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Chair: Cill D. Richards

The P3 MEMS heat engine has been developed to convert waste heat into useful
electrical energy. Such energy conversion devices are complex systems. Other micro
engines under development around the world are facing similar challenges, but the P3
micro heat engine has a special advantage, building from the principles which govern the
scale on which it is designed. The engine system has many parameters, including
membrane size, cavity thickness, bubble size and initial deflection, each of which
influences the operation of the system. The free vibration response of the engine has been
studied to characterize each aspect of the system and determine the dominant parameters.
Governing equation analysis details the relationship between the mass, stiffness and
damping of each component of the system.

Two main figures of merit are currently used to study the engine system: resonant
frequency and quality factor (Q). These two parameters have been extensively
characterized for many different engine configurations. Trends of these figures of merit
with the engine parameters have been determined. Experiments and modeling of the
engine show that a higher upper membrane stiffness and lower liquid damping yield
higher resonant frequency and Q.

The model of the engine as a linearly coupled oscillator yielded trends of Q with
upper membrane stiffness, liquid stiffness, and liquid mass. A decrease of several orders
of magnitude of the upper membrane stiffness results in a much greater change in Q than

a similar variation in liquid stiffness. If the generator stiffness is increased by a factor of
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100, resonance is about 4700Hz, with a Q of 70; whereas if the stiffness of the liquid was
increased by a factor of 100, resonance is about 1570Hz with a Q of 23. The model
reflects experimental trends seen with Q and bubble size as well. Varying the bubble size
from 1 to 4mm yields Q values from 22.8 to 6.5, reflecting the trend seen experimentally
of Q decreasing with increasing bubble size. Changing the liquid mass in the model
yielded no significant changes in Q, showing that this parameter has little effect on the
system. These trends along with details discovered through the model lead to the
conclusion that the single most influential engine parameter is the liquid damping. Trends
set the foundation for optimization, where engine performance can meet the resonant
frequency goals while losing the least amount of energy to internal and external forms of
friction and energy loss mechanisms. Experimental data and the linearly coupled

oscillator model combine to facilitate optimization.
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CHAPTER ONE
INTRODUCTION

1.1 MASS-SPRING-DAMPER SYSTEMS

The free vibration behavior of mass-spring-damper systems is well known, and
can be expressed as a differential equation of the form:

mX+bx+kx=0 (1)

where m is the mass of the system, b is the damping coefficient, k is the system stiffness,
and x is the deflection from the equilibrium position. This equation can be used to
analyze any freely vibrating system with these mass, damping, and stiffness components.
The P3 micro heat engine is one system that can be analyzed using this equation.
Throughout this work, the focus will be on the key parameters of effective mass,
damping, and stiffness, and how they contribute to energy loss in the system.
1.2 P3BASICS

The P3 micro heat engine 1s designed to capture waste heat from a variety of
potential sources and convert this heat energy into electrical energy using a stackable,
flexible fuel external combustion engine based on flexing piezoelectric membranes to
produce a usable voltage output. This is accomplished by utilizing a two-phase fluid
encapsulated between the two flexible membranes. When heat is applied to one side of
the engine, onto the bottom membrane, the heat causes the liquid inside the cavity to
evaporate, resulting in a cavity expansion. This expansion causes the upper membrane to
flex; this upper membrane has a piezoelectric material on it which converts the strain into
a charge. The charge can then be harvested for electricity. As the upper membrane cools,

the liquid that had evaporated condenses and the cavity shrinks. The process repeats
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itself, preferably at a frequency around the resonance of the engine as to yield the greatest
output for a given input. A thermal switch was also designed to control heat into and out
of the engine [1].

The three major components of the system are the piezoelectric membrane
generator, the engine and the thermal switch. This work is focused only on the engine
without the other components. Engine fabrication utilizes microfabrication technology
based on semiconductor processing. The membranes are etched from boron-doped silicon
wafers. The generator is made of several different thin film layers, each of which is
necessary for device success. In this work, “the engine” refers to the two membranes
sandwiched together, with or without a generator on top. A bare silicon membrane is used
as the top membrane for ease of experimentation. All of the engines reported on in this
work do not include the membrane generator.

In the engine cavity, the two-phase fluid is achieved by assembling the engine
with the proper liquid/vapor ratio to form a bubble. Heat into the engine evaporates some
of the liquid, which turns into vapor and expands the bubble, causing an impact on the
upper membrane. Proper engine assembly technique can take weeks to learn. The size of
the bubble and the initial deflection can be controlled during assembly to a certain extent.

To simulate external heat input to the engine, and control it exactly, a resistance
heater is fabricated on the bottom membrane. This heater replaces the external heat
source that would be used in application. The heater fabrication process is described in
the fabrication section (Chapter 2). A DC voltage is applied to the heater during tests.
This voltage is controlled by the circuitry explained in the experimentation section

(Chapter 3). The specifics of engine assembly and fabrication very much influence the
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operating parameters and output of the engine, and will impact the performance when the
engine is combined with the two other major components, the generator and the thermal
switch.

1.3 LITERATURE REVIEW

Micro engines exist within a multitude of energy conversion devices. These
engines follow different design approaches and criteria. To evaluate energy conversion
devices, and these micro engines in particular, several figures of merit have been
developed including the quality factor, efficiency and friction losses. The analysis of
these figures of merit will yield better understanding of the devices as well as lead toward
optimization and development of the best possible device configurations.

1.3.1 Micro Engines

The P3 micro heat engine is one of several micro engines using MEMS
technology currently being developed. These micro engines vary widely in their design
and possible applications. The design paradigm used by the P3 group here at WSU is
inherently different than all the rest. The other micro engines currently under
development will be summarized here for comparison.

While possibly in a different class than the other micro engines, several groups
are working on developing small-scale motors using electrostatics. Micromotors differ
from the P3 micro heat engine in the basic operating principles. The P3 engine is
designed to transform waste heat energy into electrical energy, and micromotors
transform electrical energy into a mechanical output. The scaling laws that govern
electromagnetics make it difficult, if not impossible to scale down the typical

electromagnetic motor [2]. Therefore, to use MEMS technology, groups are turning to
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electrostatics, which produce higher forces on small length scales [2]. One micro
electrostatic motor is being developed for application to precision medical instruments.
This micro motor is being developed to provide precision movement in a package smaller
than Imm square for applications in endoscopic surgery [3]. This micromotor produces
about 2.5uNm of torque, which meets the requirements set forth for this medical
application.

Single crystal silicon micromotors are also being developed. These are rotational
motors, with rotors on the scale of 50pum. The micro motor components are fabricated by
using deep boron diffusion and deep reactive ion etching to make high aspect ratio
structures. A stepping motor has successfully been produced, as well as a harmonic motor
and a gyro-type motor. No proposed application or power output was presented in this
paper [4], but micromotors are commonly being developed for different kinds of sensors
and actuators.

Rotating internal combustion engines are also under development on the micro
scale. MIT is developing a micro gas turbine engine with a 4mm diameter rotor [5]. The
fabrication of this micro turbine engine has presented many problems, and deep reactive
ion etching and wafer bonding are used extensively to try to simplify the assembly
process [6]. Their design is basically to scale down a macro-scale gas turbine engine and
take advantage of materials that are better able to be used on the micro-scale, due to the
high cost of manufacturing large components from materials such as SiC for macro-scale
engines. They are also fabricating the components to go with the turbine, like the
compressor and combustor. Simulations suggest an adiabatic efficiency of 70%, an

electrical efficiency of 80% and an electrical power output of 20-40 watts [5], but none of
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these have been validated physically. The idea for this micro engine is similar to the P3,
in that both are producing power from engines with very small volumes. However, the P3
design paradigm is very different; it builds from the micro-scale up instead of scaling
down a macro-scale existing engine design.

A piston-cylinder engine is also under development using combustion as well as
MEMS fabrication [7]. This group confirms that combustion on the micro-scale is
affected by the increased surface to volume ratio of the combustion chamber, causing
increased heat loss through the walls. Combustion on the micro-scale has been studied for
these applications. Combustion of the device and piston displacement was demonstrated,
but engine performance was not. This engine will have to overcome not only heat transfer
losses during operation, but also friction losses like any other combustion engine.

A micro Wankel engine is under development in several groups as well. The
macro Wankel engine operates with one triangular-shaped rotor which rotates on an
eccentric shaft to produce work output. A sliding seal moves the chambers to achieve a
four-stroke cycle [8]. One micro Wankel engine under development operates at high
speeds (17,000 rpm) and produces a significant amount of power (12 W). This micro
engine is 15 x 12 x 3mm in size. To accommodate the high operating temperature, nickel
and an SU-8 epoxy are chosen to fabricate the rotor and engine casing [9].

There are many actuators under development using MEMS technology as well.
The P3 micro heat engine can also be used as an actuator, running at slower speeds. The
cavity assembly design of the P3 for each mode of operation is basically the same, but the
operating conditions are different. Another type of actuator is a comb drive actuator using

electrostatic actuation is under development and has been demonstrated. This actuator
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uses a large number of legs on the comb to increase the surface area and decrease the
amount of applied charge needed to move the actuator. This particular system was
operated at resonance to visually observe viscous damping by observing the deflection of
the comb. A micro engine is theoretically produced by assembling these comb drives
orthogonally with a round gear to transfer linear motion into rotational motion [10].

