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Actuation and sensors for driving and monitoring of cantilever beam system are of most signiﬁcant in the ﬁeld of
micro-electro-mechanical systems (MEMS). However, the AC voltage driving module and piezoelectric materials
used in cantilever highly raise the system complexity and costs. Here, we propose a motion-triggered cantilever
beam (MC) accompanied by an integrated real-time oscillation-monitoring sensor (ROS) designed based on the
principle of triboelectric nanogenerator (TENG). Utilizing the periodically built and neutralized high DC voltage
during the operation of the freestanding mode TENG, the low-frequency mechanical motion (down to 5 up to
200 mm/s) can be converted into high-frequency oscillation up to 100 Hz. Diﬀerent from AC trigger method that
requires excitation frequency matching the intrinsic frequency of the cantilever, DC actuation strategy is universal to all kinds of cantilever systems. Additionally, based on the single electrode mode TENG, the integrated
self-powered ROS shows ultra-high sensitivity (223 mV/mm compared with 72 mV/mm for laser micro-motion
meter). Finally, a self-powered micro-weighing system based on MC and ROS is demonstrated. This work exhibits notable advantages of using TENG technology for both power supply and sensing in MEMS applications.

1. Introduction
The cantilever beam is a ubiquitous structure in the ﬁeld of microelectro-mechanical systems (MEMS) [1–3]. Utilizing the resonant frequency shift, cantilevers have been widely used in environmental
monitoring [4,5], gravimetric analysis [6,7] and surface/bulk stress
measurement [8–10]. In general, to measure the frequency changes of
cantilevers, the ﬁrst step is to actuate it by a perturbing driving force.
Second, the resulting vibration must be recorded for post-processing by
a read-out technique. Typically, a cantilever is excited by an AC voltage, working with an active piezoelectric layer clinging to the cantilever beam tightly [11,12]. The corresponding binding-induced
changes in cantilever oscillation frequency are detected by the optical
leverage [13], resistance meter [14], piezoelectric [8,9] and piezoresistive sensor [11,15]. However, this structure not only increases the
energy consumption for the cantilever vibration actuation and

detection, but also augments the fabrication cost for functional materials usage, and it even reduces the system integration level caused by
peripheral circuits and sensing elements. To solve the above problems,
a self-powered technology is highly desired for the cantilever actuating
and monitoring integrated system. Typically, the components in a selfpowered system operate independently, sustainably and wirelessly
without an external energy supply [16], which has a great potential for
working as both excitation source and vibration monitor of a cantilever.
Over the past seven years, the triboelectric nanogenerator (TENG)
[17], based on the contact electriﬁcation and electrostatic induction,
has been proved to be one of the most eﬀective technology to harvest
mechanical energy in low-frequency region [18,19], with unique merits
of easy-fabrication, low-cost, material-diversity, portability. Moreover,
TENG can easily produce high open-circuit voltage up to several
thousand volts, which has been applied for the nano-electrospray ionization [20,21], micro-plasma generation [22], microﬂuidics transport
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ﬁelds [23,24], indicating that TENG has a capability to work as a high
voltage source. In addition, TENG can convert a micro-mechanical
motion into an electric output signal, that is to say, this technology can
be used to directly detect a dynamic mechanical motion without applying a power source to the device [25–28]. Recently, various TENGbased devices for detecting micro-motion have been developed, such as,
eye motion-triggered self-powered mechnosensational communication
system [29], the breathing-driven implanted device [30,31], alcohol
breath analyzer [32,33], heartbeat and respiration monitor [34,35],
and artiﬁcial cochlear [36,37]. Compared with the traditional sensors,
TENG-based self-powered sensors have characteristics of high sensitivity, high signal-to-noise-ratio and multifunction. Thus, with the
strength of TENG, it is promising to design and fabricate a self-powered
and self-sensing cantilever-based system.
In this work, we propose and realize a motion-triggered cantilever
beam (MC) accompanied by an integrated real-time oscillation-monitoring sensor (ROS) based-on triboelectric nanogenerator (TENG)
technique. The cantilever with a trigger electrode connected to TENG
can build and neutralize the high DC voltage periodically, and thus
keeps a relatively stable and high-frequency oscillation when applying a
low-frequency mechanical motion on TENG. The oscillation performance of MC is systematically studied at various factors, including the
cantilever size (length, width), trigger electrode width, position (parallel and vertical direction to the cantilever) and the operation speed of
TENG. From the experimental results, the low-frequency mechanical
motion (down to 5 mm/s up to 200 mm/s) can be converted to the
stable and high-frequency oscillation up to 100 Hz. For the sensing
component, utilizing the single electrode mode TENG, a real-time oscillation-monitoring sensor (ROS) with high integratability and lowcost is fabricated and it shows a much higher sensitivity of 223 mV/mm
compared with a laser micro-motion sensor (Panasonic HG-C1100,
72 mV/mm). Furthermore, the designed MC system is demonstrated for
a self-powered micro-weighing system, in which the mass of an object
can be precisely detected just by hand sliding. This work exhibits a
prospective strategy of using TENG technology for power source and
sensing applications in a self-powered MEMS.

