Micromachined Isolators for Shock and Vibration Reliability of MEMS
Sensors: Fabrication, Damping, and Integration

by

Brent Bottenfield

A dissertation submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Auburn, Alabama
December 12, 2020

Keywords: MEMS, Vibration Isolation, Sensor Reliability

Copyright 2020 by Brent Bottenfield

Approved by

Mark Adams, Chair, Associate Professor of Electrical and Computer Engineering
Robert Dean, Professor of Electrical and Computer Engineering
Stuart Wentworth, Associate Professor of Electrical and Computer Engineering
Masoud Mahjouri-Samani, Assistant Professor of Electrical and Computer Engineering
George Flowers, Professor of Mechanical Engineering and Dean of the Graduate School



Abstract

This dissertation details the design, FEA simulation, fabrication, and testing of three
variations of micromachined vibration isolators (MVIs). The vibration isolators serve as
low pass filters to attenuate high frequency mechanical excitation in order to improve both
MEMS sensor fidelity and lifespan. Isolators are designed for integration of a small (~3mm
x ~3mm) MEMS sensor package and boast a sub-1 cm? footprint. For all isolator variations,
the fundamental geometry consists of an outer frame to be fixed to the substrate of interest,
a central platform to accommodate the isolated sensor, and springs for attachment of the
frame and platform. Devices are fabricated via a double-sided lithography process using <
100> silicon-on-insulator (SOI) wafers. Laser Doppler vibrometry is performed to investigate
the frequency response of each isolator variation across a 6.2 kHz bandwidth. Alternative
methods of MVI fabrication including fused deposition molding (FDM), stereolithography
(SLA), and two-photon polymerization (TPP) are discussed.

Additionally, this dissertation introduces the use of nickel (Ni) and copper (Cu) mi-
crofibrous meshes (MFMs) and Sorbothane® and polydimethysiloxane (PDMS) viscoelas-
tic polymers to damp the dynamic response of MVIs for shock and vibration reliability
in mechanically harsh environments. The MFMs are attached to the microisolators post-
fabrication via solder attachment. We then investigate the transmissibility of the undamped
and damped vibration microisolators using laser Doppler vibrometry. The peak transmis-
sibility of the microisolator is significantly reduced for all four cases of polymer or MFM
damping. Experimental results are compared to the FEA simulated transmissibility and to
the analytically calculated transmissibility.

Lastly, MVI performance is validated by the integration of a wide bandwidth piezo-

electric acclerometer. The accelerometer output for the isolated and unisolated cases are
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compared. The experimental results confirm successful isolation of the accelerometer from

high frequency excitation.
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Chapter 1

Introduction

Since the introduction of the resonant-gate silicon transistor by Nathanson and Wick-
strom in 1965, the diverse set of engineering devices utilizing microscale mechanical sens-
ing and/or actuation, often fabricated using similar methods as integrated circuits (ICs),
has come to be known as microelectromechanical systems (MEMS) [1], [2]. The excellent
mechanical properties of single crystal silicon and other materials used in IC fabrication
allowed for the rapid development and implementation of MEMS sensors and actuators [3].
The prevalence of MEMS in current daily life is vast with applications ranging from but
not limited to motion, pressure, and gas sensors in automobiles, microphone transducers
in smartphones and laptops, resonant mechanical filters for RF communications, disposable
sensors in medicine, and high-throughput microsystems for drug screening in biotechnology
[4], [5]. This widespread success of MEMS technology has generated significant interest in
the integration of MEMS sensors into harsh environments.

Integration of MEMS sensors and actuators into harsh mechanical environments re-
quires careful consideration in order to mitigate both structural damage and inaccurate
sensing or actuating of the integrated sensor. This dissertation details the use of vibration
isolation via a micromachined isolator to allow MEMS sensor integration into mechanically
harsh environments. Additionally, this dissertation discusses novel methods of damping the
transmissibility of the fabricated isolator. Chapter Two provides a literature review of both
reliability concerns in harsh environments for mechanical sensors (Section 2.1) and a sum-
mary of previously designed and fabricated micromachined isolation systems (Section 2.2).
Chapter Three details the theory of vibration isolation for lightly damped (Section 3.1) and

heavily damped (Section 3.2) vibration isolators. The vibration isolation damping theory



for Kelvin-Voigt solid and Maxwell fluid damped isolators is detailed. Chapter Four details
the design (Section 4.1), fabrication (Section 4.2), and dynamic performance testing (Section
4.3) of three micromachined isolator variations using a silicon-on-insulator wafer as a fabri-
cation substrate. Additionally, Section 4.4 discusses a few alternative technologies that may
be applied to the fabrication of micromachined vibration isolators using additive manufac-
turing. Chapter Five introduces the use of four different damping materials (two polymers
and two microfibrous meshes) as a means of reducing the peak dynamic response of a fab-
ricated isolator. The simulated and experimental performance of each damping material is
compared. Section 5.5 investigates the use of alternate damper geometries to tune microma-
chined vibration isolator frequency response. Lastly, Chapter Six presents the integration
of a wide bandwidth piezoelectric accelerometer to validate the isolation performance of the

fabricated isolators.



Chapter 2

Motivation and Background

2.1 Mechanical Sensor Reliability Concerns in Harsh Environments: A Moti-

vation

The success of MEMS devices in sensing and actuating applications has lead to inter-
est in their introduction into mechanically harsh environments. Examples of mechanically
harsh environments include aircraft [6], spacecraft [7, 8, 9], industrial machinery [10, 11, 12],
and ballistics [13, 14]. These environments possess mechanical excitation well into the kHz
regime and transient shock accelerations as high as thousands of g’s. In the case of ballis-
tics, bandwidths can exceed 20 kHz with average accelerations approaching 20,000 g’s and
transient accelerations in the hundreds of thousands of g’s [13, 14, 15].

The wide bandwidths and high sensitivities exhibited by many MEMS devices, such as
accelerometers, gyroscopes, and micromirrors, along with their decreasing cost per sensing
axis enabled by wafer-scale batch fabrication make them natural candidates for sensing and
actuation applications in harsh environments [16, 17]. However, the wide-bandwidth and
high acceleration excitations present in harsh environments can lead to a number of failure
mechanisms in commercial grade MEMS devices.

MEMS device failure mechanisms can be categorized as either destructive or operational
[18]. Destructive device failure results from damaged sensing or actuating structures. Oper-
ational device failure results from inaccurate sensing of desired measurands due to changes
in device sensitivity.

Destructive device failure mechanisms in MEMS are numerous and have been studied
extensively. The destructive failure mechanisms due to high acceleration shock impulses

include fracture, delamination, and stiction [19]. Mechanical fracture is the separation of
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Table 2.1: Specific Examples of Harsh Environments

Peak Peak

Environment Specific Example Bandwidth  Accel. Reference
(kHz) (G’s)

Aircraft PCBs on airplane 2 A few 6]

Spacecraft Mars Microprobe 10 100,000 [9]

Industrial Combustion Ignition

Machinery Engine Block 16 100 [10]

. Rockets,
Ballistics Artillery 20 >100,000 (13, 14]

a single structure into multiple structures due to the application of stress. Fracture failure
results from stresses exceeding the yield strength of the accelerated MEMS structure. Frac-
ture failure has been widely studied for a number of MEMS devices including accelerometers
[20, 21] and microengines [22]. Srikar and Senturia suggest that for large duration shock
impulses (> 50us) many MEMS structures and their corresponding substrates act as rigid
bodies which render the MEMS structures immune to shock-induced stress waves [19)].

Delamination refers to the debonding and reduction in adhesion between two or more
material layers. This is one of the most common failure mechanisms in MEMS and micro-
electronic devices [23]. In [22] Tanner reports that delamination of device packaging under
high g shock loads is responsible for more device failures than device fracture. Delamination
can often occur via the complete detachment of the MEMS device from its packaging sub-
strate which can cause secondary failure mechanisms such as fracture of wire bonds. Meng
et al report packaging failures account for about 75% of total failures in free-fall board-level
drop tests. In contrast, device failures only account for 25% of failures [24].

Stiction can also occur in MEMS devices under considerable shock loads. Due to the
high surface area to volume ratios of MEMS structures, surface forces are considerable [25].
If structures are displaced beyond their intended range and make contact with adjacent
surfaces, these surface forces can result in permanent adhesion. The physical mechanisms

resulting in stiction are broad. They include Van der Waal’s force, capillary force, chemical



Figure 2.1: Examples of destructive failure mechanisms in MEMS. (a) Fracture of a can-
tilever beam [28]. (b) Debris caused by vibration-induced wear between two surfaces [29].(c)
Delamination of an Al layer on polyimide substrate [30]. (d) Examples of lateral and vertical
stiction in an array of cantilever beams. Vertical stiction is the adhesion of the beams to the
substrate and the lateral sticition is the adhesion of the beams to one another [31]
bonding, electrostatic charging, and residual stress [26]. The probability of device failure
due to stiction in micromachined accelerometers has been experimentally demonstrated to
be proportional to the magnitude of the shock acceleration [27].

Vibration-induced failure modes in MEMS sensors include wear and fatigue. Wear is
the removal of material from a surface as a result of mechanical action [32]. Abrasive wear
occurs when a hard surface contacts a softer surface during harmonic excitation and gradually
removes material from the softer surface. Additional types of wear include corrosive wear,
in which the removal of material is the result of a chemical reaction, and surface fatigue
wear, which is common in rolling interfaces where cracks can propagate parallel to a surface

under cyclic loading [25]. Previous work by Tanner et al demonstrate widespread failure of

micromechanical components due to wear and mechanical resonance when subjected to stress



frequencies from 860 to 3000 Hz [33]. Polysilicon layers have been shown to be particularly
susceptible to wear compared to harder MEMS materials such as diamond-like carbon, single
crystal silicon, silicon nitride, and silicon dioxide [34]. In addition to the loss of material
in critical structures, the debris generated from wear is problematic. Debris can wedge into
cavities or channels and impair appropriate structure displacement for sensing or actuation.

Fatigue refers to the progressive, localized structural damage that occurs when cyclic
loading does not exceed a structure’s yield strength. Fatigue begins with a small fracture
occurring at a point of high stress and the fracture slowly propagates throughout the material
[25]. Cyclic fatigue is the most common failure mechanism in structural materials [35].
Fatigue of MEMS devices under prolonged harmonic excitation is well studied. As with wear,
polysilicon is particularly susceptible to fatigue. Bagdahn and Sharpe report significant
reduction in tensile strength of polysilicon actuators due to cyclic fatigue where tensile
strength loss is proportional to number of cycles and independent of excitation frequency
across at 50 to 6000 Hz bandwidth [36]. Additionally, fatigue has been demonstrated to
reduce the resonant frequencies of polysilicon and single crystal silicon resonators after cyclic
loading [37, 38]. Single crystal silicon resonators in ambient air and under cyclic loading can
fail at cyclic loads just 50% the single cycle failure load [38]. Recent work by Alter et al
demonstrate failure of thick ( > 20 pum) epitaxially grown polysilicon beams due to fatigue
in vacuum-packaged environments. The polysilicon samples typically fail at stresses above
1.5 GPa at temperatures from 25 °C to 250 °C independent of contributions from natively
grown oxide or environmental conditions [39)].

The most common operational failure mode of MEMS sensors in harsh environments
is increased sensitivity due to ambient acceleration. Acceleration sensitivity refers to the
frequency instability of a resonator caused by mechanical vibration in the environment.
Applied acceleration due to vibration acts on the effective mass of the resonator resulting in
stress and strain in the resonating structure. The acceleration sensitivity arises from both

geometric nonlinearity and material nonlinearity. Geometric nonlinearity occurs when the



dimensions of the resonant structure are altered due to sufficiently high strain and material
nonlinearity occurs when the strain-dependent material properties of the resonant structure
are altered via strain introduced by the ambient vibration. Each of these mechanisms results
in a shift in the mechanical structure’s resonant frequency [40]. Acceleration sensitivity is
mathematically modeled as and experimentally demonstrated to be a vector quantity. The
total acceleration sensitivity of a device can be considered the vector sum of the acceleration
sensitivities along the principal reference axes.The resonator frequency shift is proportional to
the scalar product of the acceleration sensitivity vector and the acceleration of the resonator
[41]. This results in many devices composed of materials with anisotropic elastic parameters,
such as single crystal silicon (SCS), exhibiting acceleration sensitivities that differ along their
principal reference axes. For example, SCS exhibits greater acceleration sensitivity in the
direction normal to the <100> plane than in the direction normal to the <110> plane. This
is likely a result of a lower Young’s modulus and higher Poisson’s ratio in the <100> plane
relative to the <110> plane [40].

Filler first reviewed the acceleration sensitivity in bulkwave quartz crystal oscillators
(QCOs) for both steady-state acceleration and harmonic vibration [41]. Vibration induces
a frequency modulation effect on the oscillator output which results in the presence of side-
bands. Filler’s initial study was motivated by the increasing use of QCOs as precise timing
devices in a number of fields such as navigation, communication, and radar where the ambi-
ent conditions are characterized by harsh, external vibration.

Acceleration sensitivity in surface acoustic wave (SAW) resonators and surface trans-
verse wave (STW) resonators in discussed by Kosinski and Gualtieri in [42]. They note that
neither SAWs nor STWs confer any reduction in acceleration sensitivity advantage relative
to each other. Instead, the acceleration sensitivity of acoustic resonators is predominately
a function of substrate dimensions and dimensional tolerances. Tiersten et al demonstrate

analytically that the in-plane sensitivity of a SAW is increased by thickening the device



substrate and that the out-of-plane sensitivity is correspondingly decreased [43]. Microma-
chined vibration isolators are first introduced in order to reduce the acceleration sensitivities
in SAWs and STWs [44, 45, 46]. The emergence and development of this technology will be
discussed in Section 2.2.

The vibration sensitivity of micromachined vibratory gyroscopes (MVGs) has also been
well investigated. MVGs can be considered one of two types. Type I MVGs measure absolute
angle of rotation while Type IT MVGs measure angular rate of rotation. Typically, Type I
MVGs exhibit a geometry that is rotationally symmetric about the sensing axis. Examples
include ring MVGs, disk MVGs, and wine glass mode MVGs [47]. High frequency vibration
can induce flexural modes in ring MVGs which lead to responses that are indistinguishable
from the desired gyro ouput. Additionally, undesired coupling effects can be amplified due
to fabrication imperfections in Type [ MVGs. Fabrication imperfections can result in a loss
of symmetry in the MVG. This asymmetry results in the undesired coupling of translation
and flexural modes. Translation motion can then be coupled into the flexural sense mode
resulting in compromised rotation sensing [48].

The most common Type IT MVG architecture is the tuning fork gyroscope (TFG). TFGs
operate via the Coriolis principle where a proof mass is suspended above a substrate with
anchor flexures that connect the proof mass and substrate. This configuration allows the
proof mass to oscillate in two orthogonal modes: a drive and a sense mode. A drive mode
is generated via electrostatic force at a constant amplitude and the measured sense mode is
induced under rotation about the anchor flexure axis [47]. As in Type I MVGs, fabrication
imperfections result in vibration-induced errors in TFGs. In particular, mass and stiffness
imbalances can result in critical sensing error [49]. While fabrication imperfections can re-
sult in vibration-induced error in TFGs, even ideal TFGs are not immune to error due to
vibration. Three major sources of error under vibration for ideal TFGs are (1) capacitive

nonlinearity at the sense electrodes, (2) capacitive nonlinearity at the drive electrodes which



results in asymmetric electrostatic force along the sense direction, and (3) capacitive non-
linearity at drive electrodes resulting in asymmetric change of drive capacitance. Yoon et al
suggest that external vibration in the sense axis may result in the most pronounced error
as this failure mechanism is implicated in each of the three sources of error. Additionally,
induced error is proportional to TFG quality factor (Q) [50].

Vibration sensitivity has been studied for a number of additional oscillating MEMS
devices. The vibration sensitivities of square-shaped, Lame mode oscillators and double-

ended tuning fork oscillators have been demonstrated to be comparable to those of QCOs

51, 52].

2.2 Micromachined Vibration Isolators: A Background

A common technique for the reduction of unwanted excitation in a system is vibra-
tion isolation. Vibration isolation is the technique of controlling vibration by interposing
compact, resilient connections between the vibration source and its surrounding structure
(source isolation) or between the surrounding structure and the vibration receiver (receiver
isolation) [53]. A simple macro-scale example of source isolation is the insertion of vibration
isolators between industrial equipment and their support structures. The isolators reduce
the transmission of vibration from the equipment to the support structures and surrounding
environment. A simple macro-scale receiver isolation example is the decoupling of electronics
on an aircraft from the harsh vibration environment during flight using an isolation mount
[54].

