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  1.     Introduction 

 Recently, the triboelectric nanogenerators (TENGs), which 
operate based on the conjunction of triboelectrifi cation and 
electrostatic induction, [ 1 ]  have attracted extensive attention 
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due to their advantages of effi ciently har-
vesting ubiquitous mechanical energies 
and serving as self-powered active sensors 
to detect pressure, acoustic waves, chemi-
cals, motion, etc. Up to date, four funda-
mental working modes for the TENGs 
have been developed to accommodate var-
ious types of mechanical motion, namely 
the vertical contact-separation mode, the 
in-plane sliding mode, the single-elec-
trode mode, and the freestanding tribo-
electric layer mode. [ 2–13 ]  However, in those 
working modes, the geometric deforma-
tion of the triboelectric layer is not taken 
into account and the triboelectric charge 
density is considered as constant, which 
may not be applicable in certain cases. 
In addition, the fast development of port-
able and personal electronics requires 
devices to be wearable, scalable, and low 
cost. Lately, the stretchable electronics that 
enable applications on rugged surface and 

moveable parts have come into the way of overcoming the limi-
tations of rigid substrates and planar formats, and promoted 
the development of wearable electronics. [ 14–20 ]  Still, the devel-
opment of stretchable/wearable power generation devices is 
highly desirable. 

 In this paper, we introduce a new type of stretchable-rubber-
based (SR-based) TENG that is based on the triboelectrifi ca-
tion and electrostatic induction between a piece of stretchable 
rubber and an aluminum fi lm, which is a potential approach as 
a power source for stretchable electronics. The SR-based TENG 
exploits the shape/length expansion rather than the position 
shift of the rubber, which induces an in-plane charge separation 
and results in a potential difference between the aluminum 
electrode and the ground. In this way, an alternating output cur-
rent can be produced by periodically stretching and releasing 
the rubber. This unique working principle of TENG was fur-
ther confi rmed by numerical calculations and controlled experi-
ments. The investigations on the parameters infl uencing the 
output performance of the SR-based TENG indicated possible 
approaches to optimize its output power as well as its potential 
applications as self-powered motion sensors. On the basis of its 
motion sensing capability and the high elasticity of the rubber, 
the SR-based TENG can be mounted onto a human body; and 
a self-powered health monitoring system could be realized for 
detections of physiological activities and joint movements. This 
work provides new design opportunities for TENGs with great 
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potential for applications in robotics, entertainment, sports, 
medical diagnosis, medical treatment, and so on.  

  2.     Results and Discussion 

  Figure    1  a,b show schematic descriptions of the SR-based 
TENG, which consists of a layer of 200 µm-thick rubber on the 
top and a layer of 50 µm-thick aluminum foil at the bottom. 
The aluminum fi lm plays dual roles of a triboelectric surface 
and an electrode, and its surface was etched by an anodization 
method to create nanoporous structures (Figure  1 c). As dem-
onstrated in previous works, the nanoporous structures on the 
aluminum surface can increase the effective contact area and 
thereby enhance the performance of the TENG. [ 21,22 ]  If the 
rubber is stretched outward and released inward, electrical sig-
nals will be generated. Figure  1 d–f exhibit the typical electrical 
output signals ( V  oc : ≈65 V;  J  sc : ≈7.5 µA m −2 ; Δ σ  sc : ≈9 µC m −2 ) of 
the SR-based TENG with the rubber and aluminum having the 
same dimension of 30 mm × 88 mm. The fabrication process 
and measurement setup for the SR-based TENG are elaborated 
in the Experimental Section. A controlled experiment was also 
carried out to verify that the noise signal from the movement of 
the linear motor can be ignored as compared with the electrical 
output generated when stretching the rubber (Figure S2, 
Supporting Information).  

