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Abstract
Neuroimaging is a relatively new discipline within medicine and psychology that is used to study
the nervous system and can also help diagnose anomalies in cognitive functions. Unfortunately,
the most popular techniques available (i.e. magnetic resonance imaging) are expensive, timeconsuming, and inaccessible to most. Furthermore, emerging markets in virtual reality and
education are also interested in creating new applications that would primarily rely on brain
sensing technology. This research project is part of an internally funded program at Draper that is
seeking to develop a sensor that would measure electric fields that are emitted from the
outermost layer of the brain (usually ~1mV/m around 10-12Hz). If successful, this method
would be relatively cheaper than most commercial techniques with the added benefits of being
mobile and providing real-time measurements. In this thesis, a system level model was
developed for characterizing the behavior of the device due to an electric field input as well as
vibrations. A numerical model is also added to complement the electrostatics to capture any flux
diversion that may influence the field strength near the device during operation. The
micromachining process as well as the assembly are described. Results show agreement with
modeling parameters. First, the expected resonant frequencies of the mechanical modes of the
device during each major of the fabrication process are well predicted. Second, the scale factor
of the device increases linearly with the amount of voltage applied to the system, which agrees
with the model. Results suggest that the sensor’s Brownian resolution limit with a 900V bias at
resonance (2.5 kHz) will be 2.5 V/m/√Hz, and at low frequencies (~ 10 Hz) will be 1.5
mV/m/√Hz. Due to room vibrations, which are not attenuated by the current single-point laser
vibrometry measurement method used for experiments, this resolution limit has not yet been
x

approached. However, if a more optimal measurement scheme were used, that could approach
the Brownian limit, which has been done in other MEMS systems, this resolution limit may
plausibly be achievable in the future. At resonance this resolution would be nearly three orders
of magnitude better than required for brain sensing applications. At low frequencies, the
Brownian limit is of the same order as the required resolution. This thesis not only demonstrates
the ability of the sensor to measure electric fields, but also develops a model and offers insights
on further modifications that can be made to improve sensor performance.
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Introduction
This thesis explores the possibility of measuring signals that come from the human body. More
specifically, it would detect electric fields emitted from the outermost layer of the brain. This
would be accomplished through a MEMS (microelectromechanical system) device that would
provide information on where the signal came from, as well as how large it is. This field of
research started over 200 years ago when Italian physicist Luigi Galvani discovered that the
functions of the nervous system are intrinsically linked to electrical activity [1]. Since then, there
has been a growing interest in the development of instruments meant for measuring
electrophysiological signals. These signals are the result of ionic flow in biological tissues. Most
of them arise through the firing of neurons which can respond to stimuli and control the body’s
responses. Information from these signals is helpful in numerous ways. Different areas of
healthcare that rely heavily on electrophysiological measurements include, the monitoring of
chronic conditions, the rehabilitation of patients following trauma, and the development of
assistive technology for the disabled [2]. For instance, electrocardiography (ECG) is a specific
branch of electrophysiology that specializes in recording the activity of the heart. This is
accomplished by placing electrodes on the skin which can detect electrical changes that arise
from the heart muscle’s depolarization and repolarization during a heartbeat. As seen in Figure
1.1, an electrocardiogram recording is a graph that shows the changes in voltage over time
during a cardiac cycle.
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Figure 1.1 – Schematic representation of normal ECG. Figure used under Wikimedia Commons
License.
The size of the signal plays a significant role in how well it can be measured. For a chest
measurement, typical voltage measurements can be as high as 1-2 mV. To contrast, signals from
an electroencephalogram (EEG), which arise from neurons firing in the brain, are as low as 10100 µV near the surface of the scalp [3]. The spatial resolution required for a measurement varies
widely depending on the signal of interest. For cardiac function, a good ECG measurement can
be acquired from a pair of electrodes located on opposite wrists. On the other hand, to retrieve
any significant information from an electromyogram (EMG), which measures muscular activity,
the electrodes must be placed very closely.
In this research, greater emphasis is placed on signals which are emitted in the brain. Outside of
healthcare, other industries as well have also expressed interest in electrophysiological sensors.
For instance, education researchers see an opportunity to perform studies on how organized and
focused students are in a classroom setting [4]. This growing need across different industries has
-2-

evolved into a research field primarily focused on brain-computer interaction (BCI). At this point
it is worth mentioning that there are different types of sensors that are commonly used in BCI
research. As seen in Figure 1.2, they are:
A. Electrodes placed non-invasively on the scalp (EEG)
B. Electrodes placed on the surface of the brain (electrocorticography (ECoG))
C. Electrodes placed invasively within the brain (single neuron recordings)

Figure 1.2 – Common sensor types in BCI research. Image taken from [5]
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Brain Sensing Technologies
For the sake of relevance, a few common non-invasive brain imaging techniques are briefly
described.
Magnetic Resonance Imaging (MRI) and Functional Resonance Magnetic Imaging (fMRI)
An MRI is one of the most popular medical imaging techniques (Figure 1.3). It uses strong
magnetic fields to align spinning atomic nuclei within the brain, then introduces a disturbance in
their axis of rotation and observes the signal generated as the nuclei return to their original
position [6]. When blood is rushed through regions of the brain that are active, an MRI can pick
up a stronger signal from the concentrated hydrogen protons. An advantage of MRI is that it is
noninvasive and poses little health risks. Unfortunately, this technique requires patients to be idle
during a long period of time in a cramped space during the imaging process. The fMRI is a series
of MRIs that can measure the functional activity of the brain. For instance, while a patient
processes visual information, an fMRI can continuously measure changes in the brain due to the
neural activity. This method is also expensive as it requires the use of cryogenically cooled
superconducting magnets and safety features must be implemented in the room to protect those
right outside from the magnetic field.
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Figure 1.3 – MRI scanner. Image taken from [7]
Positron Emission Tomography (PET)
PET is a nuclear imaging technique that uses the decay properties of radionuclides by positron
emission to observe processes in the body [8]. A PET scanner consists of an array of detectors
surrounding the object of interest (i.e. the brain - Figure 1.4). When the radioactive atom on a
particular molecule decays, a positron is emitted from the nucleus, ultimately leading to the
emission of a photon that will be converted into an electrical signal. Using data from numerous
detectors it is possible to reconstruct an image of the emitted signal. As part of the scan, a tracer
substance attached to radioactive isotopes is injected into the blood. When regions of the brain
are active during an activity, blood rushes to deliver oxygen thus creating visible spots for the
detectors. Due to the complexity associated with PET scans, they are costly and invasive, thus
making their use limited.
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Figure 1.4 – Schematic overview of PET. Image taken from [9]
Electroencephalography (EEG)
An electroencephalogram is a noninvasive method of recording electrical activity in the brain
[10]. As seen in Figure 1.5, an array of electrodes is placed along the scalp of the patient, and
their role is to measure the voltage fluctuations that result from ionic current within the neurons
of the brain. While this method requires a relatively lengthy amount of preparation time,
hardware costs are significantly less expensive compared to the previously discussed techniques.
Another major advantage with this technique is that it does not require bulky and immobile
equipment that must be installed in a shielded room.
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Figure 1.5 – Illustration of encephalography. Image taken from[11]

Magnetoencephalography (MEG)
MEG is a noninvasive technique for mapping brain activity by recording magnetic fields
produced by electric currents occurring in the brain, using multichannel SQUID
(superconducting quantum interference device) gradiometers [12]. Since this technique measures
relatively weak magnetic fields, it requires the use of a shielded room to reduce unwanted
sources of noise (i.e. fluctuations in the Earth’s geomagnetic field). Furthermore, the electrical
activity of the heart also generates a field, which on the chest is two to three orders of magnitude
larger than the signals from the brain outside of the head. Consequently, a flux transformer is
used to reduce the sensitivity of the SQUID measuring system to external magnetic noise. This
method is relatively expensive.
Electric Field Encephalography (EFEG)
A different technique, somewhat comparable to EEG, is geared towards measuring electric fields
that occur in the brain. According to Petrov, such a method can provide information about brain
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states that are independent from EEG and other brain imaging techniques [13]. This approach
may be proven more difficult to implement due to the need to build an electric field sensor that
would be sensitive enough to measure the signals of interest.
In Petrov’s study, to compare EEG and EFEG as realistically as possible, two head models were
used to simulate electric fields; an anisotropic 4-shell spherical head model and a 3-shell
boundary element method (BEM) model. The implementation of the models as well their
respective limitations are described in greater detail in the Materials and Methods sections of
[13]. Results from his modeling indicate that that, assuming the same signal-to-noise ratio, highdensity electric field measurements are more informative than potential measurements when
taken near the head or surface. Accordingly, another aspect of the study aimed at reconstructing
cortical sources using the potential and electric field data. The details of the source localizations
algorithms that were used are described in the Materials and Methods section of [13]. The results
are shown in Figure 1.6.

Figure 1.6 – Representative reconstructions of two cortical sources. The results are shown on
pial cortical surfaces, the dipole source patch is shown in green. Color indicates amplitude and
direction of cortical currents: inward – cold, outward – hot. Image taken from [13]
-8-

The panels in the left column display reconstructions based potential measurements, and panels
on the right show reconstructions based on electric field measurements. Reconstructions based
on the electric field measurements were tighter and located more closely to the simulated source,
shown in green. A tangential source refers to a source with a tangential (parallel to the scalp)
dipole component larger than radial (normal to the scalp) component. Improvements of using
EFEG sensors are particularly noticeable for the tangential source shown in the bottom row.
Two main conclusions can be drawn from Petrov’s study. First, assuming similar signal-to-noise
ratios, EFEG sensors can provide more uncorrelated signals relative to EEG sensors. Second,
since more information is attainable through electric field encephalography, source localization
is more accurate. Consequently, this encourages efforts towards developing EFEG sensors
sensitive enough to measure signals near the outer layer of the scalp. In the following section,
more detail will be provided on some popular electric field sensing technologies.
Approach – Electric Field Sensing
Many applications make use of electric field sensors to monitor certain phenomena. For instance,
the knowledge of electric fields is required to study lightning and other meteorological events.
Another example is the long-term monitoring of the electric fields produced by high voltage
power lines [14]. The electric fields in these examples can be as large as tens of kilovolts per
meter, and the required resolution is around hundreds of volts per meter. Certain fieldmeters, that
measure electrostatic charges on objects can have resolutions as low as hundreds of Volts per
meter [15]. For this research, the electric fields of interest are around 1 mV/m and occur at very
low frequencies (10-12 Hz) [13]. In this section, different sensor designs are presented, and a
summary of relevant specifications for popular electric sensing technologies is provided.
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Micromachined Electric Field Mill (MEFM)
Electric field mills are the most common types of electric field sensors used for meteorology
studies. The operating principle is shown in Figure 1.7. A grounded shutter moves laterally, thus
repeatedly exposing and shielding a set of electrodes to an incident electric field. When exposed,
the incident field induces a flow of charge from the ground to the electrodes. When shielded, the
charge flows in the opposite direction. By measuring the change in current the size of external
electric fields can be calculated.

Figure 1.7 – Operating principle of an electric field mill. Image taken from [14]
One issue of typical MEFMs is the large operating voltage (25-100 V) that is needed to produce
the required displacements of the shutter. This can result in difficulties in taking measurements
as not only do these high voltages appear as interference at the output but they also modify the
electric field distribution in the vicinity of the sensor.