For a very exhaustive report on micro power generation with a focus on micro
engines, see [11].
1.3.2 Engine Losses

Friction in engines can account for a significant amount of work that is lost during
engine operation. Since the whole aim of engines is to produce useful work, the
understanding of energy losses is essential to an efficient engine design. Work can be
dissipated in many different ways, each of which is important to understand. In the P3
micro heat engine, energy loss comes from three major sources: viscous dissipation,
membrane stretching losses, and heat transfer losses. In a macro-scale combustion
engine, the sources of energy loss are analogous. Major losses are seen from fluid transfer
during expansion/compression of the working fluid in the cylinder, rubbing friction of all
moving parts including the pistons, shafts, bearings, and seals, as well as work transferred
to engine accessories [8]. Mechanical friction in combustion engines can be decomposed
into which component contributes the most to friction, or conversely, which component
converts the most power away from the useful output [8, 12, 13]. In gas turbine engines,
combustion inefficiency also causes energy losses due to incomplete combustion, but

these are not applicable to the P3 micro heat engine [8, 14, 15]. Combustion efficiency is
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typically around 95%, so this does not represent a major difference when comparing
efficiencies of the P3 micro engine and conventional combustion engines [8].

During operation of the P3 micro heat engine, the working fluid expands and
contracts from the addition/expulsion of heat into/out of the cavity. When the fluid
volume is increased, the movement of the fluid results in viscous dissipation, which is
irreversible [16]. This is similar to expansion/compression losses in large-scale engines.
Because fluid is expanded and compressed during the engine cycle, this causes some
dissipation in the fluid. Viscous losses inside the moving fluid again cause a slight
temperature increase and a loss of usable work.

There are no sliding parts in the P3 micro heat engine. Volume change is
accomplished by the stretching of flexible membranes. Therefore, the only rubbing
friction losses are analogous to internal dissipation in the membranes, which is very small

and can be neglected. Internal friction is commonly reported as [17,18]

b
—_— 2
e )

where b, k, and m are defined in Equation (1). Rubbing friction dominates in large,
passenger vehicle engines [8, 12, 13]. The standard measurement of the largest fraction of
motored friction mean effective pressure or friction power is accounted for by the piston
ring friction, piston and connecting rod friction, valve gear power, and crankshaft

friction, all adding up to the “Friction losses” [13]. “An approximate breakdown of
rubbing and accessory friction is: piston assembly 50 percent; valve train 25 percent;
crankshaft bearings 10 percent; accessories 15 percent” [8]. Every surface in a macro-
scale engine that moves is subject to and adds to the friction in the engine because every

surface area with lateral motion relative to another surface will cause friction. There are
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so many sliding surfaces that accounting for all the friction components can make “the
difference between a good engine design and an average engine” [8].

In a large engine, there are several accessories that also need to be driven by the
engine along with the actual drive shaft, including oil/fuel pumps, air conditioner, and
alternator. All of these take power away from the drive shaft, but are necessary for
vehicle operation. So far, the P3 engine does not include any accessories, but eventually
some engine power will need to be used for thermal switch operation, which is outside of
the scope of this work.

The major possible sources of energy loss in the P3 engine are viscous losses and
heat transfer losses. Fluid viscous losses were discussed above. When heat is applied to
the engine, some heat goes into evaporating the liquid in the cavity, which produces the
volume expansion, and some gets conducted into the bulk silicon around the membranes.
Currently these heat transfer losses are being investigated in the P3 group, and
preliminary results show that only about 10% of the heat input to the engine goes into
evaporating the liquid. Therefore, almost all of the energy input as heat is lost through
conduction to the bulk around the membrane and the membrane itself [19]. In a
conventional internal combustion engine, the “heat converted into work (indicated) [is]
15-40 percent” of the total heat input, while the rest is lost to the cooling system, the
exhaust or friction [15].

1.3.3 Efficiency

The current P3 definition of efficiency takes into account all energy loss

mechanisms [11]. Efficiency is defined as the ratio of mechanical (volumetric) work

output to the electrical (heat) energy input. This definition will therefore include viscous
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dissipation, heat transfer losses, and any internal (thermoelastic damping) membrane
losses. When the quality factor is calculated from a ringout, however, only volumetric
losses are taken into account: fluid viscous losses and membrane stretching losses. Q
does not depend on input voltage (heat input), as will be shown later. Therefore,
efficiency shows a more complete picture of all energy losses in the engine.

There are many ways to define the efficiency of an engine. The classical

thermodynamic efficiency, 7, , is [20]

77 _ Wnet,out (3)
th —

Qin
where W, .. is the net work output and Q,, is the heat input. This definition is based on

the heat into a mechanical system and the work delivered. The thermal efficiency is what
has been defined previously by the P3 group [11], describing how well the micro heat
engine converts heat energy into mechanical work.

The mechanical efficiency is commonly reported for internal combustion engines,
and focuses only on the respective power values during engine operation. Mechanical

efficiency is defined as [21-24]

Wbrake Windicated - Wfriction
= 4)

77 m . .
indicated Wmdicated

where the brake power (w,,,, ) 1s “the [shaft] power obtained from an engine” [23], the

indicated power (W ) is the “total horsepower actually developed on the pistons in

indicated

the engine” [23], and the friction power (W ., ) 1s the power used to overcome friction

in the engine [21]. For automotive-type spark ignition engines, the mechanical efficiency

can be 55-90% for various vehicle and engine speeds [21]. The friction power, or power
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lost to friction, increases approximately with the square of the speed of the engine [8,21].
Friction measured as the mean effective pressure (fmep), or work, lost in automotive
engines can range from 50-200kPa, depending on engine speed [8].

The mechanical efficiency of an engine describes how much energy is lost to
irreversibilities during operation. Therefore, mechanical efficiency will be compared with
the percent friction in the P3 engine in section 5.9. Both of these values show losses due
to mechanical effects, as opposed to heat transfer losses.

The friction in an engine depends directly on the engine operating speed, as well
as the source of the friction. Friction increases as the speed increases, and the rate of
increase depends on whether the friction comes from pumping losses, piston sliding
losses, or auxiliaries [8, 23]. However, the P3 engine is designed to operate at a single
speed, the resonant frequency of the system, and mechanical losses are primarily due to
viscous damping and membrane effects.

1.3.4 Friction and Size of Engines

The previously mentioned mechanical efficiency of internal combustion engines
1s 55-90% [21]. As rubbing friction dominates in these engines, the friction will increase
with the size of the engine because the surface area increases. This would lead one to
believe that small engines would have less friction, but this argument does not hold on
the micro scale. When approaching length scales on the order of microns, scaling laws
begin to dominate [2]. The surface to volume ratio increases, and friction has the

potential to dominate in micro engines.
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1.3.5 Quality Factor
The quality factor Q is an important figure of merit for any vibrating structure. Q

can describe how well the resonating structure vibrates at its resonant frequency
specifically, compared to the other frequencies near it, i.e. how wide the bandwidth is. Q
also defines the ratio of how much energy is stored to energy dissipated during each cycle
of vibration. Some devices need a high Q to operate, and some are designed to operate
over a larger bandwidth, yielding a lower Q value. Q can be measured using several
different methods, including a spectrum analysis (forced vibration) and a free-vibration
analysis or “ringout.” From a spectrum analysis, the resonator is forced to vibrate at every
frequency within the defined band, and the amplitude is measured. Q is found by

calculating the full-width half-maximum of the spectral peak, as shown in Figure 1.

A |

Amplitude

S

fr fa
Frequency

Figure 1. Q measurement from spectral analysis: full width half maximum (forced
vibration).

The free-vibration method inputs an impulse to the resonator and measures the decaying

amplitude of the resulting vibration. A ringout analysis uses the logarithmic decrement
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method where the subsequent value of each amplitude peak is used to calculate the

damping ratio  of the system using [25]

S B P
n—1{ x,
(3)

where n is the number of the peaks in the ringout, x; is the amplitude of the first peak of
the ringout, and x,, is the amplitude of the n™ peak of the ringout, as shown in Figure 2.
This method is valid for systems that can be modeled as simple mass-spring-damper

systems which obey the differential equation in Equation (1).

0.04
s X1

0.03 A
0.02 ~

0.01 - X/
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'0.04 T T T T T
0.00 0.01 0.02 0.03 0.04 0.05
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Figure 2. Logarithmic decrement (free vibration).

Q is subsequently calculated using the damping ratio  or the constants of the differential

equation, using
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Q=T=Z (6)
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S dm (7)

The quality factor of a few MEMS systems that are designed to operate at
resonance are found in literature. Q can be affected by numerous parameters of each
device including operating environment (viscosity, temperature, pressure) and device
dimensions, materials, processing and control electronics. The most common MEMS
devices whose Q values are reported in literature are capacitive micromachined ultrasonic
transducers, or cMUTs. These devices are used to transduce electronic signals into
acoustic signals, or vice versa. They tend to be arrays of small membranes fabricated
using silicon technology. Usually the frequency spectra of these devices are reported in
literature and used to estimate the Q of the device, and Q values range from 1-115 [26-
32]. These devices differ from the P3 micro heat engine in their designated application,
and therefore the method of calculating Q can be the same, but the values of Q have very
different consequences for device operation.

Another device that uses Q as a figure of merit is the piezoelectric micromachined
ultrasonic transducer, or pMUT. With these devices, the electronic properties of the
device can be used to approximate Q using an equivalent circuit model. From these
circuits, or directly measured from the device, Q can be found by plotting the impedance
or admittance vs. frequency, with values ranging from 67-1000 [33-37].