Vibration isolation can be either active or passive. Passive vibration isolation typically
utilizes springs, masses, and dampers to ensure a desired frequency response given environ-
mental conditions and isolation requirements. The theory of passive vibration isolation will
be treated in Chapter 3. Active vibration isolation utilizes feedback control in which motion
is measured and compared and force is applied to the system to achieve desired isolation

results [55].
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Figure 2.2: Previously fabricated micromachined vibration isolators. (a) First conception of
MVT from Reid for isolation of surface acoustic wave resonators [44]. (b) MVI from Dean for
isolation of MEMS gyroscopes [57]. (¢) Conceptual drawing of high-order vibration isolator
from Yoon [58].

Given the performance concerns discussed in Section 2.1, vibration isolation is critical
to improve the lifespan and reliability of MEMS sensors in harsh environments. However,
integrating a large-scale isolation system is difficult and it introduces components that may
be cumbersome and even destructive to the operation of the device being measured. Thus,
the need for a non-invasive isolation system on the scale of the MEMS sensor of interest is
paramount.

One such technology that meets the aforementioned criteria is micromachined vibration
isolators (MVIs). MVIs are passive filters that are fabricated using standard IC fabrication
processes such as photolithography, Si etching, and thin-film deposition. They typically
possess features on the scale of tens of microns to a few millimeters. MVIs are first introduced

by Reid in order to reduce the vibration sensitivity of acoustic wave resonators [56]. The
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designed MVI consisted of a central isolation platform which housed the STW resonator
and four support arms connecting the platform to a support rim [44]. Mechanical resonance
occurred at 1.1 kHz and the isolator exhibited a 40 dB/decade rolloff at frequencies greater
than 1.2 kHz.

Dean et al applied MVIs to the isolation of MEMS gyroscopes [57]. The constructed
MVI consisted of a 2 ecm x 2 cm outer frame with eight springs attached to a 1 cm x 1
cm central proof mass pad. The isolated MEMS gyro was attached in die form to the
central proof mass pad. The gyroscope electrodes were wirebonded to pads on the isolator
central proof mass pad which connected to electrical readout traces along the springs for
data probing along the outer frame. The MVI exhibited a resonant frequency of 885 Hz.

Yoon et al further developed MVIs for gyroscope isolation through the design and
fabrication of a high-order MVI [58]. This MVI provided both lateral and vertical isolation
by bonding multiple isolators (platforms) with the assistance of a guide wafer. The stopband
attenuation of an MVI can be improved with additional isolation platforms. For N platforms,
the MVI acts as a 2-Nth order low pass filter (LPF). Thus, the inclusion of additional
isolation stages further reduces the acceleration sensitivity of the isolated device in the
isolator’s isolation region. However, the fabrication complexity is significantly increased
with additional isolation stages. The MVIs fabricated in [57] and [44] require just a single
SCS wafer while the MVT fabricated in [58] required four wafers: a double-side polished SCS
wafer, a Pyrex 7740 glass wafer, a single-side polished substrate SCS wafer, and a guide SCS
wafer. The fabricated MVI exhibited a lateral resonance at 1.3 kHz with a Q of ~2.2 and
achieved attenuation beyond 2.1 kHz.

Silicon is not the only material to be proposed as a micromachining substrate for MVI
fabrication. In [59], a vibration isolator is proposed with spring flexures composed of a silicon-
based polymer, polydimethylsiloxane (PDMS). The use of polymers as both a vibration

isolator substrate and as a damping material is discussed in Sections 4.5 and 5.2, respectively.
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Chapter 3

Vibration Isolation: Theory and Performance
3.1 Single Degree-of-Freedom Vibration Isolator

A single degree-of-freedom MVI can be modeled as a spring-mass-damper system with
an excited base as shown in Figure 3.1 [60]. The mass of the system, M, corresponds to the
combination of the masses of the isolated device and the MVI’s central platform. The excited
base models the outer frame of the MVI as rigidly connected to the substrate of interest and
the system stiffness, k, is contributed primarily by the MVI’s support arms. System losses, b,
are contributed by a number of mechanisms including viscous damping, mechanical energy
loss at the spring-outer frame and spring-central platform interfaces (anchor losses), and
material losses in the resonant structure due to conversion of elastic energy to heat [62].

The time-domain displacement of the substrate under excitation is given by x4(t) and
the displacement of the isolated mass is x,,(t). The governing equilibrium time-domain

equation is:

Oz, 0%y,  Oxs
e ) T T )

M( 4 By — @) = 0 (3.1)

3.1.1 MVI Displacement Transmissibility

The single stage MVTI is a second order low-pass filter. After converting to the Laplace
domain and solving for X,,(s) divided by X,(s), the Laplace domain transfer function of the

system is given:

(3.2)
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Figure 3.1: Vibration isolation system model with excited base or subframe.

Substituting in the damping ratio, {, and the system natural frequency, w,, into Eq.

3.2 the transfer function, H(s), can also be considered:

2Cwy,s + w?
= n 3.3
(5) =25 Cons 1 a2 (3.3)
Where the damping ratio is defined:
b
= 3.4
= e (3.4)

The system transmissibility is defined as the normalized displacement of the mass di-
vided by the excited base displacement as a function of excitation frequency, w. Taking the

magnitude of H(s) yields the system transmissibility:

X)) 1+ (2¢)?
"= %W T\ Zrr ey 39
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Figure 3.2: Microisolator transmissibilities for varying damping ratios, ¢, as function of
normalized excitation frequency.

3.1.2 MVI Frequency Response

Two critical parameters, when designing MVIs, are the quality factor, QQ, and the natural
frequency, w,, of the device [63]. Generally, Q refers to the ratio of average stored energy
divided by the energy lost per cycle [61]. Because MVIs can be considered resonators, the

Q is inversely proportional to damping. For lightly damped resonators [62]:

1

= — 3.6
Q=15 (36)
The undamped natural frequency, w,, in radians per second is given by:
k
=1/ — 3.7
“ M (3.7)

Figure 3.2 displays the transmissibility profiles for MVIs of varying damping ratios and
quality factors as a function of excitation frequency divided by natural frequency. Note that

lower damping results in a higher maximum transmissibility and higher attenuation, and
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greater damping results in lower transmissibility with reduced attenuation. The transmissi-
bility profile of an MVI can be divided into two regions: the amplification region, in which
the transmissibility of the isolator is above unity, and the isolation region, in which the trans-
missibility drops below unity. The frequency at which this transition occurs is considered
the isolation frequency. For all second-order excited base systems, the isolation frequency

can be defined:

Wiso = V2(wy) (3.8)

3.1.3 Transmissibility and Acceleration Sensitivity

Ambient acceleration acting on a resonant device results in a shift of the device’s reso-
nant frequency that is proportional to the device’s acceleration sensitivity. This frequency

shift can be described mathematically [41]:

(@) =fH(1+T @) (3.9)

Where fj is the unperturbed resonant frequency of the device, F is the device’s accel-
eration sensitivity, d is the acceleration vector of the ambient environment acting on the
device, and f (7) is the resulting, shifted resonant frequency. The introduction of a vibra-
tion isolation device amends Equation 3.9 such that the resulting frequency shift is also a

function of the transmissibility of the isolation device. The resulting expression is:

F(@) = 1+ T (T(f)- @) (3.10)

Where the vector ?( f) is the isolation device’s transmissibility at the excitation fre-

quency f such that:

T(f) = TL(f)é + T,()i + To(f)? (3.11)
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Note in Equation 3.10 that the frequency shift is amplified when T'(f) is greater than unity
along a particular axis (f < fis,) and the frequency shift is attenuated when T'(f) is less

than unity (f > fiso)-

3.2 Damping Phenomena in Vibration Isolators

MVIs can exhibit considerable transmissibility magnitudes when subject to spectral en-
ergy near the MVIs resonant frequency. Silicon has low mechanical losses which results in
low internal damping [64],[65]. Thus, MVIs need to be further damped in order to mitigate
resonance-induced acceleration sensitivity in isolated devices and to prevent potential dam-
age to the MVI itself. Wide bandwidth shock excitation is a particular concern. The follow

sections detail the theory, performance, and notable phenomena of heavily damped MVIs.

3.2.1 Transmissibility and Resonant Frequency Shift

For lightly damped vibration isolation systems (¢ < 0.1), the maximum transmissibil-
ity, Tpeak, exhibited by the system and the quality factor as defined in Equation 3.6 are
approximately equal [66]. Additionally, the resonant frequency at which T},cq, occurs, w,, is
approximately equal to the system natural frequency, w,.

However, when damping becomes considerable (¢ > 0.1), the actual values for 7)., and
w, deviate considerably from the previous approximations. Solving for the frequency ratio

which yields T},c. using Equation 3.5 gives the expression for w, under heavy damping:

\/«/1 821 12

Substituting Equation 3.12 back into Equation 3.5 yields T, as a function of the

damping ratio:

2v2(¢?)
\/8C4 +/1+8C—4¢2 -1
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Deviation of Quality Factor and Transmissibility for Highly Damped Systems
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Figure 3.3: Quality factor and maximum transmissibility deviation for vibration isolation
systems with ¢ > 0.1. These differences become considerable for systems with Q < 5.

A detailed derivation of Equations 3.12 and 3.13 is provided in Appendix A.

Figure 3.3 graphically depicts the deviation between the quality factor and the maximum
transmissibility for highly damped systems. Note that the percent difference between QQ and
T,

p

cak 18 just 2.4% for ¢ = 0.1 and almost 80% for ¢ = 1.

3.2.2 Viscoelastic Damping in Vibration Isolation

The damping treatment in the previous sections assumes that the damping mechanism
and the stiffness mechanism of the isolation system are independent of one another. However,
often materials such as rubber, viscoelastic polymers, and viscous fluids are used for damping
which contribute both damping and added stiffness to the system. Such a configuration can
be modeled as an elastically connected viscous damper [66]. Viscoelastic solids are often
approximated by the Kelvin-Voigt model and viscoelastic fluids are often approximated by

the Maxwell fluid model [67]. Figure 3.4 depicts the elastically connected viscous damper
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Figure 3.4: Vibration isolation system model with an elastically connected damper contribut-
ing additional stiffness, Kggmyp, to the stiffness.(a) Maxwell fluid damping model. Damping
is added in series with the added stiffness. (b) Kelvin-Voigt damping model. Damping is
added parallel to the damper stiffness.

configuration for both the Kelvin-Voigt and Maxwell models. Note the added stiffness and
damping are in parallel for the Kelvin-Voigt model and in series in the Maxwell model.
For simplicity, it is assumed the damping contribution, b, is dominated by the viscoelastic

damper. The damper’s stiffness contribution is given by Kkggmp. Note that kgemp can be

expressed as a ratio of the isolator’s stiffness, k;,:

kdamp = N(kiso) (314)

Where N is considered the stiffness ratio. The transmissibility of the Maxwell fluid

damped isolator can be given as a function of N such that [66]:

TM azwell —

1+ 4(&)205_2
N v (3.15)
2

(1= 57+ mCE(N+1- )
Figure 3.5(a) presents the transmissibility curves for a Maxwell fluid damped vibration

isolator with constant N = 3 and variable damping ratios for 0.01 < ¢ < 10. Because of the

series coupling of the fluid’s damping and stiffness, the system does not exhibit an increase
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Transmissibility for Maxwell Fluid Damped Vibration Isolators

Transmissibility for Constant Stiffness Ratio N = 3 as Function of Excitation Transmissibility for Constant Damping Ratio { = 0.5 as Function of
Frequency, Damping Ratio Excitation Frequency, Stiffness Ratio (N)
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Figure 3.5: Transmissibility curves for an elastically connected Maxwell fluid damper.
(a)Transmissibility for range of damping ratios and constant stiffness ratio. Note that for
very high damping ratios (¢ > 1) the resonant frequency shifts upward. (b)Transmissibility
for range of stiffness ratios and constant damping ratio. As N approaches infinity the system
begins to approximate a rigidly connected damper configuration.

in resonant frequency until very high damping. As { approaches oo the resonant frequency

of the system becomes a function of the added stiffness such that:

kiso k. am
Wr =00 = |/ % = VN + L(w,) (3.16)

Figure 3.5(b) presents the curves for constant ¢ and variable stiffness ratios in the
Maxwell fluid damped isolator. Note that low values of stiffness result in increased trans-
missibility and attenuation. For increased values of N the system begins to approximate
the rigidly connected damper. The resonant frequency approaches the undamped resonant

frequency for N = oo:

= Wy (3.17)
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Transmissibility for Kelvin-Voigt Solid Damped Vibration Isolators

Transmissibility for Constant Stiffness Ratio N =3 as Function of Excitation Transmissibility for Constant Damping Ratio { = 0.2 as Function of
Frequency, Damping Ratio Excitation Frequency, Stiffness Ratio (N)
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Figure 3.6: Transmissibility curves for a Kelvin-Voigt solid damped vibration isolator.
(a) Transmissibility for range of damping ratios and constant stiffness ratio. In contrast to
the Maxwell model, the resonance shifts downward for high damping. Resonant frequency
at both low and high damping is a function of stiffness. (b)Transmissibility for range of
stiffness ratios and constant damping ratio. As N approaches zero the system approximates
a rigidly connected damper configuration.

The transmissibility of a Kelvin-Voigt solid damped vibration isolator closely resembles
the transmissibility given by Equation 3.5. Because the spring elements are in parallel they

can simply be added such that the natural frequency is a function of the sum of k;,, and

kdamp :

kiso kdamp
oy, = 1] Diso T Ndamp 3.18

Then the transmissibility is precisely that given in Equation 3.5 and need not incorporate
the stiffness ratio, N. Alternatively, the transmissibility can be expressed in terms of N. In

that case:

N +1+4¢2(2)2

(=)t

N+1-— 2(57)2 -+ NI -+ 4C2(:}—n)2

(3.19)

TKelm'n— Voigt —
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Figure 3.6(a) presents the transmissibility curves for a Kelvin-Voigt damped vibration
isolator at a constant stiffness ratio. Note the shift down in resonant frequency as the
damping ratio increases. In this model the resonant frequency approaches Equation 3.18 as
damping approaches zero. Contrast this with Equation 3.16 for the Maxwell fluid damped
system which approaches the same resonant frequency as damping approaches infinity. An
additional point of contrast is that the peak transmissibility of the Maxwell fluid damped
system approaches infinity as the damping ratio approaches infinity while the Kelvin-Voigt
damped system approaches the minimum possible transmissibility: unity.

Figure 3.6(b) presents the transmissibility of a Kelvin-Voigt solid damped vibration
isolator for a constant damping ratio. Note that the variation of N has no effect on the
transmissibility magnitudes of the system. Only the resonant frequency is shifted via the
added stiffness. Again, the Kelvin-Voigt model contrasts the Maxwell model as the expression
for resonant frequency given in Equation 3.17 is achieved at N=0 in the Kelvin-Voigt damped
isolator.

A significant portion of this dissertation discusses the novel implementation of viscoelas-
tic materials to damp the dynamic response of an MVI. These materials include microfibrous

meshes and polymers that are best modeled using the Kelvin-Voigt formulation.

3.2.3 Loss Factor Damping

The energy loss due to viscoelastic damping under steady-state vibration is often charac-
terized by the loss factor. The loss factor, unlike the damping ratio, is considered a material
parameter and is included in the consitutive equations for the Maxwell and Kelvin-Voigt
viscoelastic models [68]. Kelvin-Voigt viscoelastic materials can be considered to have a

complex modulus of elasticity, E*, such that [60]:

E*=E(1+jn) =E + jE" (3.20)
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Figure 3.7: Complex modulus of elasticity for viscoelastic materials.

Where E’ is the storage modulus and E” is the loss modulus as shown in Figure 3.7.
Recall the modulus of elasticity or Young’s modulus is given as the ratio of stress (o) over

strain (€) in a linearly elastic material [69]:

=12 (3.21)
€
The complex modulus in viscoelastic materials results in a complex stiffness:
k*=k(1+jn) =K + jk" (3.22)
Where 7 is the loss factor defined as [70], [71]:
b k,// EN

Note the frequency dependence of the loss factor. This contrasts with the damping ratio

expression given in Equation 5. At w = w,, the relation between 7 and ( is:

n~ 20 (3.24)
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A critical distinction is that the loss factor is frequency specific (among other parameters
such as temperature) to a particular material and the damping ratio is mode specific to a
particular system. Often, the loss factor of a material is given as the loss factor at resonance,
but the loss factor of a material cannot be considered under non-steady-state conditions, such

as transients [72]. However, the damping ratio is still applicable.
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Chapter 4

Micromachined Vibration Isolator Design, Fabrication, and Dynamic Performance

The fundamental geometry of an MVI consists of three constituent structures: (1) a
central platform which accommodates the isolated device or sensor, (2) an outer frame which
is affixed to the substrate under study, and (3) spring flexures which couple the outer frame
to the central platform. Figure 4.1 demonstrates the MVI fundamental geometry with an
added sensor package. The MVIs discussed in this dissertation are intended to accommodate
small, commercially-available, pre-packaged surface-mount devices (SMDs). A few previous
MVT designs have incorporated unpackaged devices, yet the fundamental geometry remains
the same.

