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ABSTRACT

BI-STABLE BUCKLED ENERGY HARVESTERS ACTUATED VIA TORQUE
ARMS

Daniel Allen Porter

March 30, 2015

Vibrational energy harvesters (VEH) are one way to generate electricity. Though
the energy quantities are not enough to run desktop computers, they can power remote
devices such as temperature, pressure, and accelerometer sensors or power biological
implants. New versions of the Bluetooth protocol can even be used with VEH technology
to send wireless data. An important aspect of VEH devices is the power output, operating
frequency, and bandwidth.

This dissertation investigates a novel method of actuating the primary buckled
energy harvesting structure using torque arms as a force amplification mechanism.
Buckled structures can exhibit snap-through and has the potential to broaden the operating
frequency for the VEH. Macro and MEMS size prototypes are fabricated and evaluated
via a custom made shaker table. The effect of compliance arms, which pin the center beam
with piezoelectric strips, are also evaluated along with damping ratios. ANSYS models
evaluating generated power are created for use in future optimization studies. Lastly, high
energy orbitals (HEO) are observed in the devices.

Results show that buckling lowers and broadens the output power of the new
devices. Reverse sweeps drastically increase the operating frequency during snap-through.
Rectangular compliance arms made of poly-lactic acid (PLA) generated the most power of
all compliance arms tested. HEO performance can be induced by perturbing the system

while maintaining the same input force which increases power output.
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CHAPTER 1
INTRODUCTION

This dissertation introduces the concept of a novel bi-stable buckled piezoelectric
energy harvester. The harvester switches between bi-stable states using two proof masses,
a stressed beam, and a pseudo pinned middle joint. A picture of the device is shown below
in figure 1. A microelectromechanical systems (MEMS) scale device fabrication is
attempted along with piezoelectric sol-gel deposition methods, piezoelectric poling
routines, and a macro device concept for evaluating compliance arm geometry and

constraint effects.

Center Beam

Proof Masses

Compliance Arms

Torgue Arms

Figure 1. Rendering of the bi-stable piezoelectric energy harvester.

The new device is designed to generate large strains when bi-stable switching is
achieved and to operate across a wide band of frequencies. Changing the proof mass size

not only will change the operating frequency but lower the acceleration magnitude needed



induce snap-through. Additionally, the bi-stable performance of this device may show
great promise to be utilized as an actuator or sensor in future research. Figure 2 below
shows how the device works schematically along with a 3D printed prototype to confirm

bi-stable actuation.

a) b)
’ + | Buckled | ‘ unBuckled
TN

v T

[ Torque Arm |

7
Accelerationu

Figure 2. a) Simple schematic showing operation, b) 3D print showing buckled up, and
¢) buckled down position.

A. Microelectromechancial System Benefits

Over the last two decades, batch fabrication procedures performed for integrated
circuits have dropped the cost for electronics worldwide. When it was realized that the
same could be done for mechanical systems while simultaneously producing electronic
circuits, the field of MEMS was born. A MEMS is roughly defined as a technology area
that combines integrated circuits with mechanical devices such as sensors, actuators,
energy harvesters, gears, etc.

Two of the most successful and famous MEMS inventions known to the layperson
are the accelerometer and inkjet print head. In fact, these two examples describe the two
wide categories into which MEMS are generally classified, which are actuators and
sensors. Before 2005 not many people really understood what a MEMS device was due to
the low volume consumer market presented to the world. Nowadays, these technologies
are common place in cell phones and video game controllers such as the Nintendo Wii
which incorporates a three axis accelerometer [145]. It is the demand and production in

mass quantities that determines the success of an invention. Almost every smart phone in



production now operates with an accelerometer which only lends to the promise of cheaper
and more reliable acceleration sensors.

Commercially, the first application of a MEMS device was in 1974, a pressure
sensor that was fit inside a motor manifold to monitor absolute pressure and mass airflow.
This allowed the device to optimize air-to-fuel ratio, which in turn, reduced the fuel
consumption of the engine. After this, many more MEMS pressure sensing devices were
introduced for other applications such as fuel and oil monitoring. MEMS accelerometers
started showing up in the 1980’s which led the U.S. government to require that all cars
produced after April 1°* 1989 to include airbags for both driver and passenger [145]. These
magnificent creations could detect accelerations from 20g to 70g. By the 1990’s, satellite
accelerometers were incorporated into vehicles and had a full scale range of 100g to 500g;
which allowed the microcontroller to have more time to decide if a deployment was needed
or not [145].

Some MEMS devices are shown in figure 3 below including a) the iPhone 4
gyroscope [59], b) the core of a three axis accelerometer [54], ¢) a lead zirconate titanate
(PZT) cantilever beam with proof mass [131], and d) an electrostatic micromotor [47]. The
iPhone gyroscope is a commercial grade device while the others are research based
contraptions. Other well-known devices are electrostatic energy harvesters,
electromagnetic energy harvesters, lab-on-a chip (LOC), chemical pre-concentrators,
deformable mirrors, filters, resonators, flow sensors, pressure transducers, inkjet print

heads, and optical switches.



a) \\\1‘ : iPhone 4 gyroscope b) Core of 3 axis accelerometer
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Figure 3. MEMS devices fabricated using cleanroom techniques a) gyroscope [59], b)

accelerometer [54], ¢) PZT energy harvestor [131], d) electrostatic micromotor [47].

Financial attributes linked to MEMS markets look promising with a compound
annual growth rate (CAGR) of about 10% [16, 17]. This equates to more research being
done in the sensor and actuator fields that will ultimately promote lower power devices.
With low power devices comes the enhanced feasibility of operating them via energy
scavenging methods. Figure 4 below shows the market trend for MEMS from 2006

projected to 2015. How the market fairs by device is shown in figure 5.
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Figure 4. Past and future market prediction for MEMS devices [17].
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Figure 5. MEMS market by device [16].

Actually creating a MEMS device is quite complicated. Fabrication procedures are

almost always limited to planar methods.

This also lends to benefits because planar

processing also means batch fabrication. Common fabrication procedures include thermal

oxidation, wet etching, dry etching, planarization, bonding, chemical vapor deposition

(CVD), electroplating, photolithography, sputtering, dicing, and many more.

These

abilities are generally not cheap and require very expensive equipment and specialized

facilities.



B. Power Requirements for MEMS Sensors and Actuators

As progress in the area of MEMS sensors and actuators continually reduces the
power required to operate them [139], new methods of actually supplying that power
become viable. One such method is energy scavenging. Wireless transmitters such as the
WiseNET use 10 to 100 uW on average [43] and are the perfect example of the types of
devices that can be fitted for the utilization of an energy harvester. Lifetimes of transmitters
like this have been experimentally determined to be between two to seven years when
operating on traditional AA batteries [43]. If located in a secluded place or even a hard to
reach area in a lab or manufacturing plant, frequent power supply replacements can be
cumbersome.

Some considerations on power consumptions include 1 nJ per instruction for 32 bit
microprocessors, 1-10 pJ per instruction or an application specific integrated circuit
(ASIC), for wireless transmission the rate is about 50 uJ per bit for sending and 2 plJ per
bit to receive, Bluetooth power requirements are around 100 nJ per bit in the 2.4 Ghz band,
inertial measurements per axis (accelerometers) consume about 100 uW, pressure sensors
consume about 10 uyW [108]. Bio MEMS applications have used electrocstatic micropumps
that consume about 8mW while pumping 30 mL per min [99]. More specific devices
include the STLM20 temperature sensor, which draws 12 uW of power while idle, an
analog to digital converter (ADC) that uses less than 1 uW at 8 bit sampling (4 KS/s), and
an IMEC transmitter that uses 0.65 nJ per 16 bit burst [95].

Unfortunately larger devices such as laptops are not currently feasible candidates
for today’s energy harvesting based power sources due to their large power usage of 10 to
40 watts [95]. This is not only due to the magnitude of power consumption but also the
duration of continuous usage. Additionally, laptops are not always used in an environment
experiencing regular vibrations from walking, driving, etc. Cellular telephones have a
much better chance of experiencing continual motion because users take these devices with

them wherever they go.



C. Renewable Energy and Energy Generating Materials

Energy generation methods that utilize gasoline or diesel as a fuel supply, such as
the combustion engine, are limited in that their fuel supply origin is finite. The same can
be said about coal or other natural resources that are limited in quantity. Ways to conserve
these valuable resources include making equipment that is more energy efficient and that
use renewable energy sources such as solar, wind, biofuels, or ambient vibrations. A key
factor to consider is the energy density of the medium that is available to the device being
used. Figure 6 and table 1 below show some expected power and energy densities for
different renewable energy sources. Some of these values are volumetric while others are
referenced to a specific area and give the energy flux. Though vibrational energy
harvesting (VEH) might now have the power generating ability to match a gasoline engine,

it does offer to benefit of continuously charging a small devices capacitor bank.

Continous Power / ¢cm® vs. Life for Several Power Sources
1000
Lithium Solar
100
@ Yibrations
g —_—
s 10 -]
E / * Zinc air . \_
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0 0.5 1 15 2 25 3 35 4 45 £
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Figure 6. Volumetric power for different energy sources versus lifetime [124].



Table 1. Typical power and energy densities for some potential renewable energy

uW/cm”3

sources.

Power Source Power/Energy Density Assumptions Refe;renc
Primary Batteries 2,880 J/cm”3 [122]
Micro Fuel Cell 3,500 J/em”3 [122]
Super Capacitor 50-100 J/cm”"3 [122]

Outside: 15,000 pyW/cm”2
Solar Inside: 10 uW/cm”2 [122]
Thermoelectric 40-60 pW/cm”2 AT~5°C [122]
Human Generated 330 uW/cm”3 [122]
Wind 380 uW/emA2 Vel=Sm/sand 5% | 55,
conversion eff.

Piezoelectric: 375 pW/cm”3 [122]
. . A 9

Vibrations Electrostatic: 213 }JW/cm 3 (241, [92].
Electromagnetic: 119 [138]

The focus of this work is vibrational energy harvesting which, as shown in table 1,

can be more effective than indoor solar lighting or an area that is not constantly exposed to

bright light. A major concern in the vibrational energy harvesting community occurs when

the operating frequency of the device, and its associated operating bandwidth, does not

match that of the vibration source which ultimately results in negligible power generation

for a given application.

Below are some common vibrational sources with expected

frequencies and accelerations. Taking note that the range of frequencies primarily fall

between 1 and 200 Hz, energy harvesters designed above this range will most likely not be

very effective. The majority of accelerations fall below one g which indicates that testing

should incorporate many data points in the 0.05 to 1 g span.




Table 2. Operating frequencies and accelerations of machines, activities, and structures
([117], [124], [121], [60], [131]).

Frequency

Acceleration

Acceleration

Source (Hz) (m/s™2) (g's) Notes
Kitchen blender casing 121 6.4 0.652
Clothes dryer 121 3.5 0.357
Door frame just after door closes 125 3 0.306
Small microwave oven 121 2.25 0.229
HVAC vents in office building 60 0.2~1.5 0.020~0.153
External windows next to a busy street 100 0.7 0.071
Washing machine 109 0.5 0.051
Notebook computer while CD is being read 75 0.6 0.061
Second story of wood frame office building 100 0.2 0.020
Refrigerator 50~240 0.1 0.010
Car engine compartment handheld tools 200 12 1.223
Handheld tools 8~500 0.1~80 0.010~8.155
Vehicles 5~2000 0.5~110 0.051~11.213
Statasys 3D printer 44.7 0.167 0.017
W500 Lenovo laptop 119 1.952 0.199
Milwaukee cordless drill 15.2 3.561 0.363
External HD 119.3 0.137 0.014
Washing machine 85 3.080 0.314
Rockwell sander 92.5 1.354 0.138
Monarch lathe splatter guard 24.5 0.510 0.052
Monarch lathe chassis 284 1.413 0.144
Delta drill press 41.3 3.993 0.407
Delta vertical bandsaw 122.5 1.373 0.14
HVAC roof 184.5 2.472 0.252
Driving 2002 Toyota Camry 42.8 0.216 0.022
Scraper bike 15 0.608 0.062
Running 1.5~5.1 20.061~7.475 | 2.045~0.762 | hori,vert
Walking 1~3.7 4.219~2.992 | 0.430~0.305 | hori,vert
Portable home air compressor 43.7 20.630 2.103
Electric tea pot 241 0.186 0.019
Poster printer 92.5 1.962 0.2
Server/computer 353 0.157 0.016

There are three popular transducing methods used in the vibrational energy

harvesting field: electrostatic, electromagnetic, and piezoelectric. Electrostatic devices are

very easy to incorporate into a MEMS package. As an example, all one needs is an SOI

wafer with doped silicon device layer (top) and the ability to etch and metalize the wafer.



However, to initiate any type of energy harvesting in an electrostatic manner, an initial
electrical field would have to be applied. The resulting devices are very planar and tend to
have very high natural frequencies. Electromagnetic devices have a relatively high power
output when compared to electrostatic, but are complicated to amalgamate with a MEMS
system. Improvements in fabricating pseudo wound wires using a planar process have
been achieved in new inductor designs which could open future pathways for
electromagnetic energy harvesting.

Piezoelectric materials can be incorporated into simple structures via a sol-gel or
bulk wafer approach. Output voltages for these devices are also much higher than the
alternatives, the downsides being the difficulty to integrate and the need for high stress and
strain. Table 3 and table 4 show the comparisons of the different energy harvesting
mechanisms and the equations that govern them. The high voltage and relatively high
energy densities justifies picking PZT, a piezoelectric, as the energy harvesting mechanism

of choice for this research.

Table 3. Different energy harvesting mechanisms and their advantages [124].

Mechanism Advantages Disadvantages
Piezoelectnic No voltage More difficult to
source needed integrate in microsystems
Output voltage 1s 3-8 V
Electrostatic Easier to integrate Separate voltage
in microsystems source needed

Practical difficulties
Electro-magnetic  No voltage source needed Output voltage is
0.1-0.2V

Table 4. Energy harvesting mechanisms and the equations that govern their power output

[122].
Energy
density
Type (mJ cm™)  Equation Assumptions
Piezoelectric 35.4 (1/2)02k*/2c  PZT5H
Electromagnetic  24.8 (1/2)B?*/ o 0.25T
Electrostatic 4 (1/2)ey E? 3x 107 Vm™!

10



Numerous investigations have been done to study the feasibility and performance
of PZT energy harvesters in various environments. Durou et al. [38] built a MEMS based
PZT harvesting device and compared it to other similar designs. Resonant frequencies for
his and the comparisons were in the desired range for such sources as shown in table 2.
The type of device created as well as their respective volume, power, acceleration, and
frequency is shown in table 5 below. Durou et al found that output voltages of 1 to 2 volts
at the given oscillatory loads are more than enough for a DC-DC converter to operate and

charge a capacitor.

Table 5. Durou's PZT energy harvesting device performance (top) and the comparison

devices (bottom) [38].

Input Natural Voltage | Output electrical | Power density

[g] | Frequency [Hz] V] Power[pW] [uW.cm’B]

0.1 77 1.26 3.20 9.22

0.2 76 2.64 13.9 40.1
Author Acce;eration Frequency | Amplitude | Power out Volu}me FoM, FoM,,

[m.s”] [Hz] (pm] (W] [mm’| (%] (ppm]

LAAS 1.96 76 8.6 12.3 464 0.303 258
LAAS 0.98 71 4.2 3.20 464 0.156 205
Soliman 491 95 1378 2083 9337 0.300 145
Wischke 10.00 296 2.9 68 800 0.041 88
Perpetuum PG17 | 0.98 100 248 5000 537 067 0.0154 | 104
Arevni 4.91 50 49.75 44 800 190 080 0.220 145

Not all devices that are fabricated for research purposes have relatively low
resonant frequencies like those shown in table 5. Park et al. [104] fabricated their energy
harvesting devices using a cantilever beam/mass setup that had a considerably larger
resonant frequency. They compared it to other devices with large resonant frequencies.

Table 6 shows the comparison of work by Park, et al’s, and other MEMS based devices.

Table 6. MEMS energy harvesting devices with large resonant frequencies [104]. Park,

et al's, work 1s shown as the last row in the table.

Device Vulu;jne Puwgr Acceleration | Frequency Puwer_den'giity
(em®) (mW) (® (Hz) (mWem™)

dy PZT 1.5<10~¢ 2.16 1 608 1.44 "

d3 AIN 5.3x107? 2 4.0 1368 3.77°

dy PZT 4.1x107" 40 1.9 1800 9.76 °

ds PZT 1.5x107° 2.15 2.0 462.5 1.43°

ds3 PZT 2.4x107° 1.01 13.2° 13900 42.1°

dss PZT 9.9<10" 1.1 0.39 528 L1l
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D. Buckled Structures and Their Potential Applications

Constructing diaphragms from silicon wafers that have been oxidized is a common,
well characterized procedure for producing pressure transducers and are ([110], [151]).
Valves, pumps, switches, and memory devices have been constructed utilizing bi-stable
structures; this work extends that field to energy harvesters. Advantages of bi-stable
devices are that virtually no power is needed to maintain its various stable states, and that
the device must undergo large strains to reach alternative stable positions.

Walsh et al. [147] created bi-stable buckled diaphragms using silicon dioxide and
polyimide that buckled back and forth given a vacuum pressure applied to one side. In that
work, silicon dioxide was about 400 nm thick while the polyimide was 2.5 to 4.5 um thick.
An internal compressive stress of about 300 MPa (in the silicon dioxide) and a diameter
size for the diaphragms of 300 um exhibited -7.6 um and 7.8 um of buckled displacement
in the middle of the released structure for the two bi-stable states [147]. A single pole,
double throw switch was done by the same group by creating a 900 um diameter diaphragm
and coating the top with a 150 nm titanium/tungsten coating. These devices achieve
buckling heights greater than 28 um and switch at a pressure of roughly 40 kPa [53].

Gowrishetty et al.’s switch is shown in figure 7 below.

Vacuum

- Silicon ; 7, Polyimide -l’ho(omm (Cyclotence or

Reston dry resist)
Bl ovide [ Mew

Figure 7. Single pole double throw bi-stable membrane switch before a) and after

actuation b) [53].
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Popescu, et al., created a microvalve using a buckled membrane though it was not
a bi-stable structure. To actuate the device, a polysilicon ring which was mounted to an
aluminum layer was used. This ring was heated via electrical resistance which created
enough strain to flip the device to a buckled deflection state. Ambient water then cooled
the device which caused it to flip back to its original position. The diameter of their
membrane is 4 and 5 mm while the thickness of their polysilicon, SiO2, and aluminum is
16, 1, and 3 um respectively. Buckled heights for these devices were on the order of 21.5

to 56 um [109]. A schematic of their valve is shown in figure 8 below.

b 19 mm —~~>} i

polisilicon

| 1.15mm

S

aluminium Si3N4 ol Si02

Figure 8. Thermally actuated membrane microvalve [109].

Micropumps utilize diaphragms for pushing a fluid medium through channels.
Though these structures might not be entirely buckled, they almost certainly utilize large
out of plane displacement to create a significant actuation volume. Nisar et al. [99]
described micro pumps for biomedical purposes, many of which used “membrane” type
actuation. One such device was a piezoelectric bi-morph that was essentially a disk of PZT
on top of a thin glass membrane. The stroke for such a device is not large compared to
other actuating methods, but piezoelectrics can drive with a high force and often a very fast
response time. Pumping pressures for such devices can be upwards of 2.4 MPa but most
are under 60 kPa [99]. A schematic for a PZT membrane micropump is shown in figure 9

below.
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Figure 9. A PZT based micropump [99].

E. Previous Work on Energy Harvesting

Vibration-based energy harvesters offer a means for converting waste mechanical
energy or ambient structural oscillations into electrical power. Though the average power
generated by MEMS-scale energy harvesters is not large, ~0.026uW (0.5g), 2.15uW (1g),
to 60uW (2g) in the MEMS region [87, 39, 131, 125, 19, 137] it is still sufficient enough
to sample and transmit sensor data wirelessly. Macro scale devices can generate powers
of 8.4nW/cm? (0.12% strain per bend), 118uW (0.2g), and 17.3uW (3g) [37, 12, 64]. For
hard-to-reach electrically powered devices, such as remote sensors, energy harvesters can
greatly extend the time required between burdensome service visits, offering some unique
benefits over other power supplies such as batteries. However, to be considered a robust,
viable alternative power source, vibration-based energy scavenging devices must perform
well at low frequency ranges and at driving conditions with variable spectral energy density
content characteristic of real-life operating environments.

The most simplistic vibration-based energy harvesting designs utilize a mono-
stable cantilever with a single minimal potential energy well, meaning the resting position
has only one preferred state. These devices have narrow operating bandwidths and require
proper design/tuning for their specific functional settings [124, 121, 117]. Conversely,
energy harvesting systems that have nonlinear dynamic responses generally have
broadband excitation characteristics, ideal for chaotic input impulse situations [56]. One
method for producing nonlinear behavior is to force a system into a multi energy well
arrangement. Multi energy well systems can be created through selective placement of

magnets [44] or electrostatic components, mechanical orientation [49], bio inspired bi-
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stable structures [71], or through a mechanically bi-stable buckled structure [80, 84, 67,
144].

Due to their interesting dynamic response, energy harvester designs incorporating
buckled structures have been the focus of many recent research efforts [56, 80, 84, 67, 144,
33, 88]. A more general spectrum of current bi-stable energy harvester research is covered
in a recent comprehensive review by Harne et al. [56]. Mono-stable energy harvesters are
favorable at low accelerations over most of the frequency range even when the frequency
is swept in both directions. Intriguingly, buckled energy harvesting devices with low
energy wells have larger voltage responses at super and sub-harmonic frequencies when
compared to the same device in the unbuckled (low stress) state [89], if the inter-well
actuation can be achieved. Another interesting behavior of buckled energy harvesters is
their improved voltage output during chaotic vibrational inputs [144] and wider frequency
bandwidths [67], [34]. These performance trends are enhanced during switching between
stable buckled states, which involves large structure deformations during these high energy
“snap-through” events, as described by [142].

Notable buckled energy harvesters include work by Majer, er al. [84] that
experimented with a compressed, doubly-clamped beam with a proof mass in the middle.
Their device had a wide frequency operating range, high voltage operation during bi-stable
switching, and decaying output oscillation frequencies at multiples of the drive frequency
right after switching. The driven electrical load had an impedance of 1MQ and exhibited
bi-stable switching for accelerations between 4-5g’s [84]. Another study by Cottone, et al.
[33], featured an energy harvester with a proof mass positioned on a buckled beam. This
design enabled a “frequency-up” response so that the electrostatic energy harvesting core
could operate at a more efficient frequency regime (162Hz). The bi-stable oscillator device
responded well to randomly generated noise in the 20-40Hz operating frequency, with
inter-well jumps (snap-through) producing high voltage responses [33]. Lui, ef al. [80],
similarly found that a bi-stable energy harvester based on a dynamic mass-spring system
with flexible hinges demonstrated superior performance compared to a linear oscillator
when subjected to chirp and band-limited noise accelerations [80].

The bi-stable buckled energy harvester described herein is simple, robust, and

uniquely designed to operate over a range of very low driving frequencies by using torque
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arms to facilitate buckled state switching. In short, an “S” shaped buckled beam profile is
generated by effectively pinning a compressed beam at its midpoint. In this work, we detail
the procedure for fabricating the energy harvester, followed by presenting results from
finite element simulations and experimental testing of the device bi-stability behavior and

its associated electrical response.
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CHAPTER II
NEW ENERGY HARVESTING CONCEPT AND MEMS

The focus of this work is a bi-stable buckled energy harvester that utilizes PZT and
stressed nitride to promote buckling. Proof masses will be used and fabricated from the
silicon substrate. A few design iterations were performed until a feasible construction plan
was achieved. Desired outcomes of our device are that a large strain will be developed
during actuation, the frequency band in which optimal energy will be harvested will be
broad, and the contraption itself could be utilized for other tasks such as being used as an
actuator.

In brief, the proposed device will use a stressed nitride beam coated with polyimide
as the buckled part. Unstressed parts will be the torque arms used to actuate the stressed
beam, the polyimide, and the chrome protection layer. A simple model of the doubly

clamped main/center beam pseudo pinned in the middle is shown in figure 10 below.

/U nstressed Polyimide

Y(0)=0

Y(L/2)=0
8(0)=0

Stressed Nitride —
| L |
Figure 10. Bi-stable buckled beam constrained at both ends and in the middle.
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To analyze how our device works and demonstrate feasibility of fabrication a
prototype has been made. Initially designs in ANSYS have been created to determine the
natural frequency, actuation force/torque, and displacement of a prescribed model. Finally
a mathematical model has been formulated to predict buckled height, actuation

force/torque, and hopefully energy harvested given an oscillatory input.

A. Design of a Bi-Stable Buckled Structure

Many iterations of our proof-of-concept had been drawn before we settled on a
model that we held confidence in. Most problems occurred when we listed out fabrication
steps; due to the inability to create certain structures or material removal steps that
interfered with other steps. The biggest problem encounter was the creation of the proof
mass. Preliminary designs utilized a single proof mass with two nitride/polyimide arms
connecting it to the middle of the buckled beam as shown in figure 11. One major flaw in
this design arises when we try to etch/cut out the proof mass while leaving a rigid island
intact for the fully constrained stressed beam part. Our initial prototype will not include a
piezoelectric material; but will demonstrate that buckling into an “S” shape can occur, we
can predict its amplitude, and that the device can be switched into another buckled energy

state.

Fully Constrained

Unstressed Beam

Stressed Beam

Rigid Island

Proof Mass /’/

Figure 11. First iteration of device with one big proof mass.
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The next iteration was to use two proof masses on each side of the device which
would alleviate the problem of arigid island. Another problem was brought to our attention
when analyzing the beams that attached to the stressed portion of our device; the outer
portion of the beams seemed too rigid to allow transfer of torque to the buckled portion. A
simple solution was that the outer portion of the torque arms be made of only polyimide,
which has a Young’s modulus of about 8 GPa. Compared to the Young’s modulus of

nitride, 160-210 GPa, this produces a much more compliant torsional pin. The layout of

s

this device is shown in figure 12 below.

Polyimide Only

T

\

Two Separate Masses

Figure 12. Final proof of concept device with polyimide torque arms and two separate

proof masses.

Once the final concept was approved, the next step was to decide what parameters
to vary for the ANSYS model. Planar geometric variables were the obvious first choice
and would have a great impact on the performance of our device. Other variables to
optimize include the pre-stress in the main buckled beam, thickness of the silicon proof
mass, thickness of the chrome, thickness of the stressed nitride, and thickness of the
unstressed nitride. ANSYS analysis is detailed in section 5 of this proposal. With

dimensional geometry parameters settled, new prototypes can be fabricated.
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B. Typical Fabrication Methods and Steps

Completed ANSYS models confirmed the desired buckling behavior of our
devices, allowing photomasks to be designed. Two types of die were constructed: one only
constituted of an array of cross structures that had one stressed beam and one non-stressed
beam, the other was an array of our buckled devices. In case the complexity of the main
devices prevented the fabrication of a successful buckled device, it was proposed that the
simple cross structure would lend us a better chance at a proof of concept.

PECVD is the main method used at the University of Louisville to deposit nitride.
First the stress profile for our PECVD machine was evaluated. Multiple runs were done
so that the equipment’s stress and deposition rates could be recorded. A graph of this
experiment is shown in figure 13 below. The x-axis is the percent of time the radio
frequency (RF) power is on over the total time for the low frequency (LF) and RF. The
frequency magnitude for the RF and LF is about 13.56 MHz and 300 kHz respectively.
Almost all experiments done were at 50 Watts and some pulse time between 0 and 20
seconds. Chamber pressure was modified to change the stress even further; due to the
stress being proportional to the chamber pressure [103]. Wafer curvature measurements

were performed so that Stoney’s equation could be evaluated to back out residual stress.

PECYVD Silicon Nitride Stress, 650 mTorr Chamber Pressure
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Figure 13. PECVD silicon nitride stress versus RF frequency.
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Initial substrates are 250 pm thick and were chosen due to the ease of the DRIE
process for the last step. Silicon dioxide is thermally grown in a wet environment for an
etch stop during the DRIE process and was targeted for 500 nm in thickness. It is proposed
that the unstressed and stressed nitride layers have deposition thicknesses of 500 nm also
which seemed to allow for an effective transfer of force from the ANSYS model.
Unstressed nitride will be put down first using the PECVD so that the force from the mass
arms is efficiently transferred to the torque arms and to ensure the lever arms are unwarped.
Likewise, the unstressed portion will go through the main portion of the stressed beam as
shown in figure 14. An O; and CF4 plasma was used to etch the nitride layers and was
found to have a non-linear etch rate with time. Next, a chrome 250nm layer is placed down
so that when the stressed nitride is deposited, and then etched, the unstressed nitride is
unaffected. The last layer deposited on the wafer is roughly 4 pm of PI 2611 polyimide
and that is patterned using an O> plasma etch. A DRIE process is done on the back of the
wafer so that the masses and the silicon under the beams are etched out. This process is
also used to separate the die. Five minutes in a buffered oxide etch (BOE) bath is used to
“release” the buckled structures and masses.

There was some speculation about the amount of silicon dioxide that was being
worn away during each nitride etch; because the etching time was non-linear and could
become a problem in the DRIE process. If the oxide is worn too thin then the DRIE task
could eat the nitride layer which constitutes our device. A solution to this problem is to
grow the oxide much thicker. The photo resist used to pattern the silicon nitride etches
cannot hold up for the amount of time required to etch through the layers so a thin film of
patterned chrome was used instead.

The five masks created are the stressed nitride, chrome protection layer, unstressed
nitride, polyimide layer, and the DRIE layer. A picture of each of the mask layers is shown
in figure 14, figure 15, figure 16, figure 17, and figure 18 below. The chrome protection
mask included serial numbers for each device but the letter sizing failed to hold up during

the nitride etching. A University of Louisville logo was used as an aesthetic presence.
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Figure 14. Non-piezoelectric prototype mask 1, the unstressed nitride layer. Scale bar is

about the same for each mask layer shown below.
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Figure 15. Non-piezoelectric prototype mask 2, chrome protection layer.
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|< 1,000 um >| Mask 3

Figure 16. Non-piezoelectric prototype mask 3, stressed nitride layer.

I< 1,000 um >| Mask 4

Figure 17. Non-piezoelectric prototype mask 4, polyimide layer.
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|< 1,000 um >| Mask 5

Figure 18. Non-piezoelectric prototype mask 5, DRIE layer.

Preliminary equipment characterization and device fabrication required about four
months to complete. Separation of the individual die was done while etching the trenches
for the release of the mass and beam structures. Other separation techniques failed due to
either design error or die chipping from the dicing saw which resulted in an unusable
device. Simple structures like the cross device shown in figure 19 below were used to test
the feasibility of promoting a beam into an *“s” shaped profile. The figure shows a fully
fabricated device a) that has not been etched from the backside and a backside image of

the device post etching b). One of many buckled mass devices is shown in figure 20 below.
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S10, not
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—

Figure 20. Buckled mass structure a) before (topside) and b) after DRIE etching

(backside) with no piezoelectric active layer.

25



C. Proof of Concept

After prototype devices were fabricated, they were put into an SEM so that buckled
shapes could be recorded. The majority of devices exhibited the correct buckled profile,
demonstrating feasibility of the proposed design. The next design iteration in progress
involves a similar device, but also with PZT and electrodes. SEM images of the prototype

device arrays are shown figure 21 below.
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Flgure 21. SEM images of a) buckled cross structures and b) structures with proof

masses.

The prototype with the longest buckled span was 1,500 pum. An SEM image of this
device is shown in figure 22 a) below. Width for the arms and beam was 100 um, and was
the same for all devices. Each die fabricated had 36 unique geometries, to allow evaluation

13 ”

of potential parameters that might prohibit a viable shaped buckled profile. So far,
none of the devices that have been fabricated have failed to buckle into the desired shape.
The smallest length buckled beam was 500 um, and still exhibited the correct form of

buckling. A 600 um buckled beam is shown in figure 22 b).
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Figure 22. Buckled mass device with a) 1,500 um and b) 600um long center beam.

Using a Dektak profilometer, the out-of-plane displacement was measured for this
device and is shown in figure 23 below. A low force of 0.5 mg (4.905 uN) was used to
scan the surface of the buckled center beam. The maximum out-of-plane deflection was
13.5 um upwards and 14.5 um downwards. Figure 23 shows a profilometer scan of the
main buckled beam 1,500 um in length along with ANSYS predictions of the initial
buckled profile.

Displacement vs Length for a Buckled Mass Device

——ANSYS

——Profilometer

1,000 1,200

Displacement (pm)
(—}

Length (um)

Figure 23. Displacement vs length for a buckled mass device with a 1,500 pm long

center beam; measured on a Dektak profilometer.
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A macro-scale non-piezoelectric prototype was constructed to prove bi-stability
and allow for simple actuation experimentation. The center beam is made of stainless steel
sheeting while the flexible outer arms are aluminum tape. Base plate material consists of
half-inch polycarbonate while the mounts that constrain the center beam and flexible arms
are made out of aluminum stock. To emulate pre-stress in the center beam, the mounting
blocks were moved closer together until a desired height in the buckled *“s” shaped beam
was obtained. This first attempt at a prototype is shown in figure 24 and figure 25 below.

Determining induced stress in the center beam for the macro model would require
assuming a shape function for the center beam, knowing the vertical and angular spring
constants of for the center pseudo pin, and then using energy methods. An ANSYS model
with varying built in stress would be the preferred way of backing out the unknown pre-

stress given this particular situation.

Figure 24. Macro scale model in one bi-stable buckled condition (mass arms up).
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Figure 25. Macro scale model in the other bi-stable buckled condition (mass arms down).

Other prototypes were made to gauge the effect of compression on the center beam.
The original acrylic prototype above had to be manually compressed and locked into
position to emulate a pre-stressed beam and it was hard to do it symmetrically. To
overcome this obstacle, a 3D printed version which included a symmetric rail gear and
locking mechanism was designed. Simply turning the center gear gave even compression
of the center beam. This design gave confidence and insight in the prototype stage; more
precisely it showed how sensitive the buckling behavior is to small changes in compression

distance. The design is shown in figure 26 below.

Figure 26. 3D printed adjustable bi-stable buckled prototype with locking gear.
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As an add-on to possible future projects, a multimode version of the bi-stable device
was construed to present the feasibility of snap-through wave type behavior. For
simplification two 2-56 screw/nut linear push guides are designed on the ends to compress
the device. Afterwards the side pillars are clamped down to ensure even compression for
both nodes. The design is shown in figure 27 below. Shaking this device by hand presented
an interesting snap-through behavior in which the center beams nodes would snap at

different at different times during a single cycle randomly.

Figure 27. 3D printed multi-node prototype.
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CHAPTER III
PZT AND PVDF PIEZOELECTRIC ENERGY HARVESTING

Lead zirconate titanate (PZT) is a material that when strained generates an electric
field within the body. The opposite is also true; when an electric field is applied to the
body of the material, a strain is induced. This is called the piezoelectric effect (or reverse
piezoelectric effect) and was first observed by Pierre and Jacques Curie in 1880 [134]. It
is most commonly found in crystalline or pseudo-crystalline materials. There are a total of
32 crystal classes that can be separately identified in the material science field, 11 of these
classes are centrosymmetric and cannot be piezoelectric. The remaining 21 classes with
the exception of one are piezoelectric [134].

Piezoelectric materials are usually judged by the amount of strain per unit electric
field which is equivalent to units of displacement per electromotive force. A relationship
between the amounts of strain the material can exhibit and the magnitude of the coefficients
is generally present also, which may or may not affect the intended application. PZT,
commonly used in ultrasonic transducers, has high piezoelectric coefficients but can only
take a small amount of strain because it is a pure ceramic. Polyvinylidene fluoride (PVDF)
is a thermoplastic flouropolymer that is semicrystalline (40-50%) and can be made up to a
thickness of about 100 um. PVDF has piezoelectric coefficients much smaller than that of
PZT (greater than one order of magnitude) but can take considerably larger strains [134].

PZT can be created by a high temperature bulk ceramic sintering process (1200°C)
which yields high piezoelectric coefficients [58]. This method usually results in bulk
materials that are then shaped into wafers so that they may be adhered to other substrates.
As long as the adhesion layer is thin the practical mechanical effect is negligible. Wet
etching using a liquid such as buffered hydrofluoric acid (BHF) is then used on the PZT
material to thin it to a desired height. Xu et al. used a IBHF:2HCIL:4NH4Cl:4H>O solution
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as the wet etchant. They found that the combination of the bulk PZT and wet etchant left
a white residue on top of the exposed surface that turned out to be lead (II) chloride (PbCl,)
and an ammonium salt (NH4Pb2Cls). The removal process for this white residue was a dip
process in 70°C DI water for several minutes. Another important observation was that the
deposition of white residue affected the wet etching rate: the solution was to etch for 30
minutes and then dip in DI water at 70°C for 10 minutes. Repeating this process until a
desired thickness is obtained resulted in a surface roughness of about 500 nm (RMS). Since
this roughness was not desired in Xu et al.’s work, a polish step was performed afterward.
By using a silicon/PZT unimorph the ds3i coefficient was obtained for their
adheasion/thinning process and was approximately -250x10'?> m/V [58]. The bulk PZT
material used in Xu’s work was most likely a PZT-5A or PZT-5H wafer judging from the
magnitude of the ds; coefficient.

Another approach for utilizing piezoelectric materials in MEMS is to spin a PZT
sol-gel onto the substrate and then prebake-fire the material until all of the solvent is driven
out of the thin film. The final properties of the films depend on the ingredients of the sol-
gel, the sequence of addition, and the aging of the PZT solution. Yi et al. proposed a sol-
gel solution that utilizes high solubilities and is water based which in turn make the
resulting mixture is chemically stable in ambient conditions. This solution can be stored
for a period of about 4 months [156].