Q can also be measured for resonating membranes, diaphragms or cantilevers,
showing the influences of the medium around the membrane, the clamping conditions of
the membrane, the residual stress of the membrane, and thickness of the membrane [38-

46]. Values of Q for these devices range from 60-10,000. Finally, Q has also been
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reported for thickness-shear-mode resonators [47]. This device had a Q of approximately
5800.
1.4 OBJECTIVES

The objectives of this research are to investigate energy losses in the P3 micro
heat engine, focusing specifically on the figure of merit quality factor, Q, which depends
directly on the mass, damping and stiffness of the system. These energy losses illuminate
how the engine is operating, and which parameters influence energy loss during
operation. Engine parameters are studied including cavity thickness, initial deflection,
upper membrane size, bubble size, and heat input. Each of these parameters contributes to
energy losses in the engine during operation. To discover the trends of engine energy
loss, these parameters are varied, and the effect on Q is observed. A parametric study is
undertaken to determine how Q varies with each engine parameter. Energy losses in the
engine are characterized and quantified using Q, but come from many different sources
including friction losses, heat transfer losses, and viscous dissipation. All of these losses
are included in the value of Q. By analyzing the trends of Q with different engine
parameters, and extrapolating with a linearly coupled oscillator model, optimization can

yield the best configuration for a particular application to minimize energy loss.
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CHAPTER TWO
FABRICATION AND ENGINE BASICS

The P3 engine design is based on flexing membranes, as previously mentioned.
The microfabrication process is where the whole engine assembly and testing sequence
begins. Engine basic operating characteristics depend on the accuracy and consistency of
the microfabrication process. See Appendix for complete detailed fabrication steps. After
the microfabrication is detailed, the engine testing and experimental setup, including
resonance and Q testing, can be completed.
2.1 ENGINE FABRICATION

The heater membranes and bare Si membranes are fabricated from 3 inch Silicon
wafers. Silicon is used because the microfabrication processes are well-developed from
the microelectronics industry, and high tolerances can be obtained. All of the processing
for these membranes is done at WSU in the cleanroom. A diagram of the fabrication

process is shown in Figure 3.
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Figure 3. Fabrication process diagrams. (a) Bare Si membranes (b) Heater membranes.

First, the wafer is doped with boron in a furnace to a depth of approximately 2pum.
Then the wafer is oxidized in a low temperature wet oxidation process, so that the

resulting silicon oxide layer is approximately 150nm. Next, the oxide is patterned using
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standard contact photolithography and BOE etching. Once the oxide is patterned, the
membranes are formed using a silicon etch, either EDP or KOH. Etching removes all of
the silicon from the back side of the wafer up to the boron etch stop, leaving a 2um thick
membrane. This completes the bare Si membranes.

To make a heater wafer, the bare Si membrane is sputtered with a Snm TiW
adhesion layer and then 300nm of Au. The Au is then patterned into a resistance heater
pattern using the same photolithography processing as the oxide patterning and a gold
etchant. The adhesion layer is also removed, and the wafer is finally cleaned. After dicing
the wafer into dies, the heaters are ready to use. A typical resistance value of a heater is
around 70-300€2, depending on the pattern. Figure 4 shows example mask patterns used

to make bare Si membranes and heaters, and Figure 5 shows an actual heater die.
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Figure 4. Example mask patterns for (a) 10mm bare Si membranes and (b) 4, 5, and 6mm
heater membranes.
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Figure 5. Typical heater die, 6mm membrane. Electrical resistance ~ 200L2.

2.2 ENGINE BASICS
The micro heat engine consists of two flexible membranes separated by a cavity

defined by semiconductor tape. The experimental configuration uses a bare silicon
membrane as the top membrane and a lower silicon membrane with patterned gold for
use as a resistance heater. A bare naked silicon membrane is used to allow the
experimenter to view the bubble inside the engine, as the membrane is transparent.

An engine is defined by the parameters of upper/lower membrane size, cavity
thickness, bubble size and initial deflection. If the same membranes are used in several
different engine assemblies, the engines may not have the same characteristics. Each
assembly is defined as a new engine because the amount of fluid in the engine is not
known exactly. The bubble is formed by allowing some of the liquid to evaporate and
become vapor prior to sealing. The liquid used in the engine cavity, PF-5060 by 3M, has
a very low boiling temperature (56°C) and readily evaporates at room temperature and
pressure. We use this to our advantage to make optimal size bubbles inside the engine.
The working principle behind the engine is that when heat is input, the heat goes into
evaporating the liquid and changes it into a vapor. This phase change makes the upper
membrane expand. The size of the bubble therefore affects where the heat should be
input to get the maximum amount of phase change, because this phase change produces

the greatest amount of expansion.
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Typically, engine membranes are different sizes. The upper membrane is larger,
and therefore more compliant [48], so that most of the useful work done during operation
is achieved by the upper membrane. The lower membrane size is chosen so that the
stiffness is a sufficient amount greater than the upper membrane to make this assumption
valid. In the experiments reported here, 10mm upper and 6mm lower membranes were

used. Figure 6 shows a diagram of engine components.

Upper membrane—bare Si

< > Semiconductor
tape cavity

Gold heater Vapor bubble

Figure 6. Engine component diagram.

The testing parameters that are defined during a set of engine tests include the
applied voltage, duty cycle, frequency, physical engine parameters described above, and
the settings on the laser vibrometer which determine the scaling of the output voltage. All
of these are defined by the experimenter. The output of the experiment is a voltage-time
signal of the deflection, velocity and input of the engine. These are captured with the
oscilloscope and transferred into CSV files. The laser vibrometer has a resolution on the
scale of picometers, and the oscilloscope outputs 2500 data points for each screen
capture.

The laser vibrometer measures the deflection and velocity of the upper membrane
during an engine test. It is assumed that the lower, smaller membrane deflects slightly

less during the test, and is neglected. The lower membrane is free to deflect, however.
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For a given pressure in the engine, the lower membrane will deflect less than the upper
membrane, based on their stiffnesses. The engine parameters like initial deflection and
volume of the cavity are also assumed to not change during testing. Complete
experimental details are discussed in Chapter 3.
2.2.1 Assembly

An engine consists of four major parts: membranes, cavity, fluid, and assembly
jig. Figure 6 shows a schematic of the engine components. The upper and lower
membranes are made by the process detailed in the section 2.1. The cavity of an engine is
cut out of semiconductor tape, and centered around and secured to the bottom membrane.
The width of the cavity tape should be 2-3mm. If more than one layer is required, a
second cavity is cut and placed on top of the other one. For engine assembly, the heater is
taped to the bottom half of an acrylic engine carrier. This carrier, shown in Figure 7,
allows the experimenter to handle the engines during testing, functions as a place to
attach engine probes to apply voltage to the heater, and clamps the membranes together

to seal in the liquid.

Figure 7. Engine carrier with heater.
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After the heater is taped onto the bottom carrier, PF-5060 is squirted into the engine
cavity and the upper membrane is quickly slid into place, pit side up. The membrane is
situated in this way so that the flat side of the die can seal well with the cavity. To
complete assembly, an o-ring is placed around the pit of the upper membrane and then
the upper carrier is then screwed carefully together with the lower carrier.

The o-ring used in engine testing should be slightly smaller in diameter than the
diagonal length of the upper membrane. This way the o-ring sits directly above the
semiconductor tape of the cavity. This has been found to provide the best seal. If this
does not seal the engine well enough, a slightly larger o-ring can be used.

The engine carrier should be tightened just enough to provide a good seal for the
engine. Tightening the carrier too much can crack the engine membranes. Tightening too
little can cause the engine to leak. A proper tightness is obtained when the experimenter
can see uniform contact between the o-ring and upper carrier.

Different techniques exist for obtaining the proper size bubble inside the engine
during assembly. The key step is the exact timing of when the upper membrane is placed
over the cavity. If the liquid in the engine is allowed to evaporate for a few seconds
before the upper membrane is place on, this usually yields larger bubbles. The time at
which the upper membrane is placed on the cavity and the geometry when the membrane
is placed there are the key factors in determining the bubble size.

The initial deflection can also be adjusted by the assembly technique. The initial
deflection of the engine is determined by the volume of fluid in the engine and the

pressure at which the two engine carriers are screwed together. It can be manipulated by
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changing the time at which the two membranes are brought together, and the time when
the top carrier is screwed down completely.
2.2.2 Sealing

Absolutely necessary for successful testing is getting the engines to seal well.
Sealing has been a major problem with larger engine sizes. To overcome this, a tacky
substance (silicone-based heat sink compound) was regularly applied to the
semiconductor cavity to get better contact between it and the upper membrane die. This
was found to not affect the outcome of the experiments, while yielding a very good
engine seal. This method was frequently used as needed for the data reported here. If the
engine does not seal well during testing, the ringout results can change over the course of

a few minutes, causing inconsistent and unusable data.

Heat Sink

Compound i ﬁ

Figure 8. Location of heat sink compound for sealing.
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CHAPTER THREE
EXPERIMENTAL TESTING

Once microfabrication has produced viable membranes and heaters, engine testing
can be undertaken. Experimental testing serves several different purposes: measuring the
resonant frequency of the engine, calculating Q of the engine, and/or running the engine
at a specified frequency to measure its dynamic characteristics. This work focuses on the
energy losses during one ringout, quantified by the Q and percent friction of the engine.
Some analysis of the data after experimentation is required to produce these quantities.
3.1 ENGINE TESTING

Engine testing begins after a good engine is assembled and sealing well. The
heater die is designed so that the contact pads on either side are unobstructed when the
upper membrane is sealed to the cavity. To begin testing, the engine probes are brought
into contact with the contact pads on the heater, attached to the engine carrier via
magnets, and the assembly is hooked up to the equipment. Figure 9 shows the engine
assembled and in the engine carrier, ready for testing. Care should be taken when
bringing the probes into contact with the heater pads, as sometimes the gold can be
scratched easily, which can ruin the heater by creating a break between the pad and the

heater lines.
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Figure 9. Engine assembled in carrier ready for testing.

