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Abstract: Cantilever electrostatically-actuated resonators show great promise in sensing and actuating
applications. However, the electrostatic actuation suffers from high-voltage actuation requirements
and high noise low-amplitude signal-outputs which limit its applications. Here, we introduce a
mixed-frequency signal for a cantilever-based resonator that triggers its mechanical and electrical
resonances simultaneously, to overcome these limitations. A single linear RLC circuit cannot
completely capture the response of the resonator under double resonance excitation. Therefore,
we develop a coupled mechanical and electrical mathematical linearized model at different operation
frequencies and validate this model experimentally. The double-resonance excitation results in a
21 times amplification of the voltage across the resonator and 31 times amplitude amplification over
classical excitation schemes. This intensive experimental study showed a great potential of double
resonance excitation providing a high amplitude amplification and maintaining the linearity of the
system when the parasitic capacitance is maintained low.
Keywords: double-resonance; cantilever microstructure; RLC circuit

1. Introduction
In the age of Internet of Things (IoT), data is collected at an increasing rate. Microelectromechanical
systems (MEMS) devices are considered as prime candidates for IoT sensors. Currently, MEMS
devices are used as high-frequency switches [1,2], sensors [3–8], RF amplifiers [9], mirrors, [10],
and oscillators [11–13]. These developments led to fabricate and integrate MEMS devices into silicon
chips easily, and achieve the requirements of low power, low cost, and smaller weight.
Electrostatic actuation is a popular choice for MEMS devices. It offers advantages such as
high sensitivity and low floor noise compared to other MEMS devices [14]. However, electrostatic
MEMS requires high actuation voltage [15,16], limiting its implementation in many applications and
systems. Moreover, the deflection of MEMS is often limited to small amounts due to the risk of pull-in
(collapse of the microbeam into the substrate due to electrostatic force) [17]. Therefore, many methods
were proposed to reduce the input voltage requirement by decreasing the air gap between the
actuation electrodes, decreasing the MEMS structural stiffness, or increasing the electrostatic actuation
area [18–20]. However, most of these methods limit the MEMS operations because they increase the
undesirable squeeze film damping effect [21], high noise outputs, the collapse of these structures,
or the vulnerability of these structures to stiction [22]. Furthermore, decreasing the MEMS structure’s
stiffness leaves it more vulnerable to shock.
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Figure 1. The device used in this study. (a) A picture top view. (b) A schematic of the side view.
Figure 1. The device used in this study. (a) A picture top view. (b) A schematic of the side view.
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Figure 2. The microelectromechanical systems (MEMS) device electrical and mechanical model
Figure 2. The microelectromechanical systems (MEMS) device electrical and mechanical model
schematics. (a) A schematic for the MEMS equivalent circuit. The resonator is modeled as an imperfect
schematics. (a) A schematic for the MEMS equivalent circuit. The resonator is modeled as an imperfect
capacitance with a small series (lead) inductance (Ls ) and a variable capacitance (CMEMS ) reflecting
capacitance with a small series (lead) inductance (Ls) and a variable capacitance (CMEMS) reflecting the
the change in capacitance because of the motion, parallel parasitic capacitance (Cp ), a negligible plate
change in capacitance because of the motion, parallel parasitic capacitance (Cp), a negligible plate
resistance (Rplate ), and an almost infinite parallel dielectric resistance (Rdielectric ). All components
resistance (Rplate), and an almost infinite parallel dielectric resistance (Rdielectric). All components aside
aside from CMEMS and Cp are negligible in the model. (b) A simplified RLC circuit model for the
from CMEMS and Cp are negligible in the model. (b) A simplified RLC circuit model for the MEMS
MEMS circuit consisting of the resonator and the externally added resistance R and inductance L.
circuit consisting of the resonator and the externally added resistance R and inductance L. (c) Single(c) Single-degree-of-freedom mechanical model of the resonator.
degree-of-freedom mechanical model of the resonator.
Table 1. Mechanical properties of the structure.
Variable