The stock PZT solution is first created by mixing 5g (5 grams) of lead acetate and
4g of acetic acid. This is done by pouring acetic acid (a liquid) into a Pyrex container on
a hot plate at 40°C and letting the acid come to a stable temperature. Lead acetate (a solid
powder) is then slowly combined with the acetic acid until it is dissolved fully. The
combination of lead acetate and acetic acid will have its temperature increased to 100°C to
remove water that causes nonuniform gelation when it comes into contact with titanium
isopropoxide and zirconium propoxide. This mixture will be called component “A” for
simplicity. At the same time, in a separate container, 3.848g of zirconium propoxide
70wt% in 1-propanol (a light yellow liquid) is combined with 2.032g of titanium
isopropoxide (a light yellow liquid) and will be deemed component “B” for simplicity.
After letting component A cool down to roughly 40°C, the two components A and B are

mixed together completely. The resulting mixture is roughly clear and has a lower
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viscosity than component B by itself. De-ionized water is then added to the mixture in the
amount of 4 grams to promote the stability of the mixture and reduce the probability of
precipitates. Lactic acid (1 gram, a liquid) is added to the mixture to maintain a constant
viscosity. Glycerol (1.5g, a liquid) and ethylene glycol (1g, a liquid) is added as the last
components of the mixture to enhance the mechanical characteristics of the resulting films
and prevent them from cracking and peeling. Thicker films require more ethylene glycol
and glycerol for sturdy performance [156]. This resulting mixture is known as the “Stock
Solution” and is maintained in an ambient environment while being constantly stirred. The

components for our stock PZT solution are shown in table 7 below.

Table 7. Components for the mechanically enhanced (Zr/Ti=53.5/46.5) "Stock PZT
Solution" from [156] and [157].

Combination
Chemical Molecular Formula Quantities(g) Step

Lead acetate Pb(OOCCHj3)3H,O 5.000 1
Acetic acid CH;COOH 4.000 1
Zirconium propoxide

(70 wt.% in 1-propanol) Zr(OCsHy)4 3.848 2
Titanium isopropoxide Ti[OCH(CH3)2]4 2.032 2
Distilled water HO 4.000 3
Lactic acid CH3;CHOHCOOH 1.000 4
Glycerol HOCH,CHOHCH,OH 1.500 5
Ethylene glycol HOCH,CH,OH 1.000 6

A typical spin modification is to add 2-propanol and H>O to the stock solution
which creates a less viscous solution that spins down thinner films. Adding propanol tends
to lower surface tension and can improve wettability for many substrates [156]. Syringes
with in-line filters are used to pull stock solution from its bottle and then the filters are
removed when releasing the stock solution into a graduated cylinder for volume
measurement. The current stock solution is viscous enough to create a single post fired
layer of 500 nm thickness [156]. The firing temp for the sol-gel based application is about
600 to 650°C with a temperature ramp of roughly 2 to 5°C per minute. Currently, our
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atmosphere for firing PZT sol-gel is argon and is done in a “trash oven” which

accommodates outgassing lead particles.

A. Piezoelectric Coefficients

The Institute of Electrical and Electronics Engineers (IEEE) have created a set of
standards for piezoelectric materials. These standards include a common symbol set when
explaining and characterizing piezoelectrics associated with specific loading and electric
field orientations. Examples of these coefficients, their meaning, and the units associated

with them are shown in table 8 below. Many more coefficients exist for the purpose of

analyzing piezoelectricity and can be found in the IEEE Standard on Piezoelectricity [1].

Table 8. Standard symbols used in the characterization of piezoelectrics.

Symbol Meaning Units (SI)

P Polarization coulomb/meter”2
Electric displacement coulomb/meter”2

E Electric field volt/meter

S Strain of a material unitless or meter/meter

T Stress of a material newton/meter\2

€ Dielectric permittivity of the material farad/meter

S Elastic compliance constant meter"2/newton

c Elastic stiffness constant newton/meter\2

d Piezoelectric strain coefficient meter/volt or coulomb/newton
Piezoelectric constant coulomb/meter2

k Coupling factor unitless

When a voltage is applied to two conductors with an insulator in-between an

electric field, £, is formed. The electric displacement, 2, is used as a substitute for the
electric field so that one does not have to consider the internal polarization, 7, of a material.
A relation between the electric displacement and electric field through charge balance is

given by

D = gE +P Eql.
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where ¢ is the permittivity of a vacuum. Electric displacement is the customary way to
deal with electric fields. Stress and strain are indicated by the symbols 7'and S'instead of
the customary o and £ used in mechanics. A very important coefficient used in the piezo
field is the piezoelectric strain coefficient, d, which describes the amount of polarity that

arises from one unit of stress. Another way to write the electric displacement is

D =dT + ¢E Eq 2.

where ¢ is the permittivity of the material and is defined as

£ = g8, Eq 3.

It can be seen from Eq 1 that the polarization inside the material is taken into
account by combining it with the pure electric field component. Properties such as the
compliance, stiffness, and permittivity are measured either at constant strain, stress, electric
field, or an electric displacement. This is indicated by placing a S, 7, £, or D in the
superscript of the coefficient. Strain can arise from the application of an electric field

and/or a mechanical stress and is shown in equation form as

S = sET + dE Eq 4.
and Eq 2 can be rewritten as

D =dT +¢"E Eq>.

which shows that it is very important to know how the material constants are measured
because they will change under different circumstances. An example is when a material is
constrained and cannot move in a particular direction; this would be an example of a
constant strain measurement for that particular direction. If the electrodes are shorted and
the coefficients are measured then that would be an example of a constant electric field
(£=0).

Coefficients are utilized with subscripts that detail the direction of the electric field
first and then the direction strain. The sign of the coefficient deals with whether the
material expands or contracts and is a function or crystal axis orientation which is

determined as a standard in [1]. If a field is generated parallel to an axis where strain is
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applied then this is called the piezoelectric axis. For quartz and PZT this is the X and Z
axis respectively. An illustration of what the coefficient dj details is shown in figure 28

below.
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Figure 28. Visual examples detailing the meaning of the piezoelectric strain coefficient

dij.

Generally in research models are two or three dimensional in nature, so it is rare
that a one dimensional problem arises. Thus the coefficients for piezoelectric materials are
reported as tensors rather than scalars, just like the mechanical properties. An example of
the tensor structure for a solid ceramic PZT-5H block is shown in Eq 6 - Eq 9 below.
Piezoelectric strain coefficients in the hundreds of pC/N are considered to be very high

with respect to other known djjcoefficients.

S11 S12 S13 O 0 0

S12 S11 S13 O 0 0

g1 _ |S13 S13 S33 O 0 0
ST=10" 0 0 s, o 0 Eq6.

0 0 0 0  Sy4 0

0 0 0 O O 2(511 - 512)_

0 0 0 0 dis O

[d]=1]0 0 0 dis 0 O Eq 7.
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&1 O 0

[ST]Z[O €11 0] Eq 8.
0 0 &33

where the values of the compliance, piezoelectric strain, and permittivity for PZT-5H are

given below [134]. One should note that the djj units should be changed to Coulombs per

Newton when using these in ANSY'S as to not confuse the resultant. Also, Eq 6 is primarily

defined for a material that is poled in the z-direction; this will come in useful when deriving

the ANSYS piezoelectric matrix [e] shown in a later section of this proposal.

S11 = 16.5x 1072 m?/N
S33 = 20.7x 10712 m?2/N
Sgq = 43.50x 10712 m? /N
S1, = —4.78 x 1072 m?/N
S13 = —8.45x 1072 m?2/N
d15 =741 pC/N Eq 0.
dsy = —274 pC/N
dss = 593 pC/N

&
1 -3130
&o
&
=3 — 3400
&o

B. Limitations of PZT Ceramics

As a brittle ceramic, PZT has limits on the amount of mechanical and electrical
“stress” that can be applied to it. The limits of a device are dictated by failure criteria such
as maximum stress/strain before cracking occurs, maximum electrical field before
breakdown, the stress at which depolarization occurs, and other parameters. Generally sol-
gel based PZT does not require poling during the sintering step which minimizes the
depolarization problem; though poling can increase the djj coefficients dramatically [29].

Yagnamurthy et al., evaluated properties for PZT thin films in actuator stacks [153].
Though it is unknown to the author what the composition ratios of the PZT solution being
used was, the outcomes of their experiment was rather insightful in terms of limits. A
Young’s modulus, tensile strength, and maximum elongation for PZT were measured to be
83.8 GPa, 460 MPa, and ~0.5 % respectively. Park et al., investigated the ultimate yield
strength of sol-gel spun PZT dog bone tensile samples with varying widths [104]. The
total thickness for Park’s samples was 2 um of PZT on top of 0.15 pm of platinum.
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Obtaining 2 um of PZT required multiple spin casts followed by curing and sintering steps
at 400 and 650 °C respectively. Widths for the samples varied from 50 to 150 microns.
Composition for this work was at the well-known multi-phase boundary of
Pb1.1(Zro.52Ti0.48)O3 for which the piezoelectric coefficients are maximized. Table 9 below
shows the elastic modulus, ultimate tensile strength, and fracture strain for Park et al.’s
work. Other references for the yield strength of PZT show a much lower ultimate tensile

strength for PZT, though the material is in bulk form and not a thin film [158].

Table 9. Young's modulus, ultimate yield stress, and fracture strain for sol-gel based 2um

thick PZT dog bone shaped samples [104].

Width Elastic modulus Ultimate tensile strength Fracture strain
[m] [GPa] [MPa) (%]
E Average S Average e Average
69.3 241.0 0.361
50 724 728%3.7 282.9 2634+211 0.419 0.383+£0.031
76.7 266.4 0.368
74.6 2425 0.337
100 74.0 75.0%1.3 233.7 2386145 0.331 0.331+0.006
76.4 239.5 0.325
721 224.0 0.335
150 75.4 7331138 233.4 221.1+139 0.328 0.320%0.021
72.5 206.0 0.296

Electrical breakdown for PZT is measured via leakage current and varies with
thickness and applied electric field. Breakdown values depending on other factors like the
method of deposition, constituency, maximum sintering temperature, and other parameters
so it is difficult to quote a single value for breakdown electric field. Figure 29 below shows
the leakage current as a function of electric field for PZT with a zirconia and titanium
composition of 45% and 55% respectively. Two different film thicknesses are used to
compose the graphs which show that an electric field below 50 kV/cm is considered ohmic
since the current density and electric field have an almost linear relationship [29]. Cheng
et al. [29] attributed the dip in figure 29 a) to charge trapping and explains that this
transition region disappears as the film thickness decreases. A graph showing electric
breakdown field versus PZT film thickness is shown in figure 30 below which exhibits
reduced breakdown strength as the films become thicker. These leakage currents

contribute to losses in energy harvesting that cannot be recovered.
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Figure 29. Leakage current as a function of electric field for PZT (45/55) with
thicknesses of a) 1.3 um and b) 0.3 um [29].
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Figure 30. Electric breakdown strength versus thickness for PZT (45/55) [29].

Through sol-gel PZT deposition, very thin layers are deposited by 0.2 to 1 um
increments [100]. If layers thicker than 10 pm are desired then multiple spin or screen
printed steps will have to be done, each with a high temperature sintering process [29].
The depositions are done in thin increments because organics and solvents have a tendency
to create porous holes in the thin films which in turn may cause a short in electrode
behavior. Also, the thermal stresses that are induced in the PZT during sintering are large,

and cause cracking of the film itself, thus lowering performance dramatically.
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C. Experiments to Evaluate Coefficients

Before confirming experimental data with theoretical models, it is important to
evaluate the piezoelectric coefficients as well as the mechanical properties. There are many
popular techniques to determine mechanical properties of thick and thin films but are not
in the scope of this proposal. Piezoelectric coefficients such as the d;; are important to
evaluate for sol-gel based thin films because the many different methods to deposit, cure,
and fire such materials can vastly change the resultant properties. As an example, the d;;
coefficients for PZT can vary as much as one order of magnitude, which of course could
significantly impact a theoretical models outcome [79].

To truly compare a piezoelectric material to another it is tantamount that the method
and type of dj; coefficient are reported. Two classes of methods exist for the measurement
of piezoelectric strain coefficients, direct and indirect methods. Direct methods are the
obvious solutions to obtaining the piezo coefficients which include inducing the
piezoelectric effect via strain and measuring the electric field or the reverse piezoelectric
effect that involves applying an electric field and measuring the resulting displacement.
Indirect methods involve linking the mechanical and electrical properties to back out the
piezoelectric coefficients.

The first direct method is called the “normal load method” and involves
compressing a piezoelectric material with a round or flat tip. Setting up this test is quite
simple and involves a load cell, a capacitor electrically larger than that of the samples
capacitance which helps the charge drain from the sample quickly (zero or constant field
characteristic), and a data acquisition system that has a sampling rate that is higher than the
electrical response of the electrical signal. Placing the capacitor in series with the sample
causes the charge to drain into the capacitor which in turn increases the voltage drop across
it. If the capacitance is known and the peak voltage difference is measured then the

piezoelectric strain coefficient can be determined by

dD; _Q _ GV

d33(eff)=6_T3_F F

Eq 10.

where Dj is the longitudinal electrical displacement, T3 is the normal stress on the sample
surface, Q is the accumulated charge, F is the normal force on the sample, C, is the

capacitance of the capacitor in series, and Vj, is the peak voltage acquired after compression.
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The normal contact method is considered quasi-static which implies that the load can be
applied once and the voltage can be measured. The dj; coefficient determined from this
method is an effective value because the stress is not uniform as it is applied to the sample
surface.

A very interesting coefficient evaluation technique is the “periodic compressional
force” method that is somewhat similar to the normal load method. To determine the
piezoelectric strain coefficient of a new sample, a known and evaluated piezoelectric
material is driven via compression waves using a solid ceramic/metal rod with a rounded
tip through a liquid. Piezoelectric materials with well-defined ds; coefficients are placed
into the mechanism and the charge Q is measured by integrating the current generated with
respect to time. Afterwards the new sample with an unknown ds; coefficient is placed
under the mechanism and excited with the same pulse waves. Again, current is measured
and integrated with respect to time to acquire the charge produced. The tests should be
conducted by executing the experiment under the same period of time. At the completion
of the experiment the new d3; of the unknown sample is found using an equivalent force

balance by

Q
dssz(eff) = _:d33,R Eq 11.

where Q,, is the collected charge of the unknown sample, Qp is the collected charge of the
reference sample, and d33 is the piezoelectric strain coefficient of the well-defined
material. Sensitivities (I think the author means errors) for this method produce ds; values
that are roughly 0.03 pC. It is important that the user attempt to create the same coupling
liquid droplet on the known and unknown sample so that the force is evenly distributed
over the same area. This becomes a problem when both samples have different wetting
properties. Professionals of this method recommend pulsing with a high enough frequency
to maintain a steady current but not high enough that the lattice of the sample starts to
resonate.

The “cantilever method” predicts the e3; coefficient for a piezoelectric material and
has a rather simple setup. A beam constrained at one end and free on the other is mounted
so that a tip may press down onto the free end deflecting it downward. Swiftly removing

the tip that deflects the beam causes the structure to oscillate and create a voltage. A faster
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tip actuation leads to a more accurate coefficient measurement. Electrodes sandwiching a
piezoelectric film and rests atop a thicker substrate are measured from a distance of x; to
x2 with respect to the constrained end. A strain develops in the thin film (x direction) and
can be estimated if the other directional strains (y and z) are assumed to be negligible. This

strain is

S1

_3Ah( x1+x2> Eq 12

o203 2
where Ah is the amount that the free end is deflected, and [ is the total length of the beam.
From above the longitudinal strain can directly be calculated from the known geometry. If

the system is connected to an oscilloscope with a known resistance and capacitance, then

the voltage versus time can be measured.

D. PZT Fabrication Routines

Using the mechanically enhanced PZT recipe from above, a multitude of die and
wafers were spun using the stock solution, 2-propynol, and DI H>0 in a volumetric ratio of
1:1:1, 1:2:1, and 1:2:2 which was allowed to sit for one day before being filtered and
applied. Definitions of these volumetric mixing ratios are listed through-out this document
as (p:i:w) where p, i, and w are PZT, 2-propynol, and DI H>0 respectively. Thicknesses
were measured before and after the firing step which converts pyrochlore to perovskyte
using a J.A. Woolman Co ellipsometer. The model used to fit the index of refraction is the

Cauchy or Sellmeier relationship which is

B C
n(A)=A+ﬁ+F Eq 13.

where A is the wavelength of light and A, B, and C are constants to be solved for given a
multi-angle/wavelength sweep. This model works well for translucent materials and
already has obtained parameters for silicon substrates, SiO», and platinum. Thicknesses
were obtained in the as-deposited, hot plate treatment, and anneal (fired) steps. The PZT
results varied due to a numerous processing parameters such as age of stock solution, PZT
mixing ratio, substrate material, coats in-between hot plate treatments, number of hot plate
treatments, fired or not, deposition speeds, hot plate temperatures, temperature ramping

speeds, annealing temperature, and gas flow during annealing step. Results for these
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experiments are shown in the appendix under table 25. Another reference for PZT sol gel
film processing parameters and their results is shown in [86].

Ultimately the desired outcome is a perovskyte film that is not cracked. Annealing
temperatures for PZT sol-gels are around 400 to 650 C [101] which cause large stresses to
develop throughout the film. Higher annealing temps are more likely to give perovskyte
phase but also have a higher risk of cracking the films. A first attempt at spinning and
annealing PZT on small silicon die with about 450 nm of SiO2 are shown in figure 31
below. Thickness results from ellipsometry before annealing are also shown. These
samples, whose names indicate the number of spin/hotplate treatments (1b-4b), performed
well after a 450 C firing temperature for 30 minutes. The atmosphere was ambient which
is likely to cause material particle loss in the films. No cracks were initiated for samples
1b and 2b (figure 31 a) and b)) with one and two hotplate treatments but did crack with

three and four (figure 31 c¢) and d)) treatments due to thickness.

a) 1b b) 2b
450 C F 450 C
30 min ' 30 min
100 pm
173 nm 371 nm
before before
‘ 200 pm__ | ‘ fire 200 pum | _ fire
\. 1 \ -
o) | 3 | |D | 4b
e ™ \ 450 C 450 C
b, 30min | [ -~ 30 min
/ : /
'] . .
? .
L 588 nm . 4 | 793 nm
' “ before | | . before /
‘ 200 um__ | ‘ . ﬁl:e 200 pm | ;i/rel ﬁ

Figure 31. PZT (1:1:1) on SiO; annealed at 450 C in an ambient atmosphere for samples
a) 1b, b) 2b, ¢) 3b, and d) 4b.
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Additional PZT samples on SiO2 named ‘a’ were created at the same time as the
‘b’ samples and had the same spin/hotplate profiles but annealed at 550C to reveal the
results of a higher firing temperature. Cracking results can be seen in figure 32 below and
show that all but sample la completely cracked. Further investigation into sample la
showed that cracking did start to initiate which ultimately made annealing for the (1:1:1)
PZT solution at 550C on SiO: infeasible. There are other options to test which could allow
this setup to have a preferred outcome; it requires spinning at a faster rate to obtain thinner
layers and then subsequently annealing each layer to create a stacked structure. This

approach would take a substantial amount of time so finding another approach to

2a
| ss0cC
* | 30 min

Y

satisfactory PZT films seems desired.

D |
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Figure 32. PZT (1:1:1) on SiO; annealed at 550 C in an ambient atmosphere for samples
a) 1b, b) 2b, ¢) 3b, and d) 4b.
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Other tests performed are the ‘c’ and ‘d’ samples which used a PZT solution with
the mixture ratio of (1:2:1) and annealed at 450 and 550 C respectively. These tests had
the same annealing atmospheric conditions as the ‘a’ and ‘b’ samples. Results for the
annealing test can be seen in the appendix under figure 126 and figure 127. The 450 C
samples looked good while all but one 550 C samples cracked. At this point it seemed
mixing ratio was a bad parameter modification to obtain reasonable results.

Samples ‘e’, ‘f’, and ‘g’ were created to evaluate the effect of spin speed. Other
parameters were modified for this test as it became apparent that these experiments should
represent the substrate material for the actual device. Thus each die had a layer of titanium
and platinum deposited on top of the SiO». The total thickness of the Ti/Pt layer was about
150nm. The annealing step atmospheric conditions are switched to Oz as in [101] and will
flowing at a rate of 1668 mL/min. Also changed was the hot plate temperatures to drive
off solvents. The first hot plate was set to 150 C while the second one was put at a higher
450 C. Samples labeled ‘f” were accidentally taken off the 150 C hotplate too early and
placed on the 450 C one which caused violent solvent drive, thus sputtering the samples
with flakes of PZT. Pictures of the die before and after the anneal step are shown in the
appendix under figure 128 for one coating and figure 129 for two coating die. Sputtering
of the ‘f” sample devices caused a concern and it was realized that the remedy for
potentially making this mistake would be to allow the die to drive out solvent in the trash
furnace.

Thus the final set of experimental PZT samples were made and labeled Perovl,
Perov2, Perov3, and Perov4. The numbering does not indicate the number of spins after a
175 C hotplate treatment this time. Most of the solvents were driven out for 10 minutes on
the hotplate. These samples used PZT (1:1:1) spun on at 3000 rpm for 60 seconds (spread
at 300 rpm for 15 seconds). To anneal the new samples, a furnace profile was created that
ramped to 400 C from room temperature at a rate of 20 C/min. The samples are held at
400 C for 30 minutes the pushed to 650 C at the same rate and held for 1 hour then allowed
to cool to 400C at 20 C/min. Results for the annealed samples are shown in figure 33

below.
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Figure 33. PZT (1:1:1) on platinum sample die after one gel application and anneal a)

perovl, b) perov2, c) perov3, and d) perov4.

Un-cracked samples from the Perov line of die were encouraging, meaning a multi-
fire approach would be suitable to give different thicknesses. PZT was then again
processed on Perov1-4 and annealed which gave the un-cracked results shown in figure 34
below. This process is the one deemed the best given the stated requirements for the core
MEMS device of this thesis. Ellipsometry done on the devices show that each coating of
PZT gives about 75nm of material after the anneal. Etching the PZT and running a
profilometry scan shows that thicknesses are about 11.4% higher than the ellipsometer
approach. It is also worth noting that Toho thin film measurements for the Perov die put
the estimated bi-axial stress at roughly 3.8 GPa (tensile) for one coat. This is extremely

large and needs a substantial compressive stress layer to counteract it.
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Figure 34. PZT (1:1:1) on platinum sample die after the second gel application and

anneal a) perovl, b) perov2, c) perov3, and d) perov4.

One way of detecting what type of crystal phase exists in a material is X-ray called
diffraction which relies on elastic scattering. Destructive interference will reduce the
created secondary spherical waves except at a certain incident angle determine via Bragg’s
law

2dsinf = ni Eq 14.
Where d is the distance between the diffracting planes, 0 is the incoming x-ray incident
angle, n is an integer, and A is the wavelength of the x-ray beam. An example of
constructive interference, which the x-rays tend to sum because the waves are in phase, is

shown in figure 35 below.
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Figure 35. Schematic illustrating constructive interference of x-rays on a crystal structure

[96].

X-ray diffraction was used on some of the samples to determine if the PZT
contained perovskyte or pyrochlore after processing. Perovskyte is the most piezoelectric
phase so making sure that coating and annealing parameters evolved this phase was
essential. A glancing angle XRD approached allowed for thin film analysis because the
X-ray detector would pick up less of a signal from the silicon substrate and other underling
films. Literature that has XRD graphs for PZT and its derivatives in its various forms are
[46], [77], [140], [94], [86], [75], [50], [32], and [143]. In figure 36 a) below there is a
reference for PZT in the composition ranges of Pb(Zr«Tii-x)O3 for x=60, 52, and 40 that
comes from [77]. These reference graphs come from the JCPDS data base and are labeled
under the files 73-2022, 33-0784, and 50-0346 for 258, Z52, and Z44. Alongside the
reference is results we fabricated in figure 36 b) and c) that clearly show (100), (110), and
(200) PZT perovskyte phases.
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Figure 36. GA-XRD results for PZT for a) known reference specimens [77], b) silicon
wafer, Si/SiO2/Ti/Pt, and samples with (1:1:1), and c¢) more thin to thick specimens to

make sure process is repeatable.

PZT wet etching is accomplished by mixing 1 part BOE, 2 parts HCI, and 4 parts
DI-H20 in a Teflon beaker [2], [21], [46]. Other additives include nitric acid, acetic acid,
and ammonium chloride to clean up left over residue. Results of the Perov die with a

photomask, after etching, and after the photomask is removed is shown in figure 37 below.
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A typical fresh batch of PZT etchant will strip about 160 nm of annealed PZT in roughly

90 seconds so it is imperative to constantly watch the sample being etched.

#| Photomask g e . t g, BREIRE | Photomask
| B 2 : !‘1” G Stripped

DA™
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<1000 um | - 1,000pm _| |

Figure 37. PZT (1:1:1) on platinum samples a), d), g) before and b), e), h) after etching.

Also with ¢), f), 1) photoresist removed.

Undercutting can be severe enough to render a device useless especially in
interdigitated electrode configurations where the metal is close to the PZT edge. For this
test the undercutting was about 3 um when etched for 90 seconds and is shown in figure
38 below. Better control of the etching procedure can be done by diluting the stock etchant
with more DI H20. Adding ammonium chloride to the etching solution can remove some

of the PbCl; that creates a residue on the surface like as shown in [160].
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Figure 38. PZT (1:1:1) on platinum sample Perov4 a) after etching and removing

photoresist and b) a zoomed in section to show undercut.

The success of the prior PZT samples give confidence in our ability to make
piezoelectric spin-on ceramics. Actually applying these films to a non-planar profile, such
as the proposed MEMS bi-stable buckled devices will require more experiments. At this
point it is unknown what the 650C temperature profile is going to have on a stressed nitride
layer. Thus it is essential that other piezoelectric materials be considered at this stage.
Potential candidates include PVDF which can also be applied as a gel but has lower
piezoelectric coefficients or sputtered AIN [13] [155] is CMOS compatible [148], though
can be difficult to fabricate with repeatable results [61]. A comparison of promising

piezoelectric materials used for energy harvesting can be found in [6].

E. PVDF Fabrication Routines

PVDF is a pseudo crystalline piezoelectric polymer that can be fabricated into a
useful poled material for actuation, sensing, or energy generation. One beneficial
characteristic of PVDF is that it does not require high processing temperatures like PZT
[141]. Care has to be taken though as not to process at the Curie temperature of around
150C or else poled properties will be lost. A safe margin is to not allow the temperature to
get above 100C for too long without an active field on the materials electrodes. Melting
temperatures for PVDF are around 170 to 200 C [55]. Parameters that affect crystal phase
formation of PVDF are solvent type, spin speed, drying temperature [113] [22], humidity,

pressure, and annealing temperature/atmosphere. Other means of making piezoelectric
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PVDF include hot pressing [116], stretching [26] [15] [126], Langmuir-Blodgett deposition
methods [27], and electro-spraying [120]. An extensive overview of piezoelectric
polymers can be found in [112] which also shows temperature limitations.

Creating the spin on PVDF gel involves mixing solvents and PVDF pellets/powders
like the ones used in this research shown in figure 39 below. This mix is usually allowed
to sit on a hot plate at about 50C until all of the solid material is dissolved into solution.
The key to gel deposited PVDF is to have it solidify into the § phase, which is the most
piezoelectric and ferroelectric form of the other five known crystalline phases a, B, v, J,
and € [3], [130]. Usually well-funded researchers will purchase a co-polymer like P(VDF-
TrFE) to mix with solvents [130], which almost always forms B-phase PVDF due to the
highly polarizablility nature of VDF with a small amount of TrFe mixed in [70]. These co-
polymers ($80/gram) usually cost a lot of money [27] so it was believed to be beneficial to
investigate the possibility of applying homo-polymer ($5/gram) gels which are very
inexpensive to make. Common solvents used in the gels include dimethyl sulfoxide
(DMSO) [127], methyl ethyl ketone (MEK) [141], dimethylformamide (DMF) [22], and
acetone. Additional additives which promote the [ phase include hydrated salts like

magnesium nitrate (Mg(NO»)3*6H>0 ) [28] [57] [135].
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Figure 39. a) PVDF pellets, b) PVDF powder, and ¢c) DMF solvent.

The mixture attempted in this research primarily used a 1:1 volume ratio of
DMF:acetone which was then mixed with PVDF pellets/powder in the wt% (of both
liquids) of 5, 10, or 20. All substrates are UV treated to remove any extra organics and to
promote better adhesion. These gels were spun on a wafers at various speeds (500 to 4000
rpm) and then were transferred to a hot plate do drive out the solvents which converted

said gel to a thin film. The temperature of the hotplate was key to promoting the film into
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a preferential crystalline phase. B-phase is easily obtained in low temperature depositions
(50-70 C) but the porosity is so great that poling is infeasible just like in [28] [57]. This
porosity is indicated by a white cloudy color while less porous films will appear more
translucent. Hydrated salts tend to be dried at higher temperatures ~115 C and still
maintain plenty of B-phase.

Annealing the films after the first hot plate treatment can cause even more phase
transformation and reduce porosity. The annealing process may be done on a hot plate in
ambient atmospheric conditions or in a vacuum oven. Typical annealing temperatures are
around 120 C [135] [57]. Annealing, especially vacuum annealing [63] also has the added
benefit of increasing adhesion to the electrodes. More effects of annealing can be found in
[127].

Typical PVDF thickness for gel deposition versus angular velocity and B-phase
content is shown in figure 40 below which comes from Cardoso et al. [22]. Another source
of thickness vs angular velocity is found in [63] though it is for P(VDF-TrFE). It is
important to know the thickness of the deposited films due to a structural and mechanical
standpoint but also because the known applied electric field needs to be monitored. From
multiple experiments performed in the lab, a table of spun gel thick films versus spin

profiles and other parameters are shown in table 10 below.
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Figure 40. Angular velocity vs a) film thickness and b) B-phase for PVDF films from
[22].
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Table 10. Experimental thickness results for PVDF gel films after hotplate/annealing

treatments.

PVDF | Dilution | Spin Spin Spread | Spread | Thicknes | # of
(Mw) (Wt%) | (rpm) | Time (s) | (rpm) | Time (s) S (um) Coats

534,000 20 3000 15 300 60 7.1 1
534,000 20 3000 15 300 60 5.0 1
534,000 20 4000 15 300 60 4.3 1
275,000 10 500 0 0 20 7.0 2
275,000 10 500 0 0 20 7.0 3
275,000 5 500 0 0 20 2.0 2
275,000 10 500 0 0 20 4.8 2
275,000 5 500 0 0 20 1.9 2
275,000 10 500 0 0 20 2.5 1

Detecting the different types of phases in PVDF is accomplished using an FTIR
(Fourier transform infrared spectroscopy) or a FTIR with an ATR (attenuated total
reflectance) attachment. The ATR attachment is used for films which cannot be removed
from the substrate. FTIR absorption bands for the a-phase are around 530, 615, 763, 795,
855, and 976 cm’! while the bands for B-phase are about 467, 509, 840, 1175, 1275 cm™
and the y-phase is 812 and 1233 cm™! [97] [57] [135]. The machine used to conduct FTIR
measurements is a Perkin Elmer SpectrumBX. If the films are annealed at atmosphere
conditions then there is a good chance they can be peeled off of their respective wafers
with care. 3D printed rings which allow the films to be taped on the outside are shown in
figure 46 c) below. Kapton tape is used to adhere the film to the ring at which point it is
slowly removed. An example of this with aluminum sputtered on top is shown in figure
44 b) below. While the films are on the printed rings, they are put into the FTIR to measure
the crystallography. The slight difference in transmittance obtained drying at different
temperatures for films with added hydrated salt is shown in figure 41 below. More FTIR
and FTIR/ATR scans are shown in the appendix under figure 131, figure 132, and figure
133 which mostly compare the effects of the addition of 0.2%wt magnesium nitrate. Figure
133 shows that a dense 20% gel without the addition of salt and dried at 50 C gives an

appreciable amount of B-phase.
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Figure 41. FTIR data for 10%wt PVDF films spun on at 1000 rpm and dried at 50 and 70
C.

Another way of detecting phases in PVDF is through X-ray diffraction just like the
PZT samples from above. The effect of drying temperature on PVDF film phases is shown
in figure 43 below. When the drying temperature is 100C or below the dominant phase in
the films is B which shows up as a peak at around 26=20.5° but when the films are dried
above 100C the o phase is dominant and shows up at 26=17.8° and 20.0° [135], [78], [83].
SEM images for four of the higher temperature drying cases are shown in figure 42 below.
These drying temperature tests were done on a 1:1 DMF:Acetone solvent solution with
10% PVDF powder and 0.3% (Mg(NO2)3*6H>0 ) which, when dried, gives about 2.9%
hydrated salt by weight.
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Figure 42. SEM images for four of the PVDF films containing 2.9% hydrated salt by
weight and dried at a) 100C, b) 115C, c¢) 130C, and d) 150C. Prior to annealing.
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Figure 43. XRD sweeps for PVDF gel deposition samples (1um thick) with the addition
of 0.3% hydrated salt before annealing.
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Etching PVDF can be accomplished by acetone solutions [55], dimethyl acetamide
(DMA) [55], and reactive ion etching [63]. Acetone etching usually requires a solvent
resistant mask because powerful liquids such as acetone will remove photo-resists.
Patterns using chrome have been made by soaking dies and wafers in a sealed container
with acetone at about 50 C (~550 nm/min) though there is some residue left over. The
vapor pressure is high at that temperature so the lid of the container must be properly
sealed. Another explored etching mechanism is by using an O, plasma at 100/100 watts
of ICP and RIE power, respectively. Oxygen and CHF;3 flow rates of 40 and 10 sccm gave
an etch rate of 86.6 nm/min when the wafer cooling flow was held at 10 torr of helium.
Etching experiments with the hydrated salts tended to leave a residue which couldn’t be

removed with acetone or DMF.
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Figure 44. a) PVDF electroded device on aluminum foil and b) PVDF film that has been

sputtered with aluminum via PVD.

Electroding of the materials was done either by sputtering aluminum or chrome
onto the PVDF films using a PVD process. This would be quite expensive to do
continuously in the cleanroom so it was decided to investigate other methods of applying
conductive films. Figure 45 below shows four cheap materials investigated while
attempting methods of creating electrodes. Figure 45 a) is a typical carbon based wire glue
that was found to be too brittle when dried, figure 45 b) is a silver epoxy that is conductive

when allowed to dry at room temperature, figure 45 c) is a conductive pen that gave results
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similar to the conductive epoxy, and figure 45 d) is also a silver epoxy but needs to be
cured at ~125 C to become electrically conductive. Since the product (CW?2400) in figure
45 b) worked the best when applied in thin layers and didn’t require a high curing
temperature which could affect the phase of the PVDF, it was used in the majority of the
experiments. Figure 46 b) shows PVDF devices with the CW2400 applied and cured.
Some of the experiments were done on the conductive side of aluminum foil like the device
shown in figure 44 a) above. Others were done on 100 pm steel plates like the ones shown

in figure 46 b) below.

Figure 45. Electrode materials a) ‘Anders Products’ carbon based wire glue, b) ‘Circuit

Works” CW2400 conductive epoxy, ¢) ‘Bare Conductive’ electrically conductive paint,

and d) ‘MG Chemicals’ pure silver conductive epoxy.

The appendix has a table of results for a few of the PVDF gel application tests in
table 26. A majority of poling results are left out of this table due to the large amount of
tests conducted in an attempt to obtain a highly repeatable poled film in an efficient amount
of time. Ideally the PVDF films applied will be vacuum annealed at elevated temperatures
so that adhesion is enhanced. Also the electrodes would be a sputtered metal such as
aluminum or chrome since expensive platinum is only used with PZT due to its inert
properties at high temperatures (650C). All experimental PVDF samples are shown in
figure 46 a) below along with working silver epoxy devices and ring mechanisms that

enable film removal from wafers.
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Figure 46. a) All PVDF samples tested for the application of gel deposition, b) double
sided electrode samples ready for poling, c) 4 wafer rings used to peel off PVDF.

F. Experimental Poling Results

Polarizing the piezoelectric films after fabrication will align the dipoles and allow
them to generate charges constructively. Two popular forms of poling are electrode
“contact” and corona poling [26] [68] [15] [83] [85] [15] [14]. The electric fields need to
achieve a good piezoelectric coefficient are 20 to 300 MV/m for PVDF [26] [15] [83] [65]
[14] [129] [57] [69] and 10 to 100 MV/m for PZT [85] [143] [62] [23]. These poling
techniques are usually done at elevated temperatures so that the dipoles align in a short
amount of time though it can be done at room temperature [23].

Contact poling is where an AC or DC voltage is applied across a devices electrodes
either at ambient or elevated temperatures. The applied voltages are considerably high and
can potentially short if there is a low resistance path between the electrodes. Even shorting
around the non-conductive material being poled can occur which could ruin a device. To

ameliorate this potential failure with high voltages, the devices can be poled in a non-
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conductive fluid [35]. DC voltages for PVDF are usually quite high if a thick layer is
deposited (~50-300 V) but are low (5-20 V) for PZT due to the very thin profiles [75]. All
devices that are contact poled had 30 AWG enameled wired epoxied to them

The 250 V4. power supply used for contact polling of PVDF devices and is shown
in the appendix under figure 130 a). Higher voltages were used in some cases which
required a small CCFL inverter and a voltage multiplier bridge which allowed for DC
power outputs as high as 3,000 Vg.. Devices were placed into an oven which varied in
temperature from 25 to 110 C while being simultaneously poled. Some device would
violently short so it was imperative that the ovens internal surrounding were electrically
insulated using high temperature fiberglass sheeting and Kapton tape. Electrical shorting
caused the PVDF material to be immediately ablated while the surrounding PVDF and the

conductive epoxy would char like the sample in figure 47 below.
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Figure 47. Failed and charred PVDF sample with conductive epoxy electrodes.

