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A B S T R A C T

This work shows zero-power shock sensing for the combination of a micro-triboelectric generator and MEMS
electrostatic actuator system where the mechanical shock to the generator causes it to produce voltage, this
voltage is used to actuate a Micro-Electro-Mechanical-system (MEMS) switch. For the first time, we present
the fabrication process of a Triboelectric-Nano-Generator (TENG) with MEMS technology. The MEMS-TENG
has a suspended 1.5 mm × 1.5 mm plate separated by 2 μm from the substrate. The generator is a triboelectric
transducer made of a suspended Al micro-plate above a polyimide (PI) thin layer that is covered by another Al
layer in the back. In case the shock is sufficiently strong, the micro-plate hits its substrate. As a result of the
impact, electrification happens and PI gets negatively charged, while the Al gets positively charged. Connecting
the generator to a MEMS switch, we use the generated voltage to actuate a MEMS switch. The TENG was able
to supply voltage difference up to 0.4 V at 2.3𝑔. We use the MEMS-TENG to actuate a cantilevered MEMS
switch (500 × 20 × 2 μm) separated by a 2 μm gap from a fixed bottom electrode. Triboelectric generators are
known for high voltages and low currents, which makes them ideal for integration with MEMS electrostatic
devices that require ultra-low power to operate. Our feasibility study opens doors to billions of innovative
devices that can be created from this synergistic combination.
1. Introduction

Nowadays, the focus of research on energy harvesting is increasingly
aiming to use environmental energy. Energy harvesting is important for
powering sensors and actuators, especially for devices of the Internet of
Things (IoT). The IoT is a network of nodes where each node contains
sensors and a connection to a person or a thing, and it is the main pillar
of a smart city [1].

The development of IoT comes with the challenge of providing
nough power. By the end of 2025 there will be more than 50 bil-
ion devices connected to the IoT. To meet the power requirement,
esearchers have studied several energy harvesting methods such as
iquid–solid electrical double layer [2], electromagnetic [3–6], magne-
toelectric [6] pyroelectric [7], chemical [8], electrostatic [9], piezo-
electric [10–15], triboelectric [16–27], and hybrid energy harvesters
hich employ piezo-electric harversters (PEHs) or tribo-electric-nano-
enerators (TENGs) together or with other types of harvesters [3,5,12,
8–30].
The Electro-static harvesters are used to collect mechanical energy.

They generate power from mechanical excitation, and the generated
power can drive low-power sensors [31], the generator has pre-charged
plates that avoid touching due to the presence of a spacer in-between,
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a similar type of non-contact design with proof-mass was presented to
tune the resonance frequency for the generator [32]. On the other hand,
a contact-mode electrostatic harvester was made in a rotary mode [33].
This type of generator was presented and studied in the micro-scale [34,
35]. The resulting high-frequency resonance in MEMS-scale devices
improves the efficiency of harvesting the energy of impacts.

The piezoelectric energy harvesters collect mechanical energy by
taking advantage of the embedded piezoelectric material such as Zinc
Oxide (ZnO), Lead Zirconate Titanate (PZT), and Polyvinylidene flu-
oride (PVDF) [36], PEHs are used in several applications including
rain energy harvester REH [37], ambient energy to power sensors and
chips [13], wearable electronics [28,36,38–40], wind energy [10,41],
biomechanical energy harvesting [28,36].

Mechanical energy can be harvested using Triboelectric-Nano-
Generators (TENGs) when two materials with different affinities for
gaining or losing electrons contact and separate as in Contact-
Separation mode harvesters (C-S) [23]. The most common triboelectric
materials are Polytetrafluoroethylene (PTFE), Polyimide (PI) and Poly-
dimethylsiloxane (PDMS) [22]. Other triboelectric materials that are
used include hydroxyethyl cellulose [21], patterned SU8 [20], fluori-
nated ethylene propylene [17], protein-based [42], paper-based [24],
vailable online 3 September 2022
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and molecularly engineered tribo-material [43]. Applications for
TENGs are widespread, for instance, they are used in wind energy [21,
26,44], wearable electronics [22], human-motion [25,28,45], blue
energy [3], harvesting energy from moving cars’ exhaust and tires [16,
17], powering sensors to detect vibration, temperature, and displace-
ment [3,19,27], and for pressure and strain as in artificial skins [23].

