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High Signal-to-Noise Ratio Event-Driven MEMS Motion

Sensing

Mohammad Mousavi, Mohammad Alzgool, Benyamin Davaji, and Shahrzad Towfighian*

Two solutions for improving MEMS triboelectric vibration sensors
performance in contact-separation mode are reported experimentally and
analytically. Triboelectric sensors have mostly been studied in the mesoscale.
The gap variation between the electrodes induces a potential difference that
represents the external vibration. Miniaturizing the device limits the sensor
output because of the limited gap. This work offers a warped MEMS
diaphragm constrained on its edges. The dome-shaped structure provides
one order of magnitude larger displacement after contact-separation than
standard designs resulting in one order of magnitude greater voltage and
signal-to-noise-ratio. Second, micro triboelectric sensors do not operate
unless the external vibration is sufficiently forceful to initiate contact between
layers. The proposed constraints on the edge of the diaphragm provide friction
during periodic motion and generate charges. The combination of the warped
diaphragm and boundary constraints instead of serpentine springs increases
the charge density and voltage generation. The mechanical properties and
electrical output are thoroughly investigated including nonlinearity, sensitivity,
and signal-to-noise ratio. A sensitivity of 250 mV g~' and signal-to-noise-ratio
of 32 dB is provided by the presented device at resonance, which is very
promising for event-driven motion sensors because it does not require signal

The common methods used for motion
sensing are capacitive, electromagnetic,
piezoelectric, electret, and triboelectric
sensing. In capacitive sensors, the motion
of a movable electrode relative to a fixed
electrode changes the system capacitance
with a constant applied voltage. Capaci-
tive sensing is featured in microphones,
accelerometers, ultrasonic transducers, ar-
tificial skin, and in wearable devices.*! In
electromagnetic motion sensing, the volt-
age is produced from a conductor in motion
within an electromagnetic field, which is
correlated to the motion velocity. Sensing
motion with piezoresistive materials ben-
efits from the change in their nominal
resistance. This property is used to create
vibration sensors from materials such
as PDMS-graphene!' or a doped silicon
layer in MEMS applications.!'"12] Motion
sensing with piezoelectric materials occurs
by directly producing voltages as a response
to strain. Piezoelectricity is featured in

conditioning and therefore simplifies the sensing circuitry.

1. Introduction

Continuous vibration monitoring is a viable method for diagno-
sis of mechanical structures potential failure in machinery. For
example, a diagnostic method for potential mechanical failure in
car components is based on measuring the vibrations on the gear
housing and the gear backlash.l"?] Safety of mechanical motors
can be ensured by integrating vibration and temperature sensors,
which reduce the motor speed if threshold values are exceeded.l’!
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microphones, motion alarms, and wear-

able electronics.['*1%] The electret motion

sensors are self-powered capacitive sensors

where the bias voltage is replaced with a
charged dielectric (electret polymer) coated on one of the conduc-
tors. This type of sensing is used in applications such as wearable
sensors, motion detection, and pressure sensing.'’*°! Although
the electret motion sensing is self-powered, the charged electrode
is dissipated with relatively short periods of time which is why the
search continue for more reliable transducers.

The literature review of a recent study demonstrated that
the most common self-powered motion sensors use triboelec-
tric transducers, which has been used since 2012 for powering
electronics.?%) The triboelectric transducers exploit the affinity of
a material to gain or lose electrons when rubbed by another ma-
terial; their designs differ in shape and materials used come in
pairs such as the liquid metal combination of gallium-indium,?!!
aluminum-teflon,!??l and copper-polyimide.?3] When the tribo-
electric pair have a bigger difference in electron affinity, more out-
put voltage is produced upon contact or friction between the pair.
Triboelectric transducers are used as load sensors,[**?°] wearable
devices and artificial skin.?®! The development of modern sen-
sors comes in parallel with the rise of the Internet of Things that
has high energy requirement due to the incorporation of billions
of sensors in the network. Research suggests triboelectric genera-
tors can provide the power required by some pressure and motion

© 2023 Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmll.202304591&domain=pdf&date_stamp=2023-11-02

ADVANCED
SCIENCE NEWS

Juoll

www.advancedsciencenews.com

sensors which can address some of the power demand. Triboelec-
tric transducers have many advantages such as bio-compatibility,
fabrication simplicity, and high output power density.

Triboelectric generators reached the microscale by incorporat-
ing the UV-LIGA process as designed and fabricated by Hamid
et al.l'2?7] Their design uses Teflon and aluminum as the tri-
boelectric pair and a photo-definable polyimide for a sacrificial
layer that is essential for gap creation. Previously, we fabricated
a MEMS triboelectric generator in a cleanroom with sputtered
aluminum films for conductive layers, polyimide as the dielec-
tric layer, and silicon dioxide for the sacrificial layer, and we used
amorphous silicon for a proof mass.I?] The device was used
to actuate a MEMS electrostatic switch in the dynamic pull-in
range.l?!

Particularly for the purpose of detection, MEMS vibration sen-
sors are required to operate in a wide range of frequencies. Com-
mercial Analog Devices MEMS accelerometers measure up to,
for example, 23 kHz in ADXL 1005, 24 kHz in ADXL1004 or
15 kHz in ADXL1003. The analysis of the response at the high-
frequency spectrum of the measurements gives useful infor-
mation for machinery condition-monitoring, test and measure-
ment, acoustic emissions and predictive maintenance. In addi-
tion, TENG can be considered as a voltage source when exposed
to mechanical vibrations and can drive MEMS switches to indi-
cate a threshold has reached.?* In our previous work,!?! we
have shown the conversion of the kinetic energy to a voltage sig-
nal for the actuation of the MEMS contact switch in the dynamic
pull-in range to detect threshold vibration frequencies or ampli-
tudes. The same device was used as a self-powered accelerometer
by applying sinusoidal excitation from 2-10 g at frequencies from
100 to 7000 Hz.*"l We reported a maximum output for the 2 mm
x 2 mm device of 0.7 V, a sensitivity of measurement 70 mV g~*,
and a signal-to-noise ratio of 23 dB. The fabrication used springs
for stress relief and to enable out-of-plane motion for the top layer
of the triboelectric generator. However, film stresses are not nec-
essarily uniform across the wafer and could be a major contribu-
tor to failure after release. Their device underwent testing under
standard atmospheric conditions and at room temperature. The
test outcomes also revealed a shift in the natural frequency and
a drop in the generated voltage in response to the reduction in
relative humidity from 40% down to 15%.

The study introduces an event-driven MEMS motion sensor
with a natural frequency of 4 kHz and high sensitivity (250 mV
g7'). These qualities make it ideal for a self-powered MEMS mi-
crophone. Unlike conventional capacitive-based MEMS micro-
phones needing external bias voltage and amplification circuits,
this device overcomes energy source limitations for enhanced
performance and cost reduction. The study aims to leverage these
findings to develop a high-performance, self-powered MEMS mi-
crophone with improved noise performance.

In this work, we take advantage of non-uniform film stress of
a warped MEMS-TENG diaphragm to increase the voltage out-
put and improve the sensitivity and signal-to-noise ratio. A fail-
ure of the springs results in a direct stiction of the diaphragm to
the dielectric layer creating a domed structure, which increases
the initial capacitance gap and produces a larger output when it
receives a base excitation. Considering the triboelectric effect as
a tool for vibration detection, linearity and nonlinearity in elec-
trical output generation are then analyzed. We provide a deep
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analysis of the theoretical model to understand the underlying
physics, which can be used to further optimize the device for a
better performance. Finally, the effectiveness of triboelectric vi-
bration sensing in micro and meso scale is compared through
analytical results.

This paper continues with Section 2 where mechanism de-
scription and modeling are presented. Section 3 is the results and
discussion for mechanical and electrical analysis and presents
the experimental and analytical results. We conclude the paper
in Section 4.

