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SUMMARY

The human vestibular system maintains visual acuity and stabilizes posture and
gait. Failure in the vestibular system can lead to debilitating symptoms of vertigo,
disequilibrium, and imbalance. Some patients suffering from vestibular dysfunction in both
inner ears (bilateral), there is currently no effective therapy. For individuals suffering from
bilateral vestibular dysfunction an emerging option may be a vestibular prosthesis. A
significant obstacle hindering progress of vestibular prostheses is the power consumed by
angular rotation sensors (gyroscopes). Commercial gyroscopes are actively driven thus
consume power continuously. In contrast, the mammalian vestibular system uses the
motion of the body to power the sensor. This passive approach paired with a low power
transduction mechanism could be a sensing solution for vestibular implants. Nature has
developed efficient and simple sensors, actuators and mechanisms that allow for high
performance with limited resources. These advantages inspired engineers and designers to
base their designs on these natural structures. In this work, a micromachined sensor
platform inspired by the semicircular canal in mammalian vestibular systems is developed
using two transduction mechanisms (thermal and magnetic). The platform demonstrates
two orders of magnitude suppression of cross-axis angular accelerations and inherent
insensitivity of the sensor to linear accelerations from its geometrical constraints. The
thermal design validates and verifies the potential of the toroidal platform as a rotational
inertial sensing system with a resolution around 30 deg/s2 and a dynamic range of 2,000

deg/s2.
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CHAPTER 1. INTRODUCTION

Humans possess incredible sensory systems that take input stimuli from their
surrounding environments. These well-developed sensory systems are not limited to the
traditional five senses: touch, smell, sight, hearing, and taste. Other sensory inputs combine
to create a “sixth sense.” These include proprioception —the ability to sense the relative
position and forces acting on parts of the body—, and the sense of balance. All these sensory
systems process stimuli by transducing the input energies into a series of electrical spikes.
The information is sent along the nervous systems to the appropriate regions of the brain

to further process the information.

Diseases, trauma as well as environmental and genetic factors can lead to complete
sensory loss. These debilitating conditions and disorders come as a result of loss of the
sensory organ’s ability to process the necessary incoming stimuli. Currently in the United
States, 94% of older adults suffer from at least one form of sensory loss or impairment
(blindness, deafness, balance-loss, or others) [1]. Fortunately, mammalian brains are
neuroplastic, i.e. have the ability of lasting change to the brain throughout the entirety of
the person’s life [2]. This amazing ability helped neurosurgeons restore hearing to
thousands of deaf people using cochlear implants in the 1980s [3]. Cochlear implants send
electrical pulses encoding microphone signals to the auditory nerve. The success of
cochlear implants has led to other attempts to restore lost senses. Recently, visual implants
have been approved by the Food and Drug Administration (FDA) in the United States to

restore limited vision to those with retinitis pigmentosa [4]. Over the past two decades,



attempts have been made to create vestibular implants for patients with bilateral balance

loss. The following section will motivate the work in this thesis in more detail.

1.1 Motivation

1.1.1 Vestibular Disorders and Current Therapies

The human vestibular system maintains visual acuity and stabilizes posture and gait.
Failure in the vestibular system can lead to debilitating symptoms of vertigo,
disequilibrium, and imbalance [5]. A clinical survey reported that more than 35% of
Americans above the age of 40 have a vestibular dysfunction [6]. Bilateral vestibular deficit
considerably impacts the elderly. Above the age of 80, only 50% of a person’s vestibular
neurons remain [7]. Vestibular dysfunction often leads to falls, the leading cause of fatal
and non-fatal injuries for persons age > 65 years [8]. One survey reports that in 31% of the

patients with falls of unknown cause, symptoms of vestibular dysfunction were found [9].

Vestibular disorders can be classified as episodic, chronic, or acute [10]. The most common
amongst the episodic is Meniéres Disease. It occurs in about 200 per 100,000 persons in
the United States [11]. Chronic cases are progressive in nature and typically bilateral, i.e.
in both inner ears. Episodic cases are abrupt and recurring. Patients with acute conditions
report severe vertigo and nausea due to permanent damage to the vestibular system. Both
chronic and acute conditions can cause deficiency in both inner ears. Loss of balance in
both inners ears is called Bilateral Vestibular Deficit (BV D). It is estimated that 500,000
patients suffer from a complete bilateral vestibular deficit (BVD) in Europe and the United

States [12]. Bilateral Vestibular Deficit occurs in about 7% of patients experiencing



dizziness [13]. Bilateral dysfunction of the vestibular system may lead to blurred vision,

dizziness, an inability to orient oneself correctly, or decreased ability to walk.

One of the most common causes for balance sensory loss is a side-effect of prescription of
life-saving antibiotics such as Gentamicin [14]-[16]. The medication kills the sensory hair
cells in the inner ears responsible for sensing head motion. Although it is difficult to
estimate the impact of ototoxicity on vestibular function, 5-10% of patients treated with
Gentamicin report cochlear toxicity [17]. It is estimated that 10-20% of these patients
exhibit some degree of vestibular ototoxicity as well [18]. A variety of other causes may
lead to bilateral loss of vestibular sensation, including infections such as Meningitis,
trauma to the inner ear, bilateral ear surgery, congenital disorders leading to deafness, and
disorders of the immune system [13]. Also, vestibular loss can be a side effect of cochlear
implantation. Studies estimate that 7% of candidates for cochlear implantation (CI) and
10% of CI recipients exhibit extreme bilateral vestibular dysfunction [19]. There are over

600,000 CI recipients worldwide [20], [21].

Existing solutions to treat vestibular disorders mostly consist of physical therapy.
Vestibular rehabilitation therapy can restore function and decrease symptoms for unilateral
and minor cases of bilateral vestibular dysfunction. Those who experience severe bilateral
dysfunction have limited therapeutic options [12], [22], [23], but other technical
therapeutic alternatives are being explored. A potential breakthrough to resolve the
underlying cause of vestibular disorders is regenerating the damaged hair cells in the
vestibular system in animal models [24], [25] However, there have been no human studies

conducted as of early 2018 on human vestibular hair cell regeneration using gene therapy.



Different sensory substitution strategies are being explored by using an external
wearable balance system. This includes vibrotactile displays [26]-[28], audio feedback
[29] and electrotactile tongue activation [30]-[32]. These solutions tend to improve
posture, but cannot emulate vestibular function. Also, they cannot restore the vestibulo-
ocular reflex (VOR), which keeps vision from becoming blurry during motion [33]. VOR
is a reflex movement that compensates for head motion allowing for stable images on the

retina.

The leading therapeutic option for severe bilateral vestibular loss is a vestibular implant or
prosthesis. It follows thirty years of cochlear implant success in restoring hearing to deaf
patients. The vestibular prosthesis substitutes for unresponsive balance organs in the inner
ear [34]-[37]. Although the implant is in early stages of its development, it is showing
promising results. In the next section, a description of a vestibular prostheses is given and
the challenges facing current state-of-the-art vestibular prostheses are discussed in more

detail.

1.1.2 Vestibular Prostheses

Vestibular prostheses (VP) are designed to replace the functions of the peripheral
vestibular organs. Using three implantable rotation sensors, patterned electrical stimulation

is provided to the vestibular nerve conveying information on the rotation of the head.
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Figure 1.1 - General schematic of operation for a generic vestibular prosthesis, adopted from [38].

The most common version of the VP has external (wearable) and internal
(implanted) components. The external components include motion sensors fixed on the
patient’s head, and a processor converting the signal into a pattern of electrical signals. The
internal components consist of electrodes implanted in the vicinity of the vestibular nerve
branches. The less common version is a fully implantable VVP. Users of the extracorporeal
version turn off stimulation during sleep and while taking showers. Current studies have
shown that the prostheses can quickly restore clear vision just minutes after turning the
stimulation on, or off [12]. This affords the patient the flexibility of choosing when to use

stimulation.

Figure 1.1 describes the basic components and the basic operation of the VP. A

comparison between the biological vestibular system and the VP is shown in figure 1.2.
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Figure 1.2 - Three different embodiments of vestibular prostheses , from left to right are adopted from
[35], [36], [39].

In the early 1960s, Cohen and Suzuki showed that it was possible to elicit vestibular
responses using electrical stimulation of the vestibular apparatus in cats and monkeys [40],
[41]. These early attempts lead to the idea of developing a vestibular implant almost 40
years later [36]. Gong and Merfeld [36], [37] demonstrated the first vestibular prosthesis
prototype in animal models. The externally head-mounted system only aimed to replace a
single axis of rotation on a single side as opposed to a more complex bilateral approach.
Angular rotation in the horizontal plane was sensed with a gyroscope. The signal was
amplified, filtered, digitized and directed to a microcontroller. The microcontroller sent a
signal to the current amplifier that connected to a single implanted electrode. Charge-
balanced, biphasic current pulses activated the horizontal vestibular nerve endings. Success
was measured by observing the restoration of the vestibulo-ocular reflex. The results were
quite promising and illustrated the viability of a unilateral solution in mammals. Della
Santina et al. [42] improved upon this work and developed the first 3D vestibular prosthesis
prototype using three gyroscopes. The results indicated the ability to restore the vestibular-

ocular reflex for all three axes in rhesus monkeys.



The previous success and regulatory approval of cochlear prostheses by the Food
and Drug Administration (FDA) has allowed for the quick adoption of the use of cochlear
implants as testbeds for vestibular implants in human clinical trials. This has been achieved
by connecting the stimulation electrodes to the vestibular instead of the auditory nerve [21].
The first human experiments demonstrated the feasibility of the solution in one axis [43].
The research and development of a vestibular prosthetic for human use is ongoing [44]-
[46]. Progress includes restoring the vestibular-ocular reflex in all three axes [44], thus

replicating the success in the rhesus monkey model mentioned earlier [42].

The experiences to date in animals and humans are limited to the restoration of the
function the semicircular canals. Limited attempts have been made to restore the otolithic
function, which is responsible for sensing linear motion [47], [48]. This could be attributed
to the ease of quantifying the vestibulo-ocular reflex. There have been several successful
attempts at restoring postural stabilization by electrical and galvanic stimulation [33],

[49].

One of the current obstacles facing vestibular prostheses is the size of the implant
housing. Similar to cochlear implants, vestibular implants are placed in the mastoid cavity
behind the ear and consume a space of 25 x 25 x 10 mm with the thickness being the
limiting factor (10 mm). The unilateral vestibular prototype [36] was contained in a 43 X
31 x 25 mm plastic case, and the 3D prototype [42] in a 35 x 35 x 15 mm plastic case. In
the first human study, a cochlear implant by Med-EL was used [44]. Its dimensions were

29 X 46 X 6 mm.



Another obstacle for vestibular prostheses is power consumption. The largest
portion of the power consumption in the system is due to the required stimulation current
for the nerve endings [50]. Based on studying the power requirements of cochlear
prostheses, fully implantable solutions have a strict power budget of 1 mW. This low-
power requirement assumes 12 hours of operation per day, with the implant using a 5 g
ultra-capacitor (energy density of 5 watt-hr/kg), and a 50% efficiency of the power circuit
[51]. Current electrical storage (batteries and/or ultra-capacitors) have a lifetime of 500-
1000 charge and discharge cycles. For a fully implantable system that would require an
outpatient procedure to replace the battery every roughly 1000 charge/discharge cycles
[52]. On the other hand, the prosthesis with a behind-the-ear unit has a power budget of
10s of milliwatts [50], [53]. This system does not require an outpatient procedure to replace

the battery.

Some researchers have estimated that the natural sensing mechanism of the inner
ear in the cochlea requires just 2-14 uW of power [54]. Based on these estimates and the
number of haircells in the vestibular system [55], | have estimated the power consumption

for the three semicircular canals in one ear to be roughly 10-70 uW.

Future fully implantable vestibular systems would need at least 500-750 uW to
fully power its operation [51], [52], [56]. Inertial sensors of vestibular prostheses require a
larger power budget than microphones in cochlear implants. The aim is to use
approximately 250-500 uW in fully implantable systems for sensing purposes. However,
some of the current commercial always-on gyroscopes dissipate about 1600 pW [57],
which is more than the total power budget of the fully implantable vestibular prosthesis

and roughly 20% of the behind-the-ear solution. On the other hand, state-of-the-art near-



zero-power three-axis accelerometers consume anywhere between 5-25uW [58]. Despite
the strict power requirement goals for future fully implantable solutions, current
researchers have built vestibular prostheses that use sensors that consume orders of
magnitude more power. For instance, the uniaxial implant consumed nearly 30 mW per
sensor [36], and the 3D device consumed 25 mW in total [42]. In [44], the three axis

gyroscope consumed 32.4 mW.

In summary, while past efforts towards a vestibular prosthesis have validated
the ability of the VP to sufficiently activate central mechanisms relying on vestibular
function, particularly power consumption requirements limit the possibility of
especially fully implantable VP. Thus, the main effort of this research is to mimic the
mammalian vestibular system to design low-power angular acceleration sensors. In
the next section, we review currently available solutions for low-power inertial sensing to

use in vestibular prostheses.

1.2 Background

1.2.1 Miniaturized Inertial Sensors

Over the past few decades, micromachining has enabled the rapid miniaturization
of inertial sensors. This has allowed the explosion of their use in various applications,
including automotive, consumer, and medical applications [59]. The current generation of
inertial sensors meet the needs of consumer applications, while continuing the push into
meeting the needs of industrial, medical, and military applications [60]. In sensing rotation,
there are two types of sensors. Gyroscopes are more commonly used and sense angular rate

of rotation in deg/s or rad/s. The less widely adopted method senses angular acceleration



directly in deg/s2 or rad/s2. In the following sections, a brief overview of each sensing

mechanism is discussed along with its opportunities and drawbacks.

1.2.2 Gyroscopes

1.2.2.1 Solid Mass-based Gyroscopes

The main sensing principle of rotation is utilizing the Coriolis force [59]. The Coriolis force
is a fictitious force acting on a moving mass in a rotating system. The most common
approach to sensing this force is through a driven vibrating mass [61]. Coriolis force based
gyroscopes provide high sensitivity, good power consumption, good cross-axis
insensitivity and good stability [59]. The relatively few drawbacks of current state-of-the-
art gyroscopes become visible in areas of medical implants and high-shock resistant
industrial applications. Medical implants, specifically vestibular prostheses, aim to function
continuously for ten years on limited battery power [62]. Commercial gyroscopes have
been integrated with vestibular implants [34]. In those implants, gyroscopes proved to
consume a third of the power budget [63]. By reducing the sensor’s power consumption,
the vestibular implants’ lifetime could be significantly extended. Another possible
drawback of current gyroscopes is the vulnerability of these vibratory mass gyroscopes to
microcracks under continuous extended use operation causing fatigue and drift [64]. Also,
they are susceptible to failure from high-impact shocks and operation in harsh
environments [65]. However, there are recent advancements that provide excellent linear
acceleration rejection or shock resistance [66]. In general, solid-state silicon-based
gyroscopes must be considered the gold standard for micromachined rotation sensors today

in terms of miniaturization, stability, sensitivity, linear acceleration rejection and power
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consumption. However, this does not mean that other potential platforms for
micromachined inertial rotational sensors should not be investigated, especially if they are

based on simple, scalable fabrication processes.

Other approaches include piezoelectric vibrating gyroscopes [67] and surface/bulk acoustic
wave gyroscopes [68], which comprise no moving parts. Also, electrostatic [69] and
magnetic [70] suspended gyroscopes have been developed. Due to their poor performance
compared to vibrating mass gyroscopes, these other approaches are not covered in this
overview. Other sensing principles include optical transduction [71], exhibiting excellent
sensitivity, and stability performance while suffering from high cost, and poor integration
necessary to match the performance of kilometers of optical fibers used in interferometric
fiber optic gyroscopes [72]. The micro optical gyroscopes are based on Sagnac effect.
Other principles such as the precession principle, or nuclear magnetic resonance are not

mature enough to include in the scope of this literature review.

1.2.2.2 Fluidic Mass-based Gyroscopes

Toincrease robustness for withstanding high shock and harsh environments, fluidic masses
were proposed to replace solid masses. This approach removes the vulnerable mass tethers.
This approach has been proven successful in sensing linear acceleration using the buoyancy
effects and forced convection mechanisms [75] (see figure 1.3). Thermal fluidic mass
gyroscopes were proposed in the past two decades, but have not matched the performance
of solid mass designs [76]. In sensing rotation with a fluidic mass, an analogous approach
to vibrating a solid mass is the jetting of a gas or a liquid to enhance the sensitivity. Jetted

steam as a driving mechanism was studied by many groups [77]-[79]. However, these
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piezoelectric pump-driven solutions are bulky, power inefficient, and have poor cross-axis

insensitivity. Other methods to drive the fluid such as buoyancy, and thermal expansion

report sensing with relatively high-power consumption and are suited for applications in

industrial applications [80], [81]
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Figure 1.3 - Diagram of thermal linear accelerometer by MEMSIC [73], and a thermal fluidic

gyroscope working principle by [74].

. However, both those designs suffer from low sensitivity, and heater-induced signal

interference. Finally, Leung utilized bidirectional fluid flow to actively reject the interfering

linear acceleration signal [82].

Table 1.1 summarizes state-of-the-art suspended solid mass and fluidic-based gyroscopes.

Table 1.1 - Comparison of state-of-the-art single-axis solid and fluidic gyroscope

Ref.  Technology Sen.[mV/deg/s] Freq[Hz] P.[mW] Range[rad/s] s;j ze[mm2]
[78] - 300 +25 324
[83] - 14 +10 2
[74] Expansion 20 20 +22.5 9
[66] - - +22.5 <1
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1.2.3 Angular Accelerometers

By extending linear acceleration principles to the rotational domain, there lies an
opportunity to push the limits of low-power rotational sensing. An alternative to
gyroscopes is using angular accelerometers to sense rotational inertial inputs [84]. This
potentially could decrease the power consumed by using a non-driven transduction
mechanism. In the majority of applications, angular position or angular velocity is the
desired output, thus leading to a slow rate of adoption of angular accelerometers [84],
because their output needs to be integrated once or twice to obtain angular velocity or angle
information, respectively, introducing unwanted errors with each integration [85].
However, their strength comes when the angular acceleration needs to be known directly,
including delay-sensitive and real-time applications such as rotating hard disks. Sensing
angular acceleration does not need active driving of the structure, as the sensors mass
experiences acceleration by the forces applied to the structure. Also, in feedback control
applications in industrial settings direct measurement of angular acceleration is
advantageous as using angular rate sensors can add noise by differentiation which is noise
amplifying [86]. Moreover, applications for angular accelerometers include vehicle and
ship stabilization, seismometry, missiles and satellites and stabilizing gyro platforms [87],

[88]. However, gyroscopes have widely been adopted for these uses as well.

1.2.3.1 |Indirect Solid Mass-based Angular Accelerometers

One method to measure angular acceleration is knowing the distance from the axis of
rotation and using linear accelerometers. One example used piezoresistive transduction to

measure angular acceleration using multiple linear sensors [89]. The other method is to
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combine angular rate measurement and linear acceleration to measure angular acceleration
indirectly. This could been done by differentiation with filtering or using Kalman filters as

described in [84]. However, these methods are susceptible to noise and inaccuracies.

1.2.3.2 Direct Solid Mass-based Angular Accelerometers

The earliest attempts of sensing angular acceleration directly using microfabricated devices
date back to 1995. The first microfabricated capacitive angular accelerometer using a
tethered solid mass was presented by Brosnihan et al. [90], with a similar device
investigated by O’Brien et al. [91] and Gola [85]. Recently, Jeong [92] presented a
capacitive dual-axis design with improved sensitivity and lower power consumption using
the HARPSS fabrication process. Others strategically placed piezoresistors on a tethered
proof mass to sense angular acceleration using piezoresistive transduction [93]-[95]. Both
these transduction mechanism offer small footprint, low power operation, but the solid

masses are still susceptible to shock [65].

Table 1.2 - Comparison of state-of-the-art micromachined angular accelerometer performance.

Ref. Sen.[uV/rad/s?] Freq[Hz] P.[mW] Range[rad/s?] Size[mm?]
[92] 146 5200 0.3 +4000 1.12
[85] 1000 800 - +350 9.5
[91] 6000 250 13 +200 2.25
[90] 520 500 50 300-3000 0.25

Other approaches to directly measure angular acceleration include using eddy currents

[96], optical encoders [97], an amorphous wire [98], and piezoelectric transducers [99],
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[100]. Due to their large size or high-power consumption, these methods were not included

in thisreview.

1.2.4 Fluid Mass-based Angular Accelerometers

Similar to fluid-based gyroscopes, researchers attempted to replace the solid mass with a
fluid. One common and commercial example is the fluidic rotor angular accelerometer [101],
which is incorporated in products by Endevco, Jewel and Columbia. These sensors are
common in military, industrial and vehicular applications [102]. They show excellent
sensitivity, good dynamic range, decent linearity, and good cross-axis rejection. However,
they suffer from large size and high power consumption. The most common fluidic angular
accelerometers are toroidal in shape and their design is based on the semicircular canal and
are further discussed below. Other fluid based angular accelerometers have been proposed

using metallic droplets [103], [104], but have not beenimplemented.

In the next section, we review bio-inspired rotational and fluid flow sensors to meet our

need for a low-power vestibular prosthesis.

1.2.5 Bio-inspired Sensors and Devices

Nature takes advantage of physical effects from the macroscale to the nanoscale [105]. By
taking full advantage of these effects, sensory systems of the creatures of the animal
kingdom are nearly physics-limited. The visual system is at the one photon level [106]. The
auditory system and wind cricket hair cells are nearing thermal noise limitations [107],
[108]. For the vestibular system (see chapter 2 for more in depth information on the

vestibular system), nature -through natural selection has evolved over thousands of years a
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power-efficient, elegant sensor design to sense rotational movement, and inherently reject
linear motion [109], [110]. The semicircular canals (SCCs) have been claimed to have
reached a near-optimal design [111]. The size of the organ spans only one order of
magnitude while the mass of animals spans seven orders of magnitude [5]. Such little

variability points in the direction of converging to a local optimal design.

For many years, researchers have studied the elegance and simplicity of nature’s sensors.
Recent advancements in technologies have allowed scientists to unleash the power of
scaling laws to mimic at the micro and nano-scale [105]. This includes the gecko’s ability
to climb and scale walls [112], the hydrophobicity of lotus leaves [113], and the sub-
nanometer sensitivity of haircells [114]. In the following section, bio-inspired design is
reviewed as an approach for rotation sensing (based on the passive microtorus platform)

and fluid flow sensing (based on haircell-based transducers).

1.2.5.1 Bio-inspired Rotation Sensors

In nature, the fly’s haltere structures are shaped like a club and beat opposite to its wings.
This driven structure functions as vibratory gyroscope [115]. Researchers have shown that
the sensor is not sensitive to low angular rates [116], and, thus, do not meet our vestibular

requirements.

Seeking an alternative approach to sense rotation, researchers took inspiration fromthe
semicircular canals (SCC) in the inner ear (refer to chapter 2 for more details on the SCC).
Arms et al. [117] was the first to propose using a micromachined pressure sensor to sense
the flow in a toroidal channel. Ploechinger [118] proposed to use thermal convection to

measure the fluid velocity and correlating it to the angular acceleration, but no device was

16



implemented for either of those designs. Wolfaardt [119] proposed an improvement on the
SCC by changing the torus into a helix to enhance the pressure differential. A macroscale
device was tested and a microscale version was proposed with an extensive fabrication
process involving bonding dozens of wafers together to form the helix. Moreover, highly-
compliant biomimetic capacitive microfabricated electrodes were proposed and simulated

and simulated by Bhatti et al. [62], [63], but not tested experimentally.

To use the SCC as an inspiration in designing a rotational sensor, a few obstacles stand in
the way of mimicking the performance of the original design. First, the gelatinous
membrane inside the SCC has a stiffness of roughly 1-5 Pa [120], [121]. Also, the hair cells
measuring the membrane deflection must be embedded in the membrane. Based on current
microfabrication techniques and materials, the required aspect ratio for the bio-mimetic
membrane would be around 1000:1 to have the same order of magnitude deflections and the
same order of magnitude of dynamic performance. Stiffer materials require thinner

membranes to emulate or mimic the performance of the soft (1-5 Pa) cupula.

The first to successfully overcome some of these design challenges was Andreou et al. [64]
by replacing the vertical membrane with horizontal, suspended piezoresistive cantilevers
between two layers of half tori. Such a planar design was independently proposed a few
months earlier by Alrowais et al. [122], but not experimentally verified. The reported
device boasts low power consumption, but the suspended cantilevers arestill susceptible to

shock.

Others replaced the membrane with other mechanisms to sense flow. Molecular electric

transducers reported good frequency characteristics, high sensitivity, but suffer from large
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size and small dynamic range [123]. Recently, a Lorentz force-based magnetic approach to
sense fluid rotation in a 3D printed channel was proposed [124]. However, the sensor is
limited in the range to above 1500 rad/s?, with poor linearity in its operating range and a
low cut-off frequency. Another approach extends thermal linear accelerometer principles
to rotational ones. The first successful microfabricated thermal bioinspired design was
developed by Groenesteijn et al. [125]. The design relied on a complex fabrication process
and a lock-in amplifier to sense the output. The authors did not present the frequency

behavior or the cross axis-sensitivity of the sensor.

Table 1.3 summarizes the performance of select bio-inspired angular accelerometers.

Table 1.3 - Comparison of state-of-the-art bio-inspired angular accelerometer performance.