The isolator geometry ultimately defines the performance of the isolator. Appropriate
design of the spring flexures and central platform mass is critical to ensure the isolator ex-
hibits the dynamic response necessary for desired sensor isolation. In addition to the primary

resonant mode, additional resonant modes of the MVI must be considered during design.

Sensor Package

Micromachined Vibration
z Isolator
Y\L-' Central Platform

Figure 4.1: Fundamental micromachined vibration isolator geometry and constituent struc-
tures.
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Figure 4.2: Three MVI designs. (a) MVI Variation 1, 11, with centered spring flexures.
(b) MVI Variation 2, 12, with added corner spring flexures. (¢) MVI Variation 3, 13, with
combined center and corner flexures.

The following sections will detail design principles for MVIs and a fabrication methodology
for MVIs. Three MVI designs will be compared and contrasted. A detailed description of

the design, fabrication, and testing of the first two MVI designs is published in [73].

4.1 Micromachined Vibration Isolator Design

MVI design often requires the consideration of many tradeoffs. Notably, a reduced
Q results in reduced attenuation in the isolation region (Figure 3.2) and often improved
damping results in a shifted w, (Figures 3.5, 3.6) that differs dependent upon the damping

mechanism and severity. Additionally, the MVI designer must be aware of the ambient
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bandwidth and respective acceleration magnitudes of the environment for which the isolator
is designed.

Two parameters of utmost consequence to the isolator’s performance are the isolation
frequency, fiso, and the peak transmissibility, Tpeqr. While often the isolator’s Q and w, are
considered the most important parameters in MVI design [63], T)eqr and fis, characterize the
filtering performance of the isolator more generally in cases of both low and high damping.
For example, the Q of a Maxwell fluid damped vibration isolator may be extremely low
due to high damping, but T}, tncreases as the system becomes more damped. Thus, the
quality factor of the system is not representative of the increased acceleration sensitivity in
the MVI's amplification region. Additionally, w, shifts downward from w, in a solid damped
MVI for increased damping. However, f;,, remains the same.

Figure 4.2 displays the three MVI variations designed, simulated, fabricated, and tested
in this work. The MVIs are abbreviated the I1, 12, and I3 variations in the order they were

chronologically developed.

4.1.1 Design of Spring Flexures

The spring flexures are the most important structures in defining the frequency response
of the MVI. The spring flexures are the only coupling mechanism between the isolated sensor
and the substrate of interest. The mass and dimensions of the isolated sensor cannot be
controlled and the sensor mass may dominate the total effective mass of the system. Thus,
there is minimal control over the effective mass of the isolation system without the addition
of a countermass. However, considerable control over the effective stiffness of the system
is available in the number, geometry, and distribution of the spring flexures. Additionally,
micromachining techniques such as photolithography and Si etching allow for precise control
over flexure dimensions. A design procedure for spring flexures for a viscoelastic solid damped

MVT is presented in Appendix B.
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Figure 4.3: Beam models for spring constant estimation under concentrated load. (a)
Clamped-Guided end beam. (b) Cantilever beam. (c¢) Clamped-clamped beam. (d) Critical
dimensions for beam design and spring constant determination.

4.1.2 MVI Spring Flexure Model

The clamped-guided end beam model with a concentrated load is the appropriate model
for determining the spring constant of the MVTI’s spring flexures for the MVI’s primary out-
of-plane resonant mode [74]. The model is presented in Figure 4.3(a) and is contrasted with
the cantilever beam and clamped-clamped beam models. The model assumes that the beam
face attached to the central platform (y,z plane in Figure 4.3) moves parallel to the plane of
the rigid attachment at the other end of the beam: the outer frame in the case of an MVI.
The out-of-plane (z-axis) spring constant for a spring element of this type under concentrated

load is given:

Ewt?

~ 5 (4.1)

ksp =

Where F is the Young’s modulus, w is the width of the beam, ¢ is the beam’s thickness,

and [ is the length of the beam as defined in Figure 4.3(d). Silicon is an anisotropic material
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Figure 4.4: 13 vibration isolator with critical spring dimensions. (a)Outer frame. (b)Central
platform. (c)Spring flexure dimensions and folded spring divided into constituent spring
elements for stiffness approximation. Thickness of all spring elements is 100 pm.

in which E varies from 130 GPa along the <100> direction to 188 GPa along the <111>
depending on the crystal orientation. For <100> Si wafers, the out-of-plane E is 130 GPa

[75].
The orthogonal spring constants for the guided end beam are [74]:

_ Etw?

k=

(4.3)

In these expressions E is along the <110> direction and is equal to 169 GPa [75].

4.1.3 Folded Spring Flexures

Often the stiffness provided by a spring composed of a single, straight beam is too

great to achieve the desired w, and f;,, of the system. While beam dimensions can be
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Figure 4.5: Serpentine spring schematic: An example of a folded spring structure

modified, fabrication tolerances often limit achievable feature sizes. Notably, the thickness
of the isolator springs is often defined by the device layer thickness of a silicon-on-insulator
(SOI) wafer. Additionally, the footprint of the isolator cannot be exceeded and spring widths
must be large enough to accommodate electrical readout traces. The addition of folds to
the spring flexures allows an alternative method to reduce the system stiffness. Figure 4.4
displays the spring dimensions for the I3 MVI. An approximation of the overall stiffness of
the folded flexure can be made by considering the flexure a series combination of the three

spring elements:

1111
ktiew  kse,  kse, ksm,

(4.4)

Note that the definition of the spring elements is arbitrary and is made to simplify
approximation of kye,. A similar analysis can be applied to the corner flexures on the 12
MVI. Strict derivation of spring constants for folded springs is complex and a number of
examples are presented in [74]. An approximation of the out-of-plane stiffness for serpentine

folds shown in Figure 4.5 is given in [76]:
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Figure 4.6: Center spring schematic for 11, 12 MVIs. Springs connected via rigid truss.
Spring pairs can be considered series combination of clamped-guided end beams.

t

nl,

k. ~ BEw(—)? (4.5)

Where n is the number of meanders or folds. The approximation holds for [, >> [,.

Another example of folded spring structures in the MVIs explored is the truss-connected
spring flexure in the I1 and 12 center springs. Figure 4.6 shows the truss-connected spring
flexures with the flexure dimensions. For simplicity of analysis the truss is assumed to
be rigid such that the effective spring constant can be considered a series combination of
clamped-guided end beams [77]. Equations 4.1 and 4.4 can then be applied to determine the
effective stiffness of the center spring pair.

The total spring constant for an MVI can be considered the parallel combination of the

spring flexure stiffnesses. For N flexures the total spring constant is:

kiso = N<kfle:c) (46)
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Figure 4.7: First and second eigenmodes for isolator I1 (a) and isolator 12 (b) with normalized
displacement.

4.1.4 Corner Spring Inclusion in 12

The 12 design closely resembles the I1 design with the notable addition of flexures in
the corners. The addition of the corner flexures serves two major purposes: (1) it provides
added stiffness to the rotational modes that occur after the primary resonant mode, resulting
in higher resonant frequencies for these modes and (2) it reduces the stress induced on the
center springs under acceleration. Figure 4.7 displays the first and second eigenmodes for the
I1 and 12 isolators. COMSOL Multiphysics was used for all finite element analysis (FEA)
simulations in this dissertation. The primary resonant mode is suppressed in 12 relative to
I1 due to the corner spring flexures. Also, the second rotational mode present in I1 no longer
occurs along y-axis, but at approximately 45 degrees between the y and x axes.

Figure 4.8 presents the simulated first and second eigenfrequencies (Figure 4.8 (a)) for
the I1 and I2 isolators (V1 and V2 in the image) as a function of center spring length. A 110

mg mass is applied to the central platform to emulate the mass of a sensor. The inclusion
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Figure 4.8: Critical design parameters as function of center spring lengths from 500 to
900 pm for I1 (V1) and 12 (V2). (a) First and second eigenfrequencies. (b) Center point
displacement and Von Mises stress measurement at center spring/truss juncture shown in
(c) under 300 g load.

of corner flexures drives the second resonance mode to a significantly higher frequency as
compared to the I1 for longer center springs.

Figure 4.8 (b) presents a comparison of the center point displacement and the Von Mises
(VM) stress at a point defined in Figure 4.8 (¢) under a static 300 g load applied to the central
platform along the z-axis. The 300 g load condition applied to the central platform emulates
a typical low bandwidth, far field pyroshock load present in many harsh environments [78].
Both the center point displacement and VM stress at the center spring flexure/truss juncture
are notably reduced with the addition of corner flexures to the isolator. For longer center
spring lengths the Von Mises stress is actually reduced in the 12 as more stress is transferred
to the corner springs. Ultimately, 800 um and 900 pum center springs are selected for the I1

and 12 isolators, respectively, for fabrication and testing.
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Figure 4.9: First and second eigenmodes for isolator 11 (a) and isolator 12 (b) with handle
layer of central platform included.

4.1.5 Central Platform Design

The area of the central platform must be large enough to house the isolated sensor and
the electrical readout traces. An additional design decision must be made whether to keep
the SOI handle layer on the device’s central platform. The removal/inclusion of the SOI
handle layer results in fundamentally different resonant modes when the isolator is unloaded
with a sensor or test mass. The FEA results of Section 4.1.4 displayed in Figure 4.7 and
4.8 are for an isolator whose central platform has only a 100 pgm thickness due to Si etch
removal of the handle layer beneath the central platform. Inclusion of the SOI handle layer
adds an additional 500 pum to the central platform thickness.

Figure 4.9 displays the first and second eigenmodes for the I1 and 12 with handle layer
included in the central platform. The resonant modes in Figure 4.7 are flexural modes which

exhibit bending across the central platform. This is due to the uniform thickness of the
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Figure 4.10: FEA Simulated Resonant Modes for I3 MVI with added proof mass. (a) First
eigenmode at 844 Hz. (b) Second eigenmode at 1245 Hz. (c) Third eigenmode at 1371 Hz.
Frequency split between second and third modes is due to different in-plane dimensions of
the proof mass (3 mm vs. 4.5 mm).

spring flexures and the central platform. This configuration results in a reduced k;s, as the
central platform can be considered a spring element in series with the flexures.

In contrast, the resonant modes in Figure 4.9 show the central platform oscillating as a
uniform mass with flexing confined to the isolator’s springs. The inclusion of the SOI handle
layer provides a more equal center of mass and center of elasticity by serving as a counter

mass to the isolated sensor’s mass. Despite a five-fold increase in central platform mass, the

resonant frequencies in 12 increase and remain the same in I1 due to drastic increase in k;g,.

Table 4.1: FEA Simulated Eigenfrequencies for 11, 12 Variations

Variation 1st Eigenfrequency 2nd Eigenfre- Ratio
(kHz) quency (kHz) (2nd/1st)

I1 w/o substrate 1.432 3.5 2.44

12 w/o substrate 1.800 4.772 2.65

I1 w/ substrate  1.410 2.146 1.52

[2 w/substrate ~ 2.582 3.58 1.39
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Table 4.1 presents the first and second eigenfrequencies for the I1 and 12 MVIs both with
and without the central platform substrate.

The I3 MVI was only fabricated and tested with the central platform substrate included.
Figure 4.10 displays the first, second, and third simulated resonant modes for the I3 design.
A 110 mg aluminum (Al) test mass is added to the isolator to emulate the mass and boundary
conditions of an isolated sensor. The 110 mg mass is added to the I1, 12 simulation but as
a distributed mass across the central platform. The I3 emulation more closely approximates
the boundary conditions of an isolated sensor. Note the frequency split between the second
and third modes. This is due to unequal lengths of the proof mass in the respective in-plane
axes. Ideally, the two modes would be degenerate for a square proof mass. The simulated
proof mass is intended to model the Al proof masses available for experimental testing.

Table 4.2 gives the system parameters for the I1, 12, and I3 MVI variations with handle
layer substrate remaining. Note that the system mass consists of the central platform mass
plus the mass of an Al proof mass (110 mg). The spring flexure stiffnesses for each MVI
variation, ke, are estimated using the spring constant approximations in Sections 4.1.2 and

4.1.3. Note the I2 variation has both center (8 total) and corner springs (8 total). Thus, ks,

Table 4.2: System Parameters for 11, 12, and 13 MVI variations with handle layer substrate

Central Svstem flg;ﬁi riIs‘(())il:Zior Calc. FEA Sim.
MVI Platform Y . . Natural Natural
. L. Mass stiffness,  stiff-
Variation Mass Freq.,f, Freq., f.
(mg) (mg) kflea: ness, kiso (kHZ) (kHZ)
(kN/m)  (kN/m)
I1 30 140 1.78 14.26 1.61 1.41
2.54 (cen-
ter)
12 27.5 137.5 254 (cor- 40.63 2.74 2.5
ner)
I3 70 180 0.643 5.142 0.850 0.844
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Figure 4.11: Silicon-on-insulator wafer schematic with Si crystal orientations. (a) Top-down
view along z-axis. <100> planes are 45° from x,y axes of wafer. (b) Cross-sectional view
along y-axis. The <100> direction is normal (along the z-axis) to the surface of the wafer.

for 12 is approximated as the sum of the contributed stiffnesses from both the 8 center and

8 corner springs. Natural frequencies calculated using the estimated stiffnesses match well

to primary resonant frequencies observed in FEA simulation.

4.2 Microlsolator Fabrication

MVIs are batch fabricated from 100 mm diameter silicon-on-insulator (SOI) wafers
composed of a 100 um thick device layer, 500 pm thick handle layer, and a 1.5 pm buried
oxide layer. The out-of-plane Si crystal orientation is the <100> plane as shown in Figure
4.11. Standard microfabrication techniques including UV lithography and deep reactive ion
etching (DRIE) of Si are used to define the MVI geometry and constituent structures.

One of the primary advantages of using an SOI substrate is the ability to define the
spring flexure thicknesses with the SOI device layer. Note the out-of-plane spring constant
scales with ¢* as in Equation 4.1. Any process variation (inconsistent etch depths during
DRIE) yielding non-uniform spring flexure thicknesses can result in widely varied spring
constants and resonant frequencies. Photolithography allows excellent control over the spring

widths and lengths but vertical features such as the spring thickness must be defined using
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Figure 4.12: Process flow summary for fabrication of silicon micromachined vibration isola-
tors using SOI wafers. Critical material deposition and etch processes are shown in steps (a)

through (f).
Si etching. The adoption of SOI wafers as a fabrication substrate mitigates the process
variation by utilizing a predefined thickness for the spring flexures.

Figure 4.12 displays the process flow for fabrication of MVIs. A detailed microfabrication
process flow is included in Appendix C. Firstly, a one hour wet thermal oxidation is performed
to serve as a hard etch mask during DRIE. Next, a Ti/Cu/Au (50/250/20 nm) stack is
deposited onto the device layer via electron beam evaporation. This metallization layer
defines the electrical readout traces and pads from which output data from an isolated sensor
can be probed. An additional electron beam evaporation step can be performed to deposit
Ti/Cu (50/250 nm) onto the device handle layer. This additional layer can be used to solder
attach microfibrous damping meshes discussed in Chapter 5 as well as metal countermasses.

Next, device layer features are defined via DRIE as shown in Figure 4.12(c). AZ®
9245 positive photoresist by MicroChemicals is spun to 7 pum and exposed to define the
spring flexures of the microisolator. This is followed by a timed buffered oxide etch (BOE)
to remove the thermally grown oxide layer and allow Si etching. An STS silicon etcher is
used for DRIE. Etch and passivation cycles consist of a 13 second etch step using SFg at a

flow rate of 130 sccm and a 5 second passivation step using C4Fg at a volumetric flow rate
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Figure 4.13: Fully Fabricated 12 MVI with metallization traces. (a) Device layer view. (b)
Center spring flexure. (c¢) Corner spring flexures.

of 85 scem. The power of the 13.56 MHz RF coil is set to 600 W. Typical etch rates are
approximately one pum per cycle.

