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ABSTRACT

Investigation of static and dynamic behavior of a micro mirror
SAAD ILYAS

This dissertation presents the modeling, design, fabrication, and experimental testing of a
polyimide based micro mirror for applications in MEMS logic devices based on its static
behavior and in MEMS resonators using mixed frequency excitation.
First, a universal MEMS logic device that can perform all the logic operations, such as
INVERTER, AND, NAND, NOR, and OR gates using one physical structure, within an
operating range of 0-10 volts. It can also perform XOR and XNOR with one access
inverter using the same structure with different electrical interconnects. We discuss the
fabrication, simulations and experimental results demonstrating these logic operations on
a polyimide micro mirror. The device is capable of performing the switching operation
with a frequency of 1 kHz, a switching time of 8.2 μs, and an electrical lifetime of 8000
cycles.
Second, this study presents an experimental and theoretical investigation of a micro
mirror under a mixed frequency signal composed of two harmonic AC sources. The
experimental and theoretical dynamics are explored via frequency sweeps in the desired
neighborhoods. One frequency is fixed while the other frequency is swept through a wide
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range to study the dynamic responses of the micro mirror. These responses are studied
under different frequencies and different input voltages. The results show interesting
dynamics, where the system exhibits primary resonance, and combination resonances of
additive and subtractive type. The mixed excitation is demonstrated as a way to increase
the bandwidth of the resonator near primary resonance, which can be promising for
resonant sensing applications in the effort to increase the signal-noise ratio over extended
frequency range. It can be promising for energy harvesting as well; since it provides the
system with resonances of very high amplitudes at very low frequencies regardless of
what is the natural frequency of the system, however this still needs further investigation.
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Chapter 1

1. Introduction
Microelectromechanical Systems or most commonly referred to as MEMS is the
technology of very small devices ranging from a few microns up to a millimeter having
unique properties and characteristics. Currently MEMS is an established and one of the
highly pursued fields of research. MEMS devices can be found in almost every modern
electronic device whether it is a mobile phone, a toy, or an environmental sensor. Most of
the MEMS devices have applications in sensors e.g. accelerometers and gyroscopes in
mobile phones, micro mirrors in projectors and flat screen TV’s, pressure sensors, mass
sensors, thermal sensors and actuators like thermal bimorph actuators, comb drive
actuators and micro switches. One of the main factors behind the rapid growth of MEMS
technology, apart from its small size, is its compatibility to the already established
microelectronics. This is due to the fact that both use silicon as the core material for their
devices. This way one can be incorporated into the other without any complications and
can be used to overcome each other’s weaknesses. For example, significant research is
going on to develop harsh environment MEMS sensors to overcome the shortcomings of
CMOS based sensors and actuators, which cannot withstand these harsh environmental
conditions i.e. high temperature, high pressures, and ionizing radiations. Another
attractive feature of MEMS is the fact that they are manufactured using micro fabrication
techniques i.e. surface micro machining, bulk micromachining, which have the capacity
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to produce these devices in very large numbers at the same time. Finally, low cost batch
fabrication of MEMS devices matched with extremely small size and high reliability
makes them an intriguing area of study for both academics and industries.
Micro mirror is an interesting MEMS device that has been used very successfully and
widely in optics [1, 2]. Micro mirror is basically a flat plate anchored by two torsional
beams on the sides so that it is actuated in a see-saw manner as shown in figure 1.1.

Figure 1.1. 3D Schematic of a micro mirror.
In this thesis the static and dynamic behavior of the micro mirror is investigated
theoretically and experimentally for the proposed applications of the micro mirror.
1.1. Literature Review
In this section, first, we present the literature review for MEMS logic devices
highlighting the important work done so far. Second, we present a review of mixed
frequency excitation highlighting the applications and advantages of this field in sensing
and actuation.
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1.1.1. MEMS Logic Devices
Zero off-state leakage and abrupt switching behavior [3- 5] of MEMS logic gates provide
a potential alternative to the non-zero off-state leakage of CMOS [4] which increases
with the downward scaling of transistors. Also a variation in temperature causes the
semiconductor to return to its intrinsic behavior resulting in uncontrolled behavior of the
transistor [6]. Furthermore, the CMOS transistors react badly to ionizing radiations and
hence cannot work in harsh environment conditions [7, 8]. Mechanical logic gates
overcome these hurdles and hence, are very important to be explored further.
MEMS Logic switches work similar to mechanical relay switches. The simplest design
consists of a cantilever, a gate electrode and a drain electrode as shown in figure 1.2.

Figure 1.2. Basic schematic of a simple mechanical logic unit.
The electrostatic force between the source and the gate pulls in the source to contact the
drain and pass the output signal. For example if source is at an input state 1 and gate is at
an input state 0, upon contact, the signal of source will be passed to drain and drain will
be at an output state 0. Various people have worked on mechanical logic units and came
up with different designs performing one or more gates with a single structure.
A four terminal relay technology for complementary gates was published in [8]. It can
mimic the operation of either a n-channel or p-channel MOSFET as it enables to
electrically adjust the switching voltage. The device exhibited good on-state current (Ion
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> 700μA for VDS = 1V) and zero off-state leakage current along with low-voltage
switching (< 2V) and low switching delay (100ns). Figure 1.8 shows schematic of the
four terminal relay. The electrostatic force between the gate and body pulls the gate down
and establishes a connection between drain and source as shown in figure 1.9c. Figure
1.10 shows the key dimension of the four terminal relay.

Figure 1.3. Schematic illustrations of the four-terminal relay structure. (a) Isometric
view. (b) Cross sectional view along the channel (AA’) in the off-state. (c) Crosssectional view in the on-state. The gate is actuated downward by applying a gate-to-body
voltage [8].

Figure 1.4. Key dimensions[8].
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An electrostatic micromechanical switch for logic operation in multichip modules on Si
was proposed [9]. This was one of the early designs in MEMS switches. Figure 1.3 shows
the schematic of the device. It consists of two fixed drive electrodes, two fixed contact
electrodes, two movable drive electrodes, and one movable contact electrode. A driving
voltage is applied to either or both of the fixed drive electrodes. The resulting
electrostatic force pulls the movable contact electrode down, and the contacts are closed.
Figure 1.4 shows the switching behavior of AND gate. The driving force applied to one
fixed electrode is not enough to pull in the movable electrode to close the connection
hence an AND operation. Similarly figure 1.5 presents operation of an OR gate.

Figure 1.5 Schematic view of the micromechanical switch. Drive electrodes and beams
are made of Al, and contact electrodes are made of Au. Fixed electrodes are formed on
the substrate, and movable electrodes are supported by the beams [9].
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Figure 1.6. Switching behavior of device at 2 kHz for AND operation. Equivalent circuit
diagrams are also shown. The actuation voltage is 30 V [9].

Figure 1.7 Switching behavior of device at 2 kHz for OR operation. Equivalent circuit
diagrams are also shown. The actuation voltage is 30 V [9].
A dual ended relay design is proposed to provide a complementary switching behavior
symmetric around half of the operational voltage [10]. Figure 1.6 shows a schematic with
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the design parameters. The device was capable of performing buffer, AND, OR and inverter
operations. It was shown that seesaw relay could also be configured as a bistable latch so that a
memory cell can be implemented with a relay and an access transistor.