Ref.  Sen.[uV/rad/s?] Freq[Hz] P.[mW] Range [rad/s?]  Size[mm?]

[64] 2500 300 0.3 +10 36
[123] 30 - 15 875-3500 25
[122] 2.5 - - 2000-6000 900
[121] 500 50 80 +450 2500
[124] 1700 <1 20 +200 64

1.2.5.2 Bio-inspired Flow Sensors

As potential sensors in bio-inspired angular accelerometers, micromachined fluid flow
sensors are reviewed in the following. MEMS-based flow sensors are based on thermal
principles [126], pressure differential [127], and Coriolis force [128]. Thereby, thermal and

Coriolis-based flow sensors present the highest sensitivities. The thermal-based approaches

18



are widely adopted due to their simplicity, lack of moving parts, high dynamic range, and

high sensitivity. However, this approach is power-inefficient [129].

Another approach aims to mimic the design and structure of hair cells and the cupula to
sense fluid flow, similar to the semicircular canals. Thereby, the hair cell is exposed to the
flow by itself or embedded in a gelatinous membrane mimicking the cupula. Work by
Tsukruk et al. [130]-[132] have indicated that embedding the hair cell in a gelatinous

membrane can improve sensitivity at low flow by an order of magnitude.

Hair cells are nature’s mechano-electrical transducers, consisting of a long pillar/rod that is
connected to stress-sensitive sensors at its base. The sensors are responsive to stress caused
by the deflection of the long pillars. Originally, the hair cells were thought to open calcium
ion channels which turn into electrical signal. However, a recent study has shown that is not
the correct hypothesis [133]. Other mechanisms have been proposed but not been proven
[134]. The hair cells deflection can occur by a pressure differential across a membrane as in
the vestibular system, or physical deflection such as in whiskers, or even work as flow

sensors such as in the case of fish or as a microphone in the inner ear [114].

Researchers’ fascination with hair cells have led to development of many sensors including
but not limited to fluid flow sensors [135], gyroscopes [115], and microphones [136]. The
bio-inspired hair-cell-based flow sensors have used thermal [137], piezoresistive [138],
[139], capacitive [140], magnetic [141], and optical [142] transduction mechanisms.
Piezoresistive and capacitive approaches are the most common. These structures boast high
sensitivity and accuracy, due to their high aspect ratio. However, they are unable to sense

low-flow conditions, similar to those found in the semicircular canals [114]. Recent

19



work by Triantafyllou et al. [143] takes advantage of the passive nature of piezoelectric
material to achieve near-zero-power transduction. Table 1.4 below compares the different

potential transduction mechanisms.

Table 1.4 - Comparison of different potential transduction mechanisms for flow sensing

Transduction Ease of

mechanism. Bandwidth Power Eabrication Noise Sensitivity
Capacitive + + + i +
Thermal - - + + ++
Magnetic + + - - +
Piezoresistive + + - + -

+

Piezoelectric ++ + + +

Future work needs to push the limit of detection towards the nL/s range as theoretically
predicted for some hair cells [144] to meet the threshold of detection in human head

rotation.

1.2.6 State-of-the-Art in Vestibular Prosthesis-Specific Rotation Sensors

In this section, rotational inertial sensors that were designed specifically for vestibular

prostheses are discussed and analyzed.

The first to design a VP-specific rotation sensor was Shkel [145]. The solution was a
vibratory gyroscope. However, it did not prove to be power efficient. After that, Hayden and
Challa tried to use differentially coupled linear accelerometers to emulate the gyroscopes
[146], [147]. Although the power consumption was reduced, the device did not operate at

frequencies below 1Hz, which are necessary for self-guided movement. Bhatti and Toreyin
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proposed a bio-inspired sensor based on the semicircular canal [62], [63], but no physical

device was produced.

The first viable solution presented was a modified design based on the semicircular canal
by Andreou [64], [65]. The solution features an excellent power consumption of 300uW
per axis. However, no study has been presented on its total frequency response or cross-
axis sensitivity. The next VP-specific solution used a thermal principle in a SCC-based
toroidal microchannel [125]. The solution seemed promising but was not tested at low

rotational accelerations. Also, the solution consumed 15 mW per axis.

Two recent implementations are inching closer to meeting the requirements of the
vestibular prosthesis. Jeong presented a dual-axis solid-mass-based angular accelerometer
[92]. The solution offers low power operation at 296 pW. However, the sensitivity
threshold of 0.5 deg/s? was not met as the noise of the system was one order of magnitude
higher. The other solution by Dellea [148] presented a three-axis piezoresistive gyroscope
with power consumption of 980 W, with a noise level of 0.2 deg/s. This solution is a step
in the right direction, but requires further study of the cross-axis sensitivity rejection and
susceptibility to shock. Most of the dedicated solutions compare well with current low-
power three-axis gyroscopes on the market as described earlier which have power

consumptions around 1.5 mW.

1.3 Research Objective

The objective of this research is to explore the natural design of the semicircular canals as
a platform for rotational inertial sensing. The main application considered here for these

sensors is sensory substitution in vestibular prostheses for patients with bilateral vestibular

21



loss, however other application areas are possible. The objective will be achieved by
improved, simple fabrication process, and developing low-power, and shock resistant
transduction mechanisms. With mammalian inertial sensors in mind, the sensor’s target
specifications include a power consumption on the order of 100 uW to 1 mW, a dynamic
range of 0-10,000 deg/s?, a frequency bandwidth of 20 Hz, low cross-axis sensitivity, fitting

well within a human implantation footprint, and a low limit of detection of 1-2 deg/s?.

e To meet the goals set forth in the research, the following specific objectives are
targeted:

e Developing a simple fluid-filled bio-inspired micro-fabricated platform to enable
sensing rotation using different potential transduction mechanisms with a simple
analytical and numerical model to describe its behavior.

e Developing a robust, yet power hungry proof-of-concept thermal transduction
mechanism to sense rotation based on the bio-inspired platform.

e Integrating a low-power bio-inspired magnetic hair-cell transducer for the proposed

Sensor.

1.4 Thesis Outline

To address these research objectives, this thesis is outlined in the following manner:

Chapter 2 provides an introduction into the mammalian vestibular system. It covers the
morphology and the structure of the semicircular canals in particular. The SCC is analyzed

as a sensor and evaluated as a potential platform for an inertial sensing system.
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Chapter 3 introduces the proposed micromachined toroidal platform. An analysis of
different possible configurations of the micro-toroidal platform is discussed. This is
followed by a brief discussion of a lumped-element analytical model of a simplified
microtorus structure. The analytical model is validated by a numerical finite-element model
of the structure. This numerical model is used for a parametric scaling study of the key

geometric and material factors affecting the performance of the structure.

Chapter 4 presents the thermal-based bio-inspired angular accelerometer. This chapter
starts off with the working principle of the sensor. An analytical model for its behavior is
investigated, followed by numerical multi-physics-based simulations of the device
performance. Different generations of fabrication processes and liquid encapsulation
methods are explored. The third-generation device is characterized, and the results of the

performance are compared to analytical and numerical methods.

Chapter 5 explores a magnetic bio-inspired hair-cell-based scheme to take advantage of
the micro-toroidal platform. The structure’s working principle and different configurations
are evaluated to meet the power and size requirements of the rotation sensor. Basic
numerical simulations are conducted to compare the different configurations of the hair
cell. This is followed by the fabrication process of the device. Limited characterization of

the structure is presented. Inertial experiments conclude the chapter.

Chapter 6 concludes the research and summarizes the main contributions of this work, and

outlines future research directions
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CHAPTER 2. INSPIRATION: SEMICIRCULAR CANALS

2.1  Background

The chapter will start off with introductory background information on the
vestibular system, showcasing the design, theory and hydrodynamic mechanics ofthe
semicircular canals. The chapter will conclude with an analysis and evaluation of the

semicircular canal as a rotational inertial platform.

2.1.1 Historical Background

Recessus ellipticus

Recessus spheericus

Orifice of aqueeductus vestibuli ]

. Orifice of aquaeductus cochleac
Fossa cochlearis ifice of ag

Cochlear fenestra

Figure 2.1. Sketch of the human labyrinth as depicted by Gray in 1918 in Anatomy of the Human Body
[149].

Both Wilson et al. [5] and Kornhuber [150] summarized the history behind the discovery
of the vestibular system and understanding its significance. The vestibular nerve was first
described by Antonio Scarpa in 1795. In 1824, Pierre Flourens correlated the functions of
the vestibular organs back to balance by ablating the parts in animals and observing the

corresponding imbalance that follows. This discovery went unnoticed until Friedrich Goltz
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in 1870 used both caloric and electrical stimulation to conclude that the inner ear was
involved in balance. In the late 1870s, Mach, Brown and Breuer independently deduced

the functional significance of the semicircular canals (SCCs) as rotation sensors of the

head.

2.2 Mammalian Vestibular System

The vestibular system senses linear and angular accelerations of the head, transducing the
mechanical input into a neural signal to be interpreted by the brain. The system is simply
concerned with the detection of signals arising from the movements of the head. It does

not inform on the state of the external world.

Figure 2.2. A diagram of the human inner ear. A close up of the labyrinth highlights both the bony and
the membranous labyrinths, adapted from [151].

2.2.1 Morphology

On both sides of the head, there exists a fluid-filled bony labyrinth in the inner ear,
composed of cavities and tubes. An early sketch of the structure is shown in figure 2.1.
There is a membranous labyrinth inside the bony one (see figure 2.2). Within this

membranous labyrinth, a few sensory organs are located: the cochlea, responsible for
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hearing, the semicircular canals, responsible for sensing rotation, and the vestibule which

holds the organs responsible for sensing linear acceleration.

2.2.2 Labyrinth

Three interconnected canals lie within one side of the head, mirrored on the other side by
another set of three canals [5]. Each semicircular canal is a toroidal soft-tissue tube
(membranous labyrinth) filled with a fluid called the endolymph. The tube is of narrow
diameter for most of its arc but includes a much-expanded bulbous segment called the
ampulla. The ampulla contains the structures responsible for mechanotransduction of
rotational motion (the cupula). The narrow section is also called the lumen. The entire
vestibular labyrinth is surrounded by perilymphatic fluid within a tightly fitting
cartilaginous or bony cavity (bony labyrinth). The membranous labyrinth is suspended by

filaments to the bony one. The overall structure of the labyrinth is highlighted in figure 2.2.

Motion between the membranous labyrinth and the bony labyrinth is believed to be
negligible [110], and the motion of the semicircular canals is taken to be the same as that

of the skull. Thus, it is assumed that the membranous labyrinth follows the bony ducts.

2.2.3 Labyrinth Fluids

The inner ear has two distinct fluids: the endolymph and the perilymph. Under normal
circumstances, there is no communication between the perilymph and the endolymph [9].
The two fluids provide an electrochemical gradient that allows the hair cells to transduce

the mechanical signal to an electrical one. In recent years, researchers have exploited this
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gradient to create an electrochemical battery to power implants [152]. Also, the two-fluid

system minimizes the effect of atmospheric pressure modulation [153].

The mechanical properties of the endolymph are very similar to water in terms of viscosity

and density. The endolymph’s properties allow the narrow SCC to sense angular

acceleration [154]. The narrow lumen cross section induces laminar flow in the endolymph

allowing for the desired rotational behavior as an integrating angular accelerometer within

the normal range of motion of most animals, including mammals, fish, birds, and reptiles.

[154]. Researchers have observed that the endolymph does not experience any shear-rate

dependent behavior. Thus, it is reasonable to assume that the fluid is Newtonian and

incompressible [110], [155].

2.2.4 Ampulla and Cupula

f:'r‘n;::lrcular\ . . -/Endolymph

Ampulla

Cupula

" Vestibular nerve
(a)

Ampulla
%Cupula

;—— Kinocilium

S

Endolymph |

)
Z r‘l\\‘ r‘H |
ereocilia

Support cells 7~ Hair cell

/=== Afferents of the
(b) vestibular nerve

Figure 2.3. (a) A simplified diagram of the semicircular canal with the ampulla highlighted. (b) A close
up of the ampulla showcasing the gelatinous cupula with the embedded sensory hair cells connected to

the vestibular nerve, adapted from [151].
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The cupula is a thick gelatinous membrane structure that occludes and blocks the canal
lumen in the ampulla portion of the canal (figure 2.3a). The cupula spans the cross-section
of the canal and is attached firmly to the ampulla wall and the crista ampularis at the base
of the cupula as shown in figure 2.3. Sensory hair cells are embedded in the gelatinous
cupulaand are located on the cristaampularis. This ridge of sensory epithelium extends from
one side of the ampulla wall in towards the center of the cupula. The deflection of the
cupula due to angular head rotation causes the embedded sensory structures to deflect. This
deflection correlates with angular motion. The volumetric impedance of the cupula allows

for an elastic approximation of its behavior as observed by [156], [157].

2.2.5 Hair Cells

Hair cells are nature’s answer to sensing forces [158]. They are located in many organs and
serve different purposes and needs translating forces into electrical signals. Nature’s
mechanotransducers are not selective on their own as experiments have shown [159]. The

selectivity is enforced by the geometric constraints that it sets itself within [110].
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(b) Hlustration

Figure 2.4. (a) Scanning electron microscopy image of a bundle of sensory hair cells by Leonardo
Andrade and Bechara Kachar, NIDCD/NIH. (b) lllustration of one type of sensory hair cell’s structure,
adapted from [151].

Hair cells consist of a bundle of high-aspect ratio structures (stereocilia) that convert
mechanical energy into electrical pulses that are sent to the brain. Stereociliary bundles are
asymmetrical, with stereocilia graded in height towards the kinocilium as shown in figure
2.4. Deflection of the bundle towards the kinocilium causes the opening of ion channelsin
the hair cell membrane [108]. The magnitude and direction of the signal is encoded in the

frequency of action potential discharge [160].

Within the semicircular canals, hair cells are uniformly oriented on the crista ampularis
such that, under normal physiological conditions, deflection of the cupula is excitatory
(increasing in frequency) in one direction and inhibitory (decreasing) in the opposite

direction (figure 2.5).
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Figure 2.5. Firing rate of the hair cells based on head motion and head rotation direction, adapted

from [151].

The resting firing rate for vestibular neurons in mammals ranges from 60-100 spikes/sec,

where a spike is a discharge event [159]. Figure 2.6 shows the afferent membrane potential

(sensory discharge voltage) and corresponding discharge rate response to a range of

angular velocities in a fly [161]. The figure shows that the signal output of the hair cells are

unidirectional in response and that both the membrane voltage and the firing rate encodes the

angular velocity and sends it to the brain.
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Figure 2.6. (a) Firing rate of the hair cells as a function of angular velocity in a fly, (b) membrane
potential as a function of angular velocity in a fly, as opposed to spike rate, adapted from [161].
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Measurements of the primary haircells response to head rotation by using electrically
probing the neuron have found that the afferent (output) discharge rate, with some
exceptions [162], changes nearly linearly with head rotation velocity over the

physiologically relevant stimulus frequency range [163].

2.2.6 Operating Principle

The overall physical mechanism behind the SCC is highlighted in figure 2.5. The sensation
of angular acceleration by a canal begins with relative motion between the endolymphatic
fluid and the canal wall that encloses it. Due to the endolymphatic inertial mass, an angular
acceleration in the plane of the canal will tend to cause the fluid to lag the canal walls. This
relative movement is resisted by the viscous drag along the canal walls and by the stiffness
of the cupula. Because the stereociliary bundles are mechanically coupled to the cupula,
deformation of the cupula resulting from angular acceleration of the canal will lead to
deflection of the stereocilia. This deflection is translated into a frequency-modulated

electrical signal to the vestibular nerve.

An approximate physical analogue of the SCC without a cupula is a fully-filled bubble-
free water bottle [164], [165]. If subjected to an angular acceleration, the inertia of the fluid
will lag behind and will catch up after a while due to the adhesion of the water to the bottle

(friction) and internal cohesion of the fluid (viscosity).

2.3 Hydrodynamic Model of the SCC

The mechanics of the bio-inspired sensor is modeled by the torsion-pendulum model

shown in Fig. 2.7. Steinhausen [166], [167] first described the hydrodynamic behavior of
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the SCC using a simple torsion-pendulum differential equation that has proven quite well
over the years. By measuring and detecting the thresholds of angularaccelerations in human
subjects, Van Egmond [168] quantitatively evaluated the constants in the Steinhausen

model.

Second order linear differential 2D Model
equation
MQ+BO+KQ=f=ma«a Fy
«: Angular acceleration @
Q: Fluid volume displacement
m: Mass w
Overdamped B2 >> 4MK \Ij
Fy
B —
M B K » H]=/—=
Inertial \ - Viscous + Elastic
Moment J Moment Moment | _{E}"
(Fluid) (Drag) (Membrane) =

Figure 2.7. Hydrodynamics of the SCC: Forces acting on semicircular canal under steady-state
equilibrium, adapted from [62], [169].

Thus, each individual SCC can be modeled as a second-order, highly damped, torsion-
pendulum system (figure 2.7). The narrow canal-fluid system mechanically integrates
acceleration rendering cupular deflection proportional to angular velocity with zero phase

lag over a bandwidth consistent with natural head motion (0.1-10 Hz) [5].

The model describes the relation between the motion of the membrane and the rotation of
the head. The inertial forces of the head rotation are balanced by the viscous drag of the

fluid in the micro-channel and the elasticity of the membrane. The behavior of the system
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is modeled as a second-order, linear, ordinary differential equation of the form modified

from [168]:

MQ+BQ+KQ=f =ma (2.1)

where is M is the inertial moment, B is the viscous moment, K is the elastic moment, Q

is the fluid volume displacement, a. is the angular acceleration, and m is the mass.

The system is over-damped which is set when B2 >> 4MK. This behavior happens due to
the small dimensions of the canals and the high viscosity of the fluid, which leads to the
viscous moment dominating the behavior. Based on this overdamped system, there are two
time constants: the long time constant (t1) and the short time constant (t2) as shown below

[110]:

n=y =g (2.2)

In this thesis, we assume that the over-damped torsion-pendulum model is an adequate first

approximation of the behavior of the system for sensor design purposes.

In a second order system, solving for 9, the solution simplifies to

N

Q_ m (23)
a J(K-Me?)? +(Bw)
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If we would like to find the volume displacement to angular velocity, we multiply the
Q Q (g

o -2 -, )
a/. A more in-depth

transfer function above by radial frequency , V alo
analysis of the torsion-pendulum model is examined in chapter 3.
2.4 Analysis of Semicircular Canals (SCC)

2.4.1 Evolution of Semicircular Canals

The vestibular organs are ancient and were early to develop in the evolutionary timeline,
and the gross morphology shows a considerable similarity across vertebrates [110]. The
vestibular semicircular canals comprise a well-conserved physiological system in
vertebrates, varying little in its fundamental structure and function from species to species

[170].

In vertebrates, vestibular organs evolved from simple fluid-filled pits in the skin. These pits
contained hair cells sensitive to vibrations arising from external sources or to self-induced
animal movements [171]. Later on in the development and evolution, an array of
interconnected pits gave rise to the lateral line in fish and the vestibular-cochlea organs in
mammals. Although some morphological variation can be found between species, the
fundamental physical arrangement and function of the semicircular canals is similar for all
vertebrates. In non-mammals, there are two additional organs: the lagena and/or papilla
neglecta. These organs affect the response dynamics and the frequency behavior of the
vestibular nerve spike rate [172]. Depending on the organ, the firing rate of the vestibular
nerve can be correlated to either angular acceleration (as in the papilla neglecta) or angular

velocity (as in the cupula). This insight helps guide our choice as designers in choosing the
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desired output (angular acceleration or angular velocity) based on the correct

transduction mechanism.
2.4.2 Geometric Design of the SCC

On a gross anatomical level, the geometry of the SCC is formed to enhance the sensitivity
to a particular rotational mechanical stimulus, while rejecting other interfering signals. The
elegant structure puts a mechanical restraint on the moving fluid that only allows for flow
of the fluid along the circumference of the torus. The biomechanics of the SCC are
primarily responsible for the selectivity to angular acceleration in a particular direction.
This is predicated on the assumption that the density of the fluid is constant along the

circumference and that the torus is rigid [173].

There have been many different attempts to model the SCC geometrically [174], [175].
The most common is a torus with a major radius R, and a minor radius r, even though most

SCC are elliptical in shape. Also, the cross section of the lumen is elliptical as well.

N ﬁ@@

CANAL INFUNDIBULAR AMPULLARY UTRICULAR
SEGMENT SEGMENT SEGMENT SEGMENT

Figure 2.8. Geometric depiction of a segmented model labyrinth using toolbox elements from [175].
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Other models include the ampulla as a variable in both function of angle along the
circumference [173], [176] and as a multiple of the minor radius [177]. Others have
provided toolboxes of common geometric shapes and simplifications to model the generic
structure of the SCC [174]. Figure 2.8 shows four examples of geometric shapes used to
simplify the modeling of the SCC. Finally, microCT scans of the SCC in humans (figure

2.9) and other animals have helped guide their analyses and simulation [174].

Figure 2.9. MicroCT-scanned right semicircular duct system of a human specimen, with colors
marking the parts required as separate STL surface files. SDa, SDp and SDI indicate the anterior,
posterior and lateral semicircular ducts, respectively, from [174].

2.4.3 Dimension and Properties of the SCC

The canal’s nomenclature semicircular comes from the canal’s ducts, which are elliptical
in shape with a mean minor radius of 150 um in humans. The three SCCs have major radii
of 3.17£0.21 mm. The lumen of the canal has an elliptic cross section [164]. The utricle’s
size as a fraction of the circumference of the SCC is about one-half [178]. The ampulla

bulges out to about eight times the radius of the lumen [179].
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The membranous labyrinth’s thickness varies between 15-50 um [110]. The stiffness of the
membranous tissue is orders of magnitude greater than that of the cupula. This leads to
believe that the pressure drop in the slender channels will mostly deform the cupula, not
leading to the bulging of the ducts [180]. The sensory hair cells extend up to 80 um into the
cupula. The density and viscosity of the endolymph is close to that of water. The density of

the cupula is very similar to that of the endolymph.

2.4.4 Allometric Analysis of the SCC

To better understand the effect of shape of the SCC on its performance, we introduce the
concept of allometry, which is the study of the relationship between body size to the shape,
anatomy, physiology, and behavior of animals. It was first popularized by D’Arcy

Thompson in 1917 in his book On Growth and Form [181].

Nature’s convergence to the torus design to sense angular motion in mammals has spread
across a large range of animal sizes from small fish larvae up to whales [154]. Jones and
Spells have studied the relationship between the mass, length, and even neck size of the
animals to major and minor radii of the SCC [182], as shown in figure 2.10a. Both the
minor and major radii increase by only one order of magnitude, while the mass of the
animals changes by seven orders of magnitude. This shows a stable and near optimal design
as proposed by Squires in [183]. These relationships have been developed to study the
growth of species [184], morphological data of fossils of extinct animals [185], and the
evolution of humans [186], [187]. Figure 2.10b compares the sensitivity of the SCC in
relation to agility between two size-matched species, the Galago moholi (blue, agile, leaps

bipedally), and Nycticebus pygmaeus (yellow,slow, quadraped). This shows that fast
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rotations have less variation in sensitivity (tall and narrow distribution for G. moholi),
whereas animals that rotate slowly have more variation in sensitivity (low and wide
distribution for N. pygmaeus). These somewhat contradictory data lead us to study the

necessary parameters to optimize the design of a micromachined SCC.

Jones in [154] speculates that the small cupular deflection and significance of laminar flow
dominate as functional features of the semicircular canal. He postulates that this allows the
SCC to match the likely range of head movements caused by changes in size, habitat or

mode (flight, swimming, or walking) or agility of motion.
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Figure 2.10. (a) Effect of animal mass on the major R and minor d radii of the semicircular canals; (b)
Comparison between two animals: (a) Size as a function of mass from [111], [182], [183]; (b) Effect of
agility on size of the semicircular canal from [188].

2.5 Human SCC Performance

The vestibular system is an essential part of a biological sensory system that stabilizes gaze
via the vestibulo-ocular reflex and controls equilibrium, posture and balance, where a head
rotation (input) is transduced into a cupula deflection (output). For simplicity of analysis, the
system is assumed to be linear. To study the properties of the linear system, a time-

dependent input and output must be chosen. Most researchers either choose angular
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acceleration or velocity as their input based on their desired outcomes. However, cupular
deflection is difficult to observe, thus other techniques must be used to measure the output

of the overall system. Below are twoexamples of outputs of the system.

The main two gquantitative observable outputs of the vestibular systems are the vestibulo-
ocular reflex (VOR) and neural recording of the afferents signal of the vestibular nerve [10],
[12]. The VOR is measured as the change in eye angle divided by the change in head angle.
In either case, researchers are unsure if information processing and adaptation occurs at the
hair cell or the cerebellum level or both. This can lead to a misleading characterization of

the mechanical transfer function of the SCC system.

2.5.1 Dynamic Range and Limit of Detection

In the normal range of motion, angular velocities up to and larger than 400 °/s are
experienced, while sustained angular accelerations are no greater than 30 /s? [177]. Peak
head motions can seldom lead to angular velocity steps larger than 600 °/s [177], and 10,000
°/s? for angular accelerations [110]. Extreme movements involved in ballet and skate
dancing can cause rotation of 720 °/s and 2,000 °/s respectively [5]. The canals’ threshold
for angular accelerations is somewhere between 0.035 °/s?and 4 °/s?[177], with an angular

velocity threshold between 0.4 °/s and 2 °/s [164].