- 10 -

Figure 1.8 – Image of a fabricated MEFM. One set of electrodes is visible through shutter
openings. Image taken from [14]
To mitigate some of these issues, one of the most recent versions of MEFMs make use of
thermal actuators to move the shutter (Figure 1.8). Using this method resulted in a reduction of
drive signals to 62.5 mV. This results in a sensor resolution of 42 V/m.
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E-field Sensor Using Electrostatic Force Deflection

Figure 1.9 – Schematic of sensor, showing micro-spring supported membrane and laser bounce
system used to monitor membrane deflection. Image taken from [16]

An electric field sensor using electrostatic force deflection is described in [16]. As shown in
Figure 1.9, it consists of a membrane supported by eight micro-springs. Depending on the
sensitivity of the measurement, the membrane may be grounded or have an applied DC or AC
voltage. In the presence of an electric field, an attractive force will deflect the membrane toward
the voltage source. The deflection is measured using a laser beam bounce system with a split
photodetector. The magnitude of the deflection is directly proportional to the strength of the
electric field. Using that deflection as well as the known stiffness of the micro-springs, the
electrostatic force on the membrane can be calculated. In the presence of a uniform electric field,
the membrane and the voltage source can be approximated as a parallel plate capacitor, which
makes it possible to estimate the external electric field. This device has a frequency range from
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DC to 150Hz and a measurement resolution of 5kV/m for a DC field. For an AC field at 97 Hz,
the smallest detectable signal is 0.3 V/m.
Steered-Electron Electric Field Sensor (SEEF)

Figure 1.10 – Illustration of the concept of operation for the SEEF sensor. Image taken from [17]

As the name suggests, the steered-electron electric field sensor is a vacuum-operated device that
measures electric fields based on the trajectory of electrons between two electrodes [17].Current
flows through a micromachined tungsten anode filament, resulting in thermionic emission due to
heating. A low work function coating on the tungsten keeps the operating temperature around
1200 degrees Kelvin. Some electrodes (not shown) biased a few volts above the cathode
potential, act as a gate, controlling the current flowing upwards out of the cathode. Two
electrodes serve as anodes and collect current from the cathodes. When no external field is
present, the currents through the anodes is relatively equal; however, with an applied external
electric field, the negatively charged electrons are deflected slightly as they traverse the gap
resulting in a change of current collected at each anode. The difference between the two anodes
is the transducer’s measured quantity and is proportional to the perpendicular electric field. This
sensor can measure fields between 17.9 V/m and 181 mV/m from 10-100 kHz at least. However,
it must be operated in a vacuum.
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In the following table, other low frequency electric field sensor designs found in the literature are
presented.
Table 1.1 – Other electric field sensors
Device
Fieldmeters [15]
Micromachined EFS [18]
MEM EFS [19]
Electro-Optic EFS [20]
Draper/Tufts MTEFS
[This Work]

Year
2003
2008
2013
2014
2018

Resolution
630 V/m
101.7 V/m
16 kV/m
4 mV/m/√Hz (60Hz)
Brownian Limit (not
yet demonstrated)1:

Working principle
Variable capacity/ Electrostatic
Thermally actuating/Chopping field
Variable capacitor/Electrostatic
Electro-optic/photonic
Torsional Floating Mass

1.5 mV/m/√Hz
(at < 1000 Hz)

While some of the sensors have a relatively high resolution (see [17] and [20]), they don’t meet
the required resolution in the frequency range of interest.

Contributions & Overview
This research project is part of an internally funded program at Draper that is seeking to build an
electric field sensor that is sensitive enough to measure signals from the outermost layer of the
brain. This requires a 1 mV/m sensor resolution. Work at Draper focused on an electret-based
sensor. This thesis will describe an alternative sensing mechanism. The major contributions are:
1. Characterize the dipole-dipole interactions that result from a polarized dielectric placed in
an external electric field

1

This is the maximum achievable resolution is determined from the Brownian noise limit and models developed in
this thesis, as described in section 3.6. To achieve Brownian resolution a low noise differential scheme would need
to be used. This has not yet been implemented or demonstrated.
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2. Investigate whether any decay in signal strength occurs if the system were to remain
operational over an extended period
The first chapter describes popular neuroimaging techniques and introduces the possibility of an
alternative method for measuring small electric fields. The second chapter describes the
fabrication process of the sensor to provide context on how the sensor is powered externally
during operation. The third chapter presents dynamic models that will be used to validate
experimental data. Some of the parameters of the system are computed using theoretical methods
from classical mechanics while others are estimated using Finite Element Analysis as well as
experimental data. A section in the modeling chapter will describe in greater detail a hypothesis
that the response of the system may decay with time, due to making charges reducing the dipole
strength, and this time constant is a function of the material properties of the dielectric, mainly its
resistivity and relative permittivity. A few sections will describe the testing environment for
generating the inputs as well as the testing procedures that were carried out to validate the
dynamic models. Overall, the modeling that was implement accurately describes the dynamics of
the system. For operations at atmosphere, results suggest that the sensor’s Brownian resolution
limit with a 900V bias at resonance (2.5 kHz) will be 2.5 V/m/√Hz, and at low frequencies (~
10 Hz) will be 1.5 mV/m/√Hz. Due to room vibrations, which are not attenuated by the current
single-point laser vibrometry measurement method used for experiments, this resolution limit has
not yet been approached. However, if a more optimal measurement scheme were used, that
could approach the Brownian limit, which has been done in other MEMS systems, this resolution
limit may plausibly be achievable in the future. At resonance this resolution would be nearly
three orders of magnitude better than required for brain sensing applications. At low
frequencies, the Brownian limit is of the same order as the required resolution.
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If operated for over 6 hours, the sensor’s performance remains stable with no observable charge
decay. Finally, the last chapter makes some concluding remarks on the results from this research,
and discusses future steps for optimizing the sensor’s performance.
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Design and Fabrication

Figure 2.1 – Illustration of sensing mechanism
The sensing mechanism of the device is described in Figure 2.1. A dielectric is attached to a base
silicon structure and is held in suspension on both ends by folded flexure hinges. An electric
dipole (P) is generated by applying a voltage across the dielectric. In this illustration, the
dielectric has a metal layer which allows for charges to accumulate on its top surface. The silicon
is treated as a semiconductor and has a metal layer which is grounded. The basic concept of
operation is through the interaction of the electric dipole with the external electric field (E). The
internal field will want to orient itself in the same direction as the external one. In other words,
the external field will induce a torque (τ) on the dielectric causing it to rotate. The beams will
serve as the primary source of stiffness and the parameters of the external field can be computed
by measuring the rotation of the device. This angular motion can be detected through various
means whether they be capacitive, optical, or piezoresistive. In this thesis, an optical method
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known as Laser Doppler Vibrometry (LDV) is implemented. In this chapter, the fabrication
process of this sensor design is presented. In the next chapter, a more thorough analysis is
provided on the sensing mechanism.
For this sensor design, the fabrication process was divided between three labs. These include the
microfabrication facility at Draper, the Tufts Micro- and Nano- Fabrication Facility (TMNF),
and the Tufts Microscale Sensors & Systems Lab. The various tools and processes that were
involved are described, with a greater emphasis on the fixtures specifically designed for this
project. A more detailed reference on tooling operations can be found on the TMNF website,
under Operating Procedures. A schematic of the final product can be seen in (Figure 2.2).

Figure 2.2 – Schematic of final sensor assembly
There are three major components, which are a Silicon structure, dies made from glass (i.e.
borosilicate or soda-lime glass), as well the wire-bonding to metallized pads on each structure.
This chapter is split up in two sections, one focusing on the fabrication of the individual pieces
and the other on the assembly.
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Silicon & Glass components

Figure 2.3 – Silicon structure model built on SolidWorks
As seen in Figure 2.3, the Silicon structure is composed of a shuttle, held in suspension on each
end by folded flexure hinges. Since all the features have the same thickness, they were achieved
through a deep etching process. The fabrication of these devices was done at Draper prior to the
inception of this research project. Consequently, detailed recipes of the process are omitted.
Instead, a general description of the process is provided. It is very similar to the fabrication
process of Draper’s two-axis scanning catheter that was developed for 3D endoscopic imaging
[21]. For this research, the devices are made from a 400μm thick doped Silicon wafer. An
important facet of the MEMS field is the fabrication process of high aspect ratio microstructures.
In other words, the ability to build patterns onto a wafer with high accuracy with nearly vertical
sidewalls [22]. This device was made from a simple MEMS process composed of two
photolithography steps. Photolithography is a method of patterning certain features on a surface
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using a thin film called, photoresist. Once exposed to UV light, the resist becomes solvable. This
is particularly useful for masking regions which should remain intact during etching processes.
The first lithography step is to create labels on each device – see Figure 2.5 for an example. The
second lithography step is for patterning the shuttle as well as the beam geometry. Afterwards,
material is removed by an ICP (Inductively Coupled Plasma) etching method (Figure 2.4).
Similar to the Bosh process [22], it consists of the cyclic isotropic etching and fluorocarbonbased protection film deposition by quick gas switching. One gas, for example sulfur
hexafluoride (SF6), etches through the material. Then a passivation layer, such as
octafluorocyclobutane (C4F8), is deposited. Due to the nature of the process, etching of the
sidewalls is weaker relative to etching of the bottom. Consequently, the process is optimized
such that the passivation layer on the sidewalls remains while material on the bottom is removed
during each cycle. From there, the process is repeated until material is removed all the way
through the wafer. Finally, the photoresist is stripped and the wafer is cleaned.

Figure 2.4 – Deep Reactive Ion Etching
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Glass Components
The chips that will serve as bonding pads and dielectric for sensing were fabricated at TMNF.
Their fabrication process can be described in three steps: cleaning, metal deposition, and dicing.
2.1.1 Cleaning
Pre-cleaning the substrate before a metal deposition is very important. Any impurities that may
be present such as grease, particulates, or oxides will inhibit the adhesion of the material. This
typically results in poor quality films that flake or peel. Consequently, the glass wafer first went
through a piranha clean. A piranha solution is a mixture of sulfuric acid and hydrogen peroxide.
It is a highly reactive solution that cleans organic residues off substrates. The recipe for this
process is summarized in the table below.
Table 2.1 – Piranha Clean Recipe
1.
2.
3.
4.