Figure 1.8. Parameters of the device are L = 3 μm,W = H = 1 μm, LC = 7.5 μm,WC = 2
μm, LA = 23 or 42 μm, LA1 = 9 or 12 μm,WA = 20 or 40 μm, TGAP = 0.2 μm, and
TCONTACT = 0.1 μm [10].
A torsional two layer MEMS logic gate has been published in [11]. Figure 1.7 shows the
basic model of the device that is capable of performing XOR and NAND functions. The
operation is performed by the seesaw motion of the gate containing the shuttle electrodes.
The electrostatic actuation causes the beam to contact and provide the output signal.
Changing the electrical interconnects of the shuttle electrodes can change the device
function for XOR to NAND and vice versa. Table 1.1 shows the basic parameters of the
device. However the functionality could not be verified electrically due to high resistance
at the connecting points. This was later verified by the same group in [12] where they
used a different fabrication process and were successful in creating a device able to
perform NAND and NOR logic operations within 0-25 volts with a frequency of 100 Hz.
However, still the operating voltage is high and the switching frequency is too low.
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Figure 1.9. A torsional, two-layer MEMS logic gate design: (a) 3D view and (b) Side
view [11].
Table 1.1. Parameters of MEMS logic gate [11].

An investigation of cantilever- and parallel plate-based laterally actuated platinum-coated
polysilicon nanoelectromechanical (NEM) relay was presented in [13, 14]. This design
reports overdrive voltages over 100% without failure. Actuation gaps of 500nm and
voltages of ~12V for clamped-free (figure 1.11) and ~26V for clamped-clamped (figure
1.12) were reported.
Another novel design of MEMS Logic Units for harsh environment conditions was
published in [15]. The schematic of the proposed device is shown in figure 1.13 and the
Truth tables are shown in table 1.2.
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Figure 1.10. SEM of a clamped free design [14].

Figure 1.11. SEM of a clamped–clamped design [14].
The results showed a ~1-2 V pull-down voltage, less than 1μW leakage power
consumption, and reliable switching lifetime greater than 109 cycles. Moreover the
device showed reliable operation for harsh environment operation at elevated
temperatures (409 K) and high ionizing radiation environment (90 kW for 120min in a
nuclear reactor).
Most recently mixed-frequency excitation is used to realize the logic operations, where
mixing of different frequencies results in distinct output frequencies. By associating those
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frequencies to different states, logic operation is realized [16]. While many MEMS logic
gates have been demonstrated they still lack the flexibility of CMOS in designing a
plurality of gates [9-16].

Figure 1.12. Cross-section of XOR and AND gates [15].
Table 1.2. Truth table of XOR and AND gates [15].
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1.1.2. Mixed-frequency Excitation
Exploring and exploiting the interesting dynamical behavior of MEMS is a widely
studied area of research as most MEMS devices exhibit interesting dynamic behaviors
introduced by either electrostatic actuation [17, 18], stiffness [17] or damping [18]. It is
necessary to understand these behaviors in order to either exploit them efficiently or
avoid them, if needed. Considerable efforts have been directed recently to understand
many of the complex dynamics phenomena at the micro scale including dynamics pull-in
[17, 19] and parametric excitation [20, 24]. These also have been proposed for useful
applications in mass sensing [25, 26], low activation voltage switches [27], and digital
logic design [16].
Recently mixed frequency excitations of micro and nano resonators have inspired great
interest of researches due to their exciting and motivating behaviors. These resonators
have found their applications in areas like spectroscopy [28, 29] because of their
remarkable properties, where they have helped in calculating the refractive index of
materials accurately and rapidly. A method to calculate the nonlinear refractive index of
transparent materials using three waves mixing is presented in [28]. They used the
interaction of laser beams at frequencies ω1, ω2 and resulting 2ω1 - ω2 or 2ω2 – ω1
depending on which one has a higher impact to calculate the refractive index.
Mixed-frequency excitation is widely implemented in atomic force microscopy (AFM)
[30-38] to convey several levels of information about the sample under test, where every
mode of vibration is responsible for a different kind of data (first mode for surface
topology, second mode for charge distributions, etc.). An overview of the multifrequency atomic force microscopy is presented in [30]. The multi-frequency AFM can
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be performed using several methods. Multi-harmonics AFM imaging is the most straight
forward approach. It involves recording and plotting the higher harmonics generated
while acquiring the topography image in conventional dynamic AFM modes. The
combination of several harmonics, in particular, the zeroth, first and second harmonics
has allowed the nanoscale mapping of the local stiffness and viscoelastic dissipation in
living cells. Bimodal AFM uses two driving forces to excite the micro cantilever. The
excitation frequencies are usually tuned to match the flexural frequencies, specially first
and second eigenmodes of the cantilever. An amplitude or frequency shift of the first
mode is used to image the topography while the amplitude or the phase shift of second
mode is used to reveal mechanical, magnetic electrical properties of the surface. Another
way to implement multi-frequency atomic force microscopy is to use band excitation by
introducing a synthesized digital signal that spans a continuous band of frequencies and
monitors the response of same or larger frequency band. This technique has been applied
to probe the electromechanical coupling in soft biological systems by distinguishing
among damping, young modulus and electromechanical contributions.
An investigation of the nonlinear interactions between the flexural and torsional modes of
a micro cantilever is presented in [35]. The coupling is shown by proving the sensitivity
of frequency response of one mode to the other resonance mode. The flexural–flexural,
torsional–torsional and flexural–torsional modes coupled through the nonlinearities are
studied which give rise to an amplitude–dependent resonance frequency. They proposed
that a specific resonance mode can be shifted to a higher frequency by simultaneously
driving another mode. By balancing two excitation strengths, a nonlinear response can be
tuned to a linear one. Similarly these modes can be used to detect the motion of each
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other as well. All these modal interactions are proposed to have application in multimodal probe microscopy.
Another recent use of mixed-frequency excitation is in digital logic devices, where
mixing of different frequencies result in distinct output frequencies, and hence enabling
logic and bit storage/flip operations. Interconnect-free parallel logic circuit in a single
mechanical resonator is presented in [16]. A GaAs/AlGaAs based mechanical resonator
with a natural frequency of 155 kHz and a quality factor of 140000 is used as shown in figure
1.13. Piezoelectric effect of the GaAs/AlGaAs heterostructure is used for inducing and
detecting mechanical motion as well as parametric amplification using force constant
modulation. A 2D electron gas contact (2DEG) is used for binary information input with a
frequency twice that of natural frequency (2fo) called pump. Various signals can be provided
through the gate located above the 2DEG to excite the device.

Figure 1.13. Schematic of the proposed resonator for logic operations [16].
The idea is to pump two excitation frequencies with a detuning factor Δ for example,
input A can be 2fo + Δ and input B be 2fo – Δ where the absence and presence of the pump
yields the binary output 0 (1). Now the frequency response that results from mixing of
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these frequencies, measured through the output gate shows certain distinct frequencies
that only appear when a certain combination of inputs is provided. For example for an
AND gate operation those distinct output frequencies, called idlers, are only observed
when both inputs A and B are provided. Similarly the paper demonstrates the OR
operation and a scheme for higher bit gate operations.

