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Sensors deployed within the Internet of Things (IoT) require a
stable and continuous electrical energy supply [1]. The traditional
approach to provide an energy supply relies primarily on battery
power, which has specific shortcomings; these include integration
difficulties, the need for frequent charging or replacement, and
environmental pollution associated with battery production and
disposal. To solve the challenge of delivering an energy supply to
sensors, researchers have designed self-powered sensors or have
produced power for sensors by scavenging mechanical energy from
the surrounding environment. Electromagnetic generators [2],
piezoelectric generators [3] and triboelectric nanogenerators
(TENGs) [4,5] are common approaches to scavenge mechanical
energy. TENGs have been widely used in the development of
self-powered sensors and the supply of electrical energy to sensors
due to their high performance, low cost, and wide range of poten-
tial materials [6].

The current output of a TENG is related to the speed of motion
[7,8], where the slower the speed, the smaller the current gener-
ated. As a result, during operation in ultra-low speed environments
(<10 mm s�1), the current output of a TENG will be small, which
greatly limits the applications of TENGs. Previous researchers have
designed TENGs with an instantaneous release of elastic energy
using elastomers [9,10], which can convert ultra-low motion into
high speed motion. The lowest speed they tested was approxi-
mately 30 mm s�1. In this work, we develop a structure that not
only exhibits a high current density at lower speeds (0.05 mm
s�1) but is also simple, greatly enhancing the application potential
of TENG in ultra-low speed environments.

We propose here a novel strategy based on a buckling effect
that is able to convert an ultra-low speed motion into a high-
speed motion to enhance the current output by development of a
buckling TENG (B-TENG) with a simple structure. The B-TENG
achieves a current enhancement of over 200 times compared to a
conventional TENG (C-TENG) when operating at an ultra-low speed
of 0.2 mm s�1. The B-TENG achieves a current density of 14.3 mA
mm–2 at an ultra-low speed of 0.05 mm s�1. The mechanism of
the current enhancement of the B-TENG is explored in detail.

High operating temperatures and improper cyclic charging and
discharging can lead to lithium ion battery (LIB) swelling (Fig. S1
online). LIB swelling is an inherently ultra-low speed process,
and the B-TENGs are employed as self-powered sensors to monitor
LIB swelling. This work therefore breaks a new path for the design
of ultra-low speed TENGs.

Fig. 1a compares the device architecture of a C-TENG and B-
TENG. While both friction layers of a C-TENG have a planar struc-
ture, the B-TENG replaces one of the friction layers with a curved
ing, and
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Fig. 1. Working mechanism and superiority of B-TENG. (a) Contact behavior of C-TENG and B-TENG at ultra-low speed. (b) Schematic of current output with respect to speed
for C-TENG and B-TENG. (c) Comparison of current output of B-TENG and C-TENG at ultra-low speed of 0.2 mm s�1. (d) Comparison of current density at minimum speed of B-
TENG with different TENGs. (e) Deformation states of B-TENG under a complete motion period. (f) Current waveform of B-TENG and (g) physical diagram of the curved
structure and the corresponding strain distribution of polyimide under a complete motion period at 5 mm s�1.
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structure. When the planar C-TENG layers make contact at an
ultra-low speed, the current of C-TENGs will also be small. How-
ever, when the B-TENG layers make contact at an ultra-low speed,
the two layers are in face-to-face contact at the beginning of a
cycle. As the two layers of the B-TENG approach each other further,
the region of the curved structure that is in contact with the flat
structure will suddenly buckle and bulge in the opposite direction
at a high speed. The rapid rate of deformation as a result of the
149
buckling event results in an enhancement of the current output.
The understanding of buckling behavior is described in detail in
the Supplementary materials Note S1. Fig. 1b is a schematic dia-
gram of current output with respect to speed for C-TENG and B-
TENG. The current of C-TENG is proportional to the speed, so that
the current of the C-TENG will also be small in an ultra-low speed
environment. In contrast, the B-TENG converts ultra-low speed
motion to fast motion through buckling, so that the B-TENG pro-
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duces a high current in an ultra-low speed environment. The B-
TENG achieves a current enhancement of over 200 times compared
to the C-TENG when operating at an ultra-low speed of 0.2 mm s�1