The equipment, shown in Figure 10, should be tested prior to attaching the probes
to make sure voltage will not flow uninhibited into the heater. Because of the setup
between the TTL circuit and the AFG (arbitrary function generator), 9V can flow from
the TTL circuit plug straight into the heater if the equipment is not set up correctly,
destroying the engine within seconds. This can be checked by applying ~5V from the
power supply and touching the two probes that will go to the heater together while
watching the current on the power supply. The current should be zero if the circuitry is
hooked up correctly. The correct wiring is shown in Figure 10. It is the initial setting on
the AFG output that will make the engine overheat. The output must be turned on in

order to keep the 9V from flowing into the engine uninhibited.

32



Laser
Vibrometer
Head

Power supply

+ -
O _O7

Probes

Function
generator

Figure 10. Engine testing equipment setup.

The TTL circuit [49] in the engine test setup is designed for ease of single shot
testing. The TTL circuit is placed between the power supply and the engine, so that the
voltage going to the engine can be precisely controlled by the AFG trigger. This way the
power supply can be set to 30V, but the engine only sees that voltage when the TTL
circuit is tripped by the experimenter, using the AFG trigger. Example experimental

equipment settings are summarized in Table 1.

Table 1. Experimental equipment settings.

Equipment Example Settings
Power Supply 30V
Function Generator 100Hz, 2%, 4.5V, TRIG OFF
Laser Vibrometer 16um/V, 50mm/s/V, fast tracking filter

These settings are chosen through experimental optimization and equipment and
material limitations. The voltage applied to the heater is limited by both equipment and
material properties. The power supply used in experiments could only apply up to 35V,

and any voltage higher than this was found to often cause the heater to short and fail. The
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pulse characteristics of the voltage into the heater were designed to apply a 200usec pulse
at an amplitude of 4.5V, the voltage required to trip the TTL circuit. This duration of
pulse was chosen to sufficiently approximate an impact on the upper membrane. The
laser vibrometer settings for velocity and deflection measurement are chosen to provide
appropriate sensitivity to yield accurate results.
3.1.1 Initial deflection measurement technique

The initial deflection of the engine is measured by moving the laser spot from the
edge of the membrane to the center, and measuring the change in deflection voltage real-
time on the oscilloscope. This method yielded fairly consistent results. A new, more
precise method was developed which greatly improved the repeatability of this
measurement. As shown in Figure 11, the new method moves the laser spot from the
center of the membrane exactly 4mm towards the edge, so it doesn’t measure the absolute
initial deflection, but within the uncertainty of = 3um. The tracking filter on the laser
vibrometer must be set to “fast” for this measurement to yield consistent results. This
tracking filter reduces brief dropouts and noise in the real-time signal during initial

deflection measurement [50].

1
laser spot

Figure 11. Initial deflection measurement technique diagram for 10mm upper membrane
using laser vibrometer.
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3.1.2 Bubble size measurement technique
The size of the bubble in the engine is measured by visual inspection. Gold lines

patterned for the heater membrane serve as a good reference when judging the size of the
bubble. Most heater lines form a shape smaller than the total size of the heater membrane,
yielding a good reference as well. Figure 12 is a picture of a bubble inside an engine.
Bubble sizes were measured using a ruler and referencing the gold lines on the heater
membrane, yielding an uncertainty of + 300um, as measured in this work. A more precise

measurement could be achieved by using imaging software.

Figure 12. Bubble inside engine (3mm bubble).

3.2 LASER VIBROMETER
The laser vibrometer used in these experiments operates on the principle of

Doppler shift of the laser light being reflected off of the sample. In this case, the sample
is the upper membrane of the engine. Internally, the generated helium-neon laser beam is
split into a reference beam and an experimental beam. A diagram is shown in Figure 13.
The experimental beam is the laser light that is reflected off of the sample, which is

detected in the sensor head, and then the two beams are compared. Two beams of
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coherent light combining will cause interference of a specified frequency. When the two
beams combine, an interference pattern is measured. This interference pattern is
transduced into an electrical signal through a photo detector. The vibrometer computer
then uses this interference frequency to calculate the deflection and velocity of the phase
change in the experimental beam, which are displayed for the experimenter. For some
tests, an electronic filter was used to remove 60Hz and high frequency noise in the

displacement signal.

Reference Beam

A 4

Experimental
Beam

[ ]

Sample (Engine)

Figure 13. Operating principle of laser vibrometer for velocity measurement.

3.3 RINGOUT TESTING
To measure an engine’s resonant frequency, a ringout is performed. This free

vibration response of the engine will yield the resonant frequency as well as Q and %
friction of the specific engine assembled. A ringout imposes an impact on the upper
membrane by evaporating liquid and causing the engine cavity to expand very quickly.
This expansion is followed by rapid contraction, and the upper membrane consequently
vibrates at its natural frequency. The testing equipment should therefore be set to input a

very short heat pulse to the resistance heater (200usec), at the tester’s will. A forced
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trigger setting on the AFG will make this possible. The heat pulse duration and amplitude
are defined by the settings on the AFG and power supply. For example, to send a 30V
200usec heat pulse into the engine, the AFG should be set to 100Hz and 2% duty cycle,
as detailed in Table 1. The power supply controls the amplitude, so this should be set to
30V in this case. See Figure 14 for an example heat pulse. The deflection and velocity of
the resulting ringout are of interest, so both should be measured from the vibrometer.

Often the velocity would yield better ringout results because it is centered about zero.

=) 20
Input Voltage
4 - Velocity
- 10
3 .
= 0
S—
S 2 N -0 £
& E
° =
o 11 8
g_ F-10 o
= =
0 .
| - -20
_‘1 .
'2 T T T T T T '30

-0.005 0.000 0.00& 0.010 0.015 0.020 0.025 0.030

Time (sec)
Figure 14. Example ringout data. 10mm engine, 37V input.

Internal vibrometer settings were chosen to ensure sufficient accuracy of
experimental data. The deflection was set to a resolution of 16um/V and the velocity was
set to 5S0mm/s/V and the voltage output of the vibrometer was multiplied by these
conversions to get deflection and velocity. Typical deflections and velocities measured
during ringout testing were 1um and 25mm/s, so these settings allowed for sufficient

accuracy in the measurement, without too great of a resolution.



The key to engine testing is consistent assembly. Usually a set of data was desired
that held all but one engine parameter constant. For example, if a data set was needed that
examined the effect of bubble size on resonant frequency or Q, only engines with all
other parameters held constant would be tested. It is a trial-and-error method used to
assemble engines with a specific bubble size or initial deflection. These parameters can
be controlled with patience and practice, again in a trial-and-error fashion. Once an
engine is assembled, the probes are attached and the laser is centered on the upper
membrane. If the initial deflection is to be measured, it is done so before the heat is
pulsed into the engine.

3.3.1 Ringout measurement technique

A heat pulse is designed as previously described, and the oscilloscope trigger is
set to measure this pulse and trigger when it is applied by the tester. The oscilloscope
settings can scale the velocity and deflection output from the laser vibrometer, so care
must be taken. The program WaveStar for Oscilloscopes (Tektronix) was used to capture
data from the oscilloscope to the computer through a GPIB-USB port, and exported as a
CSYV file. This method gives 2500 data points for the YT (y-amplitude, time) plot, which
usually spans about 0.02sec.

3.4 ENGINE RUNNING

For dynamic engine operation, different experimental settings need to be used. In
this situation, the engine receives a constant input of short heat pulses, with a duty cycle
and frequency set to any value of interest, and the dynamic deflection and velocity
signals can be measured. An example set of data is shown in Figure 15 for comparison to

ringout data.
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Figure 15. 10mm engine running, 100Hz, 16V input.
(velocity: 50mm/s/V, deflection: 16um/V)

Figure 15 shows that engine running is very different than ringout testing. The
velocity shows a clear vibration signal, with some noise in the data, but the deflection
signal shows an overall shape as well as the natural frequency vibrations. During running,
the constant input of heat pulses does not give the engine the same amount of time for the
vibrations to damp out like during ringout testing. This effect increases in magnitude as
the running frequency is increased. Ringout and Q testing is designed to describe what
will happen between the heat pulses during engine running, which is how the engine will
operate in application.

3.5 DATA PROCESSING

After the YT data is exported to the computer, data analysis must be performed to

determine the final results of the testing. The laser vibrometer has a scale setting which

converts its voltage output to absolute pm for deflection and mm/s for velocity. These
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values must be recorded from the vibrometer, as they are not output with the data.
Scaling the vibrometer voltage output and plotting yields results similar to those seen in
the example ringout in Figure 14. Curve fitting the ringout data with a damped sine wave

in SigmaPlot is used to calculate Q. The damped sine wave has the form

y= ae[_jx] sin(zb—m +c) (8)

where a, b, ¢, and d are constants calculated in the curve fit, and this b, should not be

confused with the damping parameter b. Resonance can be calculated from the damped

sine wave curve fit parameters using

1
- 9
I/ b )
which is equal to
1 |k
=524 (10)
2r \'m

and Q is calculated using the constants b, and d in the relation

g="=""—. (11)

ﬂ Vkm
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The curve fit parameters correspond to the differential equation parameters as detailed in

Table 2.