Research on TENGs is growing because of their advantages such
as relatively low cost, flexibility, high output, easy fabrication, cost-
effectiveness, long-term durability, and their ability to be integrated
into systems [46]. These advantages allow TENGs to be used to
create self-powered sensors. Applications include carbon nanotubes
with PDMS as an independent power source to monitor changes in
human body motion [12]. Another example is the interaction of a
motion-information sensor with TENGs with an array of PDMS/PTFE
acts as the triboelectric layer [18]. The triboelectric property was used
to drive a filter with a triboelectric-electrostatic field [17]. TENGs in car
tires were suggested as a possible independent power supply for elec-
tronic sensor [16]. TENGs were integrated with a wearable electronics
application as a power supply for low-power consumption passive elec-
tronics by harvesting human motion [22,25,36,47]. Moreover, TENGs
are used as the power source for independent pressure sensors [23],
temperature sensors,[26,27], and vibration sensors [5]. While many
studies focused on triboelectric materials, investigations on the integra-
tion of TENG with MEMS are sparse. The advantages of MEMS sensors
and actuators such as their low-power requirements, small sizes, and
advanced functionalities [48] make TENGs and MEMS a functional
pair. We studied this combination using a macro size bi-stable TENG
and a micro-cantilevered beam to create a shock sensor [49,50].

To miniaturize the sensing and actuation platforms, it is essential
to make micro-scale generators. However, the dimensions of conven-
tional TENGs were commonly in the centimeters range, for instance,
an ambient energy harvester reported by Yingchun et al. [26] has
67 mm in length, 22 mm in width, and 10 mm in thickness. The
TENG sheets suggested for car tires are 120 × 110 × 30 mm3 in
imensions [16]. There have been a few attempts to make TENG at
microscale. For example, Chen et al. [51] made a micro TENG with a
arge top electrode shaped as micro-patterned circles that are 50 μm in
iameter and are made of gold with a gap of 90 nm, all the circles were
onnected in parallel like a net. The fabrication of this device requires
afer bonding to create a sealed vacuum gap under the membrane.
his device is presented as an ultrasonic transducer working in the
egahertz frequency and generates a maximum of 17 mV at 1 MHz.
nother design for smaller devices was made by Hamid et al. [52]
here the designed TENG was 3 mm × 5 mm, this design used PTFE
s triboelectric material combined with Aluminum and gold, an 8.5 μm
hick layer of nickel was deposited on top of aluminum to serve as proof
ass, and the gap between triboelectric layer and top layer was 13
m in this design. This design was implemented by Hamid et al. [53]
ith UV-LIGA technology which makes packaging and integration with
ther components difficult.
In this work, we will demonstrate fabrication of MEMS-TENG made

n a microfabrication Facility with length and width of 1.5 mm and
hickness of ∼1.10 μm, the triboelectric layer considered in this work
as PI, top and bottom conductive layers are both aluminum, and proof
ass of amorphous-Silicon. The superior property of our approach is its
mallest size for TENG and its compatibility with CMOS-fabrication for
ntegration with electronic components. The fabricated shock detector
an be used for shipment monitoring devices or in the inner layer
f helmets for athletes to detect if shocks they encounter exceed a
hreshold.

. Design and fabrication of the MEMS-TENG

TENGs are generally composed of three layers, two conductive
ayers and a triboelectric layer on one of them, separated by a gap.
hen conductive and triboelectric layers are in contact, the different
2

t

ffinity for gaining or losing electrons causes each side to gain an
lectric charge but with an opposite polarity, which results in a voltage
ifference.
Fabrication (Fig. 1) starts with depositing 1.5–1.7 μm of Aluminum

itride (AlN). AlN was selected because of its enhanced etch selectiv-
ty (etch stop layer) which will be key for the following steps. The
ottom conductive layer is then formed by DC-magnetron sputtering.
hromium (Cr) is sputtered for 210 s at a pressure of 7 mtorr followed
y sputtering of Al for 1235 s at the same pressure (Fig. 1a). The Cr
ayer improves the stiction of the Al layer to the wafer. The sputtering
esults in ∼ 20 nm of Cr and 200 nm of Al. Then, the Cr/Al layer is pat-
erned using Mask L1 and Inductive-Conductive-Plasma (ICP) (Fig. 1b).
he etching was done under BCl3, Cl2, Ar, and CH4 gases for ∼5 min
ith SPR220-3.0 positive photoresist. Removal of the photoresist is
one with a 2–5 min ashing recipe. Al was chosen for both electrodes
ecause it is easy to deposit, etch, and the resulting film stress is
ontrollable.
Then, a Polyimide precursor (PI2574-HDmicrosystems) is spun at