2.5.2 Cupula and Hair Cell Performance

The volumetric displacement of the endolymph is on the order of 0-100 pL for normal

range of motion [177]. Cupular pressure differentials have been analyzed and simulated to
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be in the 0-5 mPa range [120], [121], [157], [177], [180]. The smallest observed pressure
differential was calculated to be 0.01 mPa based on both caloric [189]-[191] and inertial
stimulations [177]. The cupula roughly deflects between 1-100 nm per 0.1 °/s? [177]. That
is 3-5 orders of magnitude smaller than the size of the hair cells. The largest expected
deflections should be in the 3-5 um range [177]. To put these numbers into perspective, the
pressure differentials are on the same order of magnitude as the ones induced by sound

waves, but at much lower frequencies.

2.5.3 Afferent Signal Dynamic Range and Sensitivity

The vestibular afferent signals have a dynamic range of 0-400 spikes/s [9]. The afferent

sensitivity to angular acceleration is 0.8-4 spikes/s per °/s?[162], [192], [193].

2.5.4 Frequency Range

In humans, the typical frequency range for head rotations due to walking, jogging, or even
vigorous headshaking is from 0.05 to 16 Hz [42]. Foundational studies by Goldberg and
Fernandez revealed that the angular acceleration of the SCC is effectively coded as velocity
by the neurons innervating the SCCs for intermediate frequencies ranging from 0.05-5Hz
[162], [192], [193]. A high pass behavior of the canals is exhibited for lower frequencies
with a cutoff frequency between 5-50 mHz [194]. The low pass cutoff frequency is around

10-20 Hz [173].
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2.6 Evaluation of the SCC as Rotational Sensing Platform

In order to evaluate the SCC as a potential framework for a new micromachined inertial
sensor, we need to evaluate it as a sensor. The next section covers the features, challenges

and some of the unknowns when it comes to using the SCC as sensors.

2.6.1 Features of the SCC

2.6.1.1 Choice of Sensor Output

Based on previous analysis highlighted in section 2.2.7, as well as the frequency of
operation and transduction mechanisms used, the toroidal platform can be used to sense
angular acceleration (low frequencies), angular velocity (mid band), and angular position
(high frequencies) when correlated to cupular deflection. However, if one transduces
cupular velocity into the desired signal, the sensor will measure angular jerk (low
frequencies), angular acceleration (mid band), and angular velocity (high frequencies). If we
remove the cupula entirely, the angular velocity of the fluid is directly related to the angular
acceleration of the structure. This can be concluded from [171], [172]. If we assume there
is no spring force, the KQ term goes to zero, and due to the small channels the viscous term
BO dominates the inertial term MQ. From the remaining terms, Q is just the fluid velocity
in the channel. The remaining linear equation shows that the fluid velocity is linearly
correlated to the angular velocity. To clarify this, we go back to the second-order

differential equation described earlier:
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MQ+BQ+f = ma
dvy
B—= =
I ma

This opens up the opportunity to use multiple sensing mechanisms to sense different

rotational motion signalsconcurrently.

2.6.1.2 Complimentary Pair

SCCs in one ear work complementarily with those in the other ear forming a
”push-pull” pair of SCCs [164]. This way, the common mode rejection ratio of
the sensory information increases. The resulting difference signal is more linear,

and has a gain of at least two.

2.6.1.3 Power Consumption

The fluid motion inside the SCC is powered by the motion of the head, thus the sensing
principle is passive in that regard. However, the transduction of the mechanical signal, e.g.
cupula deformation, to electrical impulses is not passive, but a very efficient active process.
No current estimate has been made to our knowledge of the power consumption of the hair
cells in the SCC. However, based on educated estimations from the power consumption of
the hair cells in the auditory system from Sarpeshkar in his book Ultra Low Power
electronics [54], we can make a similar educated guess for the power consumption of the
vestibular system. Using three assumptions of 125mV resting potential [54], the number

of haircells in the vestibular system is 134,000 [108] and the power consumption estimate
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of each hair cell ranging from 200-500pA/cell [195], [196] (25-67 YA total current), the

expected power consumption would be in the range of 1-10 pW.

2.6.1.4 Cross-Axis and Linear Acceleration Rejection

The three canals lie in roughly orthogonal planes relative to each other, each canal sensing
angular acceleration approximately in its plane of orientation. The angular component of
head motion is thereby further decomposed into three directional components. Thus,
rotation about the main direction of one canal results in minimal responses in the other two
canals. As discussed earlier, the geometric constraint of the toroidal channel limits
sensitivity to linear acceleration. This comes out of two assumptions: constant density

across the circumference [173], and a rigid channel [155], [173].

2.6.1.5 Motion-matched Frequency Transfer Function

The SCC as a platform is adaptable by varying geometric (i.e. minor and major radii) and
material constraints (i.e. choice of fluid) to match the frequency and range of motion of the
desired application. This can be deduced by seeing that the sensitivity and the transfer
function of the semicircular canals is highly correlated to the size of the animal as described
in [154], [183]. Adults, larger animals — generally slower — will have larger SCCs, while

children and smaller — and more nimble— animals will have smaller lumens.

2.6.1.6 Relative Tolerance and Insensitivity to Design Variations

The SCC dimensions can vary up to 10% in a human population [178], [183].
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Despite this large variation, the structure shows tolerance on the performance of

the SCC as a rotation sensor.

2.6.2 Challenges with the SCC

2.6.2.1 Sensitivity to Linear Acceleration

A rigid canal is insensitive to linear accelerations as long as the fluid density is uniform
across the circumference of the torus [197]. However, the SCC could still be susceptible to
linear acceleration as discussed in the following. Steer in 1967 proposed that the reason
SCCsare vulnerable to linear accelerations isdue to the uneven and elastic walls, where linear
acceleration cause a peristaltic pump-like pressure differential that is sensed by the cupula
[155]. The thin walls of the ducts are deflected due to the inertia of the fluid causing a
restriction that leads to a pressure differential across the cupula. The SCC is susceptible to
linear accelerations by surgically plugging or blocking the canal [173], [198]. Researchers
were able to successfully eliminate the response of the sensor to angular acceleration by
plugging the canal. Moreover, if a density difference is induced in the fluid, the linear
acceleration dependency will be pronounced, especially to the time-varying orientation of
gravity [199]. Even a small density difference (roughly 0.1 kg/m®) would be sufficient to
induce a response from interfering linear signals [189]-[191], [199]. This small difference
can be easily achieved by raising the temperature in one part of the endolymph by roughly

0.3°C.

The latter can be easily observed in caloric testing of human subjects [164]. Cold or hot water
is injected into the ear canal. The temperature gradient created in the endolymph causes a

pressure differential across the cupula, thus inducing an interfering signal. Also, this is the
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experience of most people after drinking alcohol [5]; the alcohol diffuses into the cupula
reducing its density compared to the endolymph. The opposite ocular nystagmus is

observed when heavy water is injected instead.

2.6.3 Unknowns

2.6.3.1 Drift

Little is known about the drift behavior of the SCC at zero input or the baseline drift of the

afferent nerve potentials in the SCC over an extended period of time.

2.6.3.2 Noise

No known experimental studies have been conducted on the noise performance of the SCC
in mammals. The (1/f)-noise is dominant in the range of normal motion for vestibular
evoked response electrical recordings measured from the skin [200], and direct
measurement of cochlear and saccular hair bundle potentials the noise varies inversely with
frequency [201], [202]. Also, low-frequency mechanical stimuli affecting the deflection of

the SCC hair cells has favored larger hair cells that overcome Brownian motion noise [203].

2.6.3.3 Linearity

The SCC is expected to behave linearly as long as the flow in the lumen is laminar [159].
The transition to turbulent flow is expected to be above the normal range of inertial input
of the SCC. Other sources of non-linearity include large deflection of the cupula and

nonlinear firing or saturation of the hair cells.
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2.6.3.4 Hysteresis

The systems shows negligible to no hysteresis [204]. One potential source of hysteresis is
if the cupula was modeled as a viscoelastic material and experienced an extreme inertial

input.

2.6.3.5 Reliability

Based on humans, the vestibular system’s mean time to failure is on the order of decades.

However, it is operated in a controlled temperature environment.

2.7 Conclusion

Based on literature review and survey of the SCC, its performance and its drawbacks, it
seems prudent to explore the SCC as potential inspiration for a rotational inertial platform
based on micro-machining techniques. A well-designed micromachined SCC would be (1)
completely or mostly passive; powered by motion and requiring little to no power for
transduction; (2) the closed-loop torus platform could be used to sense either angular
velocity or angular acceleration based on the chosen transduction mechanism; (3) the
sensor is complimentary to current state of the art gyroscope in potentially providing
sensory integration (angular velocity and acceleration); (4) the platform has a robust and
proven track record and has been utilized by most species to sense rotations; and (5) the
platform can take advantage of current engineering design and optimization, robust

micromachining techniques and a wide variety of materials not available to animals.
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CHAPTER 3. MICROMACHINED SEMICIRCULAR CANALS

3.1 Platform Introduction

The many advantages of the simple microtorus structure encourage us to investigate it as a
platform for rotational inertial sensing, as described in section 2.5. The simple elegant
design inherently rejects linear acceleration and only accepts rotational movement within
the plane of the torus. This section will describe the rationale and design considerations
behind the proposed bioinspired angular motion platform of the microtorus. These design
considerations are validated by analytical and numerical models based on the semicircular

canal.

3.1.1 Previous Attempts

The approach of using a fluid-filled microtorus for rotation sensing has been proposed
previously, as is different described in section 1.2.4.1. The different design features of
previous attempts are summarized in table 3.1. In section 3.1.2, we discuss the design
philosophy differences between biomimicry and bioinspiration using the examples in table

3.1.

3.1.2 Biomimicry vs. Bioinspiration

Engineers and designers have looked to nature to improve and design better solutions for
human problems. Biomimicry is the pure replication of nature’s designs. For example, the
design of nano-textured hydrophobic surfaces is designed to replicate the structure of shark
skin [105]. In contrast, bioinspiration distills the best design elements and insights from
nature and combines them with other engineered designs for greater improvements in

performance. Bioinspiration can take advantage of multiple species-specific design
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elements to improve upon natural performances. One example is the nose design of high-

speed bullet trains in Japan based on the beaks of three different birds used to reduce drag

and noise pollution [205].

Table 3.1- Design comparison of state-of-the-art bio-inspired angular accelerometers.

First Author Groenesteijn Andreou Van Tiem Fu
Year 2014 2014 2015 2017
Ref. [125] [64] [124] [206]

Transduction Thermal Piezoresistive Magnetic Chemical

R 2.25 mm 1.75 mm 15 mm 30 mm
r 20 pm 0.375 mm 0.4x3 mm 2.5 mm
n=R/r 1125 4.6 5-37.5 12
Channel Shape Circular Circular Rectangular Circular
Sensing Fluid velocity ~ Fluid velocity ~ Fluid velocity ~ Pressure diff.
Features Horizontal 3D printed
Cupula X X X v
Hair Cell X v X X
Ampulla X v X X
Utricle X X X v

The analysis in this chapter will consider whether biomimicry or bioinspiration are the best

route to base the design of the proposed inertial sensor. To do so, we must understand the

essential design elements of the SCCs.
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3.1.2.1 Microtorus (Closed-loop Shape)

The closed-loop design feature is a necessity to ensure the signal separation. The closed-
loop promotes the signal stemming from rotational movement in the plane of the torus
while blocking signals from linear motion. Other factors to consider here are the general
shape of the torus (circle, ellipse, or an arbitrarily-shaped loop) and the cross section (circle,
square, ellipse). All the micromachined SCCs included in table 3.1 have a closed-loop in

some form.

3.1.2.2 Cupula (Spring or Piston)

The cupula impacts both the frequency and sensitivity performance of the semicircular
canals [120]. However, the cupula is not necessary to sense rotation. Other species use
lateral lines [207] or papilla neglecta [172] that do not include a soft membrane. The design
requirements for a structure with a cupula, as discussed earlier in section 1.2.4.1, make it
difficult to fabricate using current techniques and materials. Only Fu et al. [206] included a

cupula-like structure in their design.

3.1.2.3 Hair Cells (Transducer)

The embedded hair cells transduce a pressure differential across the cupula into an electrical
signal. Hair cells are not necessary because there are other methods to convert mechanical
energy into electrical signals. However, Andreou [64] used hair cell-like piezoresistive

strain sensors integrated into a horizontally suspended cantilever.
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3.1.2.4 Ampulla (Channel Enlargement)

It has been thought that the ampulla is a mechanical amplifier of the pressure differential
across the membrane in a way that a larger membrane is easier to deflect. While not
necessary, a channel enlargement should be considered if a pressure differential approach

is considered. Andreou [64] integrated a channel enlargement near the transducer.

3.1.2.5 Utricle (Fluid Storage)

Some researchers proposed that the utricle provides fluidic storage for the SCC [123].
Others theorized that the utricle provides non-linear turbulent behavior that can enhance the
sensitivity of the structure [208]. The utricle is not a necessary structure for the proposed

device. Fu et al. [206] incorporated an utricle-like fluid cavity in their sensor.

3.2 Design Considerations

It is important to consider the range of design choices that are available to adjust and tweak
in order to optimize performance in both biomimicry and bioinspiration. To realize the
design features discussed in section 3.1.2, a designer can modify geometry, materials, and

transduction mechanismes.

3.2.1 Form and Geometric Consideration

The most basic form an SCC-analogue can take is a simple circular torus with a minor
radius r and a major radius R. The simple torus can be with or without an occluding
membrane of thickness t, and could have an expanded ampulla of radius b. However, the

uSCC is not restricted to the circular shape. We can adjust both the cross section of the
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channel and the overall shape of the closed-loop channel. Figure 3.1 provides examples of

various closed-loop shapes.

(a) (b) (©) (d)

Figure 3.1 — Different device concepts: (a) Simple circular torus; (b) Helical torus (m=10); (c) Star torus
(m=5); Simple elliptical torus (a=2b).

Another factor to consider is the orientation of the membrane. In the mammalian SCC, the
cupula is oriented vertically (normal to the plane of the torus). But for microfabrication
purposes, it might be easier to design a horizontal occluding membrane (in the plane of the
torus). This will be further explored in section 3.2.4. In nature, the closed-loop is a hon-
planar saddle-like structure [209]. Considering this research, there is a choice between
fabricating a simpler planar structure or mimicking the non-planar design of the SCC.
While a non-planar structure is an option, this research will mainly focus on planar

toroids.

3.2.2 Material Consideration

The materials selected for the fluid, the channel and the membrane of the sensor need to be
considered. For the fluid, density p and dynamic viscosity p are integral to the behavior of
the system. Moreover, the fluid must have a low-vapor pressure to prevent the fluid from
evaporating over time. The stiffness of both the channel Ech and the membrane En must

also be considered. Other important material properties will be discussed based on the
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transduction mechanism chosen, such as thermal, mechanical or magnetic properties. In

section 3.3, we will analyze how these variables affect the performance of the system.

3.2.3 Transduction Mechanisms

Overall, the transduction mechanism chosen needs to have the following characteristics:
passive or low-power consumption, wide-enough bandwidth, linear signal transduction, as
well as transducing the desired input signal. One needs to consider the desired input signal
(angular velocity or angular acceleration of the fluid) to choose the proper transduction
mechanism for converting the mechanical inertial energy of the fluid to an electrical signal.
For a membrane-based design, the deflection of the membrane will correlate with angular
velocity. However, the fluid velocity will correlate with angular acceleration in the case of
a non-membrane-based design. Thus, two different types of transducers need to be
considered depending on the actual design: pressure/force sensors (deflection) or flow

meters (fluid velocity).

For pressure sensors —especially flexible ones—, a wide range of transduction mechanisms
exist, with capacitive, piezoelectric and piezoresistive transducers dominating [210]. They
offer high sensitivity and low-power sensing. Most promising of these for the application
in mind are piezoelectric filaments that offer passive transduction, high sensitivity and
linearity [143]. For flow sensing, thermal caloric sensing offers the highest sensitivity
mechanism especially in low flow sensing [129]. Other options include mechanical and
acoustic principles, but none match the sensitivity of the thermal sensors. However,

thermal sensors suffer from lower bandwidth and higher power consumption.
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3.2.4 Proposed Designs

After reviewing the multitude of design considerations in the sections above, designs with
features and geometries were selected that are simple to analyse, implement, and reflect the

natural form of the SCC. Below are the potential microtorus designs:

1. Simple torus with membrane (Design 1)

(@) Vertical membrane (1a)
(b) Horizontal membrane (1b)
(©) Horizontal membrane with ampulla (1c)

2. Simple torus without a membrane (Design 2)

For simplicity, the analysis of the initial platform will consider a channel with circular
cross-section only. Based on previous analysis by Alrowais et al. and Toreyin et al. [63],
[122] and further discussed in Appendix Al, the membrane-based designs (designs la-c)

are promising but do not have the simplicity of the non-membrane design (design 2).

QOO

(a) Design la (b) Design 1b (c) Design 1c (d) Design 2

Figure 3.2. Proposed design concepts: (a) Simple torus with vertical membrane; (b) Simple torus with
horizontal membrane; (c) Simple torus with vertical membrane and ampulla; (d) Simple torus without
a membrane.
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3.3 Semicircular Canal Analysis

An analytical model of the system can build a first-order understanding of the system.
Based on the model, the sensor parameters can be tailored according to need. This section
will focus on the analysis of the simple circular torus with a circular cross-section without
a membrane (design 2). Thereby, the analytical model largely follows derivations found in
[110], [211]. For an analysis of the behavior of the membrane-based designs (design 1a-c),

please refer to Appendix Al.

Nomenclature
r,R Minor, and major radius of torus

Curvature factor or ratio of minor to major radii of torus
K
r'R

Inverse curvature factor or ratio of major to minor radii

" of torus R/r

10} Angular frequency where o =2r f

0.0 0 Angular displacement, velocity and acceleration of
Y channel

@, ¢5, ¢ Angular displacement, velocity and acceleration of fluid

5.6.8 Re!. ang. displacement, velocity and acceleration of

fluid to channel

P Density

MV Dynamic viscosity and kinematic viscosity

a,a;,a Linear, tangential and angular acceleration

Re Reynold’s number

Dn Dean’s number

%,y,20ri, ],k Cartesian coordinate components

F,0,2 Cylindrical coordinate components

0, é,é Toroidal coordinate components

Vi Ve Axial, and radial flow velocity
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3.3.1 Assumptions

Assumptions are made to find an analytical model for the microtorus: (1) all parameters
are assumed to be temperature independent; (2) the channel is considered to have a circular
cross section; (3) the fluid is assumed to be incompressible, with a laminar flow and no slip
boundary condition inside the torus; (4) low frequency oscillations are assumed to yield a
quasi-steady-state solution for the velocity flow profile; (5) viscous heat dissipation is
ignored at the target velocities and accelerations; (6) entrance effects are considered

negligible since L, >1 with L,, =0.1rRe; and (7) small curvature x <1 is considered,

where x=r/R, or n=R/r where n>1.

3.3.2 Forces

In this section, the forces acting on the fluid-filled microtorus are summarized. Thereby,

the three coordinate systems highlighted in figure 3.3 are considered: the Cartesian

coordinate system with axes < %, y,2 >or<1, |, K>, the cylindrical coordinate system with

axes <f,6,2>, and the toroidal coordinate system with axes < p,8,4>. Upon applied

angular acceleration around the z-axis, the two dominant forces acting on the fluid-filled

microtorus (in the rotating coordinate system) are the Euler force F, and the drag force F,
(see figure 3.3). The Euler force F, is the tangential force, i.e. in the angular (¢) direction,

that is felt in response to the applied angular acceleration. For a given angular acceleration ¢

, the Euler force F, experienced by a mass m, as well as the associated Euler or tangential

acceleration a, , increase with increasing distance R from the rotation axis:
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Fei» Zp(Rjég _Rg&j) (3.1)a

If rotating around Zork, F, =-ma, =-mgR=-maR (3.1)b

F, = pa; 3.2)
F, =2p(v,0, —v.0,) (3.3)
F. =pR (07 -67) (3.4)

The minus sign in equation (3.1)b stems from the fact that in the rotating coordinate system
the mass lags behind the actual rotation because of its inertia, i.e. experience a fictitious

force F,. This force is best understood when considering riding on a merry-go-round: as

the ride starts, we are experiencing a force against the ride direction (the Euler force), while
we experience a force in ride direction when the ride stops. Counteracting the Euler force

is the drag force F; stemming from the viscosity of the fluid and the non-slip boundary

conditions along the microtorus walls. This drag force is proportional to the fluid velocity
with respect to the walls. As the example of the merry-go-round shows we must consider
different reference systems: (i) the rotating reference system of the person riding on the
merry-go-round and (ii) the stationary reference system of a person next to the merry-go-
round. The person on the merry-go-round experiences forces and movements with respect
to the movement of the rotating platform itself. Translated to the fluid-filled microtorus,
the is the relative movement of the fluid with respect to the channel walls, characterized by
5,6,6, the relative angular displacement, velocity, and acceleration of the fluid with
respect to the channel walls. On the other hand, the person next to the merry go round sees

the movement of the rotating platform and that of the person sitting on it. Translated to the
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fluid-filled microtorus, this corresponds to the angular displacement, velocity and

acceleration of the microtorus walls, 6,9,4, as well as the angular displacement, velocity
and acceleration of the fluid, ¢,4,4. Since the sensors rotate with the microtorus, the

relative movement between fluid and microtorus walls is most important for the system

design and defined by & =6-¢; this is analogue to the observer riding on the merry-go-

round and observing the forces acting on a body as illustrated in figure 3.3c.

Equation (3.2)-(3.5) summarizes the acting body forces. Thereby, a body force is expressed
in units of force per volume [Nm=]. Equation (3.2) represents the Euler force discussed
above. There are interfering signals that obfuscate the intended rotational signal. Equation

(3.3) is the linear inertial force F,, which is density p times linear acceleration a. . Other
interfering forces include the centrifugal force F, (equation (3.4)) and the Coriolis force

F, (equation (3.5)) in the radial (f)direction. These two radial interfering signals can be

neglected, based on an order of magnitude calculation of equations (3.4) and (3.5).
According to [212], the forces are too small to create secondary radial flow based on our

design parameter space.
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(a) (b)

Figure 3.3. Forces and coordinate systems applied to microtorus under rotation: (a) Two dominant
forces acting on torus under z-rotation; (b)Three coordinate systems used (i) Cartesian

(% 9.2)or (i, 1.K) . (jj) cylindrical system (7+9: 7). (iii) Toroidal system (P+?9): (c) Notation system
used for pSCC as adapted from [211].

3.3.3 Analytical model

Using Newton’s laws, we balance the forces acting on the system as shown in figure 3.3.
In steady state, the viscous drag of the fluid in the microchannel cancels the Euler force.
According to [110], the laminar mass flow is governed by the steady-state Navier-Stokes

equations for incompressible flow. The continuity and momentum equations are
V=0 (3.5)

p[@+ (\7-6)\7} =F, +uV¥ (3.6)
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where «, is the velocity vector, x the dynamic viscosity, o the density, and F, are the

body forces acting on the fluid. Due to the toroidal shape of the device, cylindrical
(7,6,2)
coordinates are used. Assuming an axially symmetric velocity flow i.e. the velocity

~

0
solution is constant in the angular  direction, we can simplify the equations as:

o, [0, 107,] <
P ot ’{arz ar |72 3.1)

where v; is the fluid velocity in the polar/axial direction.

3.3.4 Sensitivity

According to [213], the steady state solution to (3.7) for the maximum velocity (at the

center of the channel where = 0) is

2
_PRC (3.8)
4p

Vo

We define the sensitivity as the ratio of the fluid velocity to angular acceleration as

_ pRr?

SV
7 A

(3.9)

Thus, due to laminar flow in the microchannels, the fluid velocity is strictly proportional to
inertial forces, and linearly correlates to angular acceleration. To achieve high sensitivity,
we should have large minor and major radii and use a fluid with high density and low

Viscosity.
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3.3.5 System Linearity

In order to estimate the dynamic range of the sensor, we must study the limits of the
sensor’s linearity. There are two causes of potential non-linearity in the flow of the fluid.
The first is the transition from laminar to turbulent flow. The other is when the secondary
forces (centrifugal and Coriolis forces) are approximately the same order of magnitude as
the Euler rotational forces. The interfering forces could lead to secondary flows in the radial

direction depending on the magnitude of the angular velocity and the frequency of rotation.

Turbulence transition nonlinearity

Turbulent flow in the toroid is dependent on the curvature factor ~ and the Reynolds
number Re. According to [214], the transition to turbulent flow is higher in toroids than in
straight pipes. Critical Reynolds number values range from 2000—5000 depending on
values between 0.05—0.3. To find the critical angular accelerations, we chose the

conservative lower bound of Re, <2000. The critical angular acceleration at which

turbulent flow may impact the sensor result can be found from the definition of Re

(equation (3.10) and equation (3.8)), and is given in equation (3.11).

vV, I
Re =20 (3.10)
Y7,
. 1°Re
Oy =—2r3§ (3.11)
Yol

An order of magnitude calculation is performed based on the proposed values (p ~ 103
kg/m®, u~ 1 mPa:s, r ~ 100 um, R ~ 1 mm), resulting in a critical angular acceleration on

the order of 10° rad/s?. This value is roughly three orders of magnitude higher than even
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extreme rotational accelerations experienced by humans on a daily basis. Based on this we

can assert that this non-linearity does not limit our desired dynamic range.