 The operating mechanism of the SR-based TENG is illus-
trated in  Figure    2  a. Since the rubber and the aluminum fi lm 
have different abilities to attract electrons, a transfer of surface 
charge occurs when the two are brought into contact. Specifi -
cally, electrons will transfer from the aluminum surface to the 
rubber surface owing to the fact that the rubber has higher sur-
face electron affi nity than the aluminum, [ 1,23,24 ]  resulting in net 

negative charges on the rubber and net positive charges on the 
aluminum. At the original position, the rubber completely over-
laps with the aluminum. The negative charges on the rubber 
nullify the effect of the positive charges on the aluminum, and 
the aluminum electrode has the same electrical potential as 
the ground. Once the rubber is stretched outward, there will 
be an alteration of the distribution of triboelectric charges. On 
one hand, part of the stretched rubber is out of the overlapped 
area, which causes an in-plane charge separation and lateral 
polarization. On the other hand, the decreased charge density 
on the rubber surface due to the increased surface area leads to 
reduced negative charges on the part of the rubber within the 
overlapped area, which also causes an in-plane charge separa-
tion. The overall in-plane charge separation will raise the elec-
trical potential of the aluminum electrode in the open-circuit 
condition, which drives electrons to fl ow from the ground to 
the aluminum electrode in the short-circuit condition. Note 
that the tribocharges on the rubber surface can be preserved 
for a long period of time in virtue of the nature of insulators; [ 25 ]  
and the total amount of tribocharges remains the same during 
the stretching process. The rise in the electrical potential of the 
aluminum electrode and the transfer of charges between the 
aluminum electrode and the ground will continue until the 
rubber stops elongating, where both the electrical potential of 
the aluminum and the amount of transferred charges reach 
their maximum values. When the rubber is released and moves 
backward, the separated negative charges on the rubber begin 
to be counterbalanced by the positive charges on the alu-
minum and the charge density on the rubber starts to restore. 
As a result, the electrical potential of the aluminum electrode 
drops in the open-circuit condition and electrons fl ow back 
to the ground in the short-circuit condition. Finally, when the 
rubber gets back to its original state, the negative charges on 
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 Figure 1.    Device Structure and typical electrical output performance of the SR-based TENG. a) Schematic diagram of the SR-based TENG. b) Schematic 
description of the SR-based TENG with the rubber stretched outward. c) SEM image of the nanopores on the aluminum fi lm. d–f) The measured typical 
electrical signals by stretching the rubber outward and releasing backward: d) the open-circuit voltage ( V  oc ); e) the current density ( J  sc ); f) the transferred 
charge density (Δ σ  sc ). Note:  V  oc  and Δ σ  sc  were measured at a velocity of 20 cm s −1  within a 160 mm displacement, while the  J  sc  was measured at an 
acceleration/deceleration of 9 m s −2  within a 160 mm displacement.
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its surface will be fully offset by the positive charges on the 
aluminum surface again, and the electric distribution for the 
SR-based TENG will return to the original status. In this entire 
operating cycle, an alternating output current is produced as 
the electrons fl ow back and forth between the aluminum elec-
trode and the ground, with the zero-crossing of the current 
curve corresponding to the point where the rubber reaches its 
maximum stretched displacement. The process of electrostatic 
induction of this SR-based TENG is different from what were 
proposed in the preceding works, [ 4,26–29 ]  and will bring up new 
insights in the working mode and application of TENGs.  

 The variations in the electrical potentials and the charge 
transfer processes of the SR-based TENG can be verifi ed via 
numerical simulations using COMSOL. The established 3D 
model has the same structure and dimensions as the real device 
mentioned above (30 mm × 88 mm × 200 µm for the rubber 
and 30 mm × 88 mm × 50 µm for the aluminum). The two tri-
bocharged surfaces are assigned with charges of ±100 nC. Note 
that the amount of initial charges on the triboelectric surfaces 
will only affect the magnitudes of the calculated electrical poten-
tial and transferred charges, and the relative changing trend 
of the electrical signals will be retained. [ 30 ]  A reference elec-
trode was set under the aluminum fi lm as the ground, which 
will not infl uence the basic changing trend of the electrical 
signals. Figure  2 b presents the cross-sectional view of the 3D 
numerical simulation results of the electrical potential distribu-
tion for the SR-based TENG when the rubber is stretched to 
various magnitudes (0, 80 mm, 120 mm, and 160 mm). It can 