Poling samples of PZT was a little different than with the PVDF strips. At first a
DC contact poling scheme was tried with an applied voltage of 3-12 Vdc which resulted in
decent ferroelectric loops but to test a PZT coated wafer in multiple spots for repeatability
required a faster approach. Thus a function generator was formed using an Arduino nano
microcontrolled, an AD9850 wave generator, and a LM224N op-amp. Using two

potentiometer as an amplitude/offset control and one as a frequency control, the PZT
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devices could be simultaneously poled and checked for vibrational activity by listening for
a high pitch squeal. Input voltages of up to £15 V. are used to achieve a poled section of
PZT. This waveform generator can also be used to check for audible activity of the PVDF
samples. A commercial sample with silver ink electrodes could be heard at a frequency of
around 7 kHz while ones fabricated in this research were audible at around 6-7 kHz with
an input of 10V,.. One of the better performing samples was a 1.9um PVDF device that
was poled under a 26 MV/m field at 100 C for 30 minutes. Some of the PZT samples that

were poled using the function generator are shown in figure 48 below.

Figure 48. PZT contact poled examples.

A lot of the PVDF results tended to have random flaws which would short when
being contact poled. This is mostly due to large electrode areas that increases the chance
of encountering a hole in the PVDF. It also occurred to us that poling all of the devices in
one step would save time so corona poling was investigated. Corona poling grid voltages
of 5kV and bed temperatures of 20-120 C are typically used [83] [65] which means a high
voltage power supply must be incorporated into a newly designed station. Distances from
the grid are varied 3 to 50 mm [93] [52] [85] but we currently stayed with 5 to 10 mm.
This distance is important because a strong field is desired on top of the PVDF that does

not cause breakdown or arcing. Poling time is about 5 to 10 minutes for corona poled PZT
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at an elevated temperature [85]. A makeshift high voltage power supply is shown in figure

49 below.

Y DC AC, 25 kHz
12V _1-5V -10.5V oV - 900V
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Converter
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Figure 49. High voltage power supply a) schematic, b) side view showing CCFL, b) top

showing banana plug interfaces, and d) voltage multiplier immersed in mineral oil.

A prototype corona poler is shown in the appendix under figure 130 a) and b). This
simple mechanism was constructed out of 3D printed parts and a steel needle. The inside
was insulated so that charges would be directed towards the bottom mesh. Grid voltages
of 1,000 kV were easily achieved without arcing. This inspired a more professional design
that is shown as a render and actual construction in figure 50 below. The needle used was
a Ted Pella 0.6 um radius tipped tungsten probe (Product No 13570-10) which creates a
corona much easier than the steel needle. A heated platform is achieved using a Hotbed
MK?2 which is popular with most Reprap printers and can achieve temperatures of up to
around 120+0.5 C. The mesh grid is cut out of corrosion resistant type 304 stainless steel
wire cloth (McMaster-Carr 85385T67) which had a wire diameter and open area of 0.017”
and 48% respectively.
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Figure 50. a), b) Render of the designed corona poler and c), d) actual fabricated corona

poler with heated bed.

Testing the strength of poling induced in a piezoelectric material can be done in a
few ways. The simplest method is to use a Sawyer-Tower circuit [14]. A schematic of the
setup is shown in figure 51 below which incorporates an Arduino Nano and a simple
AD9850 waveform generator. Our hysteresis testing circuit can go up to +- 500 V with
the added on Model 2205 amplifier, though the oscilloscope is rated for 250 VACims so the

field input is cut by a fourth using a voltage divider from 1 MQ resistors.
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Figure 51. Sawyer-Tower circuit used to generate ferroelectric hysteresis loops.

PZT samples that were 250 nm thick were poled and characterized using the above
Sawyer Tower circuit above. The top electrodes were simple CW2400 conductive epoxy
with a circle diameter of about 1.5 mm and the bottom electrode was Ti/Pt on SiO2. A
small sinusoidal voltage of 14-15 Vp, was applied at frequencies ranging from 1-100 Hz
which instantaneously poled. The hysteresis loop looked the best at about 50 Hz and is
shown in figure 52 below. PVDF samples tend to short before they can saturate and exhibit
“banana” loops at lower fields. These banana fields are no indication of high piezoelectric
behavior thus cannot be reported as piezoelectric yet [128]. It is suspected that the films
retained too much water since they were not vacuum annealed; instead they were annealed

in an open atmosphere oven with no humidity control.
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Figure 52. Saturated ferroelectric loop for a 250nm thick layer of PZT.

PZT samples tended to be more repeatable than PVDF at this point in the research.
This outcome was important because the piezoelectric material application step for the
proposed device occurs much later in the fabrication stage so a film that cannot be poled
would be a tedious and expensive mishap. Since PZT was more reliable, it is the current
candidate for the MEMS scale piezoelectric wafers. Another option to be researched is

AIN which requires an aluminum target sputtered in a nitrogen atmosphere [148].
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CHAPTER 1V
THEORETICAL GOVERNING EQUATIONS

Equations whose purpose is to determine the buckled shape, amplitude, stability
conditions, stress/strain, voltage, and generated power for the energy harvesting device are
desired so that optimal geometry can be derived. These insights will allow us to design an
efficient broadband energy harvester on the macro and micro scale. Others in literature
have accomplished simple beam designs with popular boundary conditions such as
displacement and angular rotation equal to zero at the ends but nothing in between the
beam. Popular choices are the cantilever and doubly constrained beam. The proposed
device is a doubly constrained beam with non-linear vertical/torsional springs located near
the middle. This new energy harvester will require a bit more mathematical fortitude to
compose due to the complexities of the constraints in the middle of the beam. This will
either require the model to be done in two different sections or one section but with less
accuracy. Emulating the middle constraints will require a linear spring and a torsional

spring.

A. Euler Buckling Analysis

A bi-stable device is one that can be actuated into different positions and remain
there while no external forces are applied. It is important to note that while an actuation
mechanism such as electrostatics, magnetic, thermal expansion, pressure, point applied
forces, or piezoelectrics can be used to switch a structure into two or more different
positions; that force is no longer needed for the structure to be in static equilibrium.
Buckling is described as a structures behavior above a prescribed critical load that acts
against that structures restoring force [10].

Euler buckling describes the critical buckling load and shape for long, slender, ideal

(perfectly straight) columns. He started out by analyzing the cross section of a free beam
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under axial force as shown in figure 53 below. As seen in the figure, there is a compressive

force and a resulting moment that tends to restore the beam.

1’.)4
a) | s b)
Figure 53. a) A beam buckling under an axial force. b) A cross section of the same
beam. [10]

Static equilibrium under this loading gives the second order differential equation

% + gy =0 Eq 15.
where y is the lateral displacement of the column, x is the distance along the unbuckled
length of the column, P is the applied force, £ is the Young’s modulus of the beams
material, and /is the moment of inertia for the cross section of the beam. This equation
can be rewritten as

d?y P

2, — = |=
= tpPy=0 where p= |~ Eq 16.
which has the closed form solution of
y = Asinpx + B cos px Eq 17.
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where A and B are unknown coefficients determined by the boundary conditions. If a beam
of length L is simply supported so that y(0)=0and y(L)=0then the equation above breaks
down to
AsinpL =0 Eq 18.

The equation above has a trivial solution if the coefficient A is zero, but this is not the
solution that is being sought. Another solution is available if the sin term is equated to 0
and we extract the many solutions to it; at this point the coefficient A becomes arbitrary.
These solutions are

pL =nm where n=123..
To get the critical load, Per, pis solved for when n=7 and when combined with the
definition of p in Eq 16 the critical load becomes

m2El
er = T2 Eq 19.

This is called Euler’s Formula and describes the load at which the column buckles.
Recall that the coefficient =0 and that combining Eq 16 and Eq 18 will give the

buckled shape for the column as

X
y=A4A sinT Eq 20.

where, again, A 1is arbitrary. To get this amplitude given a load £, we will have to use a
field of mechanics called potential energy buckling.

There are generally four types of common buckled “long” columns that are
associated in many textbooks which describe Euler Buckling. They are the “one fixed end,
one free end”, “both ends pinned”, “one fixed end, one pinned end”, and “both ends fixed”
types. Each has an equivalent length that can be substituted into the variable Le as shown
in figure 54 below. Once Leis known then the critical load can be found from

w2 E x|

P =—13 Eq21.

A table showing each of the four famous cases is shown in Figure 54 below. For
the purposes of this research, cases c¢) and d) are of interest because of the constrained
nature of our microfabricated structure. Though our problem is complex, an understanding

of the fundamental behavior of the system will lend us opportunities to predict

displacement and performance of our device and thus optimize its design.
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Figure 54. Famous buckling cases [10].

If the problem is changed to include a transverse load then the form of the

differential equation and solution changes. An infinitesimally small section of a beam

under a distributed load and an axial load is shown below in Figure 55. The distributed

load will be set to zero later but for the initial part of the derivation, it will be kept.

wo) Ax

v+ AV
l‘/lb + Al\/Ib

Figure 55. Beam with axial force and distributed load [20].
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Summing forces in the v direction we get
-V —woAx+ (V+AV) =0 Eq 22.
where V is the shear, wo is the distributed load, and x is the axial length to measure. The
same can be done with the moment about the x-axis all the way at the left hand side of

the element which comes out to be

(Ax)?
2
where Mpis the moment about the left hand side of the element, Pis the axially applied

—M, — wyg + (V + AV)Ax + (M, + AM,) + PAv = 0 Eq 23.

force, and vis the lateral deflection. If we take the limit as 4x goes to 0 then two

differential equations come into being:

dv
== NED Eq 24.
de dv
dx TV dx .
Combining Eq 24 and Eq 25 gives a general equation for buckling which is
dsz dzv
Tz PPz = —wo (%) Eq 26.

Usually the right hand side of this equation is 01if there is no distributed load such
as gravity effects. Remembering that the moment is related to the beams transverse
displacement by

M, d*v
El  dx?

for a small angle assumption then Eq 26 becomes

Eq27.

4 d?v

d*v
El)—+P—-—=0 Eq 28.
(ED dx* * dx? 1
Using a more common notation of yinstead of vas out of plane lateral
displacement this equation is

d*y ~d%
El)—+P—=0 Eq 29.
(ED dx* * dx? 1
which we will deem the governing equation for a beam under an axial load and transverse
shear. This equation has a solution of the form

y(x) = C1 + C2x + C3sin Ax + C4cosAx Eq 30.
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where 1 = \/E
EI

With this new displacement equation known, Eq 30, we only need to apply
boundary conditions to solve for the unknowns C7, €2, 3, and €4 Eq 30 has a more

popular name which is the “shape function”.

B. Potential Energy Model

In the previous section, Euler buckling gave a shape function for the static solution
which outlined the arbitrary out-of-plane displacement for the pre-stressed center beam.
Alone this result lends intuition to how the device looks but is not enough to calculate the
stable stresses or strains in the beams; nor does it detail the magnitude of the out of plane
displacement. To accomplish this, an “energy method” will need to be used which will
account for the distribution of energy in the areas of normal strain, curvature, and work
done by the loads.

A structure in static equilibrium will always try to find a minimum energy
configuration when perturbed slightly. For a standard beam constrained at both ends has
an axial deflection, 6, when an axial load, P, is applied at the end as shown in figure 56
below. The length of this beam is L so that the final horizontal length of the buckled

structure is L-0.

71



Figure 56. Axial deflection with a given axial load [72].

To determine J the curvature of the beam has to be derived and simplified as
L-8
L= j [1+ (y)?]Y?%dx Eq 31.
0

where y' is the first derivative of the shape function y(x). If we assume that the deflection
Jis small then the difference in &'and its cosine magnitude is also small compared to the

length of the beam. This then gives
L
L~ j [1+ (y)?]%dx - & Eq 32.
0

Solving for d'in equation Eq 32 and then performing a binomial expansion, keeping

the first three terms gives
L1 L1
8~ L+j —(y’)zdx—j —(yN)*dx — L Eq 33.
0 2 0 8

It is easy to see from Eq 33 that the terms L cancel out, and the term (y')* is
extremely small compared to (y')? so that we can assume (y')* to be zero. This makes

the deflection
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L1
8%[ = (y")%dx Eq 34.
0 2

so that the work done by the external force

1 L
Waxial force = Ps = Epf (y’)zdx Eq 35.
0

A structure such as the beam in Figure 56 also has internal strain associated with

the curvature. The work done by releasing this energy is

1 (L 1 (L
Winternai = Ef M(x)dH = Ef El(y”)zdx Eq 36.
0 0

For the linear spring, energy is absorbed in the amount of

1
Wlinear,spring = E ky(x)z Eq 37.
where k is the linear spring constant derived from the vertical displacement of the side

torque arms and y(x) is the displacement of the location of the linear spring. The torque

spring will also absorb energy proportional to the angle of twist of the torque arms and is

1
Wtorque,spring = E ﬂ(y,)z Eq 38.

where f is the angular spring constant derived from the geometry of the torque arms. The
potential energy of the entire system is then defined as
Iy, = Winternat — Wiinear,spring — Weorque,spring — Waxiat force Eq 39.
The spring elements in Eq 39 have positive values because potential of the system
is raised as more vertical or angular displacement is increased. Reiterating Eq 39 with Eq

35, Eq 36, Eq 37, and Eq 38 substituted in becomes
= [ B0y~ 20 2P [(0dx Eqa
2), 2 2 2" ),
where L, E, I, k, 5, and P are known. The only unknowns are coefficients to the shape
functions which can be backed out using the theory of minimum potential energy. To do
this Eq 40 is differentiated with respect to each of the “n” coefficient which should result

in “n” equations. Solving for the coefficients should give the theoretical displacements for

the pre-stressed beam when used with the shape function.
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C. Theoretical Mechanical Model Development

A model that predicts the resulting shape, displacement, actuation force/torque, and
actuation acceleration should be developed given device geometry, properties, and pre-
stresses. It is to be expected that this mechanical model will couple with the electrical side
which will make it more complex; though the piezoelectric model will be analyzed
separately before combining the two. As a continuation of the current works, eventually
we would like to develop a buckling model that includes a vertical and torsional spring in
the middle of the doubly clamped beam. A graphical interpretation of this setup is shown

in figure 57 below.

Torsional Spring

"

Vertical Spring

Figure 57. Desired mechanical model for the bi-stable buckled device.

A model with a vertical spring that predicts the buckled shape is currently working.
Ultimately, the shape function for the mechanical model as a function of vertical spring
constant, torsional spring constant, and pre-stressed beam properties will need to be
determined so that an appropriate energy method may determine the static deflections.

Others have done post buckled non-linear shape and deflection analysis for beams
[159] that usually require numerical simulations to solve, though no literature thus far
suggests how to accomplish the task of solving the profile of a beam with two non-linear
spring elements attached. Others have tried to tackle the problem by using an imperfection

constant that is experimentally determined [48] though the shape function for the beam is
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still assumed. Another interesting point is that most of the work done is for a single beam
and not for a two beam model like in this work.

Maplel6 was used to develop a finite difference model. This method models the
governing equation, Eq 29, as a series of nodes and has a general matrix form. The

differential parts to the governing equation have a central difference of the form

dy 1
a = (ﬁ) Vir1 — Yi-1)
d?y 1
Pk (ﬁ) Vi1 — 2Yi + Yi-1)
Eq 41.
d3y 1
ﬁ = <%> Vivz = 2Yi41 + 2Yim1 — YVi—2)
d*y

1
pri (F) Viva = 4Vie1 + 6Yi — 4Yi1 — Vi-2)
When the central difference equations are substituted into the governing equation,
a new nodal equation is formed that describes the vertical displacement of one node in

terms of the others and is

0= (%) itz = 4YVier + 6y —4Yio1 —Yio) + (%) i+r — 2yi + ¥i-1) Eq 42.
Boundary conditions for the proposed beam include no vertical displacement or
angular rotation at the walls, as well as a linear vertical and torque spring at the center of
the beam. This will give six boundary conditions total for our nodal beam. An important
necessity of the central difference method is that extra nodes before and after the wall are
needed to solve the proceeding matrix problem. The amount of extra nodes depends on
the form of the boundary condition nodal equation. For the proposed beam the geometric

boundary conditions are

dy dy
= —_ — = — = E 43.
y(0) =yL) = (O =1L =0 q
While the shear and moment balance boundary conditions are
d3y (L L
—Z(Z) = ) = Eq 44.
B (2) Kvay (2) 0 1
d?y (L dy (L
El—(=)-p—=(=)=0 Eq 45.
dx? (2) 'de (2) a
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where k,; and S are the stiffness of the liner vertical and torsional spring respectively.
When combined with the central difference method form, Eq 41, these boundary conditions

become

Yo=Yn=0,Y-1=Y1,Yn+1 = Yn-1 Eq 46.

El
(m) (ygm T T AL T Y;n_z) =lvayr,  Eq47

(%) (Y;nﬂ m - Y;n_l) = (ﬁ) B (ygnﬂ - an_l) Eq 48.

As seen from (equations above) at the wall boundary conditions (nodes 0 and n)
there need to be two extra nodes (n-/ and n+1). This gives a total of n+/+2 nodes with
the extra +1 for node 0. Six boundary conditions will allow for relating one node in terms
of the others; essentially lessening the number of equations forming the matrix by six. Each
node forms its own governing equation around that node number. The resulting number
of equations for the matrix are n+/+2-6 or n-3. This matrix is of the form

[Ally] + A[Bl[y] = 0 Eq 49.
and has Eigen values and vectors which reveal the buckling shape of the beam. If the
matrix size is less than 8x8 then solving the case when the determinate is zero is very
simple and straight forward. For larger matrices a better method of solving the Eigen
values and vectors must be utilized. The current matrix solving method being used is the
“inverse power method”. This method solves the first Eigen value and vector by the

following routine:

e (reate some counter j

* Solve the matrix [E]=-[A]"'[B]

®  Guess the [y] vector

® Solve the new Eigen vector [y]j+1=[E][y]j

e Normalize the new Eigen vector [y}P*'=([y]P*")/maximum([y}J*")
e Calculate Eigen value = 1/maximum([y]P*')

¢ Evaluate the convergence value A'*!"AJ < tolerance

e Check if convergence is acceptable

¢ [f not converged then start again at the solve Eigen vector
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Assuming the model converged using the inverse power method, the displacement
profile and buckling load for the first mode will be known. The amplitude of the buckled
shape will, however, be arbitrary. Energy methods will be used to determine a better
estimate of the beams vertical amplitude. Before the beam is allowed to buckle, the amount
of potential energy in the compressed beam is

102V

PEyefore = 2 E Eq 50.

where o is the biaxial stress in the silicon nitride layer and V is the volume of the beam.
The energy after buckling is defined in Eq 40 in discrete form. To discretize Eq 40 the
integrations are treated using discrete calculus and transforms it into:

L o dy o\ . )2 dy .
Z(Aw(l)> — kpa(Ay(D)" - B Aa(l)

2
1
PEafter = EEI

i=0

- ahAbi (AZ—i}(i)>2>

i=0

Eq 51.

where Aj is the cross sectional area of the beam and A is a constant that modifies the
amplitude of the beam. Equating Eq 50 and Eq 51 allows for the solving of the parameter
A which then can be multiplied by the original Eigen vector to reveal estimated buckled
beam amplitude. Theoretical models are computed in Maplel6 using the Eigen buckling
and energy analysis. A profile for a beam with length 1.5 mm, 2 pm thick, 100 um wide,
made of silicon nitride, and fabricated with 300 MPa of compressive stress is shown in
figure 58 below along with angle of twist, moment, and shear in figure 59, figure 60, and

figure 61 respectively.
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Figure 58. Theoretical model displacement for a 1.5 mm long silicon nitride beam with

300 MPa of compressive stress.
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Figure 59. Theoretical model theta for a 1.5 mm long silicon nitride beam with 300 MPa

of compressive stress.
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Figure 60. Theoretical model moment for a 1.5 mm long silicon nitride beam with 300
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Figure 61. Theoretical model shear for a 1.5 mm long silicon nitride beam with 300 MPa

of compressive stress.

D. Dynamic Analysis
Dynamic analysis of a beam is a bit more complicated [149], [81], [40], [114], [31].
Especially if one takes into consideration shear effects and dampening. Non-linear

dynamic analysis of buckled beams and their chaotic motions have been extensively
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studied for simple cases in a post buckled analysis [51], sub-harmonic resonance [41], at
primary resonance [42], discrete modeling of complex structures [73], reduced order
methods (no snap-through) [74], and investigations into how higher modes affect chaotic
motion onset [132], [133].

Timoshenko beam theory (TBT) lends partial differential equations to describe how
a beam section vibrates in space and time [149]. Unlike the Euler-Bernoulli model, TBT
includes not only lateral displacement and bending moments, but also rotational
displacements and shear deformations. A picture outlining an infinitesimally small section
of a TB is shown in figure 62 a) and a beam using a proof mass and time deflection states
in figure 62 b). It is important to note that shear deformation effects are included because

the neutral axis is not always perpendicular to the face.

Figure 62. a) Timoshenko section describing kinematics of deformation and b) an

example of a dynamic pinned and clamped rod with proof mass and rotary actuated [81].

The TBT yields two coupled equations by balancing moments and shear forces
inside the element described by figure 62 a). Air dampening and structural dampening is
including into the initial derivation of the TB motion PDEs. These equations are a function
of vertical out-of-plane displacement w(x,t) and the angle between the x-axis and

perpendicular face line y(x, t)

3y(x,t) 3%y(xt) aw(x, t) a2y(x,t) Eq 52.
Kol TH 5 +kAG( ox _]’)_pl otz 81]
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°w(x,t) dy(xt) 2%w(x, t) ow(x, t) Eq 53.
o R e L I

where K, is the material dampening factor, I is the moment of inertia, kA is the effective
shear area, G is the shear modulus, p is the density of the beam, and A, is the air dampening
factor. If the beam has a uniform cross section and a constant density, then one PDE

describing vertical displacement can be acquired

°w(x,t) Kplpd®w(x,t) 2*w(x, t)

b ax4at KG 0x20t3 dx*

1(1 N E N KDAD) o*w(x,t) p?lo*w(x,t) EIApd3w(x,t) Eq 54.
p KG " pKAG) 9x?at2 " KG  9tt KAG 0x?0t 181]
plAp 3w(x,t) 2%w(x, t) ow(x,t) 0
KAG  aez PP gz D" o

which is a very large PDE to work with. Assumptions can be made that reduce the size of
Eq 54 and are very useful. If dampening is neglected and initial conditions are set to zero,
then the form of Eq 54 for the beam in figure 62 b) becomes

£l 0*w(x,t)
dx*

EN0*w(x, t) p?la*w(x,t) 2%w(x, t) Eq 55.
_pl(1+ﬁ) ox?0 TK¢ ot TP T [81]
Taking out rotary inertia and the distortion of shear deformation, the simple
dynamic beam equation is arrived at
£l d*w(x, t) Y 9%w(x, t) _ o Eq 56.
dx* ot? [81]
Most of the equations above depend on a displacement or shape function. An
expanded separated form of the solution w(x, t) is found depending on the initial and
boundary conditions used. An infinite sum of mode shapes and time-dependent
coordinates can evaluate the approximate solution to the above equations. Compression

effects are not augmented in the equation above, thus we must move to a different method

to evaluate the ‘S’ shaped bi-stable buckled beams performance under a time varying load.
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CHAPTER V
MEMS ANSYS MODELING

The finite element analysis (FEA) software that will be utilized for this research
will be ANSYS version 13. ANSYS parametric design language (APDL) allows the user
to script the entire analysis which lends versatility to future runs that may need a parameter
change or slight model update. The theoretical model being derived for our work will be
compared to an ANSYS model which we expect to be slightly more accurate. Reasons for
this include the programs ability to complete non-linear analysis and solve for complicated
snap-through behavior.

Prior work by the student on snap-through behavior of bi-stable buckled
membranes has given confidence to ANSYS performance when compared to experimental
data. Data for this project is shown below in figure 63. One explanation for the large
divergence at bigger membrane diameters in figure 63 is the fact that the assumed shape
function for the buckled structure is constant. It has been observed that at larger diameters
that the shape function is better approximated using higher order terms than the one used
to estimate displacements below. Though this might decrease the divergence in figure 63
a), it is the opinion of the author that ANSYS would still predict a more accurate

displacement at the center of the membrane.
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Figure 63. Center displacement for a buckled bi-stable MEMS membrane made out of
SiO» and polyimide A) given various diameters, B) picture of a 1,500 um buckled

membrane in the up position.

Piezoelectric analysis is possible in ANSYS as well as other couple-field enabled
elements. Some of these elements that support piezoelectric analysis are PLANEI13,
SOLIDS, SOLID98, PLANE223, SOLID226, and SOLID227. SHELL281 are used for
our models that only include mechanical effects and omit piezoelectric effects but will have
to either be coupled with elements that can exhibit a piezoelectric effect or we will have to
switch to a either a SOLIDS or SOLID226 (3D brick) element based model. This will
make computational time increase drastically so it is the opinion of the author to first try a

work around approach.

A. Determining Piezoelectric Matrix for ANSYS

The software FEA package that is being used, ANSYS, requires a unique
piezoelectric matrix, permittivity, and stiffness matrix to solve a model. Permittivity is
expressed simply as three values; PERX, PERY, and PERZ which are the relative
permittivity values in three dimensions. Piezoelectric properties are defined in the three

dimensional piezoelectric matrix [e] and has the ANSYS form

83



Xréi1 €12 €137
YV0€21 €22 €33
ANSYS [e] = Z|€31 €32 €33 Eq 57.
XYl€s1 €42 €43
YZles; €5y €s3
XZleg, €4 €43l

where e;; has units of stress per unit of electric field or equivalently charge per area.
General published data (IRE standard) does not have the same format for [ €], instead they

use shear terms rearranged in the form of

Xréi1 €12 €137
Y€1 €22 €23
Z|€31 €32 €33 Eq 58.
XYl€s1 €62 €63
YZley1 €42 €43
xzles; esp, es3l

IRE [e] =

Most times the [e] matrix must be derived from the dj and s;# coefficients. The
derivation of the ANSYS piezoelectric matrix [e] is straightforward. First the order of the
piezoelectric [ d] matrix is determined which defines the amount of strain per unit electric

field. For poling in the y-direction the [ d] matrix looks like

b y z
X[0 dyy 07
Y| 0 ds 0
[dy]=2]0 d3 O Eq 59.

XVld,s 0 0
yz) o 0 dis
XZL o 0 0

The compliance matrix for a material that is poled in the y-direction is defined

differently than it is in Eq 6 because the coefficients are shifted around. It has the form

S11 S13 S12 O 0 0 1
S13 S11 S13 O 0 0
[SE] _|S12 S13 S33 0 0 0
y 0 0 0 s44 O 0
0 0 0 0 s44 O
| 0 0 0 0 0  Sgel

Eq 60.

To derive the [e] matrix used in ANSYS, one only needs to follow the
equation that is defined as the matrix multiplication between the inverse of the compliance

matrix and the piezoelectric [ d] matrix or simply
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ANSYS [e,] = [s£] '[d, ] Eq61.
The matrix derived from Eq 61 is the one that should be inserted in ANSYS. So
far an excel spreadsheet has been created that inputs the compliance, permittivity, and
piezoelectric coefficients while outputting the ANSYS APDL test input for a run in either

the X, y, or z poled directions.

B. Model and Elements for Analysis

Two different models will be needed to accurately reproduce the behavior of the
bi-stable buckled device. Model #1 is a 2D planar model that determines what temperature
parameter needs to be adjusted to emulate the stress in our nitride films via a fictitious
thermal temperature expansion coefficient. Model #2 is a 3D shell layout that will apply
the determined temperature of model #1 so that the given layers the experimentally
measured compressive stress.

To emulate the stress in the nitride layer, model #1 uses a fictional coefficient of
thermal expansion so that a temperature applied to the doubly constrained beam would
strain equivalently to a fully constrained layer at a given stress. PLANEI183, 8 nodes
elements with a fictional thermal coefficient of 4x10° (m/m) per K, were used for the
plasma enhanced chemical vapor deposition (PECVD) of silicon nitride (Si3N4). Silicon
nitride can have a Young’s modulus and Poisson’s ratio of roughly 90-260 GPa [152] and
0.2-0.253 [146] respectively when deposited in the PECVD and can be controlled relatively
well in the University of Louisville’s cleanroom. These parameters rely heavily on the
deposition temperature, which in the case of these buckled membranes, is 350 C. It is
important to note that the analysis is done using plane strain due to the wide nature of the
film. Using a Young’s Modulus of 260 GPa and Poisson’s ratio of 0.253, the stress in the
x-direction for a silicon nitride film is shown in figure 64 below at a temperature change
of 1000 K. As seen in the ANSYS model, stress in the x-direction is about 1.3 GPa for a
temperature change of 1,000 K. This stress varies linearly as the temperature increases as
shown in figure 65 below. Materials used for the ANSYS model are shown in Table 11
below. Using the slope of this graph, the equation to emulated silicon nitride stress in the

film is
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1,300
<m> Ogesired Eq 62.

where 4K is the temperature change set in ANSYS and Guesired 1 the desired stress in the

nitride film.
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Figure 64. Stress in the x-direction for a silicon nitride film constrained on three sides.
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Figure 65. Graph of stress in the x-direction for the silicon nitride film.

A layout of the preliminary NSYS model number two with the planar geometric
variables is shown in figure 66 below. This model will utilize SHELL281 elements which
have eight nodes (all with six degrees of freedom ux, uy, u;, rotx, roty, rot,) and are

appropriate in analyzing thin to moderately thick shells. It also performs well for linear
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and large rotation analysis; which is what will happen when the device changes from one
buckled state to the next. Another interesting attribute to SHELL281 is that it utilizes the
layered feature for shells. First-order shear deformation theory is used for elements of this
type which would be beneficial if the thickness of our layers came within 1/10% of the
planar geometries. The names given in figure 66 have changed in future versions of the
model. What is called “PolyArm” is now the compliance arm and the “TorqueArm” is
now the length of the moment arm that extends from the center of the buckled beam to the

tip mass.
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Figure 66. ANSYS model of prototype with script file geometric variables. The names

given here have changed in later versions.

Selecting an optimal residual stress within the silicon nitride is done after
discovering how much our prototype will deflect and how much force/torque it takes to
actuate said device. This requires we guess a stress in MPa and then back out a 4K from
Eq 62 above. Once we know what temperature to set in the ANSYS model for our
prototype, we simply load the model with a slight perturbing stress to promote the “S”

buckling shape, then we set the 4K on the compressed portion of the beam, set the
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perturbing stress down to zero (eliminate it). The resulting state of the model will show

the resting deformation magnitudes and shape for the device.

Table 11. Materials used in the ANSYS model.

. Young's Modulus Poisson's
Material (GPa) Ratio
Silicon Nitride
(Si3Nd) 260 0.253
Chrome (Cr) 279 0.21
Polyimide (PI 2611) 8 0.17

A contour plot of the displacement in the y-direction is shown in figure 67 below.
The stress in the nitride layer was ramped up to -360 MPa in 400 sub-steps. This induced
buckling into the center constrained beam and should have another stable state if the arms
are pushed upwards with enough force or acceleration. This will be the next step in the
analysis and should give us an idea of how the device operates. Displacements for the
stressed middle beam are shown in figure 68 below. Maximum upward deflection is about

11.25 um while the minimum is about -6.67 um.
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Figure 67. Contour plot of the y-displacement

2662-2

of the beam at -360 MPa. Units are in mm and color indicates displacement in the y-

direction.
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Figure 68. Y-displacement of the stressed middle beam.

C. ANSYS Snap-through Loads and Displacements

After the ANSYS model is loaded to its post buckled form it should describe our
“as fabricated” device. Next, to determine the mechanical performance, a vertical force is
applied to each of the proof mass centers. Force loading on the masses is done in two steps.
The first step brings the model just to the tipping point of snap-through, while the second
load causes the model to buckle into another stable position. Generally, the first load will
be much larger than the second load because non-convergence is almost guaranteed if the
load per substep is too large. Magnitudes for the first and second force loads are reassigned
until a point of non-convergence is reached. At this point, the first load is set just slightly
smaller than the load at non-convergence and the second load is set to about 10% of the
first load to “step over” the snap through transition.

Unbalanced displacement of the masses is a problem encountered in the post snap-
through model which is most likely due to the system finding a non-intuitive, but
energetically stable equilibrium point. The displacements of the pre-stressed buckled
beams after snap-through matches up with a reversed model in which the center beam is
initially promoted out-of-plane in the opposite direction.

The complicated trial-and-error process for determining the appropriate first and
second loads to perform a successful snap inhibits a full design optimization run at this
point. Every iteration of the design optimization will need a modified geometry and

applied loads to derive the best device with respect to certain output criteria such as natural
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frequency or power density. Writing code that bypasses error and allows only converged
solutions into the optimization routine would be required.

To determine the buckling load, the highest and lowest point on the center buckled
beam is monitored while the load is varied from zero to some chosen buckling point. When
we see a sharp transition in vertical displacement, this is an indicator that snap-through
behavior has occurred at the respective load. Figure 69 below shows a snap-through
behavior occurring at about 44 uN for an arbitrary ANSYS model of our device (center
beam and mass arm length of around Imm). Displacement of the tip masses give a good
indication of when the center beam will start to buckle back and forth during energy

harvesting, though hard to predict if the mass arms and center pre-stressed beam are out of

phase.
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Figure 69. Displacement versus total load applied to center masses. Snap-through
occurring at around 44uN for a pre-stress of -300 MPa, stressed and unstressed nitride

thickness of 0.5 and 0.5 um respectively, and a beam length of 1,500um.
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CHAPTER VI
MEMS ENERGY HARVESTER FABRICATION

A bi-stable buckled energy harvesting device is a not a completely novel concept
in the electrical generation area. Devices with such a non-linear response have been shown
to have a broader bandwidth response to varying frequencies and perform better under
sporadic and random vibrations [34]. This is appealing to companies that wish to place
sensors in areas where a forced vibration is not always constant. The majority of energy
harvesting devices involve a single or multiple beam setup that utilize an end mass, chosen
due to the simplicity of the structure. Another slight variation on this setup is a beam with
a mass in the middle, which widens the frequency range slightly [30].

Our device takes the bi-stable buckled beam and pseudo constrains it in the middle
using flexible outer torque arms pins that have stiff vertical constraints, but weaker
torsional constraints. This allows effective torque transfer to the buckled center beam,
which in turn, cause snap-through. From review of the field literature, nothing has been
seen to operate like this thus far. It is our hope that the newly designed apparatus will lead
to increased performance or additional benefits not shown by other devices in the energy
harvesting community, mainly stability state switching and high energy orbital operation.
Current prototypes that have been made are shown in figure 70 below. This chapter will
primarily deal with fabricating a MEMS bi-stable buckled energy harvester with an active

piezoelectric material.

91



EHT = 2000 kV Signal A = SE1 Date :30 Mar 2012
WD =19.0mm Photo No. = 6258 Time :18:26:65

Figure 70. MEMS fabricated prototype (left) and a macro scale prototype (right) of our

device. Both with no active piezoelectric layer.

ANSYS models have shown that our mass arms operate at a resonance frequency
of 35 to 130 Hz with the lower end having arm lengths of 2 mm. These low resonance
frequencies will help create large torques via mass displacement which should help induce
snap-through of the center pre-stressed beam. Thus far determining the amplitude of

driving acceleration needed to cause snap-through will be done experimentally.

A. Design and Planned Fabrication Steps

To fabricate an energy harvester from our prototype device a few things must be
considered. One is that the device has to be tested so that its performance characteristics
can be measured and quantified, allowing comparison with other devices reported in
literature. This requires the ability to mechanically and electrically couple wires and force
sensing probes to the device. While the macro scale prototype can be fitted quite easily
with components such as force transducers and accelerometers, the MEMS based model
will involve a more clever approach. The other consideration is the fabrication and
monetary feasibility associated with the project. Construction in the cleanroom relating to
MEMS is primarily a planar process so any solution to our energy scavenging idea must
remain simple and cost effective.

Sol-gel based lead zirconate titanate is chosen to be our piezoelectric material for
the device. This is primarily due to its power efficiency and ease of deposition, which
involves spinning down a solution multiple times and then firing the wafer to a temperature

of roughly 650 °C. PZT thin films are also capable of handling a great deal of strain when
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compared to bulk crystalline PZT. While the method allows for small vertical step
discrepancies for spin coating, it does come with a few downfalls that limit our ability to
fabricate and theoretically model the device accurately. The dj; coefficients vary widely
depending on the consistency of the PZT mixture, how they are combined, coating method,
firing temperature, etc. Also the d;; coefficients for PZT are about half the magnitude of
bulk PZT. Using sol-gel PZT reduces the potential types of material available to us for
fabrication (pre PZT) due to the high firing temperatures.

If trouble arises from using the sol-gel based PZT then there is always the bulk PZT
route that includes a thin layer of epoxy and a wet etch method to thin the material to a
desired thickness. This method will require us to increase the size of the device because
the dependability of thinning a bulk PZT wafer to 1 or 2 um becomes troublesome.
Benefits of bulk PZT is the high and relatively consistent dj; coefficients while the
downsides includes the need to epoxy it to a flat surface, more fabrication steps, and its
overall lower tolerance for strain. Piezoelectric polymers represent additional alternatives,
but will require development of MEMS compatible thin film processing.

Two ways of utilizing electrodes for our device are the d;3 sandwich and the ds;
inter-digitaded methods. Literature articles and websites have argued that performance is
about the same with the two setups but still ultimately depends on factors such as adhesion
of the metal to the piezoelectric, electrode spacing through the material, inter-digitated
electrode geometry, and the piezoelectric properties themselves. With this in mind, one
must also weigh the additional pros and cons of executing such a fabrication method. The
sandwich method will require designing and fabricating two photolithography masks
which in turn will require an additional alignment and exposure step. If there are holes in
the PZT layer then there also arises the possibility of a short between sandwich layers
which would decimate the performance of our device. An upside to the sandwich method
is that a small tear in the metal trace would not impede the performance by much.
Interdigitated electrodes would only require one additional mask and exposure step during
fabrication but requires better resolution for liftoff. We did court the possibility of using
aqua regia to remove unwanted platinum but the risk of etching the underlying PZT was
too great. There are studies that give optimum initerdigitated electrode geometries for PZT

actuators and composites; one of them being [18].
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The new energy harvesting model will require the insertion of a piezoelectric layer
between the silicon nitride and polyimide layer. In a planar sense, it will cover all the areas
of the device minus the polyimide compliance arms. Electrodes will be inserted into the
design process and will have wire bonding pads exposed on the outer areas of the chip/die.
The die will be glued into a dual inline package (DIP) so that the wire bonds can electrically
connect the device on the macro level. Once this is done, experimental tests can be carried
out.