000 rpm onto the Cr/Al for 30 s. The wafer was then baked on a hot
late for 30 s at 120 ◦C followed by 30 s bake at 150 ◦C, the wafer is
hen baked in a PI oven for 30 min under 200 ◦C followed by a 1-hour
ake under 300 ◦C, and the baking process results in ∼4.7 μm thick
I (Fig. 1c). For PI patterning, we used photolithography done with
Mask L2 with a Reactive-Ion-Etching machine (RIE) (Fig. 1d). This
tep was run with an aggressive recipe of CF4:O2 that had a 1:4 ratio
f the gases in the RIE machine [54], the pressure was set to 90 mtorr.
he power was set to 200 Watts. The etching time was ∼15 min but it
as run for 9 min followed by steps of 3 min to ensure the photoresist
ayer was not removed. Because of the low selectivity of this recipe to
he photoresist, SPR220-7.0 photoresist was chosen instead of SPR220-
to conduct the photolithography on the PI. Removing this photoresist
fter completion cannot be done with ashing because it will attack
hotoresist and Polyimide layers. Instead, the wafer was submerged
nto a Microposit 1165 photoresist remover solution for a day and then
ashed with Isopropynol solution.
After patterning the PI, a 2μm Plasma-Enhanced-Chemical-Vapor-

eposition (PECVD) film of SiO2 is deposited using a high-rate recipe
Fig. 1e). The layer was patterned and etched using the photolithogra-
hy Mask L3 and RIE machine. We used SPR220-3.0 photoresist and
recipe of 45 sccm CHF3 and 15 sccm Ar at 50 mtorr and power of
00W for ∼50 min. That recipe is very selective but moderately slow as
t etches ∼33 nm/min (Fig. 1f). For the pins, photolithography Mask L4
as used with a CHF3/O2 recipe in RIE. The pins were 1 μm thick. The
tching was done for 20 min resulting in ∼0.8 μm pins (Fig. 1g). These
ins are included in the design to increase surface area and, therefore,
ncrease the friction between the layers.
On top of the sacrificial layer, Cr is sputtered for 150 s followed

y Al for 1000 s at 5 mtorr. The pressure was chosen to control film
tress. At 5 mtorr, film stress is relatively low and the deposition rate is
elatively high (Fig. 1h). The resulting Cr/Al film was around 100 nm
hick and has 20–60 MPa Compressive stress. That layer was patterned
sing a photolithography Mask L5 with an ICP machine using the
ame recipe that was used for the bottom electrode to create the top
lectrode, but without the release holes (Fig. 1i).
The last film deposited onto the top electrode is the a-Si proof mass.

ts recipe was manipulated to keep the resulting stress Tensile and
elow 180 MPa to avoid breaking after release. The best conditions
or that purpose were found to be using ◦C 200 and 2 torr pressure
nd a low-frequency power parameter set to 20 Watts. The resulting
tress was ∼100 MPa tensile. Deposition under these parameters for 30
in results in about ∼1 μm thick a-Si (Fig. 1j). Photolithography Mask
6 and RIE were used for patterning the a-Si to open contacts (wiring
ads). The RIE recipe consists of a SF6/O2 mixture for isotropic silicon
tching and the photoresist was SPR220-3.0 as the recipe selectivity for
-Si is high, this recipe is also very fast and only 2 min were required

o remove the a-Si and open the contacts (Fig. 1k). After opening
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Fig. 1. MEMS-TENG fabrication process flow where (a) Sputtering Cr/Al, (b) Patterning Cr/Al bottom electrode, (c) Spin-coating polyimide, (d) Patterning polyimide, (e) SiO2
ECVD film deposition, (f) Patterning SiO2 film, (g) Pins pattern/mold etching on SiO2 film, (h) Sputtering of Cr/Al top electrode, (i) Patterning of Cr/Al top electrode, (j)
eposition of PECVD a-Si film, (k) Contact opening, (l) Patterning top electrode with release holes, (m) Top electrode release.
ontacts, both proof-mass (a-Si) and the conductive layer (Cr/Al) on
op are etched again to form the proof-mass layer and the release holes.
his step is conducted by photolithography Mask L7 and RIE (for a-Si)
ollowed by ICP (for Cr/Al). The same parameters were used as in steps
i) and (k).
After patterning the top layer, the wafer is diced using dicing saw

