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ABSTRACT

This thesis presents the design and optimization of a biologicalbyred wet shape
memory alloy (SMA) actuated pump that can provide thermal enei@yfluidic
convection to actuate external wet SMA subsystems. Furtherrherputnp draws from
its own fluidic output to assist in the actuation of its own inteBMA actuators. A
thorough analysis of the previous wet SMA robotic heart is condingtesttarching for
opportunities for improvement. Methods of improving the pump’s output-to-infiot ra
included modifying the pumping chambers, actuation cycle timing, ingiény
electrical actuation, and continuously adding heat to the system.

Dynamic modeling was performed to provide a baseline indicator dfwémato be
expected during actual implementation and testing. The effecthasfging various
parameters were explored to determine optimal configurationsp#@yneters affecting
performance include mechanical advantage, actuator length, flowodstaand water
temperature.

Implemented design changes and testing confirmed the modelint réuhtinuous
heating of the hot water within the pressurized accumulator greatignced the pump’s
performance. Using only fluidic induced actuation, the output-to-indid peaked at
1.4. The pump reached an output-to-input ratio of 2.1 with the aid of elcatuation.
This is the first successful implementation of a self-sastgithermofluidically powered

SMA pump. Furthermore, unlike other SMA micropumps that typicallpaut mL/min



or less, this pump is capable of a macroscale net output of 66 mL/min.

While the pump’s output exceeds the required input, the power atficend power
density of the pump do not compare to that of the human heart due todoetaof
power required to keep the hot water continuously heated. Viable optiomspiamving
efficiency and power density include minimizing pump mass, optimizogping
chamber design, and reducing the amount of heat necessary to kéep Weter at an

elevated temperature.
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CHAPTER 1

INTRODUCTON

1.1 Motivation

As the field of robotics evolves, it is imperative to develop testnology for better
ways to actuate and control the robots to perform more complicatiexl TEhese robots
are controlled in a variety of ways. Common methods of actuationdedhe use of
electrical motors, pneumatics and hydraulics. Smart matesiath as electroactive
polymers (EAPs) and shape memory alloys (SMAs) are becoming incregsopgllar in
robotics due to their similarity to muscle [1] and their highcbrapatibility [2]. This
makes them good candidates for hand and facial prosthetics ref@eatchn addition to
their biocompatibility, there are also many other advantagasitg SMA actuators for
nonbiological mechanisms including thermostats [5], adaptive wingsaf@], even
humanoid robots [7, 8].

Shape memory alloys function based on the heating and cooling of reatarials
that behave differently based on temperature. As heat is appliedallypby Joule
heating, a nonlinear phase transformation occurs and begins to ex$li@ipememory
effect where the material transforms to a previous geomniefigy.most common type of
SMA is nitinol, a nickel-titanium based alloy. At room temperat nitinol is in a

martensitic phase and as heat is applied, it transforms to @midagbhase. This phase



transformation between martensite and austenite generally sxailmbntracting strain
similar to muscle. It is this muscle-like actuation that maR®&¥As desirable for the
development of biologically inspired robots.

Shape memory alloys are commonly used for applications that deaquite high
reciprocation rates due to their limited bandwidth. This is due tditheulty of heating
and cooling the SMA quickly and efficiently. For this reason, theSiA actuator was
developed to allow for more efficient actuation and increaseds raseng forced
convection [9]. Using forced convection, SMA actuators have beenape¢ekhat can
achieve efficiency of up to 3% [10]. Other estimates suggdstegities of 0.2% when
considering heat loss to the surroundings [11].

Figure 1.1 is a diagram of the wet SMA actuator concept. ASMA actuator
consists of SMA wire enveloped in fluid that is contained withimmamiant tube. This
compliance allows for the actuator to expand and contract with minimal spsistance.
The fluid inlet of the actuator is connected to a terminal thstipplied with hot or cold

fluids and the outlet is connected to a terminal that dumps the lusédnto a lower

Terminal Compliant

/ Connector Tube
Fluid Fluid

Out

In

-

SMA
Wire

Figure 1.1 Wet SMA actuator design concept.



pressure reservoir. Entire wet SMA actuator arrays have umssshto control hand and
finger movement [12] and could be used to control other high degree-dbinee
mechanisms as well.

