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ABSTRACT
Dynamic Approaches to Improve Sensitivity and Performance of Resonant MEMS
Sensors
Nizar Riyad Jaber

The objective of this dissertation is to investigate several dynamical approaches
aiming to improve the sensitivity and performance of microelectromechanical systems
(MEMS) resonant sensors. Resonant sensors rely on tracking shifts in the dynamic
features of microstructures during sensing, such as their resonance frequency. We aim
here to demonstrate analytically and experimentally several new concepts aiming to
sharpen their response, enhance the signal to noise ratio, and demonstrate smart
functionalities combined into a single resonator.
The dissertation starts with enhancing the excitations of the higher order modes of
vibrations of clamped-clamped microbeam resonators. The concept is based on using
partial electrodes with shapes that induce strong excitation of the mode of interest. Using
a half electrode, the second mode is excited with a high amplitude of vibration. Also,
using a two-third electrode configuration is shown to amplify the third mode resonance
amplitude compared with the full electrode under the same electrical loading conditions.
Then, we demonstrate the effectiveness of higher order mode excitation and metal
organic frameworks (MOFs) functionalization for improving the sensitivity and
selectivity of resonant gas sensors. Also, using a single mode only, we show the
possibility of realizing a smart switch triggered upon exceeding a threshold mass when
operating the resonator near the dynamic pull-in instability.
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The second part of the dissertation deals with the dynamics of the microbeam
under a two-source harmonic excitation. We experimentally demonstrate resonances of
an additive and subtractive type. It is shown that by properly tuning the frequency and
amplitude of the excitation force, the frequency bandwidth of the resonator is controlled.
Finally, we employ the multimode excitation of a single resonator to demonstrate smart
functionalities. By monitoring the frequency shifts of two modes, we experimentally
demonstrate the effectiveness of this technique to measure the environmental temperature
and gas concentration. Also, we present a hybrid sensor and switch device, which is
capable of accurately measuring gas concentration and perform switching when the
concentration exceeds a specific (safe) threshold. In contrast to the single mode
operation, we show that monitoring the third mode enhances sensitivity, improves
accuracy, and lowers the sensor sensitivity to noise.
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Chapter 1 : Introduction
1.1 Motivation
Microelectromechanical systems (MEMS) are devices and technologies that have
evolved from the microelectronics industry. Various methods have been investigated to
fabricate MEMS using microelectronic fabrication method. MEMS devices have salient
attractive features, such as smaller sizes, the ability to work in harsh environments, and
power efficiency [1, 2].
In particular, MEMS-based resonators, such as microbeams and microplates,
excited near their resonance frequencies are the main building block of many MEMSbased sensors and actuators. They are used in a wide range of applications, such as force
and acceleration sensors [3], temperature sensors [4], toxic gas sensors [5], energy
harvesters [6, 7], mass and biological sensors [8-26], and earthquake actuated switches
[27]. MEMS resonators can be based on thin-film surface micromachining, yielding
compliant resonating structures, or can be based on bulk micromachining in the case of
bulk resonators. These are mainly based on the wave propagated within the bulk
structure. The resonators are excited using different types of forces, such as piezoelectric
[28], electromagnetic [16], thermal [29], and electrostatic [27, 30]. Electrostatic
excitation of resonators is the most commonly used method because of its simplicity and
availability, and low power consumption [30]. However, electrostatic forces are
inherently nonlinear, which adds complexity to the dynamics of these resonators,

19
especially when they undergo large motion. The nonlinear dynamics of electrostatically
actuated resonators have been intensively studied over the past two decades [30-37].
The demand to develop practical gas and mass sensors with high sensitivity and
high signal-to-noise ratio is driving the development of MEMS-based resonators for gas
sensing application. These sensors are commonly based on tracking the change in the
resonance frequency due to an external stimulus. Practically, there are difficulties in
detecting the change in resonance frequency of electrostatically actuated resonators
especially in noisy environments and under atmospheric pressure. Also, most of the
electrostatically actuated resonators for gas sensing need to be operated under controlled
environmental conditions and at low pressure to reduce the effect of squeeze film
damping and obtain a high signal-to-noise ratio [38].
There is an increasing interest to seek resonators with a large frequency band,
especially at high quality factor range and near higher order modes of vibrations, where
high sensitivity of detection is demanded [5, 12]. In MEMS-based gyroscopes, the
maximum sensitivity is obtained when exciting the resonators at the maximum peak,
which is practically difficult due to external disturbances. Also, in MEMS based-energy
harvester, the maximum harvested power is achieved when the resonator’ resonance and
ambient vibration frequencies are matched. Having a practical resonator with controllable
and wide bandwidth is desirable for the above mentioned applications and many others.
In gas sensing, the effect of environmental disturbances and the cross-sensitivity
between the temperature and the amount of adsorbed gas on the sensor surface
dramatically reduce the accuracy and reliability of measurements [39-42]. Several
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attempts have been reported to address this issue by fabricating an additional
thermometer and a reference sensor in close proximity to the gas sensor. The signal from
the gas sensor is corrected based on the thermometer reading [43]. Another technique is
by functionalizing two identical devices with different films that have different response
coefficients to temperature and humidity changes. The signals from the two devices can
be utilized to quantify the variation in these physical parameters [44]. However, the need
for additional physical sensors and circuits for signal post-processing raises the
fabrication cost, increases the device footprint, and adds extra demand on the power
required to operate these sensors. Thus, there is a need to develop sensitive sensors that
can simultaneously sense multiple physical stimuli with the minimum power
consumption.
1.2 Literature review
1.2.1

Higher order mode excitation

Improving resonator sensitivity has been the subject of intensive research in the
last decade [8, 11, 12, 16, 22, 24]. To improve sensitivity, different dynamical principles
have been utilized, such as bifurcation points and pull-in instabilities [20, 45, 46], weakly
coupled resonators [47-51], and the coupling between bending and torsional modes [52].
The sensitivity can be further improved by reducing the resonator size. However;
shrinking the size reduces the area available for functionalization and requires more
controlled environmental condition for sensing. Alternatively, operating the resonator
near its higher order modes can improve sensitivity [22, 53]. To excite the higher order
modes with high amplitudes above the noise floor and with the minimum required power,
partial electrode configurations have been proposed [54], where the lower electrode is
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designed to enhance and trigger the desired mode. Also, an increase in the quality factor
is reported near the higher order modes, which is desirable for ultra-small gas
concentration sensing [12, 19]. Lochon et al. [22] compared between using higher order
modes or reducing the resonator dimensions as proposed solutions to enhance the mass
sensor sensitivity. Theoretically, they demonstrated that the sensitivity and quality factor
of the resonator depends on the resonance frequency value. They found that the two
methods have the same impact on the sensitivity and quality factor, i.e., the sensitivity
and quality factor increase from exciting the higher order modes are equivalent to
reducing the resonator dimensions. However, decreasing the dimensions reduces the
sensing area, requires large power to drive the resonator, and needs special sensing
techniques to measure the small amplitude response [19]. Okada et al. [55] fabricated inplane silicon resonator, sandwiched between two stationary electrodes, with partial
electrodes that can excite the third bending mode shape. Using this method, they
enhanced the third mode amplitude to be comparable to the first mode amplitude. Using
the same concept, Kuroda et al. [56] fabricated a fishbone-shaped clamped-clamped
microbeam with different electrode configurations that match the first five bending
modes of the microbeam. They experimentally proved the ability to excite these modes
with high rejection ratio. Lakshmanan and Mutharasan [21] experimentally and using
finite element analysis investigated the effect of the resonator width on the higher order
mode excitation. They found that reducing the resonator width enhances the excitation of
higher order buckling modes. Dohn et al. [12] indicated that the quality factor and the
mass sensitivity are directly proportional to the excited mode number. Similarly, Jin et al.
[16] optimized the electromagnetic excitation force to match the first and second modes
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of vibration of microcantilever. The sensitivity and quality factor of the resonator excited
near the second mode are improved compared with first mode results. They defined
sensitivity S n and the quality factor Qn of a resonant cantilever as

Sn 

 'n  n n

m
2meff

Qn  3 bhn ( 256 )1

(1.1)

(1.2)

where m is the cantilever mass, meff is the nth mode effective mass of the cantilever,

n is the nth natural frequency of the cantilever,  ' n is the final natural frequency after
detecting a mass, b is the beam width, h is the thickness, and  is the air viscosity. As
noticed from equation (1.1) and equation (1.2), the sensitivity and the quality factor are
directly proportional to the excited mode number. High quality factor implies sharper and
stable resonance peak. This can be achieved through increasing n and decreasing meff ;
both are achieved through high-order mode excitations.
1.2.2

Quality factor

Electrostatic actuation is one of the most commonly used methods of transduction
in MEMS due to the low power consumption, ease of fabrication, and its integration with
CMOS circuits [57]. However, most of the electrostatically actuated resonators used for
gas sensing need to be operated under controlled environmental conditions and at low
pressure to reduce the effect of squeeze film damping and obtain a high quality factor
[38]. Air damping is the most dominant damping mechanism in electrostatically actuated
microstructure [30]. One of the important solutions to reduce the damping is to introduce
perforations in the resonator surface. However, the air flow through the holes can add
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new damping to the overall system. Hence, a careful study should be conducted in
designing the hole size and shape to minimize the hole damping effect [58]. Dennis et al.
[58] studied the effect of squeeze and side film damping on the first and second mode.
The study is conducted using finite element analysis and analytical models. A good
agreement is reported between the two models. The effect of the perforation size, shape,
and number of holes on the squeeze film damping is investigated for microphone
applications in [59]. Also, an optimization study is conducted on the hole design to
minimize the squeeze film damping. The effect of the perforation dimensions and the
number of holes on the squeeze film damping is investigated theoretically and
experimentally in [60].
Another solution to enhance the quality factor of the resonator is to use positive and
amplified feedback signal from the resonator oscillation velocity [61-65]. Abdal et al.
[61] analyzed the effect of positive feedback on the quality factor of the resonator. Using
this method, maximum sensitivity is obtained even under liquid operation. Using the
velocity feedback signal from the laser Doppler vibrometer, the quality factor of
piezoelectrically actuated microcantilevers is enhanced by a factor of 200 in air where a
quality factor of 2×105 is achieved in [62]. The effect of positive and negative feedback
on the resonator stability is investigated analytically and experimentally in [66]. They
showed significant enhancement in the resonator stability by using a positive velocity
feedback signal. Schmid et al. using the same technique obtained a quality factor of 115
in air and 31 in liquid for electrically actuated double clamped SU-8 microbeams [64].
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1.2.3

Pull-in instability

Since the pull-in instability was first reported [67], many studies have been
dedicated to the understanding of this phenomenon with various analytical and finite
element models [68, 69]. The pull-in instability occurs when the electrostatic force
overcomes the mechanical restoring force. It can be classified into a static pull-in, due to
the DC bias, and a dynamic pull-in, which can be triggered when the structure is
dynamically actuated near the resonance frequency [30]. Under certain operating
conditions, the movable electrode can have sufficient energy to escape the stable
potential well and collapse into the stationary electrode. Since, the pull-in instability can
results in collapse and failure of the MEMS/NEMS, it is commonly considered
undesirable and should be controlled and predicted accurately [30, 70].
On the other hand, several MEMS devices make use of this phenomenon, such as
MEMS switches [71] and threshold inertia switches [72]. Also, the static pull-in can be
utilized to extract the structure properties experimentally, such as the flexural rigidity
[54]. Dynamic pull-in can be employed to enhance the sensitivity of resonator-based
sensor by operating the sensor near the bifurcation point [73]. Nguyen et al. [74]
proposed a sensing technique based on the bifurcation and multistability in a hysteretic
frequency response of an electrostatically actuated MEMS resonators. Analytically they
demonstrated the possibility of detecting very small masses by tracking the sudden jump
in amplitude near the bifurcation point. Khater et al. [75] utilized the static pull-in
bifurcation to experimentally demonstrate ultra-sensitive ethanol vapor sensor. In [76,
77], a two order of sensitivity improvement is demonstrated by utilizing the sudden jump
in amplitude due to the activation of parametric resonance in comparison to the simple
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harmonic resonance. Younis and Alsaleem [78] exploited different instabilities and
bifurcations near primary and secondary resonance to demonstrate new concepts for mass
sensing using MEMS resonator. They experimentally demonstrated that the sudden jump
in the amplitude near the subharmonic resonance produces the most promising results.
Kumar et al. [79] demonstrated a detailed analytical and experimental validation of mass
sensor based on the amplitude jump near cyclic-fold or saddle-node bifurcations.
As higher order modes are known to boost sensitivity in resonant sensors, exciting
the resonator near the pull-in bands of the higher order modes should lead in principle to
more sensitive switching. However, this requires special designs and impractically high
actuation voltages [54]. Also, the robustness and accuracy of the bifurcation based
sensing need to be ensured. In close proximity of the bifurcation point, the basin of
attraction gets eroded, and the noise effect can become significant, which reduce the
reliability and accuracy of the sensor measurements [74, 78].
1.2.4