Secondary Flow Nonlinearity

According to [111], the secondary forces are more substantial when the angular fluid

velocity Vv, is equal to the radial fluid velocity V.. Based on the balancing forces of

equations (3.1) - (3.3) [111], and assuming only one axis of rotation around vector k, the

ratio of the angular to radial velocities is shown below:

f

Vv, 4u T 4R

[

v, _por® _rRe (3.12)
If we set the ratio of the radial to angular velocities to one and assume a curvature factor
of k¥ =0.1r, this leads to a critical Reynolds number Re, of roughly 40. With a minor
radius r of 100 um, an angular acceleration & of 4-10° rad/s? is required to reach this
critical velocity. However, if we increase r by an order of magnitude to 1 mm, the critical
angular acceleration @, drops to 400 rad/s®>. This validates Muller’s [111] intuitive
calculation that for the SCC, the secondary flows do not play a crucial role especially in

the lumen for minor radii smaller than 2 mm. Additional simulation and modeling results

investigating secondary-flow velocities can be found in Appendix A2.
3.3.6 Frequency

To model the frequency behavior of the sensor, the fluid-filled microtorus is considered to
be a lumped element with an inertial force and a drag force. Calculating the transfer

function of this lumped element model will describe the frequency behavior of the system.
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The first step is the transduction of the input rotational acceleration to the fluid velocity
inside the microchannel. One method is to consider the balance of forces acting in the
system. The inertial forces and viscous forces acting on the liquid balance the inertial force
acting on the torus. Based on this condition, the forces acting on the system can be modeled

as [110], [169], [171], [211].:

mg = bd (3.13)
mé—mé = bd (3.14)
mé = ma =mé +bo (3.15)

where . is the angular acceleration of the torus, ¢ is the relative acceleration between the
head and the fluid, ¢ is the channel acceleration, ¢5is the fluid acceleration, . is the mass

of the fluid and b is the viscous drag coefficient. Applying the Laplace transform on

equation (3.15) and solving for the desired transfer function results in:

—(s)= (3.16)

When applying a unit step of angular acceleration to equation (3.16) and finding the inverse

Laplace transformation, the time-domain response of the maximum fluid velocity is:

5 =S, {1—erﬂ (3.17)

14

To find the constants . and b, we calculate the mass of the fluid in the torus for -, and

use the laminar flow viscous drag in a cylindrical channel to calculate b as shown below:
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m=2p7°r’R

b=16u7’R

(3.18)

(3.19)

An equivalent electrical circuit in the form of an LR series circuit (figure 3.4) with the

inductance being the inertance of the fluid (equation (3.21)) and the resistance being the

hydraulic resistance for laminar flow in a circular channel [215] (equation (3.21)) can be

used to model the system.

_pL_p(@27R) _2pR

id = = = 3.20
fluid A (7Z'r2) r.2 ( )
8uL 8u(2zR) 16uR
Rchannel #4 IU( ZZ- ) ﬁl (321)
r r r
{ 6 b a
|'~| V|_c—>< L f\ ﬂ m
v

1]
[ |

(a) Lumped element model (b) LR-series equivalent series

Figure 3.3.4. Equivalent circuit models: (a) Electrical equivalent model; (b) Mechanical circuit model.

Based on either of the electrical or mechanical equivalent models, the viscous time constant

of the system 7., and the corner frequency f ., can be determined as:

z_ _m_ L fiuia _ /Ol'2
VIsCous b Rﬂu'd 8#
T
VISCOUS 72',0['2
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This is equivalent to the short time constant found in the mammalian semicircular canal.

3.4 Simulation

A finite element analysis of the sensor was performed using COMSOL Multiphysics
Software 5.3a (COMSOL). The isothermal laminar flow module was used. A body force
of material density multiplied by the acceleration (in units of force per volume) was applied
to the fluid to simulate the applied angular acceleration. Applying the body force assumes
a stationary observer attached to the wall of the channel. This is the “inverse” problem to
accelerating the torus walls, with the fluid lagging behind. As discussed before, this
corresponds to the Euler force experienced by the fluid mass when observed from the
rotating coordinate system. In the case of the 3D model, two methods were used to apply
this body force: the first was by mapping forces in cylindrical coordinates to Cartesian
coordinates; the second was by creating a toroidal coordinate system as shown in figure 3.3
earlier. Both methods yielded similar results. The mesh was refined until the solution
converged. No slip boundary conditions were applied to the walls. Geometrical and material
properties used for the simulation are summarized in Table 3.2. These dimensions and
material properties were chosen based on the range of dimensions of the human
semicircular canals [204] and using silicone oil as a the fluid due to its favorable properties
(low viscosity and low vapor pressure). The numerical calculations will be validated later

on in chapter 4 with experiment results.
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Table 3.2. Geometric and material properties used for laminar flow simulation

Symbol Quantity Value Units
R Major radius 2.75 mm
r Minor radius 500 «m
Py Fluid density 990 kg/m?
H Dynamic viscosity 5 mPa - s

3.4.1 Assumptions

The fluid was assumed to be incompressible and the flow laminar. The laminar flow

assumption is due to the low Reynolds number (Re < 1) for the applied accelerations.

3.4.2 Acceleration-induced Flow Profile

mm/s
- 3

. ’ o

Figure 3.5. Parabolic laminar flow induced by a clockwise rotational angular acceleration of 100 rad/s?
applied to the microtorus, yielding a counter-clockwise body force applied to the fluid with respect to
the torus walls. Arrows indicate the magnitude and relative direction of fluid flow in the channel. The
arrows for a parabola with zero velocity at the wall and the maximum velocity in the center of the
channel.

As an example, figure 3.5 shows the magnitude of the simulated velocity flow field (with
respect to the channel walls) in case of applying a clockwise angular acceleration of 100

rad/s? to the microtorus walls. As discussed before, clockwise angular acceleration results

in a counterclockwise Euler force, which is applied to the fluid via a body force. The
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resulting parabolic flow profile characteristic for laminar around the torus is visible with a

maximum velocity in the center of the microfluidic channel.
3.4.3 Rotational Sensitivity

Figure 3.6a shows the simulated maximum tangential velocity component in the center of

the circular channel for microtorus with the dimensions given in table 3.2 as a function of

the applied angular acceleration for rotations around the -axis.

To highlight the importance of the torus structure in promoting signals stemming from an
in-plane rotation around the {-axis, figure 3.6b shows the same velocity component as a
function of the applied angular acceleration for a horseshoe-shaped microtorus (an
incomplete torus with a 10-degree break) with otherwise same dimensions. Clearly, the
blocked torus sensitivity to rotations around the Z-axis is reduced by at least a factor of 40

compared to the unblocked torus, highlighting the importance of a closed torus.
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Figure 3.6. Simulation results of maximum axial fluid velocity in the channel center as a response to
an applied angular acceleration for (a) a complete microtorus and (b) a horseshoe-type blocked torus.
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3.4.4 Linear Acceleration Sensitivity

Figure 3.7a shows the simulated maximum tangential velocity as a function of applied linear

A

accelerations in the &, y,2 -directions for a microtorus with the dimensions given in table

3.2. As shown in equation (3.1), the tangential acceleration displacing the fluid with respect to
the torus walls is equal to the applied angular acceleration times the major radius R . Thus, to
compare the microtorus response to angular and linear accelerations, the linear acceleration can
be transformed into an apparent angular acceleration by dividing it by the major radius R . The
results are shown in figure 3.7b, which showcases thirteen orders of magnitude cross-axis
rejection, which is roughly —260 dB. Thus, as expected, the sensor geometry almost

completely blocks the signals stemming from the in-plane linear accelerations.

An angular acceleration of 1 rad/s?> applied around thel-axis introduces a maximum
tangential flow velocity of 30.7 um/s in the channel (figure 3.6a). To achieve the same
flow velocity due to a linear acceleration in X and j directions, this acceleration would have
to be 5-108 m/s? according to figure 3.7a. This again highlights to excellent linear

acceleration rejection by the fluid-filled microtorus.
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Figure 3.7. Simulated maximum tangential fluid velocity as a response to applied linear acceleration:
(a) maximum tangential fluid velocity as a function of applied linear acceleration in x, y, and z
direction; (b) maximum tangential fluid velocity as a function of equivalent angular acceleration.

3.4.5 Effect of Wall Stiffness

A fluid-structural interaction module was used to study the effect of the wall stiffness on the
behavior of the microtorus. Figure 3.8a shows the simulated magnitude of the tangential
flow velocity for a microtorus with the dimensions given in table 3.2 as a function of the
Young’s modulus of the torus wall for a constant angular acceleration of 10 rad/s? applied
around the I-axis. Clearly, the wall stiffness has no effect on the rotational sensitivity in the
range of Young’s moduli studied. Figure 3.8b, however, highlights that the sensitivity to
linear acceleration increases with reduction in wall stiffness. In this case, a linear
acceleration of 27.5 mm/s? was applied in %-direction. In both case, the torus wall
thickness was assumed to be ~20 um. However, the geometric constraint continues to

reject the linear acceleration. The micromachined torus might be more sensitive to linear
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acceleration as the walls become thinner, but this does not affect our design as we do not

assume thin walls.

350 b | i | i | i | i | b | i | i | i | i | i | i | b | e | i | i | i | b | ]
. . —&— Max Axial Velocity, Rotational -
|5 E .5 Max Axial Velocity, Linear i
2 s 10r 7
= | =
g 5
S 300} . 2 oL -
> 2 10
= I}
> >
[u] (0]

@ @ 107 -
= , , =
—&— Max Axial Velocity 1
250 sl s samed o oamel o oseed posed ooamed aaasl sl el aa anmnl aaasel o oeeed pooeed ool el caaeed ol aamed oo ]
10% 10" 10? 10* 10* 10° 10° 107 10® 10° 10% 10" 10? 10® 10* 10° 10% 107 10° 10°
Wall Young Modulus, E (Pa) Wall Young Modulus, E (Pa)
(a) Rotational response insensitivity. (b) Linear sensitivity rejection

Figure 3.8. The effect of wall stiffness on rotational acceleration of 10 rad/s?and linear acceleration of
27.5 mm/s? (based on a minor radius of 2.75 mm and rotational acceleration of 10 rad/s?), assuming a
wall thickness of ~20 pm and the parameters in table 3.2.

3.4.6 Frequency Response

Two approaches were used in studying the frequency behavior of the device. In the first
approach, an angular acceleration step input much shorter than the mechanical time
constant of the system was applied and the mechanical response was simulated. The second
approach applied harmonic rotational oscillations to the device at different frequencies.
The time step for the harmonic simulation was 1/50th of the time period and the simulation
was run for at least three periods after it reached harmonic steady state. According to [216],
oscillating flow in a laminar flow regime can be simulated numerically with high accuracy.

This gives initial confidence to the accuracy of our simulated harmonic model.
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Figure 3.9a summarizes the sensor response to an angular acceleration step input from 0 to
100 rad/s? for micro-torii with different minor radii r. Plotted is the maximum tangential
flow velocity in the channel center as a function of the time from the step input. Two results
can be extracted from this simulation: first, the microtorus sensitivity to angular
accelerations, as defined in equation (3.8), indeed increases with r’: this can be seen by
the increase of the steady-state flow velocity with r. Secondly, the characteristic time
constant of this mechanical system increases with the square of minor radius r as well, as

is highlighted by the slope of the transients in figure 3.9.
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Figure 3.9. Simulated time response of maximum fluid velocity as a function of rotational acceleration:
(a) Step response output as maximum axial flow velocity as a function of time; (b) Harmonic response
output as maximum axial flow velocity as a function of normalized time over the period showing three
periods for frequencies from 1 mHz to 25 Hz..

Figure 3.9b showcases simulated harmonic time responses of the maximum tangential flow
velocity a function of the normalized time due to a 100 rad/s? angular acceleration

sinusoidal input with frequencies from 1 mHz to 25 Hz. The normalized time is thereby

the time divided by the oscillation period T = f~. It can be clearly seen that, as the
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frequency increases, there is a phase delay and a decrease in tangential flow velocity

amplitude.

The low-pass frequency domain behavior of the fluid-filled microtorus subject to applied
angular acceleration, as extracted from the amplitude and phase behavior of the harmonic
response in figure 3.9b is shown in figure 3.10. The simulated cut-off frequency is 20 Hz,
which is very close to the value of 25.7 Hz calculated from the analytical model presented

in section 3.3.8.
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Figure 3.10. Normalized bode plot of harmonic frequency response in figure 3.9b normalized to the 1
mHz response. Of the maximum axial velocity, the (a) magnitude (b) phase at the peak of the period
for each frequency is plotted as a function of frequency.

3.4.7 Geometric Parametric Study

The COMSOL model allow to study the effect of geometrical parameters and material
properties on the fundamental behavior of the fluid-filled microtorus. As an example,
figure 3.11a shows the effect of the minor radius on the maximum tangential flow velocity
for an applied angular acceleration of 100 rad/s? around the i-axis for the microtorus

dimensions and material properties given in table 3.2. The results show a quadratic
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relationship (i.e., a slope of 2 in the log-log plot) between the minor radius r and the

maximum tangential flow velocity V, as expected from equation (3.8). Figure 3.11b shows

the extracted viscous time constant T and the sensitivity as a function of the minor radius r
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Figure 3.11. (a) Parametric study of the effect of the minor radius on maximum axial velocity for a
constant angular rotational acceleration of 100 rad/s?. (b) Parametric study of effect of minor radius
on the extracted time constant for the same angular rotational acceleration applied as in in figure 3.9a.

Figure 3.12a shows the effect of the curvature factor n, i.e. the ratio of the major to minor

radius, on the maximum tangential flow velocity for an angular acceleration of 100 rad/s?

around the I-axis and a constant minor radius r being 500 um. The results show a linear

relationship between the curvature factor n and the maximum tangential flow velocity V;

as expected from equation (3.8). However, as discussed in section 3.3, the analytical model

deviates from the simulated results for n<10 as indicated by the increase in relative error

in figure 3.12bas n — 1.
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Figure 3.12. Effect of curvature factor n on the maximum axial velocity as a function of rotational
angular acceleration input of 100 rad/s?.

COMSOL simulations allow to investigate more complex torus geometries as well. Table
3.3 shows the effect of a shape function m on the general shape of a closed-loop torus. The
shape function m dictates the frequency of oscillation of the minor radius as a function of
the relative position along the circumference. The modulation functions are a parametric

function of the parameter s, where 0<s<2x. It modulates the yand y dimensions of the

torus using as follows:
X = (3000m +1000m-sin(m-s))-cos(s) (3.24)

y =(30004m+1000um-sin(m-s))-sin(s) (3 75)

It can be seen that m = 0 is the standard simple circular torus. As m increases, the shape

morphs into an elliptical torus with an asymmetric channel width.
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Table 3.3. Parametric design of closed loops with different shape functions m.

m=0 m=1 m=2 m=3 m=4 m=5
m=6 m=7 m=8 m=9 m=10

Figure 3.13 shows the steady-state maximum and average tangential flow velocity for a
constant angular acceleration of ~37 rad/s? as a function of the shape factor m. The average
tangential fluid velocity decreases monotonically with m, similar in behavior to a low-pass
filter. However, the maximum tangential fluid velocity increases for the cases of m = 1,2
compared to the base case of m = 0, and then monotonically decreases afterward.
Interestingly, the optimal case where m = 1 is most similar in shape to the mammalian

semicircular canals.
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Figure 3.13. The maximum and average axial velocity to angular rotational acceleration of 37 rad/s? as
a function of shape factor m (shown in table 3.3.) The maximum is based on the volume of the structure
and the average takes the average of the velocity of the entirety of the fluid.

3.5 Conclusion

The main factors that dominate the fluid-filled microtorus’ response to angular
accelerations are the fluid material properties, density and dynamic viscosity, and the minor
and major radii of the channel. Based on the sensitivity relationship (equation (3.9)) and the
viscous corner frequency (equation (3.23)), it is evident that an increase in sensitivity
typically leads to a decrease in bandwidth. The gain-bandwidth product is found by taking

the products of equations (3.9) and (3.23). This product scales linearly with the factor R/~
or inthe form (n-r)/z Orr/(«x- ). Thus, it is prudent to maximize the minor radius r and
the curvature factor n while keeping the dimensions of the structure within the design

constraints. An interesting solution to improve the sensitivity is to modulate the minor

radius r as a function of the position along circumference as seen in figure 3.13.

Clearly, the bioinspired microfluidic platform is still in its infancy. Silicon-based
micromachined rotation sensors are currently superior in terms of power consumption,
sensitivity, robustness and overall performance. However, the simplicity and passive

nature of the microfluidic platform motivates the research in this thesis to explore the limits
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of a bioinspired microfluidic angular accelerometer with an as simple as possible and

scalable fabrication process.
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CHAPTER 4. THERMAL ANGULAR ACCELEROMETER

In this chapter, we introduce the thermal transduction mechanisms for the proposed
angular acceleration sensor. The chapter will begin by describing the working principle, as
well as the analysis and design of the thermally-transduced angular acceleration sensor
based on a microtorus. Furthermore, the fabrication and characterization of the thermal
sensor will be presented. Finally, the results of the mechanical testing will be revealed and

analyzed.

4.1  Proposed Device and Working Principle

Figure 4.1. 3D-rendered model of proposed thermal angular acceleration sensor. The sensor consists
of aluminum resistors and interconnects on a glass die with a bonded PDMS channel layer. A cross-
section of the PDMS layer is displayed to reveal the semi-hemispherical channel over the resistors
which is filled with a fluid.

In chapter 2, the natural system of the semicircular canals was introduced which converts
the inertial mechanical energy to a chemical energy that is then converted to electrical
pulses. In this chapter, we propose a bio-inspired angular acceleration sensor based on a
microtorus similar to the semicircular canals but employing a thermal-to-electrical

transduction mechanism (see device schematic in figure 4.1, an optical image of a fabricated
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angular accelerometer with a major radius of 2.75 mm in figure 4.2, and its working

principle in figure 4.3).

4.1.1 Concept

The device can be characterized as a microfluidic calorimetric thermal flow sensor with a
geometric constraint on the fluid flow. In the calorimetric low-flow linear regime of thermal
flow sensors, the measured temperature differential is strictly proportional to the fluid
velocity until a threshold velocity [129]. In micromachined thermal linear accelerometers,
the inertial forces accelerating the fluid will correlate to the fluid velocity [217]. By adding

the microtorus geometry, the fluid velocity linearly correlates to angular acceleration.

Figure 4.2. Optical image of fabricated angular accelerometer with microtorus radius R = 2.75 mm.

4.1.2 Working principle

The working principle of the device is highlighted in figure 4.3 and further elaborated in
the simulation section in figure 4.7. The device requires a symmetric thermal gradient to

operate. To create the thermal gradient, energy is introduced to the system by applying an
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electric potential across a thin film resistor, which causes joule heating. The power injected
by the heater into the fluid remains constant with small flow velocities [218]. The heating
element induces a symmetric temperature profile in the fluid along the microtorus channel.
An inertial force will cause the fluidic mass to accelerate relative to the walls with a
parabolic velocity profile inside the microchannel due to laminar flow. The flow disturbs
the symmetrical temperature profile around the heater causing a temperature gradient. In
the case of creeping flow (Re <<1), the velocity profile has a fixed shape function
multiplied by the magnitude of the mean velocity [219], [220]. The increase in the
temperature downstream (in the direction of fluid flow or the red resistors R1 and R4 in
figure 4.3a) will equal the decrease upstream (away from fluid flow or the blue resistors
R2 and R3 in figure 4.3a) up to a threshold velocity [221]. This temperature asymmetry is
detected by temperature-sensitive resistors due to the temperature coefficient of resistance.
The minimum number of heaters and temperature sensors to operate the device with
interfering signal rejection is two heaters and four temperature sensors. However,
additional thermal sensors can be placed along the circumference for redundancy and

further signal processing.

Figure 4.3 depicts the response of the system to a counter-clockwise angular acceleration
and linear acceleration. The heaters are depicted in black. The showcased device is
operating using two heaters located at 3 o’clock and 9 o’clock marks. The temperature-
sensitive resistors R1, Rz, Rz and R4 are connected in a Wheatstone bridge as shown in the
circuit schematics. Upon anti-clockwise angular acceleration of the structure (black arrow)
and a resulting clockwise rotation of the fluid (green arrow) with respect to the structure

due to fluid inertia (figure 4.3a), the red thermal sensors (R1 and Rs) will experience an
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increase in temperature, while the blue ones (R2 and Rs) see a decrease in temperature;
thus, the Wheatstone bridge will experience maximal output if connected as shown in the
circuit diagram. However, upon in-plane upwards linear acceleration of the structure, the
Wheatstone bridge will experience no output due to the symmetric change in resistance in

both legs of the bridge (figure 4.3b).

(b)
\\117/
1y

Relative
fluid motion ~

Structure = |

rotation

Figure 4.3. Thermal angular acceleration sensor schematic with heaters (black) and thermal sensors
response in red (increase in temperature) and blue (decrease in temperature) arranged along a torus
experiencing (a) counter-clockwise structure rotation with maximal response from Wheatstone bridge;
or (b) upwards linear acceleration with minimal response from Wheatstone bridge.
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4.1.3 Inertial frames of reference

In the thermal linear accelerometer literature, consistency in properly setting up the inertial
frames of reference is lacking. In general, there are two different inertial reference frames

used; these two systems are shown in figure 4.4 below.

The first frame is a fixed inertial reference frame I, which is located outside of the structure.
The second frame is an accelerating reference frame attached to the walls of the structure
as shown in frame B. Depending on the point of reference of the inertial frame, the relative

direction of the acceleration of the fluid will flip. Upon the initial anticlockwise
acceleration {0?}' of the microtorus wall in frame reference 1, the fluid will lag the

channel walls due to the inertia of the fluid. This is supported by the following papers
from the literature regarding semicircular canals [109], [110], [120], [121]. It is
important to note that the relative motion of the fluid is anticlockwise to the observer in

frame I.

To better understand the dynamics of the system, accelerating frame reference B is chosen
as the reference frame in this work. In frame B, the observer is attached to the microtorus
walls and, thus, accelerating anticlockwise at the same rate as the structure. In the
microfluidic angular accelerometer, the resistive temperature sensors act as “observer” and

they indeed rotate with the structure. In this frame of reference, acceleration of the fluid
relative to the wall and thus observer {0?}8 is clockwise, i.e. having the opposite sign of the

acceleration of the structure in the previous frame, but the same magnitude.
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Fig. 4.4: Acceleration direction is dependent on the inertial frame of reference chosen.

(4.1)

In frame reference B, the walls of the channel are not accelerating relative to the observer
as they are fixed relative to the rotating observer. Going forward the authors will continue
to use the accelerating reference frame B to explain the working principle of the device.
This accelerating inertial frame of reference is more relevant as designers care about the
relative motion of the fluid with respect to the fixed heater and temperature sensor
attached to the rotating structure. In the literature of thermal linear accelerometers, some
authors assume an accelerating inertial reference frame as shown in the following example

papers [222], [223]. However, a recent review paper of thermal linear accelerometers [224]
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shows a fixed inertial frame. Both descriptions point to the same physical phenomenon,

but from two different viewing frames.

Based on this explanation, our proposed device works as localized linear accelerometer as
described in the literature. There are several forces contributing to the output of the thermal
device. The viscous drag and inertial Euler forces affect the device as discussed in section
3.3. Another force is caused by the buoyancy effect due to density variations in the heated
fluid. The buoyancy force will be sensed when any acceleration acts on a density gradient,
even changes as small as 0.1 kg/m? (roughly 0.01% or 100 ppm change in water for

instance) [189]-[191], [199].

4.1.4 Desired and interfering input signals

The viscous drag inhibits the signal by adding friction to the fluid flow. The rotational
inertial force is the signal of interest. The buoyancy is an interfering signal that will have
to be distinguished from the desired signal of rotational input. To resolve self-interference

caused by heating the fluid, a few methods are discussed in the next section.

4.1.5 Suppressing and rejecting interfering signals

All non-desired buoyancy and inertial forces will need to be suppressed and rejected. The
fluid-filled torus should inherently suppress any inertial signal other than the in-plane
rotation [155], [170], [197]. This is based on the assumption that the fluid has constant
density across the circumference of the torus [189]. This assumption is not true in our

thermal-based design due to the active heating element causing a density gradient.
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Besides the inherent mechanical filter function of the torus promoting signals from in-plane
rotations, other techniques can be used to suppress signals from interfering accelerations.
One possible technique uses strategically placed sensors along the channel. Under different
accelerations, a unique signature of signals will be outputted. This technique is further

explained in [225].

Another technique uses two heaters and four resistors connected in a full Wheatstone
bridge. If connected properly, this arrangement can suppress any common-mode signal,
while amplifying the desired (differential) signal. This is illustrated in figure 4.3. In
rotation, the Wheatstone bridge will be at its maximal change. When under linear
acceleration, both legs of the bridge experience the same change. The output of the bridge
should be zero. Thus, the sensor is immune to linear acceleration and only measures
angular accelerations, even in the presence of buoyancy forces. In the interfacing circuitry,

adding an instrumentation amplifier can further suppress common mode signals.

4.2 Sensor Analysis

The section introduces an analytical model of the sensing system, which helps build a first
order understanding of the system, and guide the design of the sensor parameters according

to need.