2. Mechanism Description and Modeling

The design of the top layer is inspired by the design of a MEMS
accelerometer where the movable electrode is suspended with
serpentine springs.’] The fabrication of the MEMS triboelec-
tric generator used in this paper is described in ref. [28]. The
fabrication process was carried out inside a MEMS fabrication
facility. Bottom layer was fabricated with sputtering chrome-
aluminum layer which is etched by inductive—conductive-plasma
machine. The polyimide precursor was spun, baked, and etched
with reactive-ion-etching. The gap was created by a thin 2 ym
film of silicon oxide deposited using plasma-enhanced-physical-
vapor-deposition (PECVD). The top layer was formed by sputter-
ing chrome-aluminum and depositing a PECVD film of amor-
phous silicon. Top layer has a pattern of thin wires forming the
springs on the TENG corners with the smallest dimension be-
ing 15 um and the top electrode has release holes with 10 um
diameter. The fabrication is finalized by releasing the structure
with vapor HF and the subsequently the stresses causes the top
layer to warp. Using an optical profilometer, the surface topology
of the warped diaphragm is measured (Figure 1a). This MEMS-
TENG has been exposed to severe vibrations as a result of which,
the . An optical image from the top view shows the overall out-
line of the MEMS-TENG (Figure 1b). The surface of the MEMS-
TENG is perforated to maximize the exposed area of the sacrifi-
cial layer (silicon oxide) to reduce the total time needed for its
removal. The colors vary in Figure 1c to illustrate the warped
diaphragm surface. All of the springs are damaged and the di-
aphragm adheres to the polyimide layer along its periphery at two
opposite corners (Figure 1d). The rest of the plate is free to move
with the new boundary conditions. Using 10x magnification and
stitching nine adjacent areas, the whole MEMS-TENG image is
captured as shown in this result. There are several scratches on
the sensor diaphragm. They look darker because of the large
height difference. An optical profilometer was used to make
Figures 1d-f. In Figure 1le, the varied topography is shown by
changes in the height of four lines, which is reported in pm.
The line colors, shown in Figure 1d, show the lines’ paths at
which the measurements were made with the darkest blue serv-
ing as a reference point. The cold and warm color spectrum in-
dicate the lower and larger heights, respectively. The entire sur-
face of the now-warped diaphragm does not adhere to the poly-
imide substrate, and the unattached part can move in response
to vibrations. The adhered part constrains the unattached part
within specific boundaries and creates a new resonator with a
different effective mass and stiffness from the original flat di-
aphragm previously reported.?®] The fixed boundaries are thicker
at the top left and bottom right. The movable part is similar to a
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Figure 1. a) The MEMS-TENG in the original state before damage. b) Optical profilometer KEYENCE VK-X1000 LASER MICROSCOPE. c) The optical
image from an isometric view showing the warped diaphragm after damage. The colorbar indicates the measured values in um. d) The optical image
from the top view. The horizontal lines 1,2,3, and 4 and the diagonal lines 5, and 6 are used for measuring the topology of the damaged diaphragm. e)
Deformation versus the horizontal position of lines 1,2,3, and 4. f) Deformation versus the horizontal position of the diagonal lines 5, and 6.

rhombus. The new constraints make the remained movable part
lighter in weight but stiffer in compliance in comparison with
four-spring suspended system. Part of the movable electrode to
its bottom fixed insulating layer causes different mechanical be-
havior and demands a new characterization. Experimental anal-
ysis for the mechanical characterization of the warped MEMS-
TENG is presented below. Using the optical profilometer, the
height differences can be graphed along an arbitrary line. The
red, yellow, gray, and cyan horizontal lines shown in Figure 2d
are used to track changes in the diaphragm’s topography, and
Figure 1e shows how the once-flat surface has been transformed
into an irregularly shaped dome. By setting the base height at
0 on the substrate’s surface, the laser profile analysis tool can
show the details of the transformation, Figure 1e f. The tool indi-
cated line 1 started at a height of 7.8 m. However, that result dif-
fers slightly from a simple calculation of where the initial height
should be. The sum of the substrate Al/Cr, polyimide, the ad-
hered diaphragm including the dimples, the diaphragm Al/Cr,
and the amorphous silicon layer (0.2 um + 5 pm + 1 um + 0.1 um
+ 1pm) equals 7.3 um. Despite the difference ( 0.5 pm) between
the measured and calculated values, we can say with a good ap-
proximation that the diaphragm is stuck to the polyimide at two
opposite corners. Line 2 indicates that the left side of the di-
aphragm is very close to the polyimide and starts rising until it
approaches the center. Then it starts falling as line 2 ends to the
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right. According to the variation of height in lines 3 and 4 the
domed diaphragm shape is similar to a hovering rthombus. More
can be found about the symmetry of the warped diaphragm by
looking at the height variation along the diameters. Line 5 shows
that this diameter is has more constant height while line 6 indi-
cates the new attached boundary condition which is caused by the
stiction of some diaphragm dimples to the polyimide surface. By
contrast with the original boundary conditions, the curled-up di-
aphragm is fixed with direct stiction to its bottom layer as shown
in Figure 1f.

The flat diaphragm suspended above the polyimide (Figure 2a)
is designed to move up and down (Figure 2b,c) where the ser-
pentines and diaphragm are deflected during external vibra-
tions. The optical measurement provides the geometric infor-
mation for visualizing the peripheral constraints and warped di-
aphragm. Using 3ds MAX, the MEMS-TENG is modeled and
demonstrated in Figure 2d-f. The diaphragm initially acquires
a curled-up equilibrium position. The arched shape of the di-
aphragm results in a nonlinear mechanical stiffness which al-
lows for a large range of motion toward the substrate and a small
span upward (Figure 2d). One can consider this position analo-
gous to an arched doubly constrained plate shown in Figure 2d.
During the motion toward the polyimide, the motion downward
causes the middle of the diaphragm to curl down (Figure 2e). The
constrained diameter of the diaphragm seems to buckle down as
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Figure 2. a) MEMS-TENG in its original state. b,c) The undamaged MEMS-TENG in CS mode in the presence of external downward and upward forces,
respectively. d,e) Isometric view of warped MEMS-TENG schematic in the first and second stable position, respectively. f) warped diaphragm during
contact-separation between the diaphragm center and polyimide. g—i) Analogy between the warped diaphragm and a MEMS bridge in (d—f) with fixed
boundaries at two corners, respectively. j) Simplified spring-mass schematic of the MEMS-TENG. k) Free body diagram of the MEMS-TENG movable

electrode.

in Figure 2h. During the motion from the initial position to the
position of Figure 2e the boundaries in contact are prone to fric-
tion forces and consequently, a charge density appears on the
polyimide (dielectric) because of triboelectrification. When the
g-level of the vibration is large enough, the downward motion
of the diaphragm experiences an impact between the diaphragm
central area and the polyimide layer (Figure 2i). In this position,
the maximum contact area occurs between the triboelectric lay-
ers and therefore the largest charge density takes over the dielec-
tric surface.

The model of the MEMS-TENG before damage with opera-
ble serpentines (Figure 2a—c) was simplified to a spring-mass-
damper with electrostatic force and base-excitation force. The
charge density was also considered constant during the vibra-
tions. Because of the significance of the first transverse mode
of motion compared to higher modes, the model of the warped
MEMS-TENG is simplified to a spring—mass-damper model as
indicated in Figure 2j. A model that takes into consideration the
special structure of the warped diaphragm needs to consider the
nonlinear stiffness as observed in refs. [31, 32].