Figure 1.14. SEM image of the nano mechanical resonator [39].
Mechanical mixing in a nano resonator at 100MHZ is presented in [39]. Figure 1.14
shows the mechanical resonator used for this study. This study reports that upon exciting
the resonator with two different frequencies of slightly different amplitude under the
influence of a magnetic field, higher order harmonics appear when a certain threshold of
magnetic field intensity is crossed. Figure 1.15 shows the response of the resonator for
different magnetic field intensities (B) and frequencies f1 =37.28MHz and f2 =37.29MHz,
showing higher order harmonics for B > 8T.
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Figure 1.15. Frequency response of nano mechanical resonator [39].
In addition, mixing of frequencies through quadratic electrostatic forces has been
proposed in [40-42] to realize down converters, mixers, and filters. Micromechanical
mixer-filters comprised of mechanically coupled clamped-clamped micro beams with
capacitive mixer transducers has been demonstrated capable of down conversion of a RF
signal from 200 MHz to 37 MHz [40]. Figure 1.16 presents the schematic of the device
design and block diagram of its operation. When an RF input signal and a local input
signal is provided to the system as shown in figure 1.16, mixing occurs and as a result a
new frequency equal to the natural frequency of the output resonator is observed. This
new frequency appears when the difference of the frequencies of the RF input and local
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oscillator signals are equal to that of the output resonator. By exciting the local oscillator
at a desired frequency the down conversion of the input RF frequency is achieved using
this kind of mixing.

Figure 1.16. Schematic and block diagram of mixler [40].
Down conversion and filtering of frequency up to 3.2 GHz is reported in [41, 42]. The
mixing here is again achieved by the combination resonance terms coming from the
forcing term as demonstrated in [40]. This group tested this method on both clampedclamped beams and cantilevers and successfully performed the down conversion and
filtering over a wide range of local oscillator’s frequency ranging from 10MHz to 3.2
GHz.
A literature review regarding the use of mixed-frequency excitation in various fields and
applications has been presented above. Although micro mirrors have been widely used in
optics and in MEMS logic devices, the dynamics of micro mirrors under mixed-
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frequency excitation have not yet been explored. The full potential and use of mixed
frequency excitation and its exploitation for practical MEMS applications has not yet
been investigated in depth, especially for torsional actuators and micro mirrors. Due to
the interesting dynamics and exciting behavior of systems under this excitation it is
necessary to exploit these dynamics in micro mirrors for sensing and actuations
applications in MEMS.
1.2. Objective and Thesis Contribution
The first objective of this research is to design, fabricate and experimentally test a MEMS
logic device that is able to perform all the logic operations using a single structure.
Torsion based MEMS logic device or a micro mirror is proposed to perform the logic
operations. However, differently from [9-16], a structure with conductive patterning of
the metal layer to form the gate electrodes is used here. This patterned layer allows
independent control of mechanical and electrical properties, which provides flexibility
and control over the biasing of the electrodes. This greater control of the biasing allows
more gate functions than previously possible using a single basic gate design. This allows
the device to perform both a gate and its compliment without the need of an inverter
stage. Hence, for the first time, a device that can perform INVERTER, AND, NAND,
NOR, and OR gates using one physical structure is presented. It can also perform XOR
and XNOR gates with one additional inverter. The device operation is studied using
mathematical models as well as simulations which are then compared with experimental
data. Along with the basic operation of the logic device various performance parameters,

29
such as switching time, power consumption per cycle, working frequency, and natural
frequency have also been studied and recorded.
The second aim of this study is to present an experimental and theoretical investigation of
a micro mirror under a mixed frequency signal composed of two harmonic AC sources.
The experimental and theoretical dynamics of the mirror are studied using frequency
sweeps in the desired neighborhoods. One frequency is fixed while the other frequency is
swept through a wide range to study the dynamic responses of the micro mirror. To
simulate the behavior of the micro mirror, it is modeled as a single degree of freedom
system, where the parameters of the model are extracted experimentally.
We will show results to demonstrate these interesting dynamics, where the system
exhibits combination resonances of additive and subtractive type along with the primary
resonance. The properties of these resonances are studied by varying input parameters
such as input voltages and fixed frequency. Finally, promising applications based upon
the behavior of micro mirror under mixed-frequency excitation are presented.
The organization of the thesis is as follows. Chapter 2 discusses the details of the micro
mirror fabrication process. Chapter 3 explains the application of micro mirror as a
universal MEMS logic device. This chapter includes the mathematical modeling as well
as FEM simulations to predict the static behavior of the device for the application of logic
device. Afterwards, experimental data is shown illustrating the operation of the logic
device and tabulating some key performance parameters.

Chapter 4 presents the

investigation of the dynamics of a micro mirror under mixed-frequency excitation.
Frequency response plots for various cases of frequencies and voltages obtained through
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experimental data are shown. Possible applications of the dynamic behavior exhibited by
the micro mirror under mixed-frequency excitation are also discussed. Finally, last
section presents the summary and conclusions.
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Chapter 2

2. Fabrication
The device is fabricated using a six layer polyimide multi-user fabrication process
developed within KAUST Nano fabrication facility [43]. Figure 2.1 presents the
fabrication process flow. In the first step 500 nm of oxide is grown thermally in order to
insulate the device from the Si substrate, as shown in figure 2.1a. Next step is to lay down
the fixed electrodes, source, drain and connecting pads network. A 50nm/250nm of
Cr/Au layer is deposited using sputtering and then lifted off forming the desired pattern
as illustrated in figure 2.1b. Cr is used for better adhesion of Au layer to SiO2 layer. A
layer of polysilicon is added as the sacrificial layer, which determines the operational gap
of the device as shown in figure 2.1c. This gap is different for both applications to be
discussed further. MEMS logic device has an operational gap of 2μm while the mixedfrequency analysis is done on a micro mirror with a gap of 5μm. This sacrificial layer is
etched afterwards to form anchors and dimples, shown in figure 2.1d. Dimples are 850
nm in length used for both connecting source to drain and also to avoid the shorting of
the two electrodes. Sacrificial layer is completely etched away to form anchors exposing
the Metal_0 underneath to establish connections between connecting pads and the
movable gate electrodes. Cr/Au/Cu layer of 50nm/250nm/50nm is sputtered and then
lifted off to form the gate electrodes, shown in figure 2.1e. Au layer is sandwiched
between the Cr layers for adhesion with both the structural and sacrificial layer. This gate
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electrode is patterned in such a way that the voltage on the gate is isolated from the
connecting dimples at the tip of the micro mirror. Structural layer comprising of
polyimide with a nominal thickness of 6 µm is then deposited, figure 2.1f. Polyimide acts
as dielectric layer hence enabling for the conductive pattering of the metal layer forming
the gate electrodes. This patterned layer allows independent control of mechanical and
electrical properties, which provides flexibility and control over the biasing of the
electrodes. This greater control of the biasing allows more gate functions than previously
possible using a single basic gate design. However this causes the bimorph effect and will
result in extreme downward curvature if only a metal underneath the structural layer is
used. Hence another metal layer is deposited on the top of structural layer to balance the
stresses and yield a much straighter device as shown in figure 2.1g. A 450 nm layer of Ni
was found to give a very slightly downward bent structure. The polyimide layer is then
etched to form the structural layer. Finally the device is released using XeF2.