nd inserted into vapor Hydrogen-Fluoride (vHF) to remove the sacrifi-
ial SiO2. The process takes 1.5-2 h (Fig. 1m). A released MEMS-TENG
s shown in Fig. 2.
The MEMS-TENG fabrication process implemented in this paper is

impler than the process developed by Hamid et al. [53] where the UV-
IGA technique was used. In this work, the top electrode was fabricated
ith a combination of sputtered Cr/Al films and a PECVD film of a-
i whereas in the work of Hamid et al. [53] the top electrode was
ormed by sputtering Al and electroplating of gold (Au) and nickel
Ni). The advantage of this process over the PECVD is that the top
lectrode is composed of conductive materials while in our work the top
lectrode is made of a conductive Al layer and a non-conductive a-Si,
eside the effect it might have on the resulted MEMS-TENG electrical
erformance, it also made it necessary to add a mask for contact-
pening to our design. The sacrificial layer used in this work is a SiO2
ECVD film. The film can be removed with vHF in 90–120 min while
he sacrificial layer in the work of Hamid et al. [53] was made of a
photodefinable PI that has to be ashed for 800 h in high-pressure O2
lasma to ensure full removal. Fig. 3 shows our fabricated device. The
figure shows a top view, a close-up view of the top electrode, and SEM
images for the fabricated device pins and the release holes.

The fabrication described in Fig. 1 requires 7 photomasks (Mask L1–
Mask L7) for steps b, d, f, g, i, k, and l. These masks were drawn on
AutoCAD software and exported to KLayout. The design is shown in
Fig. 2 with a 3D schematic of the generator. The design has a square
top electrode with 1.5 mm sides, spring turns were made after a MEMS-
accelerometer design [55]. The turns are 40 μm × 90 μm; the width of
the spring is 30 μm × 15 μm as shown in Fig. 2 and Table 1.

3. Modeling and simulation

Modeling the mechanical motion and electrics of the MEMS-TENG
are investigated in this section. Consider a micro-plate connected to
four springs as depicted in Fig. 2b. The surface area of the plate is
3

Table 1
Dimensions of the Micro-sized-TENG.
Parameter Symbol Value

Side Length 𝐿 1500 μm
Bottom electrode thickness 𝑡𝐵𝐸 200 nm
Triboelectric layer thickness 𝑡𝑇 5 μm
Gap 𝑑 2 μm
Top electrode thickness 𝑡𝑇𝐸 100 nm
Proof mass thickness 𝑡𝑃𝑀 1 μm
Vacuum permittivity 𝜖0 8.85 × 10−12 F/m
Dielectric constant 𝜖𝑟 3
Spring dimensions 𝛼1 30 μm
Spring dimensions 𝛼2 45 μm
Spring dimensions 𝛼3 40 μm
Spring dimensions 𝛼4 90 μm
Spring dimensions 𝛼5 15 μm
Damping coefficient 𝑐 0.0001 N s/m
Impact damping 𝑐𝑖 0.001 N s/m
Impact stiffness 𝑘𝑖 1.5 N/m

denoted by 𝑆; the gap between the plate and substrate is denoted
by 𝑑; the fundamental frequency of the out-of-plane motion is 𝑓0 =
0.8 kHz; and the total mass of the plate is 𝑚. The damping force is
modeled as a linear damper which was obtained using the logarithmic
decrement method and experimental results. The squeeze film damping
is not considered in this model because as described in Section 2, the
MEMS-TENG movable electrode contains arrays of holes (see Fig. 3)
and noticeably prevents air trapping between the movable electrode
and polyimide. The experiments show that the linear damping approx-
imation gives proper estimation. The charge generation between the
triboelectric layers is modeled according to [56,57] as:

𝑞̇ =
𝑉𝑔𝑒𝑛
𝑅

= −
𝑞

𝜖0𝑆𝑅
(
𝑡𝑇
𝜖𝑟

+ 𝑑 − 𝑧) + 𝜎
𝜖0𝑅

(𝑑 − 𝑧) (1)

The parameters of Eq. (1) [58] are available in Table 1. The generated
charge is a function of the penetration of the layers. 𝑆 = 𝐿2 is the
MEMS-TENG top electrode surface area.

The penetration of the triboelectric layers is calculated in Eq. (2) as
the difference between the plate displacement and the initial gap 𝑑 (see
Fig. 2b).