After processing the device layer, the handle layer is patterned and etched. To accom-
modate a through handle layer etch, a Si backing wafer is attached to the processed wafer’s
device layer [Figure 4.12(e)]. This prevents wafer cracking during the 500 ym through han-
dle layer etch. During the handle layer etch, the Si beneath the spring flexures is removed
to allow displacement under actuation. In I1 and I12 MVI variations without the central
platform substrate, the handle layer of the central platform is etched away during this step.
All features defined during the device layer processing are etched completely through the
wafer during the handle layer etch. Finally, the fully etched microisolators are placed in an

acetone bath to allow release from the backing wafer [Fig.4.12(f)].
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Figure 4.14: Fully Fabricated 13 MVI with metallization traces. (a) Handle layer view
showing attachment pad for damper and/or counter mass. (b) Device layer view. (c¢) Corner
spring flexures.

Figure 4.13 displays a fully fabricated 12 MVI. The device layer is shown in Figure
4.13(a). The metallization traces on the device layer central platform and along the spring
flexures allow electrical readout of isolated sensor data. Magnified images of the fully re-
leased central and corner spring flexures are presented in Figure 4.13(b) and Figure 4.13(c),
respectively. Center springs often exhibited widths less than 20 pm due to photolithography
and etching tolerances. Note the oxidation present on the metal traces on springs in 4.13(b)
and 4.13(c) is eliminated with the addition of a gold layer over the copper. Images in Figure
4.13 were taken prior to adding the 20 nm gold flash to the metal stack.

A fully fabricated 13 MVT is presented in Figure 4.14. The handle layer with added
metal trace for solder attachment of microfibrous damper and/or counter mass is displayed
in Figure 4.14(a). The MVI device layer is shown in Figure 4.14(b) and corner spring flexures
are shown in Figure 4.14(c). Oxidation of metal traces has been mitigated due to inclusion

of 20 nm gold flash atop the metal stack.
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Figure 4.15: 11 handle layer etch areas. Area etched in all substrate variations (blue) and
area etched in without substrate variation (red). These large etch areas result in the plasma

loading effect in 11, 12 MVIs.

4.2.1 Deep Reactive Ion Etch Considerations

The deep reactive ion etch (DRIE) of silicon is the critical fabrication step which physi-
cally defines the microisolator structure. The quality of the DRIE directly affects the quality
of the fabricated device. Properly executed DRIE can yield high aspect ratio structures that
deviate little from the intended device design, while poorly executed DRIE can result in
issues ranging from slightly compromised device dimensions to devices which are unable to
be fabricated. Two DRIE issues encountered during the fabrication of MVIs are (1) the
plasma loading effect and (2) the emergence of “black” silicon.

The plasma loading effect occurs when areas where Si is to be etched are large enough
to deplete the etch gas, SFg in this case, such that the etch rate is significantly reduced. The
plasma loading effect was first reported by Mogab [79] and experimentally demonstrated by
Kartunnen et al [80]. The loading effect is considerable in the fabrication of the I1 and 12
MVIs, particularly in variations where the handle layer is etched. The observed etch rate in
I1, I2 variations with handle layer substrate was 0.87 pm/cycle while the etch rate dropped
to 0.70 pum/cycle when the handle layer was etched away. The Si etch areas on the handle

layers for these variations are 12.88 mm? per device with handle layer and 38.76 mm? per
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Figure 4.16: Formation of black silicon during DRIE. (a) Silicon etching by fluorine radi-
cals produced by SFg/Os plasma. (b) Fluoropolymer passivation layer formed via radicals
produced from C,Fg/Os plasma. (c) Micromasking formation due to residual passivation
layer. Oxygen radicals typically bond to the fluoropolymer, removing it allowing for silicon
etching. (d) Formation of black silicon results from inability to etch silicon due to residual
fluoropolymer layer.

device with handle layer etched. Figure 4.15 demonstrates the difference in etch area in the
two variations. I1, 12 devices are fabricated in a 7x7 grid on the SOI substrate such that
the total Si etch area on a wafer is 631.12 mm? for variations with substrate and 1899.24
mm? for variations without substrate. The device layer etch rate was closer to one um/cycle
due to the smaller Si etch area. The plasma loading effect is not observed in the I3 MVI.
Significantly less etch area is present in the 13 because only variations with substrates were
fabricated and because etch areas were significantly reduced. Etch rates remained consistent
during DRIE.

Black silicon, often referred to as “grass”, arises when fluoropolymer formed as a pas-

sivation layer during the DRIE passivation step is not properly removed during the DRIE
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Figure 4.17: Black silicon formation during deep reactive ion etching of wafer handle layer.
(a) Full wafer view. Silicon etch areas are yellow-brown instead of grey-silver indicating a
transition to black silicon. (b) Enhanced view of etch area. Black silicon “cones” appear as
“bubbles” from top view.
etch step [81]. Ideally, the fluoropolymer (SiyO,F,) acts to promote anisotropic etching of
Si by coating the sidewalls of the etch profile. However, residual fluoropolymer can remain
on the etch surface forming a “micromask” which prevents fluorine radicals from etching
the masked Si subsrate in subsequent etch steps. This results in the formation of cone or
grass-like Si structures that appear black due to their high optical wavelength absorption.
Figure 4.16 graphically depicts a possible mechanism by which black silicon can form. Inter-
estingly, a widely used method, the black silicon method, has been employed to maximize
DRIE aspect ratios. The black silicon method entails increasing the Oy flow rate until black
silicon is formed. Next, passivation gas flow rate is increased until the black silicon is no
longer present. Passivation gas or Oy can then be adjusted to account for more positively
(excess Og) or negatively (excess passivation gas) tapered sidewalls [82].

During the fabrication of MVIs, the formation of black silicon was mitigated by reducing

the DRIE passivation step time from seven seconds to five seconds. Figure 4.17 displays the
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Figure 4.18: Transmissibility testing setup for microisolator frequency response character-
ization. A mechanical shaker excites the isolator across a 6.2 kHz bandwidth and laser
vibrometers measure displacements for given frequencies. Note that two lasers are used dur-
ing testing: one to measurement the isolator response, another to measure the response of
the reference test fixtures.

handle layer of a wafer during DRIE and a magnified etch area in which the silicon is
transitioning to black silicon. The bubble-like structures forming on the silicon surface are
black silicon cones. Note that true black silicon is not formed because the sidewalls of the
cones are not right angles to the silicon surface. Because the cones have sloped sidewalls,

the silicon takes on a brown or yellowish tinge as seen in Figure 4.17(a).

4.3 Dynamic Performance of Undamped Micromachined Vibration Isolators

4.3.1 Transmissibility Test Setup of Undamped MVIs

After fabrication each isolator type, the dynamic performance is quantified via experi-
mental testing. Testing involved analyzing the transmissibility of each isolator when excited
across a 6.2 kHz bandwidth. The performance of each isolator can be characterized by its

quality factor (Q), resonant frequency (f,), and the attenuation profile within its stopband.
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Figure 4.19: (a) 3D-printed test fixture to allow transmissbility testing of microisolators on
large mechanical shaker. The DUT is clamped between two separate printed pieces about the
isolator’s fixed frame. (b) Axis coordinates in reference to isolator/Al test cube combination.
Mechanical shaker actuates in the z-axis direction.

Acquiring the transmissibility consists of exciting the microisolator with mechanical
vibration and studying its response. The vibration was applied via a mechanical shaker
and can be described as random noise across a 400 to 6600 Hz bandwidth. The response
is the relative displacement of the isolator’s central platform to the excited base on which
the isolator is affixed. The displacement ratio of the central platform to excited base across
the bandwidth yields the transmissibility of the isolator. Laser Doppler vibrometry is used
to measure the displacements. Reflective tape is applied to the platform and base to allow
measurements to be taken by lasers (laser sensitivity was set to 20 pm/V). Figure 4.18
displays a simplified diagram of the testing setup. Note that only one laser emitter is shown
for simplicity, yet two lasers are required in the actual testing setup (isolator response laser
and reference laser). The output signal for each laser emitter was fed into a dynamic signal
analyzer. The analyzer serves to pair the measured displacements with their corresponding
excitation frequency. The analyzer was also used to condition the output of the vibration
amplifier and mechanical shaker.

The mechanical shaker is a rather large and cumbersome piece of equipment. There is a
stark contrast in size between it and the microisolator that it is intended to excite. In order

to test the isolator on the shaker, a test fixture is fabricated to house the device-under-test
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(DUT) [Figure 4.19(a)]. The test fixture was 3D-printed and made of a UV-curable photo-
polymer. The fixture is composed of two separate pieces which clamp together to hold the
isolator fixed. A 500 um wide rim around the perimeter of a square cavity in the test fixture
allows the isolator to be clamped about its fixed frame while providing sway space for the
central mass to oscillate. A 110 mg aluminum cube is attached to the isolator to emulate
the mass of a sensor [4.19(b)]. The complete isolator/fixture configuration is presented in
Figure 4.20.

The transmissibility test was conducted for each isolator variation. As mentioned be-
fore, testing consisted of measuring the response of the isolators across the 400 to 6600 Hz
bandwidth. Note that excitation and measurements were performed along the z-axis. The
analyzer was instructed to sweep across the bandwidth. The responses were compiled to

form the transmissibility profile of that sweep. Sweeping was performed 500 times and the

Microlsolator

Fixture Reference Laser
Response Laser

Reflective Tape

Direction of Silicon Microlsolator,
Shaker Actuation Clamped Into Fixture

Figure 4.20: Transmissibility testing setup for microisolator frequency response character-
ization. A mechanical shaker excites the isolator across a 6.2 kHz bandwidth and laser
vibrometers measure displacements for given frequencies. Note that two lasers are used dur-
ing testing: one to measurement the isolator response, another to measure the response of
the reference test fixtures.
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Figure 4.21: Comparison of transmissibility uniformity after z-axis rotation. (a) Machined
plexiglass fixture displays variation in resonant frequency from 1.248 kHz to 2.104 kHz and
Q from 2.965 to 24.97. (b) Printed resin fixture shows much more consistent results. Only
a 24 Hz range in resonant frequency is exhibited. Variation in Q is just 8.2.
transmissibility sample for each sweep was collected and averaged into a single transmissi-
bility test set. Each isolator variation was subjected to a minimum of 5 test sets resulting
in a minimum of 2500 transmissibility samples per excitation frequency.

To ensure consistency and repeatability while testing, the isolators were periodically
rotated 90° in the test fixture. This served to ensure that measured z-axis displacements
were rotationally symmetric. Originally, we utilized a machined plexiglass fixture which
exhibited poor rotational uniformity. Measured Qs and f.s varied wildly when a tested
device was rotated 90°. However, the introduction of the 3D-printed resin fixture provided
significantly more uniform responses. Figure 4.21 displays a comparison of the response of an

isolator rotated in 90° intervals in (a) original plexiglass fixture and (b) 3D printed fixture.

4.3.2 Transmissibility Test Equipment

The test equipment used for MV transmissibility testing is displayed in Figure 4.22. An

HP35655A dynamic signal analyzer [Fig. 4.22(a)] is used to set testing parameters including
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Figure 4.22: Test equipment used for during transmissibility analysis of fabricated MVIs.

frequency range, sample resolution, and number of recorded samples. Additionally, the
analyzer sets output parameters excitation type (random noise, sinusoidal, chirp, etc.) and
excitation level for the PA5S00L power amplifier by Ling Dynamic Systems [Fig. 4.22(b)].
The power amplifier excites a V408 electrodynamic shaker also from Ling Dynamic Systems
[Fig. 4.22(c)] which actuates the device under study.

Displacement measurements are made using two Polytec OFV 353 laser vibrometer sen-
sors/emitters [4.22(d)] which measure displacement of the device under study using laser
Doppler vibrometry. Polytec OFV 2610 [4.22(e)] laser controllers are used to set the sensi-

tivity of the laser in pym/V.
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4.3.3 11 Undamped Dynamic Performance

The I1 isolator variation without substrate experimentally demonstrated a resonant
frequency of 1.344 kHz, a 6.4% deviation from the 1.43 kHz resonant mode observed in
simulation. I1 w/o substrate exhibits a peak transmissibility of 30.39 as shown in Figure
4.23(a). To characterize the stopband attenuation, the -20 dB or 0.1 transmissibility fre-
quency, f_soqp is considered. At this frequency the output displacement has dropped to just
10% of the input. 11 w/o substrate demonstrates f_soqp at 2.84 kHz as indicated in Figure
4.23(b).

I1 w/ substrate exhibits f, at 1.312 kHz with a Q of 16.7 as shown in Figure 4.23 (c).
Percent difference between the simulated (1.41 kHz) and experimental f, is 7.47%. Notably,
the secondary mode exhibits a transmissibility which exceeds unity just before 4 kHz. The
f—_20ap point appears at just 1.65 kHz indicating excellent attenuation in the stopband until
the peak before 4 kHz as shown in the logarithmic plot in Figure 4.23(d).

Both of the I1 MVI variations exhibit undesirable resonant modes before the primary

out-of-plane resonant mode. Interestingly, the I1 w/ substrate exhibits a vibration band gap

before 2 kHz.
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Figure 4.23: 11 MVI transmissibility profiles. I1 w/o substrate (a) linear and (b) logarithmic.

I1 w/ substrate (c) linear and (d) logarithmic.
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4.3.4 12 Undamped Dynamic Performance

12 isolators without substrate exhibit a Q of 38.2 at a f, of 1.776 kHz. The percent
difference between the experimentally observed and simulated (1.887 kHz) f, is 6.25%. Stop-
band attenuation in 12 is not as rapid as in I1, with f_ 5945 at 3.52 kHz. 12’s transmissibility
profile can be seen in Figure 4.24 (a) and (b).

12 w/ substrate exhibits f,. at 2.009 kHz with a Q of 59.89. The percent difference
between the simulated (2.50 kHz) and experimental f, was found to be 19.64%. Stopband
attenuation in 12 occurs at a higher frequency than I1, with f_s0,5 approximately 4.67 kHz.
The 12’s transmissibility profile can be seen in Figure 4.24 (c¢) and (d).

Both the I2 variations exhibit the undesired resonance before the primary resonance

observed in the I1 variations.
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Figure 4.25: I3 MVI undamped transmissibility profile (a) linear and (b) logarithmic.

4.3.5 13 Undamped Dynamic Performance

The undamped I3 transmissibility is shown in Figure 4.25 which presents the average
transmissibility profile of 8000 samples at each frequency step (Af = 8 Hz) between 400
Hz and 6600 Hz. The experimentally observed peak transmissibility, Tpeqr, is 11.36. This
corresponds to an undamped effective damping ratio of (,; = 0.044. The resonant frequency
determined by experiment (832 Hz) matches well with the resonant frequency derived ana-
lytically (850 Hz) and from FEA simulation (844 Hz). The undamped isolation region, fis,,
begins right at 1 kHz. Resonances in the isolation region are present from 1300 to 3500 Hz
where there is a notable excitation peak. This peak is thought to be an artifact of the test

setup as it is present in tests of other devices.
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Table 4.3: Undamped Microlsolator Performance Summary

Isolator fr (FEA, f. (Exp, Quality f-20aB
Variation kHz) kHz) Factor (kHz)
I1 w/ sub. 1.41 1.312 16.7 1.65
I1 w/o sub. 1.43 1.344 30.39 2.84
12 w/ sub. 2.50 2.01 59.89 4.67
12 w/o sub. 1.887 1.796 38.2 3.52
I3 0.844 0.850 11.36 4.712

4.3.6 Undamped Dynamic Performance Summary

A summary of the undamped dynamic performance of the MVI variations is given in
Table 4.3. FEA and experimental results for fundamental resonant frequencies are in good
agreement. However, measured quality factors indicate significantly increased induced accel-
eration sensitivity near the MVI’s resonant frequency. To mitigate this added acceleration
sensitivity at resonance, damping must be added to reduce the system quality factor. Chap-
ter 5 provides an overview of previously used techniques to increase MVI damping and it

details the novel use of microfibrous meshes and polymers to increase system damping.

4.4 Reliability Studies on the Undamped 13 MVI

4.4.1 Finite Element Study of Peak Von Mises Stress Under Harmonic Accel-

eration

An FEA study using COMSOL Mulitphysics is performed to determine the peak Von
Mises stress exhibited by the I3 MVI under harmonic acceleration magnitudes ranging from
1 G to 100,00 G. In yield analysis, the Von Mises (VM) stress is often compared to the
yield strength (for ductile materials) of a material to estimate whether or not a material
will plastically deform [83]. If the computed VM stress exceeds the material yield strength,
plastic deformation is predicted. Because single-crystal silicon (SCS) is a brittle, not ductile,
material, the simulated VM stresses are compared to the ultimate tensile strength (UTS) of

SCS (brittle materials do not exhibit plastic deformation like ductile materials). The UTS is
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VM Stress
Probe Point

Figure 4.26: Probe point on I3 MVI for peak Von Mises stress simulation for acceleration
magnitudes from 1 G to 100,000 G’s. The probe point is located on the spring flexures
(Spring Element 3 as shown in Figure 4.4).

the maximum stress the material can endure before fracture. In brittle materials, the yield
strength and UTS are very similar. In [3], Petersen lists the UTS of SCS at 7 GPa.