The mechanics of the device includes a damping force Fj,
restoring force F,, electrostatic force F,, impact F;, and eventually
the base-excitation force F,,. of the external vibration as drawn
in the free body diagram Figure 2k. The dynamic equation of the
warped MEMS-TENG is:

mi(t) = F. + F, + F, + F, + F, (1)
where x(t) denotes the displacement of the MEMS-TENG cen-
ter from the initial state Figure 2d, and m is the equivalent

mass in Equation (1). Considering the MEMS-TENG position in
Figure 2d as the initial position of the diaphragm, in the pres-
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ence of a harmonic external vibration, the diaphragm displace-
ment toward the substrate is greater than the motion away from
it. The nonlinear phenomenon is represented by a cubic term in
the equation of motion as:

F, = —kyx(t) = k(1) 2)

where k; and k, are the linear and nonlinear stiffness coefficients
in Equation (2). The general idea of inertial sensors is the inertial
force as a result of the external vibration, which is:

Fb = _ma‘base(t) (3)

where g, (t) is the base-excitation in Equation (3). The squeezed-
film-damping and the structural damping from the contact in the
peripheral boundaries of the warped diaphragm resists the mo-
tion as demonstrated in the magnified boxes of Figure 6b. A com-
mon damping coeficient represents both forces is presented as:

Fy = —cq%(t) “)

q
where c,, is the equivalent damping coefficient in Equation (4).
During the contact between the diaphragm center and polyimide
layer, the surface interactions appear as an adhesion force. The
adhesion is modeled as a damping force proportional to the ve-
locity of the diaphragm during contact.3334] A strong linear stiff-
ness correlates with the impact between the triboelectric layers.
Because the adhesion force and the surface reaction from the
impact create the kinetics during central contact, they are intro-
duced together in the literature as:

Fy = —c;x(t) — kx(t) (5)
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where c¢; and k; are the adhesion force coefficient and impact force
coefficient, respectively in Equation (5). The last force is related
to the electrostatic force and the charge generation. The accumu-
lated charge on the electrodes (Q(t)) creates an attractive force:

Q)
Fo=57 ©)
where ¢ is the vacuum permittivity which is considered ~8.85 x
10~2Fm™!, and A is the effective surface engaged in the electro-
static field in Equation (6). The potential difference between the
diaphragm and the bottom Al/Cr is a result of two electrostatic
fields; one in the air gap between the warped diaphragm and poly-
imide layer, and the other is inside the polyimide layer. Charge
transfer occurs because of the diaphragm displacement above the
charged polyimide (c,) and creates a voltage signal (Vigyc).!

o — 20 BY, o
Vrene = RQ(f) = WA d) + Py +ad(t) (7)
where d(t) = d,, — () is the distance between the tri-

boelectric pair, and R is the internal resistance of the
MEMS-TENG. #, and e, are the polyimide thickness and
permittivity coefficient, respectively. Triboelectric generators
operating in contact-separation mode distribute a charge
density on the dielectric surface and the charge density
remains nearly constant until the next impact® while
a MEMS-TENG with peripheral contact boundaries takes
advantage of permanent contact between the diaphragm
and the polyimide. The periodic penetration of the di-
aphragm dimples at the adhered boundaries reinforces the
charge generation during the contact-separation at the di-

aphragm center.*¢]
Oy =0y + o-p(ubase) (8)

where the total charge density o, in Equation (8) is made up of a
constant value 6, and a variable term o as a result of the periph-
eral contact.

P

3. Results and Discussion

The characterization of a MEMS inertial sensor consists of the
analysis of mechanical properties and electrical output. In me-
chanical analysis, our first goal is to collect information about
the shape of the warped diaphragm where a the MEMS-TENG
is actuated by an AC voltage signal between the electrodes. Am-
plitude of actuation at different spots of the diaphragm can verify
the optical profilometry results presented in the previous chapter.
Second goal is collecting information about the vibration mode
that the system is operating in during the external vibrations. The
power spectrum of the vibrometer measurements will help us
learn about the operation mode of the diaphragm in transverse
direction. The electrical output of such sensors is a potential dif-
ference that is an indicator of the external motion. The analysis is
followed by the electrical output, including the signal amplitude,
g-level range of operation, frequency bandwidth, noise level and
signal-to-noise ratio, and eventually, the generated signal quality.
The output is measured in the presence of different g-levels and
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frequencies. The obtained results are used to calculate the sen-
sitivity, frequency response, and the g-level range of operation.
The measurements are continued to obtain the noise level, sig-
nal quality and signal-to-noise-ratio. Last part of measurements
takes a closer look at the quality of the generated signal shape in
mechanical-to-electrical transduction of the diaphragm motion.

An electrodynamic shaker B&K 4809 is used for generating
the external vibrations. The potential difference Vipy between
the two movable and fixed electrodes (see Figure 2d) is measured
using a National Instruments 6366 USB data-acquisition system.
This device contains 8 inputs that can sense and tolerate +10V.
The input impedance between the terminals is reported as 100 pF
in the data sheet.

The mechanical characterization of a motion sensor is the
analysis of the diaphragm motion. We used a laser Doppler
velocimetry (LDV) for MEMS motion analysis. Electrodynamic
shakers convert electrical energy to mechanical motion which
simulates the vibration of moving objects. However, by contrast
with mesoscale devices, MEMS devices are an order of magni-
tude smaller, which means the external vibrations are dominant
and MEMS device vibration cannot be measured directly with
LDV specially with a single-laser. The MEMS-TENG mechanism
depicted in Figure 1a consists of two conductive Al/Cr electrodes,
one movable (diaphragm) and one fixed on the substrate. A mi-
croscale movable electrode can be driven using capacitive actu-
ation that applies a potential difference between a movable and
fixed electrode to generate motion. We used capacitive (electro-
static) actuation instead of an electrodynamic shaker for mechan-
ical characterization where the MEMS movable electrode is mea-
sured directly under the laser using LDV (see Figure 4a). Regard-
ing the presented MEMS-TENG in this work, the characteriza-
tion process is exhibited in Figure 3.

3.1. Mechanical Properties
Presented below is the first part of the characterization pro-

cess for MEMS-TENG. To determine the features of motion sen-
sors, such as frequency response, operation bandwidth, operat-

Figure 3. Characterization of the mechanical properties and electrical out-
puts of the MEMS-TENG.
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Figure 4. a) Measurement procedure. b) Experimental set-up for the electrostatic actuation of the MEMS-TENG diaphragm. The red arrow points to the
magnified MEMS-TENG inside the vacuum chamber. c) Time history of the electrostatic force frequency sweep (forward) with Vac =5V (red) and Ve =
10V (blue). d) LDV scanning. 3D images are captured in 8 kHz. e) FFT of the LDV output for the analysis of noise and mechanical natural frequencies.
Measurements are conducted in the presence of no external load while the laser is set on the diaphragm and on the fixed substrate. f) FFT of the LDV.
The diaphragm was actuated by the capacitive force generated in the presence of Vyc =5V and f= 8 kHz.

ing range of motion, and the quality factor (Q), it is necessary to
conduct experimental and analytical investigations. However, be-
cause of the complex warped geometry and the damaged springs,
modeling the generator as a continuous mechanical system us-
ing methods such as finite-element (FE) discretization would
require a large computational effort. Instead, we rely on the ex-
perimental results and a lumped-mass analytical model to per-
form the characterization. The goal of this analysis is to deter-
mine and verify the natural frequency and real gap between the
center of the diaphragm and the polyimide, which are essential
parameters for the analysis of triboelectric sensors in contact-
separation mode.

For electrostatic actuation, the top and bottom electrodes are
connected to the input voltage that is generated in the computer,
sent to the DAQ, and transferred to the voltage amplifier. The
input signal is governed as:

Vi (t) = Vacsin(2zfl) ©)

where V,. and Vi (t) represent the AC voltage amplitude and the
electrostatic actuation input, respectively. To observe the MEMS-
TENG diaphragm motion in the presence of weak vibrations
that do not initiate contact and separation, two input amplitudes
of V,c =5V and V,. = 10V are considered. A procedure for
the electrostatic actuation of the MEMS-TENG is indicated in
Figure 4a. More in-depth testing information is available in Sec-
tion 5. The frequency is swept from 0 to 20 kHz with the rate of
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4kHzs™! for 5 s. As described in Figure 4b, using the LDV, the ve-
locity of the MEMS-TENG diaphragm is measured and shown on
the left axis of Figure 4cat V, =5V (red) and V. = 10V (blue).
On the right axis, the frequency of the input is shown. Consid-
ering the low voltage input, the velocity magnitude is maximum
at 4kHz which indicates the first natural frequency of the di-
aphragm. The maximum velocity reaches 0.17 mms™'. This ex-
periment shows that the dominant mode of the resonator after
becoming warped is related to the transverse out-of-plane mo-
tion at f < 20kHz. The response at V,. = 10V reaches 0.22 to
0.25 mms™ at f < 5kHz. The magnified view of the time history
in the resonance region is plotted in the subplots where at f =
4kHz. The velocity signal shape indicates that for a portion of
period time, the diaphragm responds to the 10 V input by hitting
the polyimide and staying there (x = 0). The shape of the peri-
odic response is different from the sine shape in this region for
the 10 V actuation. Then the diaphragm detaches and continues
the rest of the oscillation. While responding to the 5 V, the di-
aphragm center also hits the polyimide, but does not stick and
continues the oscillation after some velocity reduction. As a con-
sequence, the stronger force causes more penetration between
the triboelectric layers and longer adhesion time.