(a)

(b)

(c)
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(d)

(e)

(f)

(g)
Figure 2.1. Process flow cross section of the proposed micro mirror.
Figure 2.2 shows the SEM image of the fabricated micro mirror. The only difference
among the micro mirrors used for experimental testing for the proposed applications is
the operating gap as mentioned above. All other parameters are kept the same.
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Figure 2.2. SEM image of the fabricated micro mirror.
This SEM image will be explained in detail in the subsequent chapters with respect to the
proposed applications.
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Chapter 3

3. Torsion Based Universal MEMS Logic Device
This chapter explains in detail the theoretical and experimental study for the proposed
application of a micro mirror as a logic device.
3.1. Operating Mechanism
Torsion based mechanical switch or micro mirror is used as a complementary switch to
execute all the logic gates. Figure 3.1 shows a schematic of the device. The fixed
electrodes underneath the right side of the actuator are made bigger in size as compared
to those on the left side. Hence GL (left gate electrode) has smaller exposed area to input
electrodes and will require both these inputs electrodes to be active to pull in the left half
of the actuator while GR (right gate electrode) has a larger exposed area and anyone of the
input electrodes, when active, will pull in the right half of the actuator. When any of these
sides snap down there is a contact made between the source and drain on the respective
side. In order to add more flexibility, the device is fabricated in such a way that the metal
strip at its tip is isolated from gate electrode itself and it can transfer a different voltage
state than the state on the gate. Hence we can switch a gate’s operation to its complement
by just inverting the input states on the sources on both sides. Table 3.1 shows the
required input states for the device to perform various logic operations.
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(a)
(a)
Figure 3.1. (a) 3D schematic of the logic device.
Table 3.1. States of different electrodes to perform logic operations.
(1=High; 0=Low; V= Applied Voltage switching between 0-1)
SL SR GL GR IA IB
Out
1
0
1
0
V V
Out
NOR Gate
0
1
1
0
V V
Out
OR Gate
1
0
0
1
V V
Out
AND Gate
0
1
0
1
V V
Out
NAND Gate
1
0
1
0
0
V
Out
Inverter
The proposed device can also perform XOR and XNOR gates with the help of one access
inverter as it requires an inverted input signal. Figure 3.2 shows a schematic
demonstrating how the connections should be made to perform these logic gates. Unlike
the cases mentioned in Table 3.1, where for a particular gate the biasing type S and G
electrodes were hardwired to determine the gate type and there were two inputs like a
standard gate, here the gate electrodes (biasing type S) is only hard wired and rest is
connected to the standard input states. Table 3.2 shows various input states to perform
these gate operations.
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Figure 3.2. Schematic showing the electrical interconnects to perform XOR/XNOR gate.
Table 3.2. States of different electrodes to perform logic operations. (1=High; 0=Low;
V1= Input voltage 1, V2=Input voltage 2, Inv(V1)= Inverted V1).

XOR Gate

SL
1

SR
0

GL
GR
IA IB
V1 Inv (V1)
V2

Out
Out

XNOR Gate

0

1

V1

Out

Inv (V1)

V2

One of the gate electrodes is provided with input 1 (V1) while the other side must be
provided with an inverted input 1, whereas previously input electrodes IA and IB are now
provided with the same, input 2 (V2). Now whenever the two inputs are the same, the
right side will snap down and connect the right side’s source and drain while in all the
other cases the left side will snap down and connect the left side’s source and drain.
Hence XOR/XNOR gates can be performed using the same structure with one access
inverter which is needed to provide the inverted input as mentioned above.
3.2. Modeling
Lumped parameter techniques are used to model the static and dynamic behavior of the
device [44]. An expression of electrostatic torque required for the actuation of micro
actuator can be derived as follows. Consider the schematics of figure 3.3.
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(a)

(b)
Figure 3.3. (a) Top view of the device. (b) Schematic of the micro actuator.
The actuator is composed of an upper plate of length 2a, width b and thickness t. this
plate is connected to two flexure beams on the side of length l, thickness t, and width w.
These beams act as two springs connected in parallel. There are two different voltages
applied on both sides as shown in figure 3.3. The length and width of electrodes is kept
different on both sides in order to get the desired output from the logic device. The gate
electrode on the left side has a voltage VGL and each electrode on the left side is of width
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and length

. Similarly

the gate electrode on the right side has a voltage VGR and

each electrode on the right side is of width

and length

.

The input voltages are

Va and Vb.
Assuming negligible fringing effect, small tilting angle α and infinitely wide plates we
can treat the plate and the electrode beneath as two parallel plates. An expression for
electrostatic force acting on the right half of the device can be calculated as

dF  dF1  dF2

(3.1)

Since there are two electrodes and two different voltages on the right half, the force
equation also has two terms.

dF 

 br (VGR  Va )2  br (VGR  Vb )2

2(d   x)2
2(d   x)2

(3.2)

Where ‘α’ is the tilt angle and ‘ε’ is the dielectric constant of the gap medium. An
expression for electrostatic torque is given by
x2

M R   xdF

(3.3)

x1

x2
x
2
2
M R   br VGR  Va   VGR  Vb   
dF

 x1 2(d   x)2

(3.4)

Let
2
2
VR   br VGR  Va   VGR  Vb  



(3.5)

40
We have the equation for the right side of micro mirror as

MR 

VR
2 2


 d  x2 
d
d

 ln 
 .

 d  x1 
 (d  x2 ) (d  x1 )

(3.6)

Similarly an equation for the left side can be derived as

ML 

VL
2 2


 d  x4 
d
d

 ln 


 d  x3 
 (d  x4 ) (d  x3 )

(3.7)

2
2
VL   bl VGL  Va   VGL  Vb  



(3.8)

Where

Finally the net torque due to electrostatic forces “MTe” applied on the actuator is given by

M Te  M R  M L

(3.9)

As a result of this torque applied there is a resilient torque “Mres” applied by the micro
flexures given by

M res  Kt

(3.10)

Where Kt is the effective stiffness given by [46]

Kt 

2GJ p
l

Where G =shear modulus and Jp is given by [44]

(3.11)
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  2n  1  w  
1
1
J P  wt 3 1  5 
tanh 
 
5
  w 0  2n  1
3
2t




(3.12)

An expression for the pull in voltage can be obtained by equating (3.9) and (3.10) and
simplifying for Vp. Following is the equation simplified to find the pull in for the right
side of the micro actuator.