Resonator functionalization

The ability to selectively detect specific gasses under ambient conditions
represents a constant technological challenge. Functionalizing the resonator surface with
thin materials that have an affinity to a particular type of gas enhances the sensitivity by
orders of magnitudes and gives the capability for selective detection. To detect a
particular gas, resonators are coated with a thin film that has an affinity to a specific gas
due to the chemical and/or physical interaction [80-83]. Depending on the targeted gas,
different materials have been synthesized and engineered [82, 83]. Gold coated
resonators are proposed for mercury detection in [84]. Depending on the gold coating
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profile whether uniform layer or isolated islands, different responses have been reported.
Polymer dispersed liquid crystals doped with carbon nanotubes have been used for
Acetone detection [85], and palladium coating for hydrogen sensing [86].
Functionalization with zeolitic imidazolate framework (ZIF), which has nanoporous
structure, is proposed for detecting caron dioxide (CO2). The selectivity of the ZIF
coating to different gasses is invistigated by studying the adsorption time constant for
Isopropyl alcohol (IPA) and CO2 [50]. A cantilever coated with ZIF has been investigated
for detecting nitrotoluene, which is an explosive related molecule [87]. In [88], an
artificial nose is developed by coating an array of eight cantilevers with different
polymers for selective gas sensing.
Metal-organic frameworks (MOFs) are porous materials composed of organic
and inorganic materials with exposed inner chemical functionality. These materials have
gained significant attention due to the large surface area, low density, tunable pore size,
and exposed inner functionalities that can be easily tuned, functionalized, and engineered
to selectively detect a specific gas [82, 83, 89-91]. Resonators coated with MOFs are
proposed for detecting a wide range of gasses, including volatile organic compounds
[92], humidity [93, 94], Carbon dioxide (CO2) [95], and Hydrogen Sulfide (H2S) [96].
1.2.5

Multifrequency excitation

Some of the approaches that have been investigated to improve the vibration of
resonators and increase their frequency bandwidth are parametric excitation [33],
secondary resonance [97], slightly buckled resonators [98], and multifrequency excitation
[99]. Challa et al. [6] designed and tested a device with tunable resonant frequency for
energy harvesting applications. The resonant frequency band is increased up to 20% of
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the original resonant frequency using a permanent magnet. The effect of the double
potential well systems on the resonant frequency band and their application in energy
harvesting application is reviewed in [7]. To increase the operating frequency range of
carbon nanotube resonator, Cho et al. [11] exploited the geometric nonlinearities of the
resonator excited at high amplitude. The resonance band was increased up to many
multiples of the natural frequency[11]. Also, tunable and wideband resonators have been
investigated for filtering applications in transceivers [100], multiband/multifrequency
applications in communication systems [101], and wireless communication including
cellular devices [102]. Rhoads et al. [102] designed and analytically studied a tunable
bandpass filter by coupling two parametrically excited MEMS oscillators connected to a
logic circuit. They found that using parametric excitation introduces instability problems
and might excite higher order resonances, which results in a significant response away
from the filter operating range [102]. Piazza et al. [103] designed and fabricated
piezoelectrically actuated MEMS resonator composed of rectangular plates and circular
rings electrically cascaded in different configurations to form bandpass filters at 93 MHz
and 236 MHz. An electrothermal excited resonator is fabricated and tested in [104].
Using the idea of multifrequency excitation, they showed simultaneous mixing and
filtering behavior.
MEMS gyroscopes rely on exiting a resonator at the maximum amplitude at
resonance for both the driving and sensing modes to achieve the highest possible
dynamic response, and hence, maximize the sensitivity [30, 105]. Catching the maximum
peak is practically difficult due to fabrication imperfections, noise, and temperature drift
problems, which result in a significant loss of sensitivity. Acar et al. [105] proposed
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mechanically coupled resonators in the driving mode, the sensing mode, and in order to
broaden the frequency response and enhance the quality factor of the gyroscope.
To harvest the maximum energy from the ambient vibration, the harvester
resonant frequency is designed to match the ambient vibration frequency. Any deviation
between the two frequencies causes a significant decrease in the harvested power. Zhu et
al. [106] reviewed several strategies to tune and increase the resonator bandwidth for
energy harvesting, either by designing complicated resonators or introducing a
sophisticated conditioning electrical circuit. These methods require external power to
tune the resonator and have limited controllable frequency range [107].
In recent works, multi-frequency excitation of a micromirror-based resonator [99]
and a capacitive switch [27] have been investigated. It was shown that combination
resonances can be triggered and tuned depending on the voltage amplitude and
frequency. Erbe et al. [108] have shown how to employ the nonlinear response of a
strongly driven NEMS resonator as a mechanical mixer in the radio frequency regime.
They used the magnetic field at an extremely low temperature (4.2 K) to excite a
clamped-clamped microbeam using two AC signals of a frequency very close to each
other and to the fundamental natural frequency of the beam. They found that by
exceeding a certain threshold of the amplitude excitation, higher order harmonics appear.
Increasing the excitation amplitude further leads to the emerging of a multitude of
satellite peaks with limited bandwidth, which allows effective signal filtering. They
verified their results by applying a perturbation theory on the Duffing equation with cubic
nonlinearity and by numerically integrating the Duffing equation and calculating the
power spectrum of the response. They found from both analysis and experiment that the
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cubic nonlinearity is responsible for generating frequency peaks. Parametrically and
harmonically excited micro-ring gyroscope at two different frequencies is investigated in
[109]. The proposed method increases the signal to noise ratio and improves the
gyroscope performance. Liu et al. [110] fabricated and characterized an electromagnetic
energy harvester that harvests energy at three different modes of vibration. Moreover, the
method of multifrequency excitation is implemented to perform mechanical logic
operation where each frequency carries a different bit of information [101]. The mixed
frequency is exploited for an atomic force microscope (AFM) probe to generate high
resolution imaging and extract the surface properties [111].
1.2.6

Multimodal excitation

Developing a smart sensor is of crucial importance in health and environmental
monitoring [112], biological and gas hazards detection and warnings [113], aerospace
systems [114], and biological application [115]. Commonly, intelligent sensors are
composed of multiple sensing elements to measure the different physical stimuli and a
microcontroller to process the signal and provide useful information for the user or
perform certain actions [116].
Recently, measuring the frequency shift of multiple modes of vibration has been
investigated to measure the mass and position of the detected particle accurately and
exploit the information from the different modes of vibration for various sensing
applications [8, 16, 17, 19, 21-24]. By measuring the frequency shift on the first four
modes, Olcum et al. [24] tracked the position of moving nanoparticles inside a
piezoelectrically actuated microresonator. Analytically and experimentally, Dohn et al.
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[12] proved the ability to extract the position and mass of a gold particle on the surface of
a microcantilever resonator by measuring the frequency shift of the first four modes
while changing the position of the gold particle. The results were in a good agreement
with the visual inspection of the gold particle position. Significant attention has been
dedicated to exploit the information from the different modes of vibration of a MEMS
resonator for various sensing applications, such as to extract the mechanical properties
and mass of the adsorbed analyte [117], quantify the amount of attached beads or proteins
on the resonator surface and locate their positions [14], weigh nanoparticles flowing
inside a microfluidic channel while tracking their positions and velocities [24], and detect
the phase change from solid to liquid of polyethylene glycol [118]. Also, the coupling of
two different modes has been utilized to enhance the stability and reduce the fluctuation
of MEMS resonators [119]. The nonlinear dynamics of a clamped-clamped beam
resonator when excited by two frequency sources near its first and third resonance
frequency (multimodal excitation) has been investigated theoretically [36]. The complex
dynamics of the system has been highlighted through phase diagrams, Poincare-sections,
bifurcation diagrams, and FFTs showing the quasi-periodic bifurcation route to chaos
[36].
The multimodal excitation and detection of an AFM cantilever has been used to
generate information about the surface topography and the properties of materials under
investigation. In this technique, each mode acts as a different channel of information
sensitive to certain material characteristic (topography, external forces, damping, and
Young's modulus). This method minimizes the amount of required data to obtain
quantitative information of the material under investigation. The multimodal feedback
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modulation is operated in different feedback configuration either frequency feedback
modulation, amplitude feedback modulation, or both [120]. Analytically, Chawla et al.
[121] compared between the different configurations in extracting the sample
characteristics. They concluded that the constant amplitude phase locked loop explores a
wide range of interactions [121]. By simultaneously exciting and detecting the first two
eigenmodes of an AFM cantilever, the intermolecular structure of antibodies is identified
in [122] without destroying the noncovalent bonds. Rodrigues et al. [123] excited the first
and second mode of the AFM cantilever to extract the image of the sample and the
compositional change.
Developing smart sensors that can accurately detect low concentrations of a
particular gas and perform an action if the concentration exceeds a threshold value is of
crucial importance in a wide range of applications including health and environmental
monitoring [112, 115], gas hazards detection and warnings [113], and aerospace systems
[114]. Conventionally, smart gas sensing systems are composed of the sensing element to
detect the gas concentration, a microcontroller to process the signal, a display for the
measurements, and an actuator or a switch to perform an action upon demand [116].
However, the needs for complicated circuits, several electronic components, and a
microcontroller increase the device complexity, size, and power requirements.
1.3 Objectives and contributions
The objective of this dissertation is to design, fabricate, and characterize reliable,
practical, compact, and sensitive resonators for gas and temperature sensing applications.
The sensing principle is based on measuring the frequency shift due to the external
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stimulus, such as gas adsorption, temperature variation, and added mass. Also, to
demonstrate a smart sensor that can simultaneously measure multiple physical stimuli
and autonomously perform switching if the gas concentration exceeds a predefined
threshold value.
In the first part of the dissertation, we optimize the electrical excitation force to
enhance the excitation of the higher order modes to obtain a maximum signal-to-noise
ratio. This work is concerned with the excitation of the second and third modes of
vibration of clamped-clamped beams suspended above a stationary electrode with one or
two active electrode partitions optimized in their length based on the actual mode shape.
We demonstrate in this study the ability to excite higher order modes of
suspended bridges using surface micromachining techniques (for out-of-plane structures)
with the minimum required power. This is key to realize sensitive mass sensors (chemical
and biological) since it means higher quality factor. Another objective is to explore the
dynamics of microbeams made of Polyimide, which is bio-compatible material. We study
in details the frequency response of these devices at the higher order modes up to the
nonlinear regime.
As seen in Figure 1.1, we use a full electrode to excite the first mode, half electrode to
excite the second mode, and two-third electrodes spaced out along the beam length to
excite the third mode.
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Figure 1.1: Clamped-clamped beam mode shapes with different lower electrode
configurations. (a) Full electrode. (b) Half electrode. (c) Two-third electrode.

Motivated by the interesting dynamic and wide range of applications of large
bandwidth resonator excited near the higher order modes of vibration, the second part of
this dissertation is concerned with presenting simple and practical method to control and
enhance the resonator bandwidth by utilizing multifrequency excitation combined with
exciting higher order modes of vibrations to broaden the frequency bandwidth around the
excited modes. Both experimental and analytical investigations are presented.
The third part is concerned with demonstrating resonators that can be excited
under atmospheric pressure with low power near the higher order modes of vibrations. To
achieve this, different designs are proposed to reduce the effect of the squeeze film
damping on the response. Also, to enhance the selectivity and sensitivity of the sensor by
functionalizing the sensor surface with thin films that have affinity to a particular gas.
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In the final part, we employ the multimode of a single resonator to develop a sensitive
sensor that can simultaneously measure multiple physical stimuli using multiple modes of
a single microstructure. By utilizing the first and second mode of vibration, we
experimentally demonstrate the possibility of detecting water vapor concentration and
environmental temperature. Also, to experimentally demonstrate a smart sensor that can
accurately measure the gas concentration and perform switching, at reduced voltage,
when the concentration exceeds the predefined threshold value.
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Chapter 2 : Microbeams
In this chapter, we describe the microbeam composition and present a brief
summary of the fabrication method used to fabricate the resonators. Also, the
mathematical model used to study the microbeam response is highlighted.
2.1 Fabrication
We fabricate our microstructures using the surface micromachining process
devolved in [124-126]. The basic process consists of a set of rules and six physical layers.
The in-house rules define the allowed configuration and features based on manufacturing
limitation such as the minimum resolution of the lithography system, alignment between
the different layers, and etching requirements.

The clamped-clamped microbeam resonator, shown in Figure 2.1, is fabricated on
a 10 cm silicon wafer coated with 500 nm SiO2. A 250 nm chrome and gold layer is
sputtered and patterned to form the lower electrode of the resonator. Then, a 2 µm
amorphous silicon is deposited using chemical vapor deposition to form the sacrificial
layer. At the end of the fabrication process, this layer is etched to release the resonator
and create the air gap between the two electrodes. The upper electrode is formed by
sputtering and patterning a Cr/Au/Cr layer of thicknesses 50 nm/ 250 nm/ 50 nm,
respectively. The chrome is used to enhance the adhesion properties between the gold and
the other materials. After that, a 6 µm polyimide layer is spun and cured at gradually
increasing temperature from 110 C° to 350 C° in 90 minutes. A 500 nm nickel layer is
sputtered and patterned on the polyimide surface to protect the microbeams during the
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Reactive Ion Etching (RIE). Finally, the wafer is diced and the sacrificial layer is etched
using XeF2 dry etchant. When the two electrodes are connected to an external excitation
voltage, the resonator vibrates in the out-of-plane direction. Figure 2.1 shows a picture
illustrating the various layers of the fabricated resonator.

Figure 2.1: Cross-sectional view of the fabricated microbeam.
2.2 Modeling

Figure 2.2: Schematic of the clamped-clamped beam resonator.