A schematic of the device with half symmetry is shown in figure 71 below. The
parameters listed were assigned after evaluating FEA and non-piezo prototype
characteristics. For the actual construction of the piezoelectricaly active devices, values in
table 12 below are assigned to the photomask. For simplicity and the fact that space is
limited on the 4 silicon wafer being used, the widths for the center beam, brace arm,
compliance arm, and torque arm will remain constant for each device. This means that

when a value for width is set, it is set for all four of those variables.
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Two 4 wafer thicknesses will be tried which will change the natural frequency of
the device due to mass inertial difference. Typically a ~525 um thick wafer with one side
polished will be used which is the standard thickness for our stock wafer supply and cost
about $15 a piece. Another, more expensive, wafer which is the double side polished
wafers that are 200 um thick and cost about $45 per wafer. Great care must be taken when
using the thin 200 pm wafers because of their fragility. Cracking can occur with even the
most minor mishandlings. As a first iteration of the device with piezoelectric material, the

masses will be omitted to so that we can visualize the torque arm remnant stress.

Table 12. MEMS with PZT geometric variables and their assignments.

Variable Values (um)
Ly 2000, 3000
Web 100, 150
Whrace 100, 150
wcompliance 1 OO, 150
Lo+c 550
Loffset 300
LTorqueArIn 2000
Wra 100,150
ML 500
Mw 500

Alignment markers for all 7 masks are shown in figure 72 below. This method was
chosen so that the fabricator could go back and check to see how well each mask was
aligned with respect to the others. Every brick in the alignment marker had seven teeth
which were spaced 5, 10, and 15 um apart from the middle so that an estimation of
misalignment metric could be made. All masks (M1-7) have a minimum feature size of 5

pm.
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Figure 72. Piezoelectric capable device photomask design showing a) all masks and

alignment markers with b) stressed nitride, ¢) unstressed nitride, d) bottom electrode, e)

PZT etch, f) top electrode, g) polyimide, h) DRIE masks stacked on top of each other.

Masks for a single unit die are shown in figure 73 below. The first planned step is
to deposit stressed silicon nitride, measure bi-axial stress, anneal in oven, measure stress
again, and then etch it (M1) using RIE until the SiO; below is exposed. Next the wafer is
cleaned before an unstressed nitride layer is deposited with annealing routines just like the
one described above before then being etched (M2) in the RIE. The annealing routine was
found to be a critical step in processing these devices due to the later PZT anneal step.
More about this is found later in the chapter.

After cleaning the wafer again and washing it with dilute HF the bottom layer
electrode is deposited via liftoff (M3) which should be a combination of titanium and
platinum. Titanium forms an adhesion layer to the silicon nitride to which platinum can
bond to. Platinum tends to be a good chemically inert metal to anneal PZT on because it
doesn’t react as much compared to chrome or aluminum. PZT is spun onto the wafer and
dried on a hot plate multiple times before being fired at high temperatures. Once the wafer

is fired it can be etched (M4) using a combination of BOE, HCL, and H>0.
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Figure 73. Mask designs for the bi-stable buckled beam MEMS device a) overview, b)

stressed nitride, ¢) unstressed nitride, d) bottom electrode, e) PZT etch, f) top electrode,

g) polyimide, h) DRIE etch, i) zoom in of top electrode showing interdigitated array.

Thorough cleaning will be needed after the PZT etch and possibly a nitric acid dip

to remove residue on the wafer. A top electrode will be deposited using either chrome or

gold and etched (M5). The top electrode is the most critical because there are interdigitated

electrodes with 5 um gaps that need to be etched thoroughly but not under etched, which

can be difficult using dark liquid etchants.
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Polyimide is pretty straight forward in terms of application and processing. Once
cleaned of residues the wafer will have an adhesion promoter liquid dispersed right before
application of polyimide. The wafer will then be cured in a vacuum oven at an elevated
temperature of 350 C for about 3 hours. A new layer of chrome or aluminum will be
applied to the top of the cured polyimide as an extra masking layer. Photoresist will be
patterned (M6) and the metal protective layer underneath it will etched. Removing the
polyimide underneath the protective layers will require RIE etching using O> which will
consequently eat the positive photoresist quickly, hence the extra metal protective layer.

Front side processing is finished at this point and will be protected with a thick
layer of photoresist so that the backside can be operated on with minimal damage to the
front. The backside of the wafer will be cleaned using the usual solvents before the
application of a very thick photoresist layer that will be patterned using the DRIE etch
mask (M7). Before etching windows into the SiO> the front side of the wafer will be
adhered to a backing wafer via “Crystalbond”. Once bonding is complete the device
substrate along with the backing wafer will be dipped in BOE to remove SiO», rinsed and
dried, then promptly put into the DRIE. Etching all the way through the wafer (~525 um)
will generate heat and degrade the photoresist so it might be reasonable to stop the etching
process and let the wafer cool down periodically. The DRIE will not only hollow out the
backside of the devices but also separate the dies.

The device wafer will be put into a beaker of Acetone and left several days so that
the die and backing wafer can separate. Each die will be taken out, cleaned using a
sequence of solvents and then left to air dry. There should still be some top side SiO> layer
so each die will be submersed in BOE to remove it. Potential problems include excess side
etching of PZT, which if substantial, could short top and bottom electrodes.

Die can be imaged in an SEM to evaluate device quality at this point. Continuity
checks using a probe station would also be beneficial to determine which candidates are
the most likely to be 100% operational. Once a lot of die have been selected for packaging,
the die will be epoxied into a DIP chip. Wire bonding from the pads to the DIP pins will
complete the final product which should be left open to air at this point so high speed video
can be obtained of bi-stable actuation. Other die will be simultaneously constructed with

the proposed prototypes. One is of a simple cantilever beam structure which will test the
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piezoelectric constants of the fired PZT while the other is of another proposed device

utilizing multiple constraint nodes. These extra die are shown in figure 74 below.

a) Cantilever b) Cantilever

4
i

Top Bonding Pads Proof Mass

C) Multi-node Device

Figure 74. Other devices being fabricated with proposed device; cantilever beams with a)
interdigitated and b) sandwiched electrodes, and c) a multi-node bi-stable snap-through

device.

B. Bi-Stable Buckled Energy Harvester Utilizing PZT
The actual fabrication of these bi-stable energy harvesters was extremely difficult
due to high temperature steps and the need to control stress. Operation of the device in the

regime of bi-stable switching (and thus wider operating frequency) requires careful tuning
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of the torque required to cause snap-through. If the stress on the center beam is too little,
then it will not be bi-stable. Conversely, if the stress is too high then snap-through can
only be achieved at high accelerations which could damage the device due to internal stress
or the mass arms colliding with the bass or roof of the DIP package.

Silicon wafer <100> ~525 um thick are wet oxidized to create SiO2 that is about
900 nm thick in a furnace using the recipe shown in table 13 below. The wafers were
placed in the middle of the tube furnace so that the thicknesses would all be nearly the
same. Five to eight wafers are done at a time with the SiO2 thickness varying no more than
50 nm between all samples. Usual cleaning of the wafer is done with a multi-step process
called AMI or acetone, methanol, then isopropyl solvent followed by a nitrogen gun drying

finish.

Table 13. Tube furnace input parameters for UofL’s cleanroom to get ~900 nm SiO».

Variable Type/Set
Oxidation Type Wet
Target Temp (C ) 1000
Ramp Rate (C/min) 20
Time at Target (hr) 4.5
Bubbler Temp (C ) 98
Heater Tape (%Pot) 45
Flow Meter (ml/min) 1668
Si02 Thickness (nm) 900

Stressed silicon nitride is deposited in a PECVD using a standard recipe shown in
table 14 below. References for the stress versus RF/LF ratio is shown in figure 13 at the
beginning of this thesis. Since PZT tends to have a higher compressive stress, the target
stress in the Si3N4 will need to be much higher. The first iterations of devices had 1 um of
stressed and unstressed silicon nitride but the final working ones needed to use thinner

layers (~300 nm) due to reasons that will be obvious further on down.
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Table 14. PECVD recipe to obtain ~-700 MPa stressed silicon nitride.

Variable Value Variable Value
Chiller (C) 70 Heater (C) 350
Total Pulse Period (s) 20 Run Time (min) 17
RF On Time (s) 10 RF Power (W) 50
LF On Time (s) 10 LF Power (W) 50
5% SiHa/Ar 400 Total Thickness (nm) 300
N 600 | Deposition Rate (A/min) 18.33
NH3 20 Biaxial Stress (MPa) -640

A protective layer of chrome is deposited and patterned with M1 so that the stressed
nitride can be etched. Chrome deposition is done in the KJL PVD at 300 W for 372 seconds
which produces a film thickness of about 100 nm. The patterning is done using Shipley
Microposit 1827 at 4000 rpm which is detailed along with the chrome deposition rate in
the recipe Appendix (MEMS FABRICATION RECIPES). Etching is done in a March RIE
machine by first Oz (50% of MFC) cleaning the chamber for 1 minute at 300 W and 300
mTorr without the wafer present. Once the chamber has been cleaned the silicon nitride is
etched using the recipe shown in table 15 below. Etching rate is very non-linear at the start
and usually converges on about 3000 A/min if initial slow etching effects are ignored.

These devices were etched a little longer which so that the outer portions could complete

the 300 nm depth since the center always etches faster.

Table 15. Silicon nitride etching recipe using March RIE.

Variable Value
02 (% MFC) 5
CF4 (% MFC) 20
Power (W) 300
Pressure (mTorr) 300
Time (s) 90
Etch Depth (nm) 300
Etch Rate (A/min) 3000*

*linear rate of etch
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Hot Nanostrip at 95 C for 10 minutes was used to remove the rest of the photoresist.
When evaluating the nitride etch from above it is discovered that the chrome protective
mask at the center is penetrated about 20-50 nm. This protective layer is stripped using
CEP200 and is usually entirely gone from the surface in about 6 minutes at room
temperature. The wafer is cleaned then put into the PECVD for the unstressed nitride layer,
which is done at the same specs as table 14 but with a RF/LF on time of 14/6 seconds
respectively. This gave about 50 MPa of tinsle stress for a 300 nm thick layer. Another
protective layer of chrome was applied to the wafer and etching was done using M2 as it
was for the first layer.

Liftoff of Ti/Pt was done to create the bottom electrode via Shipley Microposit
1813 and LOR-3A for which the recipe is in the Appendix under (MEMS FABRICATION
RECIPES). The bottom electrode layer was about 75 nm thick and is considered well
within geometric tolerance limits for these devices. A picture of one wafer after bottom
electrode deposition is shown in figure 75 below. Inspection shows that the edges of the
Ti/Pt metal is quite smooth so it is noted that liftoff of the top electrode could be used in

future procedures should the need arise.

Figure 75. Device wafer with stressed nitride, unstressed nitride, and Ti/Pt bottom

electrodes.
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Deposition of (1:1:1) sol gel is done in a multistep process. Two hot plates set to
100 C and 200 C are allowed to reach their peak stable temperatures. The wafer is cleaned
with AMI, blow dried, then exposed to UV light for five minutes to promote adhesion.
About 3 mL of 1:1:1 PZT sol-gel solution is spread onto the wafer at 300 rpm for 15
seconds which is then rapidly ramped to 3000 rpm for 45 seconds. Putting the wafer on
the 100C hotplate for five minutes allows solvent to evaporate out of the sol-gel without
causing violent spallation of the film, which redeposit as flakes. Then the wafer is put on
the 200 C hot plate to drive out even more solvent. Once the wafer is cool the coating
process is repeated two more times to give a total of 3 coats. The device wafer is now
ready for high temperature firing which will promote the piezoelectric -phase in the PZT
film.

Firing takes place in a “trash furnace” because the PZT outgases lead particles
which tend to be bad for CMOS type processes. A wafer is put into the furnace at room
temperature and is heated to 650 C at a rate of 20 C/min in an Oz atmosphere (1668
mL/min) and held at 650 C for 12 minutes (0.2 hr). Ramping down is done at the same 20
C/min rate until the temperature is below 300 C which allows them to be removed from
the furnace. The resulting thickness of PZT is 130 nm which is on par with previous tests.
Though an interest result is found from the first batches of fired device wafers; they

blistered as shown in figure 76 a) below.

Stressed S13N, + Unstressed

Si;N, + Ti/Pt + PZT 1000 nm Stressed Si;N;

Figure 76. Blistered wafer after firing at 650 C with a) all layers up to PZT and b) just

stressed silicon nitride.
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Blistering of the device wafers renders them useless so time was spent to investigate
the cause of this failure. Ramp rates and peak temperature of firing were the first suspects
but that would also allude to poor adhesion between PZT and the underlying layers. It
should be noted at this point that we have successfully annealed PZT (1:1:1) on Si02 and
Ti/Pt coated substrates. Combinations of peak temperatures and ramp rates as low as 450
C and 2 C/min were done but blistering still persisted. This led to the Si3N4 layers being
suspected and confirmed via annealing after the first two layers were deposited and tested,
blistering the top Si3Ny layer.

Research into this failure reveled literature of outgassing in the PECVD Si3Ny4 layer
due to incorporated H> [5]. The films in that research were only 100 nm thick and
processed fine after a 600 C post deposition anneal for 1 hr. Repeating their anneal using
our nitride thickness proved erroneous because blistering occurred during the “de-gassing”
anneal. Figure 76 b) above shows the effects of blistering when the silicon nitride is 1000
nm in thickness and exposed to 650 C for 1 hr in an argon atmosphere. Another test using
only 300 nm of stressed nitride (~-700 MPa) on top of a 100nm layer of chrome (550 MPa
tensile) annealed at 650 C for 1 hr did not outgas and blister; but measuring the stress after
anneal revealed that the nitride layer stress reduced to -30 MPa (assuming that the chrome
stress state difference was minor). One last effort included using stressed nitride that is
570 nm thick (-400 MPa) on SiO: and annealing at the same parameters. The resulted in
minor blistering and a stress state change to tensile 200 MPa. This effect is significant, as
the compressive stress used to buckle the center beam would essentially disappear if a high
temperature outgassing or [-phase growing process is used with silicon nitride. We
theorize that annealing the thicker Si3N4 in incremental deposition steps would allow us to
achieve thick films that would not outgas, but those films would have their stress pushed
towards tensile values.

A new idea of fabricating a prestressed center beam is to use a thick SiO» as the
compressive layer in the center beam. The SiOz is grown at 1000 C and the annealing
process is 350 C below that. Young’s modulus for Si3Ns is about 270 GPa which is nearly
four times as high as SiO; at 73 GPa and would mean that the out of plane buckling of the

final device would be less. Device 18 (Dev18) was constructed using the same masks as
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before but with SiO> at 935 nm thick and (-300 MPa). Figure 77 below shows the first

two layers of SiO> and unstressed silicon nitride for Dev18.

Figure 77. Microscope photos of Dev18 after the stressed and unstressed nitride etch a)

electrode platform, b) center of buckled beam, c) center of buckled beam for wider

device, and d) alignment markers.

Liftoff was done on Dev18 just like on the wafers before it and pictures showing
the results are in figure 78 below. The titanium was not oxidized on any of these wafers to
promote adhesion like in [5]. Instead the vacuum was never broken and platinum was
sputtered immediately afterwards. Removing the liftoff photoresist involved ultra-
sonicating the wafer for about 1 hour in acetone and then putting it into a solvent called
NMP for about 10 minutes. The NMP was the only solvent we had to remove LOR-3A,

which was quite inert to acetone.
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Figure 78. Microscope photos of Dev18 after bottom electrode platinum liftoff for a)

buckled beam anchor section, b) center of buckled beam, c¢) UofL logo on all die, and d)

alignment markers.

Our PZT spin recipe was applied after a quick UV wafer treatment. The annealing
process revealed slight cracking in certain areas but was minimal on platinum surfaces. It
is assumed that the abrupt surface topology caused large stress gradients and initiated crack
sites. Adhesion of the Ti/Pt layer was compromised in about 50% of the etched locations
as shown in figure 79 below which might be attributed to the PZT wet etching process. No
Ti/Pt was delaminated under the remaining PZT patterns meaning the stress in the PZT
ceramic film was not enough to completely fail the bottom electrode. Potential nano-pores
in parts of the metal film may have exposed the SiO2 and Si3N4, causing it to be etched
during the BOE dip. Other areas appeared to be fine, figure 79 d), but may be under a high

state of residual stress.
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Figure 79. Microscope photos of Dev18 after PZT etching a) bottom electrode

delaminating, b) bottom electrode completely, c) partially, and d) not delaminated.

Continuation of device 18 was done even though there was failure in certain places.
The wafer was ultra-sonicated for two hours in a beaker of acetone as to attempt removal
of any loose PZT or metal flakes. A 100 nm top electrode of chrome was deposited and
patterned as shown in figure 80 below. There was slight over-etching which caused the
interdigitated electrodes to become thinner than they should have. Breaks in electrodes
were visually seen in about 10% of the devices and mostly occurred in the interdigitated

devices.
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Figure 80. Microscope photos of Dev18 after top electrode etch for a) base of center

buckled beam, b) top electrode next to delaminated bottom electrode, c) center of stressed

beam, and d) base of cantilever interdigitated beam.

Polyimide provides the compliance arm mechanism which pseudo pins the center
beam in this device iteration. The Appendix (MEMS FABRICATION RECIPES) in the
back shows the application and etch recipe for PI2611 polyimide. For this device a spin
speed of 4,900 rpm was used which gave 3.5 um of polyimide after curing. Pictures of
device 18 after the polyimide etch are shown in figure 91 below. The profile after etching
was acceptable with no immediate flows being observed. While the curing for this process
is 350 C max for three hours, it is not considered a high temperature step compared to the
PZT anneal routine. It should be noted that PVDF, if used, will melt at 171 C so any

polyimide processing would have to be done before PVDF application in future iterations.
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Figure 81. Microscope photos of Dev18 after polyimide etch for a) alignment markers,

b) near base of cantilever beam electrodes, ¢) center of stressed buckled beam, and d)

proof mass of a bi-stable device.

Satisfactory polyimide etching marks the end to top side processing. The last step
involves etching a pattern through the silicon substrate which in turn will create our
buckled beam and release our masses. Protecting the top side is a simple thick layer of
Shipley 1827 photo-resist that is hard baked to seal the devices from damage that may
occur. The patterning of the backside is done with SPR220 and should hold up for the
majority of the DRIE etch. Backside SiO; will be a safeguard in case of PR failure. A
backing wafer is adhered using Crystal Bond to give support so that the device substrate
does not fracture into the DRIE chamber during processing.

The DRIE recipe used for Devl8 is shown in the Appendix (MEMS
FABRICATION RECIPES). This recipe was successfully used to completely process all

discussed device wafer iterations and test samples. Helium leak up rate, which keeps the
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wafer cool, was the most significant control variable that fluctuated with DRIE etching.
Maintaining a very smooth and clean backing wafer kept it under 10 mT/min which was
acceptable. Two sets of 250 cycle etches were done on Dev18 that removed 220 um of
silicon. This meant that there was at least 305 um of silicon left to be etched. Three more
etching sets were done with cycles of 350, 350, and 100 to completely remove the silicon
substrate pattern. It was immediately noticed that the DRIE mask alignment was off by
one die because the backside cameras on the SUSS Aligner couldn’t target the wide
alignment die on the top side of the wafer. Thus the user had to rely on other features to
align the front markers to the backside photo mask markers.

Images of Dev18’s backside after DRIE etching, but before removing the backing
wafer, are shown in figure 82 below. Heavy misalignment can be seen in figure 82 d) while
fractured cantilever beams are shown in figure 82 f). The best dies were close to the
correctly aligned alignment marker and are shown in figure 82 c) and zoomed in figure 82
b). A beaker with acetone was prepared and sealed after Dev18 was placed inside. After
two days it was opened and each die was removed and cleaned using AMI without letting

the acetone dry.
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Figure 82. Backside microscope photos of Dev18 after DRIE etching but before being
released a) alignment markers, b) acceptably aligned device, c) almost acceptable, d) very

misaligned, e) close up of resist residue and crystal bond, and destroyed cantilever beams.

Only two die of the Devl8 wafer were really worth investigating due to the
misalignment issue. Close up pictures of a die side showing DRIE separation technique
are shown in figure 83 a) below while the rest of figure 83 shows to top sides with the focus
on different areas. What was considered silicon nitride/chrome/PZT/polyimide torque
arms with roughly zero stress has now bowed slightly out-of-plane after release. PZT
annealing most likely induced a slight change in silicon nitride stress to tensile. The

direction of buckling indicate that the top most portion is under more tensile load than the
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bottom meaning the very thick polyimide layer is dominating the lower ones. PI 2611
polyimide is supposed to have a tensile stress of around 2 MPa at 2 um thick. Testing of
the electrodes of the released die showed that there was shorting meaning the PZT could

not be poled.

Figure 83. Microscope photos of released Dev18 die a) DRIE cut edge of die, b) top side,
c) side view showing top electrode pads, d) close up of mass tips, ) long center beam

device focus, and f) short center beam focus.
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SEM images of the Dev18 die are shown in figure 84 below. It is apparent that
there exists a film of what is most likely the residue of Crystal Bond and photoresist. The
solvents acetone and isopropyl had no effect of removing it even after a few days of it
sitting in a beaker and then being ultra-sonicated. Figure 84 c) shows that the center beam
did not buckle out of plane into an s-shape like expected. It is most likely that the thin PZT
film had enough tensile stress to nullify the SiO2’s compress stress which would create a

negligible deflection.

Date :28 Oct 2014 EHT = 3.00kV Date :28 Oct 2014
Time :14:35:04 WD = 7.3mm .= Time :14:36:55

: AN A
Date 28 0ct 2014 EHT = 3.00kV Date :28 Oct 2014
Time :14:4959 F——— wo=85mm Time :14:53:20

Figure 84. SEM images of Dev18 released die a) short center beam device, b) long

center beam device, ¢) angled view of long device, and d) electrodes for long device.
Close-up images of the long center beam device die is shown in figure 85 below.

This further emphasizes the fact that the center beam is indeed not buckled. Figure 85 c)

indicates that there is some kind of sputtered/dried material adhered to the top of the
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polyimide. It also shows the layering of 1.7 um SiO2, nitride, chrome/Ti/Pt, and PZT stack

plus the 3.5 um of polyimide for the center beam and the center brace for the torque arms.

Date 29 Oct 2014
Tiwe 144319

EHT = 3.00 kV Signal A = SE2 Date :28 Oct 2014
WD = 9.0 mm Photo No. = 6946 Time :14:47:45

Figure 85. SEM images of Dev18 center beam showing a) device, b) close up of
polyimide, and c) cross section of beam showing stressed SiO», unstressed nitride, PZT,

and polyimide.

At this point it is evident that PZT was a detriment for these first iteration buckled
devices simply due to the high temperature step that changes the known stress states of the
other materials and could still be causing bottom electrode delamination. PZT does have

excellent piezoelectric coefficients but another alternative is AIN which has a lower

114



piezoelectric coefficient (x1/10) but also a lower processing temperature. AIN films stays
chemically inert up to 2500 C [76] so they should be compatible with any other process the
proposed device would encounter. PVDF homo or copolymer is another possible
piezoelectric material to use in the MEMS field. This material will cause less tensile stress
interference than the PZT and can easily be spread on thicker lending to more charge
generation. It could also be used as the compliance arms and completely eliminate the
polyimide. The one downside is that it will melt at 171 C and short term exposure to 80-

100 C will cause it to lose its polarization.
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CHAPTER VII
PIEZOELECTRIC ENERGY HARVESTING MODEL

Predicting the power generated from a newly designed energy harvester can be
quite complicated as shown by [11], [105], [119], [121], [123] and also requires
experimental work to be done before the theoretical prediction itself. Complex models that
give theoretical power production as a function of time and driving acceleration is
ultimately desired to determine optimal energy harvesting performance for future design
iterations. As a starting point, a simple model will be used to make predictions of peak
power production at different driving frequencies. A simple model to determine peak
power as a function of frequency has been utilized by Renaud et al. and Berdy et al. [119],
[11]. This model involves creating an equivalent circuit schematic and analyzing the
output voltage across an optimal load resistor. The schematics for this type of setup are
shown below in figure 86. A generalized model is shown in a) while the schematic in b)
indicates that many modes may be incorporated into a single model. Assumptions for these
models include: the natural frequency of the structure and the frequency of the input are
close together, differing modes do not interfere with one another, the effective mass of the
bending beams is negligible compared to the main proof mass, and electro-mechanical

wave propagations can be ignored [118].
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Figure 86. a) General equivalent circuit model [118], b) equivalent circuit model using

mYae 2 Sin(wt

the first two modes [11].
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Inputs to these models are forces derived from accelerations. From Figure 86
above, the K’s are spring constants corresponding to the stiffness of the beam (not to be
confused with the coupling coefficients ks; and Kcoupiing), D’s are the parasitic dissipations,
m’s are the effective modal masses, /" is the inverse of a perfect transformer ratio and is
directly proportional to ds; for a beam, C, is the electrical capacitance for the device, and
Rr or Z; is the resistance or impedance that uses the scavenged energy. This exact model
will have to be adjusted for our proposed device, since it does not have the same boundary
conditions as a cantilever beam. This requires resolving the complex equations and
backing out a new optimum power expression.

A power versus frequency curve analysis starts out by the user performing a FEA
modal analysis of the structure in first a short then open circuit configuration. This will
reveal the first few natural resonant and anti-resonant frequencies (f, in ANSYS) and also
derive effective modal masses using the *Get command for each direction (*GET under
the solution part). Next the generalized electromechanical coupling factor (GEMC) is

derived using

fnz,oc - fnz,sc

f nz,sc

where f, ,. is the open circuit natural frequency and f,, ;. is the short circuit natural

Kcoupling = Eq 63.

frequency without the effect of parasitic losses. Since charge is not allowed to flow as
freely in the open circuit configuration as when compared to the short circuit setup, one
expects f, oc to be slightly higher due to increased stiffness of the piezoelectric material.

The model’s parameters are solved for using [11]

2
K, = (2nfeen) my Eq 64.
D, = M (27 fscn) Eq 65.
Q
M = J K2, tingKnCo Eq 66.

where Q is the quality factor for the structure and must be determined experimentally.
All other parameters for the simplified model can be extracted using the modal analysis.
Capacitance for the piezoelectric layer is straight forward to calculate and utilizes the

equation for a parallel plate capacitor which is
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ErpEod
P d

where &, is the relative permittivity, A is the planar area, and d is the thickness for the

Eq 67.

piezoelectric layer. The term g is permittivity of free space and has a value of 8.854x10
12 Farad per meter.

Experimentally determining the quality factor Q will require a “ring-down” test.
This requires that a test specimen is driven at its natural frequency while the displacement
(preferably at a location where displacement is maximized) can be monitored via a macro
sensor or laser interferometry. Immediately the input driving the system is cut off and the
time constant t is measured while the system peak to peak amplitude dies down. In a

damped oscillator configuration, the quality factor can be described as

1
=— Eq 68.
Q 2 q 68

where ( is the dampening ratio. Also for a damped oscillator, the value of the displacement

at any given point can be characterized by the equation

x(t) = Ae~%@otsin [\/ 1— Cwet + <p] Eq 69.

where A is max amplitude of the oscillation at resonance, t is time, and ¢ is the phase offset
of the signal. Most practitioners of this method tend to only look at the peak to peak
amplitude values so that the sinusoidal term can be taken to unity. This allows for the

measure of the time constant which is

T = L Eq 70.

{wo

for the system described by Eq 69. Combining Eq 70 and Eq 68 gives the revealing relation
between the time constant and the quality factor

Q =mnfyT Eq 71.

The meaning of the GEMC is the square root of the ratio of electrical energy derived

divided by the dissipated mechanical energy or vice versa. This is different from the
electromechanical coupling coefficient, k3;, which is the square root of the ratio of the
electrical/mechanical energy divided by the total input energy for the piezoelectric ceramic.

Figure 87 shows the direct meaning and element paths to define k3;. Starting from a point

of no stress or strain, the piezo element is either pulled in tension or compressed in a short
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circuited manner, which causes it to strain and allows free charges to neutralize. Then the
leads are disconnected and the material is relieved of stress resulting in charges collecting
on the top and bottom electrode but also leaving a residual strain. A resistor is then used
to shunt these charges allowing for neutralization and the relief of strain. Areas under each

curve represent the energy density for each process.

Electrodes Open

Eel

Piezo

=

Stramn (Axisl)

Electrodes Shunted
Electrodes Shorted

k'% 2: Eel — Eel
3 E111+Eel EI\I

EI\I = Em+Eel

v

Stress (Axisl)

Figure 87. Definition of electromechanical coupling coefficient for a pure piezoelectric

material using a thermodynamic cycle. Modified from [118].

To sum up the two coupling coefficient definitions for a pure piezoelectric

element in a d3; setup, the equation for the electromechanical coupling coefficient is
Ee
EMC k2, = E—Ml Eq 72.

and the general electromechanical coupling coefficient is

Eer _ k31

B, 1okes Eq 73.

GEMC choupling =

One important aspect to note about Eq 73 is that it only applies to a pure
piezoelectric element. When a uni-morph or other structure which includes a non-

piezoelectric material or material with differing ks or s;; coefficients then the value of the
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GEMC will be much less than what is derived in Eq 73. Thus in this work, Eq 63 will be
used to estimate the GEMC via a FEA modal analysis.

Once all of the parameters for the equivalent circuit in figure 86 are found, power
values can be modeled in PSPICE as a function of frequency which can be compared to
experimental data collected. PSPICE is a free program that has a multitude of functionality
for electronic circuits and can be used as a model tool. Transient analyses can also be
executed in PSPICE which opens the door to the possibility of a power analysis as a
function of time or simply speaking, a devices response to a step or impulse input.

A simplified model that utilizes FEA packages like ANSYS requires only the
dampening ratio to estimate “maximum’ power generated for the device. This works by
using a resistive element configured with a constant value Ry, which is the optimum

resistance. Without the dampening ratio, the optimum resistance is [162]

1

R =
opt wn Cp

Eq 74.

where w, is the resonant frequency and C, is the capacitance value of the piezoelectric
material or, in other words, the amount of charge that can stay in the element. The value
C, is found from the simple capacitor formula in Eq 67. When dampening is present, Eq

74 becomes [123]
1 2¢
wnCp /402 + k¥,

Rope = Eq 75.

A harmonic analysis is done to determine maximum power generated as a function
of driving frequency. This is accomplished by solving for the voltage generated on the
electrodes for each frequency. Once this is known, the “maximum” power is simply

VZ

Power = Eq 76.

opt

Yang, et al. [154], compiled a multimode model that is more complex than method

above but derives the admittance for an equivalent circuit model. This allows for the
evaluation of circuit component values that can be incorporated into PSPICE for analysis
various voltage input responses. The process still requires knowledge of the dampening
ratio for an accurate prediction and is encompassed in the modal and harmonic FEA

analysis. An outline of the method is shown below [154]
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Finite element static analysis to determine the static capacitances.

Finite element modal analysis to determine the short-circuit resonance frequency
of each vibration mode.

Finite element harmonic analysis to obtain the charge response and then the
admittance with a harmonic alternating voltage input. Identify the parameters for
the admittance circles.

Finite element harmonic analysis to obtain the charge response at each resonance,
with base excitation applied, to determine the voltage input function (for PSPICE).
Circuit modeling and simulation in the PSPICE software with the parameters

identified from FEA to evaluate the performance of energy harvesters.

121



CHAPTER VIII
MACRO ENERGY HARVESTER CONCEPT AND DESIGN

A bi-stable switching energy harvester made from a buckled steel structure
mounted with uni-axially poled piezoelectric polyvinylidene fluoride (PVDF) and 3D
printed polylactic acid (PLA) components are constructed and tested. A data collection
system and frequency sweeping program is built to drive the device using a custom
compression rig fitted with an accelerometer. The energy harvester is tested with the center
beam compressed to different degrees of buckling, as well in its unloaded state. Root mean
square (RMS) accelerations are applied to the device in the range of 0.1 to 0.9gms by 0.2g
steps. The device is driven with a frequency between 16 and 40Hz (by 0.5Hz) in both
forwards and backwards sweeps. Finite element modeling program ANSYS is used to
model the device and determine undamped pre-stressed modal frequencies, proof mass
displacements to “snap-through”, and static buckled profiles for the center beam. As a
comparison, a doubly constrained beam (DCB) with the same width and length is
constructed and tested in the same manner as the torque arm (TA) device. RMS power
density for the torque actuated device compressed by 0.13mm and frequency swept in
reverse was 0.246puW/cm? (3.13uW) at 16.5Hz and 1.5gms using two 0.19g proof masses.
The doubly constrained beam RMS power density swept in reverse was 1.287uW/cm?

(6.18uW) at 59.5Hz and 1.5gms with a 1.38g proof mass.

A. Materials and Fabrication

The base layer of the TA actuated buckled beam energy harvesting device was
fabricated from a 100um thick stainless steel sheet (Precision Brand Carbon AISI/1008).
Dimensions of the cut-out stainless steel section are in figure 89 a). An additional layer of

polylactic acid (PLA) plastic was fabricated using a 3D printer to add stiffness to the torque
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arms and overlapping center portion of the buckled beam, figure 89 b). Poly(lactic) acid,
or PLA, is a thermoplastic polyester which is used in commercial and hobbyist 3D printing.
The modulus of elasticity is around 1.7 to 3.6 GPa for directly extruded materials but can
increase to 4.2 GPa with subsequent heat treatments [115] [107]. Information on the
production and molecular structure of this polyester can be found in [82]. An industrial
adhesive (JB-Weld Compound 8265-S) was used to bind the PLA layer to the bottom side
of the stainless steel shim stock, figure 89 c). Simple proof masses consisting of 2-56
stainless steel hex nuts (0.19 g each) were then attached at the ends of the torque arms.
Four individual strips of a commercially purchased piezoelectric polymer of
polyvinylidene fluoride (PVDF) were bound to the topside of the stainless steel using the
same adhesive, as shown in figure 89 c¢) and d). PVDF is a ferroelectric material that, if
processed correctly, can exhibit appreciable piezoelectric coefficients. While formed from
a melt, PVDF usually will crystallize into the non-polar a phase which is undesirable for
piezoelectric applications. The [ phase of PVDF has the highest polarization potential of
all the other phases and it is the most desirable in energy harvesting application. To
promote the § phase from the other phases, the PVDF is drawn to about 300% of its original
length while held at an elevated temperature. Gel deposition methods can also be used for
MEMS scale fabrication but require polar solvents mixed in with dissolved PVDF solutions
or specially catered processing parameters such as temperature, pressure, spin rates, etc.
[102]. Molecular structures of the o and B phases are shown in figure 88 below. More

information on the molecular chains of PVDF can be found in [130, 55, 35, 63, 45].

B phase
. (all trans)

o phase
(TGTG)
. hydrogen
. carbon

@[ _fluorine |

a) b)

Figure 88. Molecular chain of PVDF in the a) non-polar a and b) polar  phase.
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The aluminum metalized piezoelectric PVDF (GoodFellow FV301960/3,
d31=19pC/N, d33=-20pC/N) strips were uni-axially oriented with the beam length and had
a nominal thickness of 110um. Two PVDF strips were attached to the front and back
sections of the center beam while the other two PVDF strips were each bonded to a separate
torque arm. Silver epoxy (Circuit Works CW2400) was used to connect enameled 30
gauge copper wire to each of the PVDF strip electrodes. The final assembled structure is

shown with the electrode labeling scheme figure 89 d).

a) | _ 57.5mm = Lb i
g [ .. -
.
—~ i
E . Smm E
< w
(ap]

W
150mm '

-

C) Al Coated PVDF Strips 5x57.5mm d)

Al Coated PVDF Strips 5x75mm /\

Stainless Steel Cutout

Back PVDF Strip

4

Left PVDF Strip

;

2-56 Stainless Steel Hex Nuts REMEIE Ry Front PVDF Strip

3D Printed PLA Brace —

Figure 89. a) Stainless steel cutout dimensions, b) PLA planar dimensions, c) assembly
exploded view, d) assembly collapsed view and associated PVDF beam section labeling

scheme.

Critical to the operation of the bi-stable energy harvester is the constraint base,
which provides adjustable levels of center beam compression and clamps the side arms
pinning the center beam into the ‘S’ buckled mode shape. To provide feedback for the
dynamic driving routines, a 3-axis accelerometer (MPU6050) was also attached near the
centroid of the constraint base, figure 90 a). By adjusting the threaded rods within the
constraint base, the compression of the center buckled beam could be controlled and
locked. For this work three compressive loading cases were tested; uncompressed, 0.13

mm of compression, and 0.25 mm of compression. Under the latter two levels of
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displacement constraint, the center buckled beam exhibited two dominant bi-stable buckled
states. A visual of the device in the buckled up and down position is shown in figure 90 a)
and b), respectively. This shows the bi-stability of the proposed device. Marks and

symbols on the device are for digital image correlation.

a) b) <)

Accelerometer placed near
center of mass

Figure 90. a) Base and clamping mechanisms to hold the device, b) device in buckled up

state, and c¢) device in buckled down state.

To provide a quantitative comparison for the TA device performance, a single
doubly constrained beam (DCB) device was also constructed and tested on the same shaker
table setup. This simple device, consisted of only a single beam clamped at both ends and
a proof mass placed at the midpoint of the beam. The beam length and width were kept
the same as that used for the torque actuated model center beam (96mm and Smm,
respectively). Two PVDF strips were placed on the left and right side as to be consistent
with the electrode placement of the previous device. A 10-32 nut weighing 1.38grams was

adhered to the middle using thin Kapton tape.

B. Quasi-Static Behavior

Two experimental tests using quasi-static loading conditions were performed on
the buckled energy harvester device. The first types of tests were simple load-deflection
experiments to determine the effective stiffness response of the multi-layer structure, the
results of which served as material parameters for later finite element modeling. The

second set of quasi-static experimental tests probed the bi-stability switching conditions
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for the buckled device. Both tests were performed using a specimen probe mounted on a
5 Ibr load cell (Sensotec Model 11) driven by a linear actuator stage.