Step
Place wafer in a glass beaker with 3 parts 96% H2SO4 and 1 part
30% H202
Perform 1st rinse in glass beaker with DI water
Perform 2nd rinse in glass beaker with DI water
Blow dry with N2 gun

Duration (mins)
15-20
5
5
As needed

The second step involved an oxygen plasma clean using the March CS-1701F Reactive Ion
Etcher. After the wafer is placed under vacuum in a chamber, oxygen starts to flow. A strong RF
electromagnetic field is applied to the wafer platter, thus ionizing the gas molecules by stripping
them of electrons, creating a plasma. Due to the RF field, electrons that accelerate towards the
isolated wafer build up a negative charge. The plasma, mainly composed of positively charged
ions, then accelerates towards the wafer and reacts with materials on the surface of the wafer.
The recipe that was used is in the table below.
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Table 2.2 – March RIE Process Parameters
Base Pressure
Power
Time
Gas
Process Pressure

70 mTorr
200 Watts
120 seconds
Oxygen (100%)
300 mTorr

Due to some of the delicate features of the silicon structure, the only pre-cleaning step that was
used for them is the oxygen plasma clean.
2.1.2 Metal Deposition
For this research project, the metal deposition process was carried out in two thin film physical
vapor deposition tools. Initially, the Nanomaster NSC-3000 DC Magnetron Sputter Tool was
used to deposit a Chromium/Gold (20nm/200nm) metal layer on glass as well as Silicon. During
DC Sputtering, an ionized gas (i.e. Argon) bombards targets of the materials of interest (i.e. Cr,
Au) causing atoms to be “sputtered” off into the plasma. The vaporized atoms are then deposited
as a thin film on the substrate to be coated. During the testing phase of this research (later
described), there were instances where the metal layer would burn off. It is possible that the
quality of the film was not high enough, resulting in a resistivity so high that it would heat up
and burn during high voltage operations, as seen in Figure 2.5.
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Figure 2.5 – Microscope image of burned sections of bonding pad with Cr/Au layer
Consequently, the LC Technologies Thermal Evaporator was used instead. For this process, the
samples are placed upside down in a chamber and undergo vacuum. Pellets of the material of
interest are placed in a highly resistive boat (i.e. Tungsten). Using a high current, the pellets melt
and eventually evaporate up to the samples. The operating pressure of this process is regulated
such that the mean free path is longer than the distance between the evaporation source and the
substrate. An advantage of this method relative to DC sputtering is that it tends to yield higher
quality films. To minimize operation costs, the metal deposition on the Silicon structures and the
glass wafer were carried out simultaneously, as seen in Figure 2.6. The process parameters for
each metal deposition are list in Table 2.3 and Table 2.4.
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Figure 2.6 – Silicon structures taped onto glass wafer using double-sided Kapton tape
Table 2.3 – Process parameters for DC sputtering
Material (thickness)
Base Pressure
Operating Pressure
Power

Cr (20 nm)/ Au(200 nm)
2.56 μTorr
6 mTorr
Gun 1 → Cr: 200 W
Gun2 → Au: 150 W

Table 2.4 – Process parameters for thermal evaporation
Material (thickness)
Boat Type
Base Pressure
Power During Deposition (%)

Al (200 nm)
Tungsten
1.2 mbar
10% →17%

2.1.3 Dicing
Before performing the dicing operation, a thin film of AZ9260 photoresist was spun on the wafer
to protect the metal film; otherwise, after dicing the metal film on the dies would have a jagged
edge. For this step, the Laurell Spin Coater was used and the parameters are shown in Table 2.5.
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During this research project, dicing was initially carried out at TMNF; however, the MA1006
Dicing Saw experienced certain mechanical failures. Until the tool was later replaced, dicing was
carried out at Draper by a microfabrication technician. During dicing, wafers are typically
mounted onto a dicing film which has a sticky backing that holds that wafer onto a metal sheet
frame. For the MA1006 Saw, a spindle, equipped with a thermocarbon blade, spins at
approximately 30kRPM. Through a series of passes, the blade gradually cuts all the way through
the wafer. This operation was used to manufacture the dies that would eventually make up the
bonding pads and the ‘sensing’ dielectric of the assembly. Their dimensions are shown in the
table below.
Table 2.5 – Spin Coating Process Parameters
Photoresist (material)
Spread
Spin
Soft bake (clean hotplate with tinfoil)

AZ9260
500 RPM | 8 seconds
6000 RPM | 60 seconds
115°C | 2 minutes

Assembly
The assembly of the individual components was carried out at the Microscale Sensors & Systems
Lab and Draper. The assembly is performed in three steps. First, a small metallized chip is glued
to the Silicon structure. Then, the bonding pads are glued to the device. Finally, wire bonding is
performed. Apart from wire bonding, each step is described in greater detail in the following
sections.
1. Dielectric to Silicon
Initially, the first step involved the use of a needle to put a small quantity of super glue on the
center Silicon structure. Then, using a pair of tweezers, the small chip would be placed carefully
on the shuttle such that it would not interfere with the frame of the structure during operation or
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break the beams. The amount of dexterity required to ensure the appropriate placement of the
device prompted the design of a mechanical fixture to facilitate this process.

Figure 2.7 – Adhesion of dielectric to Silicon structure
As seen in Figure 2.7, there are two major components. One of them holds a vacuum pen
(PELCO® Vacuum Pick-Up System with Pump) and the other holds a housing system for the
silicon structure. Each component is made up of two stages mounted on top of each of other,
allowing for lateral motion in two directions, as well as rods whose heights can be adjusted, thus
allowing for motion in the vertical direction. A small housing for the device as well as a holder
for the pen were 3D printed using the Connex 500 at the Tufts Advanced Technology Lab. The
steps on how this fixture was operated are described.
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1. Unscrew housing from metal rod and place it on the table
2. Using a needle, apply a small quantity of super glue on the shuttle of the structure
3. Using tweezers, place the silicon structure in one of the slots of the housing - refer to
Figure 2.8 for an example
4. Carefully screw housing back onto the metal rod
5. Turn on the vacuum pen
6. Using tweezers, position a small chip near the nozzle until the vacuum holds it in place –
make sure that the metal side is in contact with the nozzle
7. Using the stages, move the die towards the shuttle until contact is made. If too much
force is applied upon contact, the device may break
8. After a few seconds, turn off the vacuum pump, and remove the pen
9. Unscrew the housing and remove the device

Before

After

Figure 2.8 – Adhesion of dielectric to Silicon structure. Metallized side is touching the nozzle.
Tweezers are used to align long edge of dielectric to long edge of shuttle
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2. Bonding pads to Silicon
For the wire bonding step to be successful, it is important that the bottom surfaces of the silicon
structure and the bonding pad remain aligned during the adhesion process. Otherwise, the shuttle
could break during wire bonding. These two steps were carried out by a wire bonding technician
at Draper. The procedure is described.
1. Put a layer of Kapton tape on a glass slide
2. Place a bonding pad on the first layer of Kapton tape and use another piece of Kapton
tape to hold it in place (Figure 2.9)
3. Place the silicon structure (metal side up) on the first layer of tape
4. Apply a small quantity of Armstrong C-7 Epoxy along the top edge of the Silicon
structure that will come in contact with the bonding pad
5. Using a pair of tweezers, push the device against the edge bonding pad
6. The device is ready to go in an oven at 100°C for 15 minutes
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Figure 2.9 – Assembly prior to curing epoxy in Oven. Image generated on SolidWorks
During this step, the epoxy melts and slips into any small cavity that may be present between the
glass and Silicon. Once removed from the oven, the two pieces will be stuck together. In the
event that too much epoxy was applied, some of the material may slip all the way through the
cracks between the structures. If this were to occur, the devices could still be operational by
removing the first layer of Kapton tape. Failure to put the first layer of tape would result in the
device being glued to the glass slide, thus making it unusable. Once cured, the same steps are
performed to attach the bonding pad to the other side of the silicon structure.
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3. Wire bonding

Figure 2.10 – Wire bonding from bonding pad to dielectric that will interact with the external
electric field
The wire bonding step was also performed at Draper. During wire bonding, a metal wire, 25μm
thick, is fed through a capillary tube. Using a lever, the tip of the wire is brought close to a
surface until a bond made. Depending on the material used, the surface of interest may require
heating. For instance, if the wire is made of Aluminum, the process can be carried out at room
temperature; however, if gold is used, the stage where the device is positioned must be heated to
(i.e. 150°C). Other parameters such as the bond force and the loop height significantly influence
how well the tool can perform wire bonds. The cleanliness of the surface also plays a major role,
which is why it is recommended to clean the surface with an oxygen plasma before starting this
process. For each device, 4 bonds were done. Two bonds went from the die on the shuttle to the
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bonding pad (Figure 2.10), and two bonds went from the bonding pad to the Silicon structure.
Two bonds were performed in each case to increase the chances that electric contact is
maintained in case one of the bonds is defective. Once the wire bonding step is completed, the
device’s assembly is finished and it is ready for testing (Figure 2.11).

Figure 2.11 – Final assembly of device prior to testing. The bonding pads and Silicon structure
have an Aluminum metal layer while the dielectric on the shuttle has a Cr/Au metal layer
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System Modeling
The sensing mechanism can be described through a dynamic model that relates the angular
motion of the structure to an input electric field. First, some assumptions were made regarding
the nature of the interaction between the external field and the polarized dielectric. Then, some
constraints were placed on the system such that only certain modes of motion are described.
Finally, a few parameters of the model were estimated through the aid of Finite Element
Analysis (FEA), as well as experimental data.

Torque on Electric Dipole
The input to our mechanical system comes from the interaction between an external electric field
and a polarized dielectric. A dielectric is any material that exhibits the properties of an electrical
insulator that can be polarized by an applied electric field, such as glass, plastics, or even dry air.
A perfect dielectric is any material with zero electrical conductivity. As seen in Figure 3.1, by
applying an external field, an internal dipole is generated as the internal charges reorient
themselves to oppose the applied field. The ability of a material to resist an electric field
primarily depends on its permittivity. Typically, this quantity is reported as the relative
permittivity, 𝜀𝑟 , which is the ratio of its absolute permittivity to the ratio of the permittivity in a
vacuum, represented by 𝜀𝑜 and has a value of approximately 8.85·10-12 Farad/meter. The
dielectric constant describes the amount of charge required to maintain a given electric field per
unit area. A larger charge will result in a larger dipole, creating a larger sensitivity to external
field.
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Figure 3.1 – Charge realignment due to the application of external electric field on dielectric
If a polarized dielectric were placed in an external electric field, a similar phenomenon occurs
within the material. Assuming it’s free to move, the dielectric will want to reorient itself such
that its internal field is in the same direction as the external electric field. From a mechanics
perspective, it can be said that the external electric field induces a torque on the electric dipole,
which can be expressed as a vector product with direction given by the right-hand rule.

  p E

(3.1)

Where E is the external electric field and p is the dipole. In this model, it is assumed that the
external electric field is uniform. The effective electric dipole strength can be calculated using:

p  qd

(3.2)

Where q is the amount of charge on the surface and d is the displacement vector pointing from
the negative charge to the positive charge. The amount of charge on a surface is the product of its
capacitance and the applied voltage. As a result, using the definition of capacitance for two
parallel plates, shown in Equation (3.3), an alternative method of computing the dipole strength
is shown (Equation (3.4)).
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A
d

(3.3)

p   r o AV

(3.4)

C   r o

Where V is the voltage across the dielectric, and A is the area of the electrode. Based on
equation (3.4), it can be observed that the thickness of the dielectric is irrelevant for computing
the dipole strength. That said, there does exist a limit on how thin the dielectric can be, and how
high of a voltage can be applied. If a high enough field is applied, electrons bound to the material
will be freed and have enough energy to collide with neutral atoms and molecules thus liberating
additional electrons. Once current is forced through the material, its molecular structure changes,
thus destroying its insulating capability. This effect will occur at a certain field, termed the
breakdown field. As field voltage is divided by thickness, for a given voltage there will be a
minimum dielectric thickness below which breakdown will occur [23].
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Beam Stiffness

Figure 3.2 – Approximate model of beam geometry from microscope measurements
In the previous section it was shown that an electric field will induce a torque on the dipole. This
will cause a structure supported by torsional beams to experience an angular rotation, which will
be measured. The beams are modeled as the effective rotational and translational stiffness. Using
a light microscope, it was possible to capture pictures of the geometry and build a model in
SolidWorks (Figure 3.2). Afterwards, it was imported to COMSOL Multiphysics for analysis.
Material Properties
The beams are made from a doped Silicon wafer. Therefore, a linear, elastic and anisotropic
model was used for the FEA. The material properties are shown below [24].
1. Density: 2330 kg/m3
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2. Elasticity matrix with Anisotropic solid model with Standard material data ordering (XX,
YY, ZZ, XY, YZ, XZ)