Figure 4d shows the LDV scanning mode utilized for the analy-
sis of the diaphragm shape during operation. 3D images are cap-
tured in 8 kHz. As shown, at the top of the stroke, the diaphragm
verifies the optical analysis reported in Figure 1c. The FFT of
the LDV measurements contain some random and non-random
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Figure 5. a) Testing setup of the MEMS-TENG as a vibration sensor mounted on a 4809 BK electrodynamic shaker. b) g-level generated by 4809 B&K
electrodynamic shaker powered by B&K 2706 amplifier as a function of the input voltage V,y, at different frequencies. c) Vibration amplitude generation
of 4809 BK electrodynamic shaker powered by B&K 2706 amplifier as a function of the input voltage V,}, at different frequencies. d) MEMS-TENG output
at f = 500 Hz and different shaker inputs. €) MEMS-TENG output at f = 2kHz and different shaker inputs. f) MEMS-TENG output at f = 8 kHz and

different shaker inputs. The legends indicate the amplifier input voltage V.

signals mounted on the main laser Doppler signal. For this rea-
son, at zero external load, we measured a spot on the diaphragm
(red) and one spot outside the diaphragm (blue) as shown in
Figure 4e. The common peaks show the noise and external distur-
bances, while the peak at ~4 kHz shows the natural frequency of
the diaphragm fundamental mode. Figure 4f demonstrates FFT
of the LDV at different spots. The diaphragm was actuated by
the capacitive force generated in the presence of V, =5V and f
= 8kHz. The amplitudes confirm the perceived shape of the di-
aphragm where the black and magenta at the fixed corners move
slightly, while the blue, green and red spots are capable of making
around 20 um displacement.

So far, the LDV results of electrostatic actuation of the di-
aphragm provided useful information about the operation mode
of the warped MEMS-TENG in the presence of transverse vibra-
tions as well as the frequency of that mode. Studying the time-
history of the diaphragm center provided a better understanding
on the diaphragm dynamics during contact-separation. Based-on
the mechanical characterization, the section is followed by the
analysis of the electrical output.

3.2. Electrical Output

The induced potential difference between the MEMS-TENG elec-
trodes is an indicator of the motion of this sensor. This device is
a variable capacitor that is charged and discharged during the os-
cillation of the diaphragm. The sensor output is associated with
the excitation amplitude (g-level), excitation frequency, geometric
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shape, and electrical features such as the MEMS-TENG internal
capacitance, charge density, and internal resistance. The perfor-
mance of the motion sensor such as sensitivity, signal-to-noise-
ratio, and signal quality can be evaluated using the experimental
results in this subsection.

3.2.1. Vibration Frequency and G-Level

The first step is to build up a set-up that simulates the exter-
nal vibrations and generates the a variety of g-level and frequen-
cies. The input motion is generated using the electrodynamic
shaker which is connected to a power amplifier as illustrated in
Figure 5a. The command signal is manipulated in MATLAB and
sent to the amplifier through the data acquisition system. Vipyg
between the MEMS-TENG electrodes is measured using the NI
6366 USB data acquisition system. The laser vibrometer is used
for the measurement of the shaker stage velocity and calculation
of the base acceleration a,,,. in terms of the g-level. Figure 5b
shows the characterization of the electrodynamic shaker B&K
4809 where it maps the input of the power amplifier (V) to the
generated vibration g-level Equation (9). The g-level is a function
of the input frequency as shown in the legend box. The MEMS-
TENG is mounted on the shaker and the output is measured at
various levels of V;. The MEMS-TENG outputs at f= 0.5kHz, f
= 2kHz, f= 8kHz are plotted in Figure 7d—f, respectively. Each
interval of 2 ms contains a Vypy time-history starting from V
=0.01V to V,, = 3.5V. The amplifier is limited by V, = 3.5V
where a red alarm light on the amplifier turns on.
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Figure 6. a) Linear and nonlinear modes of a warped MEMS-TENG. b) Schematic of the operation in linear mode (peripheral contact highlighted in the

red boxes). c) Schematic of the operation in nonlinear mode.

This part of measurements takes a closer look at the quality
of the generated signal shape in mechanical-to-electrical trans-
duction of the diaphragm motion. A deeper investigation of the
MEMS-TENG output signal shape is presented in the following.
The MEMS-TENG operates in two modes (see Figure 6) as linear
and nonlinear. Considering the MEMS-TENG operating at a low
g-level (less than 10g at 1 kHz), we begin the process when the di-
aphragm starts moving upward and peels off from polyimide (I).
At this moment, the voltage is zero and the charge on the metal
electrodes has been dissipated. However, a charge density exists
on the polyimide as a result of the permanent friction between
the diaphragm and polyimide at the attached boundaries as well
as the instantaneous friction during the contact-separation of
the free diagonal. During the diaphragm’s upward motion, the
voltage signal follows the external vibration until it touches the
polyimide again (II). Because of the negative acceleration, the di-
aphragm center adheres the polyimide between the states I and
II1. Figure 6b demonstrates the warped MEMS-TENG states dur-
ing the linear mode.

In the nonlinear regime, the relation between the external vi-
bration and the generated voltage signal shape is mostly nonlin-
ear. The initial state (I) is considered identical to the linear mode.
In the presence of vibrations with the g-levels larger than 10g, the
diaphragm travels a significantly large distance and causes a large
air gap. Subsequently, Vip\ decays with a sharp slope state II,
and it does not precisely follow the external vibration. When the
air gap becomes relatively smaller in state III, Vi continues to
become similar to the external vibration again. The diaphragm
adheres to the polyimide during the downward excitation force
and decays to Vigye = OV in state IV. Figure 6¢ shows the dy-
namics of the warped MEMS-TENG in the presence of external
vibration in the nonlinear regime.

The nonlinearity of conversion is considered as an unde-
sired feature in electromechanical transduction. However, there
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is a trade-off between a nonlinear transduction and becom-
ing event-driven, that is, removing the need for the amplifi-
cation circuitry, filtering circuitry, and AC/DC input. In the
following, the operation at various g-levels and frequencies
considering the linear and nonlinear modes of operation is
presented.

The MEMS-TENG outputs at a constant frequency and differ-
ent g-levels are measured as shown in Figure 7a—c. At f= 1kHz,
the MEMS-TENG output seems linear at the g-levels less than 10g
because the Vi identically follows the external vibration. At the
top, a subplot shows an example of this mode at f= 1kHz where
Viene (green graph) follows the motion in the presence of har-
monic vibrations (red graph). The operation mode switches to the
nonlinear mode at the g-levels more than 10g where the center
of the diaphragm moves away from the polyimide layer and be-
comes dome-shaped in a portion of the vibration cycle. As the g-
level is increased, the nonlinear decaying portion is extended. For
example, the decaying portion is increased from 0.225 to 0.266
ms when the g-level is increased from 15.2g to 18.5g.

When the diaphragm is in the curled-up position, the struc-
ture becomes less compliant in the upward direction. During the
curled-up situation, the decaying part of the Vi does not fol-
low the external vibration, and behaves similarly to a discharging
capacitor. Interestingly, all the signals in the nonlinear mode in
a constant frequency such as 15.2g, 17g, 18.5g, and 19g at 1kHz
follow the same decaying function in the curled-up position. Sim-
ilarly, the linear and nonlinear modes are observed at f=4kHz as
in Figure 7b. At g-levels smaller than 18g, the MEMS-TENG op-
erates at the linear mode, and it switches to the nonlinear mode
when the g-level exceeds 18g. The nonlinear portion of the gen-
erated voltage at 19g, 20g, and 22g mount on the same decaying
function (Figure 7f). Increasing the frequency to 12 kHz enables
the B&K electrodynamic shaker 4809 to generate g-levels up to
66g. The central contact threshold at this frequency is a measured
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Figure 7. Measured MEMS-TENG output. a) f = 1kHz and various g-levels. b) f = 4 kHz and various g-levels. c): f = 12kHz and various g-levels. d)
Positive part of the MEMS-TENG output at f= 1kHz at g-levels smaller than 10g in linear mode. e) Positive part of the MEMS-TENG output at f= TkHz
at g-levels larger than 10g in nonlinear mode. f) Positive part of the MEMS-TENG output at f= 4 kHz at g-levels larger than 16g in the nonlinear mode.
g) Negative part of the MEMS-TENG output at f = 4 kHz during adhesion of the diaphragm center to the polyimide.