electrode are positively charged due to the electrostatic induction eﬀect
(initial state). Later, moving the slider changes the overlapped electrode
area, therefore, opposite charges will ﬂow from the two electrodes to
the cantilever and the trigger electrode respectively, and reach a new
electric equilibrium. At the same time, the accumulated opposite
charges between the cantilever and trigger electrode would attract each
other, leading to the deformation of the cantilever (I). Continuing to
move the slider, more and more charges would ﬂow to the cantilever
and trigger electrode and thus increase the electric ﬁeld until discharge
happens in a closer distance (II). The cantilever starts oscillation in the
form of damped vibration owing to air friction. The measured oscillation curves of the above three stages are presented in Fig. S2a. By operating TENG continuously, the electric ﬁeld between the cantilever
and trigger electrode will be re-established to realize a new discharge
point (III). During the electric ﬁeld periodically building and neutralizing process, the cantilever keeps a stable oscillation (Fig. S2b).
Fig. 1d simulates the electric ﬁeld distribution and cantilever deformation when a high voltage is applied to the trigger electrode. The
photographs of the MC working process are recorded by a high-speed
camera, shown in Fig. 1e–i. The entire oscillation process is presented
in Video S1.
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.103920.
2.2. Factors on DC voltage actuated cantilever
As a new actuation strategy, we systematically investigate the various parameters that could aﬀect the oscillation performance of the
cantilever. Fig. 2a is the scheme of the experimental setup, including a
high voltage source, a grounded cantilever beam, and a laser micromotion meter. The photograph of the apparatus is shown in Fig. S3. For
the free vibration, the measured eigenfrequency of the cantilever
(length: 50 mm, width: 5 mm, thickness: 100 μm) is 28.04 Hz, in the
form of damping oscillation (Fig. 2b). When applying 1.5 kV voltage on
the trigger electrode, a stable oscillation with 27.95 Hz frequency can
be monitored (Fig. 2c). By changing the DC voltage applied on the
trigger electrode, unstable oscillation appears when voltage up to
2.5 kV (Fig. S4). These results indicate that a proper DC voltage can
actuate the cantilever beam in a stable state, and the oscillation frequency shift is within 1%. However, excessive rising actuated voltage is
not conducive to maintaining a stable oscillation. Next, the eﬀects of
the trigger electrode width, position, and cantilever size on oscillation
performance are studied. Fig. 2d depicts the inﬂuence of the electrode
width on oscillation's turn-on voltage, amplitude, and frequency (other
parameters are ﬁxed, including the electrode position X: 1 mm, Y:
40 mm and cantilever length: 40 mm, width: 5 mm, thickness: 100 μm).
It should be noted that the turn-on voltage is the minimum voltage that
actuates the cantilever. With the electrode width increasing up to 5 mm,
the amplitude, and frequency almost keep constant, while the turn-on
voltage decreases gradually, as the wider trigger electrode forms a
larger electric ﬁeld area, leading to a larger electrostatic force under the
same applying voltage. Thus, a lower turn-on voltage is required to
actuate the cantilever with a wider trigger electrode. The simulated
electric ﬁeld distribution and cantilever deformation with diﬀerent
electrode width under a constant voltage are simulated in Fig. S5. In
addition, the relationship between the electrode position and oscillation
performance is also tested (other parameters are ﬁxed, including the
electrode width: 1.5 mm, cantilever length: 80 mm, width: 5 mm,
thickness: 100 μm). With the electrode close to the ﬁxed end (Y position
from 80 mm to 20 mm) or far away from the cantilever (X position from
0.5 mm to 2.5 mm), the shift of oscillation frequency is not obvious;
when both the turn-on voltage and amplitude increase (Fig. 2e and f).
When the electrode is close to the ﬁxed end, the arm of force reduces.
Thus, a greater force is required to break the cantilever's balance state
according to the lever principle. As illustrated in Fig. 2f insect, the angle
between the electrode and the ﬁxed end of the cantilever increases with