0
0
0   1 
 1  165.7 63.9 63.9
  
 
0
0
0   2 
 2   63.9 165.7 63.9
 3   63.9 63.9 165.7
0
0
0   3 
 
 
0
0
79.6
0
0   4 
 4   0
 5   0
0
0
0
79.6
0   5 
  
 
0
0
0
0
79.6   6 
 6   0

(3.5)

As described in “What is the Young’s Modulus of Silicon?” by Hopcroft et al, this elasticity
matrix (which is also exactly duplicated by the default anisotropic silicon model in COMSOL
Multiphysics) describes the orthotropic stiffness matrix for single crystal silicon with the three
axes (1,2,3) in the [100],[010], and [001] directions [24]. Since the silicon wafers used to
manufacture the silicon devices have the major flat oriented in a [110] direction, as is typical for
a [100] oriented silicon wafer, the x and y axes shown in Figure 3.2 are [110] directions. The z
axis is a [100] direction. Thus, in order to apply these material properties in the frame of
reference of a standard (100) silicon wafer, the model was rotated by 45o in COMSOL.
Boundary Conditions
For this model, two boundary conditions were applied based on two assumptions. First, it was
assumed that only the end of the beam attached to the shuttle moves during operation, which
requires a fixed constraint at the other end. Second, the end of the beam which is attached to
shuttle, can only translate., and rotate, on the plane normal to its surface. This required the
application of a roller boundary condition. If the displacement vector of an element were
represented by 𝒖, each boundary condition can be presented as follows:
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Table 3.1 – Boundary conditions for beam geometry
Fixed Constraint on beam – Silicon frame interface
Roller Constraint on beam – shuttle interface

𝒖=𝟎
𝒏∙𝒖=𝟎

Meshing Parameters
A tetrahedral geometry was applied across the entire structure. The element size parameters,
shown in Table 3.2, were selected such that at least 2 elements were present across a boundary to
have a reasonable estimate of any deformation that would occur from the applied loads (Figure
3.3).
Table 3.2 – Meshing parameters
5(10-5) m
1(10-6) m
2
1.3
2.5

Maximum element size
Minimum element size
Maximum element growth rate
Curvature factor
Resolution of narrow regions
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Figure 3.3 – Geometry with meshing elements

Applied Loads
To calculate the torsion coefficient, a moment was applied on one end of the beam. As seen in
Figure 3.4, this was accomplished by applying two edge loads on opposite ends of the beam
surface that result in a net moment about its centroid.
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Figure 3.4 – Deformation of Silicon structure due to applied moment
As expected, from Figure 3.4, it can be observed that the applied moment causes the beam to
twist. Furthermore, since the beam has folds, the applied moment caused the geometry to deflect
vertically as well. These observations lead to the conclusion that the angular and vertical motions
of the structure are coupled. To further support this hypothesis, a similar phenomenon is
observed when a vertical load is applied on a face of the beam, as seen in Figure 3.5.
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Figure 3.5 – Deformation due to applied load
Due to the coupled dynamics of the angular and vertical motions, the stiffness coefficients of the
system can be determined by examining a free-body diagram of the beam (Figure 3.6) in the
static case.
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Figure 3.6 – Free-Body Diagram of beam geometry showing reaction force and moments to input
torque deforming the geometry
Based on the deformation, a matrix can be used to describe the coupling:

 M x   k11 k12    x 




F  
 y   k21 k22   y 

Where M x and Fy are the reaction moment and force, respectively,  x is the angular
displacement, y is the vertical displacement, and k is the stiffness matrix.
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(3.6)

Using COMSOL, the applied moments and measured deflections can be estimated. From there, a
matrix inversion can be performed to estimate the stiffness coefficients.

System Dynamics – Electrostatics
From the previous section, it was shown that due to the beam geometry the angular and vertical
motions of the device are coupled. As seen in Figure 3.7, a Free-Body Diagram illustrates this
phenomenon. The next step involves building a system of equations which describes the
expected motion of the device based on the input torque which comes from the interaction of the
internal dipole of the dielectric and the external electric field (Equation (3.7) and Equation (3.8).
It includes inertial terms ( I , m ), damping (  , b ), and the stiffness coefficients.

Figure 3.7 – Free-Body diagram of dielectric-shuttle assembly

I    k11  k12 y  p  E

(3.7)

my  by  k22 y  k21  0

(3.8)

- 42 -

To better understand the system’s dynamics, it is often useful to examine its frequency response
as it offers some insights on which terms of the model dominate its motion as a function of the
frequency input, and shows where the modal frequencies occur. Furthermore, it will be useful for
verifying the model and experimental data from the testing procedures that were implemented
(later described). Converting from the time-domain to the frequency-domain is achieved by
taking a Laplace Transform of each term in the model. After performing a few algebraic
manipulations, it is possible to derive a transfer function that strictly relates the angular motion
of the device to the input electric field (Equation (3.9). For completeness, the transfer function
describing the vertical motion is added as well (Equation (3.10)).

s
p(ms 2  bs  k22 )
 2
E (s) ( Is  s  k11 )(ms 2  bs  k22 )  k12k21

(3.9)

Y s
k21  p
 2
E (s) ( Is  s  k11 )(ms 2  bs  k22 )  k12k21

(3.10)

3.3.1 Inertia
The two inertial terms of the transfer functions are the mass of the system ( m ) and the moment
of inertia ( I ). The mass of the system only includes the sprung mass, so the section of the beam
that oscillates is not included. This can be computed based on the volume of the components and
their respective densities:

msystem  VSi Si  Vglass  glass

(3.11)

The moment of inertia of the system was computed based on the assumption that the axis of
rotation was through the center of the beam geometry. Using the parallel-axis theorem:
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I system  ICM ,Si  ICM , glass  msystemd 2

(3.12)

Where ( I CM ) is the moment of inertia of an element about its center of mass, and d is the
separation distance between the center of mass of the system and the beam structure. Since the
silicon structure and the die both have rectangular cross sections, their respective I CM is:

ICM 

1 3
bh
12

(3.13)

Where b is the width, and h is the height of the cross-section. With the origin positioned on the
axis of rotation (center of Silicon), the separation distance d is:

 hSi

d

mglass 

 2



hglass 

2 

(3.14)

msystem

3.3.2 Damping
While the inertial and stiffness terms of the model were derived either analytically or through
FEA, the factors affecting the damping mechanisms are more challenging to model. These may
include structural damping and viscous damping from the interaction of the structure with the
fluid surrounding it (i.e. air). For this study the damping parameters were estimated from
experimental data. In this section, the process of computing it is described by analyzing the
transfer function shown in Equation (3.9).
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Figure 3.8 – Frequency response of angular motion of device due to an electric field
A bode diagram showing the angular motion of the device based on the input electric field is
shown in Figure 3.8. In the first subplot, the y-axis is the magnitude of the response and the xaxis is the frequency. By inspection, a sharp peak can be observed near 3kHz. This feature in the
plot represents its resonant frequency, where a small force input can result in a very large output.
In simple mass-spring-damper models (see Figure 3.14 for reference), this frequency is given by:

n 

k
m
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(3.15)

Where m is the mass of the system and k is its overall stiffness. From this expression it is
understood that the heavier the system is, or alternatively the more compliant it is, the smaller its
resonant frequency will be. This concept is good to keep in mind as it will be revisited in a later
chapter. Depending on the fluid around the system (i.e. air or water), viscous forces significantly
influence how much motion can be released from the system. This parameter, the damper,
influences how sharp the peak is. When collecting data, this parameter will be determined by
extracting information from the shape of the curve. In Figure 3.9, a narrower frequency band
near the peak is shown:

Figure 3.9 – Zoomed-in frequency response near peak
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Near the peak, three data tips were added where the x-component represents the frequency and
the y-component is the magnitude in decibels. The conversion of the magnitude to decibels is
shown in Equation (3.16). A classical method of computing the damping ratio is known as the
“3dB method” or the half-power method. The way it’s done is by inspecting the width of the
peak and picking out the two frequencies with magnitudes that are 3 decibels lower than the
maximum. This is because at any frequency outside of that range the amount of power leaving
the system will have decreased by more than a factor of 2. So, using these two frequencies and
the frequency of the resonant peak, the damping factor (or Quality factor) can be computed
(Equation (3.17)).

 ( s) 

 E ( s) 

N dB (s)  20log10 

Q

Where

fr
f 2  f1

(3.16)

(3.17)

f r is the resonant frequency, f 2 is the frequency larger than the resonance where the

power drops by 3dB and

f1 is the frequency smaller than resonance where the power drops by

3dB. All these frequencies must be in Hertz. From there, the damping coefficient that goes in the
model is:

c

mk

Q
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(3.18)

Scale Factor Correction
In the analytical model for the electrostatics it is assumed that the external electric field that will
interact with the polarized dielectric is uniform and perpendicular to the electric dipole. This
assumption is not entirely accurate as it does not take into account any flux diversion that may
occur due to the presence of surrounding objects. As described in Chapter 3, the silicon base
structure will serve as the bottom electrode since it is highly doped and can be treated as a
conductor. Similar to how in an electric circuit the current is greatest in the path of least
resistance, in this instance the electric field’s path will also be influenced by the objects near it.
While calculating this effect analytically may be challenging, FEA can be used as an alternative
method of estimating it. In Figure 3.10, an approximate version of the testing environment is
built on SolidWorks and imported to COMSOL. The testing environment is explored in greater
detail in Chapter 5. Its purpose is to generate an angular motion from the sensing dielectric. For
now, a brief summary is provided for understanding how this effect was studied on COMSOL.

Figure 3.10 – Test setup built on SolidWorks, then imported to COMSOL for FEA
In order to estimate the output torque due to the external field in the static case, a stationary
study was used with the electrostatics module. There are two posts that hold the device in
suspension. Each post is equipped with a metallized glass piece that provides electrical contact to
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the bonding pads on each side of the Silicon structure. These will be used to simulate the device
being powered externally. From there, a parametric sweep was performed where the voltage
across the dielectric varied and the output torque was calculated. Two cases were considered. In
the first case, all the materials present in the model have a dielectric constant of 1 and the top and
bottom surface of the dielectric serve as electrodes. This case is meant to represent the
assumptions made in the analytical model. In the second case, the actual dielectric properties of
the materials as well as the appropriate boundary conditions are implemented. As seen in Figure
3.11, two cross sections of the dielectric are investigated to have a general idea of how the
electric field lines behave in each case.
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Horizontal cross-section

Case 2

Case 1

Vertical cross-section

Figure 3.11 – Electric field lines that go through dielectric in two cases
The colorbar represents the magnitude electric field the x-direction. The lines shown are from the
external field. By inspecting the field lines a few observations can be made. For the horizontal
cross-section they are nearly parallel in the first case while in the second case it is evident that
the voltage on the bonding pads powering the device influence their path. Based on the vertical
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cross-section, it is evident that treating the silicon structure as ground (in the second case) also
strongly influences the electric flux that goes through the dielectric. The last step of this analysis
is to compute the output torque in both cases and use that data to compute a correction factor that
could be included in the analytical model. This correction factor is:

 FEA 

 simulation
 ideal

(3.19)

Where  ideal is the output torque in the ideal case (case 1) and  simulation is the output torque in
the numerical model (case 2). For this model, results are shown in the figure below.

Figure 3.12 – Output torque as a function of DC bias across dielectric
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where the x-axis represents the voltage applied across the dielectric and the y-axis is the output
torque. The expected correction factor is: 𝜅𝐹𝐸𝐴 = 0.264, indicating that there is nearly a 75%
decrease in the expected flux that would go through the dielectric relative to the ideal case in the
analytical model.