50g where Vigyc = 5.8 V. At higher g-levels the MEMS-TENG
operates in nonlinear mode; for example, 7.3V is generated at
66g. The significant voltage produced at the MEMS scale is seven
times larger compared to the state-of-the-art reported in our prior
MEMS-TENG study.’! The increase in the voltage is caused by
the increased displacement range of the diaphragm as a result
of the dome-shaped structure of the MEMS-TENG and the adhe-
sion of the periphery of the diaphragm to the polyimide. So far,
the time-history of MEMS-TENG output in the presence of vibra-
tions with various g-levels and frequencies were provided. The
results are used for further analysis on the sensitivity of the de-
vice.

3.2.2. Sensitivity

An important part of characterization evaluating the sensor at
different g-levels and frequencies. The sensitivity measurement
procedure is shown in Figure 8a. The measurements are con-
ducted in the 1 to 12 kHz bandwidth. The electrodynamic shaker
becomes limited in generating harmonic vibrations becomes as
the frequency increases. In the presence of a harmonic base-

Small 2023, 2304591

2304591 (9 of 18)

excitation, the generated voltage is graphed versus the g-level in
Figure 8b. At f= 1kHz, the generated voltage linearly increases
with the g-level for the g-levels smaller than 15g and then starts
to behave nonlinearly. At f= 2kHz, the slope of the graph be-
comes steeper and the nonlinear portion starts at 18g. The slope
also increases at f= 4 kHz in the linear range. The larger g-levels
are missing for f=1, 2, and 4kHz because of the limited band-
width of the shaker and the power amplifier in generating vibra-
tions. At higher frequencies, the slope starts to decrease. While
the maximum Vi is increased because at higher frequencies,
the shaker can generate much larger g-levels. For example, at f
= 8kHz, the linear slope is 200 mVg~! and the maximum gener-
ated voltage is Vi g = 7.3V at 34g. The largest frequency that is
reported in this work is f= 12 kHz which contains a large linear
range of operation, and the generated voltage of 7.3 V at 66g. Be-
cause of the limited shaker capability in generating large g-levels
atlow frequencies, the 3D surface of the generated voltage is par-
tially graphed at lower frequencies. Figure 8b,d simplify the il-
lustration of the variation of MEMS-TENG output because of the
g-level and vibration frequency.

One may be interested in studying the vibration sensor per-
formance in the presence of different amplitudes. In addition
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Figure 8. a) Measurement procedure. b) Voltage generation of the MEMS-TENG versus the excitation g-level at different frequencies. c) Open-circuit
voltage generation of the MEMS-TENG versus the vibration amplitude at different frequencies. d) Open-circuit voltage generation of the MEMS-TENG
versus the vibration frequency at different g-levels. e) The sensitivity of the MEMS-TENG versus base acceleration at different frequencies. f) The sensi-
tivity of the presented MEMS-TENG versus vibration amplitude at different frequencies.

to the g-level of the external vibration, the amplitude of vibra-
tion is an important feature to be analyzed. The voltage gener-
ation with different base-excitation amplitudes is measured and
reported in Figure 8c. The measured MEMS-TENG voltage is il-
lustrated at different excitation amplitudes. The amplitudes of
vibrations are determined by experimentally characterizing the
relation between input voltages V,; and the measured electrody-
namic shaker displacement at different frequencies f. Consider-
ing the experimental results, in the presence of a constant ex-
citation amplitude, the MEMS-TENG generates more potential
difference at higher frequencies.

Given the infrequent practice of reporting sensor output at
constant frequencies and various g-levels, we have incorporated
Figure 8d to present the frequency response of the MEMS-TENG
output. The findings indicate that when operating at low frequen-
cies, specifically below the natural frequency, the voltage gener-
ated remains relatively low. As the frequency increases, it pro-
gressively rises until it reaches its zenith at the natural frequency.
Beyond this point, a more stable plateau emerges, a characteris-
tic highly sought after in MEMS sensors. Consequently, we have
designated this region as the preferred operational bandwidth.

Sensitivity in MEMS sensors is typically expressed as the ra-
tio of the change in the output signal (usually voltage or capac-
itance) to the change in the input physical quantity (e.g., accel-
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eration, pressure, etc.). For example, if a MEMS accelerometer
has a sensitivity of 1 mVg™!, this means that for every 1g change
in acceleration, the output voltage of the sensor will change by 1
mV. The slopes of the responses in Figure 8b indicate the sen-
sitivity to the variation of the sensor output against the input
change. The sensitivity of the MEMS-TENG is investigated by
considering the g-level and frequency of the vibration. Figure 8e
indicates how much the output voltage varies in the presence
of a g-level change. As expected, the largest sensitivity happens
around f = 4kHz which is close to the first natural frequency
of the MEMS-TENG. Then it decreases for higher frequencies
up to 12kHz. Interestingly, the linear operation range where
the sensitivity remains constant can be obtained as shown in
Figure 8e. The results reveal the sensitivity remains between 150
and 250mVg~! in the bandwidth of 1 to 12kHz. The sensitiv-
ity graphs roll off at low g-levels. At f= 1kHz the roll-off hap-
pens at 2g, while this value is improved (smaller roll-off). Using
the measured values in Figure 8c, the slope of the graphs pro-
vides the sensitivity of the motion sensor to the vibration am-
plitude at different frequencies, see Figure 8f. Unlike the sen-
sitivity to the g-level, the sensitivity to the vibration amplitude
is represented by the unit of mVum™". The sensitivity to vibra-
tion amplitude is increased monotonically with the frequency
increase.
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The non-uniform sensitivity at different frequencies is an
undesired feature for motion sensors. However, during the
characterization of TENG as electromechanical transducer, the
input-to-output relation can be obtained by using the character-
ized data at different frequencies as in Figure 8. The event-driven
feature of MEMS-TENG vibration sensing and voltage generation
is achieved at the expense of adding post-processing the mea-
sured data due to the non-uniform sensitivity.

The presented MEMS TENG was operated at up to 67g with
a high frequency such as 500 Hz to 12 kHz. The number of the
cycles and the severity of the vibration shows the device in the
current position (as shown in Figure 1) is immensely more ro-
bust in comparison with the suspended MEMS diaphragm with
serpentines on four sides.[?) Regarding the durability of the pre-
sented device, we did not have a chance to conduct a durability
test because as explained in the mechanism description section,
the film stress caused the warped shape. Governing stress is a
tedious task. We did not have numerous fabricated devices with
the same curvature for doing the durability test.

For capacitive sensing such as accelerometers and MEMS
microphones, the sensitivity remains constant all over the op-
erating bandwidth because the range of motion of the indus-
trial capacitive sensing is very small compared to the gap be-
tween electrodes.l”*] Consequently, the electrostatic and struc-
tural nonlinearities are negligible for the operation range of such
sensors. Due to this small motion, one observes a low capacitance
change and therefore a low amplitude of output from the capac-
itive sensors. However, rectification and signal amplification are
needed because of low signal amplitudes.

Another key feature of vibration sensors is their signal ampli-
tude compared to the noise level. By using the sensitivity results
and measurement of noise-level, signal-to-noise-ratio of the pro-
posed MEMS-TENG is presented in the following.

3.2.3. SNR and Nonuniformity

In the presence of a uniform harmonic base excitation, some
non-uniformity may be observed in the electrical output of mo-
tion sensors. This phenomenon is usually more significant for
the operation at low g-levels where the ratio between the strength
of the useful signal and the discrepancy is relatively small. Even
in the presence of a uniform continuous external vibration, the
background noise appears as an inevitable random instanta-
neous signal mounted on the sensor output. Micro scale inertial
sensors are more likely prone to noises and low SNR because of
the minute motion range of micromachined movable electrodes.
The SNR of a MEMS sensor depends on various factors, such as
geometric design, measurement instruments, the environment,
and signal conditioning electronics. SNR can be evaluated by
measuring the sensor’s output in the presence of noise as well
as the noise RMS when the sensor is not operating.