2. Results and discussion
2.1. Working principle of motion-triggered cantilever beam
Traditionally, the cantilever excited by AC electric ﬁeld requires the
voltage frequency matching the cantilever's intrinsic resonance frequency. Therefore, only an AC electric ﬁeld involving varying frequencies could meet the demands of diﬀerent parameter cantilever
systems. In this work, we propose a DC actuation strategy which has the
universality for cantilever systems with diﬀerent resonant frequencies.
Moreover, beneﬁt from the high voltage generated from triboelectric
nanogenerator (TENG), a low-frequency and random motion-triggered
cantilever beam (MC) can be obtained for achieving a high-frequency
and regulated oscillation. The system structure is illustrated in Fig. 1a,
including a free-standing mode TENG and a one-end ﬁxed steel cantilever with a trigger electrode. When the high DC output voltage from
TENG is applied between the cantilever and trigger electrode, the
cantilever can be excited and then keeps a stable oscillation. Measured
open-circuit voltage and short-circuit transfer charges of the freestanding mode TENG under diﬀerent operation speeds, and the simulated potential distribution are presented in Fig. S1. The corresponding
digital photograph of the experimental apparatus is shown in Fig. 1b.
The detailed fabrication process is presented in materials and methods.
The basic principle of DC voltage actuated cantilever is to periodically introduce energy replenishment during the damped oscillation
process. Fig. 1c displays the working process and charges distribution of
MC. It is known that, after interacting with nylon, PTFE can retain a
layer of negative bound charges that do not dissipate in a long time
[38]. Before the MC starts working, the nylon slider and the un-covered
2
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Fig. 1. Schematic illustration and working mechanism of the motion-triggered cantilever beam (MC). a) Structural scheme of the free-standing mode triboelectric nanogenerator (produce high output voltage when applying a slow and random mechanical motion) and the DC voltage actuated cantilever beam (form
high and regular oscillation when supplying a high DC voltage). b) Digital photograph of the cantilever driven by sliding the triboelectric nanogenerator. Scale bar:
2 cm. c) Actuating mechanism of the cantilever beam and the corresponding charge distribution scheme of triboelectric nanogenerator. d) Simulated electric ﬁeld
distribution and cantilever deformation when applying diﬀerent high voltages. e)-i) High-speed camera captured working process of the DC voltage actuated
cantilever beam.