As more biologically inspired mechanisms are being developad u&t SMA, it is
necessary to develop methods of making these robots more mobilelfasustsening.
One step towards enabling these wet SMA robots is the development of ardgniooa
that can provide heating and cooling to sustain the actuation of éxdebsgstems using
wet SMA technology. Just as the wet SMA actuators behave likscles with a
cardiovascular system, a wet SMA pump would be analogous to a Geartunique
attribute of the heart is that it is able to pump blood and providegg to the muscles of
the heart itself, forming a self-sustaining pumping system. Irsdéinge way, the SMA
pump would need to be able to provide energy to sustain self-acturatiddition to that
of external wet SMA systems as shown in Figure 1.2. One suchedeas previously
been designed and implemented by Joel Ertel [13, 14], but the output @eréernvas

not sufficient to even sustain self-actuation of its own wet ShMiators. In order for

External

Pump Wet SMA
SMA System
Actuators

Figure 1.2 Diagram demonstrating a pump that provides energy to externahs/an
itself, forming a self-sustaining pump analogous to a heart.



such a device to be viable for external subsystems, the amotinidobutput of the
pump must be greater than the amount of fluid input required to cawsdi@t for the
pumping action.

The objective of this thesis is to create a biologically iespiwet shape memory
alloy actuated pump, or heart, that can provide thermal energyuidactbnvection to
external wet SMA subsystems. Furthermore, the pump should draw ifsomwn
thermofluidic output to assist in actuating its own internal SM#yaors. By conducting
a thorough analysis of the previous wet SMA robotic heart, opportunibes f
improvement arise to design a pump with a higher output-to-input peraen This can
be accomplished by redesigning the pumping chamber diaphragm, developiag m
efficient ways to actuate the SMA with fluid timing, implemiag electrical actuation in
combination with the fluidic actuation, and continuous heat addition. @arefdeling,
implementation, and testing are necessary in order to veriip¢heased performance of
the pump over that of the previous design. Through characterizatiors &NtA pump’s
performance, a comparison can be drawn between other types of putapggthe

human heart to gain insight as to how the SMA pump actually performs.

1.2 Review of Existing Pump Technology

Pumps have been used for centuries to transport fluids from one locasitateoto
another. Most types of pumps fall under two main categories: dgnpumps and
positive displacement pumps. Dynamic pumps are called dynamic pumgssedbe
volume output of the pump may vary depending on the speed of operationaliyeasr
the speed increases, the output efficiency of the pump decrelseattiBctive features

of dynamic pumps are high flow rates and high power densitiesrif0gat and axial



pumps are common classes of dynamic pumps [15].

Positive displacement pumps, on the other hand, function by displacingd fi
volume of fluid independent of the operating speed. They workdppitng fluid and
moving it from the inlet of the pump to the outlet. This can be done contiyuous
intermittently, depending on the type of pump. Generally, these tygaswds operate at
low speeds and have high outputs and efficiencies, but have low poweredethsé to
their larger sizes. Reciprocating, rotary, and metering pumpsgmoal types of positive
displacement pumps.

As there are many different types of pumps available, eacla hasque set of
characteristics that make them the best for a certain typsboPiston and diaphragm
pumps are well-suited for pumping gases or light liquids, whileyhdaty pumps such
as screw pumps are designed for pumping heavy viscous fluiddgt onaterials. Some
require daily maintenance or high amounts of energy to opegterhy while others are
guaranteed to function without problem for multiple years before needpigcement
such as a refrigerator compressor. Some pumps are required to pumgndsoo$
gallons of waste or fluid per day [16], whereas others are neediediver small doses of
insulin to patients with diabetes [17].

When it comes to determining which type of pump the wet SMA pump dhomyl
many factors should be considered. The primary requirementtiththaump should be
able to operate using wet SMA actuators as the principle dnagahanism. This places
difficulty on using dynamic and rotary pumps since high speedsbeilunattainable.
Conversely, positive displacement pumps typically operate at sloedspand can

operate by a change in geometry. Reciprocating, progressive cavity, ataliiepumps



all seem to be viable options at this point.

The second main requirement of the wet SMA pump is that it muwshlbeo operate
using fluid that it pumps itself. As mentioned in section 1.1, the gaaiofesearch is to
be able to pump more fluid than is required to cause actuation. In ordehieve this
performance, different types of pumps must be analyzed disctingniay the volume
output per unit strain of the wet SMA actuator. This will be disethigs more detail in
section 3.1 where a diaphragm pump, peristaltic pump, and dual-bellowsplliadpbe
analyzed for output performance.