be observed that when the rubber and aluminum completely 
overlap each other, the negative charges on the rubber and the 
positive charges on the aluminum are fully screened; and when 
the rubber is stretched outward, the tribocharges are separated. 
The magnifi ed views in Figure  2 c clearly shows the increasing 
differences in electrical potential between the aluminum and 
the ground as the stretched displacement increases. It should 
be noted that when the length of the rubber becomes longer as 
it is stretched outward, the width and thickness of the rubber 
will contract, as is schematically depicted in Figure S3 (Sup-
porting Information). The measured changes in the rubber 
width, the theoretical vertical gaps between the rubber and alu-
minum, and the differences in the surface charge density of 
the rubber during the stretching process are shown in Figure 
S4 (Supporting Information). Although the slight variations 
in the vertical gap may affect the charge transfer process, its 
effect is negligible as compared with the in-plane charge sepa-
ration, which has been verifi ed in a controlled experiment by 
stretching the rubber within an aluminum fi lm having an area 
larger than the stretched rubber. As shown in Figure S5 (Sup-
porting Information), little electrical outputs can be observed 
under the experimental setup. 

 It has been found that the width of the electrode has a 
big infl uence on the performance of the SR-based TENG 
( Figure    3  a–d). When the width of the aluminum fi lm is smaller 
than that of the original rubber, increasing the electrode width 
leads to an enhancement of both  V  oc  and Δ σ  sc . However, once 
the width of the electrode is larger than that of the original 
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 Figure 2.    The working mechanism and numerical simulation results of the SR-based TENG using COMSOL. a) Schematic diagram of the working 
principle of the SR-based TENG. b) The cross-sectional views of the 3D numerical simulation results of the electrical distribution for the SR-based 
TENG when the rubber is stretched to various magnitudes. c) Enlarged views showing the increasing differences in electrical potential between the 
aluminum and the ground as the stretched displacement increases. Note: the reference electrode in the simulation model serves as the ground, which 
will not affect the basic changing trend of output electrical signals.
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rubber, further enlarging the electrode width will no longer 
improve the electrical output signals. This is because enlarging 
the width of the electrode causes an increase in the contact area 
between the rubber and aluminum; and the maximum contact 
area comes when the width of the electrode equals to that of the 
original rubber. It has also been found that when the dimen-
sions of the electrode stay the same, the longer the length of 
the original rubber, the lower the  V  oc  and Δ σ  sc  (all the rubber 
lengths discussed here are longer than that of the electrode), as 
are presented in Figure  3 e,f. The reason for this phenomenon 
is that the triboelectric charges on the rubber with a longer 
length will travel a shorter distance outside the overlapped 
area of the rubber and aluminum, and therefore there will be 
a reduction in the charge separation between the rubber and 
aluminum. Additionally, there will be a smaller decrease in the 
charge density of the rubber with a longer length by the same 
stretched displacement, which will also result in a decrease in 
 V  oc  and Δ σ  sc . Like traditional TENGs, the effective output power 

of the SR-based TENG depends on the load resistance; and 
the resistance matching can be used to extract the maximum 
output power. As shown in Figure S6 (Supporting Informa-
tion), the SR-based TENG reaches its maximum output power 
density of ≈76.27 µW m −2  at a resistance of ≈2 GΩ. Although 
compared with the previously reported TENGs, our SR-based 
TENG showed lower output power; its unique fundamental 
principle, which can be further applied to other confi gura-
tions, such as rolling motion, bending motion, and swelling 
motion, [ 2,31,32 ]  offers promising options for functional designs 
in future electronics.  

  Figure    4   presents the  V  oc  and Δ σ  sc  of the SR-based TENG 
when the rubber was stretched to various positions. It can 
be seen that the measured  V  oc  and Δ σ  sc  both increase at a 
decreasing rate as the stretched displacement increases. 
The measured  V  oc  and Δ σ  sc  share the same changing trend 
(Figure S7, Supporting Information), which accords with the 
general relationship of  V  oc  and Δ σ  sc  for a TENG: [ 33–35 ] 
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 Figure 3.    Infl uences of the electrode width and the rubber length on the electrical signals. The measured a) open-circuit voltage ( V  oc ) and c) transferred 
charge density (Δ σ  sc ) of SR-based TENGs with different electrode widths. b) The summarized relationship between  V  oc  and the electrode width. d) The 
summarized relationship between Δ σ  sc  and the electrode width. Note: the length of the electrode is 88 mm, the size of the rubber is 30 mm × 100 mm 
(original state), and the stretched displacement is 100 mm. e)  V  oc  and f) (Δ σ  sc ) of SR-based TENGs with different rubber lengths. Note: the size of the 
electrode is 30 mm × 88 mm, the width of the rubber is 30 mm (original state), and the stretched displacement is 100 mm.
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 oc sc
1V S Cσ= Δ × × −
  (1) 