Table 2. Correlation between differential equation and curve fit parameters.

Curve Fit Parameter Differential Equation Parameter
1
b, —= 27r\/E
f k
1 2m
d —Q=—
24 b
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SigmaPlot uses an iterative Marquardt-Levenberg algorithm (least-squares method),
beginning from a guessed value, to find the best fit between the equation and the data.
Once convergence is achieved, the curve fit parameters are defined [51]. Quality of fit
can be estimated by the R squared value reported when the curve is fit to the data.
Common R squared values of curve fits reported here range from 0.4-0.7, indicating a
fairly poor fit, but as can be seen in Figure 16, the curve fit follows the important
experimental data parameters closely, amplitude and frequency. The most important
parameters of the curve to fit are the amplitude and the frequency. As long as these

values match fairly well, good curve fit results can be obtained.
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Figure 16. Example curve fit of ringout data.
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CHAPTER FOUR
CALCULATIONAL METHODS

Experimental data are analyzed to complete the description of how the engine is
operating during testing. Data from one ringout can be analyzed in several different ways
to reach different goals. For example, one ringout can be used to calculate resonance, Q,
percent friction and several other parameters of interest during engine operation. After
the data have been analyzed, statistical methods are used to develop trends in the data and

compare different engine configurations.

4.1 DATA ANALYSIS

4.1.1 Resonance and Q calculations
The resonant frequency of an engine is the first mode of vibration, the frequency

at which the most output (deflection in this case) is seen for a given input (voltage into
heater). When a heat pulse is applied to the heater in the engine, the resulting impact on
the upper membrane causes it to vibrate at its resonant frequency. Because the pulse is
very short, and does not continue to force the system, the vibration damps out over time.

The resonant frequency can be measured from this ringout, using f= 1/At.
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Figure 17. Sample ringout and curve fit in SigmaPlot.

The above figure shows a sample ringout and damped sine curve fit in SigmaPlot. The
curve fit yields parameters, see section 3.5, which can be used to calculate the
characteristics of the ringout including resonant frequency, effective mass, damping
coefficient, Q and % friction.

For example, a typical ringout curve fit is given by

—-X

) 27
(11585 —8)el0108) g 27 o 1340] 12
y=(1.1585¢ ~8)e {0.002736 } (12)

Comparing this with Equation (8) shows that the constants b, and d are 0.002736 and
0.011083 respectively. These curve fit values yield a resonant frequency of 365Hz and Q
of 12.7, using the equations in section 3.5.
4.2 COMPARISON OF Q CALCULATION METHODS

The quality factor of a resonating device can be physically measured using several

different methods. A piezoelectric cantilever, shown in Figure 18, with dimensions 50mm
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X 25mm x Imm, was used to compare these measurement techniques to determine their
consistency and accuracy. Not all of these methods are available to measure the Q of the

P3 engine, however.

Figure 18. Piezoelectric cantilever used in Q calculation comparison.

Five techniques were used to measure the Q of the cantilever/bender: mechanical
impulse, electrical impulse, manual frequency sweep, sine signal sweep/chirp, and using
the electrical characteristic parameters. The first two methods apply an impulse to the
bender, either mechanically or electrically. The resulting deflection ringout is measured
with the laser vibrometer. A curve fit is then applied using the method detailed in the
previous section to calculate Q. The manual frequency sweep is determined by the
operator. The test frequency range was chosen to be +/- 20Hz of the resonant frequency.
At each frequency over a determined range a voltage is manually applied to the bender
and the resulting deflection (amplitude) is measured. The operator increments the input
frequency, applies the same voltage, and measures the deflection again. Q is then
calculated using the spectrum, similar to Figure 1. The three frequencies fj, f; and f;

defined in Figure 1 are calculated using the amplitude and Q is found using

__ S
fz_fl

The sine signal sweep method uses the function generator to apply frequencies between

Q

(13)

1-1000Hz, chosen because the resonant frequency of the bender used was around 75Hz,

the deflection is measured, and Q is calculated similarly to the manual frequency sweep.
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The final method calculates the electrical quality factor, Q. using the electrical

characteristics of the bender [52]

QC

1 (L,
Rlﬂ Cm

(14)

where R, L, and C are the electrical equivalent circuit parameters. These values can be

found from analyzing the impedance curve of the bender, detailed in [45]. Each of these

methods yielded slightly different values of Q under the same conditions for the bender.

The measured Q values using each technique are shown in Table 3. The results show

each technique will report the same Q value, £15%.

Table 3. Comparison of Q measurement methods.

Mechanical Electrical Manual Sine Signal Electrical Q
Impulse Impulse Frequency Sweep Sweep
Q 37.7 44.5 36.0 37.5 39
4.3 ANOVA

A statistical analysis of variance (ANOVA) method was used to determine trends
in the parametric study. Analysis of variance compares the means of several data sets to
see if there is a statistical difference between them. This method requires that each data
set have the same number of data points. A hypothesis is proposed that the means of each
data set are the same. This would mean there is no difference in the data for each
treatment. After the data has been assembled, the means of each set are calculated. Then
several parameters comparing the means of each set with individual values are calculated.
These parameters are the variation between treatments, the variation within treatments,
and the total variation. The grand mean, or the average of the average of each data set, is
also calculated. From these parameters, the degrees of freedom are calculated according

to the formulas, the mean square of the first two variations is found, and the Fisher
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variable is found using the Fisher distribution table. The Fisher variable is compared with
the corresponding variables at the 95 and 99 percent confidence levels, and the original
hypothesis is tested. If the calculated Fisher variable is lower than the 95% confidence
level, the hypothesis is rejected. If the variable lies between the confidence levels, the
hypothesis is accepted at the 95% level. If the variable is higher than the 99% level, the
hypothesis is accepted at that level. An example calculation is given in section 4.3.1.
4.3.1 Example ANOVA calculation

Q data was used in the statistical analysis to form definitive trends. The following

is an example ANOVA calculation using Q data from Figure 27.

Table 4. Q data for ANOVA analysis.

Treatment: Measured Values: (Q) Treatment

(Bubble Size) Mean:
Imm 12.73 17.09 16.72 12.21 14.69
2mm 11.66 9.77 15.35 6.7 10.87
3mm 10.4 11.32 11.84 11.68 11.31
4mm 7.82 10.42 9.64 8.76 9.16

a = number of treatments = 4

b = number of sets = 4

Grand Mean: X (average of treatment means) = 11.5069

Total Variation: V' = Z(xjk —})2 =128.46
.k
Variation Between Treatments: V', = bz (x_j - })2 =64.27
j

Variation Within Treatments: V,, =V -V, = 64.19

Table 5. ANOVA parameter calculation table.

Variation D.O.F. Mean Square |

Vg =64.27 a-1=3 Vg /(a-1)=21.24 | =21.24/5.349 =3.97
Vw =64.19 a(b-1)=12 Vw / (ab-a) =5.349 | with3 and 12 d.o.f.
V =128.46 ab-1=15

46



From Fisher distribution tables:
F 95 = 3.49 (95% confidence)
F 99 =5.95 (99% confidence)
The calculated F value above (right-hand side of Table 5) is between these two values, so

the means of the data sets are “probably” different at the 95% confidence level.

44 PERCENT FRICTION

4.4.1 Percent Friction Definition
The quality factor is defined in terms of the energy stored and energy dissipated

per cycle during a ringout,

0=2r energy stored

— : (15)
energy _dissipated
The energy dissipated is the friction, so the ratio of the energy dissipated to the energy

stored is the percentage of energy lost, or percent friction. Therefore the percent friction

can be calculated using

2
%f =2 %100 (16)
0
This approximation yields the percentage of energy lost during vibration of the engine.
This “friction” in the engine is actually the energy lost from several sources, including
viscous losses and internal damping in the membranes. This is another way of looking at
losses in the engine, and can be directly calculated from the Q data presented in this

work.
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CHAPTER FIVE
DATA ANALYSIS AND RESULTS

Previous work is first summarized to put the current study in perspective. Results
of a parametric study of engine parameters and their affect on energy loss are then
presented and analyzed.

5.1 PREVIOUS DATA SUMMARY

A parametric study on the engine resonant frequency has been previously
completed. The resonant frequency of the engine is significant to this discussion because
it is a key measure used to characterize each engine assembly. Resonance is affected by
the geometry, materials and operating parameters of the engine. For this reason, a
parametric study was completed by Robert Gifford [49] examining the effect of each of
the following engine characteristics: membrane size, bubble size, and cavity thickness.
The results conclusions are summarized here and in Table 6 for background.

Membrane Size: Four sizes of upper membrane were tested, with correspondingly
smaller lower membrane sizes making up the engine. It was found that as membrane size
increases, resonant frequency decreases. The 3mm engines were found to have an
average resonant frequency of around 2700Hz, and 8mm engines, the few tested, were
found to have a resonant frequency of 416Hz. This decrease in resonant frequency
corresponds well with plate/membrane vibration theory [48]. This test was performed
keeping all other engine variables constant.

Bubble Size: Engines with varying bubble sizes were assembled and tested, with
bubble sizes ranging from 475um to 1800pum. Every attempt was made to control the

initial deflection during these experiments to make it constant. Although there is much
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scatter in the data, the bubble size shows a slight trend with resonance. A change of 75%
in the bubble diameter yields only an 8.2% change in resonant frequency. This is taking
into account a 95% confidence interval around the data, and error bars corresponding to
repeatability. This slight trend of resonance with bubble size may correspond to an
increased mass of liquid when the bubble size is reduced, adding mass to the system and
consequently decreasing the resonant frequency.