The time history of the MEMS-TENG at different g-levels
is shown in Figures 9a-d for 7ms. The variation of the max-
imum and minimum of the signals are illustrated with green
and red lines, respectively. Considering linear mode, at low base-
excitation, the non-uniformity of the MEMS-TENG output is ob-
vious as the green and red lines vary significantly (Figure 9a). In
contrast, at a larger g-level, Figure 9b, the deviation is reduced
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because the signal amplitude is relatively larger than the noise
floor. Considering the nonlinear mode, Figure 9¢,d, at the g-levels
of 15g and 22g, the noise effect is much smaller than the lin-
ear mode because of the larger signal amplitude. The root mean
square deviation (RMSD) is an indicator of the noise effect on the
non-uniformity of the measured signal. First, the average of the
signal maximums (green line) and minimums (red line) among
N oscillations is calculated. The maximum and minimum of the
ith oscillation are denoted by M; and m;, , respectively. Then the
averages are defined as:

=

Il
2|~
.MZ

Il
—_

M, (10)

1

S
I

>om (11)
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z|~

where M and m indicate the averages of the upper and lower
bounds of the MEMS-TENG output in Equations (10) and (11).
The deviation from the average value [Equations (10) and (11)] is
represented by RMSD that is defined as:

N -
(M, — M)?
RMSD, . = Z’=1(—L) (12)
N
N 71)2
~(m;—m
RMSD,;, = Loy = ) (13)
N
where RMSD, .. and RMSD, . denote the RMSD of the signal

maximums and minimums in Equations (12) and (13), respec-
tively. We used the discretized definitions for evaluating the non-
uniformity of the MEMS-TENG output instead of a continuous
integration over oscillation periods because of simplification. We
use RMSD to define deviation as a criterion for indicating the
non-uniformity where Equations (12) and (13) are summed up
and normalized by their average peak-to-peak values M and
as:

Deviation = 20 log

RMSD
( (14)

max + RMSDmin )
M+m

Figure 9e shows deviation versus the g-level in dB at different fre-
quencies. In the context of the microfabricated triboelectric de-
vice proposed in this work, SNR is defined as the peak-to-peak
generated voltage (that is the difference between the M and )
divided by the maximum noise amplitude within a portion of
time history.

At different frequencies, deviation is measured and reported in
Figure 9e. At 0.1g, the deviation is at maximum (—40 to —50 dB).
Common between all the frequencies, deviation is decreased be-
tween 0.1g and 1g and remains at the minimum (—60 to —70 dB)
in the range of 1gto 10g. This result indicates the range from 1gto
10g has a more uniform output. The deviation is again increased
as the g-level of the external vibration is increased.

In MEMS sensors, SNR is a key performance metric that in-
dicates how accurately a sensor detects and measures motion
relative to noise that is measured at the zero force condition.
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Figure 9. a—d) The MEMS-TENG output in the presence of 4 kHz sinusoidal vibrations with the g-levels of 0.1g, 2g, 15g, and 22g, respectively. The green
graphs indicate the upper bound, while the red graphs indicate the lower boundary of the V4¢yg. €) the standard deviation of the lower bound of the
MEMS-TENG output at different frequencies. f) the standard deviation of the upper bound of the MEMS-TENG output at different frequencies. g) the

signal-to-noise ratio at different frequencies and g-levels.

Viene Was measured for 20 s as shown in Figure 9f with no vi-
bration load. The RMS of the zero-load measurement of 0.0027
V is considered to be the noise level. Therefore, SNR is cal-
culated as the peak-to-peak of the output divided by the noise
level.

Sensitivity

SNR = 20 log( (15)

Noise

Figure 9g shows SNR at different frequencies. The maximum
SNR is measured 32 dB at f = 4kHz, which is the natural fre-
quency of the warped diaphragm as demonstrated in the me-
chanical characterization (Figure 4b). The SNR is drastically in-
creased at the end of the operation range at each frequency, be-
cause in that region, the MEMS-TENG generates the maximum
voltage that it can make (Figure 8b). At 1kHz, the SNR is ~30
dB. At high frequencies such as 10 and 12kHz, the lowest SNR
was measured 27 and 25.5 dB, respectively. The measured SNR
shows an improvement in the sensor performance as indicated
in Table 2.

Researchers showed that the surface forces between MEMS
components vary at different ambient pressures.”’] In ad-
dition, due to the change of Q-factor, we were curious to
know how much air squeeze-film-damping affects the voltage
generation. In the following, the results at low pressure are
presented.
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3.2.4. Effect of Squeeze-Film-Damping

Squeeze-film-damping is a significant dynamic effect that resists
the velocity of the movable parts because of the compression
of air between movable and fixed parts. The resisting force is
a nonlinear function of the air film thickness. In MEMS and
NEMS (nanoelectromechanical systems) this effect is remarkable
because of the small gaps between the electrodes. Triboelectric
nanogenerators in contact-separation mode experience zero-gap
position during contact. In particular, MEMS-TENG experiences
gaps ranging from a few microns to the zero-gap position. There-
fore, it is important to investigate squeeze-film-damping using
practical experiments and theoretical analysis. The experimental
results discussed earlier in this paper were conducted in the am-
bient pressure of the atmosphere. We also tested the proposed
MEMS-TENG in a near-vacuum (1 Torr). The MEMS-TENG was
placed in a vacuum chamber where the pressure was controlled
by a vacuum pump and a valve as illustrated on Figure 10a,b.
The MEMS-TENG output is measured at different g-levels at
4kHz. The operation in linear and nonlinear modes is shown
in Figures 10c,d, respectively. Results depict that the generated
voltage is larger in low pressures (dark-colored graphs) compared
with the high pressure results (light-colored graphs). The differ-
ence could be because squeezed-film-damping is more effective
at higher pressures. More damping causes smaller diaphragm
motion and smaller Vi .. Figure 10e compares the sensor out-
put at low and high pressures. The pressure effect is more
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Figure 10. a) Test setup of the MEMS-TENG inside a vacuum chamber. b) gas pump. c) MEMS-TENG operation in the linear mode at the atmosphere
(light) and near-vacuum (dark) conditions. d) MEMS-TENG operation in nonlinear mode at the atmosphere and near-vacuum conditions. e) The open-
circuit output of the MEMS-TENG at different pressure conditions. f) Sensitivity of the electrical output to the vibration acceleration. g) The effect of
ambient pressure on the signal-to-noise ratio of the MEMS-TENG. h) The standard deviations of the open-circuit output of the MEMS-TENG (in mV) at

different pressure conditions.

significant in the linear mode where the generated voltage and
the noise are smaller. Operation at low pressure provides more
sensitivity and a better SNR (Figure 10f,g) because of the larger
output. To evaluate the uniformity of the generated voltage,
RMSD is evaluated at different g-levels in high and low pressures.
At 2g and 4g, the output is more uniform at higher pressures. In
contrast, the deviation is more significant at 6g. The deviation dif-
ference is negligible in the nonlinear mode (high amplitudes).

3.2.5. Analytical Modeling

To obtain the mechanical and electrical responses of the MEMS-
TENG, Equations (1, 7) are solved using ODE45 solver in MAT-
LAB where Equation (1) is actuated by the external vibration F,
= MGy SiN(27fE). As in Section 2, the following forces are con-
sidered in the mechanical model: base-excitation, structural and
squeeze-film damping, restoring force, contact-separation force,
and electrostatic force. The effect of mechanical and electrical pa-
rameters on the motion of the movable electrode has been an
interesting topic for researchers.*®#? This work introduces new
geometric features for MEMS-TENG such as the gap created by
the curled diaphragm and fixed boundary conditions instead of
serpentine spring support. In this part, using the simulation re-
sults, we will delineate the effect of parameters that govern the
physics of a microscale TENG device. Considering the mechan-
ical characterization in Section 2, the natural frequency of the
warped MEMS-TENG in transverse mode was measured at f; =
4kHz. The stiffness of the system is obtained in a way that the
generated voltage matches the simulations at 1 kHz and 1g vibra-
tion level. Therefore, the linear and nonlinear parts of the struc-
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tural stiffness are obtained 2.8 N m™!, 3.1x 10~ N m™3, respec-
tively. In comparison, the nonlinear part does not contribute to
the restoring force in comparison with the linear part.