The governing equation of motion for a clamped-clamped microbeam, which is
electrostatically actuated by a DC load VDC superimposed with two AC harmonic loads
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VAC1 and VAC 2 of frequencies Ω1 and Ω2 , respectively, Figure 2.2, can be written as
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where E is the modulus of elasticity, I is the moment of inertia, c is the damping
coefficient, A is the cross-sectional area,  is the density,  is the air permittivity, g is the
air gap thickness, t is the time, x is the position along the beam, N is the induced axial
force that arise during the fabrication process, b is the beam width, and w is the
microbeam deflection. U  x1  and U  x2  are the unit step functions that define the lower
electrode length and position. The boundary conditions of the clamped-clamped
microbeam are
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For convenience, the following nondimensional variables (denoted by hats) are
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Substituting Equation (2.3) into Equations (2.1) and (2.2) and dropping the hats from the
nondimensional variables for convenience, the following nondimensional equation is
derived:
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and the normalized boundary conditions are
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To calculate the beam response, we solve the normalized microbeam equation, Equation
(2.5), in conjunction with its boundary conditions, Equation (2.6), using the Galerkin
method [30]. This method reduces the partial differential equation into a set of coupled
second order differential equations. The microbeam deflection is approximated as
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w( x,t )   i ( x )ui ( t )

(2.8)
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where i ( x ) is chosen to be the i th undamped unforced linear orthonormal clampedclamped beam mode shape, ui ( t ) is the i th modal coordinate, and n is the number of
assumed modes. To find the mode shape functions ( x ) , we solve the eigenvalue
problem
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where non is the eigenfrequency. Both sides of Equation (2.5) are multiplied by 1  w
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to simplify the spatial integration of the forcing term [30]. Then, we substitute Equation
(2.8) into Equation (2.5) and multiply the outcome by the mode shape i ( x ) . Next, we
integrate the resulted equation from 0  1 over the spatial domain as below
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Evaluating the spatial integration in Equation (2.10) produces a set of coupled ordinary
differntial equations, which can be solved numerically using the Runge-Kutta method.
We implement the first three mode shapes to produce converged and accurate simulation
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results [30].

Figure 2.3: Experimental setup used for testing the MEMS devices.
2.3 Characterization
In this section, we describe the experimental setup used for testing the devices and
measuring the initial profile, gap thickness, and the out-of-plane vibration. The
characterization is conducted on three 400 µm long microbeams that have different lower
electrode configurations: full electrode, half electrode, and two-third electrode.
The experimental setup, Figure 2.3, consists of a microsystem analyzer (MSA),
which is a high-frequency laser Doppler vibrometer, under which the microbeam is
placed to measure its vibration, data acquisition cards and amplifier to provide actuation
signals of a wide range of frequencies and amplitudes, and a vacuum chamber equipped
with ports to pass the actuation signal and measure the pressure. Also, it is hooked up to a
vacuum pump that reduces the pressure up to 4 mTorr.
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a)

b)

c)

Figure 2.4: Topography of the long microbeam with half electrode. a) An optical image
of the microbeam. b)A 3D map of the microbeam profile. c) The microbeam profile.
2.1.1

Topography characterization

The initial profile of the microbeams is revealed using an optical profilometer,
which generates a 3-D map as seen from top for the half electrode microbeam, as shown
in Figure 2.4. The combined thickness of the microbeam and air gap is approximately
equal 9 µm, which is slightly smaller than the nominal design value of 9.35 µm. Also, the
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microbeam profile is straight without any curvature or curling. This method is based on
white light interferometry where the white light is split into two beams, i.e., the object
and reference beam. Then, the reflected beam from the surface and the reference beam
are recombined and post-processed to generate the surface topography. The reflected
beam wavelength depends on the reflective index of the material being measured. As
shown in the microscopic image, Figure 2.4a, in the middle of the microbeam, one can
see the lower electrode through the microbeam structural layers, which affected the
topography measurement by having a pump in the middle of the microbeam as shown in
Figures 2.4b and 2.4c. Similar results are obtained for the other 400 µm long microbeams
with different lower electrode configurations.
2.1.2

Natural frequencies

We experimentally measured the first three natural (resonance) frequencies of the
three microbeams under test by connecting the wire bonded chip to the MSA function
generator and applying a white noise signal. The MSA measures the microbeam vibration
at the laser point position. Also, it has the capability to reveal the mode shape of the
vibration.
A) Full electrode configuration
The microbeam is excited with white noise of VDC = 10 V and VAkC = 8.5 V Also,
the vibration at different points along the beam length is scanned to reveal the vibration
mode shapes. First, the test is performed for the case of a full electrode. The acquired
frequency response curve is shown in figure 2.5, which reveals the values of the first and
third mode resonance frequencies 1  158kHz, and 3  729kHz. The RMS value of the
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Figure 2.5: Frequency response curve of a full electrode microbeam to white noise
actuation signal of VDC = 10 V and VAC = 8.5V at 4 mTorr chamber pressure.
We notice at 1 (figure 2.6(a)) that all the points are vibrating whereas at 3 (figure
2.6(b)) there are two nodal points. This result matches the clamped-clamped structure
first and third vibration mode shape.

(a)

(b)

Figure 2.6: RMS values of the vibrational mode shapes of the full electrode microbeam at
(a) ω1 = 158.2 kHz, (b) ω3 = 729 kHz.
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B) Half electrode configuration
Next, the microbeam with half electrode configuration is actuated by white noise
of VDC  30 V and VAC  24.5 V . Also, here we scan the vibration at different points
along the beam length. The acquired frequency response curve is shown in Figure 2.7
revealing the values of the first, second, and third mode resonance frequencies of

1  161 kHz, 2  398 kHz, and 3  731 kHz, respectively. The RMS values of the
scanned mode shapes are reported in Figure 2.8. This result illustrates the ability to excite
the second mode using a half electrode configuration.
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Figure 2.7: Frequency response curve of a half electrode microbeam to white noise
actuation signal of VDC = 30 V and VAC = 24.5 V at 4 mTorr chamber pressure.

(a)

(b)

(c)

45
Figure 2.8: RMS values of the vibrational mode shapes of a half electrode microbeam at
(a) ω1 = 161 kHz (b) ω2 = 398 kHz, and (c) ω3 = 738 kHz.
C) Two-third electrode configuration
Finally, the microbeam with two-third configuration is excited with a white noise
signal at VDC  30 V and VAC  16 V . The acquired frequency response curve is shown in
figure 2.9 and it reveals the values of the first and third mode resonance frequencies

1  157.9 kHz and 3  721 kHz , respectively. The RMS values of the scanned mode
shapes are reported in Figure 2.10.
Although the microbeams have the same geometrical parameters and composed of
the same materials, the resonance frequencies values are different. The difference can be
attributed to the different excitation force and imperfections from the fabrication process.
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Figure 2.9: Frequency response curve of a two-third microbeam to white noise actuation
signal of VDC = 30 V and VAC = 16 V at 4 mTorr chamber pressure.
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(a)
(b)
Figure 2.10: RMS values of the vibrational mode shapes of two-third electrode
microbeam at (a) ω1 = 157.9 kHz (b) ω3=721 kHz.
2.1.3

Static characterization

This test is conducted to experimentally extract the flexural rigidity EI of the
microbeams. We initially bias the microbeams by a slow DC ramp voltage (50 V/s),
generated using the data acquisition card, and measure the static deflection. The
experiment is conducted on the microbeam with half electrode configuration. The result
is reported in figure 2.11. The deflection increases until it exhibits pull in at 168 V.
Because the microbeams are fabricated from the same materials and have the same
geometrical parameters, we assumed that the other microbeams have the same flexural of
rigidity.
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Figure 2.11: The static deflection of the microbeam with half electrode configuration.
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Chapter 3 : Higher Order Modes

In this chapter, we investigate the dynamics of the microbeams excited near
higher order modes of vibrations using the fabricated partial electrodes of the previous
chapter. We experimentally conduct frequency sweep tests and investigate the nonlinear
response of the microbeams with different lower electrode configurations near the first
three modes of vibration. The frequency response curves are generated by taking the
steady state amplitude of the motion and focusing the laser at the mid-point of the
microbeam for the first and third mode and at quarter of the beam length for the second
mode. After extracting the unknown parameters, the Galerkin method is used to simulate
the beam response. Finally, the analytical and experimental results are compared.
3.1 Frequency response curves
3.1.1

First mode

Figure 3.1 shows the variation of the frequency response curve as the AC voltage
is increased for the three different lower electrode configurations near the first mode of
vibration. As expected, using the full electrode configuration yielded the highest
amplitude near the first mode at the minimum AC voltage as compared with the other
two configurations under the same vacuum chamber pressure. A pull-in band is reported
for the full electrode configuration where the two electrodes get in contact together as
shown in Figure 3.1(a). Also, a hardening effect is reported due to the cubic
nonlinearities from mid-plane stretching. One can note the source of the mid-plane
stretching nonlinearity in Equation (2.5) through the integral term. In a previous study
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[127], it has been shown that mid-plane stretching with its hardening effect dominates the
electrostatic force nonlinearity, a softening effect, for low values of VDC below 50% of
the pull-in voltage. In this study the pull-in voltage is found near 168 V, Figure 2.11; and
since the used values of VDC in this study do not exceed 20% of the pull-in value, the
response, as shown, should demonstrate a hardening effect. Therefore, for this case and
the other two cases, only forward sweep tests are conducted since they reveal the
maximum amplitude in the case of hardening behavior.
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Figure 3.1: Frequency response curves for the microbeams near the first resonance
frequency with different lower electrode configurations for VDC = 5V (a) Full electrode
configuration, (b) half electrode configuration, (c) two-third electrode configuration.
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Figure 3.2: Frequency response curves for the microbeam near the second resonance
frequency with half electrode actuation when VDC = 30V.
Figure 3.2 shows the variation of the frequency response curve as the AC voltage
is increased near the second mode resonance for the half electrode configuration. Using a
half electrode, the second mode is excited with high amplitude compared with no
response using the full and two-third configurations. In addition, a hardening effect is
reported due to the cubic nonlinearity from mid-plane stretching.
3.1.3

Third mode

Figure 3.3 shows the variation of the frequency response curve as we increase the
AC voltage for the full and two-third electrode configurations near the third mode
resonance. Using the two-third electrode configuration enhances the excitation of the

51
third mode where only one-third of the AC voltage is required to achieve the same
vibration amplitude using the full electrode configuration. In Figure 3.4, a high vibration
amplitude showing hardening behavior is reported for different higher values of AC
loadings.
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Figure 3.3: Frequency response curves for the microbeam near the third resonance
frequency for VDC = 20 V (a) Full electrode configuration. (b) Two-third electrode
configuration.
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Figure 3.4: Frequency response curves for the microbeam near the third resonance
frequency with two-third lower electrode configuration for VDC = 20 V.

Table 3.1: The required voltages to excite the first three modes of vibration using the
different lower electrode configurations. Note that the excitation amplitude is equal to
2VDCVAC.

First Mode (1
µm amplitude
of vibration)
Second Mode (1
µm amplitude
of vibration)
Third Mode
(0.3 µm
amplitude of
vibration)

Full electrode

Half
electrode

Two-third
electrode

VDC = 5 V,
VAC = 3 V

VDC = 5 V,
VAC = 20 V

VDC = 5 V,
VAC = 8 V

No response

VDC = 30 V,
VAC = 29.5 V

No response

VDC = 20 V,
VAC = 75 V

Not applicable

VDC = 20 V,
VAC = 20 V

Table 3.1 indicates the advantage of using the partial electrodes on exciting the first three
modes of vibration. Near the first mode, it clearly shows that less voltages are required to
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excite the first mode using the full electrode configuration. Also, the second mode is
excited with high amplitudes utilizing the half electrode configuration compared with no
response using the other two configurations. Using the two-third configuration, the AC
voltages required to excite the third mode are reduced to one-third of the full electrode
configuration.
3.2 Simulation results
The microbeam dynamical behavior is modeled according to the reduced-order
model of Section 2.2 with the unknown parameters EI, N, and c, are extracted
experimentally.
3.2.1

Parameter extraction

The parameter extraction test is conducted on the 400 µm microbeam with half
lower electrode configuration. Given that the microbeams have the same length, layer
thicknesses, composed from the same materials, and are fabricated on the same wafer, we
assumed that the microbeams with different lower electrode configuration have the same
values of extracted parameters. First, we extract the internal induced axial force. The
eigenvalue problem of Equation (2.9) is solved for different values of the nondimensional internal axial force N non to find the theoretical frequency ratio

2 / 1 that

matches the measured ratio. As illustrated in Figure 3.5, for N non  20.82 the theoretical
and experimental ratios are matched.
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Figure 3.5: The ratio of the first to second eigenfrequencies of the microbeam with half
electrode configuration for different values of the nondimensional axial force Nnon.