Cavity Thickness: The cavity thickness, or cavity depth, of the engine is
controlled by the number of layers of semiconductor tape used to define the cavity. Each
layer is 75um thick, and engines with up to three layers were tested in this parametric
study. Gifford notes [49] that it is increasingly difficult to assemble engines with thicker
cavities, as the semiconductor tape is slightly compressible. This compressibility yielded
higher initial deflections of the engines, altering the resonant frequency measurement. It
was shown that engines with larger cavity thicknesses had higher resonant frequencies,
and Gifford notes that this change in cavity thickness dominated over any change in

initial deflection induced by the compressibility of the semiconductor tape.

Table 6. Parametric study summary.

Parameter-trend: Resonant Frequency trend
Membrane Size-increasing Decreases
Bubble Size-increasing Increases
Cavity Thickness-increasing Increases

5.2 WICK DATA: RINGOUTS AND Q
Microchannel evaporators (wicks) are patterned on the bottom membrane (heater)

in the engine using an epoxy. These channels create a more uniform and stable liquid

layer over the heater and yield consistent evaporation results. The liquid layer over the
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heater is very thin without the wicks and creating a thicker liquid layer yields more
volume expansion for a given heat input, and therefore greater efficiency. A comparison
was made to see if the presence of these wicks affects the resonance of the engine,
because the epoxy does add stiffness and mass to the lower heater membrane. For these
tests, 10um high, 10um wide “straight-shot” radial wick patterns were used. Figure 19

shows how the resonance changes with the addition of the wicks.
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Figure 19. Resonance of 6mm engines with and without wicks.

The data in this figure consist of 6mm engines with radial wicks patterned on the
heater membranes. The configuration of the engines tested was exactly the same except
for the presence of the wicks. Several things can be seen in this figure. First, the wicks
seem to make the resonance independent of bubble size. Second, the engines without
wicks show a possible trend with bubble size, while the engines with wicks do not. The

initial deflection was not controlled in these experiments.
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Figure 20. Q of 6mm engines with and without wicks.

The above figure shows the dependence of Q on bubble size and wicks for 6mm
engines. Here Q is relatively independent of bubble size. However, these 6mm engine
tests were not controlled as well, and the initial deflection was not measured. Therefore,
only comparisons between these data are valid. No clear impact of the presence of wicks
can be seen.

5.3 GENERATOR Q AND PERCENT FRICTION COMPARISON

A membrane generator was also compared with a bare Si 6mm membrane. The
generator is made of many different materials, has a very complex layered structure, and
therefore very different stiffness than the bare Si membrane. This stiffness difference

should affect Q.
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Table 7. Comparison of 6mm bare Si and membrane generator.

6mm Bare Si Membrane 6mm Membrane Generator
Average Resonance (Hz) 881 1423
Average Quality Factor 17.0 22.9
Average Percent Friction 36.9 27.5

As can be seen in Table 7, the increased stiffness of the membrane generator
results in a higher resonant frequency, higher Q, and lower percent friction. This is yet
another example of the interplay between stiffness and the quality factor. The
interpretation of these results is that the generator with higher stiffness loses less energy
during free vibration than the bare Si membrane. The generator has more mass and
stiffness, which both would increase Q. Therefore, it can be assumed that the damping in
both of these cases is about the same, and the stiffness and mass increases are what
increase Q.

5.4 IMPACT RINGOUTS

Another method was used to measure the resonant frequency of the engines. To
verify that the heat addition and sudden evaporation are in fact acting as an impact on the
upper membrane of the engine, a mechanical impact was applied instead, and the outputs

were compared. This experimental testing setup is shown in Figure 21.
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Figure 21. Impact ringout experimental setup.

A piezoelectric stack was used to impart an impact on the upper or lower
membrane. The upper membrane was often used because of its larger surface area. The
response of the heater/upper membrane was measured with the laser vibrometer as
before. The response was characterized to determine how the piezoelectric stack affected
the ringout of the engine, and whether the results were the same as for a heat ringout. A
voltage pulse was sent to the stack to create the impact, and the distance away from the
engine was closely calibrated. It was verified that the stack was moving away from the
engine quickly enough as to not interfere with the ringout of the engine.

The resonant frequency of the piezoelectric stack was also measured, to verify
that it was not interfering with the engine free vibration. This frequency, 1kHz, was far
enough away from the engine’s resonant frequency (~350Hz) so that they can be

distinguished. As mentioned previously, the heater membrane and the upper membrane
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were used for the impact. The measured resonant frequency of one engine when the
heater was impacted was 300-330Hz, and when the upper 10mm membrane was
impacted the resonant frequency was 330-390Hz. This verified that the resonant
frequency of the engine is the same, regardless of which membrane is impacted. This
shows that the resonance represents the entire system, not just the membrane that is
measured. Many different 10mm engines were measured using the heat ringout method
and the impact ringout method, and the resonant frequencies were found to be within

+50Hz, showing good agreement between the two methods.

55 QAND PRESSURE
Since Q depends on the stiffness and the damping present during an engine

ringout, it should depend on the air pressure around the engine. This relationship has been
extensively verified for many different vibrating structures [17,40,46,53,54]. An
experiment was conducted where the engine was placed inside a vacuum chamber, and

ringouts were measured as the pressure was decreased.
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Figure 22. Dependence of resonance and Q on pressure.
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As shown in Figure 22, the resonant frequency and Q both increase as the
pressure decreases. This behavior is probably caused by the membranes bulging out due
to the decrease in pressure around the engine, causing a higher effective stiffness. The
viscous damping probably also decreases with pressure, as the air resistance on the free
vibration of the engine is decreased. This would increase Q, as shown in Figure 22. The
model in Chapter 6 will be used to de-couple these two effects. The variance of the data
point at 400 Torr in Figure 22 is probably due to a pressure fluctuation or instrumentation
fluctuation during measurement.

5.6 QAND MEMBRANE SIZE

The quality factor was computed for very many engine configurations. Engines of
various sizes between 3mm to 10mm were tested and their Q values compared. Figure 23
shows that for multiple engine configurations, there is little correlation between Q and
engine size. It should be kept in mind, however, that the only parameter held constant
throughout this data was the cavity thickness, 150um. A trend is expected with changing
engine size, because the stiffness of the upper membrane changes, but so does the amount

of liquid in the engine. The model in Chapter 6 is used to de-couple these factors.
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Figure 23. Q and engine size for constant cavity thickness and multiple engine
configurations.

5.7 RESULTS: 10MM ENGINE Q PARAMETRIC STUDY
The quality factor of an engine is determined from the ringout method. The

quality factor is defined as the ratio of the energy lost to energy stored per cycle. This
figure of merit defines the amount of energy losses during vibration of the engine.
Therefore, measuring Q gives a slightly different measure of the energy losses of the
engine structure. Engine parameters were isolated and tested to determine their effect on

Q. This section covers a parametric study of engine parameters and their effect on Q.
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Figure 24. Q dependence on electrical input voltage to heater.

For this data set, all engine parameters were held constant except for the voltage
applied to the heater. As can be seen in Figure 24, Q of the engine was relatively constant
when different input voltages were applied to the heater. The error bars shown in the
figure represent the standard deviation of each data set. Six engines were tested at each
input voltage value. The input voltage to the heater determines how much energy is going
into the engine during each ringout test, and input power can be estimated by using the

input voltage and the resistance of the heater and Ohm’s law.

57



20

® 150um Cavity
O 75um Cavity

15 A oy

< 10 4 ©

O T T T T
0 10 20 30 40

Initial Deflection (um)

Figure 25. Q dependence on engine cavity thickness for 75 and 150um thick cavities.

The above figure shows a clear trend of Q with cavity thickness. The cavity
thickness of the engine is determined by the number of layers of semiconductor tape used
to define the cavity, each layer being 75um thick. Engines with a cavity thickness of
75um have lower Q values than engines with a 150um thick cavity, holding all other
variables constant, including input voltage, bubble size and initial deflection. Using the

differential equation parameters to define Q yields

) v

An increase in Q could correspond to a decrease in damping (b) with a thicker cavity, or
an increase in effective mass (m) or stiffness (k). The volume of liquid in the engine
cavity increases for larger cavities, and this may add to the effective mass of the engine,
while adding little damping, explaining the increase in Q. A linearly coupled oscillator

model in Chapter 6 is used to determine which parameter is dominant.
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Figure 26. Q dependence on engine initial deflection with 2mm bubble.

Figure 26 shows the dependence of Q on engine initial deflection. Again, the
initial deflection of the engine occurs during assembly because the pressure in the engine
is greater than atmospheric pressure, causing the upper membrane to bulge slightly. For
this data set, all other parameters were held constant, with bubble sizes of 2mm. The
initial deflection of these engines was measured using the new technique described in
section 3.1.1, resulting in much less scatter in the data than data taken earlier using the
old technique. Still, each data set shows much variation with the error bars here being the
standard deviation of each data set. Four to five engines were tested in each data set.

These results are consistent with Gifford’s data [49] detailed in section 5.1 if we
compare the initial deflection with membrane size. The key parameter in both cases is the
membrane stiffness. It is evident from Equations (10) and (11) that resonance and Q both
increase with increasing membrane stiffness. In Gifford’s data, this corresponded to

decreasing membrane size, and in Figure 26 stiffness correlates with initial deflection.
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Figure 27. Q dependence on engine bubble size with 20um initial deflection.