Output performance is the primary goal of the thesis, but power efficamtpower
density of the wet SMA pump are also of interest, especiatly igspect to the human
heart. Figure 1.3 compares different types of pumps with respdatiteefficiencies and
power densities including the human heart. Due to the widespreada#ippliof each

type of pump, it is difficult to highlight the exact regions wheaghetype of pump
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Figure 1.3 Efficiency and power density regions of common types of pumps esierc
to the human heart. See Appendix A for more details.



operates, but this figure provides a general idea of what common @mgsirrently
available to the public. Appendix A provides detailed information arh ekata point
represented in the figure.

With respect to the wet SMA pump, it is desirable to reachriorpeance level
similar to that of the human heart. The human heart is capaljpenoping with an
efficiency between 18% - 35%, depending on age, weight, and otysic@hconditions
[18]. The heart is generally considered to be a positive displaceraeiprocating
diaphragm pump, the same type of pump as the current wet SMA punepgByeering
the wet SMA pump to reach a similar level of efficiency, thd goal of creating a

biologically inspired pump becomes more of a reality.

1.2.1 SMA Pumps

Although the wet SMA pump presented in this thesis is the firg$ &ind to be able
to successfully utilize its own pumping output to sustain continued pumparg; ather
SMA pumps have been created on a micro scale. In general, thespunips are used
for delivering microliters of medicine on demand. Thin-film SMAcrapumps have
been developed that are capable of high reciprocation rates [19, 2CGhi@+fien SMA
diaphragm pump is capable of pumping up touh@min of water [21, 22]. A novel
reciprocating peristaltic pump prototype is capable of outpute AQ@0uL/min of fluid
using SMA springs [23-25]. Another application of SMA micropumps iscf@mical
delivery to biochemical integrated circuit chips [26, 27]. Sincerdhetic heart must be
able to actuate external wet SMA systems on a macroscglenbt volume outputs on
the order of mL/min are necessary. This would make the wet Bividp the first pump

to be able to provide thermal fluids to external wet SMA subsystems on a macroscale



1.3 Thesis Overview

Although some research has been performed for large scalepbitfs by Ertel,
the results have been less than satisfactory for selfusungiat and actuation of other
external wet SMA mechanisms. This thesis will discuss previessarch performed,
elucidate the drawbacks and opportunities for improvement on previoussjeaiyd
discuss the details and results of the improvements made.

Chapter 2 will explain the conceptual design of a SMA robotic pumpustisthe
original implementation and results, and highlight the opportunitiesniprovement
upon output performance. Some areas for improvement include the pumpinigecham
actuation timing, heat loss minimization, and heat addition. Detatlse improvements
made to the preexisting design will be discussed in Chapter 3ti&gtgjanodels, and
figures will be provided to support each improvement.

Chapter 4 will discuss the optimization of parameters by mugl@nd simulation.
Improvements to the existing model will be discussed in conjunctibntiae addition of
Joule heating. Simulation results will be used to provide the opsatal of parameters
necessary to exceed an output-to-input ratio greater than 1.0.

Chapter 5 will describe the proof-of-engineering prototype witlofalhe previously
discussed improvements and provide the experimental results. A dscussithe
comparison of the simulation and experimental results will be pedvi®Results will
consist of fluid-only actuation and electrical actuation. Powguirements will also be
discussed.

Chapter 6 will conclude this thesis with discussion of the resaltsl

recommendations for future research.



CHAPTER 2

REVIEW OF THE ORIGINAL SMA PUMP DESIGN

In order to improve the performance of the SMA robotic heart, ilmerative to
review the previous pump design [13] and map out the strengths and weskokgs
key concepts, components and features. Although the original design hagomedis
own optimization process by varying actuator length, flow duratiod, accumulator
pressure, there are still several untried approaches that couldvampine overall
performance of the robotic pump. Varying mechanical advantage hdwkaotexplored
nor had using actuator lengths longer than 30 cm. The only actuatdrsersgid were 20
cm and 30 cm. By using longer actuators, using longer flow duration weutécessary
to find an optimal output for each actuator length. Electrical actuation wagpioted.