 where  S  is the area of the electrode, and  C  is the capacitance 
between the electrode and the ground for our SR-based TENG, 

which is a constant. As exhibited in Figure  4 c,d, the theoretical 
predictions of  V  oc  and Δ σ  sc  from the simulation modeling fi t the 
trend of the experimental data. A slight slower saturate rate of 
the experimental values can be attributed to the simplifi cations 
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 Figure 4.    Dependence of the electrical outputs on the stretched displacement/strain. The measured a) open-circuit voltage ( V  oc ) and b) transferred 
charge density (Δ σ  sc ) under different stretched displacements/strains. c) The summarized relationship between the  V  oc  and the stretched displace-
ment/strain, experimentally and theoretically. d) The summarized relationship between the Δ σ  sc  and the stretched displacement/strain, experimentally 
and theoretically.
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made in the analytical derivation and the instrument errors 
that are hard to remove during the experiments. For example, 
the slight change in the vertical gap between the rubber and 
aluminum owing to the shrink in the thickness of the rubber 
during the stretching was ignored in the simulation model. 
Note that the actual vertical gap between the rubber and alu-
minum during the stretching movement is hard to be acquired 
because the change in the rubber thickness is too much smaller 
as compared with the lateral dimension and there is an inevi-
table vertical deviation during the movement due to the motion 
error of the linear motor. Over a small range of the stretched 
displacement, there is a nearly linear relationship between the 
 V  oc  and the stretched displacement; and a displacement resolu-
tion of ≈75 µm was obtained by a step motion test with each 
step of 1 mm (Figure S8a, Supporting Information). The SR-
based TENG has a response time of ≈9.1 ms (Figure S8b,c, 
Supporting Information), which is determined by the resistive-
capacitive effects of all the nodes in the whole circuit, including 
the TENG device and the circuit of the measuring instrument. 
The SR-based TENG exhibits good reliability and stability in 
device operation. As shown in Figure S9 (Supporting Informa-
tion), there is no signifi cant change in electrical output after 
stretching and releasing the rubber for about 5000 cycles. In 
addition, since the engineering normal strain is proportional to 
the stretched displacement:

 / 0x L∈=   (2) 

 where  x  is the stretched displacement and  L  0  is the original 
length of the rubber, the SR-based TENG also has the poten-
tial capability to predict the applied strains. It should be noted 

that all of the deformations of the rubber in the experiments 
are elastic.  

 If the stretched displacement of the rubber remains the 
same, changing the velocity or acceleration of the stretching 
movement will directly infl uence the current density ( J  sc ), but 
have almost no effect on  V  oc  and Δ σ  sc . Figure S10 (Supporting 
Information) exhibits the velocity–time and displacement–
time curves at different velocities and accelerations within 
the same stretched displacement of 100 mm. As presented in 
 Figure    5  a,b, the amplitude of the  J  sc  becomes greater as the 
velocity rises and the peak values can be linearly fi tted with an 
adjusted coeffi cient of determination of ≈0.994. Similarly, the 
amplitude of the  J  sc  also enlarges with the increasing accel-
eration (Figure  5 c,d) and is approximately proportional to the 
square root of acceleration (adjusted coeffi cient of determina-
tion is ≈0.999).  

 The current density of the SR-based TENG based on single 
electrode can be written as

 

J t x x t
x v

d / d (d / d ) (d / d )
(d /d )

sc sc sc

sc

σ σ
σ

= Δ = Δ ×
= Δ ×

 

 (3)