Here the dependence of Q on bubble size is investigated. The clear trend in Figure
27 shows Q decreasing with increasing bubble size. Four engines were tested at each
bubble size value for this data set. When the bubble size increases, there is less liquid in
the engine cavity. Liquid in the engine cavity increases the mass and possibly the
stiffness of the system. Both of these changes would imply an increase in Q with
decreasing bubble size. The size of the bubble may also increase damping in the engine,
decreasing Q. The effect of each of these parameters was tested with the linearly coupled
oscillator model, which will be discussed in Chapter 6.

The bubble in the engine was shown to slightly increase resonance with
increasing bubble size. This could be due to an effect on either stiffness or mass, from
Equation (10). From the trends seen, either increasing bubble size decreases the mass in

the engine, increases the stiffness, or some combination of these. The linearly coupled
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oscillator model in Chapter 6 will be able to de-couple these factors and determine which

1s dominant.
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Figure 28. Q variation for tests with constant parameters.

The variation of Q between tests with the exact same engine parameters was also
considered. All of the engines reported on in Figure 28 have a 3mm bubble, 40um initial
deflection and 30V input. As is clear from the previous plots, Q can vary a great deal
among engines of the same configuration. The Q data shown in Figure 28 have a mean
value of 14.0 with a standard deviation of 1.6. This 11% variation is present in all engine
data, and is difficult to control.

5.8 ANOVA TRENDS: Q AND PERCENT FRICTION

Through the statistical analysis detailed in section 4.3, trends were found in the Q
data. These trends help to explain which engine parameters affect energy losses the most.
The ANOVA analysis showed that the following trends were present in the parametric

study: Q does not vary with input voltage or initial deflection, but Q does vary with
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cavity thickness and bubble size. This analysis reveals whether the means are different,
but not which way the trend goes. Trends were determined by examination of the data
sets and their respective means. It was found that a larger cavity thickness yielded a
higher Q value, and a smaller bubble size also yielded a higher Q value. These results
raise the question of what exact parameter is causing these trends, in terms of mass,
stiffness and damping inside the engine during testing. To examine these parameters
further, a linearly coupled oscillator model was utilized, which will be detailed in Chapter
6.
5.9 PERCENT FRICTION COMPARISON

Using the data in Figure 27, the percent friction was calculated. Since %f is
calculated directly from Q, the two figures are very similar, with opposite trends due to

the inverse relationship between Q and %f.
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Figure 29. Percent friction variation with bubble size, same data as Figure 27.
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These percent friction values can be compared to the mechanical efficiency of
large-scale engines, presented in section 1.3.3. Reported mechanical efficiencies of
internal combustion engines vary from 55-90% [21], which can be indirectly compared
with the values of percent friction in Figure 29. A comparison can be made by subtracting
the reported mechanical efficiencies from 100, and comparing this value with the percent
friction. This energy lost yields values of 10-45%, which is slightly lower than the
calculated percent friction of the P3 engine, as in Figure 29, of 40-70%. This means that
the friction or energy lost in the P3 engine during operation can be very similar to the
friction in large scale engines, which is not the case for other micro engines, as reported

in section 1.3.1.
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CHAPTER SIX
ENGINE MODELING

A linearly-coupled oscillator model of the engine was developed to be able to
change individual engine parameters and examine the effect on energy losses in the
engine. This model also enables engine optimization.

6.1 ELECTRICAL-MECHANICAL ANALOGY

As a first attempt at modeling, the electrical-mechanical analogy was used to
create an RLC circuit to approximate the mass-spring-damper system of the engine [55-
57]. In this analogy, an electrical circuit can approximate a mechanical system because
they both follow the same differential equation. Table 8 shows how the components are

correlated in the analogy.

Table 8. Electrical-mechanical correlation using force-voltage analogy. [25]

Mechanical Systems Electrical Systems
Force Voltage
Mass Inductance
Viscous-friction coefficient Resistance
Spring constant Reciprocal of capacitance
Displacement Charge
Velocity Current

Using the circuit simulation software “PSpice”, an RLC circuit was constructed to
approximate the mass-spring-damper system of the engine. The mechanical system
described required three springs in series which represent the stiffnesses of the upper
membrane, liquid, and lower membrane. However, the program PSpice did not allow
more than one capacitor in series. Therefore, the program would not allow a physically
accurate description of the mechanical system, so other software simulation methods

were sought.
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6.2 WORKING MODEL
A linearly coupled oscillator model was created using a program called “Working

Model.” Working Model [58] is a 2D simulation program that allows simulation of
collisions, mass-spring-damper systems and other dynamic mechanical systems. The
model was created to physically simulate the engine as a system of two mass-spring-
damper systems in series. Therefore, the upper membrane was modeled as a mass
anchored by a spring and damper which had the characteristics of the membrane. To
simplify the system, the lower membrane and liquid were combined into one mass-
spring-damper system connected to the upper membrane. This approximation should be
fairly good for actual engine operation, as it is assumed that the mass of liquid in the
cavity dominates the mass of the lower membrane.

A time-dependent force is approximated based on experimental data and is
applied on the upper membrane. In experiments, a heat pulse is applied to the heater for
200usec, so in the model, the force in the y-direction is applied to the upper membrane
for 200usec. The amplitude of the force applied in the model is defined by matching the
model deflection amplitude with experimental deflection data.

6.2.1 Working Model Generator Model

In order to verify the characteristics of the program, a model of a membrane
generator was created. This model is simpler than the engine, as it is only one mass-
spring-damper system, shown in Figure 30. Experimental and calculated values were
used for the generator model parameters, and the output of the program was compared to
experimental data. Using the physical constants and values, it was found that the model
matched the experimental resonance, Q, peak deflection and peak velocity when the

parameters were set to the values in Table 9.
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Table 9. 5Smm generator parameter values.

Experimental: | Model:
Stiffness (N/m): 3100 620
Mass (kg): 5.5e-7 5.64¢-7
Damping (Ns/m): -- 2.66e-4
Resonance (Hz): 5270 5276
Q: 70 70

anchor
k b
m

Figure 30. Diagram of generator model.

6.2.2 Working Model Engine Model

As an approximation, the engine model was defined as two mass-spring-damper
systems in series. The model parameters were defined to match experimental data of a
6mm generator on an engine. These parameters and their values are listed in Table 10.
The values of these parameters were either matched from experimental data (membrane
stiffnesses), calculated from physical characteristics (mass), or experimental ringout data
(damping ratios). Since the simple model was verified with a generator, this engine
model was verified with a generator as the upper membrane as well. The liquid stiffness

was approximated by the surface tension of the water-air interface [16]. A diagram of this

engine model is shown in Figure 31.
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Table 10. 6mm generator on engine model parameter values.

Parameter: Relationship: | Value:
Upper membrane damping (Ns/m) Linear 3e-5
Upper membrane stiffness (N/m) Linear 70
Upper membrane mass (kg) Constant 7.95e-7
Liquid damping (Ns/m) Linear 3e-4
Liquid stiffness (N/m) Linear 0.073
Liquid mass (kg) Constant 3.6e-6
anchor
i by
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Figure 31. Diagram of engine model.

6.3 MODEL RESULTS
The engine model in Figure 31 was used to determine which engine parameters

(governing equation parameters) have the largest effect on resonance and Q. This will
allow us to correlate the engine configuration parameters (bubble size, initial deflection,
cavity thickness, membrane size) with the governing equation system parameters (mass,
stiffness, damping). The complexity of the system enters because of the interconnected

nature of these parameters.
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The engine model was first verified with experimental data. Figure 32 shows the
comparison between the model ringout and an experimental ringout of an engine with a

6mm generator.

0.020

Experiment
0.015 4 —— Model

0.010 +

0.005 +

0.000 ~

Velocity (mm/s)

-0.005 A

-0.010 1 |

-0.015 ~

-0.020 T T T
0.000 0.005 0.010 0.015 0.020

Time (s)

Figure 32. Comparison between experiment and model for 6mm generator engine.

Next, a study was conducted using the model parameter values to determine
which has the greatest effect on engine resonance and Q. The stiffness of the generator
was varied from model values of 5 to 700 N/m. The results shown in Figure 33 correlate
well with the theoretical equation, which defines a trend of stiffness raised to the 2

power for both resonance and Q.
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Figure 33. Varying model generator stiffness keeping all other variables constant.

The model matches experimental results at a generator stiffness value of 70 N/m.
Resonance and Q increase if the generator stiffness is increased, following the
appropriate trend.

Figure 34 shows the dependence of resonance and Q on the stiffness of the liquid.
The generator stiffness was set to the experimentally-verified model value of 70 N/m. All
other parameters were held constant. The surface tension of the water-air interface was
used to approximate the stiffness of the liquid, and is 0.073 N/m. Increasing the generator
stiffness has a greater effect than increasing the liquid stiffness. As can be seen in the
upper portions of Figure 33 and Figure 34, if the generator stiffness is increased by a
factor of 10, resonance is about 4700Hz, with a Q of 70; whereas if the stiffness of the
liquid was increased by a factor of 100, resonance is about 1570Hz with a Q of 23.

These results show that the generator stiffness should be used to tailor the

resonance and Q of the engine rather than changing the liquid stiffness. For example,
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increasing the generator stiffness by a factor of 10 yields a 68% increase in resonance and
Q, while increasing the liquid stiffness by a factor of 10 yields only a 0.5% increase in

resonance and Q.
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Figure 34. Varying model liquid stiffness keeping all other variables constant.
The effect of the mass of liquid was also studied in the model. The model value of
the mass of the liquid was varied from 4e-7 kg to 3e-3 kg, and the results are shown in
Figure 35. It is clear that there is no dependence on resonance and Q for this range of

mass values. The actual calculated mass in the engine experimentally is given in Table

10, so this range of values encompasses what could be achieved in reality.
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Figure 35. Varying model liquid mass keeping all other variables constant.