The pump’s performance is measured by the total volume outppumping
mechanism compared to the total required input for actuation to occarisTreferred to
as the output-to-input ratio, d@in/Qoui. AS mentioned in the previous chapter, it is
desirable to obtain a higher output than input in order to sustain tdfiao and
provide fluids to additional external subsystems. This chapter wsltuds the key
features of the previous design and will indicate areas for irepremt that would result

in overall increased output performance.
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2.1 Design Concept

Many features comprise the entire robotic pump system. Asalithumps, there
needs to be a mechanism that causes fluid volume displacemenbtieiocation to
another. There are multiple variations of pumps that can perfornra¢ha. The type
chosen for this application was a reciprocating positive displece piston/diaphragm
pump. A schematic of the entire system is shown in Figure 2.1e 8ieqpump has to be
able to provide both hot and cold fluids to other subsystems, thersvarseparate
pumping systems. Each pump system has an accumulator, a resarnmmimping
chamber, and timed valves. The accumulators provide the pressursangtedorce the
fluids through the tubing of separate subsystems and across the Giétoes attached
to the pumping chambers. The reservoirs hold the fluids after theypaagged through

any subsystem or pumping chamber actuator. The pumping chambears tbbtfuid

To
Actuator From
Array ; Actuator
Hot Water Side Array
Q, Qout Timed

Timed
Valve

Power
Wet SMA . Input
Actuators
PG Heat Pump

Chamber

Cold
Reservoir

From
Actuator
Array

Cold Fluid To Cold Water Side

Accumulator Actuator
P Ry Aray

Figure 2.1 Modified conceptual design schematic of Ertel’s robotic pump [13].
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from the reservoirs and pump it back to the accumulators withdhef aheck valves to
ensure unidirectional flow. A set of timed valves control when hot aldl ftuid are
passed to the pumping chamber actuators while a different seteaf Wialves control the
separation of hold and cold fluid into their respective reservoirs.

In this conceptual arrangement, the pumping chambers share a cdevaothat
allows the SMA actuators to use mechanical advantage to iacdeggdacement at the
expense of force and vice versa. This allows for variation innagkator pressure while
still being able to cause some displacement in the pumping charmbersarrangement
also requires that the hot and cold chambers pump 180° out of phase tcaayoid
unwanted additional tension on the SMA actuators.

A primary requirement for this pump is that it must be able toppfioids over an
extended period of time without adding additional fluid. In order to acasimilis, heat
must be added to the system, otherwise heat would eventually bantbgshe pump
would no longer perform at an optimal level. One way to maintain therneeessary to
cause SMA actuation is to continually add energy to the systerthid conceptual
design, heat is being added to the hot reservoir by adding heatrfrontside source and

also taking heat from the cold reservoir.

2.2 Implementation and Results

Ertel's implementation prototype of the design concept discusseeciiors 2.1 is
shown in Figure 2.2. The two pumping chambers are stacked vertwallyshare a
common lever upon which the SMA actuators act. The accumulators s@d/qies
rested at the foot of the pump and timing valves were placed me@antrance and exit

points of the SMA actuators. The actuator inlets were located otphand bottom of
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Accumulator S8
Chambers |

Figure 2.2 Previous implementation prototype of the SMA robotic pump mechanism.

the upper and lower SMA actuators, respectively. This arrangement cequicd tubing
to stretch from the accumulators to the inlets and also fromesi@voirs to the pumping
chambers and back to the accumulators.

Prior to implementation, thermodynamic and kinematic modeling had bee
performed in an attempt to predict the output performance of thaagaohp. This was
achieved using Matlab ODE solver software. The model alldaedesign parameters
such as accumulator pressure, pump reciprocation rate, mechatealtame, SMA
actuator length, and fluid properties to be varied in order to firgktaof optimal
parameters that would yield the highest output-to-input ratio. &@u8 shows the
output-to-input ratio comparison of the simulation model to actual erpatal results

for 30 cm actuators. In this figure, the output-to-input ratio ve&®rded for varying
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Figure 2.3 Previous simulation and experimental outputAjout ratio results comparis
using 30 cm actuators using data from [13].

reciprocation rates and accumulator pressures. The simulation results deaabagtly
with the actual experimental results.

The simulation results suggest that lower accumulator presatgedesirable for
increased performance, but the actual experimental results dem@rtbiat there is a
midrange pressure that causes improved output performance. This dsxepancy
could be attributed to factors unaccounted for such as varying fluidic rpespever
temperature as well as oversimplified assumptions made abdbMAectuators and its
hysteresis. Other factors could include physical parametdireeqgfump such as fluidic

capacitance in the tubes and chambers.