Prior to rigging in the constraint base, the stacked layers of metalized
PVDF/adhesive/stainless steel used for the center beam were clamped as a cantilever beam.
The known stainless steel dimensions and parameters, table 16, were used to determine the
material stiffness properties for the cured adhesive layer and the metalized PVDF, which
were lumped and treated as a single layer (210 pm in thickness) for simplicity. The
effective stiffness of the composite beam was determined through load deflection data and
the classic beam end deflection

FL3

S = ——
"0 BEetrlery

Eq 77.

where F is the force applied at the tip, L is the length of the cantilever beam, E,sf is the
effective Young’s Modulus of the composite beam, and I,¢ is the effective moment of
inertia for the composite beam cross section. From the experimental data the stiffness of
the composite layer was estimated, the results of which are shown in table 16. A similar
experiment was then performed on a PLA cantilever beam to determine the Young’s

Modulus of 3D printed PLA (JustPLA) with similar print characteristics.

Table 16. Material properties used in ANSYS analysis.

Young's Modulus  Poisson's ~ Density

(GPa) Ratio (kg/m?)
AISI/1008 200 0.30 7872
PLA! 2.31 measured 0.30 1250
PVDF 2.66 measured? 0.34 1760
J-B Weld 2.66 measured? 0.30 1890

'PLA present on torque arms only

2Measured as a composite with AISI/1008

The 2" type of quasi-static experiment was performed on the entire energy
harvesting device in its buckled configuration mounted within the constraint base. Tests
were performed with the center beam under two different compression levels, 0.13mm and
0.25mm of axial displacement. At 0.13mm of compression, the center beam just began to

exhibit bi-stable buckling behavior which meant that the energy well for this configuration
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was the smallest that could be obtained. For 0.25mm of compression, the center beam was
also bi-stable, but required a greater applied force to switch between stable buckled states,
figure 91. The force and displacement required to induce switching between buckling
stability states in each direction was determined by either pushing or pulling on the two
proof masses simultaneously using a custom fixture connected to the same 5 b load cell
and linear actuator stage as the previous experiments. The results of the quasi-static bi-

stability switching tests are shown in table 17 below.

Buckled beam + gravity
pulls torque arms down

Figure 91. Side view of device in a bi-stable state a) buckled upwards and b) buckled

downwards.

A finite element model of the buckled energy harvesting system was meshed using
SHELL281 and MASS21 elements. Using the ANSYS simulation software, the buckled
conditions were applied to discern the resting displacement profile, quasi-static stability
switching displacements, and the pre-stressed undamped modal frequency of the structure.
As shown in figure 92 a), the post-buckling displacement profile of the structure was
determined for both stable states using an analysis which included the effects of
gravitational forces. The displacement of the proof masses needed to induce switching
between stable buckled states, or “snap-through”, was found from this FEA model. A plot
of the typical load-displacement behavior to the snap-through load is shown in figure 92

b).
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Table 17. Proof mass displacements from resting position required to induce stability

state switching for both finite element analysis model and experimental tests.

Compression ) Experimental .

(mm) FEA Disp. (mm) Disp. (mm) % Difference
0.13, push down 5.36 6.35 -18.50
0.25, push down 7.83 9.33 -19.12

0.13, push up 6.35 5.70 10.19
0.25, push up 8.71 10.28 -17.99

In addition to the buckled switching behavior, the static post-buckled profile of the
beam found via the FEA model was compared with a 3-D experimental scan of the
structure. The experimental buckled profile was measured by taking approximately 40
high resolution images of the structure from various angles and building a reconstruction
of the specimen surface using software called 123D Catch. A comparison of the maximum
and minimum out-of-plane displacements found for the buckled devices in their different
configurations via both ANSYS and the experimental scan are included in table 18. A
typical profile of the center buckled beam derived from ANSYS is shown in figure 92 c).

The ANSYS model results could also be used to determine the static axial strain
state spatially throughout the center buckled beam. The results for the 0.25 mm
compressed case, figure 92 d), show the location of strain sign change for the top (PVDF)
surface. This information provides useful insights into electrode positioning to minimize

charge neutralization.
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Table 18. Maximum and minimum displacement points for FEA and experimental

results.

ANSYS Simulation

Experimental Scan

Results Measurements
Compression Back Ch. Front Ch. Back Ch. Front Ch. % gl? ck 9% Front Ch.
(mm) (mm) (mm) (mm) (mm) Difference Difference
0 0.04 -0.10 0.00 0.00 ~ ~
0.13, buckled up -1.13 1.09 -1.35 1.26 -19.88 -15.31
0.25, buckled up -1.56 1.53 -1.90 1.90 -21.63 -23.86
0.13, buckled
down 1.09 -1.12 1.48 -0.97 -35.22 13.25
0.25, buckled
down 1.53 -1.55 1.93 -1.85 -26.11 -19.27
b) |-
60 -
-~ 50 g T 1
z Resting static
=40 1| displacement Snap-through
EE
20 4 Force vs Proof Mass Displacement
10 - 0.25mm Compression, Actuating UP
0 T T T
-8.00 -6.00 -4.00 -2.00 0.00 2.00 4.00
Vertical Travel of Proof Masses (mm)
<) Out of Plane Displacement of Center Beam d) 4 - X Strain of Center Beam with 0.25mm
27 0.25mm Compression 0.3 | Compression
1.5 - Strain
E 1- Forward 0.2 - direction
; 05 4 Channel Disp. - 0.1 4 change
YIS I N R £ 0rmmofomeee Ao ---
g J 01
_%;‘ -ﬂj _ BaCkD(i:s[;:,mnd 02 ] ‘Strai‘n
=) direction
-1.5 A 03 '| change
-2 : . . : ' 0.4 T T T T |
-4 16 36 56 76 96 -4 16 36 56 76 96
x -> Beam Length (mm) x -> Beam Length (mm)

Figure 92. FEA model results for 0.25mm of center beam compression showing a) the

mesh of the structure in the buckled “down” state, b) the vertical mass displacement

through “snap-through”, c) the center beam defection profile, and d) the axial (x-

direction) strain for the center beam.
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C. Dynamic Behavior

The energy harvesting potential of the device was tested using a custom designed
shaker system capable of both variable acceleration and frequency control. The shaker
system consisted of an anchor platform mounted on a 42 watt speaker driven using an audio
amplifier (Kinter MA-150) capable of delivering 30 watts of peak power. An Arduino
Nano (V3.0) was used to read the accelerometer and send its value to a LabVIEW program.
The LabVIEW program compared RMS acceleration values to a setpoint value and then
adjusted input parameters for the proportional-integral-derivative (PID) controller so that
the sine wave audio signal minimized the RMS acceleration input error. To perform
constant acceleration sweeps, the LabVIEW program would adjust the frequency of the
speaker while tuning the RMS value of the acceleration until an acceptable tolerance
threshold was met (< 2.5%). When this tolerance was met for a certain amount of time (~5
seconds), data was logged at that frequency and acceleration. Then the frequency was
increased to the next increment and the stabilization process was repeated. During testing,
the entire constraint base containing the buckled energy harvester device was mounted on
the anchor platform and driven at various accelerations and frequencies.

All grounds (bottom portion) of the PVDF strips were connected together while the
top portions of the four individual strips went to independent circuit inputs for logging. All
four channels of the devices PVDF strips where fed into a unity gain amplifier (LM224)
while driving a load of 3.3 MQ. The output of this amplifier was then put into another op-
amp (LM224) which converted a £10 volt signal to a 0-5 V which is utilized by the
Arduino’s 10 bit analog inputs. Calibration of the conversion circuit was done with an
oscilloscope to verify that -10, 0, and 10 volts input produced 0, 2.5, and 5 volts output,
respectively. The LabVIEW program along with the Arduino recorded the acceleration in
the vertical direction and all four voltage channels at a frequency of 2,000 Hz.

Frequency sweeps at constant acceleration were performed on the uncompressed,
0.13mm compressed, and 0.25mm compressed beam configurations over the range of 16-
40Hz using 0.5Hz increments, figure 93 and figure 94. From the experimental frequency
sweeps, the natural frequency of the device was found and compared with the undamped
natural frequencies found from the ANSYS models, table 19. Acceleration was controlled

via a PID tuning method that modified the amplitude of the output audio signal. The
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sweeps were performed at constant acceleration levels from 0.1 - 0.9gus, increasing by
0.2g increments. Though testing up to 1.5g:ms were performed on the 0.25mm compression
case to evaluate the acceleration needed for bi-stable switching. The tolerance to determine
acceptable acceleration to initiate data logging was 2.5% of the set point acceleration.
Logged data included the acceleration of the rigid base structure with respect to time, the
RMS value for the acceleration for ~1 second, the peak-peak value for the acceleration, an
averaged peak-peak value for acceleration (2048 data points split into 10 sub arrays), and
similar data for each voltage channel of the PVDF strips. After a forward (increasing)
frequency run, a similar sweep of the setup was run in reverse (frequency descending from
40 to 16 Hz). All sweeps were run with the torque arms starting in the buckled down
position, figure 91 b) and figure 90 ¢). When run in a compressed state, the device was

actuated manually to ensure that it remained bi-stable both before and after each frequency

sweep.
Table 19. Undamped FEA and experimental natural frequencies.
Compression Mode 1,
p ANSYS, no Experimental Natural Frequency (Hz)
(mm) .
damping (Hz)
0.1g | 0.3g | 0.5¢g 0.7g 0.9¢ Average (Hz) | % Diff
0 25.79 22.50 21.50 22.00 2250 22.50 22.20 13.93
0.13, E“Ckled 24.48 19.00 22.37
013 bﬂckled 19.50 19.00 18.50 18.00' 17.75" ’ —
o 27.74 31.51
down
O'ZS’E“Ckled 25.49 18.40 27.83
025 bp ed 18.50 18.50 18.00 18.00 19.00 ’ —
59, buckie 27.89 34.01
down

Ibi-stable actuation, value reported is average of broadband frequency.
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Figure 93. Peak-peak voltages for “forward” frequency sweeps of the “front” and “back”

center beam PVDF sections under different constant RMS acceleration levels.
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Figure 94. Peak-peak voltages for “backward” frequency sweeps of the “front” and

“back” center beam PVDF sections at different constant RMS acceleration levels.

Vims for all channels during 0.5gmms and 0.9g:ms (before and after inter-well actuation
threshold at 0.13mm compression level) are shown in figure 95 below. Snap-through was
observed at about 0.7 gmms for the 0.13mm compressed center beam state and about 1.3gms
for the 0.25mm case. An observable benefit from the device at higher compression levels
is the obvious reduction in operating frequency, which can be seen from figure 95. Once
actuation between the two energy wells is reached, the operating frequency band is

widened and the device can maintain high voltage operation as long as there is enough
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energy in the system to continue snap-through actuation as the frequency is swept. The
higher compression value causes the device to kick out of inter-well actuation because the
stored energy during actuation is not enough to cause snap-through to perpetuate as the
frequency meanders out of the resonance range. To widen the frequency band at this
compression level, higher accelerations would have to be used. For all loading cases, the
output from the torque arm PVDF strips (right and left channels) was comparatively low

due to the higher structure stiffness provided by the thick PLA brace.
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Figure 95. Vs device output values for backward and forward sweeps of all channels at

driving accelerations of 0.5 and 0.9gms.

Time variant graphs of the acceleration and voltage for all four PVDF channels are
shown in figure 96 below. The frequencies for each sub graph are picked to correspond

to the highest RMS voltage in the back channel during a backwards sweep and a set point
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acceleration of 0.5 and 0.9gms. From figure 96 it is seen that the front channel voltage
(center beam part opposite the torque arm placement) is mostly 180° out of phase with the
other channels. Given a little bit of compression, figure 96 c¢) and d), the device exhibits
snap-through if the base acceleration is high enough. This causes higher frequency voltage
content to appear in all of the channels post inter-well actuation. It also causes very high
Vp-p as shown in figure 96 c¢) and d). The accelerometer mounted in constraint base detects
reaction forces due to the bi-stability switching, which can also be seen in figure 96 c) and
d).

It was also observed in preliminary experiments involving a single impulse
acceleration applied over a baseline low-level acceleration that snap-through actuation
could be induced and maintained, even when the baseline acceleration level was below the
typical threshold to induce bi-stable switching. This is a similar effect to that seen in [44]
and [91] where a perturbation or impulse could force the system into high energy orbits
and allow it to output more power given the same vibrational power input. This behavior
is desirable for chaotic vibration loading characteristics found for many real-life energy

harvesting operating conditions.
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Figure 96. Time variant results at frequencies corresponding to the maximum back
channel RMS voltage during backwards sweeps on the uncompressed beam at a) 0.5gms
and b) 0.9gmms; the 0.13mm compressed beam at ¢) 0.5gms and d) 0.9gms; and the 0.25mm
compressed beam at €) 0.5gmms and f) 0.9gms.

The doubly constrained device, shown in figure 10a, was driven from 20 to 80 Hz
by 0.5 Hz increments using accelerations similar as those used for the previous tests.
Afterward testing the uncompressed state, the device was buckled until it was just bi-stable
at 0.73mm of axial compression. Again the device was driven with a sinusoidal signal in

the range of 20 to 80 Hz forwards and then backwards in frequency. Total RMS power
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results from the compressed forward and reverse sweeps shown in figure 97 b) and figure
97 c). The setup for the doubly constrained beam was heavily biased in the buckled down
position due to the weight of the proof mass. In the acceleration ranges tested, bi-stable

snap-through did not occur continuously.

10-32 Nut

Doubly Constrained Beam, Reverse Sweep,
0.73mm Compression, 3.3Mohm

Doubly Constrained Beam, Forward Sweep,
0.73mm Compression, 3.3Mohm
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Figure 97. Doubly constrained beam in the unbuckled state a), and RMS power results

from b) a forward sweep, and c) a backwards sweep.

A comparison of the power output results from the dynamic experiments is shown
in table 20. The full-width half-max (FWHM) measurements are used to quantify the range
of usability in the frequency spectrum. Peak power is calculated by taking the absolute
maximum voltage generated during a frequency sweep at a given RMS acceleration and
converting it to power using the 3.3Mohm load. Area used to construct the device was the
factor governing power density. For the doubly constrained beam, it was simply the length
multiplied by the width which came out to be 4.8cm?. The TA device required more space,
12.75cm?, for the elaborate geometry needed to transfer torque and create a pseudo pin. If
the entire rectangular area was used to calculate power density, then a value of 58.56¢cm?

should be used in the calculation of power density. FWHM measurements for the buckled
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TA device could not be fully measured in some cases due to the operation of the device
falling below the 16Hz limit of the shaker system. Below 16Hz the sinusoidal wave from
the accelerometer begins to indicate distortions from the speaker. Thus the FWHM of these

devices are almost certainly greater than indicated in table 20.

Table 20. Power comparison of the TA device and DBC.

RMS Power
RMS Accel| 25000008 okgaas oM |Ressance o oo o ower FWHMPosk | Densiy,
Freq RMS RMS Power | Freq Vpp =
(2 Power (uW) (1W) Power (Hz) DevArea
(Hz) (Hz) (Hz) s
(UW/em*2)
= < y 5 2 4
DCB, 0 i, Fosninl 0.7 61.2 045 4.76 61._- 1.29 f.m 0.094
1.1 63.5 0.63 6.62 63.5 1.94 5:55 0.132
Sweep
1.5 68.0 1.71 5.02 68.0 6.42 4.35 0.356
y > 75 Y < <7
DCB, 0.73mm Comp, 0.7 6—!,(:1 2.75 544 64.0 6.08 546 0.572
1.1 61.5 398 7.7 61.5 888 784 0.828
Forward Sweep 5 sl o e g
L5 39.5 5.24 9.73 59.5 14.99 8.03 1.091
5 2 2 5 5
DCB, 0.73mm Comp, 0.7 66,3 3__1 6.20 66.5 7.35 6.28 0.668
1.1 62.5 485 11.33 62.0 10.94 11.72 1.010
Reverse Sweep ~ o . R
1.5 58.5 6.18 16.63 58.0 16.47 15.11 1.287
22 ) 2
TA. 0 Comg, Fecward 0.7 220 2.98 1.70 18.0 7.43 1.30 0.233
Swe 11 240 7.95 2.07 185 6.68 132 0.624
al 1.5 24.5 10.09 2.36 18.0 24.64 1.98 0.791
22 3
TA., 0.13mm Comp, 0.7 18.0 1.18 2.26 18.5 11.91 1.88 0.093
1.1 17.0 2.04 2.70 17.0 17.58 3.51 0.160
Forward Sweep ~ . < =
1.5 16.5 3.13 2.24+ 16.5 26.35 1.95+ 0.246
5 5 5 52 54
TA., 0.13mm Comp, 0.7 17.5 1.35 3,4.6 17.5 11.52 3.54 0.106
1.1 17.0 2.13 3.45+ 17.0 17.84 4.28+ 0.167
Reverse Sweep ~ _ - o &
1.5 16.5 2.65 3.45+ 17.5 26.70 1.94+ 0.208

+ indicates that actual value may be greater due to limited frequency range tested

D. Experimental Discussion

The difference in mass displacement required to switch between bi-stable states,
shown in table 17, can be attributed to imperfections in the constructed device. The device
fabrication process involved cutting the steel using shearing forces, which could potentially
leave residual stresses near these edges. The FEA models do not account for these effects,
though the overall influence should be minimized due to the constraint on the thin steel
layer provided by the PLA brace and the compression rig.

Another insight provided by the FEA model was the strain profile for the topside
PVDF layers. Ideally, to minimize potential charge neutralization, the PVDF strips should
be placed further in on the center beam starting at about 1/6™ of the center beams
constrained length and terminating at the center point. Our setup had the strips epoxied the

full half length of the constrained beam; thus there will be charge neutralization due to

138



opposing strain. Future iterations will have four channels for the center beam and two for
the outer torque arms. From figure 92 d), it is evident some charge neutralization will be
occurring given our current electrode placement. Correction of this issue should only
improve the device power output.

It should also be noted that the device in its unbuckled state generated large voltages
at higher frequencies when compared to the buckled cases. Even uncompressed the device
shows “hard” non-linear behavior and, eventually, “soft” non-linear behavior after the
beam is compressed [162]. During the onset of a bi-stable compression (~0.13 mm) the
device is actuated between states at low g levels and exhibits a wide frequency response
range compared to the other configurations at the same g level. Lower compression levels
allow the device to traverse between energy wells quite easily. Only a relatively small
amount of energy is needed to “push” the device over the energy well even when the
operation frequency is meandering past the natural frequency. At the 0.25 mm compressed
state, the g level needed to onset a bi-stable actuation is much higher and the broadening
effect is realized at higher g ranges such as 1.3 to 1.5 gms (not shown). This higher
compression level gives impressive V;, but near the voltage limits of the constructed
DAQ. Even more interesting is amount of energy needed to continue bi-stable oscillation
in the 0.25 mm compressed state. If the device is perturbed in such a way during bi-stable
actuation as to diminish energy in the system (post resonance), then the system will kick
out of bi-stable oscillation and enter the mono-stable oscillation state. Conversely, if the
system is near resonance in the mono-stable state and is perturbed (say, by a static spike
applied in the audio line), the device will enter the bi-stable mode and often remains that
way until the system goes out of the resonance region or is perturbed negatively as to
diminish the systems overall energy. The higher compression level, 0.25 mm, allows the
observer to see this behavior much more easily than the 0.13 mm state during large device
oscillations.

Post-interwell actuation generates higher frequency content in the voltage signal as
shown in figure 96 c) and d). Utilization of sub-harmonics has been seen in [88] to harvest
energy off of lower frequencies for a bi-stable buckled harvester. The super harmonics

seen in the present device post-actuation could lead to better performance given the right
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conditions like ambient vibrations that match these sub/super harmonics to assist
maintaining high energy orbits.

Comparison of the TA device to the DCB is difficult because the actuation
mechanisms are very different. Ultimately it was decided to keep the beam length and
width the same for the DCB but using the same mass value pushed the device into a higher
frequency range (>100Hz). The larger 1.38 g mass was selected to help push the frequency
down to the ~60Hz region where it would be more comparable to the TA device. The DCB
did provide more power than the torque arm device, but the resonance frequency was
almost three times higher. When the DCB was compressed until just bi-stable the RMS
power output, peak power, increased but the operating frequency decreased. Compression
of the TA device tended to decrease the RMS power output and operating frequency of the
entire device but increased the peak power generated. Both the TA and DCB seemed to
favor reverse sweeps in generating the most power.

Two favorable outcomes from these experiments are low operating frequency of the
TA device compared to the DCB and the increased peak power generation. Also, if high
energy orbitals can be maintained then a frequency broadening effect for the TA device
can be realized in the V, data as shown in figure 93 and figure 94. It is important to note
that the load impedance used in these experiments are not optimal. In future iterations, an
optimal load circuit using a digital pot will be created so that fast resistance and short band
frequency sweeps can be used to target the driving load impedance.

Indeed, buckling tended to broaden the operating bandwidth of the devices. Even
though the confirmation of frequency broadening on the TA device could not be realized
at higher accelerations, it is evident from the voltage graphs that the peaks become broader
as acceleration is increased. A solution to determine this for the TA device would be to
remove the masses and drive it at much higher accelerations using a more powerful shaker
table. Other improvements include replacing the PVDF strips with a more efficient

piezoelectric material such as PZT or aluminum nitride.
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E. ANSYS Non-linear Harmonic Analysis

ANSYS typical linearizes all loads in its own built in harmonic analysis. This is a
problem when evaluating a bi-stable devices performance to varying frequency inputs.
Thus the only way to attempt a non-linear harmonic analysis is to run a transient module
with a modified sinusoidal displacement input. This displacement amplitude must be
tailored to the frequency so that it emulates a constant acceleration input. A shell model
of the 3x1 mm macro device with 8mm long compliance arms, figure 98, was constructed

using the multilayer method and two point masses.

0.000 15.000 30,000 (mm)

7.500 22,500

Figure 98. Point masses and areas for ANSYS non-linear harmonic sweep.

Meshing was done on the model with refinements and locations deemed to have
larger stress gradients. Mid-side nodes were kept so that accuracy would be improved in
this large displacement analysis. The mesh is shown in figure 99 below. In this model the
effect of the PVDF strips are input as 0.11 mm thick layers on top of the steel with the
assumption of perfect bonding. It is assumed that the effect of adhesives is minimal on the

response of the structure.
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Figure 99. Mesh for ANSYS non-linear harmonic sweep.

Constraints and loading inputs for the model before applying the constant

acceleration sweep is shown in figure 100 below. Preparing the device with a buckling

The first step applies the 1 g standard load and a slight

stress is done in three steps.

perturbing pressure that gives the model a non-symmetric profile allowing the second step

(displacement compression) to buckle the device with a 0.1 mm total compression. After

buckling the device is relieved of the perturbing pressure during the third step and is ready

for the displacement input which emulates a constant acceleration sweep.
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Figure 100. Loading conditions for a non-linear sweep in ANSYS.

ANSYS analysis settings for the non-linear harmonic sweep are shown in figure
101 below. Prepping each run with a compression before applying an input load took about
20 minutes on a 3.5 GHz 17-4770K with 16 GB of RAM. This is a small amount of time
compared to the 4™ load step which contained around 5000 sub-steps and may or may not
run into a bifurcation which causes the model to snap-through to a more energy favorable

state.
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Properties Step 1 Step 2 Step 3 Step 4 I

| Step Controls
| Step End Time 1 2. 3. 8.
| Auto Time Stepping On On On On
| Define By Substeps Substeps Substeps Time
| Carry Over Time Step N/A Off Off Off
| Initial Substeps 100 100 100 N/A
| Minimum Substeps 50 50 50 N/A
| Maximum Substeps 200 200 200 N/A
| Initial Time Step N/A N/A N/A 1.e-003
| Minimum Time Step N/A N/A N/A 1.e-005
| Maximum Time Step N/A N/A N/A 1.e-003
| Time Integration Off Off Off On
| Nonlinear Controls
| Force Convergence On On On On
| --Value Calculated by solver Calculated by solver Calculated by solver Calculated by solver
| --Tolerance 5.e-003 5.e-003 5.e-003 5.e-003
| --Minimum Reference 1.e-002 1.e-002 1.e-002 1.e-002
| Moment Convergence On On On On
| --Value Calculated by solver Calculated by solver Calculated by solver Calculated by solver
| --Tolerance 5.e-003 5.e-003 5.e-003 5.e-003
| --Minimum Reference 10. 10. 10. 10.
| Displacement Convergence On On On On
| --Value C by solver C. by solver C. by solver C. by solver
| --Tolerance 5.e-003 5.e-003 5.e-003 5.e-003
| --Minimum Reference 0. 0. 0. 0.
| Rotation Convergence On On On On
| --Value Calculated by solver Calculated by solver Calculated by solver Calculated by solver
| --Tolerance 5.e-003 5.e-003 5.e-003 5.e-003
| --Minimum Reference 0. 0. 0. 0.
| Line Search Program C Program C || Program C d Program C
| Stabilization Off Off Off Off
| Output Controls
| Stress Yes Yes Yes Yes
| Strain Yes Yes Yes Yes
| Nodal Forces Yes Yes Yes Yes
| Contact Miscellaneous Yes Yes Yes Yes
| General Miscellaneous Yes Yes Yes Yes

Store Results At All Time Points All Time Points All Time Points All Time Points

Figure 101. ANSYS settings for the non-linear sweep.

The damping ratio for this non-linear harmonic analysis is assumed to be 5% at 20
Hz for this analysis which comes from (the second journal article). Rayleigh damping is

used in ANSYS and is modeled using

a w;
L Boi
Z(A)i 2

{(w) = Eq 78.

where ¢ is the damping ratio as a function of angular frequency, « is the mass coefficient,
B is the stiffness coefficient, and w; is the angular frequency of the modal response i. A
limitation of the damping experiments is that we could only excite and measure the first
mode amplitude gain thus for the non-linear harmonic analysis we assume that the higher
modes are extremely damped using a=0. If we assume {=0.05 (or 5%) at 20 Hz then the
stiffness coefficient § becomes about 7.957e-4.
In ANSYS the transient governing dynamic analysis system is primarily
[MI{u} + [Cl{u} + [K]{u} = {F} Eq 79.

where [M] is the mass matrix, [C] is the damping matrix, [K] is the stiffness matrix, {ii} is

the nodal acceleration, {1t} is the nodal velocity, {u} is the nodal displacement, and {F} is
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the load vector. Material properties and geometries set [M] and [K] but the matrix [C] is
set using proportional constants ¢ and f from Eq 78. Damping is used via the damping
matrix
[C] = a[M] + BIK] Eq 80.

which, in ANSYS, can be entered by simply applying « and ; or stiffness damping can
be applied by inputting a damping ratio and a frequency.

A Microsoft Excel spreadsheet was used to create a displacement profile with a
continuous frequency sweep and constant acceleration. For a non-accelerating sinusoidal

function and its integrals

Accel(t)y4—o = Asin(8(t)) Eq 81.
Vel(t)geo = Accel(t) = % cos(wt) Eq 82.
Disp(t)g=o = Vel(t) = % sin(wt) Eq 83.

where A is the amplitude of acceleration and is related to the gims value quoted throughout

this dissertation by

A=9.807 (£ units (3) Eq 84.

0.707
The important part of Eq 83 is the overall amplitude % which will be used to modify

the varying frequency sine wave. If the frequency is to vary linearly then the time

dependent equation for angular acceleration should look like

a(t) =B Eq 85.
where B and the angular velocity becomes
w(t) =Bt+ w, Eq 86.

where w, is the starting frequency. Given a total time run period of t, and an ending

frequency of w,,, we can back out B and solve for our time dependent angular frequency
Wy — @
w(t) = (n—0> t+ wg Eq 87.
tn
Integrating once more gives the angular displacement as a function of time which
is
1 (Un - O)O
0(t) = §<—t )tz + wot Eq 88.

n
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Combining Eq 88 and the amplitude derived from Eq 83 will derive the constant

acceleration, linearly varying frequency, sine function

A 1l/w,—w
Disp(t) gxcer = sin (— (n—o) t? + wot)

<(wn;wo)t N w0>2 2 tn

which is used to generate inputs for a non-linear constant acceleration harmonic sweep in

Eq 89.

ANSYS and is easily checked by taking two derivatives using the finite difference method.
Another check is to actually integrate the equation

Accel(t) g=const = A sin(8(t)) Eq 90.
assuming that « is constant which is actually more difficult than it would seem. Replacing

6(t) with Eq 88 gives
Accel(t) g=const = A sin G (@) t? + wot) Eq91.

which, when integrated, requires the Fresnel function and has the solutions from Maple
shown in figure 102 below. The trick to actually getting a tangible solution is to offset
each solution by its average before integrating again. Code from Maple that derives and
solves the constant acceleration, linear frequency, sinusoidal sweep is shown in the
Appendix
(CODE).

146



‘3[
+ | =,
|| ==
'
sl 2
L=
1
=
—| =
R =,
a'll +| =, -~
+ || =|— ~|l= -
)5 S S
= N = +| =, 1
et e | =) =
L= =G T
2| ¢ 1
L= -
Q. - —
=S = [=
=! + | =, = =,
e = 31 § =
| = S - o B =
s L__ - =, )
s, + | = = ! a2l 2
s b= L= = =
+ | =] 5 s >
=l=1" 1 +| =, | =
= ] =, =| -
L L= -~ s 1
-— - — QI =
— S| = ~ — ! -
— SHEIS L= ==
=5 = 3|2
S | 5 +|=
1 L. = “+ =] -
& — =5 = =l =
= L= | £ = :
— | = P
< sl o —
=| &' = . L=
e —] s -
S| = g =
s| &' = = .
. -
| = =, — -
- - &
~— S ) S
=] BN a' —| 2
y =
1 s + | = !
p Bl =3
~| +]| =, = - )
= =| = . p
= = +| =,
—e ! T =|| 34
' =, E— L= = a'll 8
a —
=, + | = - - =, -
( - <
s = =| = b I L=
—_— == ~~| % <|| =] 1
= , =' —_— a' a' a' .a =,
= = | = ' n
- — s — =||=.
I — ~——— L= S| =
—_— = - a + | =
= '
-3 —a 1 p ;' -
= = Q'al =, =] 5
a' z + ol s s
= -— -— ~— o
I = =, = -
1| - > s)| Le
= =, . sl +| = >
1 i e +|| ==
8 ~'| + L= = 2
—_— - = a <
N 2- :! = . — ="'
—] = = -
! v = L= pal B}
< '
—e .
—= — I 'l 2
-Z E -
=, +| =, 1
= L= —|| =| = - ™
= — s
= = 1 T = :
i = ot + i
= —
I
1 A
—_—— S
— —
— —]
= 1 L
'*ﬂg S =
—_— = =
= = (5
_ = (=3
- — =1
= 2 =
<2 — on
(=3 - —

. Maple solutions for a constant acceleration, linear frequency, sinusoidal

sweep involving use of the Fresnel function.

By using Eq 89, a displacement profile is generated from 10 to 30 Hz or 30 to 10
Hz with a constant acceleration. This profile is shown in figure 103 below for the forward
and reverse sweeps that are imported into ANSYS with a time step of 0.001 seconds.

Comparing Eq 89 to the true solution shown in shows that there is a 2.5% max difference
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at the beginning of the sweep which increases to about 12% at the end. The sweep

comparison is shown in figure 104 below.

a) Base Displacement Input
1.5 40
- 1.0 Sweep Direction
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Figure 103. Base displacement inputs for the a) forward and b) reverse sweeps

equivalent to a 0.3gms acceleration, time step is 0.001 seconds.
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Figure 104. Difference between the derived Excel and the true Maple function.

The ANSYS transient problem results in a tip displacement profile that is, of itself,
sinusoidal in nature. To extract a gain plot from the analysis, peak detection must be done
on the tip displacement signal after a DC offset is removed. Rectifying the signal and using
the logical expression

(Disp; > Dispy_q + hyst) AND (Disp; > Disp;41 +
hyst) Eq 92.
Then Disp; is current peak
Else no peak found
will find the local peaks for a sinusoidal signal but must filtered enough so that the
hysteresis error is not overly high. For the results of this non-linear harmonic sweep the
output signal did not need to be filtered. Peak detection for the output and input signals

are shown in figure 105 below.
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Figure 105. Displacement peak detection results for the base and tip of the 3x1 device in

a a) forward and b) reverse 0.3gmms ANSYS sweep setup.

Outlines for the 0.3 gms sweeps are shown in figure 106 below which then are used
to calculate the gains of the 3x1 device. This gain extraction routine works well for
symmetrical responses to a sinusoidal signal but need modification if an extreme non-linear
event occurs during the analysis, such as snap-through. Snap-through causes the DC offset
to shift to a different neutral position which means a continuously changing DC shift

algorithm or section will need to be used.
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Figure 106. Peak outline results for the base and tip of the 3x1 device in a a) forward and

b) reverse 0.3 gms ANSYS sweep setup.

The amplification, or gain, for the 3x1 device with 8 mm arms is shown in figure
107 below for the unbuckled case. Harmonic analysis in ANSYS linearizes all effects of
the model such as large displacement, contact, and material non-linearity’s. Multiple
methods exist to apply an acceleration in a harmonic analysis and include a direct
acceleration, a large mass/force application, or a scripted displacement analysis. The
displacement harmonic analysis is ideal but does not work for the pre-stressed modal
superposition method. To pre-stress the structure a thermal load is applied to the steel

beam. This thermal load was applied at different values until the x-directional stress is
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approximately the same as the 0.1 mm displacement compression stress. At a AT of about
90 C the stresses matched the 0.1 mm compression load. After the static loading in
ANSYS, a modal analysis is completed and the results are sent to a modal superposition
analysis with an acceleration load. This is how a linearized pre-stressed structure is
handled in ANSYS. Applying the harmonic displacement requires the script shown in the
Appendix under (CODE).

Forward vs Reverse Sweep
3x1mm, 8mm compliance arm, Unbuckled, 0.3grms
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Figure 107. Comparison of the unbuckled harmonic sweep gains for the forward
experimental, linear harmonic displacement driven, and linear harmonic acceleration

driven at 0.3 gims.

Buckled results for the non-linear transient, pre-stress linear harmonic analysis, and
the experimental gain data is shown in figure 108 below. It is interesting to note that the
experimental buckled data did not match the non-linear transient data in gain amplitude
and deviated by about 5 Hz in peak frequency. This could be due to non-ideal boundary
conditions when buckled or a potential driving detriment that dampens the device at low

accelerations.
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Forward vs Reverse Sweep
3x1mm, 8mm compliance arm, Buckled, 0.3grms
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Figure 108. Comparison of the buckled harmonic sweep gains for the non-linear
harmonic transient, forward experimental, linear harmonic displacement driven, and
linear harmonic acceleration driven (with temperature induced buckling stress) 0.3 gms

analysis.

When driven at higher accelerations, the non-linear behavior of the buckled device
stands out, especially in the case of snap through. The non-linear harmonic transient
analysis driven at 0.6 gms for the 3x1 8 mm device is shown in figure 109 below. The
forward sweep does not actuate in a bi-stable state for this simulation but makes two snap-
through movements when swept in the reverse direction. At first it looks as though the
actual rectified displacement is smaller in the bi-stable snap-through regime but if the
device is driven in this frequency area there should be continuous actuation which would

broaden the bandwidth between the two black lines shown in figure 109.
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Forward vs Reverse Sweep
3x1mm, 8mm compliance arm, 0.6grms

B |
Forward Sweep I\ \ I
2w Reverse Sweep Rectified for Upper and —
Reverse Sweep (cont snap) Lower Postition I > I Realistic Snap-through

Bandwidth
15 - I I

2 -
< I I 7,
O Initiation of Snap ") L
10 Through I | Fh 1
. ] JJ “_ N Ly
\| A oy
s T,
51 o Bk e
=T K -
I o et ! Rectified for Upper i = N1
Mo et I I Postition y
0 L 1 1 1 1 1 1 1
10 12 14 16 18 20 22 24 26 28 30
Frequency (Hz)

Figure 109. Forward and reverse non-linear harmonic transient runs at 0.6gms.

A simple cantilever beam was analyzed in ANSYS using the non-linear harmonic
sweep to see what non-linear effects would come up using the routines described above
and a dampening ratio of 5% at 20 Hz. Figure 110 below shows the effect of allowing the
frequency to change slower by going from a 5 to 10 second transient run. This essentially
allows more oscillations which trends towards the linear harmonic response. It would
make sense that the bi-stable buckled beam above would have the same trend except that
the snap-through bandwidth would most likely increase. Also, the overall system

performance due to state switching would be different due to sweep direction.
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Forward vs Reverse Sweep
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Figure 110. Cantilever beam response for a 80x10x0.75mm steel beam with a 10 gram

mass at the end. The displacement load emulates a 0.3 gms acceleration.

F. ANSYS Voltage and Power Estimation

Actuating a model in ANSYS via piezoelectric elements is quite straightforward
with either scripting or using the “Piezo ACT extension”. Estimating the voltage generated
during dynamic motion requires some knowledge about the strain in the PVDF strips at
different points in time coupled with the motion of charge through-out the system it’s
hooked up to.

The electric displacement on a piezoelectric plate that is stressed with no external

applied electric fields is

g, -
D, 0 0 0 0 d O gz
D=0 0 0 dis 0 O 1233 Eq 93.
Dyl ldsy dsy dsz O 0 ol

715

where the parameter of interest in our case is D3 which is the charge per area on the top

and bottom of the PVDF film. The total charge generated at an instant is
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dA,
dA,
dAs

qpiezozf [Dy D, Ds] Eq 94.

Assuming that D;, D,, and o3 are minimal and have no effect on the charge

generated onto the electrode plates the above equation becomes
Apiezo = ff D3dAs =f (d3104 + d3q07)dxdy
Eq 95.
= d31E jf (81 + Ez)dXdy

where E, &, and &, are the stiffness, strain in the x, and strain in the y direction of the
PVDF respectively. Using Poisson’s ratio, v, to account for transverse effects the above
equation becomes

piezo = d31Ef (e1 — ve)dxdy
Eq 96.

=d;;E(1—-v) ff grdxdy

The instantaneous voltage generated over the piezoelectric element is the charge

divided by the capacitance of the PVDF where the capacitance is equivalent to Eq 67.

