. These measured frequencies 
by ATNG and conventional TENG are in consistent with the 
previous reports of the frequencies of duodenal peristalsis and 
breath of rabbits respectively, which indicates that the interfer-
ence of respiration is eliminated successfully by mechanically 
asymmetrical structure design of ATNG.

After interference signals have been excluded to ensure the 
signal’s trustworthiness, a real-time duodenal peristalsis moni-
toring by the ATNG is demonstrated. The duodenal peristalsis 
under anesthesia in the fasting state is monitored as shown in 
Figure 5, and the electrical signals of 5 and 10 min after intra-
gastric administration with glucose solution (5  mL, 5 wt%) 
are shown in Figure  5c. The respective frequencies of duo-
denal peristalsis with 0.31  Hz, 0.41 and 0.33  Hz are observed 
in different physiological states, which could manifest that the 
peristalsis of duodenum becomes violent at first and then grad-
ually decelerates after intragastric administration upon direct 
stimulation by the glucose solution. It is consistent with the 
past reported physiological activity of rabbit in different physi-
ological states.[44,53] From above results, it can be seen that this 
ATNG has the ability to monitor and distinguish the different 
physiological states of duodenal peristalsis. Subsequently, a 
long-time monitoring of duodenum without anesthesia is car-
ried out, and the peristalsis on the fifth day after implantation 
is analyzed. The signals of rabbit’s duodenal peristalsis from 
01:00 am to 10:00 am can be divided into 3 phases during this 
time period. Taken from differently characteristic time periods 
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Figure 4. In vivo duodenal peristalsis monitoring by ATNG. a) Optical image of the ATNG implanted in rabbit’s cavity. b) The open-circuit voltage 
signals of the rabbit’s duodenal peristalsis monitored by the ATNG. c) The spectrum of signals obtained by a fast Fourier transformation of the time 
domain output voltage monitored by the ATNG and a conventional symmetric TENG.
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respectively, the characteristically electrical signals in Figure 5f 
show different wave structures and amplitudes (5, 10, and 
20  mV respectively) and indicate the variation of duodenal 
peristalsis. During 01:00–06:00 am, the duodenal peristalsis is 
gentle and slow since the rabbit is not vibrant at night. After 
06:00 am, the rabbit is woken by researchers, resulting in the 
gradually violent peristalsis of duodenum with larger ampli-
tude and higher frequency, which is in accordance with the 
previous report about the difference of peristalsis of intestine 
in different times.[54] Later, the rabbit is fed with fresh grass 
and clear water at 08:00 am and the electrical output shows 
the largest amplitude and highest frequency. Furthermore, 
even after 5 days continuous working, the high sensitivity to 
feeble forces of ATNG is preserved: ATNG exhibits steady 
and comparable open-circuit voltage and short-circuit current 
(Figure S12, Supporting Information). This is also confirmed 
by the SEM images (Figure S13, Supporting Information) of 
the friction layers after 5 days continuous working: no obvious 
deterioration of the PA-6 microbelts or PDMS micro/nano-
pillars is observed in comparison with that before implantation 
(Figure 2). All these performances clearly prove the capability of 
ATNG for the self-powered in vivo and long-time monitoring of 
the intestinal motility in living animals, as well as its capability 
for the probable monitoring of other slight movements in other 
complex systems.

3. Conclusion

In summary, a novel TENG with mechanically asymmetrical 
structure is designed and fabricated to realize the self-powered 

and real-timely in vivo monitoring of the weak smooth muscle 
motility with the elimination of interference from muscle move-
ment and respiration. As verified by the finite element simula-
tion, water droplets, micro distances and frequencies contrast 
experiments, this ATNG exhibits high sensitivity to micro 
distances (the open-circuit voltage and the short-circuit cur-
rent of ATNG reaches 109 mV and 1.1 nA respectively under a 
5-µm-amplitude perturbation) and low frequencies (the deviation 
of detected frequencies is around ± 0.7%) and has the excellent 
anti-interference ability. Implanted into the rabbit’s abdominal 
cavity, the peristalsis of duodenum is monitored by this ATNG: 
contracting at frequency around 0.32  Hz, the duodenal peri-
stalsis is accelerated after glucose absorption and shows different 
peristalsis states during different time periods and physiological 
states. In conclusion, this ATNG has the great potential for the 
accurate monitoring of weak movement in various complex sys-
tems with diverse components and multifarious mutually inter-
fered slight movements, especially bio-systems.

4. Experimental Section
Materials and Chemicals: PET films were used for the fabrication of 

ATNG. PDMS (DOWSIL) was used for the fabrication of the substrate 
and the electron attracting friction material. PA6 (Sinopharm Chemical 
Reagent Co., Ltd) was used for the fabrication of the electron losing 
friction material. Polyvinylpyrrolidone (PVP) (Alfa Aesar Co., Inc.) was 
used for the fabrication of the acrificial layers. Absolute ethanol (>99%, 
Lian longbohua (Tianjin) Pharmaceutical Chemistry Co., Ltd) and 
deionized (DI) were used for dissolving the PVP sacrificial layers and 
cleaning substrate and device.