VP 

Kt s 3

`

(3.13)



 d  x2 
d
d

 ln 

 d  x1 
 (d  x2 ) (d  x1 )

 br 

where θs is the snap down angle. After plugging in the approximate value of θs, a relation
for pull in voltage “VP” can be given by [44]

VP 

0.8275Kt d 3
(1   2 )0.5 (1  0.6735 1.931 ) 0.3244
2 br x23

(3.14)

Where
Equation (3.14) can be used to estimate the pull in voltages for the various case of the
micro mirror.
In order to perform the proposed logic functions, it is necessary for the device to operate
in such a way that it pulls in towards the left side (smaller electrodes side) only and only
when both the small electrodes are active while in all other cases it should snap down
towards the right side (larger electrodes side). In order to verify this functionality of the
device, mathematical simulations using the model described above as well as finite
element simulations were performed. Figure 3.4a explains the state transition and the
valid range of tilt angle for the device to operate in the above mentioned fashion. It shows
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that, when both left electrodes (smaller) are active, the actuator will always pull in to the
left side as the actuation torque curve never crosses the resilient torque curve. Similarly,
when both electrodes on the right side (larger) are active the actuator will pull in towards
the left side. However when one of the electrode on each side is active the actuator will
only pull down to the right within the range of ±8 milliradians since beyond this range the
actuation torque and resilient torque curves intersect each other. This range is acceptable,
as the maximum tilt angle of the device is 4.38 milliradians, hence validating the design.

Figure 3.4. Plots of resilient torque and actuation torques under different actuation
conditions with an operating voltage of 0-10 V.
Similar results are also obtained using finite element simulations of the device performed
on COMSOL [46]. Figure 3.5a shows the pull in results for the case when both electrodes
on the right side are active. It can be seen that the device snaps down to the right side as
predicted. Also in figure 3.5b pull in is demonstrated for the case of one active electrode
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on each side, and it shows that within this operating range it will always snap down
towards the right half.

(a)

(b)
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(c)
Figure 3.5. (a) Pull in analysis for the case when both right side electrodes are active. (b)
Pull in analysis for the case when one electrode on each side is active. (c) Pull in analysis
for the case when both left side electrodes are active.
This is a very important result in order for the device to perform the desired logic
operations and finite element simulations further confirm the results obtained by the
mathematical model. Finally, figure 3.5c shows the device pulling in to the left half for
the case when both left side electrodes are active.
3.3. Experimental Results
3.3.1. Device Parameters
Figure 3.6 shows the SEM image of the fabricated device. Connecting pads that are used
to provide voltage to various input sources as well as collecting output are labeled. The
voltage from these connecting pads is provided to the gate electrodes through the
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anchors. Metal layer visible on top of the structural layer is the Ni layer deposited to
counter for the bimorph effect. This layer is deposited exactly on top of the Metal_1 layer
forming the gate electrodes which is not visible in the figure due to the polyimide layer in
between. It can be seen how these layers can be patterned as desired, with high accuracy
using this fabrication process. It can be also observed how the connecting strip of metal at
the end is isolated from the voltage on the gate electrodes which allows more flexibility
to perform the logic operations.
The important device parameters are shown in table 3.3. The pull in voltage for different
cases was calculated from the mathematical model by using (3.14), finite element
simulations as well as from the experiment. The experimental value of pull in can be
computed by increasing the input voltage slowly until the beam pulls in and a signal is
passed onto the output. Table 3.4 summarizes the results for the pull in voltages and
shows that the results are in good agreement with each other.
A slight difference between the finite element simulations results for pull in and other
results can be observed in table 3.4, which is due to the simplification in the finite
element model for ease in computation. Metal layers on top and bottom of the structural
layer are integrated into the structural layer, which is different from the actual fabricated
device. This simplification causes a difference in the stiffness of the flexure beams and
hence in the pull in voltages. However the main aim of these simulations was to predict
the pull in pattern for different cases and verify the desired operation of the device.
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Figure 3.6. SEM image of the logic device.
Table 3.3. Parameters of the logic device.
Length of the device
Width of the device
Electrode location
Electrode location
Electrode location
Electrode location
Smaller electrode thickness
Larger electrodes thickness
Flexure beam length
Flexure beam width
Flexure beam thickness
Gap
Dimple height

“2a”
“b”
“x1”
“x2”
“x3”
“x4”
“bl”
“br”
“l”
“w”
“t”
“d”

535 μm
150 μm
97.5 μm
222.5 μm
-105 μm
-185 μm
30 μm
42.5 μm
100 μm
15 μm
5 μm
1.92 μm
0.86 μm

Table 3.4. Pull in voltages for different cases of actuations.
Case
Only smaller electrodes active
Only Larger electrodes active
Both sides electrodes active

Mathematical
Model
8.92 volts
5.33 volts
8.06 volts

FEM
Simulations
9.5 volts
5.8 volts
8.3volts

Experimental
8.7 volts
5.2 volts
7.9 volts
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3.3.2. Logic Device Operation
Inputs are provided to the device using function generators via probes and output is read
out on a standard oscilloscope. Experimental results show that the device is able to
perform all the proposed logic operations within 0-10 volts at a frequency of 1 kHz.
Figures 3.7-3.12 show the experimental results of the device performing the logic
operations of Inverter, OR, NAND, XOR, and AND gates. Two inputs are provided to
the input electrodes using probes and the output is read on the oscilloscope.

Figure 3.7. Experimental results for the inverter operation of the proposed logic device.
A transition the between input (1) -> output (0) and input (1) -> output (0) is shown.

(a)
(b)
Figure 3.8. Experimental results for the OR gate operation of the proposed logic device
(a) Shows transition between the input (1,1) -> output(1) and input (0,0) -> output(0). (b)
Shows transition between the input (1,0)/(0,1) -> output(0) and input (0,0) -> output(0).
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(a)

(b)

Figure 3.9. Experimental results for the NAND gate operation of the proposed logic
device (a) Shows transition between the input (1,1) -> output(0) and input (0,0) ->
output(1). (b) Shows transition between the input (1, 0)/ (0, 1) -> output (1) and input (0,
0) -> output (1).

(a)

(b)

Figure 3.10. Experimental results for the XOR gate operation of the proposed logic
device. (a) Shows transition between the input (1, 1) -> output (0) and input (0, 0) ->
output (0). (b) Shows transition between the input (1, 0)/ (0, 1) -> output (1) and input (0,
0) -> output (0).
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(a)

(b)

Figure 3.11. Experimental results for the AND gate operation of the proposed logic
device. (a) Shows transition between the input (1, 1) -> output (1) and input (0, 0) ->
output (0). (b) Shows transition between the input (1, 0)/ (0, 1) -> output (1, 0) and
input (1, 1) -> output (1).
3.3.3. Performance Parameters
Several other performance parameters of the device are calculated, which are summarized
in table 3.5. Switching time is measured using a laser doppler vibrometer where the
displacement of the mirror can be studied with respect to time. Power consumption is
calculated by measuring the current across the resistor and then using the basic power
consumption formula. Mechanical reliability of the device is tested without having the
device to pull in and make contact. The device works fine for more than 106 switching
cycles without any performance degradation. However when the device is tested
involving physical contacts of the connecting dimples to source and drain, the device
faced stiction problem and failed due to degradation of the contacting surfaces as
reported in [47-50]. Several devices were tested and the average switching cycles of
successful operation of the devices turned out to be 8000 cycles.
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Table 3.5. Performance parameters of the logic device.
Energy consumed per switching cycle
Switching time
Mechanical reliability
Electrical reliability
Turn off resistance