2.3 Limitations

The previous realization of the robotic heart had achieved a maxiootooit-to-

input ratio of 0.47 at a single set of parameters, but this is rfatisof if the system is to
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continuously supply fluids to itself and other subsystems without flaiditian.
Fortunately, some opportunities in the previous design and implementaten fat
improvement. Ertel has indicated some areas for improvement tginmae useful, but
there are also some other ways of improving the performanicarthaot mentioned such
as changing the pump chamber parameters, using other actugtbs]aitering the flow
duration and timing, and minimizing heat loss. This section wiltrles the various
limitations of the previous robotic pump design that suggest opportunities f

improvement so as to increase the efficiency and performance of temsyst

2.3.1 Pumping Chamber

An important area for improvement of the pump is the pumping chambbough
the ideal piston-cylinder reciprocating pump can be efficientmplementation can have
a crippling affect on the performance of the pump. In the previous ypetaihe piston
was attached to the chamber with a 0.508 mm thick sheet, or diaplofigrbper. The
sheet was slackened in order to decrease the resistance teripgton stroke. These
factors caused significant bulging to occur on the order of neaithl during strokes. This
bugling of the rubber diaphragm results in a considerable loss of dotplg system,

thus, reducing its output-to-input performance.

2.3.2 Actuation Timing

In the previous prototype, the working fluid was constantly flowingh&lgh hot
water was passing through one actuator, cold water was p#ssingh the other. There
was no waiting period to allow the stagnant hot water to continuedt@enactuation

without being forced across the wire in the actuators. By impléntge more complex
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timing and control of the switch valves that allows for heat teandfiring non-forced
flow, there is an opportunity to decrease the input flow, thus inagedse output-to-

input ratio.

2.3.3 Water as the Working Fluid

One of the most crucial limitations on the performance of the pisnghe
temperature of the working fluid relative to the transformatiorptgature of the SMA.
The current pump design uses water, taking advantage of its loesitysand large heat
capacity. However, due to its relatively low boiling point — esplgciat higher
elevations, the actuation does not reach its full stroke potentialSMiAeactuators need
to undergo a more complete phase transformation to austenite in order tazeapitdhe
strain capabilities of 4%. This poses need for alternate worlings or electrical
actuation. Alternate fluids would need to have high boiling points, lovosites of the
entire temperature range, high thermal conductivity coeffisjeantd be able to transport
thermal energy to the actuators efficiently. With the help eftetal actuation, the total

input required would decrease and yield a higher output-to-input performance.

2.3.4 Heat Loss

Due to the nature of the prototype, long tubing is required to transgovvorking
fluid between the accumulators, SMA actuators, reservoirs, and puct@ngpers. This
results in significant heat surrendering to the environmenthByime the fluid reaches
the actuators from the accumulators, the fluid will have lost aideEnadble amount of
heat, thus reducing the actuation potential. By redesigning the implaiion of the

prototype, it is possible to decrease this heat loss and selcigteea temperature input to
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the SMA actuators.

2.3.5 Heat Addition and Recycling

Continuously adding heat to the hot fluid in the system would ensurenthputmp
is able to continue to function properly over prolonged periods . tidthough Ertel
did introduce the concept of being able to add heat and recycle th8uidgdback into
the system, it was never implemented in the physical prototype.tiesis includes the
design and implementation of the concept of heat addition and recyBlasults will

also be provided and discussed in Chapter 5.

2.4 Conclusions

By means of analyzing the previous pump design, many possible areapfoved
performance have become evident. By careful examination and iewpiation of these
modifications to the design, a higher performance is anticipatedhrtt®imodeling and
experimental results. Detailed specifics about executing thesgges are discussed in

the following chapter.



CHAPTER 3

DESIGN IMPROVEMENTS

As limitations of the previous pump design have been identified, design a
implementation of alternatives will now be discussed. In order to sndadg SMA
robotic pump and optimize the overall performance, a detailed anadysisach
alternative proposal must be completed prior to selection. Thisteshaiill focus on
specific design modifications in each area of improvement mention€thapter 2 that

can be used to eliminate or reduce the affects of the limitations of the pump.

3.1 Pumping Chamber Designs

There are multiple approaches to redesigning the pumping chambkese
approaches include slightly modifying the current piston-cylindeeven completely
changing the type of pump all together. While maximum outputeteped for design
selection, all other considerations will be accounted for so asatbthe best overall

performing pump in a reasonable manner.