Table 1. Mechanical properties of the structure.
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42 µm
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Thickness of beam
150 µm
k
Linear stiffness
215 N/m
dfm
Nominal
gap
42Hz
µm
The primary mechanical resonance frequency
195
k
Linear stiffness
215 N/m
fm
The primary mechanical resonance frequency
195 Hz
MEMS devices are often used as resonators by exciting them at their mechanical resonance
frequency to increase the sensitivity to the force. As the voltage amplification translates into force
MEMS devices are often used as resonators by exciting them at their mechanical resonance
amplification, it is desirable to operate the resonator at the mechanical resonance and the electrical
frequency to increase the sensitivity to the force. As the voltage amplification translates into force
resonance simultaneously. However, these resonances are rarely equal, with the electrical resonance
amplification, it is desirable to operate the resonator at the mechanical resonance and the electrical
being
typically
much higherHowever,
than the mechanical
resonance
frequency
of with
a MEMS
device. One
way to
resonance
simultaneously.
these resonances
are rarely
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the electrical
resonance
solve
problem
is to
control
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inductance
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system [33].
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is
being this
typically
much
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of aHowever,
MEMS device.
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to solve this problem is to control the external inductance of the system [33]. However, this method
Moreover,
the inductance
results
a higher parasitic
is viable
only ifincreasing
the difference
between the
two in
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is small.resistance in the circuit, and hence,
a lower
voltage gain
is obtained
as shown inresults
Equation
Another
means
to solveinthis
is using
Moreover,
increasing
the inductance
in a(S12).
higher
parasitic
resistance
theissue
circuit,
and
ahence,
mixed-frequency
signal
to
trigger
the
two
resonances
simultaneously.
This
concept
is
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a lower voltage gain is obtained as shown in Equation (S12). Another means to solve this issue
in
next
is the
using
a subsection.
mixed-frequency signal to trigger the two resonances simultaneously. This concept is
demonstrated
in the next
subsection.
2.1.
Double Resonance
Excitation
The mechanical
2.1. Double
Resonanceresonance
Excitation of a MEMS device is typically excited using single DC and AC sources.
However, to activate two dissimilar resonances simultaneously, a different approach that includes
The mechanical resonance of a MEMS device is typically excited using single DC and AC
two AC sources is used in this work. By analyzing Equations (S7) and (S8), the forcing term of the
sources. However, to activate two dissimilar resonances simultaneously, a different approach that
mechanical system is a quadratic function, while the forcing term of the electrical system is a linear
includes two AC sources is used in this work. By analyzing Equations (S7) and (S8), the forcing term
function. While it is possible to activate the electrical resonance using a signal with a frequency
of the mechanical system is a quadratic function, while the forcing term of the electrical system is a
component matching the electrical resonance frequency, to simultaneously activate the mechanical
linear function. While it is possible to activate the electrical resonance using a signal with a frequency
resonance, an input voltage signal composed of two frequency components is proposed:
component matching the electrical resonance frequency, to simultaneously activate the mechanical
resonance, an input voltage signal composed of two frequency components is proposed:
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(1)
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1
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− f 2 )t}+(1)

(2)

cos{2π( f 1 + f 2 )t} ])
cos 2𝜋 𝑓 𝑓 𝑡
𝑉

Therefore, the frequency components of the force term acting on the mechanical system are 2f 1 ,
cos 2𝜋 𝑓 𝑓 𝑡
(2)
2f 2 , f 1 − f 2 , f 1 + f 2 as well as the DC component. Any one of these frequency components activates
Therefore, the frequency components of the force term acting on the mechanical system are 2f1,
the mechanical resonance when it equals the MEMS primary resonance frequency. Therefore, using a
2f2, f1 − f2, f1 + f2 as well as the DC component. Any one of these frequency components activates the
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2.2. Experimental Setup

2.2. Experimental Setup

Using Lyncee Tec’s digital holographic microscope (DHM), we measure the out-of-plane
Using Lyncee Tec’s digital holographic microscope (DHM), we measure the out-of-plane
displacement that corresponds to the mechanical response of the resonator in the experimental setup
displacement that corresponds to the mechanical response of the resonator in the experimental setup
shown
in Figure 3. The stroboscopic module drives the circuit, composed of the resonator and an
shown in Figure 3. The stroboscopic module drives the circuit, composed of the resonator and an
external
inductor.
We measured
the input
signal
and the
across
the resonator
through
different
external
inductor.
We measured
the input
signal
andvoltage
the voltage
across
the resonator
through
virtual
channels
in the
NI ELVIS
module.
different
virtual
channels
in theIINI
ELVIS II module.