𝛿 = 𝑧 − 𝑑 (2)
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Fig. 2. (a) Top view of MEMS-TENG design layout in KLayout design environment, (b) 3D schematic of the MEMS-TENG, (c) illustration of the microspring layout dimensions.

Fig. 3. The fabricated MEMS-TENG where (a) is the top view from a microscope, (b) is a closer look at the top view, circles are holes needed for the release step, and squares
are the pins in the top layer, (c) and (d) are SEM images of release holes (circles) and pins (squares), respectively. a-Si layer is highlighted in red and Al electrode is highlighted
with yellow in false-colored SEM images.
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Fig. 4. (a) Resistance measurement for the MEMS-TENG, (b) Shaker’s resulting base acceleration with sinusoidal 0.5 V input with frequency, (c) Shaker’s resulting base acceleration
with varying input voltage, at 𝑓 = 12 kHz (d) MEMS-TENG’s peak to peak output voltage against varying base-acceleration.
large spring and damping force models the impact force as

𝑖𝑚𝑝𝑎𝑐𝑡 = −𝑐𝑖𝛿̇ − 𝑘𝑖𝛿 (3)

q. (3) is activated while the layers are in contact. The values for
≈ 10−4 N s∕m, 𝑐𝑖 ≈ 2 × 10−4 N s∕m, and 𝑘𝑖 = 1.5 N∕m are selected
ccording to the experimental time–history of the MEMS-TENG. The
econd force applied to the movable electrode is the electrostatic force
etween the electrodes is modeled. The capacitance is calculated as

(𝑧) =
𝜖0𝑆
𝑑 − 𝑧

(4)

The electrical potential stored between the electrode is

𝑈 = 1
2
𝐶(𝑧)𝑉 2 (5)

Considering the capacitance in Eq. (4), and the fact that 𝑉 = 𝑞∕𝐶(𝑧),
the electrostatic force can be calculated as

𝐹𝑒𝑙𝑒𝑐 =
𝜕𝑈 (𝑉 , 𝑧)

𝜕𝑧
=

𝑞2

2𝜖0𝑆
(6)

The frequency response of the generator shows that the fundamental
requency of the transverse motion is approximately 0.8 kHz. Consider-
ng the mass of the movable electrode which is 𝑚 = 5.85×10−9 indicates
hat the stiffness of the device springs together is 0.1478 N∕m.
The dynamics of the generator are modeled with a linear spring–
ass–damper system with external forces Eq. (3), (6) that is prone to
mpact and electrostatic forces as in Eq. (7).

𝑧̈ + 𝑐𝑧̇ + 4𝜋2𝑓 2 𝑚𝑧 = 𝐹 + 𝐹 (𝑞) − 𝑚𝑎(𝑡) (7)
5

0 𝑖𝑚𝑝𝑎𝑐𝑡 𝑒𝑙𝑒𝑐
Eqs. (1)–(7) will be used to simulate the out of the MEMS-TENG
generator that closes a MEMS-switch when a shock is strong enough.

4. Results and discussion

4.1. Resistance measurement

The fabrication process of the MEMS-TENG started with a deposi-
tion of an insulating layer to ensure no current leakage occurs between
top and bottom conductive electrodes, the measurement of resistance
between both electrodes was conducted using Keithley SourceMeter
2636B where it applies voltage and calculates resistance from resulting
current. The measured resistance is shown in Fig. 4a.

The high resistance resulting from the resistance measurement
means that the AlN layer in the fabricated MEMS-TENG which acts as
an insulating layer was successful in minimizing the leakage of current
that would occur if the device were built directly on the Silicon wafer.
We notice the measured resistance falls in the range of 600 MΩ - 20
GΩ when voltage difference of −5 to +5 V is applied, and a current in
the range of 0.2–0.3 nA is passed. The applied voltage decreases the
gap leading to an increase in the parasitic resistance.