3.1.1 Piston Diaphragm Pump
Perhaps the simplest way to modify the piston-cylinder desi¢m ise a modified

piston diaphragm. As mentioned in section 2.3.1, bulging in the diaphragnedesuf
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significant decrease in pumping output. One way to alleviatebthiggng is to make the
diaphragm much thicker. This alone would reduce bulging, but would alsagecthe
stiffness that is imposed on the SMA actuators. In orderregmse stiffness effects,
elastic groove hinges could be used around the perimeter of théehand the piston
head. Figure 3.1 shows a cross section of how this works. Utiliziingte-element
analysis (FEA) approach, an optimal thickness could then be seteateduce bulging
while maintaining a relatively low stiffness along the actuation axis

Using the material properties of Reoflex® 30 urethane rubber, finitecateamalysis
provided in Figure 3.2 highlights that the displacement due to bulgeidsya volume
displacement less than 0.1 mL with a gage pressure of 15 kPdulhof this bulging
displacement occurs between the center of the diaphragm and ting mdge of the
outer cylinder. By increasing the size of the center piston hkadhulging decreases
significantly and the volume displacement per stroke also ina@e@be downfall to this

is that the stiffness will also increase, causing unwantathstn the SMA actuator. It

Elastic Groove Hinges

Figure 3.1 Cross section of the new diaphragm design indicating the elastayve
hinges.
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URES (mm)

Maximum 2.48
Displacement l 2.27
- 2.06
1.86
1.65

- 1.44
- 1.24
1.00

- 0.83
- 0.62

l 0.41

0.21

0.00
Figure 3.2 Finite element analysis of a diaphragm where the inner diamestaint i
1/10" of the outer diameter restraint. The volume displacement is less than 0.1 mL.

should be noted that the piston head diameter restraint used for theli@ment analysis
was 1/18 the size of the outer piston chamber diameter restraint to atanceptable
estimate of the worst-case scenario of the bulging displacement.

It can be shown using a volumetric formula for a partial coné tthe volume

displacement per actuator strain is

7 6l
=T p2p(Z 3.1
8V = 25D h( l ) (3.1)
where 6V is the volume displacemerid, is the chamber diametdn,is the stroke, and
6l/1 is the actuator strain which is 0.04, or 4%, at maximum. This equatitves from

a partial conical volume with an inner piston head diameter equ& the pumping
chamber diameter. As mentioned previously, increasing the pistoetéiatno much can

cause an undesirable increase in diaphragm stiffness.
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3.1.2 Peristaltic Pump

Using a peristaltic pump design is a completely differ@pr@ach to increasing the
pump output. This type of pump is more biologically inspired than therpcylinder.
Similar to the heart, fluid is forced through tubes as the chaodmgracts. In this case,
fluid is forced along the direction of a cylindrical axis. Fg@t3 is a conceptual diagram
of how this functions with SMA actuators. A long compliant tube ippea with SMA
wire and the working fluid enters the tube on one end through a check valve until the tube
is full. When the wire contracts, the diameter of the tube deeseand forces the fluid
through a check valve at the other end of the tube and into the accumulator.

The theoretical output of this design per strain can be approximeigd the

contraction of a diameter of a cylinder. The output is given by

T ol

where the parameters are the same as before with the qustoal diaphragm, exceht

is the compliant tube length. The leading fraction is almost 3.5stiarger than the

Compliant SMAWire

Tube Fluid

Direction

- U
= S

!

3

C

Figure 3.3 Peristaltic pump demonstrating concept of fluid flow with SMA wire.
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conical diaphragm equation (3.1), implying a higher output potential for this pump.

Although the output of this pumping chamber seems promising, there age som
drawbacks. After actually having built a prototype modeled afterdbncept shown in
Figure 3.4, it became apparent that it would be difficult to félheetube to return to its
original state prior to contraction. A stiffer tube could havenbaeged, but this would
have required a stronger actuator. This would pose difficuibiefiuid actuation since
hotter fluids would be required to cause timely actuation. Elecaataation could be an
alternative, but stronger, thicker wires would require more cumguit that would most
likely exceed the output of most common power supplies.

Another disadvantage of this type of pump is that tubing would beuliffto
procure. In order to reach optimal output, the diameter needs tothe order of 5 to 10
cm minimum. Tubing with such diameters is common, but the stifloie®ese tubes is
so high that the actuator would not cause significant contractionyigidsig a very low

output performance.