Figure
3. Experimental
setup.
showingthe
theaccelerometer
accelerometer
the external
Figure
3. Experimental
setup.(a)
(a)Circuit
Circuit connection
connection showing
andand
the external
inductor.
(b) The
equipment
usedfor
formeasurements:
measurements: NI
DHM,
andand
stroboscopic
module.
inductor.
(b) The
equipment
used
NIELVIS
ELVISII,II,
DHM,
stroboscopic
module.
(c)
The
connection
schematic.
(c) The connection schematic.
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Results
3.1.
Electrical Circuit Identification
3.1. Electrical
Circuit Identification
In the beginning,
the device is driven in the air (1 atm) and with a low input voltage to reduce
the vibration and the transient deflection of the resonator; therefore, reducing the structure to a
In the beginning, the device is driven in the air (1 atm) and with a low input voltage to reduce the
constant capacitance and measuring the gain of the circuit shown in Figure 4. The electrical resonance
vibration and the transient deflection of the resonator; therefore, reducing the structure to a constant
frequency, corresponding to a gain of 13 times, is found to be 64.6 kHz. Using the nonlinear fitting
capacitance and measuring the gain of the circuit shown in Figure 4. The electrical resonance frequency,
tool in MATLAB, we fitted the experimental data into the model of the series RLC circuit using
corresponding to a gain of 13 times, is found to be 64.6 kHz. Using the nonlinear fitting tool in MATLAB,
Equation (S12). Table 2 shows the circuit parameters of the used RLC circuit. The nominal capacitance
we fitted the experimental data into the model of the series RLC circuit using Equation (S12). Table 2
was computed using (S15), while the parasitic capacitance and the resistance were estimated using a
shows the circuit parameters of the used RLC circuit. The nominal capacitance was computed using
curve fitting technique. While the MEMS circuit is more complex than a simple RLC circuit, the fitted
(S15), while the parasitic capacitance and the resistance were estimated using a curve fitting technique.
curve captures the general electrical behavior of the circuit. A more advanced electrical model is left
While the MEMS circuit is more complex than a simple RLC circuit, the fitted curve captures the
to a future study.
general electrical behavior of the circuit. A more advanced electrical model is left to a future study.
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64.6kHz
kHz and
and 13 times,
electrical
resonant
frequency
andand
voltage
amplification
were
found
times,
respectively.
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Table 2. The electrical properties of the resonator.
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3.2. Double Resonance as a Driving Signal
Cp
Parasitic circuit capacitance
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224.74 pF

In this section, we compare the response of the resonator for the following excitation cases;
3.2. Double
Resonanceonly,
as a Driving
Signal
mechanical
resonance
electrical
resonance only, and double resonance. In this comparison,
the ambient
pressure
was
reduced
to
around
overcome
viscous
damping.
In this section, we compare the response20ofPa
thetoresonator
for the
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following
excitation
cases;First,
the accelerometer
was excited
near its resonance
mechanical
resonance,
a 2 VInAC-amplitude
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only, electrical
only,
and doubleusing
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a frequency
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Consequently,
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of
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signal of 60.8 kHz near the electrical resonance frequency. Due to electrical resonance activation,
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Figure
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we to
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using
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the input
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However,bythe
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the effect
60.8 kHz near the electrical resonance frequency. Due to electrical resonance activation, the input
the voltage amplification and reduces the deflection to 10 nm as the AC excitation frequency gets
voltage was amplified up to five times. However, the resonator attenuates the effect of the voltage
far from the mechanical resonance frequency (Figure 5b). Therefore, to trigger both voltage and
amplification and reduces the deflection to 10 nm as the AC excitation frequency gets far from the
mechanical
amplification,
enhanced
signal5b).
that
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electrical
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(Figure
Therefore,
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trigger both voltage
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appropriate
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components
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One
component
of
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difference
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signal):
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of between
the
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excitation signal
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while
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the two
frequency
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We
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obtained
this
signal
by
driving
the
resonator
with
two
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The resonator responds to the difference between the two signals (190 Hz), while the electrical of
circuit
60.8 kHz and 60.61 kHz. The resonator responds to the difference between the two signals (190 Hz),
amplified the two input components. The use of the mixed-frequency signal results in a large vibration
while the electrical circuit amplified the two input components. The use of the mixed-frequency
amplitude of 275 nm (Figure 5c). Therefore, we show that we can use a small AC actuation voltage to
signal results in a large vibration amplitude of 275 nm (Figure 5c). Therefore, we show that we can
trigger
deflection
of trigger
the resonator
while simultaneously
voltage
usea alarge
smallmechanical
AC actuation
voltage to
a large mechanical
deflection of amplifying
the resonatorthe
while
acrosssimultaneously
it through double
resonance
excitation.
amplifying the voltage across it through double resonance excitation.