V.. _ Apiezo _ d3:Et(1—v) fL &1dx Eq 97
piezo Cp Sr,pSOL

where L is the length of the PVDF strip and t is the thickness. Since we are discretely
evaluating the strain in ANSYS with each time step the integral changes to a numerical

integration where we will know the area of an element and the strain

n
v __ Upiezo _ d31Et(1 -v)

piezo —
Cy ErpEWL

gl,iAelement,i Eq 98.
i=0

where & ; is the x-direction strain and Ajement,; 18 the associated local area associated with

node i and n is the total number of nodes. Taking out the state variable from Eq 98 gives

n
Apiezo = d31E t(l - V)Z gl,iAelement,i = d31E (1 - V) Z(ElA) Eq 99.
i=0

The model used in ANSYS is the same shown in figure 100. Damping for the
power estimate runs was also the same at 5% (20 Hz) lending to a B of 7.96x10*.
Application of a static frequency displacement (5 seconds long) in the harmonic analysis

gave a steady state response after about three to four cycles. At 0.6 gms the input, static
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frequency, displacements did not cause snap-through. This is interesting because a reverse
sweep of the same model does create buckled state switching.

After ANSYS finishes its transient analysis it gives the quantity Y.(g,A) for each
PVDF strip and at each time step. There is a problem using Eq 98 in its current form to
evaluate voltage and power because the performance while driving a load is highly
dependent on the state variable, charge. A proposed model for the piezoelectric strips

which will handle charge generation and depletion is shown in figure 111 below.

OPAS5S51
Unity Gain

yd

r\} <R < Ropassi Qi Signal offset and
| isterualpiczo 4 Internal O de-amplification
~3.3x10” Q - ~10x10% Q S

Figure 111. Circuit components to consider in the FEA power estimation model.

The resistance between the piezoelectric material electrodes is about 3.3x10'?> Q
when not connected to anything else and is derived from the resistivity of PVDF which is
about 5x10'* Q cm. As mentioned before in earlier sections, the OPAAS551 op amp has in
input impedance of about 10'* Q, and when combined with the PVDF resistance makes the
above circuit a simple RC loop with a charge generator that applies charge directly to the
capacitor. The circuit shown below, figure 112, has two components of interest which are
the load resistor and the PVDF capacitance. New charge is introduced onto the capacitor
every time the piezoelectric element changes strain state while the resistive element drains

charge over time.
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Figure 112. a) Circuit used in calculating power output from FEA model with negligible

components removed and b) simplified circuit.

A script was written to obtain the x-direction strain integral from ANSYS at each
time step for both of the PVDF strip shell layers. This script is placed after the solution
phase and is shown in the appendix (CODE). The output of that script is then imported to
excel where further calculations can be made. Essential equations for the two components

are the

dq

icap = = Eq 100.

for the capacitor and
%4

o = — Eq 101.
lT‘eSlStOT R q

for the resistor which are equal since the current has to be conserved for these elements.
Setting Eq 100 and Eq 101 equal while realizing that they also share the same voltage gives

d A V
do M Va9
dt grain At arain R CpR T

where 7 is the time constant. The important thing to note about Eq 102 is that no matter
what sign the charge is on the capacitor, it will always tend towards zero. Extra charge is
induced onto the capacitor every time a change in strain occurs within the PVDF strips and

has the form

e —qe-1 Aq d3;;E(1—v) (Z Z )
—_— = g Ad) — & A Eq 103.
At Atinduced At ( 1 )t ( 1 )t—l q

meaning that it is the incremental change in charge given a reference strain that is important

in time and not the charge generated at one given strain point. This change in charge effect
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has the potential to neutralize opposite charges on the capacitor and is the sole cause of
creating + voltages.

There are two time step regimes to worry about using this method which determine
convergence of an iterative solution. These regimes are the ANSYS transient At and the
electric modeled circuit At. Depending on the resistance load used, the RC time constant
of the circuit in figure 112 b) will be modified, meaning that a smaller resistance loads lend
to faster transients, which in-turn require a small At on the electric circuit modeling method.
For this reason, the first thing that is done in excel is the interpolation of the ANSYS At to
a different (most likely smaller) At to accommodate the RC circuit.

After voltage on the PVDF elements is established at each time step the power over

the load resistor is calculated as

Vip Vi
Ploadz%z% Eq 104.

where R is the value of the load resistor. Summing the squares of power over the steady
state region for ten cycles and then taking the square root gives the RMS power estimation
for our 3x1 8mm device (which is introduced in the next section) at that frequency.
Different runs were done at varying frequencies to evaluate the power generated. Results
are shown in figure 113 below with experimental data at the same acceleration as a

comparison. The buckled devices are compressed a total of 0.1mm.
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Figure 113. FEA buckled RMS power results at static driving frequencies compared to

experimental sweeps for a 3x1 device with 8mm long compliance arms.

The current model in FEA was unable to mimic the dramatic drop in resonant
frequency for the buckled case which may be due to the device being perturbed into HEOs
via small imperfections in our driving system. Imperfect boundary conditions could also
be an issue that allows for a more compliant structure. Non-linearity’s in material
properties could also change the simulation results. It is expected that the buckled devices

exhibit a softening non-linearity when compressed.
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CHAPTER IX
EFFECT OF COMPLIANCE ARM CONSTRAINTS

The effect of boundary conditions of a bi-stable device that buckles into an “S”
shape and utilizes polyvinylidene fluoride is evaluated via a custom built shaker table and
data collection system. Four permutations with different center constraints are named after
their respective cross sections and are the perfectly pinned circular steel, rigid glued
circular steel, 3x1 and 5x1 3D printed rectangle polylactic acid prototypes. Using a load
of 30 MQ, which was close to the optimal load resistance, frequency sweeps in the forward
and reverse directions indicated different non-linearities depending on if the device is
buckled or not. Peak resonant frequencies for the devices are around 18 to 30 Hz with bi-
stable actuation occurring as low as 0.3 gims.

Damping was measured using the logarithmic decrement method as well as the
linear and non-linear half-power methods. Results showed that the devices have an average
damping ratio of 4.1% and that damping of buckled devices tends to be higher than non-
buckled. The highest power generating device was the buckled 3x1 mm device with 3 mm
compliance arms and resulted in 12.6 pyW at 21.1 Hz and 0.4 gms excitation. Higher
accelerations for this device were actually a detriment to its performance. Unbuckled
devices tended to exhibit a spring stiffening non-linearity while buckled devices obtained
higher power outputs in the forward direction but could have their operating frequencies
significantly lowered if swept backwards. All buckled devices tested during a chirp input
could be promoted to high energy orbitals for increased performance while being driven

with the same acceleration input.
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A. Design Considerations and Specifications of Fabricated Devices

The energy harvester of interest operates on the basic premise that proof masses
mounted on cantilevered arms transfer torque to the mid-section of a central compressively
buckled beam with piezoelectric polyvinylidenefluoride (PVDF) strips adhered. A
schematic of the device is shown in figure 114 below. Upon compression of the center
beam, quasi-pinned compliance arm supports induce ‘S’ shaped buckled deflection profiles
of the center beam. Transverse motion (vibration) of the structure base introduces a
moment at the center of the ‘S’ shape, and can induce switching between buckled states
for sufficiently large accelerations. Snap-though (switching between buckled stable states)
is desirable for potentially generating large strains within the central piezoelectric strips
and maximizing power output.

Ideally, compliance arms that act as a perfect pin constraint would provide optimal
torque transfer to the center and allow snap-through to be exhibited at the lowest possible
accelerations levels. However, mimicking a perfectly pinned condition at the center beam
adds fabrication cost/difficulty and is not feasible for planned MEMS scale versions of the
device. Using anything but a perfectly pinned method to constrain the deflection of the
center beam will add both torsional and potential out-of-plane compliance. Torsional
stiffness of the compliance arm will reduce the amount of force transferred to the center
beam, increasing the energy threshold to be overcome to create stability state switching.
Vertical compliance can change the buckling force needed to make the device bi-stable,
increasing the acceleration needed to induce snap-through or pushing the center beam into
1*t buckled mode deflection profile (dome shape) rather than the ‘S’ shaped 2" mode.

To test the effects of the compliance arm constraint and geometrical parameters,
four device variations were constructed. The first device was a pinned beam that used a
greased 20 gauge steel rod running through the entire center body width that allowed nearly
free rotation at the compliance arm supports (figure 114 c). The second device was nearly
identical to the first with the exception of the compliance arm constraint. In this case, the
compliance arm rod was locked to the central beam using an industrial adhesive (JB-Weld
Compound 8265-S), in addition to clamping at the base supports. The result was a
clamped-clamped compliance arm made of steel with a round cross section. The third and

fourth devices used 3x1 mm and 5x1 mm cross-section polylactic acid (PLA) compliance
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arms, respectively, with 2mm fillets near the brace structure (figure 114 d-e). In all cases,
5/16” steel nuts (4.62 grams) were used as proof masses and were adhered 10 mm from

the tip of the brace as shown in figure 114.

a) PLA Brace Pinned Device

Thickness =2 mm

5 mm

Torque Arm = 55 mm
b) Steel Shim Stock

Thickness = 0.25 mm
[ TR T *

Clamped Center Beam = 96 mm

Figure 114. Main components of energy harvesting device, including the (a) torque arm
PLA brace, the (b) steel shim stock center beam with PVDF strips, and the compliance

arms constructed in the (c) pinned, (d) 3x1, and (e) 5x1 configurations.

Piezoelectric strips of 0.11 mm thickness (GoodFellow FV301960/3, d3;=19 pC
N1, d33=—20 pC N~!) were cut to a width and length of 5 and 33 mm respectively. Previous
FEA results on the buckled center beam [111] show that a strain sign change occurs at
about 16% of the beam length from the end constraints and at the middle for these devices.
Thus, to minimize charge neutralization, two separate strips of PVDF are adhered to the
center beam on spans of 1/6'" to 1/2 along the length of the beam, and again on a span from

1/2 to 5/6™ of the beam (figure 114 b).
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B. Shaker Table Setup

A custom-built shaker table setup was construed to test the devices under sinusoidal
driving conditions. The shaker consisted of a 250 Wp-p (peak to peak) speaker, a 200 Wms
(root mean squared) amplifier, Arduino Nana v3.0 micro controller, MPU-6050
accelerometer, and an op-amp signal buffer and conditioning circuit. The buffer and
conditioning circuit are needed to accept a moderately high voltage response and provide
a high input impedance so that the power generated can be accurately measured. To
accommodate the large impedance loads that accompany single layer element PVDF strips
[66, 150] a two stage op-amp buffer circuit was used with an input impedance over 1 GQ
(OPAS51PA). Driving specifications used in this work for the system were 10-500 Hz and
0.1 to 3 gimms while the logging specifications for the Arduino utilized four voltage channels
running 2048 S/s.

A compression rig mounted atop the shaker plate allowed for each device to have
variable length compliance arms and the ability to fine tune a compression displacement
by turning 8-32” push rods and then locking down the rig by tightening M3 bolts.
Compression displacement measurements for the system were performed via calipers. A
render of the designed shaker table and the as-fabricated system with the 3x1 mm device
and 8 mm compliance arms in the uncompressed state are shown in figure 115 below.
Great care was taken to buckle the device symmetrically as the shape of the potential
energy function (specifically the maximum deflection point of the center beam which must
be traversed to exhibit snap-through) must be within a certain range to provide energy
harvesting benefits [89]. Near the critical buckling load, the resonant frequency of the
center beam should theoretically approach zero and afterwards stiffen up as more

compression is applied [90].
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Figure 115. (a) Render of designed shaker table, and (b) the as-fabricated shaker table.

C. Optimum Load

To evaluate devices at peak power performance conditions, the optimum load was
determined. PVDF strips with single electrodes tend to have high optimum resistance
driving loads. This can introduce difficulties as the input impedance on standard laboratory
testing equipment can be on the same scale as the devices being tested, which in turn, can
create power sharing that diminishes the signal. To reduce the optimum load of PVDF,
multiple stacked PVDF and electrode layers can be used but the amount of layers needed
would be very costly.

Four test cases were run at different impedance loads to determine the optimum
load conditions for which all other tests would be performed. Three of the cases included
the uncompressed pinned, 3x1 mm, and 5x1 mm devices while the last test case was a
compressed 3x1 mm device. All optimum load cases were run at 0.5 g, and near
resonance.

A plot of normalized voltage response versus load impedance is shown in figure
116 below. Optimum values ranged from around 20 to 40 MQ. Since all tests showed
minimal drop-off in power performance around 30 MQ, 30 MQ was chosen as the driving

resistance load for all devices and testing cases.
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Figure 116. Normalized voltage response versus load impedance for the (a) back and (b)

front electrode, all tested using 8mm compliance arms.

D. Evaluation of Damping

Viscous damping was evaluated for the device using three different methods: free,
linear forced, and non-linear forced. Free vibration analysis works well for decaying
responses, but can be a poor representation of damping in energy harvesting structures that
have a constant input function exerted upon them. Despite this limitation, values for free
damping were extracted using the voltage response to a mono-pulse chirp sent to the shaker

table and using the logarithmic decrement method in equation (1) [7]
1

()

where x, and x; is the amplitude of the decaying sine wave at the beginning and end of

Ufree =

Eq 105.

each successive cycle, respectively.

A more realistic evaluation of linear viscous damping is to use the half-power
bandwidth method (HPB) which evaluates the quality and damping ratio for a linear system
[7]. This process requires the displacement measurement of the base shaker table and the
tip of the torque arms, which was performed using two micro-epsilon laser displacement
sensors (Micro-Epislon NCDT1401). The gain, which is the ratio of the tip displacement
to the base displacement, can be plotted against frequency to form a bode plot. From this

plot, the linear quality factor can be determined using [7]

Ir
Q = Eq 106.
forced,l FZ Fl q
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where f,. is the resonant frequency, f; is the first -3 dB drop down point, and f, is the
second. The damping ratio can then be determined from ¢ = 1/2Q. The buckled energy
harvester device tested here was found to be non-linear in both the uncompressed and
compressed states, exhibiting a spring-stiffening or spring-softening effect characterized
by a jump discontinuity. Physically, this means the frequency response depends on the
direction of frequency sweeping. An even better estimate of the damping for a non-linear

system is to use a modified version of the HPB from [36]

Qrorcednt = Jo
orcedn f

—jdz o n?—1 Eq 107.
where f, is the peak gain frequency, fjq; is the frequency of the jump down point, fj4; is
the frequency of the jump down point that has the same gain as fjd1- The value n is the
ratio of the gain of f, and fj4;. It is important to know which type of non-linearity,
stiffening or softening, the system falls under because one peak will be larger than the other
during the directional sweep.

Free vibration tests were performed for the majority of the VEH devices. After a
monopulse was applied to the stationary device, the output voltage recorded typically
appeared to be similar to a decaying sine wave. In the logarithmic decrement method, only
peaks in the signal obtained after the base accelerometer had come to rest are used to
determine damping behavior. Conversely, the non-linear half power method analysis is
slightly more complicated due to deviations in devices performance based on sweep
direction. Graphs for the logarithmic decrement and half-power method are shown in
figure 117 below for the 3x1 mm device with 8§ mm compliance arms. Sweeps for a few
of the devices in their various configurations are shown table 21 below. An additional
compressed case for the 5x1 mm device was also performed to investigate effects of
damping on an over-compressed prototype. As seen below, over-compression tends to
increase damping which is highly detrimental to device power performance. If the over-
compressed case is neglected, the average dampening for all of the non-linear devices

combined is approximately 4.1%.
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Figure 117. (a) Voltage output and (b) gain response plots for the 3x1 mm device with 8

mm compliance arms.

Table 21. Damping ratios for the tested compressed and uncompressed devices using

different methods.
Forward, Reverse, Forward, Reverse,
Compliance Compliance Compliance Compliance Compliance
length=8mm length=8mm length=8mm length=12.5mm length=12.5mm
Forced Forced Forced Forced Forced Forced Forced Forced
Free . Non- . Non- . Non- . Non-
Linear . Linear . Linear . Linear .
linear linear linear linear
Glue, )mm comp 0.056 0.042 0.037 0.035 0.029 0.026 0.016 0.025
Glue, 0.1mm comp 0.059 0.041 0.078 0.050 0.095 0.080 0.075 0.054
Pin, )mm comp 0.023 0.037 0.045 0.034 0.041
Pin, 0.1mm comp 0.040 0.051 0.053 0.045 0.039
3x1 0mm comp 0.009 0.034 0.035 0.066 0.050 0.022 0.026 0.060 0.059
3x1 0.1mm comp 0.061 0.071 0.048 0.047 0.028
5x1 0mm comp 0.015 0.039 0.032 0.033 0.038
5x1 0.1mm comp 0.046 0.032 0.029 0.032 0.046
5x1 0.2mm comp 0.095 0.066 0.067 0.056
E. Parametric Evaluation of Compliance Arms

A parametric evaluation of the effect of compliance arm geometry on device
behavior was performed using the length and the width of the arms as parameters. For
clarity, a naming scheme was selected based on the arm width, with devices named as 3x1
and 5x1 referring to 3mm x 1 mm cross-section and 5 mm x 1 mm cross-section, etc. The
other two device variations were named for their free pinned or completely glued 20 gauge
steel support. For the pinned, glued, 3x1, 5x1 the compliance length was varied between
8 and 12.5 mm. The 3x1 device was also tested in a 3 mm length setup as an additional
run. Each device was frequency swept both forwards and backwards from 0.2 to 0.6 gns

with a frequency range of 10 to 35 Hz.
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F. ANSYS Modal Frequency Simulations

To get a rough estimate of the resonant frequencies for the fabricated devices, an
ANSYS modal analysis was used. ANSYS linearizes all contact and non-linear effects
when estimating a modal frequency or harmonic sweep response. To capture more
accurate, non-linear responses for the devices, a transient analysis would be needed with a
linearly varying frequency acceleration load. If the device exhibits snap-through under the
simulated driving conditions, then the model would require a very small time step
increment to capture this large displacement event. Due to the large computational times
required to perform resonant frequency estimates under such snap-though conditions, these
cases were not considered.

The model consisted of 8 node SHELL281 elements for the center beam and 20
node SOLID95 elements for the PLA brace and proof masses. Two cases were run for
each device in which one had no compression and the other had a total of 0.1 mm of
compression for the pre-stressed state. One item of great interest was the proximity of the
second mode (each torque arm being 180° out of phase) to the first mode in terms of

frequency, as the second mode tends to be detrimental to the power output of the device.

G. Power Generation

Forward and reverse sweeps of all devices were performed while recording V,, and
Vims voltages. Another interesting parameter is the full width at half max (FWHM) value
of the sweep, and is calculated by measuring the width of the peak (in Hz) at half of the
maximum resonant value. This parameter provides an indication of device operating
bandwidth. Data from the sweeps of the 3x1 mm device with the 8 mm compliance arm
length configuration are shown in figure 118 below. It should be noted that the Vi
amplitude increases greatly once snap-through behavior initiates for the buckled cases, and
that the response of the unbuckled devices looks inherently non-linear. Such behavior can
be caused by large out-of-plane displacements or imperfect boundary conditions [136].
Graphs for all of the tested devices can be shown in figure 134 - figure 151 in
(FIGURES AND TABLES) at the back of this dissertation. Also in the appendix is a graph
(figure 142 and figure 151) of the RMS and peak power output of the unbuckled and
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buckled 3x1 device with 12 mm compliance arms taken at two different times to show

repeatability.
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Figure 118. Power results for the 3x1 mm device in the (a) unbuckled forward sweep (b)

buckled forward sweep (c) unbuckled reverse sweep and (d) buckled reverse sweep case.

Compliance arms are 8 mm long.

Power output is one of the critical, useful metrics for evaluating energy harvesting

device performance. The rms power (P.,s) from the PVDF strip voltage is

2

/A
Prms = % Eq 108.

peak resonant frequency, the linear modal frequencies, and P,.,,,s are shown in table 22 and
table 23 below. Bold and superscript (a) elements show the acceleration and sweep cycles

where snap-through behavior was identified.
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Table 22. Forward sweep data for all devices tested.

Compl Fr FEA
V’I\"(l)(tlztl:n iancle’ (;;)SI;:)[: Peak Fn % RMS Power (uW)
Length Avg (Hz), Diff

Forward Sweep --> | (mm) | “ o0 | (mm) | o0 ¢=0 0.2 l 0.3 l 0.4 l 0.5 l 0.6

Glued Pin Device 46 8 0 2858 3129 -870 | 077 115 153 207 257

Glued Pin Device 55 12.5 0 28.08  29.68 540 | 141 220 293 362 426

Glued Pin Device 46 8 0.1 27.62 3117 -114 | 094 144 203 222 266
Glued Pin Device 55 12.5 0.1 23.02 2993 231 | 148 340 505" 592*  6.63°

Pure Pin Device 46 8 0 2376 22.82 410 | 422 561 7.9 631  5.54
Pure Pin Device 55 12.5 0 23.06 2241 290 | 379 500 641 562  6.10
Pure Pin Device 46 8 0.1 18.26 23.41 -22.0 1.25 1.40 1.50 10.40* 11.20°
Pure Pin Device 55 12.5 0.1 1798 2320 225 | 1.09 137 169  946* 10.10°
3x1 mm Device 36 3 0 2470 2543 290 | 587 775 954 1050  12.00
3x1 mm Device 46 8 0 265 2089 2690 | 677 881 1090 11.70  13.30
3x1 mm Device 55 12.5 0 2454 1985 2370 | 669 836 1020 1130 12.80
3x1 mm Device 36 3 0.1 1870 2527 2600 | 0.82 123 12.60° 12.30° 12.00°
3x1 mm Device 46 8 0.1 19.74 2257 -1250 | 095 136 158 239  11.70°

3x1 mm Device 55 12.5 0.1 2046 2180 -6.10 | 097 137 173 202  3.03

5x1 mm Device 46 8 0 2008 2296 2670 | 246 342 416 484  5.69

5x1 mm Device 55 12.5 0 26.88 2320 1590 | 241 375 424 500 @ 5.71

5x1 mm Device 46 8 0.1 23.08 2346 -160 | 047 049 059 082  1.03

5x1 mm Device 55 12.5 0.1 2414  21.07 1460 | 032 027 038 082 093

2 indicates that device exhibited snap-through.
Table 23. Reverse sweep data for all devices tested.
Compl Fr FEA
")l;,(:(tl?:l iancl: C;)SI;:)I;R Peak Fn % RMS Power (nW)
Length Avg (Hz), Diff

Reverse Sweep <--- (mm) (mm) (mm) (Hz) =0 0.2 | 0.3 | 04 | 0.5 0.6
Glued Pin Device 46 8 0 2838 3129 931 | 128 175 202 232 266
Glued Pin Device 55 125 0 27.96  29.68 -5.80 | 223 294 350 393 430
Glued Pin Device 46 8 0.1 2452 3117 2133 | 129 195 242 300  3.54°
Glued Pin Device 55 125 0.1 2330 2993 -22.14 | 328 459 527  591°  6.60°
Pure Pin Device 46 8 0 2122 2282 -7.02 | 206 292 344 384 457
Pure Pin Device 55 12.5 0 2052 2241 843 | 194 256 341 373 464
Pure Pin Device 46 8 0.1 1632 2341 3029 | 1.01 132 136 503  6.16°
Pure Pin Device 55 12.5 0.1 1382 2320 -4043 | 142 244° 356° 4.62° 571°
3x1, mm, Device 36 3 0 21.82 2543 -1420 | 305 397 497 552 634
3x1, mm, Device 46 8 0 2340 2089 1203 | 346 497 574 682 749
3x1, mm, Device 55 125 0 2202 1985 1096 | 321 467 503 606  6.68
3x1, mm, Device 36 3 0.1 17.16 2527 -32.10 | 1.62 170 170 250  9.20°
3x1, mm, Device 46 8 0.1 1524 2257 3248 | 272 450° 673  7.82° 991°
3x1, mm, Device 55 125 0.1 1778 2180 -1843 | 201 200 200 209  9.89
5x1 mm Device 46 8 0 2724 2296 1867 | 153 230 301 289 334
5x1 mm Device 55 12.5 0 2484 2320 7.07 | 146 186 254 295 328
5x1 mm Device 46 8 0.1 1772 2346 2448 | 175 2.69° 322 354 391°
5x1 mm Device 55 12.5 0.1 1640 21.07 -22.16 | 0.85 2.14° 2.84° 373 453

2 indicates that device exhibited snap-through.
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Snap-through action almost always tended to increase P.,,,¢ values for the devices
when compared to their unbuckled states. Improvements as high as 102.2% for the forward
sweeps and 53.5% for the reverse sweeps are obtained using the data in table 22 and table
23 above when compared to the same device in the unbuckled state. With the exception of
the glued pinned device (which buckling always increased power in both sweep directions)
buckling was a detriment until intra-well actuation was achieved. Forward sweep
performance without snap-through was almost always around 80% lower than their
unbuckled counterparts.

There are many different ways to characterize the performance of an energy
harvester [106], some of which are quite complicated due to the many different variables
that can be involved. Ideally, the performance metrics should be dimensionless but that
cannot always be accomplished while maintaining an intuitive meaning. One of the most
common metrics used for linear energy harvesters is the normalized power density (NPD)

which is defined as

max
P rms

2
arms 4

NPD = Eq 109.

where V is the swept volume required to operate the energy harvester and a,,, is the input
acceleration. This does not take into account the bandwidth of the device. Another metric
is called the volume figure of merit (FoMy) [95] and normalizes the output by a proof mass
made of gold that occupies half the same volume as the compared energy harvester. It is
defined as

16

Yopgoldvllﬂw3

FoM, = Eq 110.

where Y is the input amplitude, P, is the density of gold, and w is the peak frequency in

old
rad/s. To account for bandwidth the FoMy is modified by

BW,
FoMpy, = FoM, —2

Eq 111.

m

where BW, 45 is the bandwidth measured -1 dB from the maximum power generated. The
creator of the metric wanted to favor flatter frequency curves, thus measuring down from

the peak power by about ~80%.
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An interesting metric to use for this non-linear device is called the performance

index [106] and is defined for a particular frequency as

] = s rmsf
- 2
MQyms

Eq 112.

where m is a specified mass of the oscillator. The entire mass of the device was used in
evaluation and not just the proof mass due to the rest of the system making up a
considerable amount of the system mass. This would yield a conservative estimate of the
performance index. To get the total performance index, all performance index values are
integrated over a set range as
b
= fa laf Eq 113.
b—a

where a and b are picked by the user. A value of -3dB (~50%) from the peak power

generated was selected for the new bi-stable devices since that is where the FWHM is
usually measured. [,_;, is typically thought of as a mean index value. The standard
deviation for this metric which specifies how it the index varies from the mean is

determined from

b

Two plots showing this power metric under forward and reverse sweeps for each
device are given in figure 119 below. Snap-through behavior in the forward sweep
direction was observed to increase this power metric for the buckled glued device with
long compliance arms and the buckled pinned device, but only at higher input acceleration.
In the reverse direction, only the buckled glued device with long compliance had a metric

consistently higher during snap-through.
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The metric in Eq 114 is very sensitive to the placement of a and b for these devices
and selecting the -3 dB point gives the benefit to very high narrow peaks. Also Eq 112
shows that the incremental metric increases as f increases. The buckled devices are skewed
with the highest content near the upper frequency range. Thus any “added” content due to
HEO operation tends to increase the difference b-a and lower the metric even though there
is more power volume under the graph.

A common observation in HEO operation is that it extends the operating range if it
can be promoted. Actually evaluating this enhancement requires a stitching of the forward
and reverse sweep. Figure 120 below shows what this stitching looks like. It is equivalent
to merging the two sweeps. This shows that HEO operation broadens the devices operating

bandwidth when compared to the non-buckled setup.

Pinned, 8mm, Unbuckled Pinned, 8mm, Unbuckled Pinned, 8mm, Unbuckled
Reverse Forward STICHED
- — —
10 12 14 16 18 20 22 24 26 10 12 14 16 18 20 22 24 26 10
Pinned, 8mm, BUCK Pinned, 8mm, BUCK Pinned, 8mm, BUCK
Reverse Forward STICHED
———
10 12 14 16 18 20 22 24 26 10 12 14 16 18 20 22 24 26

Figure 120. Stitching method for the pinned device with 8mm compliance arms

combining bandwidths.
Evaluating new performance indices for the stitched pinned device with 8mm

compliance arms shows increased performance when HEO is achieved. Once stitched, it

is independent of sweep direction and shows the devices full potential in a HEO state.
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Figure 121 below shows the stitched performance metric for the pinned device with 8mm

compliance arms.

0.0012
OPin, Smm, Unbuckled
0.0010 B Pin, Smm, BUCKLED
0.
g Y& Snap-through
= 0-0008 = Unbuckled
]
° = Buckled
2 0.0006
-
g
o 0.0004
£ w e
&
0.0002 ’_I_‘
00000 l N ™ ml
0.2 0.3 0.4 0.5 0.6
Driving Acceleration (grms)

Figure 121. Performance index from stitching for the pinned device with 8mm

compliance arms.

Nothing really useful is gained from the NPD metric because the operation of the
bi-stable buckled energy harvesters gives broader bandwidths and lowered operating
frequency (higher Puns values were not a generally noticeable trend). The results for
FOM3Bw shows that the metric did increase during HEO when compared to the unbuckled
cases for the same device. Though the overall FOMgw metric is small compared to others,
it does give us a way to compare the devices to each other and see what benefits buckling
and snap-through can have. The FoMpw metrics are shown in figure 122 below for the
forward and reverse cases. Increasing these metrics to a scale comparable with the better
performing devices in literature will require material refinement, optimized geometry, and
extensive testing. Numerical values for the metrics are shown in the Appendix (ENERGY
HARVESTER METRICS) along with geometry and mass values used to calculate them.
Common metric values and power outputs are reported in literature and can be found in
[4], [161], [8], [9], [98]. The mass was essentially the same for all energy harvesters
because changing compliance are geometry did not change induce a significant change in

that parameter and was verified using a scale.
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Figure 122. FoMgw metric for the bi-stable buckled energy harvesters in the forward
(left) and reverse (right) sweep direction.
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H. Promotion into High Energy Orbits

Non-linear buckled devices such as the prototypes evaluated in this article generally
exhibit chaotic behavior in response to an acceleration input. Normal, low energy, snap-
through behavior is governed by strange attractors that demonstrate stochastic voltage
responses and provide little benefit in terms of peak rms power generation. However, if
extra energy is put into the system, the device investigated herein can be pushed into a
more periodic, high energy orbital state that can be maintained. Associated with these high
energy orbitals are very large displacement amplitudes that can greatly increase power
performance for a given input acceleration.

The buckled devices probed in this work were promoted into high energy orbitals
by generating a Gaussian input monopulse three times as high as the driving sinusoidal
audio wave and superimposing it onto this signal in phase. The result created a rapidly
decaying acceleration chirp or impulse that momentarily pushed the device at a higher
acceleration. Based on previous works [44], it was theorized that this impulse would
provide sufficient additional energy into the structure to enter a high energy orbital state
and increase device power production.

Determining what frequency to drive the devices at while imposing a monopulse
was done by using the value found at peak performance in swept forward experiments from
prior prototypes of the same geometry but swept at a faster rate. Data analysis on the power
generation had not been done so it was not known whether the devices would exhibit spring
stiffening or softening. To judge the stability and ease of promotion, experiments were
performed at f, and £ 2 Hz. Acceleration for the experiments ranged from 0.1 to 0.8 gyms.
Chirp tests were not performed on the glued pin version of the device. A plot of the pinned

devices undergoing a chirp excitation is shown in figure 123 below.
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Figure 123. Chirp response of the pinned device in the unbuckled (above), compared to

the maintained high-energy orbital in the buckled configuration (below).

All experiments for the chirp excitation are shown in table 24 below. Values in

bold and blue exhibited high energy orbital (HEO) operation after an in-phase chirp and

either temporarily or constantly maintained that state. During HEO operation the proof

mass displacement amplitude greatly increases as well as the voltage output. Some devices

would exhibit HEO for 1 to 3 seconds until ultimately going back to their normal oscillation

state which could be a non-snap-through or a continuous snap-through state.

Table 24. Chirp results for the 8 mm length compliance arm devices. Bold indicates

devices that can be induced into high energy orbitals.

Base Pinned 3x1 mm 5x1 mm
Accel
(Ems) Fr-2(Hz) | Fr(Hz) | Fr+2(Hz) | Fr2(Hz) | Fr(Ho) | Frt2 (Hz) | Fr2(Hz) | Fr(Hz) | Fre2 (Hz)
0.1 18.5 20.5 225 225 245 26.5 225 245 26.5
0.2 17.0 19.0 21.0 22.0 24.0 26.0 215 235 25.5
0.3 17.5 19.5 215 235 25.5 21.0 23.0 25.0
0.4 21.0 23.0 25.0 20.0 22.0 24.0
20.5 225 245 19.5 215 235
23.0 25.0 18.5 20.5 225
22.0 24.0
215 235 22.0
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High energy orbits may be identified by large displacement/velocity operation
curves plotted against voltage or power. Erturk et al. identified high energy orbits of a bi-
stable energy harvester by using a velocity vs voltage plot and a velocity as a function of
time plot [44] as shown below in figure 124. Data for low-energy versus high-energy states

for the bi-stable buckled device can similarly be deduced from figure 123 above.

(a) (b)

0.6 | High-energy orbit | Piezomagnetoelastic 0.5 Piezomagnetoelastic

(after the - Piezoelastic -~ Piezoelastic

E 0.4 | disturbance) = E
E 02 v E
Z 0} =
O O
O .02 o
O] ]
> 04 | ; >

.0.6 | Low-energy (starting) orbit
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Figure 124. High energy orbit operation of a non-linear VEH [44].

L. Discussion of Compliance Arm Effect and HEO

Power generation for the devices above is not very impressive compared to other
constructed VEHs when considering the size of the prototypes. This is because PVDF in
a single d31 electrode arrangement is not very efficient at generating and collecting enough
charge on a per unit strain bases. These piezoelectric elements were chosen due to their
cost efficiency and design convenience (can cut any PVDF strip you like with scissors).
One way to improve power output is to choose a more efficient medium like PZT or AIN.

Optimum load resistance was quite high for the PVDF strips but that was to be
expected. This is the primary reason the custom data acquisition system was built; so as to
not allow a parasitic load drop through the internals of the DAQ and only through the
chosen load resistors. The selected optimum load resistance of 30 MQ was within 10% of
the maximum power generating performance given a constant input acceleration for all
tested devices in load resistance testing.

Free damping experiments usually led to greatly different damping ratios. This is

due to the sensing mechanism used, which was the PVDF electrode signal that is essentially
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the average strain effect of the sensing area. It is assumed that the structure buckles as if
it were pinned in the middle giving no charge neutralization points over the electrodes but
there still can be out of plane movement due to the geometry of the compliance arms. The
damping linear and non-linear models give interesting results. While it is entirely
appropriate to say the non-linear model does not give an accurate damping ratio, it is
worthwhile to mention that some of the buckled gain plots are not necessarily perfect
representations of a spring stiffening/softening behavior. This can be seen in figure 117 b
above and also deduced from the fact that the non-linear model should almost always give
a lower damping ratio value than the linear model given an ideal gain plot. From the
outcomes, compression almost always increases the damping ratio for these VEH. It would
seem that a value of 3 to 6% is a good estimate for the damping ratio in future FEA analysis
given the data presented here.

It is interesting to note that the uncompressed devices mostly exhibited a stiffening
non-linearity due to their voltage outputs. On the other hand all of the buckled devices had
a softening non-linearity where their response was largest and broadest when swept in a
reverse direction. This of course only applies to the region where snap-through is not
occurring. One reoccurring aspect of snap-through and HEOs is that it seems to extend the
frequency response of the device on the lower end during a reverse sweep as seen in figure
118 d). Snap-through action of the devices almost always improves the maximum B¢
value obtained compared to the unbuckled case and does broaden the higher power FWHM
operating condition. The downside is that these benefits are only obtained at a sufficient
input acceleration to achieve intra-well actuation. After a sufficient amount of time in the
bi-stable regime, devices such as the 3x1 mm and pinned setup tend to kick into HEO’s
quite easily and can be audibly heard and seen. These performance improvements come
from the fact that the device can generate higher voltages (given the same acceleration
input) in HEO actuation then it can in the stochastic snap-through actuation.

The performance index shows that stitching together frequency content in the
forward and reverse sweeps during HEO may only slightly improve the metric, if at all.
Since the performance of the given devices during HEO increase the lower frequency
content, the added benefit is only achieved if the extra content is significantly above the

measured bandwidth region. Using the FoMgw shows that HEO operation does increase
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the metric for all buckled devices when compared to their unbuckled state with the
exception of the buckled 3x1 devices at 0.2 gims. This device had an interestingly large
bandwidth even though HEO was not achieved. In the forward direction, the 3x1 device
with 3mm compliance arms had an 82.1% higher FoMpw metric than any other device. In
the reverse direction, excluding the 3x1 devices at 0.2 gms, all buckled devices tended to
have much higher FoMpw metrics.

Promotion into high energy orbitals is a fascinating aspect of bi-stable devices and
can be induced in these prototypes at driving accelerations as low as 0.3 g.us. As stated
above the frequency regime chosen to do the chirp experiments was done before a full
sweep data analysis so the frequencies of the chirp analysis tended to be slightly higher
than the stability region for HEO. An example of this is that the 5x1 mm device would
only exhibit HEOs momentarily at 18 Hz and 0.6 g.»s which was the lower frequency end
of the experiment but going back and repeating the 0.6 g,.s experiments at 16 Hz resulted
in the device maintaining HEOs. Looking back at the 5x1 mm devices reverse frequency
sweep chart indicated that 18 Hz was just on the cusp of the power drop off point for that

prototype.

J. Torque Arm Effect Conclusion

The effects of compliance arms on bi-stable buckled devices actuated via torque
are quantified. Optimum load resistance for all devices is around 30 MQ. Peak operating
frequencies are between 18 to 30 Hz and snap-through actuation occurring as low as 0.3
gms. Damping ratios are produced for free and driven scenarios with an average damping
ratio of 4.1%. Non-buckled devices generally had lower damping ratios but not by much
if the devices are not overly compressed. The buckled 3x1 mm device with the shortest
compliance arms generated 12.6 uW at 21.1 Hz and was the highest rms power of all
devices tested.