4.2. MEMS-TENG testing

To test the voltage generation of the MEMS-TENG, it was mounted
on a mini-shaker for controlled and open-circuit voltage was measured.
The transfer function of the electrodynamic mini-shaker was tested.
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Fig. 5. Simulation results for a MEMS-TENG actuated by impulse shock. (a) the effect of the initial gap between the MEMS-TENG electrodes on the generated voltage. A shock
acceleration of 2.2𝑔 is considered. (b): measured and simulated time response for different charge densities. The initial gap and resistance are considered 𝑑 = 1.9 μm and 𝑅 = 0.6 GΩ.
c): Simulation results for the comparison of different MEMS-TENG electrical resistances prone to impulse base-excitation. The base acceleration of 2𝑔, the initial gap of 𝑑 = 2 μm,
the charge density of 𝜎 = 100 μC

mm2 are considered in the results of this figure. (d) Simplified electrical schematic of the MEMS-TENG.
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The acceleration of the shaker’s dock was measured using the Laser-
Doppler-Vibrometer with a constant AC voltage (𝑉𝐴𝐶 ) and the input
frequency was swept. Fig. 4b shows a uniform acceleration of 2.1𝑔 in
the range of 70 Hz–16 kHz with 𝑉𝐴𝐶 = 0.5 V. The reliable range for
the frequency response of the MEMS-TENG based on our measurement
capability is discussed as follows. The shaker was used to test against
different input AC voltages with a fixed frequency of 12 kHz with the
acceleration ranges from 1.8 to 2.4 𝑔 as shown in Fig. 4c. Then, the
response of the triboelectric generator is measured to different base
excitation. The peak-to-peak open-circuit voltages are shown in Fig. 4d.
The output varied from 0.2 to 1.1 𝑉𝑝−𝑝 and the sensitivity is 1.5 V∕g.

Table 2 compares the device’s output with the state-of-the-art. The
most important aspects to compare are the output voltage and the
size of the device. TENGs are widely built in meso-scale [20,59,60].
hose sizes are adequate for energy harvesting from low-frequency
ibration. The smallest TENG in the literature is fabricated with the
V-LIGA technique by Hamid et al. [53]. The electrodes fabricated in
ur work are in the same order of length and width as reported in
amid et al.’s work (in mms). However, their work reported a wider
ange of sensitivity against the input acceleration (up to 9.33𝑔). The
ajor difference between our work and theirs is the thickness of the
roof mass. We deposited ∼1 μm of a-Si while in their work the proof-
ass was 10 μm of Ni. We used an Al and PI triboelectric pairing as
pposed to their Al and Teflon. In our design, we used 2 μm gap in-
etween the triboelectric pair while in Hamid et al.’s work they used
13 μm gap that increased to 24 μm because of bowing after release.
heir use of large sacrificial layer makes fabrication more expensive
nd cumbersome.
For the physical analysis and characterization of the MEMS-TENG,

he results of the model in Section 3 are presented in the following.
he simulation and experimental results appear in Fig. 5. The charge
6

ensity, the TENG electrical resistance, and the initial gap between
he polyimide and the top electrode are three uncertain parameters in
q. (1) that affects the simulation outcomes. Firstly, the effect of the
initial gap is illustrated in Fig. 5a. By reducing the gap between the
op electrode and the polyimide, the generated voltage is significantly
ncreased as a result of the larger impact force between the layers. The
nitial gap was set to 𝑑 = 2 μm during the fabrication process. However,
he top electrode curves after release because of residual stresses. The
xistence of ∼ 1 μm-tall pins means the gap between the electrodes is
ot uniform, which justifies the use of 1.9 μm that has a close agreement
ith simulation results.
Secondly, the charge density effect on the simulation was studied.

y using the experimental results for the base acceleration of 𝑎𝑏𝑎𝑠𝑒 =
.2𝑔, charge density values used in the simulation were 𝜎 = 100 μC

m2 and
𝜎 = 50 μC

m2 to show its variation effect on the generated voltage. Similar
to reported value in [58], the result of simulation when charge density
is 𝜎 = 100 μC

m2 had close results to our experimental results for generated
voltage from the MEMS-TENG.

Thirdly, the effect of electrical contact resistance (𝑅) on the gener-
ated voltage was studied. We have measured the resistance for different
DC voltages between the TENG electrodes (Fig. 4a). The figure shows
how R ranges from 𝑅 = 0.6 GΩ to 𝑅 = 5 GΩ. The result of the
simulation show that the resistance does not have an important role
in the maximum open-circuit generated voltage as shown in Fig. 5c. As
the resistance vary, the generated positive impulse-shaped voltage is
followed by a small negative peak when the resistance is 0.6 GΩ while
the bigger resistance value of 10 GΩ does not show this negative peak,
the profiles of the generated voltage are depicted in Fig. 5c. Because of
the observed negative value of voltages (which was measured -0.02 V),
the resistance is estimated to be around 0.6 GΩ. The reason for negative
voltage can be explained from a simple electrical circuit equivalent of
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Fig. 6. (a) Schematic of the experimental setup for the combination of MEMS-TENG and MEMS-switch system, (b) Experimental setup for the MEMS switch actuation with
MEMS-TENG, and (c) MEMS-Switch under the optical profiler (WYKO NT1100). The shown side electrodes are used to release the beam after pull-in.
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the generator. In fact, the model of the generator is a variable capacitor
(because of air gap change) in series with a fixed capacitor (because
of the dielectric) and a leakage resistor. Using the simplified electrical
model shown in Fig. 5d, the output voltage will be