Figure 4.26 shows the probe point at which the VM stress is measured during simulation.
This point is the point of peak VM stress during excitation of the primary resonant mode. To
excite the isolator, a harmonic acceleration boundary condition in the out-of-plane direction
is applied to the bottom surface of the MVI outer frame with magnitudes ranging from 1 to
100,000 G’s. The acceleration magnitudes are applied across an excitation bandwidth from
400 to 6600 Hz.

Figure 4.27 displays the results of the FEA study. The VM stress at the probe point
is plotted across the excitation bandwidth for each of the acceleration magnitudes and com-
pared to the UTS of SCS (dashed red line). Significant VM stress peaks occur at both the
primary out-of-plane resonant mode and the second and third rotational modes. Simula-
tion results suggest that acceleration magnitudes of 100 G’s and greater result in peak VM

stresses exceeding the UTS of SCS when the 13 is undamped.
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Figure 4.27: Peak Von Mises stress on I3 MVI under acceleration magnitudes ranging from
1 to 100,000 G across a 400 to 6600 Hz bandwidth. VM stress peaks are present at the
primary resonant mode as well as at the second and third rotational modes.

4.4.2 72 Hour Vibration Testing

The reliability of the I3 MVI is experimentally tested via a 72 hour vibration test.
The isolator is subjected to random noise vibration for 72 Hours using the testing setup
described in Section 4.3.1 and the transmissibility is sampled every 12 hours for a total of
seven samples. The recorded transmissibility profile for each of the seven samples is plotted

in Figure 4.28.
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Figure 4.28: Individual transmissibility profiles for 72 hour undamped I3 reliability test.
Seven transmissibility samples are taken at 12 hour intervals to monitor change in the per-
formance over time.
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Figure 4.29: Peak transmissibility and resonant frequency of each sample for 72 hour un-
damped I3 MVT reliability test.
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The peak transmissibility and resonant frequency for each of the seven samples is plotted
in Figure 4.29. The undamped isolator exhibits very consistent performance throughout the
reliability test. The resonant frequency stays consistently at 712 Hz except for a single sample
(Sample 6) at 704 Hz. The measured Tjeqrss range from 23.22 to 25.94, just a difference of

2.72.

4.5 Alternative Fabrication Technologies for MVIs

4.5.1 Additive Manufacturing

An alternative fabrication method for MVIs is available using additive manufacturing.
Additive manufacturing, or 3D printing, was first described in 1986 by Hull [84] and is
considered “the process of joining materials to make objects from 3D model data, usually
layer by layer” [85], [86]. Select 3D printing technologies include fused deposition modeling
(FDM), selective laser sintering (SLS), inkjet printing, stereolithography (SLA), and 3D
plotting. FDM printing is the most common printing paradigm of polymer-based materials.
It consists of heating a thermoplastic filament to its melting point and extruding the melted
filament layer by layer to construct the desired 3D object. SLS printing operates by the
selective sintering of powder using a high power laser. SLA printing uses photopolymers that
are cured by a UV laser. The photopolymers are in the form of a liquid resin which polymerize
after exposure to the UV laser. This polymerization is carried out one layer at a time such
that each 2D polymerization layer is added atop the previous layer of polymerization to
produce a finished 3D object [86].

Since the conception of 3D printing, there has been a significant increase in the available
materials which can be printed as well as significant improvement in the resolution at which
features can be printed. Resolution as high as 10 pum is now achievable using SLA printing
[86]. Such improvements in the resolution of additively manufactured devices along with their
quick fabrication and turnaround times make them increasingly interesting candidates for

rapid prototyping and even finished product applications of micromechanical devices. Unlike
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Figure 4.30: CAD Model of 3D printed MVI. (a) CAD model of printed MVI design dimen-
sions. The X,Y lengths are 25 mm x 25 mm with a thickness of 1.5 mm. (b) FEA simulated
primary resonant mode.

traditional MEMS devices, 3D printed devices do not require expensive lithography, etching,
and thin-film deposition tools for fabrication. Sections 4.5.2 and 4.5.3 detail the use of FDM

and SLA printing to produce microscale vibration isolators. The isolation performance of

the 3D printed MVIs is then tested and compared [87].

4.5.2 Design and FEA Modeling of Additively Manufactured MVIs

To investigate the use of additive manufacturing for MVI prototyping, a 25 mm x 25
mm x 1.5 mm MVI was designed using CAD software [Fig. 4.30(a)]. The MVI was designed
to exhibit a primary resonant frequency of approximately 1 kHz when loaded with a 110 mg
proof mass.

Modal FEA analysis was performed using the material parameters from FormLabs’
Grey Resin 1 (FLGPGRO04) [88] to estimate the primary resonant frequency. The simulated
resonant frequency was 982 Hz, just a 1.8% difference from the desired resonant frequency.

Figure 4.30(b) displays the simulated primary resonant mode.
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Figure 4.31: Additively Manufactured Vibration Isolators. Isolators printed with: (a) Form-
lab’s Grey Resin. (b) Markforged’s Onyx Material. (c¢) Formlab’s Tough Resin. (d) Form-
lab’s Tough Resin with poor print quality and defects.

4.5.3 Fabrication and Testing of Additively Manufactured MVIs

The designed MVI is printed using both FDM and SLA methods. In total 25 isolators
were printed. The printed isolators are displayed in Figure 4.31. The MVIs were printed
using three different materials: Markforged’s Onyx (FDM, 10 total isolators), Formlab’s
Grey Resin (SLA, 5 total isolators), and Formlab’s Tough Resin (SLA, 10 total isolators).

The transmissibilities of the fabricated isolators were tested using the laser doppler vi-
brometry setup detailed in Section 4.3.1 with a 110 mg Al proof mass added to the isolators’
central platform. Transmissibility results for each of the FDM printed Onyx material isola-
tors are shown in Figure 4.32. Isolators exhibited resonant frequencies of about 900 Hz and
less variation in Q than in either of the SLA printed materials.

The transmissibilities of each of the five SLA printed Formlabs’ Grey Resin vibration

isolators are shown in Figure 4.33. Grey Resin isolators exhibited a very consistent resonant
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Figure 4.32: Transmissibility of FDM printed Markforged Onyx vibration isolator

frequency of nearly 1 kHz with slightly greater variation in Q than the Onyx isolators.
Quality factors ranged from approximately 12 to 19.

Figure 4.34 displays the transmissibilities for each of the SLA printed Tough Resin vibra-
tion isolators. The Tough Resin vibration isolators exhibit the greatest variation in resonant
frequency of the three materials. The measured quality factors range from approximately 11
to 14.

In summary, the 3D printed vibration isolators exhibit similar experimental resonant
frequencies to the resonance indicated in FEA simulation. Interestingly, significant variation
in the reliability and consistency of the isolator performance is observed in each of the three
tested materials. The FDM printed Onyx isolators exhibit high reliability in both resonant
frequency and quality factor. Both of the SLA printed vibration isolators exhibit considerable

variation in either resonant frequency (Tough Resin) or quality factor (Grey Resin).
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Figure 4.33: Transmissibility of SLA printed Grey Resin vibration isolator
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Figure 4.34: Transmissibility of SLA printed Tough Resin vibration isolator.

Further development of 3D printed MVIs will require a number of advancements includ-

ing a reliable means of adding conductive traces for data acquisition from isolated sensors.
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Figure 4.35: Microbull printed using TPP. Scale bar is 2 ym. From Kawata [96].

Another concern is the temperature-dependent mechanical properties exhibited by polymers
used in additive manufacturing that may be altered during typical electronics packaging
procedures like reflow soldering.

Recently, conductive nanomaterials such as metal nanoparticles, metal nanowires, graphene,
carbon nanotubes, and conductive polymers have emerged as a means of applying conduc-
tive traces to 2D and 3D printed devices [89]. Such advancements may provide a means of

applying electrical traces to 3D-printed vibration isolators.

4.5.4 Two-Photon Polymerization: A Possible Path to Nano-Scale Mechanical

Isolation

Two-photon polymerization (TPP) refers to the microscale stereolithography technique
first presented by Maruo in 1997 in which a photosensitive material, typically in the form
of a resin composed of a photoinitiator and constituent monomers, is selectively exposed
to a laser of a particular wavelength in order to selectively polymerize regions of the resin

[90]. The polymerization requires two-photon excitation of a photoinitiator for an electron
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Figure 4.36: Vibration isolator fabricated using two photon polymerization.

to move from an occupied state to a higher energy state [91]. Excellent resolution has been
demonstrated using TPP. Resolution is typically less than the wavelength of the excitation
laser used and resolutions less than 50 nm have been demonstrated [92].

Given the excellent resolution available using TPP as well as the three dimensional
control of the polymerization process, TPP has been used in an increasing number of mi-
cromachining applications. These advantages have generated interest in mechanical devices
printed using TPP [93], [94], [95]. Such advantages may make TPP a candidate process for
the fabrication of nanoscale vibration isolation systems.

While TPP does exhibit some of the drawbacks of 3D-printed vibration isolators such as
serial fabrication and poor compatibility with existing microfabrication techniques, methods

have been developed for selective metallization of TPP structures [97], [98].
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An additional mechanical advantage of TPP polymers is their significantly lower elastic
moduli (E). Many of these polymers exhibit E’s around 1 GPa [99], about 130 times lower
than the E of <100> Si. This low E allows the designed TPP isolator to retain a much lower
resonant frequency (v/130 = 11.4 times lower) than a Si isolator given the same dimensions.

Figure 4.36 shows a 100 um by 100 pm variation of the vibration isolator detailed in
Sections 4.5.2 and 4.5.3. The isolator was fabricated via TPP using a 520 nm femtosecond-

pulse laser.
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Chapter 5

Damping Techniques for Shock Reliability

As noted in Section 3.2, increased damping is required to reduce the added acceleration
sensitivity induced by MVI resonance. Two previously studied damping methods are the use
of heavy gases and the use of electrostatic feedback control. In [100] Kim et al investigate the
effects of varying gas pressure on the transmissibility of a vibrating MEMS structure. Gas
chemistries including SFg, No, SOq, water vapor, and air were evaluated for their damping
performance at pressures ranging from 0.1 Torr to ambient. While heavier gases did exhibit
greater damping (SFg reduced @ from 150.2 at 0.2 Torr to 15.7 at 540 Torr), the Q’s exhibited
by the MEMS structure are still large and correspond to significantly increased acceleration
sensitivity.

Using electrostatic feedback control Kim et al reduce the Q of a vibrating MEMS device
from approximately 135 to approximately 60 at a pressure of 50 mTorr [101]. A parallel-
plate capacitor is formed by the device and a PCB upon which the device is mounted.
The relative velocity of the device to the PCB is sensed via the capacitor using Dean’s
method detailed in [102]. The measured velocity is then compared to a reference as control
input. As in the case of heavy gas damping, the Q’s exhibited by the measured device
can induce high acceleration sensitivity in an isolated device. Additionally, implementing
these damping techniques requires significant added packaging and fabrication complexity.
Thus, alternative methods of damping MVIs are needed. The remainder of this chapter
discusses the use of microfibrous meshes (Section 5.1) and polymers (Section 5.2) to damp

MVT dynamic response [103], [104].
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Figure 5.1: Enhanced view of microfibrous meshes for isolator damping. (a) Microfibrous
copper mesh. (b) Microfibrous nickel mesh.

5.1 Microfibrous Mesh Damping

As an alternative to using electrostatic actuation and heavy gases for the damping of
microisolators, microfibrous meshes (MFMs) are used to contribute damping to the MVI.
The use of MFMs reduces the fabrication complexity relative to electrostatic damping and
does not require the vacuum packaging environment needed for heavy gas damping. Instead,
the mesh can be integrated into the microisolator configuration through a solder attachment
step. In this work, the damping performance of both Ni and Cu MFMs is explored. Figure
5.2 shows a microscopic image of both the Cu (Figure 5.2(a)) and the Ni (Figure 5.2(b))
MFMs. The primary damping mechanism by which the microfibrous meshes dissipate energy
is through frictional contact between adjacent microfibers. Friction between fibers results in
the dissipation of energy as heat throughout the mesh.

The MFMs are fabricated through a traditional wet lay-up paper processing technique
in which preformed rolls of micron diameter metal fibers (Ni, Cu, stainless steel, etc.) are
combined with cellulose fibers. A subsequent high temperature hydrogen sintering step

removes the cellulose fibers and results in binding of the metal fibers at their respective
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(a) (b)

Figure 5.2: Microfibrous mesh sheets from which samples are cut. Thickness of sheets is 2
mm. (a) Microfibrous copper mesh sheet. (b) Microfibrous nickel mesh sheet.

junctures [105]. Tatarchuk et al initially developed this method to produce high surface
area electrodes with adjustable void volumes and porosities for heterogeneous catalysis in
batteries, fuel cells, and double-layer capacitors [106, 107, 108, 109].

The MFMs come in sheets a few millimeters thick. The desired damping geometry can
then be cut out of the sheet using shears or a straight razor. The mesh sheets are displayed
in Figure 5.2. After the desired damping geometry is cut from the sheet, the damper can
be solder-attached to an isolator. The solder attachment procedure used to adhere MFMs
to MVIs for vibration isolation testing is detailed in Appendix D. First, the mesh is solder-
attached to a Cu base insert. The base insert is rigidly fixed to the testing fixture using an
adhesive. Next, the isolator is solder-attached to the mesh. Figure 5.3 displays the complete
insert, mesh damper, and MVTI configuration using Ni mesh.

Previous works have investigated the damping properties of microfibrous meshes. Soo-
bramaney et al studied the damping and stiffness properties of sheets of microfibrous Ni mesh

with varying fiber diameters from 4 ym to 12 pm when subjected to a range of accelerations.
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Figure 5.3: 13 MVI with Microfibrous Ni Mesh added for damping. (a) View of Cu base to
be fixed to the test fixture. (b) Isolator view. (c) Side view.

Experimentally determined damping ratios range from 0.1 to 0.21 with increasing fiber diam-
eter [110]. Uses of Ni mesh as a damper include damping to reduce high frequency noise to
improve MEMS gyroscope performance and damping to reduce noise pollution emitted from
a motorcycle muffler [111, 112]. The damping properties of the Cu mesh also investigated

in this work have not been studied in detail.

5.2 Polymer Damping

Polymers are used to damp unwanted vibration in a wide variety of applications includ-
ing acoustics, structural engineering, and ergonomics. The primary damping mechanism of
polymers under cyclic loading is the generation of heat due to internal friction generated

among polymer chains during deformation. The energy loss per cycle is given by [113]:

68



CHs CHy| CH, cH, |CH; CH;

5. i S5
o No NN

(a) (b)

Figure 5.4: Polydimethylsiloxane (PDMS) (a) PDMS molecular structure. (b) Sample PDMS
damping geometries produced with 10:1 cure ratio (polymer:catalyst).

Ug = E" ¢’ (5.1)

Where Uy is the energy converted to heat per cycle and ¢, is maximum strain de-
formation of the polymer. Under cyclic loading polymers can be modeled as viscoelastic
solids using the Kelvin-Voigt model discussed in Section 3.2.2 [114]. The MVI damping
performance of two polymers, polydimethylsiloxane (PDMS) and a commercially available

viscoelastic urethane (Sorbothane), are explored in this work.

5.2.1 Polydimethylsiloxane (PDMS)

PDMS is a commercially available polymer composed of [SiO(CHj)s] subunits. Appli-
cations for PDMS have grown in recent years due to its compatibility with soft lithography
and fabrication process techniques as well as its biocompatibility and permeability to many
gases. PDMS is prepared from a two part elastomer and catalyst mixture using commer-
cially available Sylgard™ 184 by Dow® [115]. The preparation procedure used to fabricate

PDMS dampers discussed in this work is detailed in Appendix E. PDMS is cured in a
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Figure 5.5: Bonding mechanism of PDMS to SiO, using oxygen plasma treatment. Repro-
duced from [119].

stereolithography 3D-printed mold (Formlabs Form 3 printer) to achieve desired damper
geometries [Figure E.1]. Figure 5.4(a) displays the chemical structure of PDMS and Figure
5.4(b) displays PDMS samples fabricated and tested for their MVI damping properties.