standing mode TENG is utilized in this work, due to its high output
voltage during a random sliding movement. Fig. 3a shows the shortcircuit charge transfer and open-circuit voltage curves of TENG with
110 mm × 175 mm dimension. In a half cycle, the TENG can generate
the maximum 1.5 μC charges and 7.5 kV voltage respectively, which
have a linear relationship with the sliding distance. Fig. 3b exhibits the
schematic conﬁguration of the motion-triggered cantilever, in which
two electrodes of TENG are electrically connected to the trigger electrode and the ﬁxed end of the cantilever. Utilizing the output of TENG
to actuate the cantilever, the oscillation and charge transfer are monitored by the laser micro-motion meter and ampere meter, respectively.
During the oscillation process, once the discharge happens between the
cantilever and trigger electrode, a pulse current will be detected and the
built voltage will be neutralized. With continuous movement of the
slider of TENG, the voltage will be re-established and trigger the cantilever beam in the next cycle. Therefore, the cantilever can be actuated
and keeps a stable oscillation by a sliding motion. Fig. 3c displays the
simultaneously collected current and amplitude of a stable oscillation
cantilever (length: 80 mm, width: 5 mm, thickness: 100 μm). From the
enlarged inset in Fig. 3c bottom, once the amplitude reaches the negative maximum, discharge between the cantilever and electrode would
happen, making the cantilever oscillating stable. However, decreasing
the working speed of TENG to a certain value, after every discharge

the electrode away from the cantilever, therefore, the amplitude at the
free end gets/becomes bigger. The waveforms of the above experiments
are shown in Figs. S6–S8.
After that, the eﬀect of cantilever size (length and width) on the
oscillation performance is also investigated to demonstrate the universality of the DC voltage actuation strategy (Figs. S9–S11). From
Fig. 2g, with diminishing of the cantilever length from 80 mm to
20 mm, the turn-on voltage increases from 0.4 kV to 7.5 kV, and the
oscillation frequency rises from 11.096 Hz to 153.199 Hz. Compared
with the eigenfrequency of free oscillation under the gravitational ﬁeld
(solid line in Fig. 2g bottom and curve in Fig. S10), the measured frequency of the cantilevers with diﬀerent lengths has a small deviation
caused by the synergy eﬀect between the electric ﬁeld and gravitational
ﬁeld. From Fig. 2h, with augmentation of the cantilever thickness, both
the turn-on voltage and frequency increase. Moreover, compared with
the single trigger electrode, the double side trigger improves the symmetry of the amplitude without a large frequency shift (Fig. 2i). From
the above experimental results, this DC voltage actuation strategy is
feasible and suitable for various cantilever systems.
2.3. Performance of motion-triggered cantilever beam
In order to realize a motion-triggered cantilever system, a free3
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Fig. 2. Inﬂuential parameters on the oscillation performance of the DC voltage actuated cantilever beam. a) Scheme and controlled parameters of the
experimental platform. b) Damping oscillation of the cantilever beam (length: 50 mm, width: 5 mm, thickness: 100 μm) without the DC voltage triggering. c) Stable
oscillation of the cantilever beam with the DC voltage trigger (trigger position Y = 50 mm, X = 1 mm). d)-f) Turn-on voltage and oscillation property of the
cantilever beam with diﬀerent width, Y position and X position of the trigger electrode respectively. g)-h) Inﬂuence of cantilever length and thickness on the turn-on
voltage and oscillation property, respectively. i) Oscillation performance comparison between the single side and double side DC voltage trigger.

length reduced, when the electrode is close to the ﬁxed end (Y position
decrease) or electrode away from the cantilever (X position increase), a
greater turn-on voltage is required to activate the cantilever. As shown
in Fig. 3e–g, we systematically investigate the relationship between the
stable oscillation state of cantilever systems and TENG working speed
under various conditions. For the cantilever system with a low turn-on
voltage, TENG that operates at very low speeds can activate it. For a
higher turn-on voltage cantilever system, it can oscillate stably within a
larger TENG operation speed range. The corresponding oscillation
waveforms of various parameters cantilever systems at each oscillation
state are exhibited in Figs. S12–S14. From all the results in this part, the
motion-triggered cantilever systems with diﬀerent parameters can be
achieved via TENG technology.
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.103920.