Then, the equivalent mass of the diaphragm is calculated as:

m=k,/(2xf,)* =443 x10° kg (16)
The real mass of the MEMS-TENG is calculated as:

m, = p,gi-Atus + pac At = 6.02 X 107 kg (17)

The densities and thicknesses are available in Table 1. The real

mass Equation (17) is 25% heavier that the equivalent mass Equa-

tion (16). The difference is because not all the points on the
continuous system are moving with the same amplitude, which

Table 1. Dimensions of the MEMS-TENG.

Parameter Symbol Value
Side length ) 1500 um
Triboelectric layer thickness tr 5um
Warped gap Ayarp 20um
Top-electrode thickness t 100 nm
Proof mass thickness t, Tum
Bottom-electrode thickness ts 200 nm
Fundamental frequency 1o 4kHz
Chrome-aluminum density Pcal 3455 kgm™3 (17% chrome 83%
aluminum)
Amorphous silicon density Pasi 2330kgm~3
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Figure 11. a) Simulated base acceleration. b) Simulated V. €) Phase-portrait of the diaphragm dynamics at different g-levels. x> 0 shows the position
between the domed situation and the polyimide. x > 0 shows the motion toward the polyimide. d) Phase-portrait of the accumulated charge Q and the
induced potential difference (RQ). Black plots: 18.5g, green plots: 15.2g, red plots: 7.6g, blue plots: 4g.

results in the difference in the approximation of the mass for the
lumped system.

The initial air gap d,,,, # 20 um. The rest of the unknown
parameters will be the charge density, o,, and the internal resis-
tance of the device, R. We considered the warped MEMS-TENG
outputat 1 kHz and 4gin Figure 7a as the benchmark. Figure 11b
shows the time response of the MEMS-TENG model to input
base excitation shown in Figure 11a, where g-levels are 4g, 7.6g,

15.2g, and 18.5g at 1kHz. The reason for this choice is that we

Table 2. Comparison between the conventionall*®l MEMS-TENG design
with springs in contact-separation mode and the presented design with
curled diaphragm and direct attachment of diaphragm on dielectric in-
stead of serpentines.

Criteria 2 um gap (originall??]) 20 um gap (this work)
Operation range 2-10g 0.5-67g
Bandwidth 100-7000 Hz 100-12 000 Hz
Output range 0-0.7V 08V
Sensitivity 70 mVg™! 300mvg™!

SNR 23dB @ 1g, 1kHz 30dB @ 1g, 1kHz
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have measured Vi, in identical base-excitations as reported in
Figure 7a. Using the experimental result measured in the pres-
ence of 1 kHz and 4g external vibration, the unknown parameters
R and o, are obtained to be 70 MQ and 1.7 uCm?, respectively.
The obtained resistance is smaller than the value obtained in the
original MEMS-TENG reported in refs. [28-30]. Noise is con-
sidered as an uncontrolled random input in Equation (7). As in
Figure 9, the noise infinity norm is 0.0027 V. Figure 11a,b shows
the simulated time-history at the benchmark and some larger
g-levels (7.6g, 15.2g, and 18.5g). Similar to the experimental
results, the shape of the generated signal at 4g and 7.6g follows
the base-excitation. Although Vip follows the tone of the
external vibration, a sharp decay in the signal shape is observed
for a portion of time. The signal shape and magnitudes of Vi g
match the experiments in the linear range. However, the simula-
tion results underestimate the generated voltage. The difference
originates from the assumption of constant charge density. The
phase portrait of the diaphragm motion in Figure 11c shows with
increasing the g-level, the diaphragm oscillation amplitude is in-
creased. In all conditions, the motion is blocked by the polyimide
layer during contact-separation in x ~ d,,,,. The velocity range
is wider at higher g-levels. For a better understanding on the
relation between the accumulated charge and generated voltage,
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Figure 12. Calculated charge density using the measurements during the
operation in nonlinear mode.

another phase portrait is plotted in Figure 11d. The linearity of
the operation at low g-levels is shown in the red and blue graphs
as they look like elliptical, compared to the nonlinear range
which appears in almond shape as in green and black graphs.

A more precise model should account for the larger charge
density over the polyimide because of the stronger impacts at the
boundaries and center of the diaphragm. Considering the out-
put of the MEMS-TENG at a constant frequency, for example, f=
1kHz, the larger g-levels cause larger output in both modes (see
Figure 7a). Our goal is to investigate the reasons for the depen-
dence of the sensor output on the g-level of the external vibra-
tion. The effect of the g-level on the charge density is denoted by
0, (hygse) in Equation (8). Considering the linear mode at g-levels
less than 15.2g, the difference in the amplitude of the MEMS-
TENG output at different g-levels originate from the different dis-
placements and larger charge densities at larger g-levels. To study
the effect of g-level on the charge density, the results in nonlinear
mode are considered where the diaphragm displacement is not
a changing (x = 0). At different g-levels, the experimental results
are used in Equation (27) to calculate the total charge density.
Figure 12 demonstrates the results for three frequencies of 1, 4,
and 12 kHz. In the presence of a 1 kHz base excitation, increasing
the g-level from 17g to 19g causes the charge density to change
from 1.654 to 2.002 uCm~2. In the presence of a 4kHz base ex-
citation, increasing the g-level from 19g to 22g causes the charge
density to change from 2.089 to 2.571 uCm~2. In the presence of
a 12kHz base excitation, increasing the g-level from 51g to 66g
causes the charge density to change from 3.292 to 3.440 uCm~2.
Increasing the g-level results in more inertial force between tri-
boelectric layers during the oscillation. Because of the limitations
in the experimental setup, the g-level intervals that do not have
experimental results are shown with dashed lines. By estimat-
ing the charge densities at g-levels we could not produce on the
shaker, we can produce a range of densities for g-levels from zero

Small 2023, 2304591

2304591 (15 of 18)

www.small-journal.com

through 60. The densities rise rapidly around 20g but then slow
down as they near 60g. The g-level boosts the charge density be-
cause of the larger impact during the contact separation in the
diaphragm center and attached boundaries.

To investigate Vipy during the linear and nonlinear modes,
we plug the maximum air gap into Equation (7) to calculate where
the nonlinearity first appears as shown in Figure 2d. This equa-
tion is a nonlinear first order differential equation that has two
parts, a decaying part that is the coefficient of the charge, and an
input part that is the main factor represented by the Vipyc. A tri-
boelectric motion sensor is basically expected to detect and con-
vert the base-excitation g, into an electrical output. The trans-
duction starts from first absorption of the kinetic energy of the
external vibration ay,,. and its conversion into the diaphragm
motion. Second, the mechanical to electrical transduction con-
verts the diaphragm displacement d(t) into the electrical potential
difference Vg = RQ. We will focus on the electrical transduc-
tion in this work. In the presence of vibrational motions, an ideal
tracking performance should provide the least phase shift and a
significant amplification that is the maximization of the input-
to-output gain. Considering the dynamics of the diaphragm in
Equation (1), the effect of the base-excitation force Equation (3)
is two orders of magnitudes larger than the electrostatic force.
For simplification, we neglect Equation (6) in the following anal-
ysis and consider d(t) as an independent input to Equation (7).
This equation contains the effect of the external vibration in the
decaying part which is nonlinear because of the multiplication
of the motion (d) into the system state (Q), and second in the
linear input term. Assuming a harmonic diaphragm motion as
d(t) = Dsin(2xft) where D is the diaphragm oscillation amplitude.
Equation (7) will become:

. t /€, + Dsin(2zft) L
o= J’Tg + Ri%Dsm(erﬁ) (18)

The nonlinearity in electrical transduction becomes significant
when the D is in the same order or larger than the polyimide
thickness t,/e,. In the mesoscale, the order of magnitude of
the diaphragm motion is large and comparable with the dielec-
tric thickness which explains why a sharp nonlinear signal is
observed.?*] However, in MEMS scale, the diaphragm can travel
minute displacements that are remarkably smaller than the poly-
imide thickness, and therefore, a linear operation range is achiev-
able in the MEMS scale. In this condition, we can assume that D
< t,/e, and therefore, the differential equation becomes:

. t o]
P t .
- _ + =L Dsin2xft 1
Q Reye A Q Re, sin ) (19)

By solving Equation (19) the accumulated charge as a result of
the diaphragm vibrations is obtained as:

Q(t) = Qusin(2zft — ¢) (20)

where Q) and ¢ are the induced charge amplitude and the phase
delay and are defined as:

0,DAe,
Q= (21)

i+ (Reye, A2xf)?
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¢ = tan! (2zfRee,A/t,) (22)

The generated potential difference is then calculated by multiply-
ing the derivative of Q in Equation (20) by the internal resistance
as:

2zfo,D

: cos(2zft — ¢) (23)
€0/ (o)’ + 22f)?