Charge Stability
Another effect that this work aims to investigate is the charge stability of the polarized dielectric
over an extended period. Earlier, a dielectric was described as any material that exhibits the
properties of an electrical insulator. Since perfect dielectrics do not exist, an alternative way of
treating them is as very poor conductors. Following this reasoning, once polarized, a dielectric’s
internal charges realign themselves to reduce the applied external field. Silicon wafers for
microelectromechanical systems (MEMS) tend to be doped with ions (i.e. boron), thus making
them semiconductors or conductors as electrons find a path that allow them to move through the
material. If the electronic concentration were very low, then the material could still be treated as
an insulator as electrons would not have enough energy to flow through it. These charges would
be affected by the applied field. In this instance, the ability of these charges to flow through the
material would be highly dependent on the resistivity of the material. The amount of time that
passes until the system would reach an equilibrium is known as its relaxation time, and in
electronics it is known as the RC time constant. Since metals have very low resistivity, their
relaxation time is relatively fast compared to resistors. By treating the polarized dielectric as a
parallel-plate capacitor, its RC time constant is:

  RC 

 d  r o
A



d
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  r o

(3.20)

where  is the resistivity of the material. If present, then this would imply that the dipole
strength would decay with time (Equation (3.21)). While it is hard to estimate the resistivity of
dielectrics at room temperature, charge stability tests were performed to examine whether this
effect would occur and how strongly it would influence the performance of the sensor.

p(t )  poet /

(3.21)

Figure 3.13 – Reduction in dipole strength due to mobile charges in dielectric
As shown in Figure 3.13, the dielectric has charge carriers. When a voltage is applied across the
dielectric, molecules realign themselves to oppose the external field. With time, the charge carriers,
under the influence of the external field, migrate towards the top and bottom surfaces. Eventually,
some of the molecules within the dielectric reach an equilibrium state where they no longer oppose
the external field. This causes a decrease in the dipole strength as the separation distance between
the charges decrease as well, resulting in an overall decreased sensor sensitivity. In this thesis, the
material that was investigated is borofloat. Its resistivity at room temperature is greater than
1015Ω·m, and relative permittivity is 4.6, resulting in a time constant of at least 11.3 hours. Within
a time constant, it’s expected that the dipole strength would decrease by at least 63%.
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Noise Limit
With advancements in the micromachining process, it is now possible to make a variety of
relatively small sensors. While this is beneficial for building systems that can make
measurements of relatively small signals, there is a limit to how sensitive they can be. In the
presence of gases at normal pressures and liquids, these small moving parts are especially
susceptible to mechanical noise resulting from molecular agitation. In other words, no matter
how isolated the system is from the electronics, this mechanical-thermal noise is the limiting
noise component on how sensitive any system can be [25]. One of the most important
mechanisms for mechanical-thermal noise is Brownian Motion, where the agitation of the system
is caused by molecular collisions from a surrounding gas or liquid and is directly related to the
fluid’s viscosity. In his publication titled “Mechanical-Thermal Noise in Micromachined
Acoustic and Vibration Sensors”, Gabrielson describes various methods of estimating the noise
floor of a system due to Brownian Motion [25]. He describes how the presence of damping
would cause any “amplitude to of an oscillatory system decrease forever”. Even though the
damping would provide a path for energy to leave the system, random thermal agitation from the
environment would also affect its motion and add energy to the system. Nyquist’s Relation gives
the spectral density of this fluctuating force:

F  4kbTR

(3.22)

Where is kb the Boltzmann constant, T is the absolute temperature of the system and R is the
damping. This equation will be useful for estimating the smallest angular motion that can be
measured from the system assuming it were perfectly isolated from the electronics that would be
powering it. Consequently, the torque noise from the system is:
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  4kbT 

(3.23)

Where  is the rotational damping coefficient. Using Hooke’s law, the angular noise would be
the torque noise divided by the angular stiffness ( k11 from the stiffness matrix). Finally, the
resolution of the system in the ideal case, or alternatively, smallest possible electric field that
could be measured, is the angular noise divided by the angular scale factor at a given frequency.
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Where H (s) is Equation (3.9). This expression is revisited later in the results section where the
sensor’s performance is examined.

System Dynamics – Vibration
In this section, some additional modeling is presented on the mechanical behavior of the device
as a result of an input vibration. In practice, some structures undergo shock and vibration tests to
measure certain parameters such as durability, reliability, and can help identify means of failure.
In this research, vibration testing was performed to evaluate the frequency response of the sensor
as a complement to the electrostatics testing. Mainly, it can offer some insights on whether
certain properties of the mechanical modes (i.e. resonant frequency, damping ratio) can vary
depending on the nature of the input. For this model, it is assumed that the source of the input
will be the silicon frame and the output will be the shuttle. A simpler example of this massspring-damper system is shown in Figure 3.14.
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Figure 3.14 – Mass-spring-damper model on a moving base
where 𝑢1 is the input and 𝑢2 is the output. It is understood that the spring force will depend on
how much it is compressed/stretched from its resting position which is the difference between
the motion of the base and of the mass. By applying the same reasoning for the damping force, a
differential equation describing the dynamics of the system is shown in Equation. By taking a
Laplace transform, the associated transfer function is shown in Equation (3.25) and Equation
(3.26).

mu2  k (u2  u1)  b(u2  u1)

(3.25)

U 2 ( s)
k  bs
 2
U1(s) ms  bs  k

(3.26)

From inspection, it can be seen that each damping and stiffness term depends on the difference in
motion between the input and the output. First, the same steps are applied to the system of
differential equations that were described earlier:
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Iout  (out in )  k11(out in )  k12 ( yout  yin )  0

(3.27)

myout  b( yout  yin )  k22 ( yout  yin )  k21(out  in )  0

(3.28)

Then, a Laplace transform is performed to end up with the transfer functions of interest:

 (ms 2  bs  k )(s  k )  k k

22
11
12 21
out (s)   2
 in ( s) 
2
 ( Is  s  k11 )(ms  bs  k22 )  k12k21 


k12ms 2
 2
 Yin (s)
2
 ( Is  s  k11 )(ms  bs  k22 )  k12k21 

k21Is 2
 in ( s) 
2
2
 ( Is  s  k11 )(ms  bs  k22 )  k12k21 

(3.29)



Yout (s)  

(3.30)

 ( Is 2  s  k )(bs  k )  k k

11
22
12 21
 2
 Yin ( s)
2
 ( Is  s  k11 )(ms  bs  k22 )  k12k21 
In this thesis, only the transfer function described by Equation (3.29) is analyzed as it describes
the angular motion that results from a combination of vertical and angular inputs.
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Response to Vibration
Throughout this research project there were some challenges with understanding the
electrostatics of the system. Initially, the analytical model derived in Chapter 3 could not
accurately describe the behavior of the device when subjected to an external electric field. More
specifically, the expected resonant frequencies for the rocking as well as the bouncing modes
were significantly different from the measured ones. Furthermore, the frequency response from
devices with the same fabrication process was inconsistent. Along with that, there were
situations where more than one rocking mode was present. While these secondary modes were
reasoned to be the result of a strong coupling between the lateral and rotational modes of the
device, distinguishing them was challenging. Consequently, these vibration tests were
incorporated in this research as means to complement the electrostatics tests in order to better
understand the system as a whole.

Figure 4.1 – Image of devices investigated. Design 6C (left) and Design 6D (right)
It is worth mentioning that at a later phase of this research a slightly different sensor design was
investigated. FromFigure 4.1, two sensor designs are presented. One has a thinner shuttle and
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additional folds in the beam geometry (Design 6C), while the other is the design that was
described in the earlier chapters of this work (Design 6D). From their geometry, it can be
deduced that Design 6C is much more compliant than Design 6D due to the additional folds in
the flexures. The issues described above arose from analyzing Design 6C during the earlier phase
of this research.
These vibration tests would analyze the response of the system at each major step of the
fabrication process. Mainly, the resonant frequencies observed in the experimental data would be
compared to the analytical model. This way, it would be easier to understand at which point in
the process that these discrepancies occurred. For example, in Chapter 2, a section describes the
difficulties associated with the wire bonding process as the beams could easily break if the
silicon structure were not properly glued to the glass bonding pad. Due to the high loads applied
on the device during that step, it was reasoned that some mechanical failure could occur, thus
significantly affecting the stiffness of the device. Finally, during this phase of the research there
was not a definitive answer on whether the wire bonds from the sensing dielectric to the glass
bonding pad were another significant source of stiffness in the dynamics.
In this chapter, results from various experiments are presented. The main goal is to build a
transfer function that validates the dynamic model that was previously described in Chapter 3.
More specifically, it will examine whether the inertial and stiffness terms accurately predict at
which frequency resonance should occur at major steps of the fabrication process (i.e.
before/after gluing dielectric and wire bond). As described in later sections, the transfer function
is derived from measurements using an optical technique known as Laser Doppler Vibrometry.
First, the test setup is presented. Then, the series of experiments and results are shown. Finally,
certain limitations of the testing environment are discussed.
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Experimental Setup

Figure 4.2 – Schematic of vibration test setup
Testing was carried out at the Tufts Microscale Sensors & Systems Lab. A schematic of the test
setup can be seen in Figure 4.2. There are 7 components. Each one is described below:
•

Vibration Exciter: Applies a sinusoidal force on a fixture to excite the different
mechanical modes of the device (later described)

•

Laser Doppler Vibrometer (LDV): Uses laser to measure the velocity of a target

•

Motion Controller: Moves LDV laser head across the surface of the target

•

Waveform generator: Sends the sinusoidal signals that will power the vibration exciter

•

Oscilloscope: Used during impulse test to detect the resonant frequencies of the device as
well as provide a visual display of the input

•

Power Amplifier: Can either amplify or attenuate the voltage that would power that
would excite the vibration exciter
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•

Digital Acquisition (DAQ): Collects velocity measurements from the velocity
measurements as well as the input from the waveform generator.

The waveform generator, motion controller, and DAQ were all manipulated on different
LabVIEW® programs.
4.1.1 Laser Doppler Vibrometry
Relative to traditional vibration sensors such as accelerometers and strain gauges, LDV
significantly extends measurement capabilities. Since light is used, this method can provide
“remote” non-intrusive, high spatial resolution measurements with a frequency bandwidth of up
to 20MHz and a resolution of about 8nm in displacement and 0.5μm/s in velocity [26]. This
makes it ideal for characterizing MEMS devices whose performance can be very susceptible to
environmental conditions. A schematic of the system is shown in Figure 4.3.