4.2.1 Forces

Equations (4.1)-(4.5) define the body forces acting on the system. Thereby, the body forces

are expressed in units of force per volume [Nm=], which is equivalent to the density p

times the linear acceleration a, . In the reference frame rotating with the inertial sensor (as

84



described earlier as reference frame B), there are three Cartesian unit vectors < i, j, k >.

These unit vectors when used as a subscript show the main direction for linear motion, and
axis of rotation for rotational motion. When the subscript is dropped for rotational motion
in this thesis, z or k-axis rotation is assumed. In this reference frame, the (fictitious) Euler

force F, causes a tangential acceleration along the circumference of rotation. The tangential
acceleration relates to the applied angular acceleration though « =a; / R, where «, a;, and

R are the angular acceleration, tangential acceleration, and major radius of the torus,

respectively. The linear inertial force F, is density o times the acceleration a.

I:ei~ = p(Rj¢k - RQ¢J) ; (42)8.

If rotating around Zor K, F =-ma; :—m(}ﬁ'R:—maR (4.2)b

F, = pa; (4.3)

F, =2p(v,6, -v,0.) (4.4)
F. = pR.(67 - 07) (4.5)
F, = pafAT (4.6)

The centrifugal force F, (equation (4.5)) and Coriolis force F, (equation (4.4)) in the radial

direction can be neglected, based on an order of magnitude calculation. According to [111],

the forces are too small to create secondary radial flow based on our design parameter space.

Finally, the work done by pressure gradients will be simplified into a body force (the

buoyancy force F,; equation (4.6)) using the Boussinesq approximation [226]. The
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approximation is based on low temperature variations (5-AT <«1), where g is the

coefficient of thermal expansion and AT is the heater temperature rise compared to the

ambient.

4.2.2 Non-dimensional analysis

Non-dimensional parameters based on the Buckingham Pi theorem [227] need to be
defined to help analyze the system. By extending the linear thermal accelerometer analysis
to rotational accelerometers based Bahari et al. [228], we arrive at the following non-
dimensional parameters in equations (4.6) - (4.12). The Reynolds number Re relates the
inertial forces to the viscous forces. The dean number De indicates the effect of curvature
on the velocity flow. If De <1, asshown in section 3.3, the microtorus will have the same
friction factor and velocity profile as a straight [229]. It is expected that the Dean number

will not exceed one because to do so would require an extremely high velocity.

Re=2"" 4.7)
7,
.
= — 4-8
o=t 8)
De = x*°Re (4.9)
PXORIE BAT
Gr, =222 (4.10)
7,
Pr= CTN (4.11)
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Ra,, =Gr,, Pr= Cp PR pAL (’Tr BAT (4.12)
y7i

ST =Ra ATf (d,r,R) (4.13)

rot

The Prandtl Number Pr is the ratio of the momentum diffusivity to the thermal diffusivity.
A Pr>1 means that momentum transfers better than heat, which is desirable. The

rotational Grashof number Gr, relates the buoyancy forces to the viscous forces. Gr, is

based on the fluid thermal properties and the system parameters. The rotational Rayleigh

number R2a s the Gt multiplied by Pr number. The expected sensitivity for the device
oT (temperature difference between two detectors) will correlate with rotational Rayleigh
number, AT | and f(d,r,R) is a function of the channel shape and distance between the heater
and the temperature sensor d [228]. Also according to [228], if a system’s Rayleigh number
is lower than a critical value, the heat transfer by the contained fluid is mainly conductive.
According to Wu [230], only a small percentage of the heat transfer is due to convection if
the Rayleigh number is smaller than 100. Based on values in table 4.1, the expected
rotational Rayleigh number is 0.0125 for a thermal rotational accelerometer filled with
silicone oil and rotated at 1 rad/s2 angular acceleration with a major radius of 2.75 mm and
a minor radius of 500 um. Therefore, heat transfer is concluded to be primarily conductive.
However, it is the heat transfer by convection due to the fluid flow induced by an applied
angular acceleration that creates the differential temperature detected by the two
temperature sensors. To address the effect of gravity, when experiencing a 1 g linear
acceleration, the Rayleigh number is 45, which is still below the 100 threshold mentioned

above.
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4.2.3 Analytical model

To find an analytical model for the sensor, assumptions must be made to simplify the model:
(1) All parameters are assumed constant with temperature; (2) The channel has a circular
cross section; (3) The fluid is assumed to be an incompressible fluid, with laminar flow and
no slip boundary conditions inside the microtorus, and assuming that low frequency
oscillations yields a quasi-steady-state solution for velocity flow profile; (4) Small

curvature x <1, where x=r/R is assumed; (5) We assume that the metals, the die and

the channel walls are heat sinks to calculate the temperature profile of the flow in the
channel; moreover, heat transfer by radiation is ignored. Based on thermal low flow
sensors, heat transfer is dominated by conduction. However, the output signal is caused by

natural convection [228]. For simplicity, these assumptions are used in our model.

Using Newton’s first law, we balance the forces acting on the system as shown in figure
3.3a. The viscous drag of the fluid in the microchannel cancels out the buoyancy and inertial
forces. According to [231], the non-isothermal laminar mass flow is governed by the
steady-state Navier-Stokes equations for incompressible flow. The continuity, momentum

and energy equations are

V=0 (4.14)

N e 2
E+p(v VW =F+pf(T -T,)+uVV (4.15)
%+(\7-6)T = oV (4.16)
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where v is fluid velocity (with respect to the channel walls),  is dynamic viscosity and o
is density, T is temperature and T_ is temperature outside of the device, F, are the body

forces acting on the fluid, and a4,y is thermal diffusivity.

Due to the toroidal shape of the device, we will use cylindrical coordinates. The viscous heat
dissipation term is ignored for the expected velocities [231]. Due to the Boussinesq
approximation assumption, we set the heat source term to zero [232]. Assuming an axially

symmetric velocity flow solution, we can simplify the equations to:

ov, o, 10V
0 _NE 4+ -T.)+ 6, -"¢ 4.17
~ = 2FtppT-T,) A{arz rar} (4.17)
T v, 0T 10T
ot r o0 r-oo
where v, is the fluid velocity in the axial direction.
4.2.4 Sensitivity
According to [124], [213], the steady state solution to (4.16) is
2
v,=PR o (4.19)
4u
We define the sensitivity of the fluid velocity to angular acceleration as
2
s, = PR (4.20)
o Au
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The relationship between the fluid velocity and temperature profile depends on the fluid’s
thermal and inertial parameters, the geometry of the channel, the initial conditions, and the
configuration of the temperature sensors and heaters. Based on quasi-steady state
differential equation for temperature in one dimension for laminar calorimetric flow
sensors [218], the temperature difference induced by the heater compared to the ambient

temperature is

AT = P (4.21)

k[;wH +7zr2(21—12)j

A2 = Za]f-luid [V * JVZ i 4(a;|:id) } (4.22)

where P is the power dissipated by the heater, w,, is the heater width, and A, are the

eigenvalues to the differential equation in [218]. Also, the difference in temperature

between the upstream and downstream detectors 6T can be calculated using
ST =AT (eW’*WH) —ghl-du >) (4.23)
If we plug in (4.20) in (4.22), and take its derivative with respect to velocity, assuming

w, — 0, we can define the sensitivity of ST to fluid velocity as

f(r,R,d) (4.24)
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where f(r,R,d) is a function of the minor and minor radii and the distance between the
temperature sensors and the heater [228], [233]. It is highly dependent on geometry of the
channel. To convert the change in temperature ST into a measurable voltage, we take
advantage of the temperature coefficient of resistance of metals. The change in resistance

IS expressed as

R, =Ry +acaR0T (4.25)
AR = o, Ry ST (4.26)

R, is the initial resistance under no flow and no heating condition, AR is the change in
resistance due to heating and/or flow, and o is the temperature coefficient of resistance.

We assume that o, is constant across the output temperature.

The change in temperature relates to the output voltage according to the full Wheatstone
bridge equation (4.26). The change in resistance AR for each resistor is assumed to be

approximately the same for simplification purposes

V. - v{ R+AR B R—AR } (4.27)
¢ °’ R+AR+R—AR R+AR+R-AR '
V., =AV, % (4.28)

V, is the bridge voltage. A is the electronic gain. V, is the applied voltage. If we plug

(4.25) into (4.27), we arrive to

Vi = ocr0TAY, (4.29)
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The sensitivity of the sensor is defined as the change in voltage output divided by change in

the angular acceleration

SvG = rcrAV, S S

Q v

(4.30)

| <

e}

We plug in the sensitivities into (4.29) and assume that d ~ r to simplify the equation.

2
S\, ~areAV, 228 g (1, R, d) (4.31)

a HA g

Based on Error! Reference source not found., we can choose the materials for improved
sensitivity. This includes metals of high temperature coefficient of resistance, fluids with
higher Pr number, higher density, with low viscosity. Other design choices are operating
the device at higher power levels, and most important of all increasing the minor radius r
(assuming that R=n r), as the sensitivity of the sensor is proportional to r. Based on this
analysis, the minor radius is the critical dimension to control in designing the sensor

However, increasing r is limited by it’s effect on the frequency behavior (see section 4.2.6).
4.25 Linearity

In order to estimate the dynamic range of the sensor, we must study the limits of its linearity
[234]. The velocity boundary layer thickness & is the distance at which the velocity reaches
free stream velocity. The thermal boundary layer thickness J,, is the distance at which the
thermal gradient ceases to exist [235]. The two are related by the Prandtl number

5, = Pr¥3s [215]. In most liquids, Pr>1. Thus, the thermal layer is smaller than the

velocity layer. According to [215], calorimetric flow sensors operate in the linear regime

when the velocity boundary layer thickness &>d. Also, forced convection starts
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dominating the heat transfer when &, ~d. Generally, conduction dominates within the

thermal boundary layer.

As the flow velocity increases, the dominant heat lost mechanism becomes forced
convection at a critical velocity. This will be the critical velocity where convective cooling
of the heater starts and the temperature difference between the temperature sensors
becomes nonlinear. This partially explains the potential output saturation at high
acceleration because any increase in temperature due to acceleration is offset by convective
cooling of the heater from the high fluid velocity. This non-linearity can also be attributed
to the dependence of fluid’s properties on temperature and inertia [236]. According to

[218], the turn over velocity or the critical saturation velocity is

_Zamm
Vto -

(4.32)
r

By plugging (4.32) into (4.18), we arrive at a rough estimate of the dynamic range of

_8ﬂamm

Qto - pRrs

(4.33)

4.2.6 Frequency

To model the frequency behavior of the sensor, three transfer functions are considered: (1)
the viscous transfer function from the applied angular acceleration to the fluid velocity
(discussed in section 3.3.8), (2) the transfer function from the fluid velocity to fluid
temperature profile and (3) the transfer function from the heater temperature to the fluid
temperature profile. The heater rise time is not considered, as we assume the heater is at

the desired temperature.
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The latter two transfer functions can be modeled as an RC circuits [236], [237]. The
difference between the two time constants is their characteristic length. One is based on
the distance between the heater and the temperature sensor. The other on the radius of the

channel. The characteristic time constants and cut-off frequencies are given by

r2

s = RuiCon = (4.34)
f = % (4.35)
Ty = Ry,Cop = % (4.36)
f, = zﬁTaz (4.37)

where 7, and f,, correspond to the transfer function from the fluid velocity to fluid
temperature profile and z,, and f,, to the transfer function from the heater temperature

to the fluid temperature profile. Since in our designs d = r, both time constants are similar.

For velocity profile with high Prandtl numbers, the velocity field develops relatively
quickly and it is the development of the temperature differential that determines the
response time. This leads to the last two time constants dominating the transfer function of
the sensor. The expected frequency response would be a second order transfer function of
real poles. It has been shown that laminar flow observes a consistent frequency behavior
until a critical velocity [238]. This means that the main property of the fluid that impacts

the device’s performance is the fluid thermal diffusivity [222] affecting both the frequency
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response and the sensitivity of the device. Less diffusive fluids such as liquids will have
higher sensitivity, but smaller bandwidth. Any increase in sensitivity is offset by a
reduction in bandwidth. The resulting low bandwidth can be overcome by operating the
device in a closed loop configuration with a PID controller [239]. Another solution is
characterizing the device transfer function and adding a compensating transfer function to
the output to increase the bandwidth, as used by commercial thermal linear accelerometers

[240].

4.3 Finite Element Modeling of Sensor

(a) (b)

Heater

() e,

Te,
07/79/3{” e 5 -
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Figure 4.5. Finite element method simulation of biomimetic angular accelerometer: (a) Simplified
model with straight cylindrical channel and periodic boundary conditions for temperature and
pressure at the end of the channel; (b) Full 3D model of the half-torus structure including glass
substrate and PDMS cover.

A finite element analysis of the sensor was performed using COMSOL Multiphysics
Software 5.3a (Burlington, MA). The non-isothermal laminar flow module was used. The
fluid was assumed to be incompressible and the flow laminar. The effect of viscous
dissipation and the work done by pressure changes were considered. The simulation
process started with a simplified linear channel with symmetric boundary conditions for
heat and pressure, as shown in Figure 4.5. This was followed by a 3D simulation of the full
structure. The simplified model was used to optimize the design of the structure due to its

fastsimulation times. The complete packaged 3D model was used to plot the figures in this
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section. The geometric parameters used were R=2.75 mm, r=300 um, d=350 um. The
material properties used unless noted otherwise are presented in table 4.1. It should be
noted that the effect of gravity is not included in the simulations presented in section 4.3.
This is motivated by the fact that gravity in the —Z -direction had a negligible effect on the

results. Other orientations with respect to gravity are not presented.

Table 4.1. Material properties for non-isothermal laminar flowsimulations.

Symbol Quantity Glass Al PDMS Silicone Oil Units
p Density 2210 2700 970 930 kg/m3
k Thermal conductivity 1.14 238 0.16 0.1 W/(m - K)
c Heat capacity 730 900 1460 1400 JI(kg - K)
i Dynamic viscosity - - - 5 mPa - s
B Coefficient of vol. exp. - - - 0.001 /K

As an example, Fig. 4.6a shows the simulated temperature differential, i.e. the temperature
difference between a fluid-filled microtorus with applied and zero angular acceleration,
along the torus with two heaters on opposite sides in case of applying a clockwise angular
acceleration of 1,000 deg/s2 . The resulting temperature asymmetry around the heater is
clearly visible with a maximum temperature difference between up and downstream
temperature sensor location of approx. 75 mK. The temperature profile is shown in Fig.
4.6b for different applied angular accelerations and highlights the importance of an optimal
location for the temperature sensor to maximize sensitivity. Just near the heater, thermal
conduction dominates and the temperature difference would be too small. When the sensors
are too far away from the heater, the effect of convection decreases and the heater is not
felt. Thus, there is an optimal location or region for the sensor. This location is dependent

on the amplitude of the acceleration. As the input acceleration increases, the maximum
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temperature differential occurs further away from the heater. For the frequencies and
magnitudes of interest, an optimal region is highlighted in red and comes out to be between

150-300 um from the heater in Fig. 4.6b.

(a) (b)
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Figure 4.6. (a) Simulated temperature differential profile (AT =T (1000 deg/s?) - T (0 deg/s?)) along the
circumference of the microtorus for an anticlockwise angular acceleration to the structure of 1,000
deg/s?. The applied body force is in the clockwise direction (corresponding to a counter-clockwise
structure rotation). The scaled height of the profile correlates to AT in addition to the color coding. (b)
Simulated temperature differential profile for different angular accelerations as a function of the
distance from the heater center line.

A body force of the density times the acceleration was applied to the fluid to simulate the
applied angular acceleration. A point of constant pressure was set to the reference pressure
of 0 Pa on the circumference of the torus. A constant power was applied to the heating
resistor, which was modeled as a boundary between the glass and the silicone oil. The
outside boundaries were set to room temperature. The temperature detectors were modeled
as boundaries as well. The mesh was refined until the solution converged. The device is
simulated under the assumption that the heater has reached steady-state. To simulate the
temperature sensed by the temperature detectors, the temperature was averaged over the

sensor’s area. Two methods were used to apply the body force. The first method mapped
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cylindrical coordinates to Cartesian. The second is by creating a toroidal coordinate system.

Both methods had similar results.

4.3.1 Sensitivity and Cross-Sensitivity
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Figure 4.7. Simulated temperature difference between the two temperature sensors as a function of the
applied angular acceleration around the desired 7 -axisand interfering X and Yy -axis for a bioinspired

angular accelerometer with dimensions given in Table 4.1: (a) full microtorus structure; (b) horseshoe-
shaped microtorus with 10°gap. The schematics show the rotation axis with respect to microtorus and
heater locations (yellow).

Fig. 4.7a shows the simulated temperature difference between the two temperature sensors
for an angular accelerometer with the dimensions given in Table 4.1 as a function of the
applied angular acceleration for rotations around the X, y ,and Z -axis. The distance between
the heater and the detectors is 250 «m in the simulations, unless specified otherwise. To
highlight the importance of the torus structure, Fig. 4.8b shows the simulated temperature
difference between the temperature sensors as a function of the applied angular
acceleration for a horseshoe-shaped microtorus (an incomplete torus with a 10-degree
break) with otherwise same dimensions. As expected, the sensor geometry promotes

signals stemming from the in-plane rotation around the Z-axis with a sensitivity of 33
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uK /[ (°/s%), while signals from rotations around the fand y -axis are suppressed by at
least two orders of magnitude. Also, clearly seen from comparing the blocked case to the
unblocked case, the sensor sensitivity to rotations around the Z-axis is reduced by two
orders of magnitude while the cross-sensitivities to angular accelerations around the Xand

y -axis remain largely unchanged.

4.3.2 Frequency
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Figure 4.8. (a) Simulated normalized response of the angular accelerometer to an angular acceleration
step input from 0 to 1,000 deg/s?: (i) inertial response; (ii) thermal response; (iii) heater response. (b)
The simulated effect of the distance of the temperature sensor from the heater on the thermal response
of the angular accelerometer subject to the same angular acceleration step input from 0 to 1,000 deg/s?.

Two approaches were used in studying the frequency behavior of the device: In the first
approach highlighted in figure 4.8 (and later on in figure 4.22), an angular acceleration step
input much shorter than the mechanical time constant of the system was applied and the
mechanical response was simulated with both the heater on and off. The second approach
applied harmonic rotational oscillations to the device at different frequencies. The
harmonic oscillation results are highlighted in section 4.6.2 and Figure 4.22. The coupled-

physics time-dependent simulation uses the steady-state temperature elevation of the heater
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under no flow as an initial condition. The time step for the harmonic simulation was 1/50th
of the time period and the simulation was run for at least 5 periods after it reaches harmonic
steady state. According to [216], oscillating flow in a laminar flow regime can be simulated
numerically with high accuracy. This gives confidence to the accuracy of our simulated

harmonic model.

Fig. 4.8 summarizes the sensor response to an angular acceleration step input from 0 to
1,000 deg/s®. Thereby, the normalized inertial and thermal responses are compared. The
normalized inertial response to the 1,000 deg/s? step input is defined as the ratio of the
maximum flow velocity of the fluid in the center of the torus at time t to the steady state
maximum flow velocity. This step response shows the purely mechanical behavior of the
system with a characteristic time constant of 2 ms (taken at 63.2% of the steady state value),
corresponding to a cut-off frequency of 80 Hz. On the other hand, the normalized thermal
response to the 1,000 deg/s? step input considers the thermal effects as well and is defined
as the ratio of the temperature differential between the two temperature detectors at time t
to their steady-state temperature differential. The resulting thermal time constant is 440
ms, corresponding to a 0.4 Hz cut-off frequency, which is off by a factor of two if you

compare to the analytical model z,, . This could be attributed due to the different geometric

shape (circle vs. semicircle). The critical dimensions r and d are close in value; thus they
could be affecting the expected value. Thus, the thermal transduction scheme slows the
sensor response by approximately two orders of magnitude. For comparison, Fig. 4.8a also
shows the normalized heater response (as defined above) to a step input of applied power
to the heater under a constant angular acceleration of 1,000 deg/s?>. The resulting

characteristic time constant is 1750 ms. A way to improve the bandwidth of the thermal
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system is by moving the temperature sensors closer to the heater (see also equation (4.37)
and (4.38)). This would result in a faster transient behavior as shown in Fig. 4.8b, but at the
expense of sensor sensitivity (see also equation (4.24)). The thermal time constant of the
system for temperature sensors that are 50 um from the heater is 200 ms. The time constant

increases to 1600 ms when the distance between the heater and the detector increases to

1000 pm.
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Figure 4.9. Simulated (a) sensitivity and (b) bandwidth of the sensor as function of the fluid used:
silicone oil (5 cSt) or air.

In addition, the use of less viscous fluids was considered. Water (1 cSt) and lower viscosity
silicone oil (0.55 cSt) could be used to improve the sensor bandwidth. However, these fluids
have lower vapor pressures and experience evaporation out of the polymeric microtorus.
Thus, we chose the silicone oil (5 cSt) with the lowest viscosity that had little to no vapor
pressure. Figure 4.9 compares the simulated sensitivity and bandwidth of the thermal
angular acceleration sensor for the cases of using either silicone oil (5 cSt) or air as fluid.
The sensor sensitivity of the device drops by roughly three orders of magnitude when
switching to air. The gain in bandwidth is heavily dependent on the distance between the

heater and the temperature sensors. At best, the simulation indicates a one order of
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magnitude increased bandwidth for smaller distances. With temperature sensors being
further away from the heater, the bandwidth becomes independent of the fluid used. It is
believed that thermal losses to the substrate rather than thermal transport through the fluid

are responsible for this fact.
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Figure 4.10. Simulated (a) sensitivity and (b) the bandwidth of the sensor as function of the fluid used
(Silicone QOil or Air) and the release of the structure.

To this end, the effect of thermally decoupling the heaters and sensors from the substrate
on the sensor sensitivity and bandwidth was simulated (Figure 4.10). Thereby, a thermally
decoupled structure was simulated by drawing a rectangular boundary for the heater
“suspended without tethers” in the middle of the channel. The impact of thermally
decoupling the heaters and temperature sensors from the substrate by e.g. micromachining
is significant: using the 5 cSt silicone oil as fluid could lead to a 30x sensitivity
improvement over the unreleased structure; in case of air, the released structure sensitivity
increased by at least two orders of magnitude over the unreleased structure. As seen in figure
4.10b, the release of the heaters and temperature sensors furthermore increases the

bandwidth of the device using the silicone oil as a fluid by a factor of 2 at best. The
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bandwidth approaches that of the unreleased structure if the temperature sensors are located
further away from the heater. The use of air improves the bandwidth by an order of
magnitude if the temperature sensors are located close to the heater, and even by the more
than two orders of magnitude for detectors located farther away from the heater. Thus,
thermal decoupling of the temperature sensors and heaters from the substrate should be
considered; however, would complicate the fabrication process and was not evaluated

experimentally.

4.4 Design and Fabrication

Two main iterations of the thermal u-SCC were designed and fabricated: one uncapped and
the other capped and fluid-filled. The uncapped design will not be discussed. See the
following for more details [122], [241]. The fabrication process for the capped devices is

described below:

4.4.1 Sensor Design

The latest-generation sensor design comprises two or more linear thermal accelerometers
that are placed along the circumference of a microfabricated torus to detect the tangential
acceleration induced by an applied angular acceleration along the torus as illustrated in

figure 4.11.
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(a) (b)

Figure 4.11. (a) 3D-rendered model of bioinspired rotation sensor. The sensor consists of aluminum
resistors for Joule heating and temperature sensing on a glass chip with a bonded PDMS channel layer.
The PDMS layer is cut to show the semi-hemispherical channel cross sections of the torus over the
resistors. The relevant dimension labels are marked on the structure. (b) Zoom-in on heater and
temperature sensing resistors.

Each linear thermal accelerometer comprises a central heating resistor and two
symmetrically placed resistive temperature sensors. Each meandering heater structure with
a heater width of 8 pum covers an area of length and width of 750 um and 390 pm,
respectively, while the temperature sensors are 750 um long and 45 um wide as shown in
4.11b. The minimum number of heaters and temperature sensors to operate the device with
interfering signal rejection is two heaters and four temperature sensors. However,
additional thermal sensors can be placed along the circumference for redundancy and
further signal processing. To simplify the fabrication and packaging process, a half-torus
cut along the plane of rotation was used as the microfluidic channel with minor and major
radii of r and R, respectively. The heaters and the temperature sensors cross the channel
perpendicular to the flow. Each temperature sensor is placed a distance d away from the
heater, where d is roughly the length of the minor radius [215]. To further simplify

fabrication, heaters and temperature sensors are not suspended within the channel, but are
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fabricated on a glass substrate. The glass substrate minimizes the conductive heat losses to
the substrate and maximize heat transfer to the fluid. Lin et al. presented such a non-floating
convective thermal angular accelerometer [242]. The fluid chosen for the sensor is a
silicone oil (Sigma Aldrich), because of its low-vapor pressure (less than 1 pTorr),
relatively high thermal conductivity (0.1 W/m K), and low viscosity (5 cSt) to allow faster
fluid flow. Aluminum was chosen as the resistor material for its high temperature
coefficient of resistance (3900 ppm/K). An aluminum alloy with 3% copper was used in
the final structure to minimize the effect of electromigration [243], [244]. A dielectric layer

of SiO can be added to insulate the resistors from electrically conductive liquids.