Figure
5. The
experimental
out-of-planedeflection
deflection of
of the
three
different
cases.
(a) Close
Figure
5. The
experimental
out-of-plane
the resonator
resonatorfor
for
three
different
cases.
(a) Close
to
the
mechanical
resonance
frequency,
a
sinusoidal
signal
of
190
Hz
and
2
V
of
amplitude
generates
to the mechanical resonance frequency, a sinusoidal signal of 190 Hz and 2 V of amplitude generates a
a deflection amplitude of 20 nm. (b) Relatively close to the electrical resonance of the circuit, a
deflection amplitude of 20 nm. (b) Relatively close to the electrical resonance of the circuit, a sinusoidal
sinusoidal signal of 60.8 kHz and 2 V of amplitude generates a deflection amplitude of ~10 nm (within
signal of 60.8 kHz and 2 V of amplitude generates a deflection amplitude of ~10 nm (within noise of
the measurement). (c) A mixed signal composed of two frequencies: 60.8 kHz and 60.61 kHz, each with
1 V of amplitude, generates a deflection amplitude of 275 nm.
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3.3. Frequency Sweep When Driven Using Mixed-Frequency
As the proposed new input signal has two frequency components, we perform frequency sweep by
fixing one of the excitation frequencies (f 1 ) while sweeping the other frequency (f 2 ). Figure 6a,b shows
experimentally and numerically the frequency response and time history response of the resonator
when driven with f 1 = 60.8 kHz and f 1 = 63.1 kHz, respectively, while sweeping f 2 . Each frequency
component has an amplitude of 1 VAC . In both cases, the responses of the resonator are compared to
the response of a single sinusoidal input force around the mechanical resonance with an amplitude
of 2 V as a reference. The pure AC signal is swept from 85 Hz to 107.5 Hz. The input frequency was
chosen to be swept at approximately half the MEMS mechanical resonance frequency because of the
frequency doubling. In this case, the MEMS device vibrates at double the input frequency.
While driven by a single AC source, the resonator has a maximum amplitude of 0.1 µm at 97.5 Hz.
However, the resonator has a higher maximum amplitude of 1.3 µm with 13 times amplification
(Figure 6a) and 3.16 µm at 195 Hz with 30 times amplification (Figure 6b) while driven by a double
resonance excitation. Higher amplitude is shown when f 1 = 63.1 kHz because it is closer to the electrical
resonance frequency of the circuit compared to f 1 = 60.8 kHz. Despite the high amplitude, the response
of the resonator is like that of a linear resonator.
Next, we compare the obtained experimental data to the simulation results obtained by solving
(S1) and (S8) simultaneously, accounting for the capacitance change due to the MEMS deflection and
squeeze film damping (S6). The solution is obtained numerically using the Runge–Kutta method
assuming zero initial conditions. We note here that the global electrical fitted model of Section 3.1
in Figure 4 does not converge quite as well with the attained experimental data of the MEMS
deflection. This imperfection might be because of the added components involved in the circuit
(BNC cable between the stroboscopic model and the RLC circuit and the data acquisition system) or the
additional parasitic in the circuit influencing the behavior of the RLC circuit more significantly at higher
deflections. To overcome this challenge, we preformed localized fitting of the circuit parameters around
f 1 = 60.8 kHz and f 1 = 63.1 kHz. The simulated response, for both cases, is shown in Figure 6 with
dashed lines. The simulations with the local fits appear to match the experimental data very closely.
Next, we construct a three-dimensional plot of the mechanical response of the resonator as a
function of the two excitation frequencies (f 1 and f 2 ), with frequency components of VAC = 1 V each
in Figure 7. However, we replace f 2 with ∆f for the sake of clarity and to simplify the identification
of the mechanical resonance frequency. Figure 7 shows relative maxima around f 1 = 64.6 kHz and
∆f = 195 Hz, which correspond to the electrical resonance frequency and the mechanical resonance
frequency, respectively. Regardless of the value of f 1 , the electrical and the mechanical resonances can
individually amplify the input signal even without interacting with each other. Moreover, a higher
vibrational amplitude equals 8.9 µm at f 1 = 64.6 kHz and ∆f = 195 Hz, which corresponds to the
electrical circuit resonance and the mechanical resonance, respectively, showing the constructive
multiplicative effects of electric and mechanical amplification. This makes double-resonance excitation
a powerful excitation method that can be used to actuate any MEMS or NEMS device with no regards to
the internal design of the device and without changing the overall response behavior of the resonator.
The existence of a large amplitude regime in the 3-D plot in Figure 7 is formed by the intersection of
the electrical resonance regime and the mechanical resonance regime. This high amplitude far exceeds
the individual contribution of either resonance. Classical actuation can only access this behavior means
if the resonator is carefully designed to have an electrical resonance frequency close to the mechanical
resonance frequency. While this imposes tight design tolerances, such as the need to greatly control
the circuit parasitic, it remains possible. However, without changing the actual mechanical design,
we showed using a double-resonance to trigger the two primary resonance frequencies of the systems
simultaneously. Therefore, the actual voltage requirements are significantly lowered due to the large
amplification of the signal.

Sensors 2019, 19, x FOR PEER REVIEW

8 of 12

frequencies of the systems simultaneously. Therefore, the actual voltage requirements are
Sensors significantly
2019, 19, 380 lowered due to the large amplification of the signal.

8 of 12

(a)

(b)
6. Double
resonance
excitation
usinga abeating
beating signal
signal composed
voltage
sources
eacheach
FigureFigure
6. Double
resonance
excitation
using
composedofoftwo
two
voltage
sources
kHz
and
(b)(b)
a frequency
of f1 =of63.1
kHz
and
f2 is and
with
an amplitude
V: (a)
a frequencyof
offf1 ==60.8
with an
amplitude
of 1ofV:1 (a)
a frequency
60.8
kHz
and
a
frequency
f
=
63.1
kHz
1
1
f 2 is swept both cases. Experimental results are shown with crosses and simulation is shown by a
dashed line. Both cases are compared to the experimental and numerical simulation frequency response
when excited classically by a single AC source at a frequency range of 85–107.5 Hz at 2 V, which has a
maximum amplitude of 0.1 µm. This is denoted by the label “2f ” to indicate that the effective frequency
due to a single AC source is double the input frequency (frequency doubling).

swept both cases. Experimental results are shown with crosses and simulation is shown by a dashed
line. Both cases are compared to the experimental and numerical simulation frequency response when
excited classically by a single AC source at a frequency range of 85–107.5 Hz at 2 V, which has a
maximum amplitude of 0.1 µm. This is denoted by the label “2f” to indicate that the effective
Sensors 2019, 19, 380
9 of 12
frequency due to a single AC source is double the input frequency (frequency doubling).