The mechanical stiffness and damping properties of PDMS have been investigated in a
number of works. Roubino and loppolo studied the Young’s modulus and loss factor of a
number of PDMS beams ranging in length from 3.7 to 9.2 mm with 300 pgm thicknesses [116].
The studied frequency range was from 10 to 1500 Hz. The measured Young’s moduli ranged
from 1 to 2.6 MPa in 10:1 (elastomer to catalyst ratio) PDMS and from 0.6 to 1.1 MPa in
20:1 PDMS. Loss factors ranged from 0.2 to 0.4 in 10:1 and 0.2 to 0.5 in 20:1 PDMS. In [117]
Johnston et al investigated PDMS stiffness as a function of curing time and temperature in
10:1 bulk PDMS samples. Stiffness ranged from 1.32 to 2.97 MPa for curing temperatures
from 25 °C to 200 °C with stiffness increasing with higher cure temperatures.

An advantage of PDMS as a damping material for MVIs is its well established ability to
bond to both Si and SiO,. Gajasinghe et al report the bond strength between 10:1 PDMS
and Si with native oxide is 340 kPa and the bond strength between 10:1 PDMS and SiO, is
241 kPa [118]. These high bond strengths allow a PDMS damper to be directly bonded to
the MVI handle layer. A typical bonding procedure uses an Oy plasma treatment of both

oxide and PDMS surfaces. Plasma treatment results in a higher density of hydroxyl groups
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Figure 5.6: Examples of PDMS dampers bonded to I3 MVI. (a)Square donut-shaped damper.
(b)Square donut-shaped damper with cavity filled with silicone oil. (¢)Square donut damper
with steel counter mass attached to MVI handle layer.
on the PDMS and oxide surfaces. These hydroxyl groups then form oyxgen-oxygen bonds
when the two surfaces are brought into contact and heated [119]. Figure 5.5 demonstrates
the bonding mechanism between PDMS and SiO,.

The bonding procedure for adhering PDMS dampers to MVIs is borrowed from [120)]
which details PDMS to PDMS bonding. The alignment of the dampers to the MVIs is
achieved using a 3D printed alignment jig [Figure F.1]. Appendix F details the damper-MVI

adhesion procedure.

5.2.2 Viscoelastic Urethane (Sorbothane)

Sorbothane® (Sorbothane) is a viscoelastic urethane polymer that is widely used for
shock and vibration damping applications. Sorbothane was developed and implemented in

the late 1970’s and early 1980’s by Maurice Hiles as foot insoles to reduce shock experienced
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Figure 5.7: Polyurethane chemistry and Sorbothane Damper Sample. (a) Urethane
monomers are formed from the reaction of an isocyanate and a polyol. (b) Sorbothane
damper shown with penny for scale.
by the body during running and walking [121]. Since its introduction Sorbothane has found
damping applications in fields as disparate as athletic padding [122], acoustic absorption
[123], industrial gaskets, electronics, ergonomics [124], and spacecraft equipment isolation
[125).

The mechanical properties of Sorbothane are well characterized for low frequencies
(f < 50 Hz) and vary depending on the durometer or hardness rating of the Sorboth-
ane. Sorbothane is available in durometer ratings of 30, 50, and 70. The loss factors at 50
Hz range are 0.37 for durometer 70, 0.65 for durometer 50, and 0.8 for durometer 30. The
Young’s moduli for durometers 30, 50, and 70 are 0.675, 1.2, and 2.05 MPa at 50 Hz [126].

Sorbothane damper samples are cut into 8x8 mm? squares from 2.54 mm thick sheets.

The dampers are adhered to MVIs using industrial strength adhesive.
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5.3 MFM and Polymer Damped MVI Finite Element Analysis

The modal responses and transmissibilities of the damped microisolator are simulated
using COMSOL Multiphysics 5.5. The simulations are designed to emulate the testing
conditions described in Section 5.4. The 110 mg proof mass with a 5 mg laser reflector is fixed
to the central platform of the microisolator. The damping material is fixed to the bottom
of the central platform to emulate the solder (MFM), adhesive (sorbothane), or bonding
(PDMS) attachment. Figure 5.8(a) displays the model setup in COMSOL. Transmissibility
is simulated via the application of harmonic excitation to the fixed outer frame of the isolator
and the base of the damping material [Fig.5.8(b)]. The remaining boundaries are kept free.
The transmissibility is given by the ratio of the displacement of a point in the center of the
central platform divided by a reference point located on the outer frame exhibiting unity

displacement.

Al Proof Mass w/
reflective tape

Si Microlsolator

Harmonic
excitation applied

/.

Damping Material

(a) (b)

Figure 5.8: Finite element model setup for COMSOL Multiphysics simulation of isolator
transmissibility. (a) Material definition of critical simulation geometries. The damping
material is not present in undamped simulation. (b) Harmonic excitation applied to indicated
boundaries along z-axis (out-of-plane). Harmonic excitation is applied only to the outer
frame in the undamped case.
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Table 5.1: Material Parameters for Frequency Domain, Modal Simulation in COMSOL Mul-
tiphysics

Young’s . , .
Material Modulus, Ec;siionys ](:l)(er;iﬂ:% ;:::or

E (GPa) ’ &
Silicon 130 0.28 2330 -
Aluminum 70 0.35 2700 -
Nickel Mesh 0.3*103 0.49 600 0.42
Copper Mesh 0.3*103 0.49 300 0.42

-4

PDMS (10:1)  1*10° 0.495 970 3018” )+
Sorbothane %13
(Duro 70) 2*10 0.5 1362 0.44

A linear, elastic material model is used to define each of the simulated structures.
The Young’s Modulus, FE, of silicon is set to 130 GPa which corresponds to the out-of-
plane modulus for a <100> Si wafer [75]. Table 5.1 lists the material parameters utilized
in simulation. The appropriate E for the Ni mesh is calculated from the experimentally

determined spring constant in [110]. Using Hooke’s law:

B==L (5.2)

Where k is the experimentally determined spring constant (7.5 kN/m), A is the cross-
sectional area of the Ni mesh contacting the microisolator handle layer (~ 50 mm?), and D
is the depth of the Ni mesh (2 mm). Note that we assume the spring constant of the mesh
to be geometry independent, while the Young’s modulus is geometry dependent. This is
assumed for the purposes of the FEA simulation and because mechanical characterization of
the microfibrous mesh is limited. Because the Cu mesh has not been previously characterized,

the material parameters for estimation of Cu mesh damping are borrowed from the Ni mesh.
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(c)

Figure 5.9: First three simulated eigenmodes for the Ni/Cu MFM damped microisolator
with normalized displacement. (a) The first eigenmode appears at 1376 + j210.8 Hz. As
in the undamped case, the mode shape is displacement in the out-of-plane axis. (b) The
second mode shape is rotation about the z-axis at 1462 + j219.56 Hz. (c) Third eigenmode
appears at 1500.6 + j234.3 Hz with rotation orthogonal to the second mode. Note, again, the
frequency split between second and third modes is a result of unequal proof mass dimensions
in the in-plane axes. However, the frequency split is reduced significantly in the damped
case.

Equation 5.2 is also used to estimate the added stiffnesses (k) of the polymer materials in
analytical calculations given Young’s moduli.
The governing equation of motion used in the COMSOL frequency domain, modal solver

for solid mechanics is:

—pw'u= V- (FS)" +F,e? (5.3)

Where p is the mass density, w is the angular frequency, u is the displacement, F' is the
deformation gradient tensor, S is the second Piola-Kirchoff stress tensor, and F, and ¢ are

the force magnitude and the phase of the harmonic excitation, respectively.
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Figure 5.10: First three simulated eigenmodes for the polymer (PDMS and Sorbothane)
damped microisolator with normalized displacement. Because of the greater out-of-plane
stiffness of the polymer material relative to the MFMs, the rotational modes appear at lower
frequencies than the primary out-of-plane mode. (a) The first eigenmode is rotation about
the z-axis. (b) Second eigenmode is rotation about the x-axis. (c¢) Third eigenmode ex-
hibits out-of-plane, y-axis translation. A summary of the eigenfrequencies for the respective
eigenmodes for each of the damping materials is provided in Table 5.2.

Figure 5.9 displays the first three eigenmodes of the MFM damped microisolator. An
isotropic damping ratio, ¢, of 0.21 (n = 0.42) is added to the MFM material to contribute
damping in simulation. This value corresponds to the highest measured damping ratio for
the 12 pum diameter Ni fiber mesh in [110]. The simulated fundamental eigenmode appears
at 1376 + j210.8 Hz. The imaginary component of the frequency vector indicates energy
loss during resonance such that the real part of the vector is near the resonant frequency, f,,
and the magnitude of the vector yields the undamped natural frequency, f,, (1391 Hz). Note

that the normalized displacement of the fundamental mode is greatly reduced compared to

the undamped case. Using Equation 3.18 with the stiffness of the Ni mesh added to the
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Table 5.2: Modal Simulation Results for Undamped and Damped Microlsolator

1st Eigenfre- 2nd Eigenfre- 3rd Eigenfre-
Damping Material quency [Hz] quency [Hz] quency [Hz]
(Mode Shape) (Mode Shape) (Mode Shape)
Undamped ?44axis 1245 1371
P v : (z-axis rotation) (x-axis rotation)
translation)
Ni/Gu Mesh 2326)(1: 2108460 £ 2106 1501 + 2344
Y : (z-axis rotation) (x-axis rotation)
translation)
PDMS (10:1) 1513.6 + j267 1536.9 + j276 (15_7;}{1: J218.8
’ (z-axis rotation) (x-axis rotation) ti’ansla fion)
2199 + 4382 2220 + jad54 018 + 4633
Sorbothane (Duro 70) (z-axis rotation) (x-axis rotation) (y-axis
translation)

total isolator stiffness, we analytically estimate f,, ~ 1350 Hz. The second and third modes,
again, display rotation about the in-plane axes, yet the frequency split between the modes
is greatly reduced relative to the undamped case (Af, = 38 Hz). The second eigenmode
appears at 1462 + j219.56 Hz while the third mode appears at 1500.6 + j234.3 Hz.

Figure 5.10 shows the first three eigenmodes for the polymer damped microisolator.
Both the PDMS and Sorbothane damped microisolator exhibit rotational modes at lower
frequencies than the out-of-plane, y-axis translation mode. This is likely due to the increased
stiffness in the out-of-plane direction due to the higher values of E for both polymers. A
summary of the eigenfrequencies and their corresponding modes shapes is given in Table 5.2.

In addition to the eigenmodes, the displacement transmissibility is simulated for the
damped case. The results are presented in the subsequent section as a comparison to the

measured experimental results.
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y Direction of Shaker
Excitation

Reflective Tape

X . Silicon Microlsolator,
Integrated Damping Material Copper Base Insert Clamped Into Fixture

Figure 5.11: Transmissibility test setup for addition of integrated damping materials (MFMs
and polymers). A copper base insert is added to fix the the bottom of the MFMs to the to
the printed test fixture.

5.4 MFM and Polymer Damped MVI Transmissibility Testing

The damping performance of the MFMs and polymers on the dynamic response of
an I3 MVI was tested using the transmissibility test setup detailed in Section 4.3.1. The
integrated damping material is added to the test setup as shown in Figure 5.11. The results
of the damped MVI transmissibility test are given in Section 5.4.1 (Ni and Cu microfibrous
meshes) and Section 5.4.2 (PDMS and Sorbothane).

5.4.1 Microfibrous Mesh Damping Results
Nickel Mesh Damping Results

The experimental results of the Ni mesh damped isolator are presented in Figure 5.12
along with the analytically derived and FEA simulated transmissibility profiles. Note that in
the analytical calculation ¢ = 0.21 defines the system damping ratio according to equation

2. Whereas, ¢ = 0.21 is used to define just the damping contributed by the Ni mesh in FEA
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Ni Mesh Damped Microlsolator Transmissibility
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Figure 5.12: Nickel mesh damped microisolator transmissibilities for analytical, simulated,
and experimental cases with amplification and isolation regions shown for experimental data.
Peak transmissibility is reduced to 3.482 and resonant frequency is increased to 1.536 kHz.
The peak transmissibilities of the analytical and simulated cases are 2.625 at 1.3 kHz and
2.789 at 1.35 kHz, respectively.

simulation. The assumption in both cases is that the Ni mesh damping will dominate any
other loss mechanisms present in the test emulation.

As in the undamped case, these experimental results are the average of 8000 samples at
each frequency step. Experiment demonstrates significantly reduced peak transmissibility
in the Ni mesh damped case relative to the undamped case (Tpeqr, = 3.48 vs. 11.36) as well
as an increase in the resonant frequency (f, = 1536 vs. 832 Hz). Additionally, the isolation
frequency shifts upward by approximately 1 kHz due to the added stiffness of the mesh. The

frequency at which the the isolator displacement is 10% of the input displacement, f 50435,

is 3.976 kHz.
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Cu Mesh Damped Microlsolator Transmissibility
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Figure 5.13: Copper mesh damped microisolator for experimental case compared to analyt-
ical and simulated cases for Ni mesh damped isolator. The Cu mesh exhibits significantly
greater stiffness and damping than the Ni mesh isolator. Observed peak transmissibility is
just 1.397 at 2.832 kHz. The isolation region begins at 3.192 kHz and the -20 dB frequency
is at 4.872 kHz.

Cu Mesh Damping Results

The experimentally observed transmissibility profile for the Cu mesh damped microiso-
lator is shown in Figure 5.13. The observed transmissibility profile is compared to the
simulated and calculated profile for the Ni mesh damped microisolator.

The Cu mesh damped microisolator exhibits a peak transmissibility of 1.397 at 2.832
kHz. The isolation region begins at 2.832 kHz and the -20 dB frequency occurs at 4.872
kHz. The Cu mesh contributes much higher damping and stiffness to the microisolator than

the Ni mesh.
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5.4.2 Polymer Damping Results
PDMS Damping Results

PDMS damping of the microisolator results in a Tpeqr of 2.353 at 1.792 kHz. The
transmissibility profile is displayed in Figure 5.14. The isolation frequency is increased to
2.352 kHz and the -20 dB frequency occurs at 3.648 kHz.

The experimentally observed peak transmissibility differs slightly from the analytically
derived peak transmissibility (2.991 at 1.749 kHz) and the simulated peak transmissibility

(2.558 at 1.53 kHz). Notably, the experimental transmissibility profile exhibits an additional

PDMS Damped Microlsolator Transmissibility

10’ y
L osey = 2:353
f,= 1792 Hz
Isolation
O .
_E , i Region
10 .
%D Jiso— 2.352 kHz
p=
Amplification Region
101}
coescoes Analytical
Simulated f:_;o dB 3.648 kHz
Experimental

10°
Excitation Frequency (Hz)

Figure 5.14: PDMS (10:1) damped microisolator transmissibilities for analytical, simulated,
and experimental cases. Peak transmissibility is reduced to 2.353 at 1.792 kHz. Isolation
region begins at 2.352 kHz and the -20 dB frequency is 3.648 kHz. Analytical peak trans-
missibility is 2.991 at 1.749 kHz. The simulated peak transmissibility 2.558 at 1.53 kHz.
Note the presence of an additional peak at 1.15 kHz. This is likely due to rotational modes
exhibiting some out-of-plane displacement.
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Sorbothane Damped Microlsolator Transmissibility
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Figure 5.15: Sorbothane® Duro 70 damped microisolator transmissibilities for analytical,
simulated, and experimental cases. The peak transmissibility under sorbothane damping is
reduced to 1.864 at 1.768 kHz. Experimental results perform better than FEA simulated
model (2.143 at 2.23 kHz) and analytical results (2.527 at 2.405 kHz). The isolation region
begins at 2.824 kHz with a -20 dB frequency of 4.44 kHz..
resonance at 1.15 kHz. This additional resonance is likely from out-of-plane displacement
caused by the rotational modes observed in FEA simulation. These modes are also likely
present, but less noticeably so due to the greater damping, in the sorbothane damped mi-
croisolator.

The analytically calculated transmissibility assumes an added kgqmp of 20 kN/m from

PDMS. This is estimated using Equation 5.2 and estimating k from a known F (=1 MPa
for 10:1 PDMS).
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Sorbothane Damping Results

The sorbothane damped transmissibility results are displayed in Figure 5.15. Sorboth-
ane damping reduces Tpeqr to just 1.864 at 1.768 kHz. The mechanical stiffness of the Sor-
bothane increases the resonant frequency and the isolation frequency (2.824 kHz) relative to
the undamped case. Transmissibility is reduced to 0.1 at 4.44 kHz.

Experimentally observed transmissibility differs slightly from the results derived via
simulation and analysis. FEA simulated T}, was 2.14 at 2.23 kHz. Analytical results
determined from Equation 3.19 estimate T},eqr, to be 2.527 at 2.4 kHz. The resonant frequency

is estimated using an added stiffness of 40 kN/m from the Sorbothane (from Equation 5.2).