To extract the flexural of rigidity EI, we utilize the static deflection curve and match the
theoretical results with the experimental data of Figure 2.11. Based on the static solution
2
9
of Equation (2.5), we found that EI  10.6 10 N.m . The damping ratio  is extracted

from the frequency response curve of the beam to a single and small AC excitation where
the experimental and theoretical results are matched at   0.002 . The chamber pressure
is fixed at 4 mTorr. Table 3.2 summarizes the experimentally extracted and the design
parameters of the microbeam.
Table 3.2: Experimentally extracted and the design parameters.
Parameters

Values

Length (l)

400 [µm]

Width (w)

50 [µm]
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Thickness (h)

6.85 [µm]

Nondimensional

20.82

axial force ( N non )
Damping ratio (ζ)

0.002

Flexural of rigidity

EI  10.6 109 [ N.m 2 ]

(EI)

The simulated dynamic response is based on the long-time integration of the
modal equations of the reduced-order model of Equation (2.10) until steady state
response is reached. The first three mode shapes are used in the reduced-order model to
approximate the response. The simulation and experimental results near the first and
second modes of vibrations for the half electrode configuration are reported in Figure 3.6
and Figure 3.7, respectively. The results for the two-third configuration near the third
mode of vibration are reported in Figure 3.8. Using the Galerkin approximation, the
model predicts the resonator response accurately near the first three modes of vibration.
Some discrepancies are noticed in the results, Figure 3.7, which can be due to the
assumption that the three various beams share the same extracted parameters and also the
use of three modes to approximate the microbeams response.
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Figure 3.6: Experimental and simulation results of the microbeam with half electrode
configuration near the first mode of vibration for VDC = 5 V (a) VAC = 15 V. (b) VAC = 20
V.
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Figure 3.7: Experimental and simulation results of the microbeam with a half electrode
configuration near the second mode of vibration for VDC = 30 V (a) VAC = 25 V (b) VAC =
30 V.
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Figure 3.8: Experimental and simulation results of the microbeam with a two-third lower
electrode configuration near the third mode of vibration for VDC= 20 V and VAC = 25 V.
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Chapter 4 : Multifrequency Excitation

In this chapter, using partial electrodes and multifrequency electrical source, we
investigate analytically and experimentally the nonlinear dynamics of the microbeam
under a two-source harmonic excitation, as shown schematically in Figure 4.1. The first
frequency source is swept around the first three modes of vibration while the second
source frequency is kept fixed.

Figure 4.1: Schematic of the clamped-clamped resonator excited by two-AC harmonic
loads.
4.1 The basic concept
To illustrate the idea, we recall first that the dynamic response of a linear system
excited by several harmonic forces is composed of the same frequency components as the
input forcing. For a nonlinear response, however, several other resonances also can be
triggered, including superharmonic, subharmonic, and combination resonances [37, 128].
For an electrically excited clamped-clamped microbeam, for the first approximation,
quadratic and cubic nonlinearities can be assumed to be the most dominant nonlinearities
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of the system [30]. A simple model of this case can be viewed as a single-degree-offreedom system governing the mid-point deflection of the beam, u, with both quadratic
and cubic nonlinearities excited by multifrequency harmonic forces, which take the form
of
u( t )  2u( t )  02u( t )   qu 2 ( t )  cu 3( t )  f ( t )

(4.1)

where f(t) is the electrical attraction force between the two electrodes:
f ( t )  V 2( t )

(4.2)

where t is time,  is the damping coefficient, 0 is resonance frequency of the system,  q
and  c are the quadratic and cubic nonlinearities coefficients, respectively, coming from
electrostatic and mid-plane stretching, and  is a coefficient related to the projected
electrostatic force on the first mode of vibration. The voltage term V(t) is composed of a
DC voltage load ( VDC ) superimposed to two AC harmonic voltage loads of amplitudes

VAC1 and V AC 2 of frequencies 1 and  2 , respectively. Accordingly, the voltage load
term, when inside the electrostatic force term, can be expanded as below

V 2 ( t )  VDC  VAC1 cos  1t   VAC 2 cos   2t   
2

1 2
1 2 
 2
 VDC  VAC1  VAC 2    2VDCVAC1  cos  1t    2VDCVAC 2  cos  2t 
2
2


1 2 
1 2 
  VAC
1  cos  21t    V AC 2  cos  2 2t    2V AC1V AC 2  cos ( 1   2 )t 
2

2


(4.3)

  2VAC1VAC 2  cos ( 2  1 )t 
The

excitation

frequencies

are

labeled

as

1  1 , 2  2 , 3  21 , 4  22 , 5  2  1 and 6  1  2 . Next, using
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the method of straightforward expansion [129] we seek an approximate analytical
solution for equation (4.1). Toward this, Equation (4.1) is scaled as
u( t )  2u( t )  02u( t )   qu 2 ( t )   2 cu 3( t )  f ( t )

(4.4)

where  is scaling parameter. Hence, we seek an expanded solution for u of the form
u( t )  u0   u1   2u2  

(4.5)

Next, we introduce the derivative notations as

d
 D0   D1  
dt
d2
dt

2

 D02  2 D0 D1   2 ( D12  2 D0 D2 )  

(4.6)

Substituting Equation (4.5) and Equation (4.6) into Equation (4.4) and collecting the
2
terms of order  0 , 1 and  we get

O(  0 ) : D02u0  02u0  V 2( t )

(4.7)

O(  1 ) : D02u1  02u1  2D0 D1u0  2 D0u0   qu02

(4.8)

O(  2 ) : D02u2  02u2  2D0 D1u1  D12u0  2D0 D2u0 
2 D0u1  2 D1u0  2 qu0u1   qu12  cu03

(4.9)

The solution of Equation (4.7) can be written in the form

6

u0 ( t )  A(T1 )ei0T0    nei( nT0 )  cc
n1

(4.10)
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where A is a complex amplitude, T0=t, T1= t , cc denotes the complex conjugate terms,
and  n is defined as

1
 n  ( 02  n2 )1
2

(4.11)

Then, substituting Equation (4.10) into Equation (4.8) and Equation (4.9) yields
the so-called secular terms [8], which produce several kinds of resonances. Table 4.1
shows a summary of the most significant triggered resonances by solving Equation (4.8).
Solving Equation (4.9) produces more resonances, for example, the subharmonic of order
one third.

Table 4.1: Triggered resonances for a system with quadratic and cubic nonlinearities
excited with a multifrequency source.
Frequency

Resonance Type

0  1 , 2

Primary

0  21 , 2 2 ,

Superharmonic

31 , 3 2 , 41 , 4 2

0  1 , 2

Subharmonic

0  1   2 ,

Combination of sum
type

1
2

1
2

1
( 1   2 ), 2( 1   2 )
2
21   2 , 1  2 2
1  3 2 ,31   2
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0  1   2 ,
1  2 2 , 21   2 ,

Combination
difference type

of

1  3 2 ,31   2
1
2( 1   2 ), ( 1   2 )
2

4.2 Experimental results
The nonlinear response of the 400 µm microbeam with half lower electrode
configuration is experimentally investigated near the first three modes of vibration. The
microbeam is excited using the data acquisition card and the vibration is detected using
the laser Doppler vibrometer. The excitation signal is composed of two AC signals VAC1
and VAC2 superimposed to a DC signal VDC . The measurements are performed by
focusing the laser at the mid-point for the first and third mode measurements and at a
quarter of the beam length for the second mode measurements. Then, the frequency
response curve is generated by taking the steady state maximum amplitude of the motion

Wmax . The generated frequency response curves near the first mode are depicted in
Figure 4.2a. Each curve shows the frequency response for different values of VAC 2 . The
results are obtained by sweeping the frequency of the first AC source 1 around the first
mode and fixing the second source frequency  2 at 1 kHz. The swept source voltage

VAC1 and the DC voltage are fixed at 5 V and 15 V, respectively. The result of sweeping

1 near the second mode while fixing the second source frequency  2 at 5 kHz is
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shown in Figure 4.2b. The swept source voltage VAC1 and the DC voltage are fixed at 20
V and 15 V, respectively. Also, this experiment is repeated near the third mode as shown
in Figure 4.2c, where  2 is fixed at 10 kHz and the actuation voltages VAC1 and the DC
are fixed at 40 V and 20 V, respectively. The chamber pressure is fixed at 4 mTorr.
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Figure 4.2: Frequency response curves for different values of VAC2. (a) VDC = 15V, VAC1 =
5V and Ω2 = 1kHz near the first mode. (b) VDC = 15V, VAC1 = 20V and Ω2 = 5kHz near
the second mode. (c) VDC = 20V, VAC1 = 40V, and Ω2 = 10kHz near the third mode.
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The curves of Figure 4.2 highlight the effect of V AC 2 on the combination
resonances where new resonance peaks appear at frequencies of additive type at
( 1   2 ) , ( 1  2 2 ) , ( 1  3 2 ) and subtractive type at ( 1   2 ) , ( 1  2 2 ) ,
( 1  3 2 ) [129]. These resonances appear due to the quadratic nonlinearity of the

electrostatic force and the cubic nonlinearity due to mid-plane stretching. Note that in
Equation (2.5) the integral term representing mid-plane stretching shows W and its
derivatives as a positive cubic term, which tends to cause hardening behavior. On the
other hand, expanding the electrostatic force term in Equation (2.5) in a Taylor series
results in a constant term, representing the static effect, a linear term, representing the
linear decrease in the natural frequency due to voltage loads, a quadratic nonlinearity, and
other higher-order nonlinearities. The strongest nonlinearity is the quadratic one; which is
well known to cause a softening effect regardless of its sign [127]. Also, a hardening
behavior is reported near the first and second resonances. As V AC 2 increases near the
first resonance (Figure 4.2a) the response curves tilt towards the lower frequency values
(softening) where the quadratic nonlinearity from the electrostatic force dominates the
cubic nonlinearity from mid-plane stretching.
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Figure 4.3: Frequency response curves for different values of Ω2. (a) Near the first mode
at VDC = 15 V, VAC1 = 5 V, and VAC2 = 35 V (b) Near the second mode VDC = 15 V, VAC1 =
20 V and VAC2 = 70 V (c) Near the third mode VDC = 20 V, VAC1 = 40 V and VAC2 = 20 V.
Figures 4.3 (a-c) report the results for different values of  2 under the same
electrodynamic loading condition near the first, second, and third resonance frequencies,
respectively. As  2 decreases further, a continuous band of high amplitude is formed.
This demonstrates that multifrequency excitation can be used to broaden the large
amplitude response around the main resonance, and hence increases the bandwidth, even
for higher order modes.
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Figure 4.4: Frequency response curves near the first mode comparing a single frequency
excitation response (red circles) at VDC = 15 V and VAC = 5 V to a multifrequency
excitation response (blue triangles) for VDC = 15 V, VAC1 = 5 V, VAC2 = 10 V, and Ω2 = 1
kHz.
In addition to the previous results, Figure 4.4 compares the experimentally
obtained response due to a single frequency excitation of parameters VDC=15 V, VAC=5 V
to that of a two-source excitation, where another harmonic source of frequency fixed at 1
kHz and 10 V amplitude is added. The multifrequency response shows a clear contrast
and clear advantage in terms of bandwidth, which can have several practical applications.
Typically resonators-based sensors may not be driven necessary at the exact sharp peak
due to noise, temperature fluctuation, and other uncertainty, which result in significant
losses and weak signal to noise ratio. The above results prove the ability to control the
resonator bandwidth by properly tuning the excitation force frequencies. Also, by using
the partial lower electrode configuration and properly tuning the excitation voltages the
higher order modes of vibration are excited with high amplitudes above the noise level.
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4.3 Simulation results
The simulated dynamic response is based on long-time integration of the modal
equations of the reduced-order model of Equation (2.5) until steady state response is
reached. The first three mode shapes are used in the reduced-order model to approximate
the response. The simulation and experimental results for the multifrequency excitation
near the first three modes of vibrations are reported in Figures 4.5 (a-c). Using the
Galerkin approximation, the model predicts the resonator response accurately near the
first and third mode shape. Near the second mode, long time integration failed to capture
the complete solution due to the weak basin of attraction near the large response curve, as
shown in Figure 4.5b. As reported by Batineh and Younis [130], long time integration
depends on how large and robust is the basin of attraction to capture a solution. Another
numerical technique needs to be implemented to predict the complete response
accurately, such as the shooting technique to find the entire response and capture the
stable and unstable periodic solutions [65, 130].
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Figure 4.5: Experimental and simulation results of the microbeam. (a) Near the first mode
of vibration for VDC = 15 V, VAC1 = 5 V, VAC2 = 20 V and Ω2 = 1 kHz. (b) Near the second
mode of vibration for VDC = 20 V, VAC1 = 15 V, VAC2 = 50 V, and Ω2 = 5 kHz (c) Near the
third mode of vibration for VDC = 20 V, VAC1 = 40 V, VAC2 = 40 V and Ω2 = 10 kHz.
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Chapter 5 : Linear and Nonlinear Gas Sensing
In this chapter, we demonstrate a resonant gas sensor, uniformly coated with a
metal-organic framework (MOF), and excited near the second vibration mode for
enhanced sensitivity. The possibility of realizing a smart switch triggered upon exceeding
a threshold mass is demonstrated when operating the resonator near the dynamic pull-in
instability. The geometry of the resonator is optimized to reduce the effect of squeeze
film damping, thereby allowing operation under atmospheric pressure. The lower
electrode is designed to enhance the excitation of the second mode of vibration with the
minimum power required.