4.2 pJ
8.2 µsec
>106
~8000 cycles
>109
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Chapter 4

4. Mixed-frequency Excitation of a Micro Mirror
This chapter explains an experimental and theoretical investigation of a micro mirror
under mixed frequency excitation. The experimental and theoretical dynamics are
explored via frequency sweeps in the desired neighborhoods. One frequency is fixed
while the other frequency is swept through a wide range to study the dynamic responses
of the micro mirror. These responses are studied under different frequencies and different
input voltages.
4.1. Modeling
Figure 4.1 presents schematic diagrams of the micro mirror. The mirror is modeled as a
single degree of freedom system [44]. The equation of motion is given by

I  c  Kt  M R  M L
Where, I is the mass moment of inertia, c is the damping constant,

(4.1)
is the torsional

stiffness. ML is the moment on the left side of mirror, and MR is the moment on the right
side of the mirror given by (3.6) and (3.7) respectively.
This mirror can be actuated in three different ways: The first way of actuation is through
the right half of the mirror, which has larger fixed electrodes compared to the left side.
The second way is through actuating the smaller electrodes on the left side. Finally, it can
be actuated by one electrode of each side. Depending on the actuation type, various
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equilibrium positions of the mirror and its natural frequency can be set. Figure 4.2 shows
a simulated plot of frequency against actuation voltage for the three methods of actuation.
The results of Figure 4.2 are calculated by expressing the equation of motion (4.1) of the
system in state space from and finding the fixed points by setting the right hand side
equal to zero. Then we calculate the Jacobian and subsequently the eigenvalues of the
system to find out the stable solution. Finally, the non-dimensional natural frequency of
the system is calculated by taking the real part of the eigenvalue for stable solution [44].
The dimensional natural frequency ωn is related to non-dimensional natural frequency
ωnon as

n  non

Kt
Im

(4.2)

It can be noticed from Figure 4.2, that how at a single fixed voltage, the device can be
actuated at three different frequencies or a single fixed frequency of the device can be
activated using three different voltages depending on how the device is excited. This
method can prove useful in resonator applications as it provides three different control
points and we can choose to operate around any one depending on the actuation method.
This paper considers the case of electrostatic actuation through the right half of the
mirror, which has the larger fixed electrodes.
Table 4.1 summarizes the measured dimensions and other important parameters of the
micro mirror used for the mixed-frequency excitation.
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(a)

(b)

(c)
Figure 4.1. Schematic views of the micro mirror. (a) 3D view. (b) Top view. (c) 2D side
view.
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Figure 4.2. Frequency shift of the system under three methods of actuation against
voltage (left half: smaller electrodes, right half: larger electrodes, both sides: one
electrode on each side).
Table 4.1. Specifications of the micro mirror.
Length of the device
Width of the device
Electrode location
Electrode location
Electrode location
Electrode location
Smaller electrode thickness
Larger electrodes thickness
Flexure beam length
Flexure beam width
Flexure beam thickness
Gap
Damping ratio
Maximum tilt angle of mirror
Pull in voltage for right half

2a
b
x1
x2
x3
x4
bl
br
l
w
t
d
ξ
αmax

535 μm
150 μm
97.5 μm
222.5 μm
-105 μm
-185 μm
30 μm
42.5 μm
100 μm
15 μm
5 μm
5 μm
0.02
4.38 mrad
18.4 volts

The static analysis of the micro mirror is the same as done section 3.2 with a different gap
value. The estimated pulls in voltages using (3.14), for the three configurations are
summarized in table 4.2.
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Table 4.2. Pull in voltages for the micro mirror under consideration.
Pull in voltage for right half
Pull in voltage for left half
Pull in voltage for both sides

18.4 Volts
30.1 Volts
26.5 Volts

For the dynamic actuation of the mirror the potential difference applied on each side of
mirror, can be expressed as

VL  VR  VDC  VAC1 cos(1 )  VAC 2 cos(2 )

2

(4.3)

Where, VAC1 is the amplitude of the first AC source, VAC2 is the amplitude of the second
AC source, VDC is the polarization voltage and Ω1, Ω2 are the first and second excitation
frequencies, respectively.
Next we introduce the following normalized parameters:




 max

(4.4)

d
a

(4.5)
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(4.6)

x4

(4.7)





T

I
Kt

Using (4.4-4.8), the final normalized equation of motion can be written as

(4.8)
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(4.9)
Where θ is the normalized tilt angle and

1 

 bV
 brVR
l L
; 2 
3
2 max Kt
2 max3 Kt

(4.10)

The simulation part of the results is obtained by numerically integrating (4.9) in time
using Runge-Kutta method. All the results are post processed and presented in the form
of frequency response plots.
4.2. Experimental Setup
Figure 4.3a shows a schematic of the experimental setup. A resistor is installed to limit
the current passing through the circuit in the event of pull in. The micro mirror is placed
inside a vacuum chamber with a laser coming from a Laser Doppler Vibrometer (LDV)
pointing directly at it to take the measurements. The LDV generates all the experimental
results as displacement, which is then converted into a tilt angle using simple
trigonometric principles. (DAQ) NI 6251from National Instruments is used to acquire the
data from the LDV. These results are also post processed and expressed in the form of
frequency response curves.
4.3. Mixed-Frequency Excitation
Next, we demonstrate and show results for the mirror under mixed-frequency excitation
signals. The combination resonances look similar to what has been reported in [51, 52]
due to the presence of quadratic nonlinearity. Although our system has quadratic
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nonlinearity coming from the electrostatic force; a much stronger effect comes from the
mixed forcing terms introduced through the quadratic electrostatic force, as was reported
also in [40-42]. To better understand this, one can expand the quadratic voltage term in
(4.3), which yields

VR  VL  VDC 2  VAC12 .cos2 (1t )  VAC 2 2 .cos 2 (2t )  2VDC .VAC1.cos(1t )  2VDC .VAC 2 .cos(2t )
VAC1.VAC 2 .[cos{(1  2 )t}  cos{(1  2 )t}]
(4.11)
Now if we look at the last term of the (4.11) we can see that the system will experience
resonance at Ω1+Ω2 and Ω1-Ω2, which will be called additive type combination
resonances and subtractive type combination resonances, respectively.