Figure 4.3 – Operating Principle of LDV. Modified image taken from [27]
A reference beam first goes through an acousto-optic modulator (Bragg cell) that shifts its
frequency by 40MHz. When it hits a moving target, the Doppler effect occurs where some parts
of the wave become compressed and others are stretched. This frequency modulated signal that
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experienced a Doppler shift is then captured by a photodetector and through principles of
interferometry the velocity of the object can be computed. An OFV 3001 Vibrometer from
Polytec was used for the LDV measurements. One limiting factor of this technique is that it can
only measure normal motions, so any in-plane motion of the device would not be detected.
4.1.2 Vibration Fixture
A Brüel & Kjær Vibration Exciter Type 1809 was used to generate a vibration input. With a
frequency range that spans 10 Hz – 20 kHz, it would be able to excite the mechanical modes of
interest, mainly the rocking mode of the device. A custom Aluminum block was designed on
SolidWorks and then produced at the Tufts University Machine Shop. This piece was mounted on
the vibration shaker and using a set of set screws the device was then fixed to the assembly. An
image of the fixture can be seen in Figure 4.4.
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Figure 4.4 – Vibration Fixture
4.1.3 Fixture FEA
Before running experiments, some preliminary Finite Element Analysis was carried out on the
Aluminum block. Due to its geometry and size, it was critical that its motion would not interfere
with the measurements as the displacements from the MEMS device are relatively small. This
would become especially problematic if the resonant frequencies of the block were near the
expected resonant frequencies of the device. Using COMSOL, an Eigen frequency study was
carried out. The expected modal frequencies are shown below in Figure 4.5.
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Deformation (COMSOL)

Case 2

Case 1

Model (SolidWorks)

Figure 4.5 – FEA results of first resonant frequency of Aluminum block in two cases. In the
second case there is a greater asymmetry in the deformation of the left and right sides
In both cases, COMSOL predicts that the resonant frequency of the fixture is above 10kHz,
which is well above the resonant frequency of the rocking mode. Unfortunately, it is near the
bouncing mode which made it challenging to observe during testing. Another noteworthy
observation is that in the second case there is a lot more asymmetry present in the motion of the
fixture after adding the brass block. This effect will play a role in the measurements later
described.
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Testing Procedures
In Chapter 3, a model is described where the input is some vibration external to the system and
the output is the output is the motion of the device. In these tests, the shaker would provide the
input that would be measured on the silicon frame surrounding the device. Since the LDV can
only perform normal measurements, only three motions can be calculated – the device’s vertical
motion, its angular motion about the longitudinal axis, and its angular motion about the
transverse axis, as seen in Figure 4.6.

Figure 4.6 – Motions of the device that can be computed from LDV measurements. Image
generated on SolidWorks
As previously described, the LDV measures the complex velocity at a point. Due to asymmetries
in the Aluminum block, it is very likely that this complex velocity is the result of a combination
of vertical and angular motions. In order to compute them, nine measurements were performed.
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Figure 4.7 – Example location of point measurements to compute the motion of the device
As seen in Figure 4.7, there are 3 points on each side of the shuttle, representing the inputs to the
system, while there are 3 points on the shuttle itself, representing the output. Assuming the
silicon is stiff enough, it can be assumed that each of these 3 points describes a plane. Using the
center of the shuttle is the origin of a coordinate system, each complex velocity can be integrated
into displacements described by:

ui  z  xi  yi

(4.1)

Where z ,  ,and  are the contributions from the complex vertical and angular displacements
respectively. By performing a simple matrix inverse, it is possible to extract the vertical and
angular motions of each plane described by the three points.
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While each side of the device will provide its own input, it can also be reasoned that if the base
structure is stiff enough, then these inputs will be the same, thus simplifying the problem. As
seen in Figure 4.4, the Aluminum block was designed such that a brass block can be attached at
various points. The reasoning behind this design choice is to generate a larger input in the  and

 directions. Ultimately, by generating enough inputs and outputs, the data would be used to
build a transfer function matrix describing the dynamics of the system in all three directions.
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Results
The first test was carried out on the bare silicon structure. Using the waveform generator, an
impulse test was performed with the laser on the shuttle. This was done to determine whether
modes of the device could be observed by the system. As seen in Figure 4.8, data from the
oscilloscope suggested that there was a mode present at 3.8 kHz.
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Figure 4.8 – Image from oscilloscope display of response of the device (green) to impulse
(yellow). Cursor A (light blue) is at first resonant frequency
As a second step, a frequency sweep was performed on the shuttle as well as the frame to verify
that the observed mode was in fact from the device and not the fixture. Since the input from the
waveform generator is a voltage and the output velocity of the LDV is also a voltage, certain
parameters of the LDV were used to convert the output voltage to a displacement (Equation
(4.4)).
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Figure 4.9 – Frequency response of device due to vibration
From the figure above, motions from the shuttle could only be measured at resonance. A surface
scan was performed at that frequency and, as expected, the rocking mode was observed (Figure
4.10). These results meant that any relevant information could only be extracted if testing were
carried out where the motion of the shuttle can be observed, otherwise they would all be moving
in phase.
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Figure 4.10 – Motion of device at resonance using LDV to scan surface (rocking mode)
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Figure 4.11 – Frequency response of Silicon structure near resonance of rocking mode. The first
subplot is the input on the left side and the third subplot is the input on the right side. The second
subplot is the output (shuttle). Refer to Figure 4.7 for laser positions
By inspection, the input motion on the left side (subplot 1) and the right side (subplot 3) are
slightly different from each other in magnitude; however, they are both much smaller than the
output motion at the shuttle (subplot 3). Since their positions are relatively close to each other,
determining the angular motion on each side was challenging. Using Equation (4.2), it was
possible to compute the angular input and the angular output in the  direction.
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Figure 4.12 – Frequency response of angular input on each side of device and angular output
As seen in Figure 4.12, there is a lot of noise in the data for the input. Assuming the input was
constant in that narrow frequency band, the mean of the data indicates that the magnitude of the
angular motion from both sides in the  direction was the same. Referring to Equation (3.29)
from Chapter 3, after dividing the output by the input, it’s possible to have a rough comparison
of the analytical model and the experimental data – this is only true assuming the vertical input
didn’t contribute much to the measured output:

- 72 -

Figure 4.13 – Frequency response of the device due to an angular input
As seen in Figure 4.13, the model and data agree on the resonant frequency of the rocking mode.
More data should have been collected outside of resonance to have a better idea of how well they
match; however as described earlier in Figure 4.9, it was shown that the motion of the fixture and
the shuttle dominated outside of that narrow band. In the next figure, a narrower frequency band
is examined to better compare the model and the data.
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Figure 4.14 – Frequency response of the device due to an angular input (zoomed-in)
As seen in Figure 4.14, the resonant frequencies of the data and the model are relatively close
(<100 Hz). The damping coefficient was adjusted iteratively until the curvature in the model and
the data had similar shapes. There would have been more confidence in the approximation if
there were less noise present; however, these results show that the angular input was the primary
contributor to the angular output. The discrepancy in the magnitudes can be attributed to
contributions from other motions that were not considered. When the same operations were
performed to compare the angular motion expected due to a vertical input, the model and data do
not agree. This discrepancy may be attributed to other stiffness terms that are coupled but were
not included in the model. Overall, this turned out to be a sufficient method for verifying the
mechanical behavior of the device. Further modifications would need to be incorporated in the
fixture to be able to accurately measure the motion in the other directions with the end goal of
driving each transfer function matrix described in Equation (4.3). Mainly, the resonant
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frequencies of the fixture would have to be lot larger than the resonant frequencies of interest so
that data could be captured from the device moving in other directions. Furthermore, a longer
sweep should have been performed to have a better comparison of the model and data. That said,
these preliminary results gave confidence in the model and no other mechanical vibration tests
were performed. The only other test that was performed was to understand how the added
dielectric would influence the resonant frequency of the device. As seen in Figure 4.15, a
noticeable shift in the rocking mode is present as it decreased from 3.8 kHz to 2.3 kHz, which
agrees with results from the dynamic model presented in the next chapter. The significant
difference in magnitudes can be attributed to the laser placement not being consistent in both
cases – in the case where the dielectric was not added, it is likely that the laser was closer to the
center in the dielectric.

Figure 4.15 – Change in resonant frequency of rocking mode due to added dielectric
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Response to E-Field
In this chapter, results from electrostatics tests are presented. Primarily, they were designed with
the intention of answering two main questions. First, how well does the analytical model
described in Chapter 2 agree with experimental data? Second, how well does the device maintain
its scale factor with time? Answering them will serve as a proof of concept that this sensor
design can in fact measure electric fields and that it will provide consistent measurements over
an extended period of time. This chapter is split up in three sections. In the first one, the test
setup is described. In the second section, the methods used for analyzing the data are presented.
Finally, the results are shown and discussed.

Experimental Setup

Figure 5.1 – Schematic of electrostatics test setup
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A schematic of the test setup can be seen in Figure 5.1. It is very similar to the one described in
the previous chapter. The only two new components are:
•

DC Power Supply: Provides the voltage that will be applied across the dielectric

•

E-field plates: Generate external electric field around device using Copper sheets

An image of the test setup is also shown in the figure below.

Figure 5.2 – Picture of test setup

Electrostatics Fixture
The assembly process of the electrostatics fixture is shown in Figure 5.3. The goal is to generate
an electric field as uniform as possible near the device. All the parts were 3D printed using the
Connex 500. The device is held in suspension by two posts at a height such that there wouldn’t
be any objects above or below it. Then, two clips that have a metallized glass pad glued onto
them are used for two purposes. First, they hold the device in place. Second, they provide an
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electrical path to the external power supply. The last step is to attach two copper sheets on each
side of the post. The metal sheets had wires attached onto them that were connected to the power
amplifier with the help of BNC (male) to alligator clip test leads. Since the dielectric had a metal
layer, the LDV was able to measure its motion during testing.

Figure 5.3 – Electrostatics test setup
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Computing the angular motion
As previously discussed, the LDV reports the complex velocity as a voltage. A conversion to
more meaningful units, for instance the vertical displacement at a point due to the input electric
field, is shown in Equation (5.1). It is very similar to Equation (4.4), with the exception that the
separation distance between the copper sheets ( d ) is used to estimate the size of the input
electric field. In Figure 5.4, a frequency response of the device is presented at three points. The
red curve indicates the electronics noise floor as this measurement was taken on the silicon frame
with the DC power supply turned off. The green curve is when the laser is on the silicon frame
with an 800V bias across the silicon frame. The blue curve is the response of the device with an
800V bias where the laser is placed on the dielectric. The peaks represent some of the
mechanical modes in that frequency band.
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Figure 5.4 – Frequency response of Design 6D. The red curve is the noise floor. The green curve
is the laser placed on the Silicon frame with a bias of 800V across the device. The blue curve is
the response with the laser on the dielectric where the peaks are the mechanical modes of the
device
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Similar to the vibration tests, a surface scan was performed near the first peak to verify that the
rocking mode was observed. The next step was to calculate the angular motion. By inspecting
Figure 5.5, it can be seen that as the laser position approaches the axis of rotation, the magnitude
of the response decreases linearly. Since the motion is mostly angular, Equation (5.2) can be
used to compute the angle at every frequency where the signal is above the noise floor.

Figure 5.5 – Frequency response of device at three different laser positions
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Figure 5.6 – Placement of laser on dielectric surface for LDV measurements

  z2  z1

(5.2)

L

This resulted in the final transfer function of interest, which is the angular motion at the output
relative to the input, converted to nrad/V/m. With a 100V DC bias, the scale factor of the device
at resonance is approximately 12.7 nrad/V/m with a Q factor of ~420 (Figure 5.7). The next step
was to compute to scale factor at various voltages and compare the results to the analytical
model.
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Figure 5.7 – Frequency response of Design 6D with 100V bias across dielectric

Scale Factor vs. DC Bias & Model Comparison
In this section a few parameters are investigated. First, the scale factor of the device as a function
of the DC bias is computed. Then, the expected resonant frequency and the measured resonant
frequency are compared. In Chapter 3, the analytical model that is described shows that the
scaling should be linear, and a numerical analysis was included as well to estimate this scaling.
As seen in Figure 5.8, this analysis starts by estimating the damping coefficient at the lowest
voltage measurement (100 V).
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Figure 5.8 – Estimate of damping parameters
In the figure above, the resonant frequency of the model was adjusted to match that of the data.
Based on the stiffness parameters that were estimated in chapter 3, the expected frequency
response and the measured ones are shown in Figure 5.9.
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Figure 5.9 – Frequency response of Design 6D at 100V. Comparison of resonant frequencies of
model and data
The resonant frequencies between the model and the data are relatively close (<200 Hz
difference). The last step of this analysis was to compare the model and the data as a function of
the DC bias. For this comparison, only the peak magnitude at each voltage was reported. Also, in
order to minimize the influence of noise, the data at resonance was integrated within a 1Hz band
and the average value was reported. The correction factor due to flux diversion (described in
Chapter 3) is included as well. Finally, during testing, in order to determine whether any
hysteresis would occur, data was collected in two cases. In the first case, measurements were
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taken with an increase of voltage from 100V to 900V. In the second case, this process was done
in the opposite direction, with the voltage decreasing from 900V to 100V. These results are
shown in Figure 5.10.