occurs between the cantilever and trigger electrode, the cantilever is
actuated, but, the oscillation amplitude gradually decreases. That is, the
charge replenishment to the trigger electrode fails to sustain the stable
oscillation state.
On the contrary, with a greater increase in the operation speed of
TENG, the generated high voltage will result in an irregular discharge,
disturbing the cantilever's oscillation. In both cases, it is diﬃcult to
realize stable oscillations. Therefore, a proper working speed range of
TENG is required to achieve a stable oscillation of each cantilever
system. Fig. 3d shows the working speed range of TENG and the corresponding oscillation states of a 40 mm length cantilever. In the
damping area (the working speed of TENG from 1 mm/s to 35 mm/s),
charges accumulate slowly, and the cantilever oscillates damply. When
the velocity rises from 35 mm/s to 100 mm/s, the cantilever beam can
oscillate stably on account of the proper charge replenishment. With
continuously increasing TENG working speed, an unstable oscillation
appears due to the irregular discharge. The whole oscillation processes
of each state are recorded in Video. S2–S4. Based on the preceding
experimental results, the turn-on voltage is related to the cantilever
length and trigger electrode position (Fig. 2e–g). With the cantilever

2.4. Integrated tribo-sensor for real-time oscillation monitoring
Traditionally, the oscillation of a cantilever is detected by optical
leverage and piezoelectricity. However, the valid signal of piezoelectric
4
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Fig. 3. Oscillation performance of the cantilever beam actuated by triboelectric nanogenerator. a) Output charge and voltage of the free-standing mode
triboelectric nanogenerator. b) Scheme of the experimental setup. c) Pulse current signal and synchronous oscillation curve recorded by the laser micro-motion
meter. d) Oscillation performance of the cantilever beam driven by triboelectric nanogenerator under diﬀerent working speeds. e)-g) Inﬂuence of the cantilever
length, trigger position Y and X on the velocity range of triboelectric nanogenerator when the cantilever keeps stable oscillation, respectively.

detected by the laser micro-motion sensor, the voltage curve from EAEB is a sinusoidal wave and well-matched to the signal from a laser
sensor (Video. S5). Moreover, for diﬀerent lengths of cantilevers, the
error between the measured frequency from ROS and that from laser
sensor is about 2% (Fig. S15), indicating that this newly designed ROS
can replace a laser sensor to monitor cantilever oscillations.
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.103920.
For a sensor, sensitivity is an important factor for characterizing its
performance. To characterize the performances of ROS, the output
voltages under the diﬀerent trigger and sensing positions are measured
(Figs. S16–S17). As illustrated in Fig. 4d, with raising the trigger position (from 0.2 mm to 1.0 mm) or increasing the oscillation amplitude
of the cantilever (from 0.618 mm to 2.055 mm), the output voltage
from ROS linearly grows up to 166.4 mV. The sensitivity of this designed ROS is 223 mV/mm, while that of the used laser sensor is
72 mV/mm the corresponding calculation is shown in Fig. S18.

technology is too small to be recognized from background noise, and
the optical one is complicated. Based on the previous reports, TENG can
be used as a sensor to directly detect a dynamic mechanical motion
without a power supply, occupying high signal-to-noise rate and sensitivity. Therefore, we design a real-time oscillation-monitoring sensor
(ROS) based on TENG technology. Fig. 4a depicts the experimental
apparatus, in which a simple single-electrode mode TENG is employed
on the other side of the beam to real-time monitor the oscillation of the
cantilever. In order to avoid the disturbance caused by the periodically
built and neutralized electric ﬁeld during cantilever oscillation process,
two symmetric electrodes are designed (EA and EB, shown in Fig. 4b).
The reference electrode EB is specially introduced to capture the
background noise. By attaching a tribo-layer to the cantilever corresponding to the EA position, the signal captured by the EA is the oscillation information with noise. Fig. 4c exhibits the simultaneously
collected signals from EA and EB. By diﬀerence calculating the signals,
the valid voltage can be obtained. Compared with the amplitude

5
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Fig. 4. Performance of the real-time oscillation-monitoring sensor (ROS). a) Scheme of the experimental conﬁguration. b) Structure of the single electrode mode
triboelectric nanogenerator based micro-motion sensing component. c) Electric signals from EA, EB and EA-EB, and the oscillation amplitude captured by the laser
micro-motion meter. d) Electric signal of the ROS under various oscillation amplitudes. e) Electric signal of the ROS under various sensing position X.