(Fig. 1c).
Fig. 1d demonstrates a comparison of themeasured current den-

sities of the B-TENG and different TENGs at the minimum speed [9–
15]. At speeds of 32 and 31mms�1 [9,10], there is a large increase in
current density compared to the reported literature at greater
speeds. This is because the TENGs were designed with an instanta-
neous release of elastic energy using elastomers, which can convert
ultra-low speed motion into high speed motion. In the reported
work at a lower speed of 1 mm s�1 with a current density of
0.11 mA mm–2, a direct-current TENG was designed to exhibit a
measurable current density due to breaking of the surface charge
density limit of air breakdown [11]. In this work, 0.05 mm s�1 is
the minimum speed of the B-TENG with a steady and high current
signal (Fig. S7 online). The current is 11.47 lA and the current den-
sity is 14.3mAmm–2. Theminimum speed of the B-TENG is not only
much smaller than that reported in other works shown in Fig. 1d,
but also its current density is much larger. This proves that B-
TENG exhibits much improved performance compared to other
TENGs in an ultra-low speed environment. The structure of B-
TENG is described in detail in the Supplementarymaterials Note S2.

The current output and the deformation state of the B-TENG are
closely related. Fig. 1e and f demonstrate the deformation and the
corresponding current waveform of the B-TENG for a complete
motion period at 5 mm s�1, respectively. The time period from
the initial contact between the curved structure and the planar
structure until the onset of buckling is termed stage i. The time
when buckling occurs until the buckled region disappears is ter-
med stage ii. It can be seen that the high speed of the buckling
event results in a large current peak. The time from the disappear-
ance of the bulge to the complete separation of the two is termed
stage iii. A detailed description of the three stages is provided in the
Supplementary materials Note S3. Fig. 1g shows the physical dia-
gram of the curved structure and the strain distribution of the
polyimide throughout the period, where the deformation contours
of the finite element analysis are in excellent agreement with the
physical observations. The strain induced by the reverse bulge is
large where the larger the reverse bulge, the greater the level of
strain. The effect of different speeds on the waveform produced
is described in the Supplementary materials Note S4.

The interval time has an effect on the electrical output of the B-
TENG, where the interval time represents the time between two
occurrences of buckling by the B-TENG. In the case of a short inter-
val time, the current of the B-TENG is attenuated, as seen in Fig. 2a
and b. Whereas, in the case of a long interval time between individ-
ual buckling events, there is no attenuation of the current pro-
duced by the B-TENG. The speed of motion was maintained at
5 mm s�1, and the interval time was varied by increasing the pause
time between each separation event. With an interval time ranging
from 2 to 30 s, an attenuation of the current can be observed and
the longer the interval time, the lower the attenuation of the cur-
rent. At an interval time of 30 s, the current decreases to a certain
extent and then enters a platform period without a further
decrease. At the longer interval times of 60 and 120 s, there is no
current attenuation.

The effect of different interval times on the B-TENG is a conse-
quence of the viscoelastic nature of polyimide, a widely used poly-
mer material. All polymer materials exhibit a degree of
viscoelasticity, which results in the time required to recover to
the initial state after unloading. The mechanism by which vis-
coelasticity affects current in the time interval is described in the
Supplementary materials Note S5.

The viscoelasticity of a material is also affected by the speed of
deformation of the material, where the lower the deformation rate,
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the longer it takes to recover to the initial state. The speed of defor-
mation in this regard corresponds to the speed of the B-TENG sur-
faces, and the effect of different speeds on the electrical response of
the B-TENG was investigated. The current is observed to increase
with an increase in speed (Fig. 2c), which indicates that the
approach speed affects the buckling speed. An attenuation of the
current can be observed when the speed is 0.1 (Video S1 online),
0.2, and 0.5 mm s�1. The smaller the approach speed, the more sev-
ere the attenuation of the current, which is consistent with the pre-
dicted trend that viscoelasticity is affected by the rate of
deformation and is further evidence that the current attenuation
is the result of a viscoelastic response. At low speeds of 0.2 and
0.5 mm s�1, a platform period of current attenuation is observed.
When the speed is greater than or equal to 1 mm/s, no current
attenuation is observed. On increasing the interval time from 80
to 500 s, the currents were investigated at speeds of 0.1, 0.05,
and 0.02 mm s�1 (Fig. S7 online). As the speed decreases, the cur-
rent attenuation becomes more severe due to the significant
increase in the interval time. A platform period of current attenu-
ation can be observed at a speed of 0.1 mm s�1.