Figure 5.10 – Scale factor of Design 6D vs. DC bias
From these results, a few conclusions can be drawn. First, the scale factor increases linearly as a
function of the voltage applied across the dielectric, within a range of 100-900V, which agrees
with electrostatics model that was derived in Chapter 3. Second, based on the two case
measurements (red and blue curves), there is no noticeable hysteresis present in the system. In
the future, more measurements should be taken to verify this effect. A few observations can be
made from the slopes of the curves. Mainly, damping plays a very significant role in how well
the model matches the data. Referring to Figure 5.8, if a better estimate had been made for the
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damping, it is likely that the green, red and blue curves would be much closer in magnitude, thus
reducing the difference in scale factors observed at higher voltages. In the future, a least-squares
approximation can be used for the frequencies near resonance to have a better estimate of
damping. That said, assuming the current fit is reasonable, the correction factor

 FEA

seems to

offer a more reasonable estimate of the rate at which the scale factor increases. This will become
useful for estimating the effective field flux that would go through the dielectric in a packaged
device.

Charge Stability
The last parameter that this work sought to investigate is the charge stability of the device as a
function of time. Data was collected at regular intervals to estimate whether the response of the
device would decrease with time. While the resistivity of dielectrics is hard to estimate at room
temperature, the outcome of these tests would offer some insights. For instance, if the RC effect
were observed, then the actual resistivity of the dielectric could be calculated. If it wasn’t
observed, then either the effect doesn’t have as strong of an influence as modeled or the
resistivity of the material is larger than expected. For this thesis, borofloat was used as the
sensing dielectric. Based on the manufacturer’s data sheets, it has a resistivity larger than 1015 Ωm. With a dielectric constant of 4.6, this corresponds to an RC time constant of at least ~11.3
hours. To verify this effect, data was collected over 6 hours. Data from these experiments are
shown in Figure 5.11.
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Figure 5.11 – Charge stability of borofloat

Based on the results of this experiment, the effect was not observed. Although there’s noise
present in the data, the response is relatively flat. In future work, data should will be collected
over a longer period of time as the duration of this experiment is not sufficient to definitely
answer the question of whether this effect does occur. That said, from a different perspective,
this confirms that if the device were to be used for over 6 hours then there wouldn’t be any issues
with charge stability.

Sensor Performance
With a dynamic model that can describe the sensor’s performance at resonance, the final step is
to estimate the sensor’s performance if it were to operate in the frequency range of brain signals.
Using MATLAB, this was done by inspecting the frequency response plot and reporting the
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expected magnitude at 10 Hz. As seen in Figure 5.12, the expected magnitude is roughly 2·10-2
nrad/V/m.

Figure 5.12 – Magnitude of Design 6D at 10 Hz
Since the scale factor increases linearly with the applied voltage, at 900V, based on the data that
was collected the magnitude of the response scales up to 0.18 nrad/V/m. Referring to Equation
(3.22), the Brownian Motion from an input torque can be estimated. For this model, the angular
damping coefficient (  ) is 1·10-13 m2kg/s, which results in a Brownian Torque noise of 4·10-17
N·m/√Hz. The rotational stiffness of this sensor design ( k11 from stiffness matrix) is around
2.4·10-4 N·m/rad. This results in an angular noise of 1.68·10-13 rad/√Hz. Using Equation (3.24),
and the scale factor at 900V, the resolution of the device at 10 Hz is 1.5·10-3 V/m/ /√Hz. In the
ideal case, the current device’s performance approaches the requirements needed to measure the
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electric fields of interest (noise level smaller than ~1mV/m/√Hz). With the help of a larger DC
bias and flux concentrators, it might be possible. At resonance, the resolution is 2.5 ·10-6 V/m/
/√Hz, which is much higher than any of the performances reported in the literature. This
suggests that AC carrier schemes which operate near device resonance should be explored; the
payoff in terms of sensitivity could be substantial. In addition, if operated in vacuum, the
increase in Q factor would reduce Brownian noise at all frequencies (including near DC), and
significantly improve the sensor’s resolution as well.
The actual resolution of the system achieved thus far is first computed by taking a Power
Spectral Density of the background noise. This is done by measuring the response of the device
without an input. Any measurement from this response can be attributed to the combination of
various sources of noise present in the testing environment such as ground vibrations and
electronics noise from the cables (i.e. cross-talk) and the instrument itself. This measurement is
shown in Figure 5.13. In the first subplot, the blue curve is data that was measured at resonance.
The red curve is from the electrostatics model and the green curve is the background noise
density. It is worth mentioning that LDV can only perform vertical measurements so it is likely
that ground vibrations played a very significant role in the noise present in the system. The LDV
system is not measuring rotation directly. Had a capacitive pickoff scheme been implemented to
measure the angular motion, the noise floor would be much lower. Markers are added to indicate
the magnitude of the response at 10Hz and resonance to calculate the resolution. Thus, these
results are included for reference only, they should not be taken as indicative of ultimate
achievable device performance. Results are shown in Table 5.1.
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Figure 5.13 – Angular response of the device. The first subplot is with a DC bias of 900V. The
second subplot is the background noise density.
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Table 5.1 – Resolution of the device with a 900V DC bias
Resolution (V/m/√Hz)

Frequency (Hz)

LDV Pickoff
Non-differential Scheme – Final performance will substantially exceed these
measurements.
10

3.8·104

2500

4.2·10-2

Brownian Limit
Absolute best achievable performance under ideal conditions.
10

1.5·10-3

2500

2.5 ·10-6

If all unwanted sources of noise are eliminated, the resolution of the device at 10Hz is predicted
to be 1.5·10-3 V/m/√Hz, which is close to the target requirements, and 2.5 ·10-6 V/m/√Hz at
resonance, which substantially exceeds performance goals if a AC carrier scheme were
implemented. With a 900V DC bias, the resolution of the device so far achieved with single
point vibrometry measurement at 10 Hz is 3.8·104 V/m/√Hz and 4.2·10-2V/m/√Hz at resonance.
This clearly demonstrates the need to move to a differential measurement scheme, either
capacitive, piezoresistive, or optical, that measures rocking rather than translational motion.
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Conclusions
The purpose of this thesis is to characterize a torsional electric field sensor design. This sensor
would be used to measure signals from the outermost layer of the brain which have a magnitude
around 1mV/m and a frequency of 10Hz. Two dynamic models were developed to understand
the behavior of the sensor to an electric field input and a vibration input. The purpose of the
vibration model is to complement the electrostatics model as there were some challenges with
comparing the expected results to experimental data in the earlier phase of this thesis. For the
sensor design that was investigated (Design 6D), the rocking mode of the silicon structure is 3.8
kHz while the expected value is 3.7 kHz. This 100Hz difference is negligible enough considering
the stiffness parameters were estimated through Finite Element Analysis with theoretical
material properties. Similarly, with the added dielectric on the shuttle, the model and the data
both show a similar decrease in the resonant frequency. These results gave more confidence in
the vibrations and electrostatics models. As discussed in Chapter 4, in the earlier phases of this
project a more compliant design (Design 6C) was studied. During testing, a reoccurring
phenomenon occurred where a noticeable shift in the rocking mode was observed as a function
of the applied voltage across the dielectric. In the future, if a more compliant design is
developed, this electrostatics spring stiffness should be studied and incorporated in the modeling.
Overall, the mechanics of the system were modeled well. Another aspect of this work that should
be further investigated is whether the damping parameters change based on the nature of the
input, whether it be an electric field or vibrations. Also, there are two damping parameters
present in the model which influenced the response of the rocking mode; however, in this thesis,
they were estimated separately. It was assumed the effect of the translational damping for
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angular motions was negligible. An alternative approach for estimating these parameters would
be to perform a least-squares approximation using data from both the rocking and bouncing
modes. This will become more relevant for vacuum operation when the device is packaged. An
FEA model captured the dielectric properties of objects surrounding the sensor and a correction
factor of 0.26 was computed, suggesting a 74% decrease in the expected electric field input
relative to the ideal case. This exercise can be useful for estimating the expected performance of
a packaged device, as flux concentrators can be added to help mitigate some of these issues.
This thesis demonstrated that the scale factor of the devices increases linearly as a
function of the DC bias applied across the dielectric, as expected from the electrostatics model.
This is an important result for improving the sensitivity of the device during operation. If
operated at resonance, the expected response at 100V is 12 nrad/V/m and at 900V it is 67
nrad/V/m. While measurements could not be made near DC due to the amount of noise present,
the analytical model suggests that the scale factor should be around 2·10-2 nrad/V/m at 10Hz for
100V DC bias, and ~0.18nrad/V/m at 900V. Results suggest that the sensor’s Brownian
resolution limit with a 900V bias at resonance (2.5 kHz) will be 2.5 V/m/√Hz, and at low
frequencies (~ 10 Hz) will be 1.5 mV/m/√Hz. Due to room vibrations, which are not attenuated
by the current single-point laser vibrometry measurement method used for experiments, this
resolution limit has not yet been approached. However, if a more optimal measurement scheme
were used, that could approach the Brownian limit, which has been done in other MEMS
systems, this resolution limit may plausibly be achievable in the future. At resonance this
resolution would be nearly three orders of magnitude better than required for brain sensing
applications. At low frequencies, the Brownian limit is of the same order as the required
resolution.
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In addition, there are various other ways that the sensor’s performance can be optimized.
For instance, using other micromachining techniques, certain properties of the structure (i.e.
thickness) could be reduced significantly, thus making the system more sensitive. Furthermore,
instead of gluing the dielectric onto the base structure, it could be deposited through a chemical
vapor deposition process. The wire bonding step could also be substituted such that the metal
traces would be drawn on the structure using inkjet technology. Other dielectrics, such as Silicon
Nitride, could be investigated as substitutes to borofloat as they have a much larger dielectric
strength which would result in an even larger achievable scale factor. Finally, an alternative
approach that could be considered is operating the device at resonance using an AC drive instead
of DC. Doing so could significantly increase the sensitivity of the device and would increase the
likelihood of being able to measure low frequency signals. Additionally, vacuum packaging the
device would reduce damping, thereby reducing Brownian motion and potentially increasing
resolution.
Finally, so far, for extended testing periods (~6hrs) no reduction in dipole strength was
observed. This important result mitigates the initial concern that masking charges might diffuse
through the dielectric and rapidly reduce sensitivity. This work shows that this is not a concern
over 6 hours of operation. Further studies should operate over longer periods of time to see if a
relaxation time is observed over longer time intervals.
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Appendix – MATLAB Scripts
Analytical Model - Vibrations
% Beam
k(1,1)
k(1,2)
k(2,1)
k(2,2)

structure stiffness matrix - From COMSOL Multiphysics
= 1.2e-4*2;
= -0.81*2;
= -0.66*2;
= 1.34e4*2;