4.4.2 Sensor Fabrication

The fabrication highlighted in figure 4.12 starts by depositing 125 nm of aluminum via
sputtering on a glass wafer. The aluminum resistors and connections are patterned and
etched using reactive ion etching (PlasmaTherm ICP). Next, the PDMS torus is formed. To
this end, an inverse aluminum mold for casting the microfluidic channel is built using CNC
milling (HAAS) as described in [245]. A 1/64” square tungsten mill bit was used to create
the semicircular channels. The mill was spun at 25 kRPM. The milling instructions were
created using SolidWorks 2016 HSMWorks. PDMS (Sylgard 184, 10:1 ratio) is cast on the
aluminum mold. After crosslinking the PDMS in an oven at 70 “C for one hour, two sub-

300 pm inlet holes are punctured into the microfluidic channel using a Harris puncture tool.
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Figure 4.12. (a) Fabrication process of latest generation (capped device); (b) Optical image of
fabricated angular accelerometer with microtorus radius R = 2.75mm

The PDMS cover and glass substrate are exposed to an oxygen plasma for one minute (<

200 mTorr, 18 W), then bonded.

The finished devices were wire bonded to a 28-pin ceramic package (Spectrum
Semiconductor Materials) to ease electrical connection to the interfacing circuitry. The
circular fluid channel is filled with silicon oil using a vacuum process [246]. By submerging
the device and package into a fluid under vacuum, the air inside the torus evacuates and is
replaced with the surrounding fluid. Optionally, the fluid-filled packaged device is
afterwards covered with UV-curable epoxy EPO-TEK OG116 (Epoxy Technologies) and

exposed to a broadband UV light source for thirty minutes.
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4.4.3 Wafer-level Packaging and Fabrication

In this section, the possibility of wafer-level liquid encapsulation is investigated to move
the fluid filling of the microtorus from a slow device-level process to a wafer-level process.
Traditional post-fabrication techniques for filling microfluidic channels include submerged
vacuum filling [247] and fluid injection with inlet/outlet sealing post injection [125]. These
methods suffer from bubble formation and slow filling times [246]. On the other hand, in-
process fluid encapsulation [248] is promising for drug delivery, force sensors and tunable

microlenses.

Solid-on-liquid-encapsulation for microsystems can be achieved by a variety of methods.
The most common method involves the condensation of a vapor as solid onto a low-vapor
pressure liquid [248]. While most thin-film deposition techniques allow for solid materials
to be deposited on liquids, internal stresses in the thin film material may cause wrinkling
and potentially film delamination [249]. However, deposited parylene (poly(pxylylene))
thin films do not exhibit internal stresses regardless of thickness [249]. Thus, parylene-
encapsulated liquids have been used for a number of transducers and actuators, including
microlenses [250], pressure sensors [251], and force sensors [252]. In addition, the
encapsulated liquid has been used as a sacrificial layer to create free standing membranes

[253], and fluidic channels [254].

Compared to [241] and the fabrication process described in the previous chapter, the revised
fabrication process described here retains its simplicity while allowing for batch fabrication
and bubble-free filling of the microfluidic channels. The fabrication process takes

advantage of the low vapor pressure of silicone oil and the ability to selectively bead the
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oil by patterning an oleophobic thin film. The process departs from most other liquid
encapsulation schemes in using a lower viscosity oil to allow for fluid flow. In particular, a
silicone oil normally used as a lubricating oil for vacuum pumps has been chosen (ISO 54,

Lubricating Specialties Company, USA).

The silicone oil preferentially wets the oleophilic glass substrate while repelling from
regions covered by an oleophobic film (Green Onions Supply Screen Protector). Contact
angle measurements (Figure 4.13) yield a contact angle of 17° for the silicone oil on glass,
while a much larger contact angle of 70° was measured on the oleophobic film. This contrast

enables the patterning of the liquid in the desired geometry.

(a) (b)

Figure 4.13. Contact angle between silicone oil and (a) glass (17°) and (b) oleophobic thin film (70°).

The fabrication and packaging process is highlighted in Figure 4.14. As before, the
fabrication process starts with the deposition and patterning of 125nm aluminum to form
the resistors of the thermal transducers (Figure 4.14i). The encapsulation process starts with

laser-patterning the oleophobic dry thin film on the glass substrate (Figure 4.14ii).
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Figure 4.14. Wafer-level fabrication process of the thermal rotational accelerometer.

The film pattern allows to dispense not only shape-controlled droplets, but even more
complex microfluidic structures, such as half-tori, of low-vapor-pressure (~ 1 pTorr)
silicone oil (Figure 4.14iii). This is followed by a conformal coating with 1 um of Parylene
C (Figure 4.14iv), enabling rapid bubble-free, wafer-level encapsulation. Figure 4.15
compares silicon oil patterns on a glass substrate with and without the oleophobic film and
demonstrates the size-scalability of the patterned microtorusstructures. The process can be
made more scalable by offering parallel dispensing of the liquid using an array of nozzles

and actuated using a robotic arm. The CVD coating of parylene is inherently a batch

fabrication process.
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Figure 4.15. Bubble-free liquid encapsulation process: silicone oil wetting on glass (a) without and (b)
with patterned oleophobic thin film. (c) size scalability of the parylene-on-oil encapsulation process.
The major radii are 3mm, 2.5mm, 2mm, and 1.5mm. The inner radius in all cases is 0.5 mm.

An optical image of a fabricated sensor with a microtorus radius of R = 2.85mm is shown
in Figure 4.16a. Figure 4.16b depicts a confocal laser microscope image of the channel
encapsulated channel area. The fluid forms an oval shaped cross section with a 5:1 aspect
ratio. Due to the transparency of the fluid and the encapsulating parylene film, the device

was sprayed with paint to allow the confocal microscope to focus.
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Figure 4.16. Optical image of encapsulated bio-inspired angular accelerometer with microtorus radius
R=2.85mm. (b) 3D confocal laser microscope image of a channel with width of Imm and height of
100m; the device was spray-coated with paint to make it opaque for the laser light.

45 Thermal Characterization

A packaged angular accelerometer with the dimensions given in Table 4.1 was placed in
an environmental chamber (ENVEC, Japan) at temperatures from 20 to 90 ‘C to
characterize the temperature coefficient of the thin film aluminum resistors. Figure 4.21a
shows the electrical resistance of a typical heater as a function of temperature. The effective
thin film temperature coefficient of resistance (TCR) is 2100 ppm/K, which is lower than
the bulk TCR of 3900 ppm/K reported for aluminum in the literature [244]. Besides the use
of an Al-1%Cu alloy, the discrepancy could be attributed to the thickness of the resistors
and the thermal coefficient mismatch between the substrate and the resistors as discussed
in [244]. The average temperature elevations of the resistors due to Joule heating from the

applied power are extracted based on the measured TCR (see figure 4.17b).
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Figure 4.17. Thermal characterization of aluminum heating resistors: (a) Electrical resistance as a
function of temperature; (b) Average temperature rise as a function of heating power.

Figure 4.18 is a thermal IR image of the on-substrate heater, which had a thermal efficiency

of ~0.7 *C/mW. This highlights the thermal loss to the glass substrate of the simpler second

design.

Figure 4.18. Thermal IR image of temperature elevation of approx. 10°C (based on calibrated image)
of the aluminum thin-film heaters on glass substrate due to Joule heating with 10 mW applied power.
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4.6 Mechanical Characterization

Rotational motion is achieved by mounting the sensors on a rotary stage driven by a stepper
motor (SureStep 23079), which was controlled using an analog input from a function
generator (Tektronix AFG3022B). For the chosen stepper motor, the angular rate linearly
correlates to the applied voltage. The maximum frequency used with the stepper motor was
5 Hz; higher applied frequencies caused instabilities in the rotation setup. An additional
setup provides linear acceleration (Rockwell Automation MPAS-A6066B). The sensor
output was measured as shown in figure 4.19. The temperature sensors Ri1, Rz, Rz and R4
are arranged in a Wheatstone bridge as shown and connected to an instrumentation
amplifier (TI INA551). Gain and offset were adjusted to achieve high output voltages
without clipping. The amplified signal is passed through a passive 1,000 Hz low-pass filter
to eliminate high-frequency noise. In this work, the instrumentation amplifier gain was set
at 5,000. The applied bridge voltage was 1 V. The heater power was set to 20mW,
corresponding to an average temperature increase of approx. 15 °C. The amplified bridge
output voltage is displayed on an oscilloscope (Tektronix TDS2022C) for direct viewing.
A sample image capture of the oscilloscope is shown in Figure 4.24b for a sinusoidal 0.5
Hz rotation at a maximum angular acceleration of 1250 deg/s?. The output of a reference
gyroscope (Murata ENC-03R) is shown in blue and the tested sensor output is in yellow.
In addition, the amplified and filtered sensor output is connected to a lock-in amplifier
(Stanford Research Systems 830) for recording the signal amplitude via a DAQ board (NI
PCI1-6251). The instruments are computer-controlled via GPIB connections. The interface

circuitry is powered by two D cell batteries (9.6V), reducing the number of connections to
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the test set up. A slip ring (Adafruit Industries) was used to connect the rotary stage to the

experimental setup.

(a) (b)
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Figure 4.19. (a) Interfacing circuitry (amplification and filtering) for the sensor with the block diagram
of the Wheatstone bridge circuitry overlaid over the sensor physical layout. The amplified and filtered
output voltage of the Wheatstone bridge is output to an oscilloscope and connected to a lock-in
amplifier; (b) a sample oscilloscope screenshot of the output of the circuit in yellow and a reference
gyroscope shown in blue is shown for a 0.5 Hz sinusoidal angular acceleration with a peak angular
acceleration of 1250 deg/s?. The observed 90° phase shift is indicative of the commercial gyroscope
output being proportional to the applied angular rate, while the biomimetic rotation sensor generates
a signal proportional to the angular acceleration.

The device is tested under harmonic motion excitation at 0.5 Hz. Thus, the angular position

0 will be 6= A -cos(wt), with being @ =2z f . The velocity will be

v=9% - A-sin(at) = —o- A-cos(at — )
dt 2
The acceleration will be a(t) = —a*- A cos(at) . The output from the angular accelerometer

(orange) should be 90° out of phase with the angular velocity output (blue) from the
commercial gyroscope. The observed 90° phase shift is indicative of the commercial
gyroscope output being proportional to the applied angular rate, while the biomimetic

rotation sensor generates a signal proportional to the angular acceleration. This gives us
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confidence that the proposed biomimetic device operates as an angular accelerometer, not
as an angular velocity/rate sensor. This is validated by the paper from [64] which also

showcases a 90° phase shift to the commercial gyroscope.

4.6.1 Sensitivity/Cross-Axis Sensitivity

Figure 4.20a shows the measured output voltage of the device to applied angular
accelerations around three axes. The tested sensor has a sensitivity of 124 pVms/(deg/s?)
for angular accelerations up to 2,000 deg/s? at 1 Hz applied in the plane of the microtorus.
The measured devices cross-axis sensitivity to angular accelerations around the other two
axes is more than an order of magnitude (25-fold) smaller than for the in-plane rotation
around the z*-axis. This is consistent with the simulation results (Figure 4.7a). Using the
measured TCR of the temperature sensors and the circuitry of the Wheatstone bridge, the
simulated temperature difference in Figure 4.7a can be translated into an effective voltage

signal to compare with experimental results in Figure 4.25a.

This transduction coefficient is calculated to be 10.5 mV/mK. Compared to the simulation
result in figure 4.7a of 33 uK/(deg/s?), the experimental result in Figure 4.20a is about a
factor of ~3 smaller. Because of lack of proper material property characterization in terms
of thermal properties of the silicone oil used, both in terms of absolute value and
temperature dependence, one must be careful to compare experimental and simulation
absolute values. Moreover, the temperature sensors average the temperature over their
entire length, while the simulation averages the temperature only inside channel. This leads
to expected lower experimental values compared to the simulated data. Figure 4.20b shows

the cross-axis sensitivities to linear accelerations in X'and y"-directions. Thereby, the applied
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linear accelerations are converted into equivalent angular accelerations, to allow for
comparison with the angular acceleration sensitivity on equal footing. To do this, the
applied linear accelerations were converted to angular accelerations by dividing them by
the major radius of the microtorus. Considering equivalent angular accelerations, the
measured linear acceleration sensitivity is about -50 dB compared to the sensitivity of the
in-plane angular acceleration, highlighting the suppression of linear acceleration signals
even in the case of the thermal sensing principle by using four temperature sensors (and

two heaters) properly connected in a Wheatstone bridge (see Fig. 4.19).
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Figure 4.20. (a) Measured sensor output voltage as a function of the applied angular acceleration for
rotations around three axes. (b) Measured sensor output voltage as a function of the applied angular
acceleration around z-axis and linear accelerations along the Xand y*-axis. The measurements were
taken at a frequency of f =1 Hz with a power of 20 mW applied to the heater. Linear accelerations are
converted into effective angular accelerations using the microtorus major radius R = 2.75mm.

The rejection of linear acceleration signals in case of a complete microtorus structure can
also be demonstrated by mounting the sensor off-center on the rotation stage. Figure 4.21
compares the performance of the device, i.e. the output voltage as a function of the applied
in-plane (z"-axis) angular acceleration, for the case of mounting the sensor in the center of

the rotation stage and 2 cm off axis, which adds tangential and centrifugal accelerations
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acting on the sensor. The measured on-axis rotational sensitivity of the sensor for 1 Hz
rotation is 124 pV/(deg/s?), while the measured off-axis rotational sensitivity is 127

uV/(deg/s?), indicating again a good rejection of linear acceleration signals.
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Figure 4.21. Measured sensor output voltage at a frequency of f =1 Hz as a function of the applied
angular acceleration around z-axis when the device is centered on the experimental setup and placed 2
cm away from the center.

4.6.2 Frequency Response

The measured normalized frequency response of the packaged sensor is shown in figure
4.22, along with the simulated behavior using harmonic excitation at different frequencies
up to 5 Hz and based on the analysis of the simulated step response. Thereby, the frequency
response was calculated from the thermal step response using the system identification
toolbox in MATLAB (MathWorks). The biomimetic thermal sensor has a second-order
transfer function with corner frequencies at ~0.16 Hz and ~1 Hz. The frequency behavior

of the measured output under harmonic angular acceleration oscillation compares well to
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the simulated harmonic output and the fitted transfer function of the step response, as

discussed in section 4.4.
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Figure 4.22. Normalized sensor sensitivity to angular accelerations applied around the z-axis as a
function of frequency, with crosses showing experimental results under harmonic excitation, squares
showing simulated results under harmonic excitation and circles the transfer function obtained from
the simulated response of the sensor to a step input.

4.6.3 Plugged Behavior

To understand and observe the sensor behavior more fully, a plugged torus was also
fabricated. This helps isolate all the different forces acting on the system. The complete
torus will be sensitive to both inertial and buoyancy force for angular acceleration and linear
acceleration perpendicular to the sensor. In contrast, the plugged one will only sense

buoyancy forces [37], [155], [198].

Figure 4.23 shows the effect of plugging the device. A horseshoe-shaped (an incomplete
torus with a 10-degree break) channel with the same major and minor radii was bonded
and tested under the same conditions as the unplugged device (figure 4.20b). By blocking

the path of the fluid in the torus, the sensitivity of the sensor to in-plane angular
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accelerations around the z*-axis is as expected reduced, with the measured rotational
sensitivity in the plugged sensor being only 9 uV/(deg/s?), compared to 124 V/(deg/s?) in
the unplugged torus. At the same time, the sensitivity to linear accelerations is increased.
The measured tangential linear sensitivity increased to 2400 nV/(deg/s?) from 360
nV/(deg/s?) in the unplugged case. As well, the perpendicular direction experiences an
increase from 480 nV/(deg/s?) to 720 nV/(deg/s?). This illustrates the effect of the
unplugged torus as a geometric constraint in promoting the rotational acceleration and

rejecting the linear accelerations.
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Figure 4.23. Measured sensor output voltage as a function of the applied angular acceleration around
7-axis and linear accelerations along the X'and y™-axis for a sensor with horseshoe-shaped microtorus
with a 10° gap. The measurements were taken at a frequency of f = 1 Hz with a power of 20 m\W applied
to the heater.

4.6.4 Noise and temperature stability

While a detailed noise analysis and optimization is subject to future work, the current limit
of detection can be estimated from signals recorded using the oscilloscope (see setup Figure

4.16). As an example, Figure 4.24 shows the amplified and low-pass filtered sensor
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response to a 1,250 deg/s® square-wave signal applied at 0.5 Hz. With an extracted
sensitivity of approx. 320 p\V/deg/s?, the observed noise level of + 10 mV translates to an
estimated limit of detection around 30 deg/s?. This can likely be further improved by
limiting the bandwidth of the low-pass filter (currently 1,000 Hz). For comparison, the
noise seen from the lock-in amplifier (see error bars in Figure 4.20b) is only of the order

of + 0.5 mV, which would correspond to a limit of detection of roughly 5 deg/s?.

However, this does not take into consideration the long-term stability and drift experienced
by the sensor. The main two possible sources of drift are the heaters and temperature
sensors experiencing electromigration due to Joule heating, and the other is the leaking of
fluid out of the device due to improper sealing. The first is addressed by using an
aluminum-copper alloy that minimizes electromigration as described in section 4.4.1. A
proper hermetic seal using the parylene-on-oil process addresses the second issue. The
initial fabrication process suffered from loss of fluid due to both evaporation and improper
sealing during fabrication. The long-term drift experienced by the sensor can be addressed
in practical terms by recalibrating the sensors to a known value to reestablish a proper
baseline. According to [224], self-test circuit for continuous checking of the integrity of
the heater, detector and associated circuitry of the accelerometer can also be made available

to increase the device reliability as shown in [255]-[257].
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Figure 4.24. Amplified and low-pass filtered (1,000 Hz cut-off frequency) sensor (orange) and reference
gyroscope (blue) signal for an applied square-wave angular acceleration of 1,250 deg/s? at 0.5 Hz. The
extracted sensor sensitivity is 320 pV/deg/s? with a noise level of approx. £ 10 mV, resulting in an
estimated limit of detection of 30 deg/s?.

4.7 Conclusion

Table 4.2 summarizes the device sensitivity and cross-axis sensitivities. Thereby, notation
S jj is used to describe the sensitivities, where i is applied axis of rotation, and j is the
measured axis of rotation. For linear accelerations, the notation is Sck, where k is linear

acceleration axis.

The demonstrated bioinspired angular accelerometer mimics the semicircular canals of the
mammalian vestibular system, but uses a thermal transduction mechanism to allow for a
simple two-mask fabrication. Multiple thermal flow sensors, properly designed along the
fluid-filled microtorus and connected in a Wheatstone bridge, suppress interfering signals
from cross-axis angular accelerations and linear accelerations even in the presence of

buoyancy effects.
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Table 4.2- Summary of device performance

Sensitivity Units This work
Sz uV/deg/s? 124
Sxz uV/deg/s? 3.8
Svz uV/deg/s? 4.3
Sex mV/m/s? 75
Sey mV/m/s? 10

Sex /S zz dB -50.7

Sgy/S 7z dB -48.2

The device improves on the cross-axis insensitivity of thermal inertial sensors. However,
it still lags other sensors in bandwidth and power consumption. These issues can be
addressed based on techniques used for current commercial linear thermal acceleration
sensors. The device’s power consumption can be improved by pulse-operating the device
or thermally insulating the heater and temperature sensors using micromachining
techniques. The low bandwidth caused by the use of the fluid [231] can be overcome by
thermally insulating the heater and temperature sensors using micromachining or operating
the device in a closed loop configuration with a PID controller [239]. The required
micromachining steps would however complicate the fabrication process. Another solution
is characterizing the device transfer function and adding a compensating transfer function
to the output to increase the bandwidth, as used by commercial thermal linear
accelerometers [258]. It is believed that the incomplete encapsulation of the closed channel
due to the inlet holes leads to non-optimal cross-axis rejection. The devices actual dynamic
range was only tested up to 2,000 deg/s® due to test setup limitations and is likely
considerably higher. Further characterization of the zero-rate drift and the noise level need

to be performed to accurately determine the limit of detection of the current sensor.
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CHAPTER 5. MAGNETIC BIOMIMETIC ANGULAR

ACCELEROMETER

In this chapter, we introduce the magnetic transduction mechanism for the proposed
angular acceleration sensor. The chapter will begin by describing the working principle as
well as the design and simulation of the magnetic hair cell-based sensor. Furthermore, the
fabrication and characterization of the magnetic inertial sensor will be presented. Finally,

preliminary results of the mechanical testing will be shown and analyzed.

5.1 Concept

As discussed in section 4.7 on thermal transduction, the main limiting factors of the
bioinspired thermal angular accelerometer were the slow response time and thus limited
bandwidth, and the high power needed to create the needed temperature gradient. In section
3.2.3, we discussed different options for power efficient and responsive mechanisms. An
alternative approach is the use of a permanent magnet, which intrinsically produces a
gradient in the magnetic field (rather than a temperature gradient). Exploring this intrinsic
magnetic field gradient for sensing eliminates the need to actively power the structure to
establish a temperature gradient. Thus, a small flexible permanent magnet in conjunction
with a power-efficient magnetic sensor may overcome the power challenges faced by the
thermally transduced device. Another benefit of a magnetically-transduced sensor is its fast
response, which ensures that the sensor will only be limited by the mechanical response of

the torus.
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Figure 5.1 (top) (a) Distribution of the lateral line on the scales of fish. (b) Localization of the superficial
neuromasts exposed to freestream flow and the canal neuromasts within small channels. (c) Zoomed-
in illustration of the superficial neuromasts (SN). (d) Zoomed-in illustration of the canal nheuromasts
(CN). Image adapted from [259], [260]. (bottom) Concept of a magnetic hair cell, where the flexible
permanent magnet mimics the hair cells, while the magnetic sensor mimics mechanoreceptors; adapted
from [141].

In [141], our collaborators our collaborators at KAUST proposed bioinspired flow sensors
using flexible magnetic pillars produced using magnetic nanowires embedded into PDMS
micro-pillars. The design is inspired by lateral flow lines in fish that detect fluid flow while
in motion [207]. Based on the biophysical model of the lateral flow lines summarized by
Shizhe et al. [260], the local free-stream acceleration is correlated to the hair cell deflection
of the canal neuromasts. The inspiration and the idea of the flow sensor is shown in figure

5.1.

Moreover, a recent in vitro study of live auditory frog hair cells used magnetic
nanoparticles, attached to hair cell cultures using antibodies, to probe the hair cell
movement by a magnetic sensor while actuating using an external magnetic field [261]. An
illustration of the setup is shown in figure 5.2. This study demonstrates the ability to detect

small deflections (on the order of nanometers) of magnetically-activated hair cells using a
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nearby magnetic probe and encouraged the development of the bioinspired magnetic hair-

cell readout in this work.
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Figure 5.2. (top) Schematic diagram of the magnetic probe stimulating a single hair bundle with
magnetic nano particles attached. (bottom) Frequency spectrum response of bundle motions, entrained
at 10,000 Hz. The inset shows the tracked bundle displacement. Image adapted from [134].

By adding a geometric toroidal closed-loop constraint, we can convert the flow sensor into
an inertial rotation sensor. This concept was originally demonstrated by Ando et al. on the
macroscale by integrating a ferrofluid in a toroidal channel with electro-active polymers as
the mechanical transducers [262]. Thus, to realize this concept on the micro-scale, we
combine two design elements: the microfluidic closed-loop torus and the mechanical hair
cells. The microfluidic closed loop torus was analyzed extensively in section 3.3. In the

following subsection, we discuss previous attempts to create magnetic artificial cilia.
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5.1.1 Bioinspired Magnetic Cilia

As described in section 1.2.4.2 and 2.2.5, hair cells are nature’s mechano-electrical
transducers. The hair cell is a biological sensor consisting of a long pillar/rod that is
connected to stress-sensitive sensors at its base. The sensors are responsive to stress

caused by the deflection of the long pillars.

Recently, magnetic micromachined hair cells have been developed for a variety of possible
applications including actuation of cell cultures [263], force sensors [264], microfluidic
pumping [265], [266] and sensing fluid flow in microfluidic devices [141]. To create these
artificial magnetic hair cells, a high-aspect ratio flexible magnet is placed in close proximity
to an array of magnetic sensors. The first successful implementation of this principle was
to demonstrate sound transduction for an artificial cochlea by McGary et al. [267]. Evans
et al. [268] created soft polymer-based artificial hair cells by mixing PDMS with a
ferrofluid, but demonstrated magnetic actuation only. Others [269], [270] continued to use
these polymeric magnetic hair cells for actuation of fluid flow, until Hein et al. initially
proposed the use of magnetic nanowires on giant magnetoresistive (GMR) sensors as flow

sensors [271].

The microfabricated flexible magnets are the first part of this sensing system and are
typically magnetic composites, where a soft elastic material such poly-dimethylsiloxane
(PDMS) is mixed with a ferrofluid or magnetic powder, such as nickel iron cobalt alloys
including those made by [272], [273]. The second part of this flow sensing system is the
magnetic sensing element. There are many varieties of magnetic to electric transduction

mechanisms that have been introduced over the years. These different underlying
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transduction mechanisms, including Hall effect, the anisotropic magnetoresistance (AMR),
giant magnetoresistance (GMR) or giant magnetoimpedance (GMI) and tunneling

magnetoresistance, are presented in figure 5.3.
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Figure 5.3. Different magnetic sensing technologies as adapted from [274], including (a) Hall effect, (b)
anisotropic magnetoresistance (AMR), (c) giant magnetoresistance (GMR) or giant magnetoimpedance
(GMI), and (d) tunneling magnetoresistance (TMR).