Snap-through behavior increases power output (up to 102.2%) in almost all devices.
Buckled glued devices outperformed all unbuckled glued devices. Devices that are buckled
but do not exhibit snap-through perform significantly worse than their unbuckled
counterparts (except the buckled glued device). Too much compressive stress (applied

beyond the threshold for inducing buckling) increased the snap-through acceleration
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threshold to an unrealistic level. These bi-stable devices can be promoted into HEOs by
applying a perturbing force. HEOS increased power output while being driven by the same
input sine wave before the monopulse was applied.

The glued pinned devices performed poorly in the forward sweep direction but had
comparable power results in the reverse sweep. Pinned devices were the easiest to promote
into HEOs. The 3x1 devices generated the most power than all other devices. 5x1 devices
performed poorly compared to the 3x1 which shows that an optimum width of the PLA
compliance arms exists. Compliance arm length functioned as a snap-through performance
modifier which could increase torsional resistance but prevent out of plane deflection thus
creating a shallower energy well hump. Compliance arm length for the glued devices did
increase power as length increased because the steel rod essentially disallowed out of plane

deflection for the lengths tested.
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CHAPTER X
SUMMARY

A new bi-stable buckled device actuated via torque arms has been fabricated and
tested. Expectations for this new device is that it will operate with a wide bandwidth.
Multiple macro size prototypes that test bi-stability and switching actuation feasibility were
constructed. This gave insight into how the different levels of compressive stress affected
snap-through performance. Prototyping without a piezoelectric material on the MEMS
scale was also done with an ‘S’ shaped center buckled beam. ANSYS models predicting
and the beams out of plane displacement matched up well.

Piezoelectric materials such as PZT and PVDF are investigated as possible
candidates for the energy harvester. Spin on sol-gel PZT required high temperatures to
promote the highly piezoelectric -phase. It also has a high tensile stress which opposes
the desired compressive stress needed in the MEMS device. Processing parameters for a
desired thickness of PZT are derived. Saturated hysteresis loops show that the thin films
are indeed piezoelectric. PVDF films do not require high processing temperatures or result
in highly stressed structural layers. FTIR tests show that -phase is present in almost all
hydrated salt samples but requires vacuum annealing to promote a viable poled sample.
Simple macro film testing using large electrodes was prone to shorting via flaws in the
film. Corona poling did not have this problem.

Modeling the center compressed beam using the finite difference method was done
which showed the deflection, angle, moment, and shear force given geometric, material
properties, and compress inputs. Due to the complexities of the device, a numerical model
is quite difficult knowing the dynamic PDE equations governing the structure. Thus the
FEA package ANSYS was used to determine buckled behavior. Snap through force and

displacement values are estimated and match up well with experimental results. Linear
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pre-stressed modal analyses are accomplished to estimate resonance frequencies on the
micro scale.

After a successful MEMS prototype was accomplished, a new device with active
piezoelectric materials is attempted. Die containing d3; and ds3 electrode configurations
are designed with variable geometry bi-stable buckled beam devices. Also fabricated are
cantilever beam harvesters which allow for PZT film piezoelectric coefficient
measurements. Execution of the fabrication process revealed delamination between the
bottom electrodes and the SiO2 which occurred after the high temperature PZT anneal step.
Some devices survived the high temperature process but a misalignment on the last etching
step meant that only three die remained possibly aligned. Interesting SEM images revealed
that no buckling occurred in the center beams of the surviving devices. Tensile stress from
the PZT and electrode layers combined with stress relaxation during the high temperature
PZT annealing phase were determined to be the cause. Further progress on the MEMS
device will require a redesign with the PZT step done first or selecting a piezoelectric
material that has low processing temperatures and favorably compressive stress.

A macro version of the VEH was constructed with commercial PVDF strips to have
a better understanding of the operation and potential benefits. It consisted of stainless steel
shim stock as the buckled ‘S’ beam and compliance arms. A 3D printed brace made of
PLA constituted the torque arms and used 2-56 nuts as proof masses. The device is buckled
by different amounts to show the effect of a “just bi-stable” device and an overly
compressed device. Quasi-static behavior was estimated using ANSYS and then compared
to experimental data collected via a custom mini MTS machine and 123D catch 3D DIC
software. Higher compression resulted in higher forces and thus larger mass displacements
to cause switch into another state.

Dynamic testing of the macro concept was accomplished on a custom shaker table
using an input impedance of 3.3 MQ and four channels. Two strips are placed on the center
beam while the other two are on the torque arms. Constant acceleration frequency sweeps
in the forward and reverse direction are done on the 0, 0.13, and 0.25 mm compressed
devices. In-between certain compression levels the device operates at a significantly
lowered frequency and wider bandwidth when continuous inter-well operation is achieved.

Too much compression requires much higher acceleration values to exhibit this behavior.
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Voltage responses from the torque arms accounted for about 25% of the total power
generated. Perturbing the system when below the threshold of inter-well actuation can
cause the system to go into high energy orbital operation, thus increasing power output
while maintain the same input driving force. Peak power output was also highest during
high energy orbitals.

Non-linear harmonic sweeps in ANSYS are done using a transient analysis with
sinusoidal input displacements that represent constant accelerations. Damping from
experimental tests are input using Rayleigh coefficients. Emulating linearly increasing
frequency sweeps with constant accelerations via displacements required the use of the
Fresnel function for a closed form solution and was not simple. Actual input displacements
for ANSYS were calculated using Excel and some simplified assumptions which agreed
well with the closed form solutions. Experimental gain sweep data agreed well for the
unbuckled case using a linear harmonic analysis and was best estimated using a
displacement input and a full modal solution method. The buckled case sweep was not
estimated well using a linear harmonic analysis and only slightly improved on matching
amplitude with the non-linear harmonic sweep. Snap-through operation evaluation using
ANSYS will require significant computing power due to the large amount of time steps
needed.

A method of simulating the power generated using ANSYS was devised and
compared with experimental data. Since the PVDF strips were more compliant than the
steel center beam we could assume that the charges generated did not affect the stiffness
of the system by much. Thus a script was written to compute the summation of longitudinal
strain through the center of each PVDF strip. That data was taken to excel and used as a
charge generation source in a RC electrical circuit. Amplitudes for the power estimation
were appreciable to the experimental data, though frequency broadening and shifting could
not be simulated.

Since the MEMS devices require simple planar constructed constraints, the effects
of the compliance arms on the VEH are evaluated. Four cases were evaluated and are the
steel gauge wire that is perfectly pinned, steel gauge wire that is firmly glued, 3x1 mm
PLA rectangular cross section, and 5x1 mm PLA rectangular cross section. Compliance

arm lengths are also evaluated. Optimum driving electrical loads were evaluated for the
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PVDF piezoelectric strips which didn’t seem to change by much given buckled and
unbuckled states. Non-linear damping ratios are evaluated using a modified equation for
the half power bandwidth method. From this a rough estimate of a damping ratio to use in
ANSYS was obtained.

Pims for all setups was evaluated in the forward and reverse sweeps experiments as
well as snap-through and high energy orbital operation identification. Given a set
acceleration value, HEO operation can significantly improve the power output when
compared to the same setup in the unbuckled state. If HEO was not obtained then the
buckled devices always performed lower than their unbuckled counterparts. Peak RMS
power generation was not necessarily higher during HEO when compared to devices in the
unbuckled state but bandwidth and lower frequency power extension did increase the area
under the operational frequency curve.

Comparing the device with normalized metrics proved difficult. Since the VEH in
question is being evaluated for potential performance characteristic increases and not
necessarily being optimized to compete with other VEHs at this time, it did not compare
well with other energy harvesters on a metric scale. It could, however, be compared to the
other torque actuated bi-stable energy harvesters in this research. The performance index
and FoMpw metric was evaluated for all cases in the compliance arm effect cases. HEO
operation of this device increases the bandwidth if said device is induced into HEO.
Performance index metrics evaluated at -3 dB did not show much improvement even when
the bandwidths were stitched to give a true evaluation of the device. This is because the
performance index does not weight the extra lower frequency content when the -3 dB
bandwidth stays the same. The FoMpw metric of HEO operation did show improvements
to the metric when compared to devices that did not or were not buckled except for one
case. That case was the 3x1 devices at the lowest acceleration. It tended to have a low
P:ms but an interestingly broad bandwidth when buckled.

High energy orbital operation could be achieved by adding additional energy into
the buckled system. This had the overall effect of generating higher Pims while keeping the
continuous driving force the same. Not all devices stayed in HEO if outside a given

frequency range and driving acceleration.
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Macro VEH evaluation has shown that a perfectly pinned constraint will not
necessarily give better performance. In fact a rectangular compliance arm could
outperform the perfectly pinned scenario, assuming these results scale well. Another
observation is that compliance arm length should be short and flexible to prevent out-of-

plane movement but allow some torsional flexibility.
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CHAPTER XI
FUTURE WORKS

Advancing this concepts performance will require more understanding of the FEA
model in the buckled state, realizing a working MEMS fabrication routine, and
incorporation of the device into a VEH application. As of now the buckled experimental
data is frequency shifted with the FEA modeling capability. The reason for this needs to
be investigate and ameliorated if any optimization routine is to be accomplished; especially
in the snap-through acceleration range. The MEMS devices fabricated so far have
fractured PZT layers resulting from thermal stress development, thus generating voltage
from them is unlikely. Moving to a lower processing temperature piezoelectric like AIN
should fix this problem. Lastly, fabricating the MEMS or macro device into a useful
package with rectification and storage circuitry would give insight into real world

performance proof of concept data.

A. Design Optimization Feasibility

Eventually, an optimized energy harvesting beam will be created with emphasis
placed on power density. ANSYS has an optimum design routine built into it and
incorporates such things as design, state, and objective variables. Design variables are
parameters that you specify at the beginning of model construction such as geometry, loads,
and material properties. State variables are the specific outcomes of the solution such as
stress, strain, weight, and voltage. Only one objective variable is defined which is the one
that is minimized for the ANSYS analysis. If multiple variables need to be minimized,
then a scheme which incorporates both variables into one quantifying factor should be

used; then that one quantifying factor will be the objective variable.
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Power estimation methods like the one used in this dissertation are very appropriate
for FEA models. Even more so in the case of default ANSYS (14.5) because it does not
have piezoelectric SHELL elements. The RC discrete circuit solutions used in Excel can
be incorporated into an ANSYS APDL post script that would evaluate power after each
iteration is solved. Parameter variables like RMS power, peak power, RMS voltage, peak
voltage, HWFM bandwidth could feasibly be extracted using a sweeping window that is
2 to 3 times the longest period of the input sine wave. Of course the downside of this
method is the length of time per iteration.

Other optimal design paths that would reduce processing time include constructing
an equivalent circuit model. Models like these can be solved via OrCAD or MATLAB
quite easily. Cantilever beam simulation is straightforward because the force transferred
to the piezoelectric material via a tip displacement is linear in the small deflection regime.
This makes the transduction value a constant in the circuit diagram. It is unknown at this
point how the center pre-stressed beam for the concepts will be incorporated into the
lumped parameter optimization model because its function as an oscillator is complex in
nature. Snap-through behavior will not be exhibited until a proper amount of torque is
transferred to the mid-section of the device. If the value of the torque is too small, then

only small vibrational effects will be seen by the center beam.

B. High Energy Orbital Stitched Bandwidth

As stated before, the bandwidth of the devices in the high energy orbital switching
state should be evaluated for all future devices. Perturbance schemes which induce HEO
actuation at different accelerations and frequencies should be incorporated so that
additional benefits can be evaluated. The author suggests finding the peak resonance point
at a given acceleration level, inducing HEO, then moving the frequency forward at a known
rate. Repeat the experiment while moving backwards and stich the two Pmms regimes
together. This can be done for all acceleration levels to give insight into the true frequency

band of operation during HEO.
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C. Potential Additional Advancements

A multiple node type device (multiple constrained buckled beam) is being
fabricated alongside the main devices being researched in this proposal. We would like to
investigate if it can snap-through multiple compressed areas of a beam with a single input.
The hope is that whatever benefits that is realized from the normal bi-stable energy
harvesters may be amplified in this device. If a mathematical model can be derived for the
normal devices then it can be extended to these; hopefully without too much trouble. A

picture of the multi-node device is shown below in figure 125.

Figure 125. Multiple node bi-stable device being fabricated.

Actuating our device is of real interest for future research. Using the proposed
mechanism as a latching actuator allows for things such as low power electrical switches,
memory modules, precision stages, and optical switches. Tough obstacles to overcome are
the percent strain that piezoelectrics can achieve without electrical breakdown. Outcomes
for this part of the project are switching voltages and achievable displacements with voltage
applied.

Semi-crystalline piezoelectrics like PVDF have lower piezo coefficients but are
capable of larger strains. This is also a possible solution to make the device more compliant

by removing material such as polyimide and replacing it with PVDF. Though it would
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replace the polyimide layer it would also require a new set of electrode photomasks. PVDF
can be spun on by using a solvent dissolving method and is reported in multiple literatures.
There is no high temperature firing step required for this fabrication path but a high voltage
poling step must be done. The poling routine exposes the device to a high electric field
with some literature using two copper electrodes sandwiching a um thick film and using
3,000 volts [25].

One of the most interesting things to accomplish with this project is the
implementation of the energy harvester into an actual accumulation circuit. This would
allow for the charging of a capacitor and possibly the activation of a sensor to transmit
data. We would require a rectifier, a DC-DC amplifier, and a control circuit to run the
accumulator circuit. Usually a full bridge rectifier is considered costly in terms of

efficiency because of the voltage drop associated with the diodes.
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APPENDIX A
(SYMBOLS AND ABBREVIATSIONS)

List of Symbols

o Rayleigh Mass Coefficient or Crystalline Phase
B Rayleigh Stiffness Coefficient, Torsional Stiffness, or Crystalline Phase
Cij Elastic Stiffness Constant

Gy Equivalent Capacitance

) Crystalline Phase

dij Piezoelectric Strain Coefficient

D Electric Displacement

[e] ANSYS Piezoelectric Matrix

€ie Piezoelectric Constant

E Electric Field or Youngs Modulus

£ Dielectric Permitivity, Strain, or Crystalline Phase
€0 Permitivity in a Vacuum

Y Crystalline Phase

I Second Moment of Inertia

kij, k Coupling Factor or Spring Stiffness

A Wavelength or Eigen Factor

M Moment

v Poisson’s Ratio

Wy, Angular Frequency of Mode n

P Polarization, Power, or Compression Force
Prims Root Mean Square Power

I1 System Energy

Ropt Optimal Resistance Load

Sij Elastic Compliance Constant

S Strain Tensor

o Stress

T Stress Tensor

T Time Constant

q Charge Generated

Q Charge or Quality Factor

A% Shear

Vo, Vip Peak to Peak Voltage

Vims Root Mean Square Voltage

Wpop Peak to Peak Watts

4 Damping Ratio
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List of Abbreviations

ADC
AMI
ASIC
ATR
BHF
BOE
CCFL
CMOS
CVD
DAQ
DBC
DCB
DIC
DIP
DMA
DMF
DRIE
FEA
FTIR
FWHM
GEMC
HEO
ICP
IEEE
LOC
MEMS
MFC
NMP
PECVD
PID
PLA
PVD
PVDF
PZT
RIE
RMS
SCCM
TA
TB
TBT
VEH
XRD

Analog to Digital Converter

Acetone — Methanol — Isopropyl Cleaning Routine
Application Specific Integrated Circuit
Attenuated Total Reflectance

Buffered Hydrofluoric Acid

Buffered Oxide Etch

Cold-cathode Fluorescent Lamp
Complementary Metal-Oxide Semiconductor
Chemical Vapor Deposition

Data Aqcuisition

Doubly Constrained Beam

Doubly Constrained Beam

Digital Image Correlation

Dual Inline Package

Dimethylacetamide

Dimethylformamide

Deep Reactive Ion Etching

Finite Element Analysis

Fourier Transform Infrared Spectroscopy
Full Width at Half Max

Generalized Electromechanical Coupling Factor
High Energy Orbitals

Inductively Coupled Plasma

Institute of Electrical and Electronics Engineers
Lab on a Chip

Microelectromechanical Systems

Mass Flow Controller
N-Methyl-2-Pyrrolidone

Plasma Enhanced Chemical Vapor Deposition
Proportional-Integral-Derivative (controls)
Polylactic Acid

Physical Vapor Deposition

Polyvinylidene Fluoride

Lead Zirconate Titanate

Reactive-lon Etching

Root Mean Square

Standard Cubic Centimeter per Minute
Torque Arm (device)

Timoshenko Beam

Timoshenko Beam Theory

Vibrational Energy Harvester

X-ray Diffraction
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APPENDIX B
(FIGURES AND TABLES)

Table 25. PZT samples setup and results.

Sample | stkiPA:H20| Substrate M_an”_”nmm_‘ Ih.u_.“_mm_ﬁm Fired Spread | Spread | Spin Spin Hot w_mnm Hot Plate |Hot Plate | Hot Plate| Fire .ﬂm:.u _”““_M Hold Time Gas Flow |Cauchy A | Cauchy B Thickness| Etch Thk |Perovskyte? Notes
Coats (rpm) (rpm)| Time (s) 1(°C) 1(min) | 2(°C) 2(min) (°C) ) (min) (nm) (nm) From XRD
Treatment | Treatments (°C/min)
Misc 1 Si/Sio2 1 1 0 300 15 3000 45 100 5 300 5 N/A N/A N/A N/A 1971 0.0191 114.9 109.8 Heated
Misc2 Si/sio2 1 0 0 300 15 3000 45 N/A N/A N/A N/A N/A N/A N/A N/A 1620 00137 378.0 Unheated
la Si/Sio2 2 0 0 300 15 3000 30 N/A N/A N/A N/A N/A N/A N/A N/A 1.579 0.0193 374.5 Unheated
1b Si/sio2 2 0 0 300 15 3000 30 N/A N/A N/A N/A N/A N/A N/A N/A 1600 00124 3145 Unheated
2a Si/sio2 2 0 0 300 15 3000 30 N/A N/A N/A N/A N/A N/A N/A N/A 1585 00124  312.9 Unheated
2b Si/Sio2 2 0 0 300 15 3000 30 N/A N/A N/A N/A N/A N/A N/A N/A 1.616 0.0132 296.9 Unheated
3a Si/sio2 2 0 0 300 15 3000 30 N/A N/A N/A N/A N/A N/A N/A N/A 1613 00120 2911 Unheated
3b Si/Sio2 2 0 0 300 15 3000 30 N/A N/A N/A N/A N/A N/A N/A N/A 1.607 0.0127 289.4 Unheated
4a Si/sio2 2 0 0 300 15 3000 30 N/A N/A N/A N/A N/A N/A N/A N/A 1617 00119 = 285.3 Unheated
4b Si/sio2 2 0 0 300 15 3000 30 N/A N/A N/A N/A N/A N/A N/A N/A 1609 00125  294.8 Unheated
la Si/Sio2 2 1 0 300 15 3000 30 100 1 300 2 N/A N/A N/A N/A 1.752 0.0197 19.7 Heated
1b Si/si02 2 1 0 300 15 3000 30 100 1 300 2 N/A N/A N/A N/A 1.752 0.0172 172.9 Heated
2a Si/Sio2 2 1 0 300 15 3000 30 100 1 300 2 N/A N/A N/A N/A 1.937 0.0166 180.0 Heated
2b Si/Sio2 2 1 0 300 15 3000 30 100 1 300 2 N/A N/A N/A N/A 1.734 0.0163 180.1 Heated
3a Si/sio2 2 1 0 300 15 3000 30 100 1 300 2 N/A N/A N/A N/A 1.759 0.0141 158.8 Heated
3b Si/Sio2 2 1 0 300 15 3000 30 100 1 300 2 N/A N/A N/A N/A 1.762 0.0154 158.3 Heated
4a Si/sio2 2 1 0 300 15 3000 30 100 1 300 2 N/A N/A N/A N/A 1.736 0.0160 169.8 Heated
4b Si/Si02 2 1 0 300 15 3000 30 100 1 300 2 N/A N/A N/A N/A 1.736 0.0156 173.4 Heated
2a Si/Sio2 2 2 0 300 15 3000 30 100 1 300 2 N/A N/A N/A N/A 1.782 0.0216 391.6 Heated
2b Si/sio2 2 2 0 300 15 3000 30 100 1 300 2 N/A N/A N/A N/A 1.800 0.0175 370.5 Heated
3a Si/Sio2 2 3 0 300 15 3000 30 100 1 300 2 N/A N/A N/A N/A 1.775 0.0222 606.1 Heated
3b Si/Sio2 2 3 0 300 15 3000 30 100 1 300 2 N/A N/A N/A N/A 1.751 0.0207 588.6 Heated
4a Si/sio2 2 4 0 300 15 3000 30 100 1 300 2 N/A N/A N/A N/A 1.809 0.0162 815.9 Heated
4b Si/Sio2 2 4 0 300 15 3000 30 100 1 300 2 N/A N/A N/A N/A 1.785 0.0213 793.7 Heated
la Si/si02 2 1 1 300 15 3000 30 100 1 300 2 550 5 30 None
2a Si/sio2 2 2 1 300 15 3000 30 100 1 300 2 550 5 30 None
3a Si/Sio2 2 3 1 300 15 3000 30 100 1 300 2 550 5 30 None
Si/sio2 2 4 1 300 15 3000 30 100 1 300 2 550 5 30 None
2 1 1 300 15 3000 30 100 1 300 2 450 5 30 None 2.086 0.0429 79.2
2 2 1 300 15 3000 30 100 1 300 2 450 5 30 None 2.092 0.0331 183.9
2 3 1 300 15 3000 30 100 1 300 2 450 5 30 None
2 4 1 300 15 3000 30 100 1 300 2 450 5 30 None
2 1 1 300 15 3000 30 100 1 300 2 550 5 30 None 1.872 0.0067 116.4
2 1 1 300 15 3000 30 100 1 300 2 450 5 30 None 2.094 0.0391 79.5
Si/Sio2 2 2 1 300 15 3000 30 100 1 300 2 550 5 30 None
Si/sio2 2 2 1 300 15 3000 30 100 1 300 2 450 5 30 None 2141 0.0415 145.5
Si/Sio2 2 3 1 300 15 3000 30 100 1 300 2 550 5 30 None
Si/sio2 2 3 1 300 15 3000 30 100 1 300 2 450 5 30 None 2.043 0.0384 233.0
Si/sio2 2 4 1 300 15 3000 30 100 1 300 2 550 5 30 None
Si/Sio2 2 4 1 300 15 3000 30 100 1 300 2 450 5 30 None 2.098 0.0559 293.7
Si02/Ti/Pt 2 1 0 300 15 5000 60 100 1 400 2 N/A N/A N/A N/A 2.149 0.0313 77.2 Heated
Si/Si02/Ti/Pt 2 1 0 300 15 4000 60 100 1 400 2 N/A N/A N/A N/A 2.389 0.0172 86.1 Heated
i/Si02/Ti/Pt 2 1 1 300 15 3000 60 150 5 450 10 650 20 30 02 27 0.03335 59.43 Yes
i/Si02/Ti/Pt 2 2 1 300 15 3000 60 150 5 450 10 650 20 30 02 2.622 0.1645 112.79 Yes
Si/Si02/Ti/Pt 2 1 0 300 15 4000 60 150 5 450 10 650 20 30 02
Si02/Ti/Pt 2 2 0 300 15 4000 60 150 5 450 10 650 20 30 02
Si/Si02/Ti/Pt 2 1 0 300 15 5000 60 150 5 450 10 650 20 30 02
Si02/Ti/Pt 2 2 0 300 15 5000 60 150 5 450 10 650 20 30 02
perovl i/Si02/Ti/Pt 2 2 1 300 15 3000 60 175 5 N/A N/A  |450then 650 20 30then 60 02 2.532 0.04976 165.84 186.5 Yes
perov2 Si/Si02/Ti/Pt 2 2 1 300 15 3000 60 175 5 N/A N/A  |450then 650 20 30then 60 02 2.548 0.031 151.39 Yes
perov3 Si02/Ti/Pt 2 2 1 300 15 3000 60 175 5 N/A N/A  |450then 650 20 30then 60 02 2.57 0.042 149.91 Yes
[_perov4 Si/Si02/Ti/Pt 2 2 1 300 15 3000 60 175 5 N/A N/A _]450then 650 20 30then 60 02 2.53 0.047 153.64 175 Yes
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Figure 126. PZT (1:2:1) on SiO> annealed at 450 C in an ambient atmosphere for
samples a) 1c, b) 2¢, ¢) 3c, and d) 4c.
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Figure 127. PZT (1:2:1) on SiO2 annealed at 550 C in an ambient atmosphere for
samples a) 1d, b) 2d, c¢) 3d, and d) 4d.
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Figure 128. One coat of PZT (1:1:1) on platinum before and after being annealed at 650

C in an O; atmosphere for samples a) le, b) le, ¢) 1f, d) 2f, e) 1g, and f) 1g.
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Figure 129. Two coat of PZT (1:1:1) on platinum before and after being annealed at 650

C in an O; atmosphere for samples a) le, b) le, ¢) 1f, d) 2f, e) 1g, and f) 1g.
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Figure 130. a) 250V DC power supply used for contact poling, b), ¢) prototype corona

poling mechanism.
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Table 26. A few results from the PVDF gel experiments.

Mg(NO3, Soluti S| d Spi Al | Fil Poli Poli
PVDF | PVDF ( ) Acetone| DMF olution | Sprea Spread pin Spin | #of | HotPlate | Anneal _J._..mm 4_ m oling .mv 'ne Poling Poling N
Name wie)| (Mw) 26H20 (vol%) | (vol%) Temp | Speed Time {s) Speed Time (s)|coats © Temp (C) Time [Thicknes |Voltage| Field Time (Hr) | Temp (C) Rating Notes
wi Vi Ve i
(wt%) (© | (rpm) (rpm) (br) | s(um) | (V) |(MV/m)
Annealed on digital hot plate, no vent
blowing. Film looks a little ununiform,
PVDF Film 1 20 |534000 0 50 50 90 300 15 3000 60 1 90 90 5 74 150 |21.12676 1 85 fai
m air can pole at 150V, broke down at 250v, Pt
sub, did not check with FTIR
PVDFFilm2 | 20 |534000 0 50 50 90 300 15 5000 60 1 90 doesn't look to good after spin
sampl | 20 [s34000| o 50 50 25 | 30| 15 |300| 60 | 1 120 135 2 5 vacuum annealed, heated above 170C
then allowed to remelt
vacuum annealed, heated above 170C
Samp2 20 |534000 0 50 50 25 300 15 4000 60 1 120 135 2 43
then allowed to remelt
Samp3 10 | 275000 0 50 50 25 0 0 500 20 2 120 135 4 7 stainless steel substrates
Samp4 10 | 275000 0 50 50 25 0 0 500 20 3 120 135 4 7 stainless steel substrates
Samp5 5 275000 0.2 50 50 25 0 0 500 20 2 120 135 4 2 stainless steel substrates
Samp6 5 |275000 0.2 50 50 25 0 0 500 20 4 120 135 4 3to 10 stainless steel substrates, looks bad
Samp7 10 | 275000 0 50 50 25 0 0 500 20 2 120 135 4 4.8 stainless steel substrate
Samp8 5 |275000 0.2 50 50 25 0 0 500 20 2 120 135 4 1.9 stainless steel
Samp9 10 275000 0 50 50 25 0 0 500 20 1 120 0 0 2.5 stainless steel
Samp10 10 | 275000 0 50 50 90 300 15 1000 30 1 90 0 0 ss sub, barely any Beta phase
samp11 | 20 |s34000[ o 50 s0 | 0 0 o |so0| 20 |1 0 0 0 250 s sub, B0 watt light QE__U AtosSinaway, air
ry.
Samp12 20 |534000 0 50 50 90 0 0 5000 20 1 90 0 0 not much beta si wafer, blower on,
Samp13 20 |534000 0 50 50 0 0 0 5000 20 1 90 0 0 not much beta si wafer, blower on, crappy looking
Sampl4 20 |534000 0 50 50 0 0 0 5000 20 1 90 90 0.5 bad BETA si sub, blower on, USED HEAT GUN to dry
sub, blower on, USED HEAT GUN,
Samp15 20 |534000 0 50 50 0 0 0 2000 20 1 90 0 0 bad BETA DELAMINATED QUICK
Sampl6 20 |534000 0 50 50 0 0 0 2000 20 1 90 0 0 bad BETA ss sub, blowr on, used heat gun,
ss sub, blowr on, used heat gun,
Sampl7 20 |534000 0 50 50 0 0 0 2000 20 1 90 0 0 not so BAD BETA delaminated-UV CURED 5 min
ss sub, blowr on, just hot plate, Aceton, 2-
S 18 20 |534000 0 50 50 0 0 0 3000 20 1 90 0 0 bad BETA
amp i prop-DI cleaned, UV CURED 5 min
Samp19 20 |534000 0 50 50 90 300 15 3000 60 1 90 rm:\w_ﬂ”\wrm: Pt sub, half was Beta, other half was alpha
Samp20 10 534000 0.2 50 50 0 0 0 3000 10 3 120 120 0.5 lots of BETA! si sub, blower on, looks like crap because
Samp21 10 534000 0.2 50 50 0 0 0 3000 10 1 120 120 0.5 lots of BETA! si sub, blower on, looks good, rainbow
Samp22 10 |534000 0.2 50 50 0 0 0 500 20 1 120 120 0.35 bad BETA si sub, blowron
Samp23 10 534000 0.2 50 50 0 0 0 500 20 1 140 140 0.9 bad BETA si sub, blower on
Samp24 10 |534000 0.2 50 50 0 0 0 1000 20 1 140 140 0.2 bad BETA si sub, blower on
si sub, blow on, AIR DRIED, white film that
Samp25 10 |534000 0.2 50 50 0 0 0 1000 20 1 25 90 0.333 bad BETA was too brittle to peel off, had to remelt
to get of substrate
samp26 | 10 |s34000| 0.2 50 50 0 0 o |100]| 20 | 1 140 140 | o2 badgeTA | Subsblow on, took off hot plate as soon
as the film dried, no anneal
samp27 | 10 |[s34000 0.2 50 50 0 0 o [1000]| 20 [ 1 %0 9 | 033 lots of BETAL | *' subr blow on, so in this case dryingata
cool temp works best
Samp28 10 534000 0.2 50 50 0 0 0 1000 20 1 90 90 2 lots of BETA! si sub, blow on,
Samp29 10 534000 0.2 50 50 0 0 0 1000 20 1 90 90 2 lots of BETA! si sub, blow on, vacuum anneal
Samp30 10 |534000 0.2 50 50 0 0 0 1000 20 1 90 0 0 lots of BETA! si sub, blow on, deposited using syringe
Samp31 10 534000 0.2 50 50 0 0 0 500 20 1 90 0 0 lots of BETA! si sub, blow on, holes
s 32 20 |s3a000 0 0 50 0 0 0 4000 20 : 50 50 s Beta (none at si sub, blow on, lots of Beta but non at
amp 1275) 1275
si sub, blow on, no beta at 1275, voltage
Samp33 20 1534000 0 50 50 o ° o 2000 20 1 65 o 0 100 5 20 Beta (none at response is about 20 to 40mV. Broke

1275)

down at 150V. Might need todo a

sinusoidal poling.
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5% PVDF FTIR-ATR, 1000 rpm
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po----- 5% PVDF, no Salt, 1000
rpm, 100 C
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Figure 131. FTIR-ATR results for 5% PVDF with and without hydrated salt. Gel spun
on individual die at 1000 rpm.
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Figure 132. FTIR results for 10% PVDF with and without hydrated salt spun at 3000
rpm.
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Figure 133. FTIR results for 20% PVDF without hydrated salt spun at 5000 rpm.
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Figure 134. RMS power vs frequency for the uncompressed glued pin device.

Acceleration from 0.2 to 0.6 ggms.
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Figure 135. RMS power vs frequency for the compressed glued pin device. Acceleration

from 0.2 to 0.

6 grms.
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Figure 136. RMS power vs frequency for the uncompressed pinned device. Acceleration

from 0.2 t0 0.6 Zms.
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Figure 137. RMS power vs frequency for the compressed pinned device. Acceleration

from 0.2 to 0.6 Zrms.
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Figure 138. RMS power vs frequency for the uncompressed 3x1 device. Acceleration

from 0.2 to 0.6 Zrms.

220




3x1, 0.1mm Compressed

20 uW - - -
(20 uW} 3mm Compliance 8mm Compliance 12mm Compliance
Forward == Forward = Forward =3
[1opw
0 pW . ~ -
10 12 14 16 18 20 22 24 26 28 30 32 34 10 12 14 16 18 20 22 24 26 28 30 32 34 10 12 14 16 18 20 22 24 26 28 30 32 34
[20 uW - - -
3mm Compliance 8mm Compliance 12mm Compliance
Forward <—— Forward <—— Forward <——
| 10 EW
[0pw ~ ~ -
10 12 14 16 18 20 22 24 26 28 30 32 34 10 12 14 16 18 20 22 24 26 28 30 32 34 10 12 14 16 18 20 22 24 26 28 30 32 34

| Frequency (Hz) |

Figure 139. RMS power vs frequency for the compressed 3x1 device. Acceleration from

0.2 t0 0.6 gms.
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Figure 140. RMS power vs frequency for the uncompressed 5x1 device. Acceleration

from 0.2 t0 0.6 Zms.

221



5x1, 0.1m

m Compressed

20 uW

0

8mm Compliance
Forward ==

_ i).Z

10 12 14 16 18 20 22 24 26 28 30 32 34

12mm Compliance
Forward =——p>

0.2

10 12 14 16 18 20 22 24 26 28 30 32 34

8mm Compliance
Forward <

0.2

h

10 12 14 16 18 20 22 24 26 28 30 32 34

12mm Compliance
Forward <=

|

0.2

10 12 14 16 18 20 22 24 26 28 30 32 34

| Frequency (Hz) |

Figure 141. RMS power vs frequency for the compressed 5x1 device. Acceleration from

0.2 t0 0.6 grms.
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Figure 142. Separate RMS power vs frequency runs for the compressed 3x1 device taken
before and after the 5x1 device sweeps to show repeatability. Acceleration from 0.2 to

06 grms.
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Figure 143. Peak power vs frequency for the uncompressed glued pin device.

Acceleration from 0.2 to 0.6 gims.
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Figure 144. Peak power vs frequency for the compressed glued pin device. Acceleration

from 0.2 to 0.6 Zrms.
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Figure 145. Peak power vs frequency for the uncompressed pinned device. Acceleration

from 0.2 to 0.

6 Zrms.
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Figure 146. Peak power vs frequency for the compressed pinned device. Acceleration

from 0.2 t0 0.6 Zms.
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Figure 147. Peak power vs frequency for the uncompressed 3x1 device. Acceleration

from 0.2 to 0.6 Zrms.
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Figure 148. Peak power vs frequency for the compressed 3x1 device. Acceleration from

0.2 t0 0.6 grms.
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Figure 149. Peak power vs frequency for the uncompressed 5x1 device. Acceleration

from 0.2 to 0.

6 grms.
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Figure 150. Peak power vs frequency for the compressed 5x1 device. Acceleration from

0.2 t0 0.6 grms.

226
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Figure 151. Separate peak power vs frequency runs for the compressed 3x1 device taken
before and after the 5x1 device sweeps to show repeatability. Acceleration from 0.2 to

0.6 grms.
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APPENDIX C
(CODE)

Maple 18 code to generate a constant acceleration, linear variable frequency, sine wave
displacement input.

> #To integrate Fresnel function properly, you must remove the dc offset!
> restart,
> with(LinearAlgebra) :
> o n = 188.496

o n:=188.496
> o 0= 62.832

o 0:=62.832
> tn=>5

t n:=>5

> Amp = 8.3253

Amp = 8.3253

on—ol
> alpha := t—>—( 1@ 0)
tn
on—ol
o=t =
tn

> omega = t—alpha(z) *t + @ 0
o=t—o(t)t+w0

> theta := t%(%) -alpha(t)-t2 +m 0t

> accell = t—Amp-sin(theta(z))
accell :=t—Ampsin(0(z))

> accell(t)
8.3253 sin(12.56640000 7 + 62.832¢)

> plot(accell(t),t=4..5)
s fi i il i ! |'|I " |'| |'I 1 A 1 || T |'| 1 "I II |'| |'| |'| I'|

| |

AT |||' |l |I|||||||||||||

||||||||||| ||||||||||||-|.|| ||||||||||
| || Il'”I I I|| ||| | || I || |I|

> vell = t—int(accell(t),t)
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vell = t—>[accell(t) dr

> vell(t)
-2.943434552 FresnelS(2.828430432¢ + 7.071076079)
+ 0.0005405919469 FresnelC(2.828430432¢ 4 7.071076079)

> vell avg = FunctionAverage(vell(t),t=0..5)
vell avg = -1.471454993
> vell wAvg = t—vell(t)-vell avg
vell wAvg :=t—vell(t) — vell avg
> vell wAvg(t)
-2.943434552 FresnelS(2.828430432¢ + 7.071076079)
-+ 0.0005405919469 FresnelC(2.828430432¢ 4 7.071076079) + 1.471454993

> plot(vell wAvg(t),t=0..5, numpoints =1000)

u T
| \H[

A o

i -g ’

> displ = t—int(vell wAvg(t),1)
displ =t— [vel]_wAvg(t) dr

> displ(t)
0.0005405919469 ¢ FresnelC(2.828430432 ¢ + 7.071076079)
— 2.943434552 ¢ FresnelS(2.828430432 ¢ + 7.071076079)
-+ 0.001351479867 FresnelC(2.828430432¢ + 7.071076079)
— 7.358586379 FresnelS(2.828430432¢ + 7.071076079)

—0.3312523818 cos( 1.570796327 (2.828430432 ¢ + 7.071076079)2)

— 0.00006083789763 sin( 1.570796327 (2.828430432¢ + 7.071076079)2)
+ 1.471454993 ¢

> displ_avg = FunctionAverage(disp1(t),t=0..5)
displ _avg = -3.678603868
> displ wAvg = t—displ(t) — displ_avg
displ wAvg :==t—displ(t) — displ_avg

> displ wAvg(t)
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0.0005405919469 ¢ FresnelC (2.828430432 ¢ + 7.071076079)
— 2.943434552 { FresnelS(2.828430432¢ + 7.071076079)
+ 0.001351479867 FresnelC(2.828430432 ¢ + 7.071076079)
— 7.358586379 FresnelS(2.828430432 ¢ 4+ 7.071076079)
— 0.3312523818 cos( 1.570796327 (2.828430432 ¢ 4+ 7.071076079)?)