% Mass and moment of moment of inertia of system components
Si_rho = 2200; % [kg]/[m^3]
Si_length = 2.6e-3; % [m]
Si_width = 1.1e-3; % [m]
Si_thick = 4e-4; % [m]
m_Si = Si_rho*(Si_length*Si_width*Si_thick); % [kg]
% Rotational components
I_Si = (1/12)*(m_Si*(Si_thick^2+Si_width^2)); % [kg]/[m^2]
% Damping coefficients
% adjusted so that shape of analytical model matches data
beta = 6e-4; % linear damping coefficient
Gam = 0.7e-12; % rotational damping coefficient
% Rotational transfer function
Numerator={[conv([Gam k(1,1)],[m_Si beta k(2,2)])-[0 0 0 k(2,1)*k(1,2)]]...
k(1,2)*[m_Si beta k(2,2)]-[0 beta k(2,2)]};
Denominator = {[conv([I_Si Gam k(1,1)],...
[m_Si beta k(2,2)])-[0 0 0 0 k(1,2)*k(2,1)]] ...
[conv([I_Si Gam k(1,1)],[m_Si beta k(2,2)])-[0 0 0 0 k(1,2)*k(2,1)]]};
H = tf(Numerator,Denominator); % Creates the transfer function
[rotation_mag, rotation_phase, rotation_freqs] = bode(H,2*pi*(1:0.5:20e3));
rotation_mag = squeeze(rotation_mag); % [rad]/[V/m]
rotation_freqs = rotation_freqs/(2*pi); % [Hz]

Analytical Model - Electrostatics
for i=1:9 % Iteration to compute response at 9 different voltages
% Constants
eo = 8.854187817e-12; % permittivity of free space
% Electret dimensions - Borofloat (II)
dielectric_length = 1e-3; % [mm]
dielectric_width = 0.8e-3; % [mm]
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dielectric_area = dielectric_length*dielectric_width;
% Current model
Vdc = i*100; % Voltage across dielectric
er = 4.6; % dielectric constant of Borofloat
% Dipole strength [C*m]
P = eo*er*dielectric_area*Vdc;
% Beam
k(1,1)
k(1,2)
k(2,1)
k(2,2)

stiffness - From COMSOL Multiphysics
= 1.2e-4*2;
= -0.81*2;
= -0.66*2;
= 1.34e4*2;

% Mass and moment of moment of inertia of system components
Si_rho = 2200; % [kg]/[m^3]
Si_length = 2.6e-3; % [m]
Si_width = 1.1e-3; % [m]
Si_thick = 4e-4; % [m]
m_Si = Si_rho*(Si_length*Si_width*Si_thick); % [kg]
dielectric_rho = 2330; % [kg]/[m^3]
dielectric_thick = 5e-4; % [m]
dielectric_mass = dielectric_rho*(dielectric_area*dielectric_thick); % [kg]
SystemMass = m_Si+dielectric_mass; % [kg]
% Rotational components
I_si = (1/12)*(m_Si*(Si_thick^2+Si_width^2)); % [kg]/[m^2]
I_dielectric = (1/12)*(dielectric_mass*...
(dielectric_thick^2+dielectric_width^2)); % [kg]/[m^2]
SystemI = I_si+I_dielectric+dielectric_mass*...
((dielectric_thick/2+Si_thick/2)^2); % [kg]/[m^2]
% Damping coefficients
% adjusted so that shape of analytical model matches data
beta = 5e-3; % linear damping coefficient
Gam = 1e-13; % rotational damping coefficient
% Rotational transfer function
H = tf([P*SystemMass P*beta P*k(2,2)],conv([SystemI Gam k(1,1)],...
[SystemMass beta k(2,2)])-[0 0 0 0 k(1,2)*k(2,1)]);
[rotation_mag, rotation_phase, rotation_freqs] = bode(H,2*pi*(1:0.5:15e3));
rotation_mag = squeeze(rotation_mag); % [rad]/[V/m]
rotation_freqs = rotation_freqs/(2*pi); % [Hz]
% Translational transfer function
% Derivation done elsewhere.. assume this is true:
H = tf(-k(2,1)*P,conv([SystemI Gam k(1,1)],...
[SystemMass beta k(2,2)])-[0 0 0 0 k(1,2)*k(2,1)]);
[translation_mag,translation_phase,translation_freqs]=...
bode(H,2*pi*(1:0.5:15e3));
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translation_mag = squeeze(translation_mag); % [m]/[V/m]
end

Vibrations Data Analysis
FolderName = 'Data-2_19_2018/';
LDV_vel_range = 25e-3; %[mm/s/V]
% Inputs
for i=1:6
input_data = importdata([FolderName,'u',num2str(i),'_case1.csv']);
u_f(:,i) = input_data(:,1); % Frequency [Hz]
u_mag(:,i) = 10.^(input_data(:,2)/20); % Convert from dB to V_out/V_in
u_deg(:,i) = unwrap(input_data(:,3)*pi/180)*180/pi; % Phase in degrees
u(:,i)=u_mag(:,i).*LDV_vel_range.*exp(1i*u_deg(:,i)*pi/180)./...
(2*pi*u_f(:,i)*1i); % Complex displacement [mm/V]
end
% Outputs
for i=1:3
output_data = importdata([FolderName,'y',num2str(i),'_case1.csv']);
y_f(:,i) = output_data(:,1); % Frequency [Hz]
y_mag(:,i) = 10.^(output_data(:,2)/20); % Convert from dB to V_out/V_in
y_deg(:,i) = unwrap(output_data(:,3)*pi/180)*180/pi; % Phase in degrees
y(:,i)=y_mag(:,i).*LDV_vel_range.*exp(1i*y_deg(:,i)*pi/180)./...
(2*pi*y_f(:,i)*1i); % [mm/V]
end
numFreqs = length(y_f); % Number of points in frequency response
%Positions of the test points in the x-y plane measured with respect to
% bottom left corner of device [m]
y1_x=0.4e-3; y1_y=2.2e-3;
y2_x=1.2e-3; y2_y=3.4e-3;
y3_x=1.0e-3; y3_y=1.3e-3;
u1_x=0.1e-3; u1_y=0.3e-3;
u2_x=0.5e-3; u2_y=0.8e-3;
u3_x=1.5e-3; u3_y=0.5e-3;
u4_x=0.2e-3; u4_y=4.25e-3;
u5_x=0.6e-3; u5_y=3.7e-3;
u6_x=1.6e-3; u6_y=3.9e-3;
% Origin at center of shuttle [m]
o_x = 1.75e-3;
o_y = 0.5e-3;
% Transform of
y1_x=y1_x-o_x;
y2_x=y2_x-o_x;
y3_x=y3_x-o_x;
u1_x=u1_x-o_x;

coordinates
y1_y=y1_y-o_y;
y2_y=y2_y-o_y;
y3_y=y3_y-o_y;
u1_y=u1_y-o_y;
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u2_x=u2_x-o_x;
u3_x=u3_x-o_x;
u4_x=u4_x-o_x;
u5_x=u5_x-o_x;
u6_x=u6_x-o_x;

u2_y=u2_y-o_y;
u3_y=u3_y-o_y;
u4_y=u4_y-o_y;
u5_y=u5_y-o_y;
u6_y=u6_y-o_y;

%Frequency loop to compute parameters of interest:
for i=1:numFreqs
M=[1 u1_x u1_y; 1 u2_x u2_y;1 u3_x u3_y];
OUT=inv(M)*[u(i,1);u(i,2);u(i,3)];
u_left(i)=OUT(1);
Theta_in_left(i)=OUT(2);
Phi_in_left(i)=OUT(3);
M=[1 u4_x u4_y; 1 u5_x u5_y;1 u6_x u6_y];
OUT=inv(M)*[u(i,4);u(i,5);u(i,6)];
u_right(i)=OUT(1);
Theta_in_right(i)=OUT(2);
Phi_in_right(i)=OUT(3);
M=[1 y1_x y1_y; 1 y2_x y2_y;1 y3_x y3_y];
OUT=inv(M)*[y(i,1);y(i,2);y(i,3)];
u_out(i)=OUT(1);
Theta_out(i)=OUT(2);
Phi_out(i)=OUT(3);
end

Electrostatics Data Analysis
FolderName = 'Data_3-22-18 - Device 1/';
% LDV parameters of interest
LDV_vel_range = 5e-3; % [m/s]/[V]
Efield_spacing = 15.24e-3; % [m]
% Separation distance between data points
x_12 = 300e-6; % microns
for i=1:9 % Collect data from 9 different voltages
data = importdata([FolderName,'test',num2str(i),...
'_mode1_edge_case1.csv']);
p1_f(:,i) = data(:,1); % Frequency [Hz]
p1_mag(:,i) = 10.^(data(:,2)/20); % Convert from dB to V_out/V_in
p1_deg(:,i) = data(:,3); % Phase in degrees
p1(:,i) = p1_mag(:,i).*LDV_vel_range.*exp(1i*p1_deg(:,i)*pi/180)./...
(1i*2*pi*p1_f(:,i))*Efield_spacing; % Complex displacement [m]/[V/m]
data = importdata([FolderName,'test',num2str(i),...
'_mode1_minus300microns_case1.csv']);
p2_f(:,i) = data(:,1); % Frequency [Hz]
p2_mag(:,i) = 10.^(data(:,2)/20); % Convert from dB to V_out/V_in
p2_deg(:,i) = data(:,3); % Phase in degrees
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p2(:,i) = p2_mag(:,i).*LDV_vel_range.*exp(1i*p2_deg(:,i)*pi/180)./...
(1i*2*pi*p2_f(:,i))*Efield_spacing; % Complex displacement [m]/[V/m]
data = importdata([FolderName,'test',num2str(i),...
'_mode1_edge_case2.csv']);
p3_f(:,i) = data(:,1); % Frequency [Hz]
p3_mag(:,i) = 10.^(data(:,2)/20); % Convert from dB to V_out/V_in
p3_deg(:,i) = data(:,3); % Phase in degrees
p3(:,i) = p3_mag(:,i).*LDV_vel_range.*exp(1i*p3_deg(:,i)*pi/180)./...
(1i*2*pi*p3_f(:,i))*Efield_spacing; % Complex displacement [m]/[V/m]
data = importdata([FolderName,'test',num2str(i),...
'_mode1_minus300microns_case2.csv']);
p4_f(:,i) = data(:,1); % Frequency [Hz]
p4_mag(:,i) = 10.^(data(:,2)/20); % Convert from dB to V_out/V_in
p4_deg(:,i) = data(:,3); % Phase in degrees
p4(:,i) = p4_mag(:,i).*LDV_vel_range.*exp(1i*p4_deg(:,i)*pi/180)./...
(1i*2*pi*p4_f(:,i))*Efield_spacing; % Complex displacement [m]/[V/m]
% Angular displacement calculation
prot_12(:,i) = (p1(:,i)-p2(:,i))/x_12;
prot_34(:,i) = (p3(:,i)-p4(:,i))/x_12;
end
% Averaging within 1Hz band at near resonance
% Resonant frequency was determined by inspection
for k =1:9
j = 1;
for i=1:length(p1_f)
if(p1_f(i)>2503 && p1_f(i)<2504)
mag_near_resonance_12(k,j) = abs(prot_12(i,k));
j=j+1;
end
end
clear mag_near_resonance
avg_ang_mag_12(k) = mean(mag_near_resonance_12(k,:));
j = 1;
for i=1:length(p3_f)
if(p3_f(i)>2503 && p3_f(i)<2504)
mag_near_resonance(k,j) = abs(prot_34(i,k));
j=j+1;
end
end
avg_ang_mag_34(k) = mean(mag_near_resonance(k,:));
end
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