5.4.3 Damping Material Performance Summary

A summary of the critical performance metrics for each of the undamped and damped
cases is provided in Table 5.3 and Table 5.4. Note that the derived natural frequency,
fn, quality factor, ), damping ratio, (.s¢, and stiffness ratio, N, assume the second-order
KV-damped transmissibility model discussed in Chapter III.

Experimental results, in agreement with both analytical and simulated results, demon-
strate that not only do the added damping materials contribute additional damping to the
system, they also contribute significant added stiffness. For all materials the added Kgomp
exceeded the isolator’s stiffness, k;s,. This results in a clear design tradeoff. Reduction of
the peak transmissibility is afforded at the expense of increasing the system isolation fre-
quency and vice versa. Thus, careful design of the microisolator and careful selection of the
integrated damping material is crucial to meet strict isolation requirements.

Each damping material tested possesses both advantages and disadvantages relative to
other tested materials. Advantages of the use of microfibrous mesh as a passive damping
material for microisolators include its compatibility with a vacuum environment due to no
outgassing, its ability to be preformed into any desirable geometry, and its ability to be solder-

attached to the microisolator central platform as discussed in this work. Disadvantages of the
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Table 5.3: Performance Metrics for Undamped and Damped Microlsolator

Damping Ma- Resonant Eg?jglp ed Isolation -20 dB

terial Frequency, Frequency, Frequency, Frequency,
fr (kHz) £, (KHz) fiso (kHz) f-204p (kHz)

Undamped 0.832 0.834 1.004 4.172

Ni Mesh 1.536 1.57 2.060 3.976

Cu Mesh 2.832 3.33 3.192 4.872

Sorbothane 1.768 1.92 2.824 4.44

PDMS 1.792 1.87 2.352 3.648

Table 5.4: Additional Performance Metrics for Undamped and Damped Microlsolator

Damping Ma- rP;(?al;b'Ii‘lrizzns— Quality E)fffgtlirle Stiffness

terial 58 ¥ Factor, @ amping, Ratio, N
Tpeak Ceff

Undamped 11.36 11.31 0.044 0

Ni Mesh 3.482 3.31 0.151 2.5

Cu Mesh 1.397 0.90 0.51 15

Sorbothane 1.864 1.511 0.29 4.3

PDMS 2.353 2.083 0.196 4.03

MFM material are the nonelastic deformation of the MFM fibers under high displacement
which results in nonuniform mesh thicknesses and reliability concerns for prolonged use,
incompatibility with wafer-scale fabrication processes, and conductivity of metallic fibers

which causes electrical shorting in exposed metal traces (such as those on the microisolator

itself).

Advantages of polymer materials include better previous mechanical characterization,
the ability (in the case of PDMS) to be integrated into a wafer-scale fabrication process,
the ability (in the case of PDMS) to be bonded directly to the microisolator handle layer,

and previous application to a wide variety of damping and isolation solutions (sorbothane).
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Concerns for polymer damper integration include temperature dependent properties that
may degrade performance in harsh environments, a propensity to outgas (PDMS), and, in
the case of sorbothane, lack of a reliable method of attaching the damper to the microisolator

outside of commercial or industrial adhesives.

5.5 Investigation of the Performance of Alternate Damper Geometries Using

PDMS

Given the control available over the geometry of PDMS using 3D-printed molds, the
PDMS dampers may be designed to meet specific isolation requirements. In this section the
performance of a square “donut-shaped” PDMS damper is investigated. The intent of the
design is to increase the resonant frequency at which rotational modes occur in the isolator’s
transmissibility relative to the resonant frequency of the primary out-of-plane mode. Ideally,
these resonances will occur after the primary out-of-plane resonance unlike the observed
PDMS-damped I3 transmissibility in Figure 5.14. The proposed donut geometry includes
a rectangular cavity which is intended to reduce the out-of-plane stiffness while retaining
the rotational stiffness along the in-plane axes. Additionally, the inclusion of a cavity allows
the addition of a counter mass (Section 5.5.2) or the addition of viscous fluid intended to

improve the system damping (Section 5.5.3).

5.5.1 I3 Dynamic Performance with PDMS Donut Damper

3

The donut damper measures 7 x 7 x 2.5 mm? with a 3 x 3 x 2.5 mm? cavity in the center.

Figure 5.16(a) shows the COMSOL Multiphysics FEA model of the I3 isolator with PDMS
donut damper added. FEA simulations indicate the primary resonant mode now occurs
before the two rotational modes. The respective eigenfrequencies are 1620 + j307.84 Hz for
the primary out-of-plane mode (Figure 5.16(b)), 1642 + j323.38 Hz for the z-axis rotational

mode (Figure 5.16(c)), and 1671 + j337.6 Hz for the x-axis rotational mode (Figure 5.16(d)).
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Figure 5.16: FEA Model and Eigenmodes for I3 Damped with PDMS Donut Damper. (a)
FEA model showing square donut-shaped PDMS damper. (b) First resonant mode (out-
of-plane) at 1620 + j307.84 Hz. (c) Second eigenmode (rotational about z-axis) at 1642 +
j323.38 Hz. (d) Third eigenmode (rotational about x-axis) at 1671 + j337.6 Hz.

Thus, FEA simulation indicates that the alternative damper design reduces stiffness in the
primary resonant mode while retaining stiffness in the rotational modes.

The transmssibility of an I3 MVI damped with the alternative donut-shaped damper
was tested experimentally using the laser vibrometry setup detailed in Section 4.3.1. The
experimentally tested sample is shown in Figure 5.6 (a). Figure 5.17 compares the exper-
imentally observed transmissibility to the COMSOL FEA simulated transmissibility. Ma-

terial parameters for PDMS were kept the same as in previous simulations. The exhibited

Thear for the donut-damped I3 is 2.844 and the resonant frequency, f,, is 1.112 kHz. The
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Figure 5.17: Experimental and simulated dynamic response for I3 damped with PDMS donut
damper.

transmissibility profile still exhibits multiple resonances before f;,, (1.824 kHz), but the res-
onance containing 7)., occurs before the additional resonances, unlike the PDMS damped
transmissibility in Section 5.4.2. This suggests that the donut-shaped damper may not have
successfully reduced the out-of-plane stiffness of the isolator/damper system. Note that the
second resonance occurs very close to the T, of the simulated model (1580 Hz (simulated)
vs. 1688 Hz (experimental)). This suggests that the out-of-plane resonance may be occur-
ring at the second resonant peak. However, it is also possible that the experimental setup
possessed significantly less out-of-plane stiffness than in the simulated model and, thus, the

first resonance is the out-of-plane resonance at a much lower f,.
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Figure 5.18: FEA model and eigenmodes for 13 damped with PDMS donut damper with
added steel counter mass. (a) FEA model showing square donut-shaped PDMS damper
with added steel counter mass. (b) First resonant mode (out-of-plane) at 1422 + j247 Hz.
(c) Second eigenmode (rotational about z-axis) at 1620 + j308 Hz. (d) Third eigenmode
(rotational about x-axis) at 1653 + j325 Hz.

5.5.2 I3 Dynamic Performance with PDMS Donut Damper and Steel Counter

Mass

An additional advantage of the donut-shaped damper is the ability to attach a small
counter mass to the MVI handle layer. This counter mass (CM) adds additional mass to
the system resulting in a drop in the resonant frequency and an increase in the frequency
split between the primary resonant mode and the rotational modes. A 76 mg steel CM with
a radius of 1.33 mm and a length of 1.5 mm is attached to the MVI handle layer using

an industrial strength adhesive. The FEA model for the damper setup is shown in Figure
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Figure 5.19: Experimental and Simulated Dynamic Response for I3 Damped with PDMS
Donut Damper with Steel Counter Mass
5.18(a). FEA simulations indicate a significantly reduced primary resonance relative to the
setup without CM (1422 + j247 Hz) [Fig. 5.18(b)]. The rotational modes occur at similar
frequencies to the setup without CM (1620 + j308 Hz for z-axis rotation and 1653 + j325
Hz for x-axis rotation). The mode shapes are shown in Figure 5.18(c) and Figure 5.18(d).
The transmissibility of an I3 MVI damped with a donut damper and loaded with a
76 mg steel CM was experimentally tested. The experimentally tested sample is shown in
Figure 5.6(c). A comparison of the experimental and simulated transmissibility is shown in
Figure 5.19. Consistent with theory when total mass is increased, both the experimental
and simulated T}, increased and f, decreased. Experimental transmissibility exhibited a

T

veak Of 5.015 at f, of 880 Hz with f;s, at just 1.144 kHz. The results suggest CMs may be
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Figure 5.20: Experimental dynamic response for 13 damped with PDMS donut damper filled
with silicone oil

used to tune the f, and f;s, after MVI fabrication and damper integration. Also of note is
the increased frequency split between the first and second resonant modes (830 Hz vs. 1352

Hz).

5.5.3 I3 Dynamic Performance with PDMS Donut Damper and Viscous Fluid
filled Cavity

In [127], Singh et al demonstrate the improved damping performance of PDMS blocks
when silicone oil filled microchannels are integrated into the PDMS blocks. An increase in

the fundamental frequency and an increase in the damping ratio and loss factor is observed
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relative to the original PDMS blocks. The increased damping is attributed to the devel-
opment of slip boundary counditions between the silicone oil and the PDMS block which
causes frictional dissipation of energy. An attempt to utilize this phenomenon for improved
damping of MVIs is made via the integration of silicone oil into the PDMS donut-shaped
damper.

Figure 5.20 displays the dynamic response of an I3 MVI damped with a silicone oil filled
PDMS damper. The dynamic response is compared to the response from the I3 damped with
PDMS donut damper without silicone oil. The silicone oil is injected into the PDMS damper
prior to damper attachment to the MVI handle layer. The results are consistent with those
observed in [127]. The addition of the silicone oil results in a slightly reduced T)eqr (2.836
vs. 2.844) and a significantly increased f,. (1.512 kHz vs. 1.112 kHz). Observed f;s, is 2.168
kHz and f_9ggqp is 3.676 kHz.

5.6 Reliability Studies for Damped I3 MVI

5.6.1 72 Hour Vibration Testing - Cu Mesh Damped 13 MVI

Similar to the undamped 72 hour vibration testing performed on the undamped 13 MVI,
a 72 hour vibration test was performed on a Cu MFM damped I3 MVI to evaluate the long
term reliability of the Cu MFM damped isolator.

The individual transmissibility profiles recorded during the test are presented in Figure
5.21. Note that the initial sample (at t = 0) exhibits a T},eqr of 2.89 and a resonant frequency
of 3.1 kHz. All subsequent samples exhibit a significantly higher 7T).,; and significantly
lower resonant frequencies. Figure 5.22 displays the T, and resonant frequency for each
transmissibility sample.

The change in the transmissibility profile suggests degradation of the damping perfor-
mance of the Cu mesh over time. The increase in Tpeq; corresponds to a decrease in the
effective damping of the material and the decrease in the resonant frequency corresponds

to reduced effective stiffness. Together, these changes suggest a reduction in the adhesion
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Figure 5.21: Individual transmissibility profiles for 72 hour Cu MFM damped I3 reliability
test. Seven transmissibility samples are taken at 12 hour intervals to monitor change in the
performance over time.
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Figure 5.22: Individual transmissibility profiles for 72 hour Cu MFM damped I3 reliability
test. Seven transmissibility samples are taken at 12 hour intervals to monitor change in the
performance over time.

92



contact between the MVI and the damper and/or a change in the material properties of the
MFM over time. Such a material change may be the result of copper’s ductility.

While the change in damping performance of time of the Cu MFM may pose challenges
to long term damping applications of the mesh, the Cu (and Ni) MFM may have single-use

damping applications in harsh environments such as rocket launches.

5.6.2 72 Hour Vibration Testing - Sorbothane Damped 13 MVI

A sorbothane damped I3 MVI was also tested using the 72 hour vibration reliability
test. The sorbothane damped MVTI exhibited very consistent results throughout each of the
seven samples. Figure 5.23 displays the transmissibility profile for each individual sample.
The Tpeqr and resonant frequency for each sample is plotted in Figure 5.24. Measured Tpeqr
ranged from 1.64 (Sample 5) to 2.29 (Sample 1) and resonant frequencies range from 3.312
kHz (Sample 1) to 3.456 kHz (Sample 5).

Note that similar to the Cu MF'M damped test there is a change from the T},.,; and res-
onant frequency of the initial (t=0) sample to the succeeding samples. However, the change
is drastically reduced in the sorbothane damped test relative to the Cu MFM damped test.
The results of this test suggest that sorbothane, and possibly other viscoelastic polymers,

may be better suited for long duration damping applications than MFM damping materials.
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Figure 5.23: Individual transmissibility profiles for 72 hour Sorbothane damped I3 reliability
test. Seven transmissibility samples are taken at 12 hour intervals to monitor change in the
performance over time.
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Figure 5.24: Individual transmissibility profiles for 72 hour undamped I3 reliability test.
Seven transmissibility samples are taken at 12 hour intervals to monitor change in the per-
formance over time.
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Chapter 6
Validation of Micromachined Vibration Isolation via Integration of Piezoelectric

Accelerometer and Future Work
6.1 Integration of Piezoelectric Accelerometer

In order to validate the isolation provided by the MVIs, a high-bandwidth piezoelectric
accelerometer (ENDEVCO® Model 12M15 PICOCHIP [128], [129]) is integrated onto the
MVI. Figure 6.1 shows a schematic diagram of the piezo accelerometer to be integrated. A
process flow for the integration of the accelerometer onto I3 MVIs is displayed in Figure 6.2.

The first step is an additional electron beam deposition of Ti/Cu/Au (50/250/20 nm) to
add metallization traces specific to the accelerometer. An aluminum shadow mask is used to
mask the isolator during metal deposition. The added traces are intended to accommodate

the accelerometer and to overlap the previously deposited traces in order to allow signal flow

220 (5.59)
- M3(541)
ENDEVCO ;
Model 12M15 ) )
PICOCHIP
(a)
050 (1.27)
040 (1.02) ‘
il T -
* [ I ! u
R Sy
078 (1.98) 027 (69) ‘ L_ 170 (4.32) _____‘ L 012 (31)
™lor2(183™  .023(58) " 60 (4.06) = .008 (.20)

(b) ©

Figure 6.1: ENDEVCO® Model 12M15 PICOCHIP Schematic. Dimensions in inches (mm
in parentheses). (a) Top down view. (b) Lengthwise view. (c¢) Side view.
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MVI/Accelerometer
Integration Process Flow

Figure 6.2: Process flow for post-fabrication integration of piezoelectric accelerometer onto
MVL

to the outer frame of the isolator. Note this step is not necessary if the first device layer
metallization is designed with traces specific to the sensor to be isolated. Figure 6.3 displays
the I3 MVI with the added footprints and the Al shadow mask used for metallization.
Once metallization traces are added, the accelerometer is solder attached to the device
layer of the MVI. Figure 6.4 shows the Picochip accelerometer mounted onto the MVTI via
solder attachment. The MVI/accelerometer combination can then be integrated onto an

etched copper printed circuit board (PCB). An SLA-printed spacer is added between the
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Figure 6.3: I3 MVI with added metallization traces for accelerometer integration and Al
shadow mask.

MVI and the PCB to allow space for the isolator to oscillate. Additionally, the spacer allows

spacing for the addition of desired damping material.

Figure 6.4: I3 MVI with piezoelectric accelerometer solder attached.
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Figure 6.5: Integration setup with piezoelectric accelerometer on I3 MVI. An SLA printed
spacer separates the accel/iso combo from the etched PCB to which the isolator output is
wirebonded.

Next, the pads on the MVI outer frame are wirebonded to the PCB using 1 mil Al
wire. Figure 6.5 shows the complete setup with etched PCB. The two output wires can then
be soldered to the PCB output and input into an amplification circuit. A possible output

voltage amplification circuit from [129] using an LF356 op-amp is displayed in Figure 6.6.

98



VWA
Ryer Verify

Figure 6.6: Isolator output amplification circuitry.

Voltage V; is the piezoelectric voltage generated by the 12M15 accelerometer under harmonic

excitation.

6.2 Integrated Piezoelectric Accelerometer Results

To validate the isolation effectiveness of the I3 MVI, RMS voltage output proportional
to acceleration from the 12M15 was recorded from 100 Hz to 6000 Hz in 50 Hz steps for both
an unisolated accelerometer and an isolated accelerometer. A 1 g acceleration was applied
at each frequency step. An integrated circuit piezoelectric (ICP) accelerometer was used as
a reference control for monitoring the acceleration magnitude at each frequency step. The
MVI/accelerometer combo was damped using Cu MFM.