Double-resonance

Figure 7. Three-dimensional plot of the simulated frequency response as a function of the excitation
Figure
7. Three-dimensional
of ).theThe
simulated
response
as a function
of1 the
excitation
frequencies
f 1 and (f 2 = f 1plot
+ ∆f
voltagefrequency
of each signal
component
is V
= V
2 = 1 V.
frequencies
f
1
and
(f
2
=
f
1
+
Δf).
The
voltage
of
each
signal
component
is
V
1
=
V
2
=
1
V. The
The experimentally obtained points are in red.
experimentally obtained points are in red.

Moreover, in this figure, the MEMS response retains linearity due to the electromechanical
capacitance
coupling.
electrical
frequency
is a function
theelectromechanical
MEMS deflection.
Moreover,
in thisHence,
figure,its
the
MEMS resonance
response retains
linearity
due toofthe
When the MEMS
deflection
the resonance
electrical resonance
shifts
the electrical
gain
capacitance
coupling.
Hence,increases,
its electrical
frequencyfrequency
is a function
of and
the MEMS
deflection.
decreases,
thus
reducing
any
further
MEMS
deflection.
Therefore,
the
system
possesses
inherent
When the MEMS deflection increases, the electrical resonance frequency shifts and the electrical gain
negative feedback
when actuated
usingMEMS
doubledeflection.
resonanceTherefore,
excitation. the
Thissystem
negative
feedbackinherent
is more
decreases,
thus reducing
any further
possesses
noticeable
when the
ratio
between
the parasitic
capacitance
and theThis
MEMS
nominal
capacitance
is
negative
feedback
when
actuated
using
double resonance
excitation.
negative
feedback
is more
relatively small.
noticeable
when the ratio between the parasitic capacitance and the MEMS nominal capacitance is
Finally,
this operation concept could potentially enable MEMS to be the next logic gate.
relatively
small.
While
considerable
attention
has been
to MEMS
resonators
to be
serve
as the
nextgate.
logic
gate
Finally,
this operation
concept
couldgiven
potentially
enable
MEMS to
the next
logic
While
chips due to their
low has
power
consumption
and high
integration
density
the
considerable
attention
been
given to MEMS
resonators
to serve
as thecapabilities
next logic [2],
gatenone
chipsofdue
to
their low
power in
consumption
and
high cascading
integrationmultiple
density MEMS
capabilities
none
of the
reported
methods
the literature
allows
logic[2],
gates
since
theyreported
require
different input
output allows
signals cascading
and because
the output
signals
suffer
huge
voltage
attenuation.
methods
in theand
literature
multiple
MEMS
logic
gatesfrom
since
they
require
different
input
and output solution
signals and
because
output
signals
huge and
voltage
attenuation.
A
A state-of-the-art
proposed
forthe
these
problems
is tosuffer
placefrom
amplifiers
frequency
dividers
between MEMSsolution
logic gates
to function
[26] inproblems
Figure 8a.isIdeally,
weamplifiers
want a MEMS
logic gate resonator
state-of-the-art
proposed
for these
to place
and frequency
dividers
between
MEMS
logic
gates towith
function
in Figure
8a.form
Ideally,
we wantintegrated
a MEMS logic
gate
resonator
that can be
easily
integrated
other[26]
logic
gates to
a complete
circuit
(IC)
without
that
can be
integrated withmetal-oxide-semiconductor
other logic gates to form a (CMOS)
completepart,
integrated
circuit
the need
foreasily
any complementary
Figure 8b.
The(IC)
highwithout
voltage
the
need for any
complementary
metal-oxide-semiconductor
(CMOS)
part, eliminate
Figure 8b.
high
amplification
due to
double resonance
activation presented in this
work could
theThe
need
for
voltage
amplification
due to
double
resonance
presented in
this work
could
eliminate the
amplifiers
in MEMS logic
gates.
Moreover,
theactivation
need for frequency
dividers
could
be eliminated
by
need
for amplifiers
in resonance.
MEMS logic
gates. Moreover,
the need
for frequency
couldnear
be
activating
subharmonic
At subharmonic
resonance,
the MEMS
vibrates dividers
at a frequency
eliminated
by activating
subharmonic
At subharmonic
the MEMS vibrates at
its fundamental
natural frequency
(halfresonance.
the input signal
frequency)resonance,
[17].
a frequency near its fundamental natural frequency (half the input signal frequency) [17].