The trend seen here sheds light on the experimental trend found in section 5.7 of
decreasing Q with increasing bubble size in the engine. This suggests that the dominant
factors are the damping/stiffness and not the mass, and also that a larger bubble produces
more damping/less stiffness.

This result also agrees well with the theoretical expressions for resonance and Q,
given in Equations (10) and (11), where the mass is raised to the 2 power. Since the mass
is such a small number, unless large changes are seen, it has little effect on resonance and

Q of the engine.
6.4 MODEL PARAMETRIC STUDY

A parametric study was undertaken with a 10mm engine model to verify the trends
seen in section 5.7. The structure of the model is the same as in Figure 31, but the
parameter values and geometry were changed to represent a 10mm bare Si upper

membrane and 6mm heater. These values are given in Table 11.
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Table 11. 10mm engine model parameter values.

Parameter: Relationship: | Value:
Upper membrane damping (Ns/m) Linear le-5
Upper membrane stiffness (N/m) Linear 4
Upper membrane mass (kg) Constant 4.66¢-7
Liquid damping (Ns/m) Linear le-4
Liquid stiffness (N/m) Linear 0.073
Liquid mass (kg) Constant 7.5e-6

It was assumed that the stiffness of the upper membrane for an initial deflection of
20um was half that of an initial deflection of 40pum. This is a good assumption because
the springs in the model are linear. Using this relationship, the stiffness of the upper
membrane was varied to simulate changes in initial deflection, and the resulting effect on
Q was observed. The same trend shown in Figure 26 was seen with the model, and
similar Q values were obtained. Table 12 shows the comparison between initial
deflection values and model stiffness values, along with the corresponding value or range

of values of Q.

Table 12. 10mm engine model initial deflection parametric study values.

Initial Deflection (um): | Q (experimental): | Model Stiffness (N/m): | Q (model):
20 7-15 4 12.4
25 9-15 4.8 13.6
30 11-16 6 15.2

The same technique was used to verify the trend of Q with bubble size reported in
section 5.7. Mass was not shown to be dominant in the previous section, and so it was
assumed that the change in bubble size affected the stiffness of the liquid. Proportional
changes in the liquid stiffness corresponding to changes in bubble size were applied to
the model, but the results showed no change in Q. Therefore, the assumption that

stiffness was the dominant parameter was incorrect. Damping was shown to dominate for
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changes in bubble size over mass and stiffness. The same study was performed using
changes in the damping of the liquid, and the trend seen earlier was confirmed. The

values are given in Table 13.

Table 13. 10mm engine bubble size parametric study values.

Bubble Size (mm): Q (experimental): | Model Damping (Ns/m): | Q (model):
1 12-17 S5e-5 22.8
2 7-15 le-4 12.4
3 7-12 1.5e-4 8.5
4 7-11 2e-4 6.5

The 10mm experimental data used to verify the model were an engine with a 2mm
bubble, which is why that configuration matches the experimental data. The average
experimental value of Q for this configuration was used to calibrate the model. It can be
seen in Table 13 that the model overestimated Q for the smaller bubble sizes, but the
trend shown matches experimental results. Increasing the bubble size and increasing the
damping show the same trend. This result is supported by literature [59] where it was
shown that larger air bubbles in water have higher damping.

6.5 MODEL RESULTS SUMMARY

These results show which engine parameters are dominating the system behavior,
which was the stated goal of this study. Here the membrane stiffness (initial deflection)
and liquid damping (bubble size) are the dominant parameters. This result can lead to
optimization of the engine, focusing on these two values out of the many engine
parameters. Overall, the model showed that higher initial deflections (upper membrane

stiffness) and smaller bubble sizes (liquid damping) yield less energy lost per cycle

(higher Q).
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If a single engine parameter was chosen that dominates the system, it would be
the liquid damping. The experimental parametric study of initial deflection in Figure 26
showed no statistically significant trend with Q, and indeed the model showed smaller
(20%) changes in Q for changes in initial deflection. Therefore, the liquid damping
should be tailored to produce the greatest changes in Q.

Membrane stiffness trends can also be applied to the size and material of the
membrane, not just the initial deflection. Any configuration and properties of the upper
membrane that yield a stiffer response will also yield a higher Q and resonant frequency.
However, changing the size of the upper membrane also changes the size of the cavity,
which will change the liquid damping. Controlling liquid damping is more difficult to
implement, but the model shows this is the parameter that dominates the system, not the
liquid mass or stiffness. The model has shown that the two parameters to focus on for

engine optimization are the upper membrane stiffness and the liquid damping.
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CHAPTER SEVEN
CONCLUSIONS

The P3 engine operates as a complex system of interacting mass-spring-damper
systems. Parametric experimental studies have shown how the behavior changes when
the key components of the system are changed. A linearly coupled oscillator model has
developed even more insight into how the system and engine can be optimized.

The relationships between the resonant frequency of the engine, Q, and the
various engine parameters have been established. Engine parameters studied include:
cavity thickness, initial deflection, bubble size, heat input, and upper membrane size.
Engine performance was studied using a free vibration (ringout) response. These studies
have shown that heat pulses and mechanical impacts yield similar engine outputs, the
atmospheric pressure around the engine affects this response, and the size of the upper
membrane did not show a clear trend with Q. A parametric study of the 10mm engine
showed how each parameter affected Q, with the largest effect originating from the
bubble size in the engine, which was shown to be representative of the liquid damping.

A linearly coupled oscillator model was used to show how each of these
parameters is decomposed into the governing equation coefficients. Parametric studies
and modeling have shown that the single most dominant parameter in the engine
configuration is the liquid damping. Increasing the upper membrane stiftness, liquid
stiffness, and liquid mass by a factor of 10 yields 68%, 0.5% and 0.01% increases in Q,
respectively. Increases in liquid damping showed the same trend as increases in bubble

size. This relationship is the key to optimizing the energy losses in the engine. An engine
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with a Imm bubble achieved a Q value of 22.8 according to the model, whereas an
engine with a 4mm bubble only reached a Q of 6.5.

The next most influential parameter is the upper membrane stiffness. Resonance
and Q increase with increasing upper membrane stiffness. Several methods can be used to
increase the stiffness of the upper membrane, including the initial deflection, the
membrane material, the membrane geometry and size. A target resonant frequency
should be used to tailor the engine parameters to try to achieve the lowest possible losses

in the engine to assure efficient operation.
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APPENDIX A

DETAILED MICROFABRICATION STEPS

Oxide Patterning:

1.

XA N R LD

10.
1.
12.
13.

Clean wafer with five step process: Acetone, [IPA, DI, Acetone, IPA, canned air.
Spin on HMDS: cover % of wafer surface and spin at 3000rpm for 30sec.
Spin on AZ5214: cover % of wafer surface and spin at 3000rpm for 30sec.
Bake wafer at 110°C for 1min.

Align mask with wafer on mask aligner and bring into contact.

Expose with UV for 16sec.

Develop wafer in solution of 4:1 developer and DI for 1min.

Rinse with DI.

Cover boron side of wafer with semiconductor tape. Make sure tape edges are
pressed firmly with no air pockets.

Etch in BOE (10:1) for Smin.

Clean wafer in spin-rinse dryer: 60sec rinse, 90sec rinse, 60sec spin/dry.
Remove semiconductor tape.

Clean wafer with five step process.

Silicon Etch - EDP:

1. Place wafer into pyrex wafer carrier.
2. Dip wafer into EDP bath. EDP temperature should be around 100°C.
3. Etch for 6 hours.
4. Rinse six times with DI water before removing wafer from pyrex carrier.
5. Clean wafer with five step process.
Gold Patterning:
1. Clean wafer with five step process.
2. Spin on HMDS: cover 4 of wafer surface and spin at 3000rpm for 30sec.
3. Spin on AZ5214: cover % of wafer surface and spin at 3000rpm for 30sec.
4. Bake wafer at 110°C for 1min.
5. Align mask with wafer on mask aligner and bring into contact.
6. Expose with UV for 16sec.
7. Develop wafer in solution of 4:1 developer and DI for 1min.
8. Rinse with DI.
9. Etch in gold etchant. Time duration varies with strength of solution. May take as
little as 20sec to etch all the exposed gold.
10. Rinse in DI
11. Etch in hydrogen peroxide to remove TiW layer for 40sec.
12. Rinse in DI
13. Clean wafer with five step process.
14. Test resistance of each heater for shorting. Resistance should be between 70-

300Q2 depending on the pattern.
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APPENDIX B

DETAILED WORKING MODEL SETTINGS

Global:
e Accuracy: Custom — le-5 sec, 15 significant digits
No Gravity
No Air Resistance
Electrostatics OFF
Force Field OFF

Generator Model:
e m=>5.64e-7 kg
e k=620N/m
e b=2.66e-4 Ns/m

6mm Generator on Engine Model:
m; = 7.95e-7 kg

m, = 3e-6 kg

k] =70 N/m

ko =0.073 N/m

b; = 3e-5 Ns/m

b, = 3e-4 Ns/m

10mm Engine Model:
m; = 4.66e-7 kg
m, = 7.5e-6 kg
k1 =4 N/m

k, =0.073 N/m
b; = 1le-5 Ns/m
b, = le-4 Ns/m
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