𝑉 = 𝑄
𝐶

(8)

here 𝑄 is the charge and 𝐶 is the total capacitance. The derivative of
q. (8) with respect to time will yield
𝑑𝑉
𝑑𝑡

= 1
𝐶2

(𝐶 𝑑𝑄
𝑑𝑡

−𝑄𝑑𝐶
𝑑𝑡

) (9)

which indicate the rate of change of voltage across the resistor. The
simplified model for discharging in RC circuit is expressed as

𝑄(𝑡) = 𝑄0𝑒
−𝑡∕𝑅𝐶 (10)

The derivative of charge with respect to time from Eq. (10) will be
𝑑𝑄(𝑡)
𝑑𝑡

= −1
𝑅𝐶

𝑄𝑜𝑒
−𝑡∕𝑅𝐶 (11)

The combination of Eqs. (9) and (11) will give rate of change of voltage

𝑑𝑉
𝑑𝑡

= −1
𝑅𝐶2

𝑄𝑜𝑒
−𝑡∕𝑅𝐶 − 𝑄

𝐶2
𝑑𝐶
𝑑𝑡

(12)

hen the generator is exposed to half sine excitation and when the two
lectrodes go away from each other, the change in the capacitance ( 𝑑𝐶 )
7

𝑑𝑡 o
will be negative making the second term positive and more dominate
and increases the voltage. When the two electrodes approach each other
in the second portion of the half sine, 𝑑𝐶

𝑑𝑡 will be positive making
the second term negative and the slope of voltage is negative. If the
resistance is low, the negative slope of voltage ultimately causes the
negative value for voltage as observed in Fig. 5c. If the resistance is
too high, the effect of first term is almost negligible and the voltage
may not become zero as observed in the simulations.

Although top electrode motion cannot be measured when the shaker
is operating, the shape of the generated voltage in Fig. 5c is identical
o the shape of typical triboelectric voltage generated in our previous
orks based on contact-separation [49], which indicates contact be-
ween upper electrode and PI. Based on our mesoscale triboelectric
enerator experiment, if contact does not happen, the voltage signal
ill be buried in noise.

.3. MEMS switch actuation using MEMS-TENG

For this purpose, we made the experimental setup illustrated in
ig. 6a and b. A power amplifier (Krohn-Hite 7600) is used to drive
he electro-dynamic shaker (mini-shaker 4810) because the current
eeded for its operation cannot be provided directly by the Data Acqui-
ition System (DAQ), The MEMS-TENG was mounted on a mini-shaker
perated using an amplified signal from the DAQ (USB-DAQ 6366).
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Fig. 7. (a) impulse input to the shaker and summer’s output, (b) displacement of the beam measured from the steady-state response of V𝐷𝐶 , (c) initial position of the switch
before the shock and V𝐷𝐶 are applied, (d) the switch position after V𝐷𝐶 was applied (curved down but still open), and (e) switch position after the shock was applied.
Table 2
Summary on previous TEGs.
Ref. Size

[cm3]
Contact area
[cm2]