The C-TENG was measured at different speeds under the same
conditions as the B-TENG. The currents of the B-TENG and the C-
TENG are compared at different speeds, see the inset in Fig. 2d.
The current produced by the C-TENG increases linearly as the
speed increases, which is consistent with theory [7,8]. Since the
current of the C-TENG is too small to be measured at lower speeds,
the lowest speed at which the current of the C-TENGwas measured
was 0.2 mm s�1. The degree of current enhancement of B-TENG,
relative to C-TENG, at different speeds is shown in Fig. 2d. At a
speed of 0.2 mm s�1, the current produced by the B-TENG is over
200 times greater that of the C-TENG.

The effect of different heights of the curved structure on the
current was investigated. As shown in Fig. 2e, the current increases
as the height of the curved structure increases. The results of finite
element simulation show that the strain increases with increasing
height, see Fig. S8a (online). The larger the strain, the larger the
force required to trigger buckling, which results in a faster speed
of buckling and therefore a higher current. Different thicknesses
of the curved structure were also investigated to study its effect
on the current output. As the thickness increases, the current
increases (Fig. 2f) and the finite element simulations show the
thicker the thickness, the larger the strain (Fig. S8b online).

We now simulate the phenomenon of LIBs swelling by heating.
Fig. 2g shows a physical diagram of the monitoring of swelling of
LIBs using a C-TENG. The monitoring results are shown in Fig. 2h,
and the C-TENG is unable to monitor the signal of LIB swelling
since the speed of LIB swelling is too slow for this device configu-
ration. However, the B-TENG was able to successfully monitor LIB
swelling, as seen in Fig. 2h. A physical diagram after swelling
showed that the B-TENG buckled (Fig. 2g), and the process of LIB
monitoring swelling by both a C-TENG and B-TENG is shown in
Video S2 (online). The B-TENG can also be applied to monitor the
swelling of LIB arrays. Details of the experiment are in the Supple-
mentary materials Note S6.

This work has developed a new strategy to convert an ultra-
low-speed motion into a high-speed motion via a buckling to cre-
ate a B-TENG which enhances the current output for sensing appli-
cations. The unique design of the B-TENG enables an enhancement
of the current output by over 200 times compared to a C-TENG at a
low displacement rate of 0.2 mm s�1. The B-TENG achieves a cur-
rent density of 14.3 mA mm–2 at an ultra-low speed of 0.05 mm
s�1. The mechanism of the B-TENG, which utilizes buckling to
enhance the output current, is explored in detail by both experi-
mental and numerical analysis, where the effects of interval time,
approach speed and geometry on the B-TENG current are studied.
To demonstrate the applicability of the novel design at low dis-



Fig. 2. Effect of different parameters on B-TENG current and monitoring of LIB swelling. (a, b) Current of B-TENG at different interval times. (c) B-TENG current at speeds from
0.1 to 50 mm s�1 when the time interval is 80 s. (d) Current enhancement of B-TENG relative to C-TENG at different speeds. The inset is comparison of current between B-
TENG and C-TENG at different speeds. (e) Current of B-TENG at different heights. (f) Current of B-TENG at different thicknesses. (g) Physical diagrams and (h) currents of C-
TENG and B-TENG monitoring of LIB swelling.
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placement rates, the B-TENG is successfully utilized as a self-
powered sensor to monitor the swelling of LIBs. This work there-
fore breaks a new path for the design of ultra-low speed TENGs.
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