The acceleration reponses for the reference ICP accelerometer, the unisolated 12M15
piezoelectric accelerometer, and the isolated 12M15 piezoelectric accelerometer are shown
in Figure 6.7 (above). Note that at high frequencies the acceleration magnitude of the
isolated accelerometer decreases significantly relative to the unisolated accelerometer. This
indicates the I3 MVT is effectively filtering high frequency excitation. Also note the presence
of resonant peaks throughout the amplification region of the isolated accelerometer. These

peaks are expected given the resonant modes exhibited by the MVI.
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Isolation Performance Validation by Accel Integration
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Figure 6.7: Measured accelerations for isolated and unisolated piezoelectric accelerometer
with ICP reference accelerometer (above). Accelerometers are excited sinusoidally at 1 G
from 100 to 6000 Hz in 50 Hz steps. Below is plotted the isolation provided by the I3 MVI
at each frequency step.
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Also in Figure 6.7 is a plot of the isolation provided by the I3 MVI (below) as a function
of the excitation frequency.

The mechanical isolation provided by the MVT is directly analogous to the insertion loss
(IL) provided by an electrical filter. The expression to calculate the isolation provided by
the MVI is:

A
Isolation(dB) = 20 * log(f) (6.1)

Where Aj is the acceleration magnitude at a given frequency recorded by the unisolated
accelerometer and A; is the acceleration magnitude at a given frequency recorded by the

isolated accelerometer. The I3 MVT exhibits an isolation frequency (point of 0 dB isolation)

at 2.15 kHz. Peak recorded isolation is 41.14 dB at 5.55 kHz.

6.3 Future Work

The work presented in this dissertation is by no means an exhaustive treatment of the all
of the topics discussed within it. There is still much research to be conducted in the fields of
vibration isolation and MEMS sensor reliability and on the topic of micromachined isolators.
It is the aim of the author for this dissertation to serve as a guide for future investigations
in these and in related fields. In that light, the following subsections are suggested topics

which warrant further research.

6.3.1 Reliability

Additional long term vibration reliability studies should be performed. The possible
durations of these long term tests could range from a few hours to as much time as the curious
researcher is willing to invest in such a study. These studies could be designed to compare
the effect of various damping materials on the reliability of the tested MVI/damper combo

for various damping techniques and materials and they could also compare the reliability of
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different MVTI designs. Also, vibration reliability studies for various harmonic acceleration
magnitudes should be conducted in order to experimentally determine the possible harsh
environment operating conditions for which the MVI is suitable. Acceleration magnitudes
resulting in MVI fracture failure could represent an upper limit on the vibration levels in

certain environments which might render MVT integration ineffective.

6.3.2 Fabrication

Mentioned in this dissertation are alternative techniques for the fabrication of MVIs
beyond Si micromachining (additive manufacturing and TPP). As these technologies ma-
ture in coming years, they may provide advantages, in addition to those already listed, to
traditional Si micromachined MVIs. Such advantages may make them better suited for cer-
tain microscale isolation applications. Thus, continued study of alternative means of MVI
fabrication is warranted. For example, additive manufacturing provides much better fabrica-
tion control in three dimensions than Si micromachining. For certain isolation applications,
this 3D control may be a worthy tradeoff to the wafer-scale batch fabrication possible with

traditional micromachining.

6.3.3 Damping

In addition to the damping materials studied in the dissertation, many more materials,
such as rubber, foams, oils, etc., are used in damping applications and may be applicable
to microscale isolation applications. Future damping research could investigate means of
integrating these alternative damping materials and evaluating their damping performance.

Also of interest is the effect of damper geometry on the dynamic response of MVIs.
PDMS is a geometry-definable material with which geometry studies can be conducted.

Development of a wafer-scale, batch fabrication-compatible damping solution is also of
interest. Thus far all dampers have been adhered/integrated to the MVI after the MVIs have

been released from the wafer via the through handle layer etch. A material such as PDMS
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allows the damping material to be spun-on to the wafer if wafer-scale damper integration is

desired.

6.3.4 Integration

Thus far, only the Cu MFM damped I3 MVTI configuration has been validated via the
integration of a piezoelectric accelerometer. Future work should characterize the isolation
performance of the I3 MVI both undamped and with alternative damping materials via
integration of a piezoelectric accelerometer. Also, integration of other MEMS sensors such
as gyroscopes should be studied. The acceleration sensitivity attenuation provided by the

MVI should be measured and characterized.
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Appendix A

Derivation of Peak Transmissibility as Function of Damping

Starting with Equation 3.5 and substituting r for =

_ 14 (2¢r)?
= \/(1 —1r2)2 + (2(r)? (A1)

Differentiating T with respect to r:

_ 2 2,4
ar 2r(—=1+7r"+2¢r) (A2)

dr \/%(1 + (—2 + 4(2)7’2 + 7’4>2

Setting % = 0 and solving for r yields the frequency ratio of Tjeqk, Tpear- Four non-zero

solutions to A.2 exist with only one real, positive solution:

T'peak =

¢MQ+8@—1, » A3

Substituting rpeqr for r in A.1 yields the peak transmissibility solely as a function of damping:

1 (e

T() = , (>0 (A.4)
<,2(\/1+8¢ —1) ! (\/1+8C )2

Further simplification yields Equation 3.13, which holds for high damping, but not very

low damping:

T 2\/§(C2)
peak
\/8C4+ 1+8¢%2—4¢*—-1

¢ >0.01 (A.5)
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Appendix B

Design Flow for Micromachined Vibration Isolator Spring Flexures

. Step One Determine the following filter parameters based upon sensor performance
requirements and ambient environmental conditions: fis,, Tpear, and stopband attenu-

ation
. Step Two Determine desired or acceptable X,Y footprint of MVI

. Step Three Determine the number of spring flexures required to attenuate additional
resonance modes (often rotational) beyond the primary and for trace paths for electrical

readout

. Step Four Determine the effective mass: sum of sensor mass and central platform

mass required to house the sensor

. Step Five What damping material/technique will be applied to achieve T)..;? Cal-

culate the added stiffness due to the damper, kgqm,-
. Step Six Determine the natural frequency required to achieve f;,, using Equation 3.8

. Step Seven Using Step 4 and Step 5 in conjunction with Equation 3.18 calculate the

required k;g,

. Step Eight Divide Step Seven result by Step Three result to determine the stiffness

required for each spring flexure, ke,

. Step Nine Given dimensions of Step 2 and Step 4, is distance enough for required
stiffness? If too stiff, add folds to springs to increase length or reduce width/thickness.

If too low, consider increasing spring width/thickness, decreasing length
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10. Step Ten If isolator stiffness is still too high consider addition of a counter mass.

Reconsider effective mass in Step Four with added counter mass.
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Appendix C

Micromachined Vibration Isolator Fabrication Process

Detailed Microfabrication Process Flow
Updated: June 8, 2020
600 um SOI (100/1.5/500 um) starting wafer

1. Step One: Wafer Clean

(a) 50:1 H20:HF @ ambient for 30 seconds for oxide removal

(b) 5:1:1 HyO:NH,OH:H505 at ~ 70 °C for 10 min

(c) DI water rinse, blow dry

2. Step Two: Thermal Oxidation (Wet - 1 hour), 300-400 nm SiO- layer

Oxidation Furnace Schedule:

(a) Ny at 1050 °C, 5 minutes

(b) Og at 1050 °C, 5 minutes

(¢) Hy,04 at 1050 °C, 1 hour

(d) Oy at 1050 °C, 5 minutes

(e) Ny at 1050 °C, 5 minutes
3. Step Three: Device Layer Metallization Lithography

(a) Dehydration bake @ 110 °C for 10 minutes
(b) 10 min vapor phase HMDS deposit @ ambient
(c) PR Spin: AZ 9245 (1700/500/5/2200/1000/25) (apply to both sides)
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(d) Softbake PR for solvent removal

i. Handle layer (first) - 10 min in softbake oven at 95 °C

ii. Device layer (second) - 30 min in softbake oven at 95 °C

(e) 35 second UV exposure of photoresist with Karl Suss MABAG6 using device layer

metallization mask
(f) Develop: Clarient AZ400K, 2:1 (H2O:Developer) for ~ 45 seconds
(g) DI water rinse, blow dry
4. Step Four: Device Layer Metallization
Electron Beam Deposition of Device Layer Metal Stack using CHA-6
(a) 50 nm Titanium adhesion layer deposition
(b) 250 nm Copper conduction layer deposition
(¢) 20 nm Gold oxidation prevention layer deposition
(d) Wafer bath in acetone for excess metal liftoff and PR removal (24 - 48 hours)
(e) Acetone, methanol, isopropanol rinse

(f) DI water rinse, dry
5. Step Five: Handle Layer Metallization Lithography

(a) Dehydration bake @ 110 °C for 10 minutes

(b) 10 min vapor phase HMDS deposit @ ambient

(¢) PR Spin: AZ 9245 (1700,/500/5/2200/1000/25) (apply to both sides)
(d) Softbake PR for solvent removal

i. Device layer (first) - 10 min in softbake oven at 95 °C

ii. Handle layer (second) - 30 min in softbake oven at 95 °C
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(e) 35 second UV exposure of photoresist with Karl Suss MABAG using handle layer

metallization mask
(f) Develop: Clarient AZ400K, 2:1 (H2O:Developer) for ~ 45 seconds
(g) DI water rinse, blow dry
6. Step Six: Handle Layer Metallization
Electron Beam Deposition of Handle Layer Metal Stack using CHA-6
(a) 50 nm Titanium adhesion layer deposition
(b) 250 nm Copper conduction layer deposition
(c) Wafer bath in acetone for excess metal liftoff and PR removal (24 - 48 hours)
(d) Acetone, methanol, isopropanol rinse

(e) DI water rinse, dry
7. Step Seven: Device Layer Etch Lithography

(a) Dehydration bake @ 110 °C for 10 minutes

(b) 10 min vapor phase HMDS deposit @ ambient

(c) PR Spin: AZ 9245 (1700/500/5/2200/1000/25) (apply to both sides)
(d) Softbake PR for solvent removal

i. Handle layer (first) - 10 min in softbake oven at 95 °C

ii. Device layer (second) - 30 min in softbake oven at 95 °C

(e) 35 second UV exposure of photoresist with Karl Suss MABAG6 using device layer

etch mask
(f) Develop: Clarient AZ400K, 2:1 (H2O:Developer) for ~ 45 seconds

(g) DI water rinse, blow dry
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8. Step Eight: Device Layer Buffered Oxide Etch

(a) Dip wafer in BOE solution for 1 minute

(b) Inspect oxide using microscope and/or measure using Micropack thin-film ana-

lyzer
(c¢) Repeat until oxide is fully etched (= 4 minutes)

(d) DI water rinse, dry

9. Step Nine: Device Layer Deep Reactive Ion Etch

(a) STS Si Etcher Parameters:

i. Etch time - 13 seconds
ii. Passivation time - 5 seconds
iii. SFg flow rate - 130 sccm

iv. C4Fg flow rate - 85 sccm

v. RF Power - 600 W
(b) Perform 20 to 25 cycle etch
(c) Inspect and/or measure etch depth using profilometer

(d) Repeat until device layer is fully etched through - buried oxide layer will be visible
10. Step Ten: Photoresist Removal

(a) Rinse in acetone, methanol, and isopropanol
(b) Rinse in DI water, blow dry

(c¢) Dehydration bake at 110 °C for 15 minutes
11. Step Eleven: Handle Layer Etch Lithography

(a) 10 min vapor phase HMDS deposit @ ambient
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(b) PR Spin: AZ 9245 (1700/500/5/2200/1000/25) (apply to both sides)
(c) Softbake PR for solvent removal

i. Device layer (first) - 10 min in softbake oven at 95 °C

ii. Handle layer (second) - 30 min in softbake oven at 95 °C

(d) 35 second UV exposure of photoresist with Karl Suss MABAG using handle layer

etch mask
(e) Develop: Clarient AZ400K, 2:1 (HyO:Developer) for ~ 45 seconds

(f) DI water rinse, blow dry

12. Step Twelve: Handle Layer Buffered Oxide Etch

(a) Dip wafer in BOE solution for 1 minute
(b) Inspect oxide using microscope and/or micropack thin-film analyzer
(c¢) Repeat until oxide is fully etched

(d) DI water rinse, dry

13. Step Thirteen: Backing Wafer Attachment
Steps are performed on a 500 um thick Si wafer to serve as backing wafer
(a) 10 minute dehydration bake @ 110 °C
(b) 10 minute HMDS deposit @ ambient

(c) PR Spin (one side only, PR should be thicker than PR used for UV exposure):
AZ 9245 (ramp to 1000 RPM)

(d) Gently twist device wafer onto backing wafer ensuring there are no gaps between

and that the edges of both wafers are aligned smoothly

(e) Softbake: Place wafer in oven for 30 minutes @ 100 °C
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14. Step Fourteen: Handle Layer Deep Reactive Ion Etch

(a) STS Si Etcher Parameters:

ii.

iil.

1v.

V.

. Etch time - 13 seconds

Passivation time - 5 seconds
SFg flow rate - 130 sccm
C,Fg flow rate - 85 scem

RF Power - 600 W

(b) Perform 50 cycle etch

(c) Inspect using microscope and measure etch depth using optical profilometer

(d) Repeat until handle layer is fully etched through - device layer spring flexures will

be visible

15. Step Fifteen: Device Release and Post-Release Clean

(a) Place device wafer and backing wafer combo in acetone for release (24 to 48 hours)
(b) Extract released devices and rinse gently in DI water, allow air dry

(¢) Oy plasma clean devices at 500 W RF power for 5 minutes to remove residual,

hard-baked photoresist

(d) Inspect device structures and separate structurally sound devices from compro-

mised devices for testing
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Appendix D

Microfibrous Mesh Solder Attachment Procedure

Alignment lig : -

Figure D.1: Components for MFM solder attachment to MVI handle layer

1. Step One: Adhere mesh to Cu base insert

(a) Apply 30-40 mg solder paste to Cu base insert

(b) Press mesh gently onto Cu base insert. Use 3D-printed alignment jig to align

mesh and Cu insert.
(c) Reflow w/ following recipe (Recipe A):
i. 2 min ramp to 150 °C
ii. Hold 1 min @ 150 °C
iii. 1 min ramp to 250 °C
iv. Hold @ 250 °C for 30 seconds

v. Allow cooling to room temperature
2. Step Two: Adhere MVI to mesh
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(a) Apply 30-40 mg solder paste to the mesh

(b) Press isolator gently onto mesh. Use 3D-printed alignment jig to align mesh and

isolator.

(c) Reflow w/ Recipe A

126



Appendix E

PDMS Damper Preparation Procedure

Figure E.1: SLA 3D printed mold for PDMS damper geometry definition

. Step One Print PDMS mold using Formlabs Form3 SLA printer

. Step Two Coat mold with Fine-L-Kote™ AR acrylic conformal coating. Allow 24
hours for curing. This step prevents PDMS from sticking to the mold during PDMS

cure.

. Step Three Measure out 10 grams of PDMS polymer and 1 gram of catalyst. Mix

vigorously for approximately 10 minutes until mixture is milky-white with bubbles.

. Step Four Place PDMS mixture into dessicator and reduce pressure. Keep mixture

at low pressure until bubbles have been removed (typically 30 minutes to an hour).

. Step Five Using a disposal syringe with Luer tip (preferrably metal), inject the PDMS

mixture into the printed mold.

. Step Six Place mold into desiccator and reduce pressure to remove bubbles reintro-

duced into PDMS
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7. Step Seven Place mold into curing oven. Cure at 40 °C for 24 hours. The reduced

temperature prevents any warping of the mold.
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Appendix F

PDMS to MVI Adhesion Procedure

Figure F.1: 3D-printed alignment jig used for PDMS to MVI adhesion

1. Step One The handle layer of the MVI and the face of the PDMS damper that will
contact the MVI are Oy plasma treated using (get the name of equipment) with the
following parameters:

(a) Time: 12 seconds
(b) Pressure: 0.1 to 0.35 Torr
(¢) RF Power: ~ 100 Watts
2. Step Two After plasma treatment the damper is placed into the alignment jig so that

it sits snugly in the bottom level of the jig. The MVI is then placed into the jig such

that it sits evenly on top of the damper.

3. Step Three Flip the alignment jig over onto a Si wafer and gently push out the

damper/MVI combination. When free of the alignment jig, gently tamp down the
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damper onto the MVI. At this point bonding should be apparent as the damper and

MVT should be firmly adhered to one another.

4. Step Four Place the combo into a curing oven and cure at 60 °C for 20 minutes. This

step helps to promote further bonding of the surfaces.

130