5.1 Fabrication
We

study

and

characterize

clamped-clamped

microbeam

resonators

electrostatically actuated using a lower electrode that spans half of the beam length to
enhance the excitation of the second vibration mode [54]. To reduce the effect of squeeze
film damping and operate the resonator in air, the microbeam width is reduced to 20 µm,
which is the minimum width imposed by the fabrication process. The microbeam is
fabricated using the process developed in [125] and composed of a 4.2 µm polyimide
layer coated from top with Cr/Au layer. The Cr/Au layer acts as a hard mask that
protects the beam during the reactive ion etching and defines the microbeam dimensions.
The upper electrode is formed by coating the beam from the bottom with Cr/Au/Cr of
thicknesses 50/200/50 nm. The lower electrode spans half of the beam length to optimize
the excitation of the second mode shape. The two electrodes are separated by a 3.3 µm air
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gap. In addition to its chemical and thermal stability, polyimide has a low modulus of
elasticity (8.5 GPa), which significantly reduces the voltage required to excite the
resonator compared to a more stiff material; such as silicon (160 Gpa).
The microbeam surface is functionalized with a COOH-terminated layer by
immersing the chip in an ethanolic solution of 16-mercaptohexadecanoic acid for 24
hours [131-133]. Before releasing the microbeam, a uniform MOF layer is grown using a
layer-by-layer approach, by dipping the unreleased chip in copper acetate metal precursor
ethanolic solution and organic ligand (terephthalic acid) ethanolic solution for two and
three minutes, respectively. The process is repeated for 12 cycles where the chip is rinsed
with ethanol every cycle [93]. Figure 5.1 shows an optical and schematic of the MOF
coated microbeam.

(a)
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(b)
Figure 5.1: (a) Top view picture of the fabricated microbeam with the MOF coating. (b)
Schematic of the clamped-clamped microbeam with the lower half electrode indicating
the beam dimensions.
5.2 Characterization

Figure 5.2: Schematic of the experimental setup used for testing the device.
The experimental setup is shown in Figure 5.2. The microbeam is electrostatically
actuated by a data acquisition card connected to an amplifier, which provides actuation
signals at a wide range of frequencies and amplitudes. A laser Doppler vibrometer (MSA500) is utilized to monitor the beam response, track the shift in the amplitude of vibration
due to gas exposure, and to obtain the mode shapes of the resonator. The mode shapes are
used to evaluate the uniformity of the coating on the resonator surface. Any
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nonuniformity of the coating produces distorted mode shapes. In practical devices, an onchip capacitive detection scheme can be used to measure the resonance frequencies [134].
The microbeam is placed into a chamber connected to a gas bubbler. The gas flow into
the chamber is controlled using the flow controller. A detailed description of the
characterization experiment is presented in the following two sections for the 500 µm
long microbeam. The results for the 300 µm long microbeam are summarized in Section
5.4.
5.2.1

Natural frequencies

Figure 5.3: Frequency response curve of the 500 µm long microbeam to a white noise
excitation at VDC = 15 V and VAC =10 V. Insets: The corresponding mode shapes.
To reveal the resonance frequencies, we experimentally excite the device with a
white noise signal. The measured resonance frequencies of the beam can be used to
calculate the residual stress and flexural of rigidity of the beam, which are needed for the
analytical modeling of the beam behavior [54]. The vibration at different points along the
beam is recorded to extract the frequency response curve and the corresponding mode
shapes, as depicted in Figure 5.3. The measured mode shapes, insets of Figure 5.3, are
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qualitatively matching the theoretical one; except very close to the anchors, where the
laser measurements become less accurate due to the irregular shapes of the anchors.
5.2.2

Frequency response curves

(a)

(b)

Figure 5.4: Frequency response curves at VDC =30 V and different VAC excitation near (a)
the first mode, (b) the second mode of the 500 µm long microbeam.
Next, we experimentally investigate the frequency response of the microbeam
near the first and second mode of vibration when excited by harmonic forces. The
excitation signal is composed of an AC signal VAC superimposed to a DC signal VDC. The
measurement is performed by focusing the laser at the mid-point for the first mode
measurements and quarter of the beam length for the second mode measurement. Then,
the frequency response curve is generated by sweeping the frequency Ω of the AC source
near the mode of interest and taking the steady state maximum amplitude of the motion
Wmax. Figure 5.4 shows the frequency response near the first (72.5 kHz) and second
(184.2 kHz) modes of vibration for different AC loadings. As can be seen in Figure 5.4,
increasing the AC voltage near the first mode causes a slight shift in the resonance
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frequency towards lower values (softening) due to the quadratic nonlinearity coming
from the electrostatic force. While near the second mode, the frequency increases toward
higher magnitudes (hardening) due to the dominance of the cubic nonlinearity. The
reported frequency sweeps help to understand the effect of the actuation voltage and
choose the suitable operating voltages in the gas sensing experiment.
5.2.3

Sensor responsivity

To quantify the amount of adsorbed gas, different methods have been utilized in
the literature, such as tracking the frequency shift by implementing a phase-locked loop
circuit, monitoring the gain or phase change for a fixed frequency excitation, and
measuring the change in the quality factor (Q). The most conventional method is to
monitor the frequency shift using the phase-locked loop (PLL). This method is adequate
for high Q resonators. However, for low Q resonators, which is the case for our resonator
( Q1st  9.7 , and Q2 nd  28.3 ), designing and implementing the PLL circuit becomes
challenging and complicated. In this case, another method is recommended, in which the
resonator is excited near the resonance frequency, and the amplitude change due to gas
exposure is recorded. Then, the amplitude change is calibrated into a frequency shift,
which is used to calculate the amount of the adsorbed gas [135]. Figure 5.5 shows the
frequency response and the calibration formula near the first and second mode of
vibration of the 500 µm long microbeam. The operating point is chosen close to the peak
of the response curve, i.e., at 72.5 kHz near the first mode and 184.2 kHz near the second
mode. As vapor is being absorbed on the resonator surface, the amplitude decreases
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following the right branch of the response. This decrease is transformed into frequency
shift by using the slope, as shown in each plot.
The responsivity is defined as



f
f

m 2m

(5.1)

where m is the beam mass, and f 

non
2

EI

ml 3

is the operating frequency, non is the

nondimensional natural frequency of the clamped-clamped microbeam (varies with the
mode number), EI is the flexural rigidity, m is the beam mass, and l is the length of the
beam. By rearranging Equation (5.1), the amount of the uniformly adsorbed gas mass m
along the beam surface can be calculated as

m 

2m
 f
f

(5.2)

The mass m of the microbeam was calculated from the geometrical dimensions and the
material properties m = 128.1 ng. From Equation (5.2) we found that the  1 of the
resonator near the first and second mode equals to

21nd  1.4 pg

Hz , respectively.

1st1  3.5 pg

Hz

and
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(a)

(b)

Figure 5.5: The frequency response of the 500 µm long clamped-clamped microbeam at
VDC = 30 V near (a) the first mode and VAC = 35 V, (b) the second mode and VAC = 45 V.

Using the laser Doppler vibrometer, the minimum detectable mass is calculated
by exciting the resonator at the operating frequency and monitoring the amplitude
fluctuation due to noise over a 5 minute period. The experiment is conducted near the
first and second mode of vibration as depicted in Figure 5.6. The measured amplitude
2 nd
1st
 19 nm ,
 20 nm , and Wmax
fluctuation near the first and second mode is Wmax

respectively,

which

correspond

to

the

minimum

1st
2 nd
f min
 216.2 Hz and f min
 317.7 Hz , respectively.

detectable

frequency

of

Using Equation (5.2), the

minimum detectable mass is defined as mmin  3 mnoise  3 fnoise1 , which yields
2 nd
st
m1min
 2.3 ng and mmin
 1.3 ng [136].
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(a)

(b)

Figure 5.6: The maximum amplitude evolution of the 500 µm long microbeam over time
for a fixed frequency excitation at VDC = 30 V near the (a) first mode, VAC = 35 V, and Ω
= 72.5 kHz, (b) second mode at VAC = 45 V, and Ω = 184.2 kHz.
5.3 Linear gas sensing
The partial pressure of the generated vapor is calculated by utilizing Antonio’s
equation [93]
Log10 Pv  A 

B
C T

(5.3)

where T is the bubbler temperature that is measured experimentally using a
thermocouple. A, B, and C are parameters that are defined for each material in a specified
range of temperature. The gas concentration Cvapor in ppm is found by using the
following formula:
Pv
106
(5.4)
Patm
As shown in Table 5.1, Acetone has the highest concentration while water vapor has
Cvapor 

the lowest concentration under the current experimental conditions.
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Table 5.1: Summary of the bubbler temperature and the concentration of the different
vapors.

Gas type
Water
vapor
Ethanol
Acetone

Pv

Cvapor

A (mmHg)

B (mmHg×°C)

C (°C)

T (°C)

 kPa 

 ppm 

8.1

1730.6

233.4

17

1.9

19048.4

8.2

1642.9

230.3

7

2.5

25130.5

7.1

1220

230.6

-5

7.1

70080.2

The chamber is flushed with nitrogen for an extended period of time (2 hours)
until the response is stabilized. We used a flow rate of 4 l/min to reduce the transient time
required to completely flush or fill the chamber with a particular gas concentration. Then,
the resonator is exposed to vapors while monitoring the response until saturation, which
corresponds to the maximum vapor adsorbed on the resonator surface. To ensure the
repeatability of the results, the vapor flow is replaced with nitrogen to flush the resonator
and return to the original state. The exposure and flushing cycle is repeated for several
times to ensure complete reversibility of the sensor. Figure 5.7 shows the frequency shift
of the resonator over time due to water vapor, Acetone, and Ethanol exposures near the
first and second mode of vibration. A higher frequency shift for the different gasses is
reported near the second mode as shown in Table 5.2. The dynamics of the absorption is
studied by fitting an exponentially decaying function f(t) = ∆f exp(-t/τ ) to the
experimental data, where τ is the time constant, and ∆f is the amplitude of the frequency
shift [50]. As shown in Table 5.2, although water vapor has the lowest concentration, a
higher frequency shift and smaller time constant is measured, which indicates a strong
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affinity of MOF to water vapor compared with Acetone, and Ethanol. By investigating
the responsivity values reported in Table 1, one can note that water vapor results into ten
times higher frequency shift compared with Acetone and five times higher frequency
shift compared with Ethanol which confirms the selectivity of HKUST-1 to water vapor.
Also, higher decay time constant is reported near the second mode of vibration due to the
higher beam velocity compared with the first mode, which implies that more time is
needed for the gas molecules to stabilize on the resonator surface. The reported results
can be promising for humidity sensing in wide range of applications, such as air quality
control, process control, and biomedical sensors [137].
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Figure 5.7: Real time measurement of the frequency shift near the first (72.5 kHz) and
second (184.2 kHz) mode of vibration due to vapor exposures of (a) water vapor, (b)
Acetone, and (c) Ethanol.
Table 5.2: Frequency shifts and the fitted time decay constants due to different gas
exposures near the first (72.5 kHz) and second (184.2 kHz) mode of vibration.

Gas type

Cvapor  ppm 

Frequency shift,
∆f (kHz)

Decay time
constant, τ (min)

1st mode 2nd mode 1st mode

nd

2
mode

Responsivity
𝐻𝑧
ℜ(
)
𝑝𝑝𝑚

1st
2nd
mode mode
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Water vapor

19048.4

7.5

8.8

0.8

1.4

0.39

0.46

Acetone

70080.2

2.2

3.2

2.2

3.3

0.031 0.046

Ethanol

25130.5

2

2.3

2.4

2.9

0.08

0.091

5.4 Switch triggered by mass
It is desirable to realize a smart sensor that can act as an electrical switch to
trigger an action on demand if the amount of absorbed mass/gas exceeds certain threshold
[30]. This concept was demonstrated first in [45] using resonators operating in vacuum.
Here, we demonstrate the concept for the first time in air. The concept is based on
operating a resonator at a fixed operating frequency close to the dynamic pull-in band
[45]. As the mass of the resonator is increased due to gas absorption, the pull-in band
shifts toward the fixed frequency until the operating fixed frequency lies completely
inside the pull-in band; hence leading to the collapse of the resonator. By designing and
implementing the appropriate circuit, the collapse of the two electrodes can be used to
activate an alarm, close a valve, or execute any other desirable actions.
Next, we demonstrate the concept of the switch triggered by exceeding a certain
threshold of gas in air using the same set of characterization experiments and calibration
procedures implemented previously, however on a 300 µm long microbeam. The results
are summarized in Table 5.3. The microbeams were fabricated on the same chip using the
same material and layer thicknesses.
Table 5.3: Summary of the characterization results of the 300 µm long microbeam.
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Length
l (µm)
300

Width Resonance frequency Ω
W(µm)
(kHz)
20

172.5

Responsivity 
(fg/Hz)

Minimum detectable
mass mmin
(pg)

891

81.7

The resonator is placed inside the chamber and is exposed to water vapor at a fixed
flow rate of 4 l/min. The chamber is flushed with nitrogen for an extended period until
the response stabilizes. Then, the resonator is exposed to vapor while monitoring the
response. To realize the dynamic switching, we exploit the frequency response curve
shown in Figure 5.8, which corresponds to excitation voltages of VDC = 50 V, VAC = 80 V.
The difference between the operating point and the bifurcation point (f = 165.9 kHz)
defines the threshold mass after which the resonator collapses due to dynamic pull-in, and
hence can be functionalized as an electrical switch. As a case study, we selected the
operating frequency 160 kHz, which corresponds to a threshold mass of 6 ng. Before
exposing the resonator to water vapor, we monitored the amplitude fluctuation due to
noise to ensure the stability of the response as depicted in the inset of Figure 5.9. Then,
the microbeam is exposed to water vapor and the amplitude of vibration increased
following the left branch of the frequency response shown in Figure 5.8. When the
amount of adsorbed mass exceeded the threshold value, the resonator collapsed into pullin, Figure 5.9.
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Figure 5.8: Frequency response near the first mode showing the softening behavior and
the pull-in band at VDC = 50 V, and VAC = 80 V.