Hall effect magnetic sensors transduce an applied magnetic field into an electrical voltage
across an electrical conductor. Due to its limited sensitivity, the output signal is sometimes
amplified using a magnetic flux concentrator. Hall effect sensors have relatively large
power consumption requirements (on the order of 5-20 mW) [274], despite current low-
power hall effect sensors [275] that are still noisier than the alternatives. Magnetoresistance
(or impedance) is a material property where the electrical resistance (or impedance) is a
function of the applied external magnetic field caused by a variety of effects. AMR depends
on the angle between the electrical current and the applied magnetic field. AMR offers a
slight improvement in power consumption, two-orders of magnitude higher sensitivity than
the Hall effect, but smaller dynamic range [274]. GMR improves on the sensitivity by less

than an order of magnitude, with a similar dynamic range as AMR [274].

A multi-layer TMR sensor is a good candidate to sense the change in the magnetic gradient
due to fluid flow. The three main layers in a TMR element are, from bottom to top: a pinned

ferromagnetic layer, the tunnel barrier layer, and a free ferromagnetic layer [276]. The
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tunneling resistance of TMR sensors is sensitive to external magnetic fields. TMR offers
good temperature stability, the highest sensitivity and best power performance [277], [278].
However, the fabrication process for TMRs is typically more complicated. In addition to
fabrication complexities, there are some limitations that need to be overcome with using a
magneto-electric transduction effect to sense fluid flow. The first is the stability of the
magnetic properties of the flexible hair cell submerged in a fluid over an extended period
of time. Finally, TMR offer an excellent noise performance as shown in figure 5.4, with
only the larger in size fluxgate sensors having a better noise performance However, based
on figure 5.4b, we might need to shield our devices as the laboratory environment will

overwhelm the TMR sensor and we will not reach the sensors limit.
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Figure 5.4a Magnetic sensor noise levels, adapted from [277] highlighted in dashed green line is typical
lab noise levels. The noise level of our device at 1 Hz is marked with an x (bottom). Environmental
noise levels are orders of magnitude higher than those of the TMR sensors. [279]. Environmental noise
levels are orders of magnitude higher than those of the TMR sensors. [279].
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Figure 5.4b (continued) Environmental noise levels are orders of magnitude higher than those of the
TMR sensors. [279].

5.2 Magnetic pSCC Design

Figure 5.5. 3D rendering of proposed design with fluid-filled half-torus of major radius R, and minor
radius r, flexible magnetic pillar with height H and pillar radius rp and magnetic sensor(s). The insert
shows details of the magnetic hair cell.

The design of the magnetic uSCC consists of three components (see figure 5.5): The first
is the microfluidic microtorus. The semi-hemispherical channel will be similar to the
channel presented in section 4.4; it is easy to fabricate and meets the required geometric
constraint. The second component is the magnetic hair cell. The hair cell is responsible for
passively generating a symmetric magnetic field distribution across the magnetic sensors,
the last component of the system. The magnetic field distribution will be disturbed when

the hair cell is deflected by the drag force of the fluid flow induced by an applied angular
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acceleration. The magnetic sensing elements complete the system, where proper and
strategic care and planning are needed for placing the sensing elements relative to the hair

cell(s).

5.2.1 Sensor Design Considerations

There are a few sensor design requirements that need proper evaluation, and will guide the
design of the system. The power requirements for the bio-inspired magnetic sensors are to
consume less than 1 mW. Based on that, TMR sensors are chosen and consume on the
order of 10-100 uW [274]. The tradeoff between power consumption and signal stability
needs to be evaluated. The TMR magnetic sensor’s stability comes at the cost of higher
power consumption [141]. In addition, the sensor’s bandwidth should only be limited by
the mechanical response of the torus, with that being on the order of 20 Hz. Also, magnetic
sensors are susceptible to all magnetic fields including the Earth’s magnetic field or
magnetic fields generated by electronic equipment. Such fields can be orders of magnitude
larger than the intended signal stemming from the flexible permanent magnet. Thus, in
order to sense the small output signals, proper sensor design must suppress signals from
such interfering magnetic field sources. These requirements and limitations are taken into
consideration as we discuss the working principle of the proposed magnetic pSCC sensor

in the next section.

5.2.2 Working Principle

The basic working principle of the magnetic cilia is that the drag-force deflection of the
magnetized hair cell causes an asymmetry in the magnetic field distribution around the hair

cell, which is sensed by at least two magnetic sensors embedded below it. In case of
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magnetoresistance sensors, the change in the magnetic field causes a change in the
resistance of the element. The main goal is to create a large magnetic field gradient which
upon deflection can be locally sensed by the magnetic sensor. Thus, a large magnetic field
is not necessary as long as there is a large magnetic gradient. A large magnetic field can
cause a DC bias of the magnetic sensors, thus moving them into a less sensitive or even an
undesirable saturated region of operation. As shown in figure 5.6, there are two proposed
structures: one with the magnetic pillar fixed to the bottom of the channel (upright design),
and the other with the pillar fixed to the ceiling of the channel (chandelier design). The
magnetoresistors are arranged in a Wheatstone bridge configuration to eliminate common-
mode signals and amplify the desired differential signal as shown in figure 5.6b. In both

cases, the magnetic sensors are embedded in the bottom substrate.
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Figure 5.6. (a) Working principle of sensing the fluid flow using flexible magnetic elastomer pillars: the
viscous drag from the laminar fluid flow (arrows) deflects the magnetized flexible pillars causing an
asymmetry in the magnetic flux density that can be sensed by strategically-placed magnetic sensors with
two different hair cell configurations: upright vs. chandelier down; (b) Wheatstone half-bridge

configuration.

5.2.3 Magnetic Hair Cell Design

An example of fabricated magnetic hairs cell or cilia structures is presented in figure 5.7.
The shown structure mimics the natural staggered bundle of cilia [159], but the designer

can shape the cilia or cilia array and, thus, the resulting magnetic field distribution to suit
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their needs. The high aspect ratio structure allows for reduced stiffness to increase the
sensitivity of the device. Moreover, the structure is tapered at the base for fabrication

stability and adhesion robustness.

@) (b)

Human Hair

Side view  Front view

Figure 5.7. Optical images of fabricated magnetic hair cell bundle: (a) a human hair is shown side-by-
side with the magnetic hair cell for reference; (b) A ruler with a 1 mm spacing between two marks is
shown with the magnetic hair cells for reference.

The cross-sectional shape of the hair cells is a design parameter and its impact will be
investigated using numerical modeling in section 5.3.2. A flat rectangular beam is likely to
be the best candidate for flow coupling and reduced stiffness. A circular or a crescent shaped
hair are other potential options and are presented in figure 5.8. The asymmetrical shape of
the crescent structure might be useful to counteract any magnetic non-linearity, and could

mimic the asymmetric response of hair cells in nature [38].
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Figure 5.8. Three different potential cross-sections of the fabricated magnetic hair cells from left to
right: rectangular, circular, crescent-shaped.

Another design consideration is the magnetic material and the resulting material properties
of the hair cells. The base elastomeric material chosen for the micropillar is PDMS, since
this is also the material used for building the semicircular microtorus. It is specifically
chosen for its low Young’s modulus value, making the pillars highly elastic and easy to
bend even at small flow velocities. The magnetic material chosen for this work is a nickel-
iron-based magnetic powder. The magnetic material concentration relative to the elastomer
material will affect both the stiffness and the magnetization strength retained by the hair
cell. More magnetic material will make the hair cell stiffer, but will also increase the

magnetic field so a tradeoff between the two needs to be considered.

Finally, the distribution of the magnetic materials within the hair cell itself is a design
parameter. Two potential arrangements are a uniform distribution of the magnetic powder

throughout the elastomer or a concentration at the tip.

5.24 TMR sensor design

The tunneling resistor geometric structure, configuration and layout are of utmost
importance to ensure high sensitivity, stability, no hysteresis, low noise levels, cross signal
and common-mode rejection. Additional design criteria are the placement and orientation

of the sensors relative to the channel, each other and the hair cells, the number of
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magnetoresistor elements and the spacing between elements. The shape and area of each
resistor element is important for noise and stability performance [280]. Two different
approaches to meet these requirements include either a commercially available TMR
Wheatstone bridge based on linear magnetic sensors as discussed in section 5.5.2 or a

customized in-house TMR Wheatstone bridge sensor.

Design 1 Design 2

Vi V. V,. GND GND V,, V. Vg

Vya V. GND V., Va

Ry

Design 3
Vi V, GND V,. Vg

Figure 5.9. Design examples for Wheatstone bridge including four tunneling magnetoresistance
sensors with respect to fluid channel and hair cell structure (circle). A clockwise fluid flow is applied
causing a flexible magnetic pillar (circle) in the center to deflect. The deflection causes a shift in the
magnetic field, thus the resistors will increase (green arrow) or decrease accordingly. The magnitude
of change is indicated by the size of the arrow.
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To better explain the different configurations shown in figure 5.9, a clockwise fluid flow
is applied inside the channel. The fluid flow will deflect a flexible magnetic pillar in the
center of the channel to the right. The resistors are placed symmetrical to the magnetic
pillar and are designed to sense the magnetic field component perpendicular to their length
direction based on the magnetization step. The change in magnetic field experienced by
each resistor will be dependent on the location and orientation of the resistors. Maximum
magnetic sensitivity is assumed when the resistors are perpendicular to the flow, while

minimal when parallel to it.

Based on those assumption, design 1 places all four resistors inside the channel oriented
perpendicular to the channel. R1 and R4 are on one side of the hair cell while Rz and R3
are on the opposite side. R1 and R4 increase with R4 experiencing more resistance change,
while R and Rs decrease, with Rz decreasing more in magnitude. Based on the
interconnections shown in design, the Wheatstone bridge will experience non-maximal
change. Another configuration is shown in design 2 that gives more flexibility to the
designer. By proper connections as shown in design 2 via wirebonding, a full Wheatstone
bridge configuration achieving largest output voltage change for the applied fluid flow is
achieved. Two more factors to consider are placement of the resistors inside or outside the
channel and the orientation of the resistors. In designs 1-3, all resistors are placed within
the channel, experiencing the same flow and temperature. Design 4 puts the reference
resistors Ry and Rz outside the channel and further away from the hair cells influence. In
designs 3 and 4, R1 and R are rotated by 90 degrees to minimize their sensitivity to the
external magnetic field from the pillar. These configurations are half-Wheatstone bridge

designs.

135



(b)

Figure 5.10. Different TMR-based Wheatstone bridge designs with (a) resistor distance from the hair
cell increasing from left to right; and (b) number of resistors increasing from left to right.

Another way to control the sensitivity and behavior of the system is controlling the distance
between the location of the hair cell and the magnetoresistors as well as the number of
elements per resistor as shown in figure 5.10. It is hard to predict the effect of the distance
between the resistors and the pillars, due to the effect of misalignment during the
fabrication process. Simulation results in section 5.3.1 will consider this issue. On the
number of elements per resistor, more elements increase the resistance while allowing for
high bias voltages, thus increasing the sensitivity of the device. Also, more elements will

lead to spatial averaging of the signal and reduce any high-frequency magnetic noise.
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5.3 Numerical Simulations

Numerical simulations were performed using COMSOL to get a basic understanding of the
device operation and the sensitivity to be expected. The response of the angular acceleration
sensor is dependent on the design and placement of the flexible magnetic cilia and the TMR
sensors, where the deflection of the cilia changes the magnetic field sensed by the magnetic
sensors. The following simulations have been performed: 1. A basic study of the magnetic
field distribution as a function of the shape and magnetization of the magnetic cilia, as well
its location with respect to the magnetic sensors; and 2. a fluidic-structural interaction
simulation of the flexible magnetized pillars to get an idea of the cilia deflection to be
expected. After those two components are verified, the simulations are coupled to predict
the expected magnetic field magnitude change at the sensor locations due to a given
rotational input. As will be seen, the response of the magnetic angular acceleration sensor
is highly dependent on the artificial cilia characteristics (both mechanical and magnetic),

and to a lesser extent, on the TMR sensor’s behavior.

5.3.1 Magnetic Simulation

The simulation of the magnetic field generated by the cilia was performed using COMSOL
5.3a using the Magnetic Fields, No Currents module. The simulations are used to (1)
evaluate the effects of magnetization direction, (2) study the effects of the alignment and
placement of the hair cell relative to the sensors, (3) compare the performance of different
configurations (chandelier vs. upright), and (4) calculate a nominal value for expected
change in magnetic flux density per 100 nm of deflection. This information will guide the

design of the magnetic uSCC.
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An initial 2D simulation was used for basic intuition validation. However, the results and
figures in this section are based on 3D simulations. Table 5.1 summarizes the material

properties and the dimensions used in these magnetic simulations.

Table 5.1. Geometric and material properties used for fluid structure interaction simulations.

Symbol Quantity Value Units
r Celia Radius 45 1m
h Celia Height 450 “m
g Gap 20 um
W Element width 3 “m
I Element height 50 4m
M Magnetization 140 kKA/m

The assumptions are that the pillar is uniformly and isotropically magnetized in a single
direction. A magnetization domain condition was applied to the hair cell based on the
values found in [141], [264], [281]. The remanent magnetic moment calculation from the
vibrating sample magnetometer yields values on the order of 1-10 pA-m? or memu. To
apply the magnitude of the magnetization domain condition M to the hair cell, the magnetic
moment is divided by the volume of the hair cell (2.86-10"2 m®). The initial direction of the
magnetization was parallel to the long axis of the hair cell (z-axis). The hair cell is set up

in the upside-down configuration (chandelier), with a gap of 20 um.

In figure 5.11, the distributed magnetic field lines (shown only around the south pole) of a

z-axis magnetized pillar suspended over a linear array of magnetic sensor is presented. The
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sensors placed along the line A-A’ in figure 5.11 are symmetrically placed with distances
of 25, 50, 75, 100 and 125 um away from the centered hair cell. To reduce the effects of
meshing, the magnetic flux density inside a domain of volume 50x3x10 pum (representing

a hypothetical sensor) is averaged to calculate the desired magnetic flux density.

103 mT

Fixed BC

Gap between pillar
.. | and sensor
e ——

38 mT Sensors at bottom

Figure 5.11. 3D rendering of the magnetic finite element physics simulation. The screen capture details
a naively-tilted hair cell by 5 degrees. The z-axis magnetized hair cell is suspended at the top of the
with a 20 pm gap between the bottom of the hair cell and the sensors below it. The red arrows highlight
the magnetic field lines, while the contour lines are iso-flux density, with the color legend showcasing
the magnitude of the magnetic flux density on the surface of the magnet in mT.

It can be noticed that the magnetic field lines are concentrated -as expected- near the base
of the pillar. It is expected that the high gradient near the tip of the magnet can be exploited

to achieve higher sensor sensitivities for the chandelier design.

To model the change in magnetic flux density as a function of hair cell deflection, a
simplistic parametric model of the beam’s x-axis deflection to relevant fluid flow
magnitudes was applied to the geometry of the cylinder as a prescribed displacement. The
cylinder was extruded from the fixed circle along a parametric line with parameter s

between 0 and 1.
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Figure 5.12. 2D cross section of the center along the plane passing through line A-A’ showcasing the
pillar and the with the linear array of magnetic sensor locations. The contour lines show lines of equal
magnetic flux density magnitude from 2-40 mT in increments of 2 mT; (a) zoom-in on the tip of the
hair cell experiencing no deflection; (b) zoom-in on the tip of the hair cell experiencing 20 pm deflection
at the tip with a silhouette of the pillar under no deflection; (c) an exaggerated illustration of the of the
prescribed displacement of the hair cell, with the magnetization axis illustrated in the bottom left. The
grid is in pm. The parametric equations describing the dashed line is used to extrude a circle into the
desired hair cell shape.

The expression for this set of parametric equations for the line for dimensions < x,y,z > are

x=a-s’;y=0;z=450-s with aas the maximum deflection in um experienced at the

bottom of a suspended hair cell, while keeping the magnetization magnitude and direction

constant.
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Figure 5.12 shows the effect of the deflection of the pillar on the magnetic field lines. A
deflection at the tip of the flexible permanent magnet results in a variation in the magnetic
flux density magnitude sensed just below it. It can be observed that the contour lines shift
to the right about 20 um as well (the same amount as the deflection). The magnetic flux
density difference observed along line A-A’ (see figure 5.13) can point towards an optimal
location for the magnetic sensor relative to the hair cells. A distance of roughly 50-75 um
away from the center (i.e. just on the edge of the hair cells initial location considering the

hair cell radius of 45 um) provides the maximum change.
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Figure 5.13. Differential signal of magnitude flux density magnitude along line A-A’ for three different
deflection values (5, 10, and 20 pm) relative to the no deflection case.

Figure 5.14 shows the magnetic flux density magnitude in the sensitive x-direction as a
function of deflection for two symmetrically located sensors 25 pm away from the edge of
the centered hair cell, and the difference between the two signals. It can be seen that each
sensor is experiencing a DC bias of roughly 16 mT. However, the difference signal under

no deflection is near zero, highlighting the benefit of the differential setup.
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Figure 5.14. Magnetic flux density magnitude in the sensitive x-direction as a function of z-axis
magnetized celia deflection for two symmetrically located sensors 50 pm away from the center of the
centered hair cell, and the difference between the two signals.

Proper alignment is crucial for the sensor’s performance. Figure 5.15 shows the differential
signal of magnitude flux density magnitude as a function of celia deflection for four
different alignments of the hair cell. Thereby, the sensors are shifted along the line A-A’
to the right. It can be observed that with a 50 um shift the sensor’s output behavior inverts
and has a 35 mT bias under no deflection. The output becomes nonlinear and asymmetric
with a 100 pum shift. Under a 150 pm shift, the DC bias goes down to 5mT with a lower
sensitivity than the centered case and similar in sensitivity to the 50 um case. The linearity
and the sensitivity are thus highly dependent on location. This shows that proper TMR
sensor placement and alignment are key for optimizing the performance of the proposed

device.
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Figure 5.15 The effect of misalignment along line A-A’ on the differential magnetic flux density
magnitude in the sensitive x-direction as a function of deflection for two symmetrically located sensors
50 pm away from the centered hair cell.

The effect of the angle of the magnetization is presented in figure 5.16 as the differential
signal of magnitude flux density magnitude along line A-A’ for five symmetrical paired
sensors 25, 50, 75, 100 and 125 um away from the centered hair cell. The maximum
sensitivity is for the 50 um sensor pair for z-axis magnetization, while the maximum is
sensed by the 75 pm pair for the x-axis magnetization. However, the 25 um pair shows
non-linearities for both magnetizations. Based on a factor of roughly two in the best-case
sensitivity improvement in z-axis over the x-axis best-case sensitivity, it seems overall that

marginally better to magnetize the hair cell along its long axis.
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Figure 5.16 Differential signal of magnitude flux density magnitude along line A-A’ for five
symmetrical paired sensors 25, 50, 75, 100 and 125 pm away from the centered hair cell for: (a) z-axis

magnetization; (b) x-axis magnetization.

Another factor to consider is the configuration of the sensor (see figure 5.6). The results of
this section up to this point were from the chandelier configuration. Figure 5.17 shows
results for the upright design, again for the case of five symmetric sensor locations. As can
be observed the sensitivity to deflection is low, and highly sensitive to sensor location. The

chandelier design offers a more attractive option/configuration for our differential sensing

purposes.
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Figure 5.17 Differential signal of magnitude flux density magnitude along line A-A’ for five
symmetrical paired sensors 25, 50, 75, 100 and 125 pm away from (left) an upright for z-axis
magnetized centered hair cell (right) a z-axis magnetized centered chandelier hair cell as a function of
deflection.

Conclusions

This section on magnetic simulation was documented and used to guide the design choices
of the sensor. The chandelier design can increase the sensitivity substantially, and is more
location tolerant than the upright design. The edges of the hair cells show a strong magnetic
field gradient that can potentially be exploited. The direction of magnetization does not
have as much of an effect as was expected. However, as magnetic sensor alignment with
respect to the hair cell will be extremely crucial in optimizing the magnitude response of

the sensor.

145



5.3.2 Fluid Structure Interaction Simulation

To quantitatively model and understand the deflection of the bioinspired cilia due to fluid
flow, a numerical fluid structure interaction multiphysics finite element model was created
using COMSOL 5.3a. The simulations are used to (1) evaluate the stiffness of the proposed
hair cells and compare them to their natural counterparts, (2) calculate a nominal value for
expected hair cell deflection per 1 mm/s fluid flow, (3) evaluate the sensitivity of the hair
cell deflection to 1 deg/s? induced in-plane rotation, and (4) understand the transient
behavior of the hair cell. This information will be used to optimize the design of the

magnetic pSCC.

5.3.2.1 Basic Fluid Flow Modeling

Side view Front view

Figure 5.18. (left) 3D model used to characterize hair cell deflection as a function of flow velocity. In
the channel, parabolic flow is induced with a maximum velocity of 2 pm/s; (inset) cross sectional view
of the proposed hair cell design. Dimensions of hair cell are documented in table 5.2.

The first model is presented in figure 5.18. A straight semi-hemispherical channel with

radius r and length L with an embedded hair cell were used to calculate the effective
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stiffness of the hair cell and its response to laminar fluid flow. A cross section of the
proposed hair cell is presented in figure 5.18a. The hair cell and channel dimensions and
material properties used are summarized in table 5.1. The fluid structure interaction (FSI)
module was used in the linear elastic regime which is expected to be the region of
operation. A fixed constraint was applied to the base of the cilia. A periodic flow boundary

condition was applied to both ends of the channel to simulate the model of a torus.

Table 5.2. Geometric and material properties used for fluid structure interaction simulations.

Symbol Quantity Value Units
L Length 2.75- 2n mm
r Minor radius 500 um
pf Fluid density 990 kg/m?®
U Dynamic viscosity 5 mPa - s
Erc Young’s modulus of hair cell 750 kPa
Phe Hair cell material density 1000 kg/m3
h Hair cell height 300 m
tiop Hair cell thickness 5 um
thottom Hair cell thickness 25 um
Wiop Hair cell width at top 50 um
Whottom Hair cell width at bottom 100 um

Initial simulations were conducted to characterize the deflection of the hair cell to fluid
flow inside a linear semi-hemispherical channel as shown in figure 5.19. Within the fluid
flow range of interest (0-50 um/s), the deflection of the hair cell is linear and is 5 pm for
50 um/s average flow rate. Based on these initial simulation results, the hair cells have
maximum deflections on the order of 100 nm/(um/s) flow velocity depending on the

material properties and design of the hair cells. This means the angle of deflection will be
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small and the operation is in the linear regime. These deflections are on the same order of
magnitude as the cupula displacement in mammals as described in [157], [282]. A
boundary load was applied to the top of the hair cell of 1 nN and the resultant maximum
deflection was 5.65 um, thus the calculated stiffness is 180 uUN/m. That is ~3 orders of

magnitude large than natural vestibular hair cells (44 nN/m) [203].
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Figure 5.19. Maximum hair cell deflection as a function of flow velocity for a hair cell with dimensions
according to table 5.2.

5.3.2.2 Inertial Fluid Flow Modeling

After the fluid flow characterization, a 3D model was constructed using a semi-hemispherical
torus as the microfluidic channel. It modeled the pillar’s deflection induced by the range of
angular and linear accelerations of interest (0-1000 deg/s?). The hair cell with dimensions
in table 5.2 was situated in a semi-torus (R=2.75 mm; r=500um). The rest of the properties
are the same. Flow was induced using body force domain conditions similar to previous

simulation sections. The sensitivities to z-axis rotational acceleration as well as to x,y-axis
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linear accelerations are shown in figure 5.20 with an inset showing an illustration of the
torus. Similar to section 4.3.3, the applied linear accelerations were converted into apparent

angular accelerations using the major torus radius R.
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Figure 5.20. Deflection of hair cell as a function of applied angular acceleration around the z-axis (red)
and linear accelerations along the x-axis (grey) and the y-axis (blue). The applied linear accelerations
are translated into effective angular accelerations using the major radius R=2.75mm.

The pillar deflection shows high sensitivity to in-plane angular acceleration with a
simulated sensitivity of 0.01 pm/(°/s?), but almost no sensitivity to x-axis in-plane linear
acceleration (four orders of magnitude smaller than the rotational sensitivity using
equivalent acceleration). However, the y-axis in-plane acceleration was two orders of
magnitude smaller to the rotational equivalent sensitivity only. This increased sensitivity

could be attributed to the density differential between the fluid and the hair cell.
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5.3.2.3 Transient Fluid Flow Modeling

Using the torus model from the previous section, a transient response to a step input of
angular acceleration is shown in figure 5.21a. The normalized responses with respect to the
maximum velocity in the channel and the maximum displacement are plotted. It can be seen
that the hair cell time response is slightly faster than the normalized velocity response for
both tori in the beginning. The velocity in the larger channel torus, however, passes the

normalized displacement at the 20 ms mark. This is a non-intuitive.
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Figure 5.21. Transient FSI model: (a) Normalized transient step response of hair cell deflection and
flow velocity for two different minor radius tori with the same size hair cell as table 5.2 (b) Magnitude-
normalized frequency response of the maximum hair cell deflection to an angular acceleration of 100
deg/s? for two different minor radius tori with the same size hair cell as table 5.2.

A normalized bode plot of the deflection of hair cells with two tori with radii of 350 pm
and 700 pm is shown in figure 5.21b. The transient and frequency simulations show that
the dynamic response of the device is not limited by the frequency response of the pillar,
but the mechanical frequency response of the fluid in the microchannel. Overall, cut-off
frequencies in the range of 10-50 Hz are thus achievable using this magnetically sensed

design.
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5.4 Fabrication

Fabricating the magnetic uSCC involves fabricating the magnetic hair cell structures,
fabricating the magnetic sensing element, assembling the two parts and packaging the

system.