 

 where Δ σ  sc  is the transferred charge density between the elec-
trode and the ground,  x  is the stretched displacement, and  v  
is the moving velocity. Δ σ  sc  can be linearly fi tted with the 
stretched displacement (≤160 mm) with an adjusted coeffi cient 
of determination of ≈0.997 (Figure S7b, Supporting Informa-
tion), hence the term dΔ σ  sc /d x  in Equation  ( 3)   can be consid-
ered as a constant. For uniform motion, the velocity remains 
unchanged, thus the amplitude of the  J  sc  will linearly increase 
with the velocity. For uniformly accelerated motion (symmetric 
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 Figure 5.    Infl uences of the stretching velocity and acceleration on the current density ( J  sc ). a) The measured  J  sc  at different velocities. b) Plot of the 
amplitude of  J  sc  as a function of the velocity, with a linearly fi tted relationship. c) The measured  J  sc  at different accelerations. d) The summarized rela-
tionship between the amplitude of  J  sc  and the acceleration, with the amplitude of  J  sc  linearly fi tted with the square foot of acceleration. Note that the 
stretched displacement is 100 mm.
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acceleration and deceleration for the total distance), the  J  sc  
reaches its peak value at the maximum velocity:

   

J x v x v

x a x

[(d / d ) ] (d / d )

(d / d ) (2 )
sc–peak sc peak sc max

sc
1/2

σ σ
σ

= Δ × = Δ ×
= Δ × × × Δ  

 (4)

 

 where  a  is the uniform acceleration and Δ x  is the covered dis-
tance at the acceleration/deceleration phase, which equals to 
half of the total stretched displacement. Therefore, the ampli-
tude of  J  sc  will have a linear relationship with the square root 
of the acceleration. Note that the detailed derivation of Equa-
tion  ( 4)   can be found in the Supporting Information. The  V  oc  
and Δ σ  sc  of the SR-based TENG under different velocities and 
accelerations are shown in Figure S11 (Supporting Informa-
tion) and Figure S12 (Supporting Information), respectively. It 
can be seen that there are almost no changes in  V  oc  and Δ σ  sc  
when increasing the velocity and acceleration. Note that since 
the inner resistance of the electrometer is not infi nitely large, 
the higher changing rate of Δ σ  sc  at a larger velocity or accelera-
tion may cause a slight increment in  V  oc  and Δ σ  sc.  

 To investigate the potential applications of the SR-based 
TENG, it has been demonstrated that the SR-based TENGs 
can be applied to detect moving directions and serve as human 
motion sensors to detect diaphragmatic breathing and joint 
action. As exhibited in  Figure    6  , four TENG devices (each 
device has the same structure and size as the one mentioned in 
Figure  1 ) were integrated into a sensor system, with each device 
connecting to a channel of the multichannel measurement 

system. The four devices were marked in order from 1 to 4, and 
each number represents a particular direction. By stretching the 
rubbers of the devices simultaneously or in certain sequences, 
it can be seen that the movement in each direction can be 
recorded separately and accurately in real time without external 
power source, and the output signals are highly reproducible 
(Figure  6 a–c and Movies 1–3, Supporting Information). Note 
that the output voltage signal generated when only moving the 
hand is negligible as compared with the voltage signal from 
stretching the rubber (Figure S13, Supporting Information).  

  Figure    7  a exhibits the SR-based TENG's application as a 
self-powered breathing sensor, structured with a piece of alu-
minum foil (40 mm × 50 mm × 50 µm) at the bottom and a 
layer of rubber (30 mm × 55 mm × 200 µm) on the top. There 
was a layer of polytetrafl uoroethylene (PTFE) fi lm (thickness: 
50 µm) to insulate the aluminum from the human body and 
the rubber was fi xed by a string around the abdomen. It is 
known that diaphragmatic breathing is the most natural way 
of breathing. Monitoring the diaphragmatic breathing can 
get information about the movement of the diaphragm and 
therefore is very important for diagnosis of disease, medical 
treatment and postoperative care. [ 36–38 ]  On inhalation, the dia-
phragm muscle contracts and pulls downward to increase the 
volume of the abdomen; while on exhalation, the diaphragm 
muscle pulls upward to decrease the volume of the abdomen 
(Figure  7 a1,a2). [ 39 ]  The rubber was at its original state as the 
stomach reaches the maximum inward position during expira-
tion. As the stomach moves out when starting to breathe in, 