1 + cos(vn )cosh(vn ) = 0 , and n is a positive integer, D is the bending
modulus in per unit width and m is the mass per unit area of the cantilever. Considering a small mass ( Δm ) loaded at the tip of the cantilever as schematically shown in Fig. 5c, the resonance frequency
changes into [10,40].

Experimental data show that the ROS has the characteristics of linear
sensing and high sensitivity. In addition, changing the X position of ROS
can further improve the output signal level. The reason is that, with a
smaller distance between the electrode and tribo-layer, the edge eﬀect
of this capacitor type device would be reduced, and the same gap
variation would bring about a bigger eﬀect on the capacitance, thus, a
higher signal level and sensitivity can be achieved (Fig. 4e).

fn′ =

As a high-frequency oscillation cantilever, we demonstrate that the
MC can be used for a periodical electric switch driven by a mechanical
trigger. During the oscillation process of the cantilever, the LEDs located at the double sides of the cantilever beam will be powered separately, and the ﬂash frequency of LEDs is consistent with the oscillation frequency of the cantilever. Fig. 5a presents the structure of this
electric switch and the lighted LEDs (The process is shown in Video S6).
The LED's ﬂash frequency with diﬀerent electric switch lengths is
measured by the photoelectric detector, shown in Fig. 5b, in which the
pulse voltage of the red LED is one-by-one with that of the purple LED,
and the high-frequency pulse voltage corresponds to the short cantilever electric switch. On the basis of the MC integrated with ROS, a selfpowered micro-weighting system is demonstrated, illustrated in Fig. 5c.
In this demo, the mechanical energy generated by a random hand
sliding at low-frequency has been converted into electricity and is then
used to actuate the cantilever, the resonant frequency of cantilever with
length L, width W, and thickness T is [39,40].

vn2 1
2π L2

K
M + Δm

vn2 = vn′ 2 3/0.236 , eﬀective spring constant K = 3DW / L3 eﬀective mass
at the cantilever tip M = 0.236mWL , the resonance frequency shift Δfn is

2.5. Application demonstration of the motion-triggered cantilever system

fn =

vn′ 2
2π

Δfn = fn − fn′ ≅

1 Δm
f
2n M

For a given cantilever, Young's modulus E and density ρ is ﬁxed,
thus, the resonance frequency shift in per unit loaded mass depends
only on the length and width of the cantilever and eigenvalues as

Δfn
Δm

∝

Vn2
WL3

In this work, only the ﬁrst order oscillation in a transverse mode is
considered. Therefore, for a cantilever with 40 mm length, 5 mm width,
and 100 μm thickness, the frequency shift varies linearly with the
loaded mass. The resonance frequency shift in per unit loaded mass is
inversely proportional to the cantilever length. The detailed theoretical
analysis process is shown in the Supplementary note. Fig. 5d exhibits
the experimental results about frequency shift depending on loaded
mass, which agrees with the above theoretical analysis. And then, objects with 5.5 mg, 8.7 mg, and 12.6 mg are weighed by the system. By
just moving the slider of TENG, the weight can be obtained (Fig. 5e and
Video S7). These results demonstrate that the self-powered microweighing system combing MC and ROS can be triggered by a sliding
movement, with great accuracy for object mass weighing.