Preparation of PVP Solution and PA-6 Solutions: The PVP solution 
was prepared by mixing and stirring 10 wt% PVP and 90 wt% ethanol in 

Adv. Energy Mater. 2020, 10, 2000827

Figure 5. The real-time and long-time monitoring of duodenal peristalsis by the ATNG. The current signals monitored by ATNG under duodenal peri-
stalsis status a) before, b) 5 min after, and c) 10 min after intragastric administration with 5 wt% glucose solution. Long-time monitoring of duodenal 
peristalsis state using ATNG during different time periods on the fifth day after implantation: d) during 01:00–06:00 am, e) during 06:00–08:00 am, 
and f) during 08:00–10:00 am.
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water bath at 60 °C for 12 h to make PVP completely dissolved. The PA-6 
solution was prepared by mixing and stirring 22.7 wt% PA-6, 31.8 wt% 
dichloromethane and 45.5 wt% formic acid in water bath at 60  °C for  
1 h to make PA-6 completely dissolved. All reagents were analytically 
pure and used without any further purification.

Fabrication of the TENG with PDMS-PDMS Mechanically Symmetrical 
Structure: The fabrication of the TENG with PDMS-PDMS mechanically 
symmetrical structure was based on the design of a fully packaged 
structure and different friction layers with the same material (PDMS) 
substrate. First, two pieces of clean 100-µm-thick PET films were cut into 
1.2  cm × 8  cm. Second, the PVP solution was coated on one side of 
the PET films and dried at 60  °C for 30  min to form 5-µm-thick PVP 
sacrificial layers. Then, the pre-mixed PDMS elastomer and curing agent 
was coated on PVP sacrificial layers and solidified at 80  °C for 30  min 
to form the 20-µm-thick PDMS films. Then, the Cr/Ag electrodes with 
the size of 0.8 cm × 6.8 cm were sputtered by the magnetron sputtering 
on PDMS films, and the copper wires were contacted to the Cr/Ag 
electrodes as the electrical signals acquisition ports. After that, two 
pieces of pre-prepared films were separated as part I and part II to be 
treated differently. The pre-mixed PDMS elastomer and curing agent was 
coated on the Cr/Ag electrode of part I and solidified at 80 °C for 2 h to 
form a 20-µm-thick PDMS friction layer. Then, the PDMS friction layer 
was placed into the Reactive Ion Etching chamber, the pressure in the 
chamber was evacuated to a base pressure of 3 × 10−4 Pa, the Ar, O2, and 
CF4 were introduced at a flow rate of 11, 10, and 71 sccm, respectively, 
the glow discharge was ignited at 250 W in a working pressure of 5 Pa 
for 1 h. The PA-6 microbelts friction layer were fabricated on the Cr/Ag 
electrode of part II by electrospinning PA-6 solution for 5 min with the 
voltage of 18 kV, propulsion velocity of 1 mL h−1 and the distance between 
the needle and the film of 18 cm. Then, the pre-mixed PDMS elastomer 
and curing agent was coated on the edge of PDMS friction layer of part I, 
the friction layer of part II was adhered on the friction layer of part I 
face to face by the liquid PDMS and solidified at 80 °C for 2 h to form a 
20-µm-thick, 1-mm-wide PDMS spacer, then the friction layer-air-friction 
layer sandwich structure was fabricated. Finally, the sandwich structured 
TENG was soaked in ethanol for 12 h in room temperature, and the 
TENG with PDMS-PDMS mechanically symmetrical structure detaches 
from two 100-µm-thick PET films by dissolving the PVP sacrificial layers. 
And the TENG with PDMS-PDMS mechanically symmetrical structure 
was acquired.

Fabrication of the ATNG with PET-PDMS Mechanically Asymmetrical 
Structure: As Figure S1, Supporting Information shows, compared 
with the fabrication of the TENG with PDMS-PDMS mechanically 
symmetrical structure, the ATNG with PET-PDMS mechanically 
asymmetrical structure was designed by replacing the 20-µm-thick 
PDMS film of the PDMS-PDMS mechanically symmetrical structure 
TENG with 30-µm-thick PET film as substrate of the PA-6 microbelts, 
and leave all other materials and processes unchanged. First, the part I 
of ATNG with PET-PDMS mechanically asymmetrical structure was the 
same as the part I of TENG with PDMS-PDMS mechanically symmetrical 
structure. Second, one pieces of clean 30-µm-thick PET film with a size 
of 1.2  cm × 8  cm was used as the substrate of part II of ATNG. The 
pre-mixed PDMS elastomer and curing agent was coated on one side 
of PET and solidified at 80 °C for 30 min to form the 20-µm-thick PDMS 
encapsulation layer. Then, the Cr/Ag electrodes with the size of 0.8 cm × 
6.8 cm were sputtered by the magnetron sputtering on another side of 
PET films, and the copper wires were contacted to the Cr/Ag electrodes 
as the electrical signals acquisition ports. The PA-6 microbelts friction 
layer were fabricated on the Cr/Ag electrode of part II by electrospinning 
PA-6 solution for 5  min with the voltage of 18  kV, propulsion velocity 
of 1 mL h−1 and the distance between the needle and the film of 18 cm. 
Then, the pre-mixed PDMS elastomer and curing agent was coated 
on the edge of PDMS friction layer of part I, and the friction layer of 
part II was adhered on the friction layer of part I face to face by the liquid 
PDMS and solidified at 80 °C for 2 h to build a 20-µm-thick, 1-mm-wide 
PDMS spacer, then the friction layer-air-friction layer sandwich structure 
was fabricated. Finally, the sandwich structured ATNG was soaked in 
ethanol for 12 h in room temperature, and the ATNG with PET-PDMS 