Gap Structure Acc. range Output Comments

[59] 4.19 12 ∼1 cm Sphere-shaped
polyfluoroalkoxy with
Aluminum

3.66𝑔 Up to 60V Crafted manually

[20] 0.2 4 1–8 mm Cantilever with
patterned PDMS

1𝑔 Up to 1.6 V
pulses

SU-8 patterned with
photolithography

[60] 54 4 1 mm Layered biocompatible
polymers with
Aluminum

2.35𝑔 25 V pulses Patterned with double drawing
lithography

[53] 2.27 × 10−4 0.15 13 μm C-S Al/Teflon with
proof mass of Nickle

9.33𝑔 0.4 V for
sinusoidal
excitation

UV-LIGA fabrication process used,
has over 10 μm top electrode
thickness

This work 2.7 × 10−6 0.0225 1 μm C-S Al/PI triboelectric
pair square layers

between
1.8–2.4𝑔

0.4 V for
impulse
excitation

Fabricated in MEMS facility,
∼1 μm top electrode thickness
i

The generated output from the generator is fed to a summer circuit
with a unity gain built using 3 resistors of 100 kΩ and an operational
amplifier (OPA177) that is powered by dual-channel power supply
(BK-precision). The use of summer is to provide a DC-bias that comes
directly from the DAQ, this bias is needed because the switch closes
at 2.25 V. The switch is a parallel-plate system with a cantilevered-
beam driven by the summers output (Fig. 6c), the switch also has two
electrodes to the sides which apply electrostatic force upward to the
beam, this helps to release the cantilever beam when it gets stuck after
electrostatic pull-in. The displacement of the cantilever is measured
using Laser-Doppler-Vibrometer (MSA 500) and the displacement is
fed-back to MATLAB through the DAQ.

The Results of supplying a MEMS switch with the MEMS-TENG are
shown in Fig. 7. First, a square shock is applied to the electrodynamic
mini shaker (Fig. 7a). The output of the MEMS-TENG (𝑉𝐺𝑒𝑛) is summed
with DC voltage from the DAQ (𝑉𝐷𝐶 ) using the summer circuit, the
summation output is measured and shown in Fig. 7b for various DC
voltages. As a result of the applied voltage the beam curls down relative
to that voltage as shown in Fig. 7c. As the DC voltage is applied
for 1 s before the shock, the static displacement measured from the
Laser-Doppler-Vibrometer is drifted due to the limitation of the phase-
8

shift measurement method the vibrometer used for this measurement.
To avoid the drifted measurement, displacement resulting from the
applied DC voltage is ignored before the shock and, thus, the zero
displacements is the reference point that enables comparison between
displacements caused by the shock as the DC voltage is increased.
Because the pull-in voltage of the MEMS switch is 2.25 V and the
generated voltage of the generator (𝑉𝐺𝑒𝑛) is an impulse-shaped signal
peaking at 0.4 V, a DC voltage (𝑉𝐷𝐶 ) up to 2.24 V is provided to reach
the pull-in after the shock.

In the switching motion shown in Fig. 7c, we notice that the switch
s fully open before V𝐷𝐶 and the shock are applied in the presence
of different 𝑉𝐷𝐶 s. Once a constant voltage is applied to the switch,
the beam curls down toward the pull-in position (switch still open),
as the 𝑉𝐷𝐶 is increased, a larger motion is induced by the same 0.4 V
impulse produced from MEMS-TENG as a result of the shock power of
2.1 g. When the applied DC voltage to the MEMS switch increases, its
equivalent stiffness decreases and moves easier because of the shock.
This parameter acts as a tuning parameter of the MEMS switch. For
𝑉𝐷𝐶 = 2.24 V the generated voltage can cause the switch to get closed
by driving the MEMS switch to the pull-in instability region. We notice
in Fig. 7b that the produced impulse has ∼0.4 V at peak, however, this

signal decays in ∼ 200 μs. Because of this decay, the DC voltage needed
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to close the switch is 2.24 V. This voltage is provided by the DAQ and is
added to the V𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 from the shock. If there is no shock, the nominal
pull-in voltage of 2.25 V is needed to close the switch.

5. Conclusion

We presented a fabrication process for a contact-separation mode
triboelectric generator that can be used for energy harvesting and self-
powered sensing. The generated output is convenient for generating an
electrostatic field in micro-scale plates and therefore is applicable for
driving MEMS switches. Both components, MEMS-TENG and Switch,
are fabricated using the CMOS-compatible microfabrication methods
in a cleanroom environment. The micro-sized triboelectric generator
reported in this work is smaller than any reported in previous works
with 1.5 mm × 1.5 mm × 1μm top electrode and a gap of 2 μm. The fab-
ricated device in this work used thin film aluminum and polyimide as a
triboelectric pair. The reported triboelectric generator is fabricated with
MEMS technology that enables scaling up to high volume production of
self-powered MEMS sensors and actuators with low-power demand. The
MEMS-TENG was used as a shock detector where the impact resulted in
an impulse voltage with 0.4 V peak, this voltage was used as a trigger
to close a micro-scale switch.
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