D
m

where vn is the eigenvalue calculated from the nth positive root of
6
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Fig. 5. Application of the triboelectric nanogenerator actuation and sensing integrated cantilever system. a) Demonstration of the cantilever beam as a
motion-triggered high-frequency electric switch. b) Electric signals from the photoelectric sensors when using the low and high eigenfrequency cantilever, respectively. c) Structural scheme of the self-powered micro-weighting system. d) Linear relationship between frequency shift and loaded mass weight. e)
Demonstration of the micro-mass weighing using the actuation and sensing integrated cantilever system.

stainless steel sheet (25, 50, 75, 100 μm thickness) was cut into strip
shape. Second, the well-cut cantilever was bound to a copper wire with
a conductive epoxy after cleansing the surface coating and oxide. And
then, the cantilever was rigidly clamped at one end with a plastic ﬁxture. The lengths of the cantilevers varied from 20 mm to 80 mm by
changing the clamp position. Copper coated trapezoidal blocks with
diﬀerent width (0.1, 0.5, 1.0, 1.5, 2.0, 3.0, 5.0 mm) work as the trigger
electrodes. For the exciting source, a freestanding mode triboelectric
nanogenerator (TENG) was employed to provide high DC voltage.
Typically, two acrylic sheets (110 mm × 175 mm, 100 mm × 80 mm)
were shaped by a laser cutter as the substrate. Two thin Al ﬁlms with
dimensions of 110 mm × 80 mm were attached to the bigger substrate
with a 5 mm gap. Then, a PTFE layer was covered on the two Al electrodes. A nylon ﬁlm was bound to the small substrate to work as the
tribo-positive slider. Lastly, conducting wires were connected with the
two electrodes for the subsequent electrical measurement.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.103920.
3. Conclusion
In summary, we introduced an MC integrating with ROS system
based on TENG technology. Utilizing the periodically built and neutralized high DC voltage during operating the freestanding mode TENG,
a low-frequency mechanical motion can be converted to the high-frequency and regular oscillation up to 100 Hz. Signiﬁcantly diﬀerent from
AC actuation that is selective to frequency, this DC voltage actuation
strategy can perform all cantilever systems. And the oscillation performances of the MC were investigated in detail at diﬀerent structural
parameters of the cantilever system. Additionally, assembled with a
single electrode mode TENG, the integrated self-powered ROS exhibits
an ultra-high sensitivity (223 mV/mm compared with 72 mV/mm for
laser micro-motion meter), indicating that this ROS can replace the
laser micro-motion sensor to real-time monitoring of the oscillation of
the cantilever. Furthermore, a self-powered micro-weighing system
based on MC and ROS was demonstrated for measuring the object at the
tip of the cantilever with milligram accuracy. This study provides a new
strategy to actuate the cantilever by motion trigger without an external
power source and shows the great potential in applying the TENG
technology to both power supply and sensing in MEMS applications.

4.2. Fabrication of the real-time oscillation-monitoring sensor (ROS)

4. Materials and methods

Based on the single electrode mode TENG structure, a PTFE ﬁlm
(1 mm × 1 mm) was attached to the cantilever to work as the tribonegative layer. The corresponding electrode (EB) was fabricated on a
trapezoidal block. Another electrode (EA) was introduced in its adjacent position. The sensing electrode of ROS was located inside of the
cantilever, while the trigger electrode of MC was located on the other
side of the cantilever.

4.1. Fabrication of the motion-triggered cantilever beam (MC)

4.3. Experimental setup for quantitative measurement

MC consists of three parts, a cantilever beam, a trigger electrode,
and an exciting source. For the cantilever beam, ﬁrst, the commercial

The oscillation process of the cantilever was characterized by a
high-speed camera. A high voltage source (Series 230) was used to
7
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supply a stable DC voltage to actuate the cantilever, and its oscillation
was monitored by a laser micro-motion sensor (Panasonic HG-C1100).
A programmable electrometer (Keithley 6514) was adopted to test the
output performance of MC and ROS. COMSOL MULTIPHYSICS was
employed for the potential and electric ﬁeld distribution simulation.
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