Sensors 2019, 19, 380
Sensors 2019, 19, x FOR PEER REVIEW

10 of 12
10 of 12

Figure 8. The MEMS cascaded and logic gate. (a) The need to use MEMS as the next logic gate led to
Figure 8. The MEMS cascaded and logic gate. (a) The need to use MEMS as the next logic gate led to
the proposition of adding very complex complementary metal-oxide-semiconductor (CMOS) chips to
the proposition of adding very complex complementary metal-oxide-semiconductor (CMOS) chips to
enable the cascading MEMS-based logic gate. (b) Ideally, we want to achieve CMOS functionalities
enable the cascading MEMS-based logic gate. (b) Ideally, we want to achieve CMOS functionalities
using MEMS only.
using MEMS only.

4. Conclusions
4. Conclusions
In summary, we expand the concept of double resonance excitation using a mixed-frequency
In
summary,
expand
the concept
of double
resonance excitation
using a from
mixed-frequency
signal by
providingwe
more
experimental
results
and a mathematical
model validated
these results.
signal
by providing
more
mathematical
validated
fromfor
these
The mathematical
model
of experimental
the circuit wasresults
shown and
to beaoverly
simplisticmodel
as it does
not account
the
results.
The
mathematical
model
of the circuit
wasconnections
shown to beand
overly
as it does
notparasitic
account
parasitic
components
arising
from
electrical
the simplistic
possible change
in the
for
the parasitic
the electrical
the the
possible
change
in the
capacitance
due components
to the changearising
in gap.from
However,
this wasconnections
alleviated byand
fitting
electrical
frequency
parasitic
to RLC
the change
gap. However,
this was alleviated
fitting
electrical
responsecapacitance
to a simple due
series
circuit in
response
at the frequency
of interest.by
Here,
wethe
showed
the
frequency
response
to a was
simple
RLCthe
circuit
atamplification
the frequency
oftointerest.
Here, we
electromechanical
model
ableseries
to predict
largeresponse
amplitude
due
double resonance
showed
the electromechanical
predict of
thedouble
large amplitude
amplification
due toa
in this model.
Furthermore, we model
showedwas
the able
greattopotential
resonance excitation
providing
double
resonance
in this model. Furthermore, we showed the great potential of double resonance
high amplitude
amplification.
excitation
providing
a high
amplitude
Finally, as energy
is conserved
in amplification.
this system, the double resonance amplitude gain is achieved
Finally,
as
energy
is
conserved
in
this
system,
the double
resonance
amplitude
is achieved
because of the increase of current drawn
from
the source,
and hence,
the input
powergain
increases
by the
because
of in
the
increase
of current
the source,
and hence,
inputresonance
power increases
by
reduction
the
impedance
of the drawn
systemfrom
at electrical
resonance.
Thus,the
double
excitation
the
reduction
in
the
impedance
of
the
system
at
electrical
resonance.
Thus,
double
resonance
trades at higher vibrational amplitudes and at lower input voltage with a high current and increased
excitation
trades
at higher
amplitudes
andrequire
at lower
input
voltage
with
high current
and
input power.
However,
asvibrational
MEMS devices
inherently
low
input
power,
thisa power
increase
is
increased
input
power. However,
as applications.
MEMS devices inherently require low input power, this power
expected to
be acceptable
for MEMS
increase is expected to be acceptable for MEMS applications.
Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/19/2/380/
s1.
Supplementary
Materials: The following are available online at www.mdpi.com/xxx/s1.
Author Contributions: Conceptualization: M.H. and F.A.; Methodology: M.H. and F.A.; Software: M.H. and R.A.;
Author
Contributions:
Conceptualization:
F.A.;
M.H. M.H.
and F.A.;
Software:
M.H. F.A.;
and
Validation:
M.H. and F.A.;
Formal Analysis:M.H.
M.H.,and
A.R.
andMethodology:
F.A.; Investigation:
and F.A.;
Resources:
R.A.;
Validation:
M.H.
and
F.A;
Formal
Analysis:
M.H.,
A.R.,
and
F.A;
Investigation:
M.H.
and
F.A;
Resources:
Writing—Original Draft Preparation: M.H. and A.R.; Writing—Review and Editing: A.R. and F.A.; Visualization:
F.A.;
Draft
Preparation:
M.H. and A.R.;
Writing—Review
and
Editing: A.R. and F.A;
M.H. Writing—Original
and A.R.; Supervision,
F.A.:
Project Administration,
F.A.: Funding
acquisition,
F.A.
Visualization:
M.H.
and
A.R.;
Supervision,
F.A.:
Project
Administration,
F.A.:
Funding
acquisition,
F.A.
Conflicts of Interest: The authors declare no conflicts of interest.

Conflicts of Interest: The authors declare no conflicts of interest.