(a)
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(b)
Figure 4.3. (a) Schematic of the experimental setup. (b) Laser Doppler Vibrometer
(LDV) pointing at the micro mirror inside the vacuum chamber.
4.4. Results and Discussions
The primary natural frequency of the system is calculated using the finite element
software ANSYS [53] shown in figure 4.4. These results are obtained by basic modal
analysis over the geometry of the micro mirror meshed using 3-D solid brick elements.
The primary resonance frequency is calculated to be at 6.62 kHz. Figure 4.5 shows the
experimentally and theoretically calculated primary natural frequency of the system that
is consistent with that of the finite element results. The y axis scale shows the
displacement measurement obtained from the laser vibrometer as well as the tilt angle α
obtained by applying the simple trigonometric principles. From now onwards all the plots
will be shown against the tilt angle α as it relates more closely to the motion of the micro
mirror.
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Figure 4.4. The finite element model used to calculate the natural frequency of the
system (found to be 6.71 kHz).
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Figure 4.5. Frequency response sweep at VDC=3V, VAC1=1V of the system to estimate
the natural frequency of the system (around 6.62 kHz).
The effective mass moment of inertia I is then calculated by using the results of the
experimentally calculated natural frequency value ωn and torsional stiffness Kt in the
following equation
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I

Kt

(4.13)

n 2

Stiffness is extracted by applying the DC voltage and measuring the deflection
corresponding to these values. The extracted parameters of the device are given in Table
5.3.
Table 4.3. Extracted parameters of the micro mirror.
Torsional stiffness of the device
Effective mass moment of inertia
Gap
Damping ratio

Kt
I
d
ξ

3.2e-8 N/m
1.8082e-17 kgm2
5 μm
0.02

Next, we show results for various loading cases, where we fix one of the AC frequencies
and vary the other one in the neighborhood of primary resonance. The effects of varying
the fixed frequency and the applied voltage on the combination resonances are studied in
these cases. Conclusions are drawn based upon the experimental data.
4.4.1. Case 1: VDC=2V, VAC1=2V, VAC2=1V, and Ω1=500 Hz
Initially, we consider the case when

is equal 500 Hz and

is swept over 2 kHz

frequency range around the primary resonance. One can note the resulting frequency
response curve in Figure 4.6. The figure shows the resonances of subtractive type at 7.1
kHz, due to the Ω1-Ω2 term in (4.11), and the additive type at 6.1 kHz, due to the Ω1+Ω2
term in (4.11), approximately as expected.
4.4.2. Case 2: VDC=2V, VAC1=5V, VAC2=1V, and Ω1=2 kHz
Next, we consider another case just to further demonstrate that the shifting of the additive
and subtractive resonances at the desired frequencies is controlled by the fixed frequency
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through the mixing. Figure 4.7 demonstrates the experimental result for the additive type
resonance, when Ω1 is fixed at 2 kHz. The resonances here are expected at 4.6 kHz
(additive type) and 8.6 kHz (subtractive type).
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Figure 4.6. (a) Experimentally measured frequency response sweep for VDC=2V, VAC1=2V,
VAC2=1V, Ω1=500 Hz. (b) Simulated frequency response sweep for VDC=2V, VAC1=2V, VAC2=1V,
Ω1=500 Hz.
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Figure 4.7. (a) Experimentally measured frequency response sweep for VDC=2V,
VAC1=5V, VAC2=1V, Ω1=2 kHz. (b) Simulated frequency response sweep for VDC=2V,
VAC1=5V, VAC2=1V, Ω1=2 kHz.
4.4.3. Case 3: VDC=2V, VAC1=5V, VAC2=1V, and Ω1=100 kHz
In this case, we study the behavior of these resonances at a very high fixed frequency
compared to the natural frequency of the mirror i.e. 100 kHz. Figure 4.8 compares the
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experimental results of this case with and without mixed-frequency excitation. A
resonance is activated at 106.6 kHz due to the Ω1-Ω2 condition of the combination
resonances in case of mixed frequency-excitation while no response from the system is
observed in case of only single frequency excitation. Using this technique, we can shift
any one of the additive or subtractive type resonances to any desired frequency. Also a
huge difference in amplitude can be observed between the single source and mixedfrequency excitation, which shows the effectiveness of this method. A similar peak is
also activated at 94.4 kHz due to the Ω1-Ω2 term of the combination resonances having
similar behavior.
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Figure 4.8. Experimentally measured frequency response sweep for VDC=2V, VAC1=5V,
VAC2=1V, Ω1=100 kHz.
A similar peak is also activated at 94.4 kHz, again due to the Ω1-Ω2 term (100-94.4 = 6.6
kHz), which is essentially a subtractive type. Hence, resonance is observed at Ω2 = 94.4
kHz.
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4.4.4. Case 4: VDC=2V, VAC1=variable, VAC2=1V, Ω1=500 Hz
If we recall (4.11) and ignore the term containing combination resonances for now we
notice that if Ω1 is fixed and we increase the voltage associated with this fixed frequency
VAC1, it will only affect the terms related to this fixed frequency which are

VAC12 .cos2 (1t )  2VDC .VAC1.cos(1t )

It is obvious that this will not affect the amplitude at natural frequency of the system as
the energy is only being put into the fixed frequency that is not equal to natural
frequency.
Similarly if we increase the amplitude of VAC2 (that is associated with the sweeping
frequency Ω2) we see that the affected terms are

VAC 2 2 .cos2 (2t )  2VDC .VAC 2 .cos(2t )

It is again clear that these terms will affect the amplitude at the natural frequency of the
system when the sweeping frequency becomes equal to the natural frequency of the
system.
Now when we consider the combination resonances term given by