 Figure 6.    A sensor system through the integration of four SR-based TENG devices to detect directions. a) The measured output voltages when the 
stretching movements along the four directions happen simultaneously. b) The measured output voltages when there are stretching movements fi rst 
along directions 1 and 2, then along directions 3 and 4. c) The measured output voltages when the stretching movements along directions 1, 2, 3, and 
4 occur in the numerical order.
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the rubber will be stretched outward due to the increase of 
the abdominal circumference. The deformation of the rubber 
will induce a change in the output voltage from the aluminum 
electrode and hence the breathing process can be monitored 
(Figure  7 a3 and Movie 4, Supporting Information). This 
working principle could be further applied to detect other phys-
iological activities relating to the tidal of volume such as blood 
fl ow and gastrointestinal peristalsis. Human motions involving 
the movements of joints can also be detected by the SR-
based TENG. As presented in Figure  7 b, a device (aluminum: 
40 mm × 50 mm × 50 µm; rubber: 30 mm × 90 mm × 200 µm) 
was set over the knee joint. The rubber is stretched when 

bending the knee and released when straightening the knee, 
generating output voltage signals. It can be seen that the SR-
based TENG is capable of distinguishing the bending angle 
of the knee (Figure  7 b4 and Movie 5, Supporting Informa-
tion). Moreover, from the recorded voltage signals, the accurate 
bending rate of the knee can also be acquired (Figure  7 b5 and 
Movie 6, Supporting Information). This idea can be exploited 
in various areas such as robotics, sports, entertainment, and 
health care.   

  3.     Conclusion 

 In summary, we demonstrated a novel type of SR-based TENG 
that takes advantage of the triboelectrifi cation between a stretch-
able rubber and an aluminum fi lm. The stretching of the rubber 
brings about in-plane charge separation between the rubber 
and aluminum, which induces differences in electrical poten-
tial between the aluminum electrode and the ground, driving 
charges to transfer between the aluminum electrode and the 
ground. The working principle and the factors that infl uence 
the output performance of the SR-based TENG were thoroughly 
studied. A sensor system was assembled by the SR-based TENG 
devices to detect moving directions. Furthermore, the SR-based 
TENG was applied to monitor the diaphragmatic breathing and 
joint movements of a human body. The basic concepts demon-
strated in this paper can be further expanded to construct other 
confi gurations so as to harvest multiple forms of mechanical 
energy and act as functional sensors for detecting various kinds 
of signals. This work offers new approaches to design electronic 
devices and initiates applications in ubiquitous electronics.  

  4.     Experimental Section 
  Materials and Instrumentation : 1) The rubber used in the experiments 

is a commercial product made by the Qualatex company and the 
aluminum fi lm was purchased from McMaster-Carr. 2) The morphology 
of the etched aluminum surface was characterized by a fi eld emission 
electron microscope (Hitachi SU8010). 3) The output voltage and 
transferred charges were measured by Keithley 6514 System Electrometer 
and the output current was measured by Stanford Research SR570. 4) A 
multichannel system was utilized to measure the output signals for the 
direction sensor system. 

  Fabrication of Nanoporous Structures on the Aluminum Surface : 1) An 
aluminum foil was placed in 3% (mass fraction) oxalic acid (H 2 C 2 O 4 ) 
electrolyte for anodization of 5 h, with a platinum plate as the cathode 
and a bias voltage of 30 V. 2) The obtained alumina layer was etched away 
in a solution of 20 g L −1  chromic acid at 60 °C for 2 h. 3) The aluminum 
layer was rinsed with distilled water and dried at 50 °C in the air. 

  Fabrication and Measurement Setup  of  the SR-Based TENG : 1) The 
rubber layer was placed on top of the nanostructured aluminum foil. 
2) The aluminum foil was mounted onto an acrylic plate. 3) One end of 
the rubber was fi xed on the acrylic plate. 4) The free end of the rubber 
was connected to a linear motor (Figure S1, Supporting Information). 
5) The aluminum foil was connected to the electrical measuring system 
through a copper wire.  

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

 Figure 7.    Applications of the SR-based TENG to detect diaphragmatic 
breathing and joint motion. a) Images and operational data from the 
breathing sensor: a1,a2) optical images of the device on the abdomen 
during expiration and inspiration; a3) voltage responses to the diaphrag-
matic breathing (strain in the rubber: ≈23.96%). b) Images and opera-
tional data from the joint motion sensor: b1–b3) optical images of the 
device on the knee at different bending angles; b4) voltage responses 
when bending the knee at different angles (strain in the rubber: ≈13.33% 
at 35°, ≈35.56% at 85°); b5) voltage responses when bending the knee at 
different rates (bending angle: 85°).
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