Figure 5.9: Real-time measurement of the amplitude change due to water vapor exposure
until pull in. The vapor exposure started at time = 4.5 minutes. Inset: the fluctuation due
to noise.
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Chapter 6 : Multimodal Sensing and Actuation

In previous chapters, we demonstrated different lower electrode configurations to
enhance the excitation of higher order modes of vibration. Then, we experimentally
reported the improved responsivity and sensitivity near the second mode of vibration in
comparison with the first mode. Also, using a single mode only, we demonstrated the
possibility of realizing a smart switch triggered upon exceeding a threshold mass when
operating the resonator near the dynamic pull-in instability. However, the erosion of the
basin of attraction near the pull-in instability reduces the reliability and might lead to
erroneous switching due to noises and disturbances.
In this chapter, by employing the multimode of a single resonant gas sensor, we
demonstrate a device that is capable of demonstrating smart functionalities, namely the
simultaneous measuring of two physical stimuli, and a smart sensor that can perform
switching after exceeding a predefined threshold value while accurately quantifying the
change in the measured physical parameters. To demonstrate the sensing of two physical
parameters, we actuate the microbeam simultaneously near two modes of vibration. The
frequency shifts of these two modes due to physical stimuli changes are monitored in real
time. As a case study, we demonstrate this technique to measure the environmental
temperature and water vapor concentration. Then, we employ the dynamic multi-modal
actuation in which the microbeam is simultaneously excited at the first mode of vibration,
near the pull-in band, and at the third mode which is known to be less sensitive to noise
and hence enables accurate quantification of gas concentration before switching.
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In Section 6.1 and 6.2, we present the details of the fabrication process and the
characterization steps of the microbeam utilized in showing the simultaneous sensing of
temperature and water vapor concentration. The results for the device used in
demonstrating the smart switching are summarized in Section 6.4.1. Both devices were
fabricated on the same wafer, hence, they have the same materials, layer thicknesses, and
air gap between the two electrodes.
6.1

Fabrication
The proposed sensor is composed of an electrostatically actuated clamped-

clamped microbeam, Figure 6.1(a), excited using a half electrode configuration to
enhance the excitation of the second mode of vibration. The sensor is fabricated on a 100
mm silicon wafer coated with 3 µm of silicon dioxide (SiO2) layer. The SiO2 layer is
deposited using plasma enhanced chemical vapor deposition (PECVD) to provide the
electrical insulation between the device and the wafer. Using the PECVD tool, a 7 µm
thick amorphous silicon (α-Si) layer is deposited and then polished to a final thickness of
~ 3.5 µm. The polishing is conducted to remove the concavities in the surface due to the
etching holes in the SiO2 layer (underneath layer). The α-Si acts as a sacrificial layer that
defines the air gap between the two electrodes and will be etched during the final release
step. The microbeam is composed of a 4.3 µm polyimide coated from the bottom with a a
Cr/Au/Cr layer of thicknesses 50/200/50 nm, which forms the upper electrode of the
resonator. The microbeam is coated from the top with a Cr/Au layer of thickness 50/200
nm, which acts as a hard mask to protect the microbeam during the etching process of the
polyimide. This layer is functionalized with a COOH-terminated layer by immersing the
chip in ethanolic solution of 16-mercaptohexadecanoic acid for 24 hours [138, 139].
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Using the layer-by-layer approach, a uniform MOF layer is grown by dipping the chip in
copper acetate metal precursor ethanolic solution and organic ligand [terephthalic acid
(bcd)] ethanolic solution for five and ten minutes, respectively, to grow the
Cu(bcd).xH2O MOF thin film [140]. The process is repeated for ten cycles where the
chip is rinsed with ethanol every cycle [44]. To release the microbeam, the sacrificial αSi layer is fully etched using the XeF2 dry etchant. Extra etching cycles where conducted
to etch the silicon from the opening in the SiO2 layer and form the perforations in the
lower electrode. Figure 6.1a and 6.1b show a schematic of the microbeam design and the
fabrication steps. Figure 6.1c shows an SEM image and a schematic of the clampedclamped resonator; of length (l) 400 µm, width (w) 50 µm, and gap (g) 3.3 µm. The gap is
measured using a mechanical profilometer to measure the amorphous silicon layer
thickness. The formation of the MOF thin film was confirmed using X-ray diffraction
(XRD) as depicted in Figure 6.1d, which shows that crystalline thin film from the 10
cycles growth was obtained. The peak at 37.5 corresponds to the Gold layer that forms
the connections pad. The lower electrode was perforated with a perforation diameter d =
20 µm, and with spacing between holes S = 15 µm. These dimensions were selected to
minimize squeeze film damping in accordance with the fabrication process rules [125].
The insets of figure 6.1a show the uniformity of the coating over the microbeam surface.
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Figure 6.1: (a) Schematic of the microbeam with the lower electrode perforation showing
the material layers types, properties, and thicknesses. (b) Schematic of the fabrication
process steps. (c) An SEM image of the fabricated microbeam with MOFs
functionalization. (d) XRD of Cu(bdc)·xH2O MOF thin film grown on the microbeam
(red) and its calculated pattern (black).
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6.2

Characterization

Figure 6.2: Schematic of the experimental setup used for testing the device.
To characterize the microbeam, we use a Laser Doppler vibrometer to monitor the
response, reveal the various frequencies of interest and the shapes of vibration, and track
the change in the amplitude of vibration due to gas exposure and temperature change. We
utilize a data acquisition card (DAQ) to actuate the microbeam with different types of AC
signals superimposed to a DC voltage. Also, the DAQ is used to acquire the microbeam
response from the laser. Using the LabVIEW software, the recorded real-time data are
post-processed to generate the frequency response curves. Also, we record the shift in the
amplitude of vibration at the operating frequencies due to physical stimuli change. To
simultaneously record the response near the first and second modes, all of the
measurements are conducted by focusing the laser point at quarter of the microbeam
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length. By employing the frequency response curves, the recorded amplitude shift is
converted into frequency values. The microbeam is placed into the test chamber, which is
equipped with ports to provide the actuation signals, a photothermal heater to regulate the
chamber temperature, a thermometer, a pressure gauge, and is opened to the atmospheric
pressure, as shown in Figure 6.2. The water vapor is generated by flowing the nitrogen
inside a bubbler placed in a controlled temperature bath. The vapor concentration is
governed by controlling the flow of the dry nitrogen line and bubbler line. The
experimental setup is depicted in Figure 6.2.
6.2.1

Frequency response

To experimentally extract the resonance frequency, we excite the microbeam with
a white noise signal and record the amplitude at different points along the microbeam
length. During this test, the chamber pressure was fixed at 4 mTorr. We should mention
here that although in the gas exposure experiments the beam will be actuated at
atmospheric pressure, the extracted frequencies at the reduced pressure should not change
much from their values at atmospheric pressure (potentially due to the squeeze-film
effect). The measured resonance frequency values, Figure 6.3a, near the first ( f1 = 117.3
kHz) and second (f2 =286.2 kHz) modes of vibration are used to extract the residual axial
force N as shown in the appendix material. The recorded mode shapes, shown in the
insets of Figure 6.3a match the clamped-clamped microbeam mode shapes, which
indicates the uniformity of the MOFs coating; nonuniform coating induces distortion in
the mode shapes.
Next, we generate the frequency response curves by exciting the microbeam with
a harmonic signal while recording the maximum amplitude Wmax of vibration, which for
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the second mode is at the quarter of the microbeam length. The excitation signal is
composed of an AC signal VAC superimposed to a DC signal VDC. Figure 6.3b and 6.3c
show the results near the first mode and second mode of vibrations, respectively, for
different VAC amplitudes and at atmospheric chamber pressure. These results are
important to choose the suitable actuation voltage to operate the device with significant
amplitudes above the noise level, and also for transforming the recorded amplitude shift
due to gas exposure or temperature change into frequency data. The frequency shift
values can be utilized in quantifying the amount of mass adsorbed on the resonator
surface, and for extracting different thermodynamic and kinetic parameters that are
essential for characterizing the coating material [141]. The microbeam response to a
multifrequency signal is shown in Figure 6.3d. The excitation signal is composed of two
AC signals of frequencies: Ω1 = 121 kHz, fixed near the first mode, and Ω2 which is
swept near the second mode of vibration. The first source amplitude VAC1 was varied as
shown in Figure 6.3d, while VAC2 was fixed at VAC2 = 36 V. These two signals were
superimposed to a DC voltage VDC = 50 V. The reported frequency response curves,
Figure 6.3d, demonstrate the significance of multimode excitation in raising the floor of
higher order modes above the noise level, which is important in sensing applications.
Increasing the voltage amplitude near the first mode VAC1 increases the floor of the
second mode frequency response.
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(a)

(b)

(c)

(d)
Figure 6.3: Frequency response of the microbeam to (a) a white noise excitation at VDC =
10 V, VAC = 15 V, and at chamber pressure P= 4 mTorr. Insets: the corresponding mode
shapes acquired by recording the response at different point along the beam length.
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Frequency response of the microbeam at VDC = 50 V and at atmospheric chamber
pressure for different AC voltages (b) near the first mode, (c) near the second mode. (d)
Frequency response to a multifrequency excitation signal, VAC1 as shown, Ω1 = 121 kHz,
VAC2 = 36 V, Ω2 = swept, and VDC = 50 V at atmospheric pressure.
6.2.2

Noise analysis

The sensor resolution can be evaluated by monitoring the amplitude evolution
over time in the open loop configuration [142]. The resonator is actuated with harmonic
signal composed of two frequencies Ω1 and Ω2 near the first and second modes of
vibration, respectively. To record the amplitude fluctuation at each mode, we use
LabVIEW software to perform a fast fourier transform FFT on the real-time data of the
microbeam response. The resulting frequency spectra is then used to record the amplitude
at each frequency. Figure 6.4a shows a maximum amplitude fluctuation around 5 nm for
the first mode and 10 nm for the second mode. This fluctuation can be attributed to
intrinsic sources, such as defect motion [143], or extrinsic sources, such as thermomechanical

noise,

temperature

fluctuation,

adsorption-desorption

noise,

and

instrumentation noise [144]. To further analyze the stability of the resonator, we calculate
the Allan deviation. The amplitude fluctuation data, Figure 6.4a, is converted into
frequency by utilizing the frequency response curves of the first and second mode
depicted in Figure 6.3b and 6.3c, respectively. The Allan deviation can be expressed as
[141]

 f ( ) 

N 1
1
 ( fi1  fi )2
2( N  1) i 1

(6.1)
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where N is the sample size and f i  is the average frequency fluctuation over the ith time
interval τ defined as

fi ( ) 

f (i )  f 0
f0

(6.2)

where f(i) is the measured frequency at the time step i, and f0 is the resonator nominal
frequency. The Allan deviation curve, depicted in Figure 6.4b, shows a typical
mechanical resonator behavior. For a short period of time the fluctuation is dominated by
the white noise whereas for higher integration time the fluctuation increases due to
random walk and steady drift [83]. The Allan deviation curves depicted in Figure 6.4b
show the enhanced stability of the second mode of vibration  f 2 (50)  18.67 ppm
compared with the first mode  f 1 (50)  39 ppm . The corresponding frequency fluctuation
near the first mode and second mode were, respectively, f1  4.7 Hz and f 2  5.5 Hz.

(a)

(b)

Figure 6.4: (a) Amplitude fluctuation of the microbeam over 20 minutes to a
multifrequency excitation signal VAC1 =30 V, Ω1 = 121 kHz, VAC2 = 36 V, Ω2 = 294.5
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kHz, and VDC = 50 V at atmospheric pressure. (b) The corresponding Allan deviation near
the first and second modes of vibrations.
6.2.3

Operating point selection

The vibration of the clamped-clamped microbeam induces a uniform strain across
the beam generating axial stress that changes the beam stiffness. This can affect the
frequency of the excited mode (self-tuning) or the frequency of the other modes (crosstuning) [107, 145]. In the Euler-Bernoulli equation, Equation (6.1), this effect is modeled
as the mid-plane stretching term [the underlined term in Equation (6.1)], which accounts
for the beam elongation due to the out of plane vibration. To simplify the study, we select
the operating frequencies such that the frequency shift due to the cross tuning is
negligible. To experimentally find these frequencies, we actuate the microbeam with
harmonic signals Ω1 and Ω2. Ω1 is fixed at 121 kHz (first mode) while Ω2 is swept around
the second mode of vibration. As shown in Figure 6.5, the recorded dip in the first mode
response is maximum near the second mode maximum amplitude (Ω2 = 291 kHz) due to
the modes cross-tuning. However, moving away from the second mode peak, the
measured fluctuation in the first mode is below 5 nm and can be attributed to the external
disturbances and noises as shown in the insets of Figure 6.5. In our experiments, the
second mode frequency was fixed at 294.5 kHz. Hence, as water vapor gets adsorbed
and/or environmental temperature changes, the second mode frequency shifts to lower
values and the amplitude at 294.5 kHz falls down following the right branch of the second
mode, which is the range with minimum cross-tuning effect as shown in the inset of
Figure 6.5.
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Figure 6.5: The response of the microbeam to a fixed excitation near the first mode while
sweeping the other source frequency near the second mode. VAC1 =30V, Ω1 = 121 kHz,
VAC2 = 36 V, Ω2 = swept, and VDC = 50V at atmospheric pressure.
6.3