Vieng =

Equation (23) reveals a linear relationship between the di-
aphragm oscillation amplitude and the output voltage. The poly-
imide thickness decreases the Vi, while the diaphragm area
Aboosts it. An important factor that limits the miniaturization of
TENG is the diaphragm area reduction because of the significant
decrease in the potential difference. However, Equation (23) re-
veals that reducing the polyimide thickness increases the charge
density and the diaphragm range of motion which can increase
the generated voltage, which is an advantages for enhancing the
SNR of event-driven devices.

The voltage output of the TENG is linearly proportional to the
amplitude of the displacement (D) when the displacement has a
harmonic profile as indicated in Equation (23). The displacement
maintains a harmonic profile at low excitation levels. Higher volt-
age and greater SNR are obtained because of increase of range of
motion of the TENG using the dome-shaped structure, which in-
creased the initial height from 2 um in our previous work [1] to
20 pum in the present study. Also, the engagement of the periph-
ery of the dome-shaped structure with the underneath polyimide
increases o, in Equation (23), which further increases the output
voltage and the SNR. Once the excitation level increases, the dis-
placement will include higher order harmonics and the relation-
ship between maximum output voltage and the amplitude will
be nonlinear. However, the increase of the initial gap and charge
density by employing the dome-shaped structure would still in-
crease the output voltage.

Because of the particular dynamics of the TENG in the contact-
separation mode and the hardening stiffness of the diaphragm in
its arch-shaped structure, the diaphragm remains steady during
the time interval that the diaphragm is dome-shaped in the pres-
ence of a large base excitation. At this moment, Equation (7) is
rewritten with d = d,,, as:

warp <9
V. . t /e +d, o.dy,
ﬁ — Q(t - _ P T arp t) + t arp (24)
R €,AR €

Equation (24) indicates the charge transfer during the warped
position. This equation is a decaying first-order differential equa-
tion and is written as:

1 0.4

Q) = - QW + =

(25)

0 A . . . o dyary -
—2~_ is the decaying coefficient and ——=2 is the
to/ €t ary Reg

charge density effect that is the forcing function in this equation.
Time-response of the static charge Q(t) is calculated as:

where C =

GtAdwarp

t/e +d,

arp

() (1-e ) (26)
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The voltage response is obtained by derivative calculation of
Equation (26) as:

0; dwar !
2tvarp - (27)

Vieng(t) = c
0

Equation (27) shows that at the arch-shaped position where the
system has the highest stiffness, Vi keeps decaying exponen-
tially until returning to the linear mode. Moreover, it describes
that the diaphragm curl, air gap and charge density linearly in-
crease the generated voltage. Because the generated voltage for
the nonlinear modes overlap on the same decaying function, we
can conclude that the air gap is nearly steady when the diaphragm
is in the curled-up position (see Figure 7e,f). However, larger
outputs are observed by increasing the g-level. Although d,,,,, is
nearly constant at different g-levels, the question is what causes
this difference. Considering Equation (27) the difference is due
to the larger charge density in the presence of larger vibrations
because of the direct contact and permanent friction between the
pair of triboelectric layers.

As in Equation (27), the maximum output that the MEMS-
TENG output can reach is Vigyg = 6,dy,,,/€) The latter equa-
tion analytically proves that for maximizing the sensor output,
the diaphragm warp height (d,,,,,,) and charge density (s,) should
be maximized. Increasing the warp height depends on the MEMS
fabrication techniques that enable larger heights as in Figure 2f.

4. Conclusion

Triboelectric vibration sensors in contact-separation mode are
well-known for their remarkable voltage and minute power gen-
eration as well as event-driven operation. However, miniaturizing
them into microscale devices adversely affects the output volt-
age magnitude and signal-to-noise ratio. We presented two de-
sign ideas to boost the output and operation range. The latest
MEMS triboelectric vibration sensor contains the typical compo-
nents including a conductive flat diaphragm hinged above a di-
electric layer using springs. This work presents a MEMS design
without springs where the diaphragm is a dome-shaped micro
plate and is attached to the dielectric at the boundary. In contrast
to the conventional design, which only operates when the g-level
is larger than the contact threshold, the current device produces
charge density continuously because of the permanent contact
between the metal and dielectric at the adhered boundaries. Ex-
perimental results show that the amount of charge density pro-
duction depends on the vibration g-level, which determines how
much friction occurs between triboelectric layers. Second, using
a dome-shaped diaphragm profile, a larger range of motion is
provided after contact-separation which results in one order of
magnitude larger output voltage as reported in the analytical and
experimental results. In addition, the device operates at one order
of magnitude larger g-levels as a result of the large gap between
electrodes. Results show improvements in SNR, sensitivity, and
robustness. The presented electromechanical model reveals that
triboelectric motion sensing operates in two regions: linear, for
low amplitude vibrations, and nonlinear, for stronger vibrations
where the diaphragm displacement is relatively large.

© 2023 Wiley-VCH GmbH

QSUIIT suowwo)) aA1eal)) ajqedrjdde ayy £q pausaA03 a1k sad1IR V() (asn Jo sa[nI 10§ A1eIqlT duIuQ A3[IA\ UO (SUONIPUOD-PUB-SULI)/ WO AJ[1M" ATeIqrjaul[uo,/:sdyy) suonipuo)) pue sud I, dy) 23S ‘[€70g/11/20] uo A1eiqiy autjuQ LI 1591 £q 16SH0ETOT TIWS/Z001 0 1/10p/wod Ka[im  Kreiqijaurjuo//:sdny woly papeojumo ‘0 ‘6789€191



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

5. Experimental Section

MEMS-TENG Fabrication Process: The fabrication process of the
MEMS triboelectric generator used in this paper was reported in ref. [28].
In summary, the process started with an aluminum nitride layer to in-
sulate the conductive wafer, then, the first conductive layer of the tribo-
electric generator was a sputtered chrome-aluminum layer patterned with
inductive-conductive plasma (ICP). Then, a thick film of polyimide was
spun and cured in an oven to create the polyimide-aluminum triboelectric
pair. The polyimide was followed with a silicon oxide sacrificial layer which
was patterned with reactive ion etching (RIE). Then, another aluminum
film was sputtered for the top electrode followed by a physical vapor de-
position of amorphous silicon that was used as a proof mass and as a
stress neutralizer since it converted the stresses of the aluminum layer
from compressive to a tensile for the aluminum-amorphous silicon pair.
This pair was patterned by RIE and ICP, respectively. Then, wafer was diced
and dies were released and wire-bonded to create the device.

Electrostatic Actuation of MEMS TENG Diaphragm: For electrostatic
actuation, the top and bottom electrodes were connected to the input volt-
age that was generated in the computer, sent to the DAQ, and transferred
to the voltage amplifier.

MEMS-TENG Output Analysis:  The electrical output of such sensors
was an induced potential difference that is an indicator of the external mo-
tion. An electrodynamic shaker B&K 4809 was used for generating the ex-
ternal vibrations. The potential difference Vipyg between the two mov-
able and fixed electrodes (see Figure 2d) was measured using a National
Instruments 6366 USB data-acquisition system. This device contained 8
inputs that can sense and tolerate +10V. The input impedance between
the terminals was reported as 100 pF in the data sheet. The mechanical
characterization of a motion sensor was the analysis of the diaphragm
motion. A laser Doppler velocimetry (LDV) was used for MEMS motion
analysis. Electrodynamic shakers convert electrical energy to mechanical
motion which was used to simulate the vibration of moving objects.
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