— 0.00006083789763 sin( 1.570796327 (2.828430432 ¢ 4+ 7.071076079)?)
+ 1471454993 ¢ + 3.678603868

> plot(displ_wAvg(t),t=0..5, numpoints = 1000)

n

i
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ANSYS code to apply a displacement (Commands APDL before solution)

'Applying a harmonic displacement in ANSYS “Harmonic Response” module
cmsel, s,Anchors 'Have to use named selections here
myaccel=4162 10.3grms in mm/s”"2
points=100 ! more points for better accuracy
start_freg=10 !'start frequency in Hz
end_freg=30 'ending frequency in Hz
twopi=2*acos(-1) 'radians
stepsize=(end_freg-start_freq)/ (points-1)
*dim,my_uz, table,points,,, TIME, n !TIME=frequency
*do,ii,1,points
freg=start_freg+stepsize* (ii-1) 'frequency value
my_uz(ii, 0)=freq !'put freqg into array
omegasg= (twopi*freq) **2 lamplitude of load
my_uz(ii,1l)=—myaccel/omegasqg 'put amplitude into array
*enddo
d,all,uz, $my_uz% ! Apply the load and frequency
allsel !'select all nodes

ANSYS code to integrate x-strain over a shell layer area (Command APDL after

solution)

!ONLY NEED TO EXPORT STRAIN*AREA
finish
/postl

!Set shell results to the 2nd (PVDF layer)
!get the results from the middle point-—-——----------""
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LAYER, 2!select PVDF layer
SHELL,MID !select shell middle

'might need to get number instead of SteelPVDF

!find out how many substeps there are-————--—-------"-"-""-"—"—"—"—"—~———————————————
SET, 4 !set load step 4

*GET, my_substepsl, ACTIVE, 0, SOLU, NCMSS !get the number of load steps in LS1
my_TotalSubsteps=my_substepsl

!Create Time and Strain*Area array

i=1

*DIM, my_TimeArray, ARRAY, my_TotalSubsteps
*DIM, my_StrainArrayl, ARRAY, my_TotalSubsteps
*DIM, my_StrainArray2, ARRAY, my_TotalSubsteps

!calculate values throughout the substeps—------------"-"""""--"--————-—————~—————
*DO, i, 1, my_TotalSubsteps, 1

SET, 4, i
I TIME— === === == ——————m—m e
*GET, CurrentTime, ACTIVE, 0, SET, TIME
my_TimeArray (i) = CurrentTime
!BACK
Electrode= ===
cmsel, s, SteelPVDFback I select nodes on face(s)
!Get Strain*Area-—————————————————————————————————
*stat
*get,n_nodesl, node,, count ! how many nodes in component
*dim, node_arnodel, array,n_nodesl ! associated elements surface area
each node
*dim,node_Strain_Areal,array,n_nodesl ! product of strain*area at each
node

node_next=0

*D0O,1ii,1,n_nodesl
node_next=NDNEXT (node_next) !
work through all the nodes
node_arnodel (11)=ARNODE (node_next) !
associated area on element faces
*GET, my_current_strainl, NODE, node_next, EPEL, X
! grab x direction strain
node_Strain_Areal (1i)=ARNODE (node_next) *my_current_strainl !

product

*ENDDO

*vscfun, sum_node_Strain_Areal, SUM, node_Strain_Areal(1l) ! sum of
strain*area products

*vscfun, sum_Areal, SUM, node_arnodel (1) ' sum of
areas

my_sum_node_Strain_Areal = sum_node_Strain_Areal

my_sum_Areal = sum_Areal

my_StrainArrayl(i) = my_sum_node_Strain_Areal

allsel
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!'FRONT

Electrode

cmsel, s, SteelPVDFfront ! select nodes on face(s)

!Get Strain*Area—-————————————————————————————————

*stat

*get,n_nodes2, node,, count ! how many nodes in component

*dim, node_arnode?2, array,n_nodes?2 ! associated elements surface area
each node

*dim, node_Strain_Area2,array,n_nodes2 ! product of strain*area at each
node

node_next=0

*D0O,1i,1,n_nodes2
node_next=NDNEXT (node_next) !
work through all the nodes
node_arnode2 (ii)=ARNODE (node_next) !
associated area on element faces
*GET, my_current_strain2, NODE, node_next, EPEL, X
! grab x direction strain
node_Strain_Area2 (ii)=ARNODE (node_next) *my_current_strain2 !

product

*ENDDO

*vscfun, sum_node_Strain_Area2, SUM, node_Strain_Area2(1l) ' sum of
strain*area products

*vscfun, sum_Area2, SUM, node_arnode2(1l) ! sum of
areas

my_sum_node_Strain_Area2 = sum_node_Strain_Area?2

my_sum_Area2 = sum_Area?2

my_StrainArray2 (i) = my_sum_node_Strain_Area?2
*ENDDO

!write data to file-viic i
*CFOPEN, AllData, txt

*VWRITE,
(' ', 6x, 'BackElectrodeArea', 6x, 'FrontElectrodeArea',K 6x,)

*VWRITE, my_sum_Areal,my_sum_Area2 ! Write array in given format to file
"disp.dat"
(f16.9, 6x, f16.9, 6x, £f16.9, 6x)

*VWRITE,
(" ', 6x, 'Time', 6x, 'StrainArray', 6x,)

*VWRITE, my_TimeArray(l),my_StrainArrayl(l),my_StrainArray2(1l) ! Write array
in given format to file "disp.dat"
(f16.9, 6x, f16.9, 6x, f16.9, 6x, f16.9, 6Xx)

*CFCLOSE

allsel
set, last
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APPENDIX D
(MEMS FABRICATION RECIPES)

1813 PR Spin Profile

¢ Using Microposit 1813 photo-resist

* Use clean drop bottle and cover 2/3 of wafer
— Spread at 500 rpm, 500 rpm/s, 1 sec.
— Spin at 4000 rpm, 1000 rpm/s, 30 sec.

* Pre-bake at 115 C for 1 minute.

* Let sit and air dry for 5 minutes (so it doesn’t stick to mask).

« Align and expose for 14 sec with a 50 um gap, soft
exposure.

— 12 mW/cm”2 on power supply or 4 mW/cmA2 using intensity
meter.

* Develop in fresh MF-319 for about 60 sec while agitating.
* Inspect: if good hard bake for 5 min at 115 C.
¢ Let sit and air dry for 5 minutes.

1813 Liftoff Using LOR-3A

Clean wafer using AMI.
Put on hotplate at 150C for 3 to 5 min to remove moisture.
Apply LOR-3A:
~ Spread, 500 rpm, 100 rpmy/sec, 2 sec
~ Spin, 3000 rpm, 1000 rpm/sec, 10 sec
— Soft bake Smin at 150C, contact (2um undercut)
Let cool for about 1 min
Apply Shipley 1813 (spin profile #2):
~ Spread, 500 rpm, 500 rpmy/sec, 1sec
— Spin 4000 rpm, 1000 rpm/sec, 30 sec
= Soft bake 1min 115C
Let cool for about 1 min
Expose 14 sec (12, 4 mW/cmA2)
— Pattern PR using M
Develop ~1min
Hard bake 3min at 115C
Ready for sputtering.
LOR itself must be removed with NMP or maybe and 02 plasma.

Figure 152. Microposit 1813 photoresist processing parameters for a 1.3 um thickness

(left) and a liftoff recipe using 1813 and LOR-3A (right).

1827 PR (Thin) Spin Profile

* Using Microposit 1827 photo-resist
* Use clean drop bottle and cover 2/3 of wafer
— Spread at 500 rpm, 500 rpm/s, 1 sec.
— Spin at 4000 rpm, 1000 rpm/s, 30 sec.
* Pre-bake at 90-115 C for 1 minute.
* Letsit and air dry for 5 minutes (so it doesn’t stick to mask).
« Align and expose for 24 sec with a 50 um gap, hard exposure.
— 12 mW/cm”2 on power supply or 4 mW/cm”2 using intensity meter.
* Develop in fresh MF-319 for about 75 sec while agitating.
* Inspect: if good hard bake for 5 min at 90-115 C.
¢ Letsit and air dry for 5 minutes.

.

1827 PR (Thick) Spin Profile

Using Microposit 1827 photo-resist

Use clean drop bottle and cover 2/3 of wafer

— Spread at 500 rpm, 1800 rpm/s, 10 sec.

— Spin at 2500 rpm, 1800 rpm/s, 30 sec.

— Edge Bead Removal at 4000 rpm, 1800 rpm/s, 0.1 sec.
Pre-bake at 90-115 C for 1 minute.

Let sit and air dry for 5 minutes (so it doesn’t stick to mask).
Align and expose for 40 sec with a 50 um gap, hard exposure.
— 12 mW/cm”2 on power supply or 4 mW/cmA2 using intensity meter.
Develop in fresh MF-319 for about 75 sec while agitating.
Inspect: if good hard bake for 5 min at 90-115 C.

Let sit and air dry for 5 minutes.

Working March 18t 2014.

Figure 153. Microposit 1827 photoresist processing parameters for a 2.7 um thickness

(left) and for a 3.8 um thickness (right).

P12611 Polymer Spin&Cure

* Put1 or2drops of VM-651 in a 400mL beaker of
DiH20. Ratio should be roughly (1:999).
* Spin profile
— Spread 100rpm, 100rpm/sec, 10sec
— Spin 5,000rpm, 100rpm/sec, 30sec
* Bake at 90C for 2min
* Putin YES oven for 7hrs.
— Use 350C bake
» Should get roughly 3.65um of polyimide.
* October 9t 2012 recipe.

P12611 Polymer Etching

Use chrome mask layer (~200nm)

Spin 1827 PR (~2.7um)

Using MARCH RIE

— 300W, 300mTorr, 50% 02, 85mTorr base

— ~7min etch. MARCH might stop after S5min.

Photoresist should be gone after the 7 min etch.
Strip chrome in CEP200 for about 2 min.
Nov 17th 2012 recipe.

Figure 154. Polyimide application (left) and etching recipes (right).




SPR220 7.0 PR Spin Profile

Using SPR 220 7.0 positive photo-resist

Cover 1/2 of wafer (Use recipe #2)

— Spread at 500 rpm, 500 rpm/s, 1 sec.

— Spin at 4000 rpm, 1000 rpm/s, 30 sec.

Soft-bake at 115 C for 5 minute.

Let sit and air dry for 5-10 minutes (rehydrate).

Align and expose for 50 sec with a 50 um gap, soft
exposure.

— 12 mW/cm”2 on power supply or 4 mW/cmA”2 using intensity
meter.

Develop in MF-319 for about 90 sec while agitating.
Inspect: if good hard bake for 5 min at 115 C.
Let sit and air dry for 5 minutes.

* Using 3” chromium target.

Srpm spin.

— MFC 1 on mode 4.

— PC High Vac Throttle On.
300 Watts

— 16.33 nm/min

— 6min 12sec for 100nm.

500 Watts

— 38.46 nm/min
— 13min for 500nm

KJL PVD Chrome

Power source #3, 5e-5 Torr base, 5SmTorr Ar sputtering pressure,

— Tensile stress of ~400 Mpa (100nm).

— Tensile stress of ~550 Mpa (500nm).

Figure 155. SPR220 7.0 photoresist recipe (left) and deposition rates of chrome in the

physical vapor deposition KJL machine (right).

New DRIE Recipe “Dan2014”

. .

General

I"/arameter switching
Process

Parameter ramping

* Pressure
— Base press = 0.0

) }?}11}11?<lo§\?1 20\ 3 Parameter mTorr
*  (as stabilization 10s R ) .
ime“vary” switching cycle — Pressure trip 94
+  Process time “vary o f o F
y ’ tume/on tune mTorr
*  Pump out tume Os -y . C
o + Etch=> OnTime 13, -
— Switching Over Run 1 — Manual APC v/
PArAiciers * Pass=OnTimeS, | — Pogsition 83%
+  Start -> etch Over Run 1
+  End->passivate — Recipe process * RF
+  Cycles -> Variable mode ->discrete | — 13 56 MHz
— Advanced options « Power == etch 600 W.
pass 600 W

Gases Etch Passivate
Flow Tol % Flow Tol %
(scem) (scem)

CAF8 0 55 85 5
SF6 162 15 0 5
02 16 15 0 5
Ar 0 5 0 5

Etch rate depends on features (might be more

Tolerance 99%
Matching = auto
Matching load 50%
Match tune 50%

— Platen gen

Power == etch 20 W,
pass O W

Tolerance 99%
Matching = auto
Matching load 50%
Match tune 50%

— HBC

HBC Active v/
Pressure 9.8 Torr
Tolerance 25%

Max Flow = 40 scem
Min Flow = 10 scem
He Leak-Up Test

— Perform test v/

— Test time 1 min

— Max leakup rate =10
mTorr/min

than 150 um/ 251 cycles)

Figure 156. DRIE recipe used to etch silicon.
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APPENDIX E
(ENERGY HARVESTER METRICS)

*grey boxes that are bold and underlined indicate snap-through/HEO operation.

Table 27. Performance index evaluation for forward swept experiments.

Forward Sweep ---> | sD
|Forward 0.2 03 04 0.5 0.6 0.2 03

Glue, 8mm, Unbuckled|  0.00020 0.00014 0.00010  0.00009 0.00007  2.86E-05  1.52E-05  1.28E-05
Glue, 12.5mm, Unbuckl|  0.00035 0.00024 0.00019 0.00014 0.00012  4.35E-05 3.96E-05  2.00E-05
Glue, 8mm, BUCK 0.00024 0.00017 0.00012 0.00009 0.00007  2.10E-05  1.29E-05  1.17E-05

Glue, 12.5mm, BUCK 0.00028 0.00028 0.00028  0.00021 0.00015  3.79E-05  6.17E-05  3.45E-05 .
Pin, 8mm, Unbuckled 0.00077 0.00046 0.00033 0.00019 0.00012  1.88E-04 1.01E-04  7.26E-05 4.06E-05 2.34E-05
Pin, 12.5mm, Unbuckl; 0.00066 0.00041 0.00028  0.00016 0.00012  1.61E-04  8.76E-05  6.56E-05 2.41E-05
Pin, 8mm, BUCK 0.00017 0.00010 0.00006  0.00025 0.00019  1.99E-05 4.78E-06  4.69E-06
Pin, 12.5mm, BUCK 0.00016 0.00009 0.00006  0.00023 0.00018  1.31E-05  5.94E-06  2.57E-06
0.00110 0.00066 0.00046  0.00033 0.00026  2.21E-04  1.54E-04  1.02E-04
0.00148 0.00081 0.00058  0.00040 0.00031  3.03E-04  1.95E-04  1.27E-04
0.00121 0.00069 0.00050  0.00036 0.00028  2.75E-04  1.53E-04  1.15E-04
0.00012 0.00007 0.00052  0.00032 0.00025 9.07E-06  2.65E-06  1.45E-04
0.00018 0.00010 0.00007  0.00005 0.00025  1.98E-05 9.91E-06  7.68E-06
0.00019 0.00011 0.00008  0.00006 0.00006  1.52E-05  1.06E-05  7.82E-06
5x1, 8mm, Unbuckled 0.00056 0.00035 0.00024  0.00017 0.00014  1.05E-04  7.72E-05  5.19E-05
5x1, 12.5mm, Unbuckle|  0.00051 0.00035 0.00023 0.00017 0.00014  8.16E-05 6.47E-05  5.30E-05
5x1, 8mm, BUCK 0.00009 0.00004 0.00003 0.00002 0.00002  9.53E-06 2.88E-06  3.42E-06
5x1, 12.5mm, BUCK 0.00005 0.00003 0.00002 0.00003  0.00002  5.87E-06  1.72E-06  1.51E-06

Table 28. Performance index evaluation for the reverse swept experiments.

Reverse Sweep <--- | SD
[Reverse 0.2 0.3 0.4 0.5 0.6 0.2 0.3 0.4 0.5 0.6

Glue, 8mm, Unbuckled|  0.00033 0.00019 0.00013 0.00009 0.00008  3.68E-05  2.75E-05  1.83E-05 1.16E-05 9.54E-06
Glue, 12.5mm, Unbuckl|  0.00051 0.00031 0.00021 0.00015 0.00012  6.65E-05 3.07E-05  3.17E-05 2.10E-05 1.47E-05
Glue, 8mm, BUCK 0.00027 0.00018 0.00013 0.00011 0.00009  5.01E-05  2.95E-05  1.99E-05 1.63E-05 1.30E-05
Glue, 12.5mm, BUCK 0.00063 0.00040 0.00026  0.00018 0.00014  1.33E-04  7.32E-05  3.96E-05

Pin, 8mm, Unbuckled 0.00036 0.00023 0.00015 0.00011 0.00009  2.86E-05 1.63E-05  2.48E-05 1.55E-05
Pin, 12.5mm, Unbuckle{  0.00031 0.00018 0.00014  0.00010 0.00008  4.25-05  3.74E-05  2.34E-05 1.97E-05 1.52E-05
Pin, 8mm, BUCK 0.00016 0.00009 0.00005 0.00009 0.00008 1.07E-05 1.09E-05  7.14E-06 2.07E-05
Pin, 12.5mm, BUCK X X X 0.00003  2.73E-05

5x1, 8mm, Unbuckled

5x1, 12.5mm, Unbuckle
5x1, 8mm, BUCK
5x1, 12.5mm, BUCK
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Table 29. NPD metric for the forward swept experiments.

Forward Sweep ---> NPD NPD Avg
Forward 0.2 0.3 0.4 0.5 0.6

Glue, 8mm, Unbuckled 0.030 0.020 0.015 0.013 0.011 0.018
Glue, 12.5mm, Unbuckled | 0.054 0.038 0.028 0.022 0.018 0.032
Glue, 8mm, BUCK 0.037 0.025 0.020 0.014 0.012 0.022
Glue, 12.5mm, BUCK 0.057 0.058 0.039 0.029 0.023 0.041
Pin, 8mm, Unbuckled 0.095 0.056 0.040 0.023 0.014 0.046
Pin, 12.5mm, Unbuckled 0.084 0.049 0.035 0.020 0.015 0.041
Pin, 8mm, BUCK 0.028 0.014 0.008 0.021 0.016 0.018
Pin, 12.5mm, BUCK 0.024 0.014 0.010 0.019 0.014 0.016
3x1, 3mm, Unbuckled 0.149 0.087 0.061 0.043 0.034 0.075
3x1, 8mm, Unbuckled 0.168 0.097 0.068 0.046 0.037 0.083
3x1, 12.5mm, Unbuckled 0.163 0.091 0.062 0.044 0.035 0.079
3x1, 3mm, BUCK 0.021 0.014 0.049 0.030 0.021 0.027
3x1, 8mm, BUCK 0.024 0.015 0.010 0.010 0.020 0.016
3x1, 12.5mm, BUCK 0.024 0.015 0.011 0.008 0.008 0.013
5x1, 8mm, Unbuckled 0.064 0.040 0.027 0.020 0.017 0.034
5x1, 12.5mm, Unbuckled 0.062 0.043 0.027 0.021 0.016 0.034
5x1, 8mm, BUCK 0.012 0.006 0.004 0.003 0.003 0.006
5x1, 12.5mm, BUCK 0.008 0.003 0.002 0.003 0.003 0.004

Table 30. NPD metric for the reverse swept experiments.

Reverse Sweep <--- NPD NPD Avg
Reverse 0.2 0.3 0.4 0.5 0.6

Glue, 8mm, Unbuckled 0.050 0.031 0.020 0.015 0.012 0.025
Glue, 12.5mm, Unbuckled 0.086 0.050 0.034 0.024 0.018 0.042
Glue, 8mm, BUCK 0.051 0.034 0.024 0.019 0.015 0.029
Glue, 12.5mm, BUCK 0.126 0.078 0.041 0.029 0.023 0.059
Pin, 8mm, Unbuckled 0.046 0.029 0.019 0.014 0.011 0.024
Pin, 12.5mm, Unbuckled 0.043 0.025 0.019 0.013 0.011 0.022
Pin, 8mm, BUCK 0.023 0.013 0.008 0.010 0.009 0.013
Pin, 12.5mm, BUCK 0.032 0.014 0.011 0.009 0.008 0.015
3x1, 3mm, Unbuckled 0.077 0.045 0.032 0.022 0.018 0.039
3x1, 8mm, Unbuckled 0.086 0.055 0.036 0.027 0.021 0.045
3x1, 12.5mm, Unbuckled 0.079 0.051 0.031 0.024 0.018 0.040
3x1, 3mm, BUCK 0.041 0.019 0.011 0.010 0.016 0.019
3x1, 8mm, BUCK 0.068 0.030 0.026 0.019 0.017 0.032
3x1, 12.5mm, BUCK 0.049 0.022 0.012 0.008 0.017 0.022
5x1, 8mm, Unbuckled 0.040 0.027 0.020 0.012 0.010 0.022
5x1, 12.5mm, Unbuckled 0.038 0.021 0.016 0.012 0.009 0.019
5x1, 8mm, BUCK 0.046 0.021 0.014 0.010 0.008 0.020
5x1, 12.5mm, BUCK 0.022 0.016 0.012 0.010 0.009 0.014
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Table 31. FoMpw metric for the forward sweep experiments.

Forward Sweep ---> FoMv FoMv Avg | FoMbw FoMbw Avg
Forward 0.2 0.3 0.4 0.5 0.6 0.2 0.3 0.4 0.5 0.6

Glue, 8mm, Unbuckled 1.296-05 1.29E-05 1.29E-05 1.42E-05 1.47E-05| 1.35E-05 | 6.68E-07 6.76E-07 6.78E-07 7.51E-07 7.78E-07| 7.10E-07
Glue, 12.5mm, Unbuckled | 2.37E-05 2.50E-05 2.44E-05 2.40E-05 2.35E-05| 2.41E-05 | 8.48E-07 8.96E-07 8.73E-07 1.02E-06 9.96E-07| 9.26E-07
Glue, 8mm, BUCK 1.64E-05 1.67E-05 1.78E-05 1.56E-05 1.58E-05| 1.65E-05 | 3.57E-07 3.57E-07 5.16E-07 6.18E-07 9.30E-07| 5.56E-07
Glue, 12.5mm, BUCK 3.24E-05 A4.79E-05 3.82E-05 3.48E-05 3.13E-05| 3.69E-05 | 1.21E-06 2.17E-07 1.49E-06 3.36E-06 3.67E-06| 1.99E-06
Pin, 8mm, Unbuckled 4.24E-05 3.66E-05 3.41E-05 2.36E-05 1.80E-05| 3.09E-05 | 1.66E-06 2.33E-06 3.66E-06 2.78E-06 2.36E-06| 2.56E-06
Pin, 12.5mm, Unbuckled | 3.88E-05 3.28E-05 3.04E-05 2.17E-05 1.95E-05| 2.86E-05 | 1.76E-06 2.15E-06 2.95E-06 2.42E-06 2.34E-06| 2.32E-06
Pin, 8mm, BUCK 1.67E-05 1.28E-05 1.06E-05 2.20E-05 1.94E-05| 1.63E-05 | 9.79E-07 1.23E-06 1.42E-06 3.12E-06 2.89E-06| 1.93E-06
Pin, 12.5mm, BUCK 1.49E-05 1.28E-05 1.25E-05 2.02E-05 1.74E-05| 1.56E-05 | 9.74E-07 1.33E-06 2.24E-06 2.70E-06 2.67E-06| 1.98E-06
3x1, 3mm, Unbuckled 6.73E-05 5.75E-05 5.16E-05 4.47E-05 4.20E-05| 5.26E-05 | 2.01E-06 2.61E-06 3.11E-06 2.65E-06 2.62E-06| 2.60E-06
3x1, 8mm, Unbuckled 6.78E-05 5.84E-05 5.37E-05 4.61E-05 4.35E-05| 5.39E-05 | 2.33E-06 2.43E-06 2.83E-06 2.60E-06 2.77E-06| 2.59E-06
3x1, 12.5mm, Unbuckled | 7.33E-05 5.96E-05 5.28E-05 4.63E-05 4.30E-05| 5.50E-05 | 3.13E-06 3.23E-06 3.63E-06 3.50E-06 3.37E-06| 3.37E-06
3x1, 3mm, BUCK 1.34E-05 1.45E-05 4.14E-05 3.31E-05 2.76E-05| 2.60E-05 | 1.38E-06 1.24E-06 6.67E-06 5.46E-06 5.08E-06| 3.97E-06
3x1, 8mm, BUCK 1.21E-05 1.20E-05 1.09E-05 1.35E-05 2.60E-05| 1.49E-05 | 8.74E-07 1.15E-06 1.33E-06 1.89E-06 5.58E-06| 2.16E-06
3x1, 12.5mm, BUCK 1.13E-05 1.12E-05 1.09E-05 1.04E-05 1.36E-05| 1.15E-05 | 4.10E-07 7.96E-07 1.12E-06 1.20E-06 1.08E-06| 9.21E-07
5x1, 8mm, Unbuckled 2.40E-05 2.21E-05 2.02E-05 1.88E-05 1.83E-05| 2.07E-05 | 3.32E-07 5.32E-07 6.94E-07 6.45E-07 8.16E-07| 6.04E-07
5x1, 12.5mm, Unbuckled | 2.55E-05 2.57E-05 2.17E-05 2.03E-05 1.91E-05| 2.24E-05 | 5.85E-07 1.25E-06 1.04E-06 9.01E-07 9.77E-07 | 9.50E-07
5x1, 8mm, BUCK 5.38E-06 3.87E-06 3.55E-06 4.13E-06 4.53E-06| 4.29E-06 | 1.52E-07 1.95E-07 1.83E-07 2.78E-07 3.83E-07| 2.38E-07
5x1, 12.5mm, BUCK 3.51E-06 2.01E-06 2.13E-06 3.83E-06 3.68E-06| 3.03E-06 | 2.80E-08 2.44E-08 3.49E-08 2.44E-07 2.87E-07| 1.24E-07

Table 32. FoMpw metric for the reverse sweep experiments.

Reverse Sweep <--- FoMv FoMv Avg | FoMbw FoMbw Avg
Reverse 0.2 0.3 0.4 0.5 0.6 0.2 0.3 0.4 0.5 0.6

Glue, 8mm, Unbuckled 2.16E-05 1.98E-05 1.74E-05 1.59E-05 1.52E-05| 1.80E-05 | 6.79E-07 6.25E-07 5.58E-07 5.06E-07 4.84E-07| 5.70E-07
Glue, 12.5mm, Unbuckled | 3.77E-05 3.30E-05 2.93E-05 2.62E-05 2.37E-05| 3.00E-05 | 1.36E-06 1.19E-06 1.05E-06 1.03E-06 1.00E-06| 1.13E-06
Glue, 8mm, BUCK 2.57E-05 2.59E-05 2.37E-05 2.36E-05 2.34E-05| 2.44E-05 |4.23E-07 4.24E-07 9.54E-08 9.54E-07 2.69E-06| 9.17E-07
Glue, 12.5mm, BUCK 6.86E-05 6.16E-05 3.93E-05 3.53E-05 3.19E-05| 4.74E-05 | 3.37E-06 4.25E-06 3.36E-06 2.41E-06 2.65E-06| 3.21E-06
Pin, 8mm, Unbuckled 2.32E-05 2.13E-05 1.86E-05 1.65E-05 1.58E-05| 1.91E-05 | 7.98E-07 1.22E-06 1.32E-06 1.23E-06 8.60E-07| 1.09E-06
Pin, 12.5mm, Unbuckled | 2.24E-05 1.91E-05 1.85E-05 1.60E-05 1.63E-05| 1.85E-05 | 8.10E-07 1.05E-06 1.52E-06 1.22E-06 1.06E-06| 1.13E-06
Pin, 8mm, BUCK 1.38E-05 1.27E-05 9.19E-06 1.41E-05 1.35E-05 1.27E-05 | 9.78E-07 1.92E-06 8.11E-07 1.37E-06 1.65E-06| 1.35E-06
Pin, 12.5mm, BUCK 2.29E-05 1.49E-05 1.43E-05 1.37E-05 1.35E-05| 1.59E-05 | 3.39E-06 2.90E-06 2.35E-06 1.99E-06 1.24E-06| 2.38E-06
3x1, 3mm, Unbuckled 3.50E-05 2.95E-05 2.69E-05 2.35E-05 2.22E-05| 2.74E-05 | 1.19E-06 1.10E-06 1.08E-06 1.11E-06 1.22E-06| 1.14E-06
3x1, 8mm, Unbuckled 3.97E-05 3.72E-05 3.23E-05 3.02E-05 2.74E-05| 3.34E-05 | 1.04E-06 1.75E-06 1.39E-06 1.79E-06 1.72E-06| 1.54E-06
3x1, 12.5mm, Unbuckled | 3.87E-05 3.65E-05 2.95E-05 2.77E-05 2.53E-05| 3.15E-05 | 1.45E-06 2.16E-06 1.61E-06 1.86E-06 1.90E-06| 1.80E-06
3x1, 3mm, BUCK 2.83E-05 1.76E-05 1.23E-05 1.58E-05 2.46E-05| 1.97E-05 |5.88E-06 1.52E-06 1.98E-07 1.38E-06 3.27E-06| 2.45E-06
3x1, 8mm, BUCK 6.05E-05 2.93E-05 2.89E-05 2.59E-05 2.51E-05| 3.39E-05 | 6.67E-06 3.35E-06 2.18E-06 2.98E-06 2.79E-06| 3.59E-06
3x1, 12.5mm, BUCK 3.25E-05 1.91E-05 1.35E-05 1.13E-05 2.60E-05| 2.05E-05 | 5.92E-06 2.45E-06 1.49E-06 1.49E-06 3.80E-06| 3.03E-06
5x1, 8mm, Unbuckled 1.62E-05 1.59E-05 1.55E-05 1.18E-05 1.14E-05| 1.42E-05 | 1.22E-07 2.94E-07 3.98E-07 5.09E-07 4.15E-07| 3.48E-07
5x1, 12.5mm, Unbuckled | 1.66E-05 1.40E-05 1.40E-05 1.30E-05 1.19E-05| 1.39E-05 |4.11E-07 4.56E-07 7.27E-07 6.19E-07 6.53E-07 | 5.73E-07
5x1, 8mm, BUCK 2.996-05 1.71E-05 1.48E-05 1.28F-05 1.14E-05| 1.72E-05 | 1.63E-06 2.17E-06 2.48E-06 1.54E-06 1.10E-06| 1.79E-06
5x1, 12.5mm, BUCK 1.14E-05 1.67E-05 1.56E-05 1.50E-05 1.45E-05| 1.46E-05 | 8.31E-07 4.24E-06 4.14E-06 4.28E-06 4.15E-06| 3.53E-06
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Table 33. Swept volume, input displacement at max, and mass for the forward swept

experiments.

Forward Sweep ---> Vol (mmA3) YO (m) Mass (Kg)
Forward 0.2 0.3 0.4 0.5 0.6 0.2 0.3 0.4 0.5 0.6

Glue, 8mm, Unbuckled 3295 3295 3295 3295 3295 1.67E-04 2.56E-04 3.44E-04 4.39E-04 5.27E-04| 0.0117
Glue, 12.5mm, Unbuckled 3385 3385 3385 3385 3385 1.81E-04 2.71E-04 3.59E-04 4.39E-04 5.27E-04| 0.0117
Glue, 8mm, BUCK 3295 3295 3295 3295 3295 1.85E-04 2.69E-04 3.69E-04 4.58E-04 5.70E-04| 0.0117
Glue, 12.5mm, BUCK 3385 3385 4210 4210 4210 | 3.07E-04 4.32E-04 5.27E-04 6.20E-04 6.91E-04| 0.0117
Pin, 8mm, Unbuckled 5770 5770 5770 5770 5770 | 2.68E-04 3.82E-04 4.80E-04 5.81E-04 7.57E-04| 0.0117
Pin, 12.5mm, Unbuckled 5860 5860 5860 5860 5860 2.90E-04 4.02E-04 5.01E-04 6.47E-04 7.70E-04| 0.0117
Pin, 8mm, BUCK 5770 5770 5770 10170 10170 | 4.81E-04 7.56E-04 1.06E-03 8.45E-04 9.75E-04| 0.0117
Pin, 12.5mm, BUCK 5770 5770 5770 10170 10170 | 4.98E-04 7.84E-04 1.16E-03 8.61E-04 9.66E-04| 0.0117
3x1, 3mm, Unbuckled 5120 5120 5120 5120 5120 | 2.55E-04 3.60E-04 4.54E-04 5.49E-04 6.44E-04| 0.0117
3x1, 8mm, Unbuckled 5220 5220 5220 5220 5220 2.05E-04 3.03E-04 3.97E-04 4.97E-04 5.92E-04| 0.0117
3x1, 12.5mm, Unbuckled 5310 5310 5310 5310 5310 2.57E-04 3.66E-04 4.61E-04 5.58E-04 6.49E-04| 0.0117
3x1, 3mm, BUCK 5120 5120 8420 8420 8420 | 5.16E-04 9.13E-04 6.32E-04 8.28E-04 1.04E-03| 0.0117
3x1, 8mm, BUCK 5220 5220 5220 5220 8520 | 3.28E-04 5.33E-04 7.79E-04 1.02E-03 1.00E-03| 0.0117
3x1, 12.5mm, BUCK 5310 5310 5310 5310 5310 2.90E-04 4.78E-04 6.76E-04 8.88E-04 1.17E-03| 0.0117
5x1, 8mm, Unbuckled 4945 4945 4945 4945 4945 1.68E-04 2.49E-04 3.32E-04 4.15E-04 4.95E-04| 0.0117
5x1, 12.5mm, Unbuckled 5035 5035 5035 5035 5035 2.06E-04 2.94E-04 3.86E-04 4.79E-04 5.62E-04| 0.0117
5x1, 8mm, BUCK 4945 4945 4945 4945 4945 2.30E-04 3.72E-04 5.18E-04 7.07E-04 9.30E-04| 0.0117
5x1, 12.5mm, BUCK 5035 5035 5035 5035 5035 2.25E-04 3.46E-04 4.72E-04 6.36E-04 7.90E-04 | 0.0117

Table 34. Swept volume, input displacement at max, and mass for the reverse swept

experiments.

Reverse Sweep <--- Vol (mmA3) YO (m) Mass (Kg)
Reverse 0.2 0.3 0.4 0.5 0.6 0.2 0.3 0.4 0.5 0.6

Glue, 8mm, Unbuckled 3295 3295 3295 3295 3295 1.71E-04 2.60E-04 3.56E-04 4.39E-04 5.27E-04| 0.0117
Glue, 12.5mm, Unbuckled 3385 3385 3385 3385 3385 1.83E-04 2.73E-04 3.59E-04 4.48E-04 5.27E-04| 0.0117
Glue, 8mm, BUCK 3295 3295 3295 3295 4210 | 2.38E-04 3.54E-04 4.57E-04 5.76E-04 7.08E-04| 0.0117
Glue, 12.5mm, BUCK 3385 3385 4210 4210 4210 2.80E-04 3.92E-04 5.14E-04 6.42E-04 7.26E-04| 0.0117
Pin, 8mm, Unbuckled 5770 5770 5770 5770 5770 3.38E-04 4.78E-04 6.26E-04 7.67E-04 8.64E-04| 0.0117
Pin, 12.5mm, Unbuckled 5860 5860 5860 5860 5860 | 3.74E-04 5.22E-04 6.56E-04 7.97E-04 9.21E-04| 0.0117
Pin, 8mm, BUCK 5770 5770 5770 10170 10170 | 4.92E-04 8.34E-04 9.73E-04 1.48E-03 1.57E-03| 0.0117
Pin, 12.5mm, BUCK 5770 10170 10170 10170 10170 | 6.97E-04 1.51E-03 1.57E-03 1.67E-03 1.83E-03| 0.0117
3x1, 3mm, Unbuckled 5120 5120 5120 5120 5120 2.55E-04 3.60E-04 4.54E-04 5.49E-04 6.44E-04| 0.0117
3x1, 8mm, Unbuckled 5220 5220 5220 5220 5220 | 2.68E-04 3.85E-04 5.18E-04 6.26E-04 7.38E-04| 0.0117
3x1, 12.5mm, Unbuckled 5310 5310 5310 5310 5310 | 3.10E-04 4.40E-04 5.86E-04 7.00E-04 8.26E-04| 0.0117
3x1, 3mm, BUCK 5120 5120 5120 5120 8420 5.93E-04 6.97E-04 8.13E-04 1.20E-03 1.41E-03| 0.0117
3x1, 8mm, BUCK 5220 8520 8520 8520 8520 1.01E-03 1.08E-03 1.11E-03 1.29E-03 1.30E-03 | 0.0117
3x1, 12.5mm, BUCK 5310 5310 5310 5310 8610 | 5.56E-04 6.58E-04 7.79E-04 9.74E-04 1.44E-03| 0.0117
5x1, 8mm, Unbuckled 4945 4945 4945 4945 4945 1.99E-04 2.87E-04 3.77E-04 4.58E-04 5.58E-04| 0.0117
5x1, 12.5mm, Unbuckled 5035 5035 5035 5035 5035 2.40E-04 3.51E-04 4.50E-04 5.58E-04 6.54E-04| 0.0117
5x1, 8mm, BUCK 4945 7420 7420 7420 7420 5.16E-04 7.05E-04 8.78E-04 1.06E-03 1.21E-03| 0.0117
5x1, 12.5mm, BUCK 5035 7510 7510 7510 7510 | 3.31E-04 1.11E-03 1.30E-03 1.36E-03 1.49E-03| 0.0117
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