VAC1.VAC 2 .[cos{(1  2 )t}  cos{(1  2 )t}]
Notice here that if the amplitude of VAC1 is increased, higher amplitude in the
combination resonances will be observed as a lot of energy is being pumped into the
fixed frequency term, which when matched the condition for the combination resonances,
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demonstrates itself in terms of amplitude of these resonances. However the amplitude of
the natural frequency stays the same as it is not affected by the VAC1 term. Next, if VAC2 is
increased, a significant increase in the amplitude at the natural frequency will be
observed as more energy is being put into the sweeping frequency with slight increase in
combination resonances.
Hence it is clear that if the voltage associated with the fixed frequency of VAC1 is
increased and the rest of the parameters are kept the same, it results in higher amplitude
of the combination resonances. Figure 4.9 demonstrates this effect from the experimental
data obtained for different voltages of VAC1. It shows how the amplitude increases from
1.2 mrad to 3.2 mrad until it is almost equal to the amplitude at primary natural
frequency. Also, an increase in the amplitude of regions between the resonances can also
be observed. This can effectively increases the bandwidth of the resonator using the
mixed-frequency excitation. In another words, mixed-frequency excitation can be
proposed as an effective way to excite resonance sensors to achieve large signal-noise
ratio over extended range of frequency, and thus avoiding the problem of a narrow sharp
response over a limited range of frequency that negatively affects the performance of
devices, such as MEMS gyroscopes.
The results of the above-discussed cases show that resonances can be activated at any
frequency with the desired amplitude as long as we properly choose the input voltages.
The ability to generate multiple resonance peaks and the ability to control how close they
can be activated to each other as well as their amplitude without changing the geometry
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of the device is a very promising result and feature that can be widely used in many
MEMS applications, such as resonant sensors and other applications.
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Figure 4.9. Experimentally measured frequency response sweep for VDC=2V, VAC1=
variable, VAC2=1V, Ω1=500 Hz.
4.5. Discussion
4.5.1. Resonators Applications
As indicated earlier, the mixed-frequency excitation can effectively increase the
bandwidth of resonators. This occurs when the combination resonances (additive and
subtractive) gets closer to the primary natural frequency as the fixed excitation frequency
gets small. This results in increasing the bandwidth around the primary resonance. Figure
4.10 shows the experimental results of reducing the fixed frequency to small values and
its effect on the bandwidth of the micro mirror. In this figure, we increase the bandwidth
around the primary natural frequency. Also, very high amplitude of the combination
resonances can be achieved by selecting the proper voltage input. This proves that using
mixed-frequency excitation can increase the bandwidth in resonators without making any
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changes to the device design or sacrificing much of its maximum amplitude. This can be
advantageous in applications, such as MEMS gyroscopes, where mismatch problems can
result in huge loss in the signals [54].
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Figure 4.10. Experimentally measured frequency response sweep for VDC=2V,
VAC1=5V, VAC2=1V, Ω1= variable.
The bandwidth can be further increased if more than two sources of excitation are
applied, as each new frequency gives rise to two new resonance peaks around the primary
resonance. Figure 4.11 shows simulation results of a case where the mirror is excited with
four AC frequency sources. It can be observed that there are six resonances surrounding
the primary resonance; each associated with the respective fixed frequencies, which in
this case are 100Hz, 200Hz and 350Hz. It can be observed that how easily the bandwidth
of resonators can be increased without introducing any complexity in the design or
fabrication.
4.5.2. Energy Harvester Applications
Contrary to the previous case, where the fixed frequency was given a value close to zero,
if the magnitude of the fixed frequency is set very close to the primary natural frequency,
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the additive type resonance can be activated at a very small frequency range (close to 0
Hz). Figure 4.12 shows the effect of setting the fixed frequency very close to the primary
natural frequency based on experimental data. It can be observed that very high
amplitude peaks are activated between 100-300 Hz depending upon the fixed frequency
value. However, we cannot observe anything in the case of a single source excitation
(VAC1=0). Also in this figure, the amplitude of the sub resonance is very high and is
spread across a wide range of frequencies when the fixed frequency is very close to the
natural frequency i.e. 6.4 kHz. This can be promising for energy harvesting; since it
provides the system with resonances of very high amplitudes at very low frequencies
regardless of what is the natural frequency of the system. It also allows us to target any
frequency range where we want these energy harvesters, which otherwise is possible only
by changing the design and refabricating a new device. Of course, the energy cost of
adding an external source at a fixed frequency to activate the resonance at the other lower
frequency from vibration needs to be investigated in details before judging on the
suitability of this method and its efficiency.
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Figure 4.11. Simulated frequency sweep for Ω1= 100 Hz, Ω2= 200 Hz, and Ω3= 350 Hz.
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VAC2=1V, Ω1= variable.
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Chapter 5

5. Summary, Conclusions and Future Work
5.1. Summary and Conclusions
First, the design and fabrication of a torsion based universal MEMS logic device is
presented. A mathematical model to predict the operation of the device is developed
using lumped parameter techniques which is further validated using FEM simulations and
experimental data. The device is able to perform all the logic operations i.e. Inverter,
AND, NAND, OR and NOR gate with a single structure just by changing the
interconnections. It is also able to realize XOR and XNOR gate operation with an access
inverter. The logic operations are performed at a frequency of 1 kHz with a minimum
operating voltage range of 0-10 volts. Other performance parameters like natural
frequency, switching time, power consumption and on/off resistance are also calculated
and tabulated. Having the ability to perform all the logic operations using the same
structural unit makes the proposed MEMS logic device, a basic building block with an
ability to realize complex digital circuits.
Second, multi and mixed-frequency excitation has been studied both theoretically and
experimentally based on the same Polyimide micro-mirror. The mixed frequency
excitation can be effectively used in resonators and resonant sensors to increase their
bandwidths by pushing the combination resonances close to their primary natural
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frequencies and by maintaining the overall amplitude in the vicinity of the primary
natural frequency. Furthermore, it is possible to implement this scheme for energy
harvesters by activating the combination resonances with a high amplitude and broader
bandwidth, at very small frequency values ranging within a few hundred Hertz. All of
this is enabled due to the precise control over the amplitude and frequencies of these
combination resonances provided by the mixed-frequency excitation.
5.2. Future Work
Future work of this thesis may branch off into three areas, MEMS complex circuit
designs based on the proposed logic device, customization of the polyimide based multiuser fabrication process, and applications based on dynamic behavior of the micro mirror.
The proposed MEMS logic device acts as a basic building cell for complex digital
circuits, as a single structure can perform all the logic operations. The next step is to
design, fabricate, and test these complex digital circuits and gauge their performance. The
ultimate goal of developing MEMS logic devices is to be able to perform these complex
digital circuits, which then may be used in harsh environment conditions where CMOS
technology fails i.e. in an environment containing ionizing radiations etc. The very next
project could be to design a half adder, full adder, or counter using these basic gates in
various combinations and investigate their performance to see their viability to make
further complex circuits finally aiming to get a complete MEMS based processing unit.
The fabrication process used to fabricate the proposed micro mirror is a multi-user
process and a valuable contribution here could be improving/modifying the fabrication
process specifically for fabrication of the proposed micro mirror design. This
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modification might result in an easy fabrication run and enhanced performance,
especially of the MEMS logic device. Also, undesired curvature in the micro mirror due
to bimorph effect causes a huge problem and requires very controlled and careful
fabrication run. Another possible research topic could be to develop a theoretical model
to predict this curvature. This can make the fabrication process easy and less time
consuming. Another approach to the problem would be to develop a model to predict the
static and dynamic behavior of a curled mirror. Whenever the body of MEMS actuators
composed of several layers, there is a slight curvature introduced due to residual stresses
and this can significantly change the pull in dynamics of these structures. Although the
curvature problem has been mentioned a lot in literature there are very few models
available to predict it and a model for micro mirror is not among them, so this is also a
promising area to be investigated.
Delving further into the applications of micro mirror, the first thing would be to
investigate the application of micro mirror in electrostatic energy harvesting. Afterwards
the same can be investigated under mixed frequency excitation to see if mixed-frequency
excitation could be used to increase the energy harvested or provide some other sort of
advantages. It has already been established that using mixed-frequency excitation can
excite the mirror at low frequencies without having the need to fabricate a device with
very low natural frequency. However the feasibility of this idea further needs to be
studied to see if it is giving us enough power output, since we are expending more power
now as we excite the mirror with two input sources of different frequencies.
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Multi-mode mixed-frequency excitation of a micro mirror is yet another area to be
explored. Exciting both modes along with the combination resonances may lead to some
interesting dynamic behavior that might be useful for MEMS sensors and actuators
applications. Mixed-frequency excitation may also be used to increase the bandwidth of
the second mode. Choosing frequencies in such a way that the combination frequencies
lie on one or the other mode might amplify their amplitude and hence find applications in
MEMS resonators.
Finally, using micro mirror for mass detection is another potential idea that is worth
exploring. The fabrication process and the materials used are compatible for mass sensing
application. Mirrors also give us the liberty to coat two sides with different selective
materials and sense different target masses i.e. gases, using one structure. It also gives us
the ability to expose one half of it to the gas to be sensed while we actuate the other half
to have more control over the sensing behavior of the device.
The above mentioned are a few ideas that are derivatives of these projects and they may
branch into complete research topics of their own.
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