5.4.1 Hair cell fabrication

Polydimethylsiloxane (PDMS) (Sylgard 184 Silicone Elastomer, Dow Corning
Corporation) is prepared by mixing the pre-polymer and the curing agent in a 10:1 weight
ratio. The magnetic powder (MQP-16-7-20068-070, Magnequench) is mixed in with
PDMS in a 10-50% weight ratio. A mold was created using two-photon polymerization
lithography by the Nanoscribe Photonic Professional GT tool (Nanoscribe GmbH,
Germany) at King Abdullah University of Science and Technology’s cleanroom. Next, a
reverse mold was created by Moussi and Kosel [283] by encircling the 3D printed part with
a 3D printed frame (using the Nanonscibe) to cast the PDMS. After casting, the reverse
PDMS is cured in a 90 °C environmental chamber for an hour, PDMS is gently pulled out.
The reverse mold is coated with 10 um of Parylene C (SCS Labcoater 2, USA) to reduce
adhesion. Finally, the reverse mold is filled with PDMS under high vacuum for at least 10
minutes to properly fill the narrow parts of the mold. The mold is cured in an environmental
chamber (Envec, Japan) at 65 degrees Celsius for an hour, either subjected to a strong
magnetic field from a permanent magnet or the structure is magnetized post casting using
an electromagnet (Model 3470, GMW Magnet Systems, USA). The fabrication of the

elastomeric magnetic hair cell is shown in figure 5.22.
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(&) CAD (b) 3D printed part (c) Reverse mold (d) Magnetic hair cell

Figure 5.22. Hair cell from CAD design file to fabricated device (a) Draw in CAD; (b)3D Print with
Nanoscribe then conformally coat with 10 um Parylene C; (c)Cast PDMS and peel off reverse mold,
then conformally coat reverse mold with 10 pm Parylene C; (d) Cast PDMS with magnetic powder
mixture and peel off. The pillars can be magnetized using an electromagnet during or post curing.

5.4.2 Magnetic sensor fabrication

5.4.2.1 KAUST TMR Sensor

The fabrication process starts with growing thermal oxide on a silicon wafer. This is
followed by deposition of a metal contact and the magnetic stack. The metal contact is
patterned and a spacer polymer is then added and patterned. The process concludes with a

secondary contact to be able to probe the resistance of the magnetic stack.

I S I .
(a) (b) (c) (d)

Figure 5.23. Fabrication Process of magnetic TMR sensor device. (black) silicon substrate (light blue)
thermal silicon dioxide (yellow) metal (multi-color) magnetic stack (pink) spacer.
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Figure 5.23 highlights the process. The magnetic stack is composed of inter-layered thin
films deposited by magnetron sputtering under high vacuum (Singulus Rotaris tool) onto
silicon substrates. The final magnetic tunnel junction configuration for each layer was (in
nm): Si / SiO2/ Ta (5) / CuN (25) / Ta (5) / CuN (25) / Ta (3) / PtzsMnsz (20) / Co7oFeso
(2.2) / Ru (0.85) /CoaoFes0B2o (2.4) / MgO (1.6) / CosoFesoB2o (2.4) / Ta (10) / CuN (30) /

Ru (7) / Ta (10).

A 3190 A/m magnetic field was applied to the substrates during the deposition step in order
to define the easy axis in the pinned and free layers. The fabrication of the sensors required
six lithographic steps, as described in [284]. The magnetic thin-film layers were patterned
by direct laser writing on photoresist followed by soft sputter etching. The stacks were
covered with a 100 nm layer of Al>O3 deposited by sputtering. The contact leads were then

defined by lift off.

5.4.2.2 Commercial TMR sensor

An alternative and backup plan to the in-house TMR sensor are commercially available
linear tunneling magnetic junction sensors in a full Wheatstone bridge configuration (e.g.
TMR2901), which exhibit good linearity, good dynamic range, high sensitivity and low

noise levels as shown in figure 5.4 adapted from [277] for a similar device TMR-J1.
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5.4.3 Packaging

ACRYLIC ALIGNMENT LAYER + GLASS SUBSTRATE
ACRYLIC SPACER ¢+ MAGNETIC SENSORS

PDMS CHANNEL W/ MAGNETIC HAIRCELL
e
SIDE VIEW

[
o — —&

Figure 5.24. Block diagram of the experimental setup and interface circuitry of the sensor.

The device’s overall packaging process is described in figure 5.24. Two template structures
were created to test (1) the sensor response to the fluid flow and (2) the inertial response
using a microfluidic torus. The first step is to create the PDMS channel with an embedded
hair cell. The second step is to create a substrate with embedded commercial TMR devices
and a more planar surface to allow for bonding with the channel layer. The third step is to

align and bond the magnetic substrate to the PDMS channel on top.
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5.5 Magnetic characterization

5.5.1 Magnetic sensor characterization

Figure 5.25. Magnetic probe station with a controllable magnetic in the lab of Dr. Kosel’s lab at King
Abdullah University of Science and Technology (KAUST).

The test setup used to characterize the custom TMR sensors is shown in figure 5.25b. The
probe station is combined with an electromagnet. The resistance of the device is measured
using a 4-point Kelvin probe configuration to eliminate any lead resistances. A current of
10 mA was applied using a Keithley 2400-C in 4-wire resistance mode and ten consecutive
voltage measurements were averaged at each field step. The iron-core Helmholtz coils were
driven by a Kepco Bop72-6m Bipolar DC Power Supply / Amplifier (72V 6A 400W)
working as amplifier to another Keithley 2400-C in current source mode, while the field
was monitored using a F.W. Bell Gaussmeter model 6010. The field was swept with 0.1 Oe
steps, and its direction was the same as that of the easy axis of the free layer. The

magnetoresistance properties were all measured at room temperature.
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Figure 5.26. TMR Magnetic Field Sensitivity: Resistance response of the TMR sensor array with an
external magnetic field applied to the X (parallel to easy axis) and Y (perpendicular to easy axis)
directions.

Figure 5.26 highlights the behavior of the magnetic sensor when the magnetic field lines
are parallel and perpendicular to the easy axis of the TMR element. The arrows indicate
the behavior of the applied magnetic field relative the magnetic layer in the junction. The
parallel sensor experiences large abrupt changes with high sensitivity but large hysteresis
(behaves more like a switch). The perpendicular one is less sensitive over the same
magnetic field range compared to the parallel direction. The cross section of each magnetic
junction was elliptical in shape with dimensions 1 x 1.2 um? The performance of this
magnetic junction sensor is characterized by a ~100 % TMR ratio as highlighted by the
doubling resistance in figure 5.26 (left). The TMR ratio is defined as (R(H+x)- R(H-x))/
R(H-), where R(H+) is the resistance in the anti-parallel position, and R(H-.) is the
resistance in the parallel position), and the junction has a resistance area product of 0.3

-0.5Q - pm?.
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Figure 5.27. In-house TMR resistance drift over time (a) over 24-hour period (3) zoom-in on 3-hour
period. (c) Different device showing improved stability over 20 hours with and without a DC magnetic

bias after deposition process improvement. Note the higher resistance. Data collected by Altynay
Kaidarova at KAUST.

Figure 5.27a shows the measured 4-point resistance over twenty hours and over three hours
in figure 5.27b. An improvement to the magnetic deposition step allowed for better stability
and higher resistance as observed in figure 5.27c. Also, it has been observed that power
consumption can affect the stability of the sensor over time as seen in figure 5.28a. The
fluctuations are reduced as observed by the decrease in the standard deviation and standard

error in figure 5.29b as the current consumption goes up.
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Despite overall general good stability, an Allan variance calculation is evaluated

to characterize the drift and stability of the in-house TMR sensor and shown in

figure 5.28c. The three slopes observed correlate to the angle of random walk (-

0.24 vs. -0.5) and bias instability (+0.125 vs. 0) and the rate ramp (+0.956 vs +1).

The characterization highlights the long term drift experienced by the in-house

magnetic sensor.
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Figure 5.28. In-house TMR resistance stability as a function of current (a) resistance fluctuation; (b)
standard deviation (SD) and standard error (SE) of measured resistance (c) Allan Deviation as a
function of averaging time with slopes of each regime indicated. Data collected by Altynay Kaidarova
at KAUST.
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5.5.2 Commercial Magnetic Sensor Characterization
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Figure 5.29. Commercial TMR2901 signal output as a function of the applied magnetic field in the
sensitive direction with a +3V bridge bias.

The commercial TMR2901 linear magnetic sensor is a Wheatstone bridge TMR-based
magnetic sensor. The sensor has a good dynamic range of £ 30 G and a very low hysteresis
of 0.1 G. The sensitivity of the commercial magnetic sensor was measured using a setup
similar to the one used in section 5.6.1. An electromagnet (Model 3470, GMW Magnet
Systems, USA) was controlled by a current source directly (Kiethley 2400, USA) and the
resulting magnetic field was measured by a magnetic probe (F.W. Bell Gaussmeter model
6010). The data from the probe was collected by F.W. Bell software. The voltage output
of the TMR 2901 was acquired by a NI-PCI-6251 DAQ card. (National Instruments, USA).
Thereby, a 3V bridge voltage was supplied to the sensor from a voltage source (Keithley
2636 Sourcemeter, USA). The measured sensitivity of 75 mV/G matched the specification

of 25 mV/V/G with +3V bridge voltage as shown in figure 5.29.
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5.5.3 Magnetic Material Characterization

In order to investigate the magnetic properties of the magnetic hair cell, the material is
characterized via vibrating sample magnetometer (VSM, Lakeshore). To this end, the z-axis
magnetized hair cell (magnetized along its long axis) is firmly affixed to the sample holder
using adhesive tape to prevent any movement. The measurement was conducted by
applying a DC magnetic field between 15 kOe and 15 kOe at room temperature. The field
is applied, while oscillating the holder at 83 Hz with 1mm amplitude. The measured

magnetization curve is shown in figure 5.31.
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Figure 5.30. Magnetic moment as a function of applied field for a magnetic elastomeric hair cell
collected using a vibrating sample magnetometer. The hair cell volume used is 6.3- 10"%° m?, thus the
magnetization is 62.4 kA/m, which is about half the assumption used in our initial simulations.

The resultant curve shows that the remanent magnetization in the axial (long axis) direction
is 39.3 memu, with a saturation and saturation magnetization of 66 memu. Using a hair

cell volume of 6.3 1071 m3, this results in a relatively high value for the magnetization
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of 62.4 kA/m, implying that the magnetization process in a strong magnetic field of 0.8 T
followed by elevated temperature curing is effective in creating a strong flexible permanent
magnet. The high remanence value shows the permanent magnetic properties of the cilium
which are on par with previous magnetic hair cells [264], [281] due to the higher magnetic
powder content with a weight ratio of 50%. However, the extra magnetic powder can lead

to stiffer hair cells, thus less deflection.

5.5.4 Discussion

Based on the characterizations of the two available magnetic sensors, the in-house sensors
were set aside and mechanical testing focused on the use of the commercial linear magnetic

sensors for its ease of use, linearity, low offset and common-mode rejection.

5.6 Preliminary Testing Results

5.6.1 Electronic analog front end

As mentioned before, two TMR sensors in close proximity are used in a differential setup
to remove common-mode interference signals stemming from the earth’s magnetic field or
electromagnetic interference signals from electrical equipment, passing cars and passing
trains [267]-[271]. The analog front end highlighted in figure 5.31 is critical for processing

and addressing any large common mode signal.
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Figure 5.31. Analog front end used to control the large common-mode interference from the Earth’s
magnetic field, and other large sources of magnetic interference. The top Wheatstone bridge is used as
a reference sensor. The bottom Wheatstone bridge is used as sensor with a hair cell manipulated in its
vicinity as shown in the small inset. (inset) Arm of a linear positioning stage with a magnetic hair cell
attached to the tip and placed above the magnetic sensor.

The two Wheatstone bridge sensors TMR 2901 (MultiDimension, China) are placed parallel
to one another and 3 mm apart to detect any interfering signal on both sensors. One sensor
will experience the magnetic fields of the magnetized hair cell and the Earth magnetic field,
while the other will only experience the Earth’s magnetic field. The output signals from the
Wheatstone bridge sensors are amplified by instrumentation amplifiers (AFE-XR10910)
and low-pass filtered. A digital offset is used to center the output in the middle of the output
range. The signal is digitized by a PCI6200 (National Instruments, USA) DAQ. The
difference of the two signals is the desired signal caused by the deflection of the magnetized
hair cell. It should be noted that using custom-designed TMR, one sensor can be placed
slightly upstream, the other downstream from the magnetic hair cell, so that one sensor
sees an increase in signal while the other sees a decrease. Arranged in a Wheatstone like
shown in figure 5.9, the desired differential signal is amplified, while common-mode

interference signals are rejected.
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5.6.2 Magnetic Mechanical Characterization — Hair cell displacement
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Figure 5.32. Hair cell displacement sensitivity characterization for commercial TMR magnetic sensor
with a z-axis magnetized hair cell suspended above it following the possible paths indicated by the color
lines overlaying the top view of the magnetic sensor package. The upwards direction indicated by the
black arrow is the sensitive direction for the magnetic sensor.

Figure 5.32 shows the output of the TMR Wheatstone bridge magnetic sensor as a function
the hair cell displacement. As indicated in the inset of figure 5.31, the sensor was
shifted/displaced 25 microns per step using x-y-z linear positioning stages (Klinger
Scientific, USA and Micro Controle, France) with respect to a magnetic hair cell. Different
movements of the hair cell with respect to the sensor were performed, as is
highlighted in the inset of figure 5.32 by the traces 1-5. Trace 1 in light blue has the
hair cell well aligned with the magnetic field sensor and shows the highest
sensitivity per 25um step of roughly 1.4V/25um, followed by trace 5 (1.1V/25um).
Trace 3 and 4 followed the same path with 0.3-0.4V/25um, while trace 2 was

displacing the hair cell in the in-sensitive direction with 0.1V/25um. Overall, Figure
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5.32 highlights the ability of the TMR sensor to detect movements of the hair cell
at least in the micrometer range. It also highlights that proper alignment is crucial

to achieve high sensitivity.

To showcase the ability of the system to sense the deflection of the hair cell while rejecting
the interfering signals coming from the Earth’s magnetic field and other strong magnetic
interference sources, experiments with two neighboring TMR sensors as shown in figure
5.31 were carried out. Thereby, one of the magnetic sensors is used as a reference sensor,
while the other is aligned to the magnetic micro pillar. The system is exposed to two initial
inputs: the first is a manually-applied angular rotation using a rotation stage; the second is
a mechanically coupled vibration using a repurposed cell phone vibrator. The vibration

source alternates between no vibration and a high-frequency vibration every 500 ms.

In figure 5.33, a ~0.8 Hz mechanical rotation is applied to the substrate. As seen in the
figure, both sensors are exposed to variations in the Earth’s magnetic field due to the
rotation. However, the differential signal in red shows the rejection of the oscillating

common mode signal.
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Figure 5.33. Sensor signals (green and black) and differential signal (red) stemming from manual
rotation of the test setup at approx. 0.8 Hz, demonstrating the rejection of the common-mode signal in
the differential setup.

In a second experiment, a mechanical vibration is applied to the setup by placing the
mechanical vibrator on the optical table next to the test setup. The vibrations couple into
the substrate and the hair cell begins to deflect. It can be seen from figure 5.34 that the
high-frequency vibration is sensed by the magnetic sensor with the magnetic hair cell in
close proximity, but not by the reference sensor. The differential signal eliminates any
drifts and common mode signals and creates a more stable baseline. This shows the ability
of the magnetic sensor to detect the small deflections of the hair cell, but the deflection

magnitude has not been quantified.
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Figure 5.34. Sensor signals and differential signal stemming from vibration of the test setup,
demonstrating the rejection of signal drifts in the differential signal and the detection of hair cell
movement by the TMR aligned with the hair cell.

Figure 5.35a shows the ability of the system to detect the vibration-induced small deflections
of the magnetic hair cell while eliminating the common mode signal due to the rotation of
the system in the Earth’s magnetic field. As seen figure 5.35a, the differential signal is able
to detect the high frequency vibrations accurately, while rejecting most of the common
mode signal. By zooming in on the time series in figure 5.35b,c, the magnetic sensor is
able to detect the 160 Hz vibrations of the hair cell. This makes us believe that the proposed
fluid-based rotational inertial sensor using the magnetic transduction mechanism will be
limited in the frequency domain by the transfer function of the fluid, unlike in the case of
the thermal transduction where the thermal transduction mechanism itself limits the

frequency response.
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Figure 5.35. Sensor signals and differential signal stemming from manual rotation of the test setup and
vibration of the hair cell, again demonstrating the rejection of the common-mode signal in the
differential setup: (a) Experimental setup (b) common-mode signal rejection (c) zoom-in (d) control

experiment without the hair cell.

To verify that the signal we are detecting on the sensing device is not cause by the magnet
inside most consumer vibrators, the same experiment is repeated with the hair cell
removed, thus having two reference sensors. Despite the vibrator behaving similar to figure
5.35a, the results shown in figure 5.35d indicate the lack of any sensitivity to the vibrations
without a hair cell nearby. This result highlights qualitative common-mode rejection, but

also showecases the relative potential sensitivity of the current system to the small vibrations

of the flexible micromagnet.
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5.7 Conclusions

In this chapter, we presented magnetic transduction as a promising new implementation of
the micromachined semicircular platform for rotational inertial sensing. The concept is
adapted from bioinspired micromachined magnetic hair cells for flow sensing developed
by our collaborators at KAUST. Magnetic elastomeric pillars consisting of an elastomeric
polymer with embedded magnetic powder mimic the vestibular hair cells. The hair cells
were proposed to be integrated in a closed-loop microfluidic channel on top of an array of
sensitive TMR sensors in a Wheatstone bridge configuration to detect the bidirectional
deflections in the pillars’ stray fields due to inertial fluid flow caused by the rotation of the
device. Compared to the thermal approach highlighted in chapter 4, the magnetic

transduction allows for higher bandwidth and a much-reduced power consumption.

Based on the proposed concept, preliminary studies and simulations were conducted to test
the feasibility of the concept. The multiphysics finite element simulations (based on
characterization of magnetic material properties) provided intuition on how best to proceed
forward. The idea is to mount the PDMS microtorus with embedded magnetic hair cell on
top of a silicon substrate with custom-designed TMR sensors. Because of limited
performance of the initially fabricated TMR sensors, a test setup was build using
commercial TMR sensor to study the fundamentals of the system, in particular the ability
to sense hair cell motion and reject common mode signals stemming from e.g. the Earth’s
magnetic field. During these experiments it became apparent that proper alignment of the

hair cell with respect to the TMR sensor is crucial. While basic concepts of the magnetic
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sensing approach could be verified, the detection of angular acceleration was not yet

successful, likely because of alignment issues.

Magnetic sensor Hair Cell Stiffness and Alignment Microtorus
Output Voltage AB Deflection Fluid velocity
X X X
AB Deflection Fluid velocity Angular
Acceleration

Figure 5.36. Energy transduction in bioinspired magnetic rotation sensor, and their respective sources
within the system.

Figure 5.36 highlights three main possible areas of improvements for future generations of
the magnetic-based sensor. Despite the current performance of the proposed magnetic
sensor, the output could be improved by orders of magnitude by focusing on optimizing
the hair cell and the magnetic sensor: (1) significantly reducing the size of the flexible
magnet down to the order of sub-100 nm in radius; or by replacing the mechanical hair cell
with a ferrofluid droplet suspended as part of a two-phase liquid, thus reducing the stiffness
dramatically; (2) solving the alignment problem to take advantage of the extremely high
magnetic gradients near the tip of a permanent magnet; and (3) optimizing the sensitivity
of the custom TMR sensor, its noise performance, and magnetic isolation and shielding.
After optimizing the sensor and its packaging, the sensor needs to be investigated as both a
liquid flow sensor, then followed by inertial mechanical measurements to validate this

promising, yet experimentally not verified sensor concept.
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK

The objective of this thesis has been to explore the mammalian semicircular canal and use
it as inspiration for a rotational inertial sensing platform. After the motivation of the
research is presented in Chapter 1, a literature survey of the current state-of-the-art in
micromachined rotational inertial sensors and bioinspired sensors is provided. Chapter 2
gives a brief background to the mammalian semicircular canal and its operating principle.
A summary of the human semicircular canal (SCC) dimensions and metrics is presented as
a benchmark to compare the results obtained in this thesis. An evaluation of the potential
of the SCC as platform is discussed, summarizing the advantages, challenges, and any
unknowns of this approach. Chapter 3 analyzes micromachined semicircular canals and
reviews the current state-of-the-art. This is followed by a dissection of the different parts
of the SCC from an engineering perspective. Design considerations and issues ranging
from materials, transduction mechanism and geometry are evaluated, leading to select basic
designs. The remainder of the chapter deals with the analysis of the proposed design as a
sensor, and numerical simulations to validate our proposed designs. Subsequently, two
different transduction mechanisms are investigated for the platform and presented in the
following two chapters. Chapter 4 demonstrates a bioinspired angular accelerometer using
thermal transduction including design, analytical and numerical analysis, fabrication and
experimental characterization. The chapter validates and verifies the potential of the
toroidal platform as a rotational inertial sensing system with a resolution around 30 deg/s?
and a dynamic range of 2,000 deg/s?, however with limited bandwidth and relatively large

power consumption. To address the shortcomings of the thermally transduced angular
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accelerometer in terms of bandwidth and power consumption, Chapter 5 proposes a
magnetic transduction mechanism. The chapter presents a thorough numerical analysis a
magnetically-transduced angular accelerometer based on a micromachined semicircular
canal. This is followed by preliminary experimental results validating the concept and
highlighting current technical challenges in terms of component alignment. As of now, the
bioinspired angular accelerometer with thermal transduction is clearly more developed
than the magnetic approach. However, the microfluidic angular accelerometer with
magnetic sensing is very promising if its current shortcomings with respect to component

performance and assembly can be addressed.

In the following, the major contributions of this thesis are summarized, as well as

suggestions for future and related research.

6.1 Research Contributions

The major contributions of the dissertation are summarized as below.

. Bio-inspired micromachined semicircular canal (USCC)

. First proposal and analysis of a horizontal membrane for a
micromachined semicircular canal. The concept was later validated
by Andreou et al.

. In-depth and generalizable analysis of bio-inspired micromachined
fluidic torus as a platform and technology to enable rotational inertial

sensing.

. Thermal uSCC
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First co-demonstration (same time as University of Twente device)

of thermal-based micromachined bio-inspired angular accelerometer.

First wvalidation of transient behavior of thermal angular

accelerometer using a multiphysics numerical simulation.

Numerical and experimental validation of the inherent ability of the
torus to reject linear acceleration (based on plugged torus

experiments).

Development of cross-talk rejection technique for buoyancy-related
interference signals based on multiple transducers in a Wheatstone

bridge arrangement.

First demonstration of parylene-on-liquid as a packaging and

encapsulation platform for inertial sensors.

Magnetic uSCC

Development and numerical analysis of a bio-inspired magnetically-
transduced angular accelerometer based on magnetic hair cell and

TMR magnetic sensors.

Fabrication of chandelier-type magnetic celia embedded into

micromachined microtorus structure.

6.2 Future Work

Based on this brief body of work, I believe that the fluid-filled microtorus as a platform
has the promise and potential to complement current commercial gyroscope via enabling
soft inertial sensors for commercial and medical applications. Thus, many opportunities lie

ahead to explore and improve upon the presented contributions. Below are some of the

research directions that have been identified:
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Optimization of magnetic-based nSCC: As described in section 5.8, the
magnetic transduction mechanism provides several design knobs to tweak to
gain orders of magnitude improvement in performance, such as proper
scaling down of the magnetic hair cell, or perfecting alignment, placement
magnetization direction, sensor configuration can allow very sensitive force
sensors. Solving some of the technical challenges regarding active and

passive shielding would enable magnetic sensors in many other domains.

Transduction mechanisms: Past the two presented transduction
mechanisms (thermal and magnetic), a few other mechanisms that can propel
the microtorus widespread adoption. These include piezoelectric
transduction based PVDF fibers, two-phase liquid systems whether
capacitive or magnetic transduction, or even the triboelectric effect to sense

fluid flow inside the microtorus.

Geometry exploration: Another fun and interesting study is the geometric
optimization of the microfluidic closed-loop to enable significant
improvements in sensitivity and bandwidth. One earlier method proposed
was the study and testing of the modulation of torus circumference. Another
is the study of the effect of ampullas on the overall performance of the
platform. This coupled with the potential for the first coupled or even de-

coupled demonstration 3-axis sensing using micromachined microtori.

Co-sensing of angular velocity and angular acceleration: Based on results
presented in chapter 2, future research of the co-sensing both angular velocity
and angular acceleration for a single micromachined loop or from two-

concentric loops at the same time.

Validation of mammalian SCC operation using uSCC as platform to test

hair cell organelles ex vivo: Micromachined semicircular canals (USCC)
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could potentially prove most useful when used as platforms for scientists to
characterize and grow vestibular organoids as test beds, replacing test
animals as the vehicle to study and understand the mammalian vestibular
system. Vestibular organoids could one day be the ultimate solution to

bilateral vestibular dysfunction cause hair cell loss.
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