mechanically asymmetrical structure detaches from the 100-µm-thick 
PET film by dissolving the PVP sacrificial layer. The ATNG with PET-
PDMS mechanically asymmetrical structure was acquired.

Simulation: The finite element calculations of deformation and 
electrical output were carried out by COMSOL software. In the 
calculation, the thicknesses of PET and PDMS films were set as 30 and 
20 µm, the widths of the device were set as 1000 µm, and the dielectric 
constants of PET and PDMS films were set as 3.6 and 2.75, the Young’s 
modulus of the PET and PDMS films were set as 4600 and 750 kPa, the 
charge densities in PET and PDMS surface were set as ±  11.2 µC m−2 
(obtained by the time integral of largest short-circuit current of ATNG 
in Figure S3, Supporting Information), and the gap between the PET 
and PDMS varies from 20 to 0  µm. When the force applied on the 
soft substrate side, the deformation and output open-circuit voltage of 
ATNG were 50  000 times and 64  000 times larger than that of ATNG 
when the force applied on its hard substrate side, which was due to the 
huge Young’s modulus difference of different substrates. Both of them 
illustrate that the hard substrate of ATNG can be used to effectively 
eliminate the influences of interference.

Water Droplets Experiment: First, the dropper with deionized water 
inside was fixed on an iron platform, and the distance between the 
dropper and the desktop was set as 10 cm. Second, the ATNG was put 
on the desktop and its soft or hard substrate faces to the dropper. Then, 
the open-circuit voltage and short-circuit current output of ATNG was 
recorded by the test instrument when the water droplets fall from the 
dropper slowly to the soft substrate of ATNG drop by drop.

ATNG Implantation and Experiments In Vivo: All the animals and 
experimental works were processed according to the ethical review 
guidelines of Northwest Minzu University and in compliance with 
Chinese law. The Lanzhou Institute of Biological Products provides 
adult New Zealand Rabbits of 2–2.5  kg body weights. All the animals 
were housed in polypropylene cages with free access to standard 
laboratory animal diet and clean water, animals were checked daily 
for health and husbandry conditions during the whole feeding stage. 
Temperature was set at 21  ±  5  °C and relative humidity at 50  ±  10% 
with normal light-dark cycle. First, the rabbits were fasted for 24 h with 
clean water fed only. Second, the rabbits re anesthetized with urethane 
(dose 50 mg kg−1) by intravenous injecting into the veins of ear. Then, 
the rabbits were fixed on the fixture and the hairs of the abdomen were 
removed. Then, an incision of about 8  cm in length was made in the 
middle of the abdomen. Simultaneously, the aseptic gauzes were placed 
on both sides of the incision and fixed with forceps to prevent bacterial 
infection. After laparotomy, the surgical field was exposed. Then, the 
small intestine and the greater omentum were pushed to the medial 
side of the abdominal cavity, and the duodenum was founded and taken 
out from the abdominal cavity carefully. Then, the surrounding area 
of duodenum was covered with aseptic gauzes which were soaked in 
physiological saline previously to protect other tissue. After that, the 
TENG with PDMS-PDMS mechanically symmetrically structure passes 
through the mesentery and blood vessels were avoided carefully. After 
that, the TENG was wrapped around the surface of duodenum and the 
ends of the TENG were sutured to the surface of duodenum to prevent 
shedding. Then, the duodenum was placed back to abdominal cavity 
and the electrical output of the TENG were recorded. After that, the 
duodenum was taken out from abdominal cavity again and this TENG 
was replaced by ATNG with PET-PDMS mechanically asymmetrically 
structure for duodenal peristalsis monitoring. Here, the implantation 
methods were consistent with the steps above, but the soft substrate 
of ATNG was faced to duodenum and the hard substrate of ATNG was 
faced to other intestines for eliminating the effects of interference. Then, 
the duodenum was placed back to abdominal cavity and the electrical 
output of the ATNG were recorded again. Finally, the incision was 
sutured and disinfected abide by the basic principle of clinical, here, the 
ATNG with PET-PDMS mechanically asymmetrically structure was stay 
in abdominal cavity but the ends of copper wires were in vitro.

Measurement and Characterization: The ultrashort distance was 
applied by a liner motor (K15-W/C-2, LinMot). A Model SR560 (Stanford 
Research Systems) low noise voltage preamplifier was used to measure 
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the open-circuit voltage, while a SR570 low-noise current amplifier 
(Stanford Research Systems) was used to measure the short-circuit 
current.

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