References
References

1.
1.
2.
2.
3.

3.
4.
4.
5.

Intaraprasonk, V.; Fan, S. Nonvolatile bistable all-optical switch from mechanical buckling. Appl. Phys. Lett.
2011, 98, 241104.
Intaraprasonk,
V.;[CrossRef]
Fan, S. Nonvolatile bistable all-optical switch from mechanical buckling. Appl. Phys. Lett.
Chowdhury,
F.K.; Saab, D.; Tabib-Azar, M. Single-device “XOR” and “AND” gates for high speed, very low
2011,
98, 241104.
power LSI mechanical
Sens. Actuators
A Phys. 2012,
188,and
481–488.
[CrossRef]
Chowdhury,
F.K.; Saab,processors.
D.; Tabib-Azar,
M. Single-device
“XOR”
“AND”
gates for high speed, very
Huang,
X.M.H.;
Manolidis,
M.;
Jun,
S.C.;
Hone,
J.
Nanomechanical
hydrogen
sensing.
Appl. Phys. Lett. 2005,
low power LSI mechanical processors. Sens. Actuators A Phys. 2012, 188, 481–488.
86, 143104.
[CrossRef]
Huang,
X.M.H.;
Manolidis, M.; Jun, S.C.; Hone, J. Nanomechanical hydrogen sensing. Appl. Phys. Lett. 2005,
Ilic,143104.
B.; Yang, Y.; Aubin, K.; Reichenbach, R.; Krylov, S.; Craighead, H.G. Enumeration of DNA molecules
86,
bound
to a nanomechanical
oscillator. Nano
2005,S.;5,Craighead,
925–929. [CrossRef]
[PubMed]of DNA molecules
Ilic,
B.; Yang,
Y.; Aubin, K.; Reichenbach,
R.;Lett.
Krylov,
H.G. Enumeration

bound to a nanomechanical oscillator. Nano Lett. 2005, 5, 925–929.
Southworth, D.R.; Bellan, L.M.; Linzon, Y.; Craighead, H.G.; Parpia, J.M. Stress-based vapor sensing using
resonant microbridges. Appl. Phys. Lett. 2010, 96, 163503.

Sensors 2019, 19, 380

5.
6.
7.
8.
9.
10.
11.
12.
13.

14.
15.
16.

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

28.