Simultaneous sensing of temperature and water vapor
6.3.1

Mathematical model

To demonstrate the concept of simultaneously sensing the change in water vapor
concentration and environmental temperature, we consider the governing equation of
motion of an electrostatically actuated clamped-clamped microbeam of length l, width b,
and thickness h. The mass m of the adsorbed gas on the resonator surface at
environmental temperature T, which is assumed to be uniformly distributed over the
microbeam length. A change in the chamber temperature ΔT induces an axial stress along
the microbeam axis. The equation of motion can be written as [30]
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where M is the microbeam mass, g is the air gap width between the two electrodes, EI is
the flexural of rigidity, c is the viscous damping, ε is the air permittivity, α is the thermal
expansion coefficient, N is the axial force due to the residual stress from the fabrication,
and w is the out of plane deflection. The electrostatic force is composed of two AC
sources VAC1 and VAC2 of frequencies Ω1 and Ω2, respectively, superimposed to a DC load
VDC.
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The corresponding unforced and undamped eigenvalue problem of Equation (6.1) is
written as
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nondimensional eigenfrequency, ωm is the mth mode dimensional natural frequency, ϕm(x)
is the mth unforced, undamped, and orthonormal clamped-clamped microbeam mode
shape, and the prime refers to the spatial derivative. To obtain an analytical expression
for the frequency shift due to a temperature change ΔT and an adsorbed mass m, we solve
the eigenvalue problem, Equation (6.5), using a one-mode Galerkin procedure [146]. By
multiplying Equation (6.5) with the mth mode shape and integrating along the beam
length we obtain

m 



1

0

1

m(4) ( x)  m ( x)dx  ( N non   non T )  m(2) ( x)  m ( x)dx
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The parameters Nnon and αnon can be extracted experimentally by following the procedure
demonstrated in the Appendix. Hence, the only unknowns in Equation (6.6) are the
chamber temperature and the amount of mass m adsorbed on the resonator surface.
Theoretically, tracking the frequency shift of two modes of vibration is enough to
quantify the change in these two physical parameters. In our experiments, the 1st and 2nd
mode of vibration are utilized as follows
1
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From Equations (6.7) and (6.8), we can find out the temperature change and amount of
adsorbed mass. However, in gas sensing, the amount of gas adsorbed on the resonator
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surface depends on the microbeam temperature [40-42], which implies that Equations
(6.7) and (6.8) may not be sufficient to extract the unknown parameters. To eliminate the
effect of added mass, we divide equations (6.7) and (6.8) to obtain the ratio equation,
which depends only on temperature change as below
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In Figure A-3 in the Appendix, we plot Equation (6.7), (6.8), and (6.9) for various
values of temperature and added mass. Equation (6.9) and Figure A-3c show that the
frequency ratio R depends only on the temperature change and is independent of the
amount of mass being adsorbed on the resonator surface. Using this equation, the
temperature change values can be extracted based on the measured frequency values. By
substituting back into Equations (6.7) or (6.8), the amount of adsorbed mass can be
found.
6.3.2

Experimental results

(a)

(b)
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Figure 6.6: Frequency response curves at VDC = 50 V, atmospheric pressure, and for
different chamber temperature, (a) near the first mode at VAC = 30 V, (b) near the second
mode at VAC = 36 V. Inset: the corresponding resonance frequency for each temperature
value.
To experimentally extract the responsivity of the resonator due to temperature
change, we record the frequency response of the microbeam near the first and second
modes at different chamber temperatures, Figure 6.6. We utilized a photothermal heater
to control the chamber temperature and a thermocouple placed in close proximity to the
chip to record the temperature values. We fixed the photothermal power at a particular
value and waited for long time (90 minutes) until the thermocouple reading reaches
steady-state at fixed temperature value. Since the resolution of the employedthermometer is only 1°C, this implies potential inaccuracy in the temperature readings in
the sub-degree range.
The experimentally extracted responsivity near the first mode is 1Tst  128 Hz C and
for the second mode is T2 nd  187 Hz C , which indicates almost 1.5 times enhanced
responsivity of the second mode as reported in the insets of figure 6.6. From the noise
analysis,

the

minimum

detectable

temperature

near

the

second

mode

is

Tmin  fmin T2nd  0.03C .

Figure 6.7 shows the real-time measurements of the frequency shifts near the first and
second modes of vibration at different chamber temperatures and water vapor
concentrations. All the measurements were done inside the chamber at atmospheric
pressure. Hence, changing the water vapor concentration did not affect the pressure or
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temperature. This was confirmed by monitoring the thermometer and the pressure gauge
reading. The real-time data were recorded after flushing the chamber with Nitrogen at 1
l/min flow for an extended period of time. The water vapor concentration C is controlled
by changing the nitrogen flow inside the bubbler. The temperature bath is fixed at 22°C.
The vapor concentration values are calculated following the procedure demonstrated in
[147]. The chamber is flushed with N2 [86], to reduce the gas partial pressure, which
helps in the desorption of the physisorbed gas molecules. As shown in Figures 6.7a, 6.7b,
and 6.7c, upon flushing the sensor with Nitrogen toward the end of the mass loading
experiment, the resonator’s resonance frequency returns to its initial value, which
confirms the reversibility of the sensor. The responsivity of the resonator due to water
1st
vapor adsorption at T=22°C near the first and second modes are C  0.68 Hz ppm and

C2 nd  1.2 Hz ppm ,

respectively.

The

minimum

detectable

concentration

is

2nd
Cmin  f min C
 4.6 ppm . As expected a better responsivity is demonstrated near

the second mode. The improved responsivity near the second mode encourages the effort
toward optimized resonator designs to efficiently excite the higher order modes of
vibration for ultrasensitive applications.
By investigating the real time data shown in Figures 6.7a, 6.7b, and 6.7c, we note that
increasing the temperature at particular concentration values decreases the recorded
frequency shift due to the reduced amount of water molecules adsorbed on the resonator
surface. The same conclusion can be drawn from Figures 6.7d and 6.7e, where at higher
concentration the frequency shifts at 22°C approach the measured values at 38°C for the
first mode, and exceed them for the second mode.
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We study the dynamics of absorption by fitting an exponential function f(t) = α
exp(-t/τ) to the recorded experimental results at the different temperature values [50]. We
utilize the recorded results near the second mode of vibration at 1762 ppm to estimate the
response time constant τResponse and at 6431 ppm to estimate the recovery time constant
τRecovery. As shown in Table 6.1, increasing the chamber temperature raises the response
time constant and drops the recovery time. It is worth to mention that the current
experimental setup limits the calculated response and recovery time. The chamber
volume is 3L, and the maximum flow rate is 1.5 l/min, which indicates that longer time is
required to humidify and dehumidify the chamber.
Table 6.1: Response and recovery time constants based on the second mode real-time
data at different temperature values.
τResponse (min)

τRecovery (min)

at 1762 ppm

at 6431 ppm

T = 22 °C

4.65

27.15

T = 38 °C

7.5

18.92

T = 45 °C

7.85

15.59

Theoretically, the frequency ratio R should be horizontal straight lines for fixed
chamber temperature and different water vapor concentrations as shown in Figure A-3c
in the appendix. However, the experimentally recorded ratios show a slight deviation,
which can be attributed to the temperature fluctuation (due the low resolution of the used
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thermocouple), and the different vibrational velocity of each point along the beam length.
From basic adsorption theories, it is known that gas adsorption strongly depends on the
surface temperature, gas concentration, and the velocity of the surface. Hence, even if the
MOFs coating was uniformly distributed along the beam length, the difference in
vibrational velocity along the beam results in position-dependent adsorption. To verify
this, future experiments should be designed and conducted to quantify the velocity effect
on adsorption.

(a)

(b)

(c)
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(d)

(e)

(f)
Figure 6.7: Experimentally measured frequency shifts near the first and second mode of
vibration for different water vapor concentrations at chamber temperature of (a) 22 ᵒC,
(b) 38 ᵒC, and (c) 45 ᵒC. Summary of the experimentally measured frequency shifts at
different combinations of water vapor concentration and chamber temperature near (d)
the first mode, (e) the second mode, and (f) the two frequencies ratio.
The significance of the presented technique can be demonstrated by considering a case
study where the experimentally measured frequency values near the first and second
modes are 117.8 kHz and 290 kHz, respectively. The corresponding frequency ratio R is
2.461. The case study data are highlighted with black arrows in Figures 6.7d, 6.7e, and

105
6.7f. From the arrow intersection with the different curves, one can note that the only
point that satisfies the measured frequency values and their corresponding ratio is 1750
ppm concentration at 45°C. Hence, using two modes of vibration of a single microbeam,
it is possible to measure the change in two physical stimuli. These findings can be
potentially extended to measure multiple physical parameters by increasing the number
of modes such as the electrical charges. It is worth to mention here that one needs to
record the shift in the two resonance frequencies and the frequency ratio to determine the
gas concentration and temperature uniquely. Also, the calibration steps have to be
repeated for different sensors.
6.4

Multimodal smart sensor and actuator
It is desirable to realize a smart switch that can be utilized to perform an action

when the gas concentration exceeds a certain threshold while accurately measuring the
concentration. To show the concept, we employ the pull-in instability near the first mode
and the linear frequency shift at the third mode. In contrast to single mode at which the
reduced stability near the bifurcation point leads to an inaccurate quantification of the gas
concentration, here, the shift in the frequency of the third mode provides an independent,
noise tolerant, and sensitive probe for accurately measuring the gas concentration [78].
Although, the concept can be employed in principle to detect any harmful gas, in our
experiment we utilize water vapor for safety reasons.
6.4.1

Device characterization

Figures 6.8a and 6.8b show an SEM image and a schematic of the clampedclamped resonator; of length (l) 500 µm, width (w) 20 µm, and gap (g) 3.3 µm. These
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dimensions are selected to minimize squeeze film damping in accordance with the
fabrication process rules [125]. The resonator is electrostatically actuated using two-third
lower electrode configuration, which as shown in [54], reduces the voltage values
required to excite the third mode of vibration to one-third compared with the full
electrode configuration. To select the operating frequency and determine the minimum
detectable frequencies, we conducted the same set of experiments and noise analysis
demonstrated in Section 6.2 at VDC = 30V. The results are summarized in Table 6.2.

(a)
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(b)
Figure 6.8: (a) Schematic of the microbeam with the two-third lower electrode showing
the material types, properties, and thicknesses. (b) An SEM image of the fabricated
microbeam with MOFs functionalization.
Table 6.2: Summary of the characterization results of the 500 µm long microbeam.
Allan deviation at
Frequency AC voltage

τ =100s

Theoretical minimum
detectable frequency ∆fmin

1st
mode

75 kHz

VAC1 = 20 V

 f 1 (100)  557 ppm

f1  42 Hz

3rd
mode

344 kHz

VAC3 = 40 V

 f 3 (100)  21.1 ppm

f 3  7 Hz
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6.4.2

Responsivity

Before exposing the device to water vapor, we flush the testing chamber with
Nitrogen at a flow rate of 2 l/min for an extended period of time. Then, we expose the
resonator to water vapor while monitoring the change in the amplitude of vibration. As
water molecules get adsorbed on the device surface, the amplitude of vibration at the
selected operating points increases following the left branch of the frequency response
curves. The water vapor concentration is controlled by controlling the flow ratio between
the bubbler line and the dry nitrogen line. The vapor concentration values are calculated
following the procedure detailed in [148]. The repeatability is demonstrated by replacing
the water vapor flow with nitrogen to flush the resonator and return to the original state;
this process is repeated for two cycles as shown in Figure 6.9a. Figure 6.9b shows the
device response to the different levels of water vapor concentrations. The frequency shift
rises linearly as we increase the water vapor concentration, Figure 6.9c. Also, we ensure
the reversibility by completely flushing the device after each exposure cycle. The
experimentally calculated responsivity near the first mode 1Cst  0.43 Hz ppm and third
wv

mode 3Crd  0.65 Hz ppm demonstrate the enhanced responsivity near the higher order
wv

modes of vibration. From the noise analysis, Table 6.2, the minimum detectable gas
concentration is 11 ppm near the third mode.
To study the dynamic of adsorption, we fit an exponential function decay of the
form f(t) = α exp(-t/τ) to the experimentally recorded data at 4990 ppm depicted in Figure
7.6a. The calculated adsorption τResponse and recovery τRecovery time constants are 5.2 min
and 12.8 min, respectively. These are higher than those reported in the literature, for
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example [93, 149-151]. Although the time constants are governed by the nature of the
surface coating, the current experimental setup limits our ability to accurately measure
these parameters due to the long time required to fully humidify and dehumidify the
chamber. In our study, the chamber volume is 3L, and the maximum flow rate is 2.5
l/min, which indicates that a longer transient time is required to reach the final
concentration value. Using smaller chamber will improve and lower these time constants.