11 of 12

Southworth, D.R.; Bellan, L.M.; Linzon, Y.; Craighead, H.G.; Parpia, J.M. Stress-based vapor sensing using
resonant microbridges. Appl. Phys. Lett. 2010, 96, 163503. [CrossRef]
Harne, R.L.; Wang, K.W. A bifurcation-based coupled linear-bistable system for microscale mass sensing.
J. Sound Vib. 2014, 333, 2241–2252. [CrossRef]
√
Wu, J.; Fedder, G.K.; Carley, L.R. A Low-Noise Low-Offset Capacitive Sensing Amplifier for a 50-mug/ Hz
Monolithic CMOS MEMS Accelerometer. IEEE J. Solid-State Circuits 2004, 39, 722–730.
Alper, S.E.; Akin, T. Single-Crystal silicon symmetrical and decoupled MEMS gyroscope on an insulating
substrate. J. Microelectromech. Syst. 2005, 14, 707–717. [CrossRef]
Rebeiz, G.M.; Tan, G.L. Introduction: RF MEMS for Microwave Applications. In RF MEMS: Theory, Design,
and Technology; Wiley: Hoboken, NJ, USA, 2003; pp. 1–20.
Ilyas, S.; Ramini, A.; Arevalo, A.; Younis, M.I. An experimental and theoretical investigation of a micromirror
under mixed-frequency excitation. J. Microelectromech. Syst. 2015, 24, 1124–1131. [CrossRef]
Antonio, D.; Zanette, D.H.; López, D. Frequency stabilization in nonlinear micromechanical oscillators.
Nat. Commun. 2012, 3, 806. [CrossRef]
Ekinci, K.L.; Roukes, M.L. Nanoelectromechanical systems. Rev. Sci. Instrum. 2005, 76, 061101. [CrossRef]
Antonio, D.; Czaplewski, D.A.; Guest, J.R.; López, D.; Arroyo, S.I.; Zanette, D.H. Nonlinearity-induced
synchronization enhancement in micromechanical oscillators. Phys. Rev. Lett. 2015, 114, 034103. [CrossRef]
[PubMed]
Littrell, R.J. High Performance Piezoelectric MEMS Microphones. Ph.D. Thesis, University of Michigan,
Ann Arbor, MI, USA, 2010.
Rebeiz, G.M.; Muldavin, J.B. RF MEMS switches and switch circuits. IEEE Microw. Mag. 2001, 2, 59–71.
[CrossRef]
Rebeiz, G.M. RF MEMS switches status of the technology. In Proceedings of the 12th International Conference
on TRANSDUCERS, Solid-State Sensors, Actuators, and Microsystems, Boston, MA, USA, 8–12 June 2003;
Volume 2, pp. 1726–1729.
Alsaleem, F.M.; Younis, M.I.; Ouakad, H.M. On the nonlinear resonances and dynamic pull-in of
electrostatically actuated resonators. J. Micromech. Microeng. 2009, 19, 045013. [CrossRef]
Conrad, H.; Schenk, H.; Kaiser, B.; Langa, S.; Gaudet, M.; Schimmanz, K.; Lenz, M. A small-gap electrostatic
micro-actuator for large deflections. Nat. Commun. 2015, 6, 10078. [CrossRef] [PubMed]
Peroulis, D.; Pacheco, S.P.; Sarabandi, K.; Katehi, L.P. Electromechanical considerations in developing
low-voltage RF MEMS switches. IEEE Trans. Microw. Theory Tech. 2003, 51, 259–270. [CrossRef]
Huang, J.M.; Liew, K.M.; Wong, C.H.; Rajendran, S.; Tan, M.J.; Liu, A.Q. Mechanical design and optimization
of the capacitive micromachined switch. Sens. Actuators A Phys. 2001, 93, 273–285. [CrossRef]
Hosaka, H.; Itao, K.; Kuroda, S. Damping characteristics of beam-shaped micro-oscillators. Sens. Actuators
A Phys. 1995, 49, 87–95. [CrossRef]
Van Spengen, W.M.; Puers, R.; De Wolf, I. A physical model to predict stiction in MEMS. J. Micromech. Microeng.
2002, 12, 702. [CrossRef]
Ramini, A.H.; Hajjaj, A.Z.; Younis, M.I. Tunable resonators for nonlinear modal interactions. Sci. Rep. 2016, 6,
34717. [CrossRef]
Jaber, N.; Ramini, A.; Younis, M.I. Multifrequency excitation of a clamped-clamped microbeam: Analytical
and experimental investigation. Microsyst. Nanoeng. 2016, 2, 16002. [CrossRef]
Jaber, N.; Ramini, A.; Hennawi, Q.; Younis, M.I. Wideband MEMS resonator using multifrequency excitation.
Sens. Actuators A Phys. 2016, 242, 140–145. [CrossRef]
Ilyas, S.; Jaber, N.; Younis, M.I. Multi-function and cascadable MEMS logic device. In Proceedings of the
2017 IEEE 30th International Conference on Micro Electro Mechanical Systems (MEMS), Las Vegas, NV, USA,
22–26 January 2017; pp. 877–880.
Gallacher, B.J.; Burdess, J.S.; Harish, K.M. A control scheme for a MEMS electrostatic resonant gyroscope
excited using combined parametric excitation and harmonic forcing. J. Micromech. Microeng. 2006, 16, 320.
[CrossRef]
Liu, H.; Qian, Y.; Lee, C. A multi-frequency vibration-based MEMS electromagnetic energy harvesting device.
Sens. Actuators A Phys. 2013, 204, 37–43. [CrossRef]

Sensors 2019, 19, 380

29.

30.

31.

32.
33.
34.

12 of 12

Marioli, D.; Sardini, E.; Serpelloni, M.; Ando, B.; Baglio, S.; Savalli, N.; Trigona, C. Hybrid telemetric MEMS
for high temperature measurements into harsh industrial environments. In Proceedings of the 2009 IEEE
Instrumentation and Measurement Technology Conference, Singapore, 5–7 May 2009; pp. 1423–1428.
Park, S.; Abdel-Rahman, E. Low voltage electrostatic actuation and displacement measurement through
resonant drive circuit. In Proceedings of the ASME 2012 International Design Engineering Technical
Conferences and Computers and Information in Engineering Conference, Chicago, IL, USA, 12–15 August
2012; American Society of Mechanical Engineers: New York, NY, USA, 2012; pp. 119–126.
Park, S.; Pallapa, M.; Yeow, J.T.; Abdel-Rahman, E. Low voltage electrostatic actuation and angular
displacement measurement of micromirror coupled with resonant drive circuit. In Proceedings of the
IECON 2012—38th Annual Conference on IEEE Industrial Electronics Society, Montreal, QC, Canada,
25–28 October 2012; pp. 3976–3981.
Chung, S.-R.; Park, S.; Abdel-Rahman, E.M.; Yeow, J.T.W.; Khater, M. Architecture for MEMS-Based Analog
Demodulation. J. Micromech. Microeng. 2013, 23, 045013. [CrossRef]
Hasan, M.H.; Alsaleem, F.M.; Jaber, N.; Hafiz, M.A.A.; Younis, M.I. Simultaneous electrical and mechanical
resonance drive for large signal amplification of microresonators. AIP Adv. 2018, 8, 015312. [CrossRef]
Sensata Technologies. Available online: https://www.sensata.com/ (accessed on 31 July 2018).
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