(a)

(b)

(c)
Figure 6.9: Real time measurement of the frequency shift near the first (75 kHz) and third
(344 kHz) mode due to vapor exposures. (a) Repeatability of the response at fixed water
vapor concentration Cwv = 4990 ppm . (b) Linearity of the response at different water
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vapor concentrations. (c) Experimentally calculated sensor responsivity near the first and
third modes, which demonstrates the enhanced Responsivity near the higher order mode
of vibration.
6.4.3

Experimental results

The idea is based on actuating the device with a harmonic signal that has two
frequencies Ω1 and Ω2 with AC amplitudes VAC1 and VAC2 superimposed to a DC voltage.
VAC1 is selected such that the frequency response near the first mode shows a nonlinear
response with dynamic pull-in band, Figure 6.10a, while Ω1 is tuned close to the dynamic
pull-in band of the first mode. The difference between Ω1 and the bifurcation frequency
defines the threshold concentration value after which the microbeam collapses due to
dynamic pull-in, hence, can be realized as an electrical switch. VAC2 is chosen such that a
linear response is realized near the third mode as shown in Figure 6.10b. Ω2 is set close to
the third mode.
It is worth to mention that the dynamic pull-in band, Figure 6.10a, is obtained by
slowly sweeping the excitation frequency around the first mode (quasi-static sweep rate
of 500 Hz/s). When exposing the resonator to mass (vapor) loading, these quasi-static
loading conditions may not apply. Hence, the boundaries of stabilities reported in Figure
6.10a represent idealized scenarios; the actual instability boundaries are in general
dependent on the noise level and dynamic disturbances in the system. This may lead, for
example to an earlier instability threshold on the left branch of the figure. Nevertheless,
such an experiment gives a close enough idea of when to expect the actual dynamic pullin to occur in actual mass loading experiments.
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Next, we illustrate the mass loading experiment. As water molecules get adsorbed
on the resonator, the resonance frequencies decrease, and the corresponding amplitudes at
each excitation frequency increase following the left branch of the frequency response
curves shown in Figure 6.10a and 6.10b. As a case study, a vapor concentration of 3260
ppm is considered as the threshold value. As shown in Figure 6.9c, when operating the
resonator in the linear regime, a concentration of 3260 ppm shifts the first mode
frequency by 1.78 kHz and the third mode by 2.455 kHz. To experimentally demonstrate
the concept of smart switching, we fix the first source frequency at Ω1 = 68 kHz (first
mode) and voltage amplitude VAC1 = 50 V, the second source frequency at Ω2 = 344 kHz
(third mode) and voltage amplitude VAC2 = 40 V, and use VDC = 30 V. Ruzziconi et al.
[152] demonstrated that the stability of the resonator at a particular operating frequency
depends on the size of the safe basin of attraction. As the driving frequency approaches
the bifurcation frequency, the safe basin of attraction gets eroded and shrinks in size. To
ensure the stability of the resonator at the operating points, we monitor the amplitude
fluctuation over time due to noise as shown in the inset of Figure 6.10d. The calculated
Allan deviation near the first and third mode of vibrations are  f 1 (100)  388 ppm and
 f 3 (100)  6 ppm , which correspond to frequency fluctuation of f1  26 Hz and
f 3  2 Hz . Hence, the minimum detectable water vapor concentration is theoretically

(and based on linear analysis [153, 154]) 3 ppm. However, in the case of realizing a
switch, the minimum detectable concentration will be influenced by not only the
frequency fluctuation but also by the erosion of the basin of attraction near the bifurcation
point. Hence, the minimum detectable concentration for such switches depends on the
setup and experimental conditions and needs to be determined experimentally. By
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monitoring the amplitude fluctuation shown in the inset of figure 6.10d, one can note that
the minimum detectable concentration is 58 ppm. Then, the microbeam is exposed to
water vapor at the threshold concentration of 3260 ppm. As shown in Figure 6.10c and
6.10d, when the frequency shift near the first mode exceeds the threshold value (~1.8
kHz), the upper electrode collapses into the lower electrode (simulating a switching
action). However, the measured frequency shift near the third mode is 1.6 kHz, which is
less than the expected value at this concentration, 2.455 kHz, as reported in Figure 6.9c.
In the vicinity of the bifurcation frequency, the noise influence becomes significant,
hence, the measured frequency shift near the first mode can be attributed to the combined
effect of noise and water adsorption on the resonator surface [74, 78]. In our case study,
although the threshold concentration is set at 3260 ppm, the measured frequency shift
near the third mode indicates that the switching occurs at 1924 ppm, Figure 6.10d. This
proves the importance of using the third mode as an independent channel of information
to accurately measure the concentration at which pull in occurs.
The reported results show the significance of this technique in accurately
measuring the concentration of water vapor while still being able to switch if the
concentration exceeds a certain safe value. The reported noise effect can be used as a
safety factor, which ensures that the switching action will take place at a gas
concentration equal or less than the estimated threshold value based on the idealized
curve (based on slow sweeping) of Figure 6.10a. Analytically, the robustness of
bifurcation based gas sensors can be investigated by conducting a global dynamics
analysis on the stable solution before pull-in, which can be used to identify the range of
stable solutions. In contrast to previous works using a single mode to demonstrate a smart
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sensor, at which the noise effect in the vicinity of the bifurcation frequency significantly
reduces the accuracy of the measurement, we show a noise immune technique that can
accurately measure the gas concentration by utilizing the higher order modes of
vibrations of the same resonators, while still being able to switch upon exceeding a safe
concentration value. Also, utilizing the third mode improves the sensor responsivity and
sensitivity. The reported findings can be easily extended to measure the change in other
physical stimuli, such as temperature, and switch upon exceeding the critical limit.
Furthermore, employing higher number of modes opens the door for simultaneous
measurement of multiple physical parameters using the same resonator, which reduces
the power consumption, fabrication cost, and size of the sensor.

(a)

(b)
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(c)

(d)

Figure 6.10: Frequency response curves at VDC = 30 V and at atmospheric pressure (a)
near the first mode at VAC1 = 50 V showing the softening behavior and the dynamic pullin band, (b) near the third mode at VAC2 = 40 V. Real time measurement of the frequency
change and the water vapor concentration until pull in. The vapor exposure started at time
= 9 minutes. (c) Near the first mode, (d) near the third mode. Inset: the fluctuation due to
noise.
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Chapter 7 : Summary, Conclusions, and Future Work
In this chapter, we summarize the dissertation and present the main conclusions
and future work recommendations.
7.1 Summary and conclusions
We investigated the dynamics of clamped-clamped microbeams electrically
actuated by an AC source superimposed to a DC voltage near their highorder modes.
Based on the characterization results from Chapter 2, numerical analysis was conducted
to extract the device parameters. Then, the governing equation was solved using three
mode shapes, which provides good agreement between the simulation and experimental
results. We proved the ability to excite the second mode resonance by using a half
electrode configuration. Also, the third resonance amplitude was amplified significantly
by using the two-thirds lower electrode configuration. Moreover, a hardening behavior
was reported due to the cubic nonlinearities among all the modes due to the dominant
effect of mid-plane stretching. This capability of exciting the higher order modes with
low power can be promising to increase the sensitivity of MEMS-based mass, gas, and
other resonant sensors.
Then, by utilizing the higher order modes and the MOF functionalization, we
presented a sensitive resonant gas sensor. Using the optical vibrometry readout, a
minimum detectable mass of 1.3 ng and responsivity of 1.4 pg/Hz are reported near the
second mode of vibration. Also, we demonstrated a smart switch that can sense the
presence of a particular gas and can simultaneously perform switching upon exceeding a
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certain threshold value. As a case study, pull-in due to water vapor exposure was
demonstrated. Water vapor, Acetone, and Ethanol gasses were tested near the first and
second mode of vibration where a large frequency shift in (kHz) was measured. The
selectivity of the MOF coating to water vapor was demonstrated by studying the
adsorption dynamics of the experimentally recorded response.
In the second part, we investigated the dynamics of an electrically actuated
clamped-clamped microbeam excited by two harmonic AC sources with different
frequencies superimposed to a DC voltage near the first three modes of vibrations. Then,
the governing equation was solved using three mode shapes, which provided a good
agreement between the simulation and the experimental result. Moreover, we proved the
ability to excite the combination resonance of additive and subtractive type. Also, the
ability to broaden and control the bandwidth of the resonator near the higher order modes
has been shown by properly tuning the frequency of the fixed source. Also, increasing the
fixed frequency source voltage, the vibration amplitude with respect to noise near the
higher order modes was enhanced. These capabilities of generating multiple peaks and a
wide continuous response band with the ability to control its amplitude and location can
have a promising application in mechanical logic circuits, energy harvesting, and mass
sensing.
Finally, we presented a new technique to measure two physical stimuli using a
single electrostatically actuated resonant microbeam coated with a MOF and operated in
air. The method is based on simultaneously actuating and tracking two frequencies of two
vibration modes of a microstructure. As a case study, we utilized this concept to measure
the environmental temperature and humidity concentration. Based on the theoretical
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analysis and the Allan deviation results, a minimum detectable temperature variation of
0.03 °C and a water vapor concentration of 4.6 ppm were reported near the second mode
of vibration. We presented a simple mathematical model to demonstrate the idea.
Optimizing the resonator design to excite higher order modes will open the door for
simultaneously measuring multiple physical stimuli using a single resonator, which
reduces power consumption, device size, and cost, and could lead to a smarter generation
of sensors.
Also, by employing the multimode technique, we demonstrated a smart sensor
that is capable of accurately measuring the concentration of a particular gas and
performing switching upon exceeding a certain threshold value. This is in contrast to a
single mode operation, in which the noise effect in the vicinity of the bifurcation reduces
the accuracy and reliability of the sensor readings. The method is based on
simultaneously actuating the resonator near the pull-in band of the first mode and the
linear response of the third mode. As a case study, we utilized this concept to measure the
environmental humidity. Based on the theoretical Allan deviation results, and assuming
linear operation of the resonator based on frequency shifts, a minimum detectable water
vapor concentration of 3 ppm has been reported near the third mode. This concept can be
easily employed to detect more harmful gases by functionalizing the microbeam with a
selective coating material. Also, it can be utilized and extended to independently detect
other physical stimuli, such as temperature. Optimizing the resonator design to excite
higher order modes will open the door for simultaneously measuring multiple physical
stimuli using a single resonator, which reduces the power consumption, device size, and
cost.
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7.2 Future work
The following is a list of recommendations for the future work directions and
suggestions.


One interesting development is to design and implement the electrical read-out
circuit which is an essential step to demonstrate the practicality of the proposed
methods and techniques in real gas sensing application. Also, to build the
switching circuit that can be utilized to trigger an action autonomously.



By selecting the appropriate coating material, the proposed smart sensors and
actuators can be employed to detect harmful gases such carbon monoxide CO,
hydrogen sulfide H2S, and ammonia NH3.



The presented work can be extended to selectively detect specific pathogens,
cancer cells, or bacteria by functionalizing the resonator surface with the
appropriate immobilized antibodies.



Optimizing the microstructure design to activate multiple modes efficiently will
open the door for a new generation of smart, low cost, and compact sensors that
can be implemented in wide range of application to simultaneously detect
multiple physical stimuli.



Functionalizing the same microbeam with different coating materials that have an
affinity to different type of gases will open the door for new generation of
compact electronic nose sensor. By simultaneously tracking the frequency shift of
multiple modes of vibration, the position of the affected material and hence the
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type of gas can be determined. Also, using the frequency shift from the different
modes, the concentrations of the different gasses can be determined.


One technique to enhance the quality factor and hence the sensitivity of resonator
based gas sensors is to use a phase controlled velocity feedback signal. A
Labveiw program can be developed to perform the processing and the phase
control of the feedback signal.
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APPENDIX

A.1 Parameters extraction
The axial stress induced during the fabrication process N0 can be extracted by solving the
eignvalue problem of the microbeam equation (6.3) for m=0, at room temprature, i.e.,
∆T=0 °C, for different Nnon values untill we find the theortical frequency ratio that
matches the experimentally calculated one. The experemental ratio calacultated from the
white noise response, Figure 6.3a, is R=2.44. Hence, as shown in Figure A-1, for N0=
30.67 both ratios are matched.

Figure A-1 The ratio of the second to the first eigen frequency ω2/ ω1 for different values
of the nondimensional axial stress Nnon.

To experimentally extract the effective thermal expansion coeftienent αnon, we invistigate
the experimentally extracted, Figure A-2a, and simulated, Figure A-2b, frequency shift in
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the first and second modes of vibration due to temprature change only. The simulation
results were obtained by solving the eigenvalue problem for different values of the axial
stress Nnon. From a previous analysis, it is known that the total axial stress Nnon is function
of the residual fabrication stress No, which has been extracted from the white noise stress,
and the thermally induce stress due to temprature change αnon∆T. Hence, Nnon = No αnon∆T, which implies that ∆Nnon = - αnon∆T. Therefore, αnon=-∆Nnon /∆T. By matching the
simulation and experimental results presented in Figure A-2a and Figure A-2b we found
that at αnon=0.12, a qualtitaive agreement is shown near the first, Figure A-2c, and
second, Figure A-2d, modes of vibration.

(a)

(b)

(c)

(d)
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Figure A-2. (a) Experimentally recorded frequency shifts near the first and second modes
of vibration for different temperature values. (b) Simulated frequency shift near the first
and second modes of vibration at different nondimensional axial stress values. The
experimental and analytical results match for αnon=0.12 near (c) the first mode, (d) the
second mode.
A.2 Plot of the eigenvalue problem results
Figure A-3 shows the plot of Equations (2.5), (2.6), and (2.7) for various values of
temperature and added mass. Figure A-3c shows that the frequency ratio R depends only
on the temperature change and is independent of the amount of mass being adsorbed on
the resonator surface. Using this figure, the temperature change values can be extracted
based on the measured frequency values. By substituting back into Equation (2.5) or
(2.6), the amount of adsorbed mass can be found.

(a)

(b)
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(c)

Figure A-3 Plots of the eigenvalue problem solution for different values of added mass
and temperature, near (a) the first mode, (b) the second mode, and (c) the frequency ratio.