Figure 3.4 Photograph of the peristaltic bladder pump prototype.
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3.1.3 Dual Bellows Concept

The final pumping chamber that will be discussed in this thesisislual bellows
concept. While the concept is similar to the piston-cylinder,ette@e some output
advantages that will be discussed. The overall scheme is showguire .5. In this
diagram, there is a center plate and on each side is a behawser. Attached to the
bellows chambers are plate with two holes — one for inflow and one for outflow. Attached
to these holes are tubes with check valves to ensure unidirectimnalSimilar to the
piston-cylinder concept, the chambers must pump 180° out of phase.

One item that is not present in this concept is the lever. Indteadutside plates are
attached to the center plate via four SMA actuators eache 8iaaiameter of the can be
much larger, smaller actuators can be used to still achievedoigfuts. Due to the
increased area within the bellows, additional actuators are rédaienable the pump to
be able to provide higher pressure inside the pumping chamber to overcome the

accumulator pressures in order to pump fluid back into the accumulators.

Actuators

Figure 3.5 Dual bellows concept using four SMA actuators per bellows chamber.
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The output of this design is derived directly from that of a tygcston-cylinder.

The output per strain is

sV =Zp2p (ﬂ) (3.3)

whereh is the stroke and the other variables are the same as theugtgeyiroposed
pump designs. While this pump can only provide half the output as the lperesiacept
(equation 3.2), the output is still 1.7 times higher than that of th@rpidiaphragm
(equation 3.1).

The primary drawback to this design is that bellows are gewepatine to
considerable bulging. This bulging would be substantial especialheibellows were
larger. This bulging in the bellows may cause performance outfg tm the order of
that of the previous concept introduced by Ertel in [13]. Some measueoid this are
to limit the bellows size or stiffen the bellows material, this leads to the similar
problems as with stiffening the piston diaphragm and peristaltimlobia Metal bellows
exist to alleviate such bugling, but are typically very expenslue to the intricate

forming and welding processes [28].

3.1.4 Final Design Selection

After thorough analysis of each aspect of the design, it isappropriate to discuss
the optimal choice for implementation. Of the three chamber ca)diyet one with the
highest output per actuator strain is the peristaltic chamisementioned previously in
section 3.1.2, a prototype of this was actually built. The limitatregre readily apparent

after experiments indicated that there was no feasible wafproing the pumping
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chamber back to its original state without means of defeatinguhmse of the pump
such as forcing fluid into the chamber. Further development of thistypetavas soon
abandoned after such complications.

The dual bellows design was the next best option concerning thebiipat.
Unfortunately, the high volume loss in the bellows became too worrigontmther
implementing. Finding bellows of substantial size was difficult ardensive. Some
smaller bellows were obtained for experimental evaluation, bytdtential for bulging
was readily apparent due to the soft silicone materials used.

Finally, the diaphragm design will be analyzed. While demonsgatie lowest
output per actuator strain, the advantages outweigh the disadvantages. Thedfehefits
design are relative ease of modeling implementation, minimablogslume output due
to bulging, and inexpensive components for building of the prototype. The diaphragm
design is the selected design for the prototype and will be fmednalysis and
discussion for the remainder of this thesis. It should be notedhihdtuiman heart is a

reciprocating diaphragm pump.

3.2 Actuation Timing

Section 2.3.2 discussed the concept of pumping fluid across the actoatarsnie
and then allowing the heated stagnant fluid in the actuator tobesntinue inducing
actuation. This would increase the overall pumping output while maimgathe same

input. The new output-to-input ratio becomes

(Qout) _ Qout +6Q

Qin new Qin (3'4)
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whereQ,,; is the original volume rate output from the pump to the accumul#&lgrss

the original volume rate input to the pump’s own wet SMA actuatond 6Q is the
additional output to the accumulators due to actuation caused by tbd bggnant fluid
within the actuators for a period of time.

Consider two opposing wet SMA actuators, actuator A and actuatoivBygdiwo
pumping chambers through a lever as shown in Figure 3.6. Hot and culd #re
alternately passed through these actuators to cause a reciprocatinggpaatioin. Figure
3.7 compares two timing schemes for this pump; it shows howm st@uld vary over
time for actuator A with and without a stagnation period. The nemtifiow timing
contains the stagnant period while the constant flow timing does notpfiee diagram
is a sketch of what the expected strain in actuator A would belowee diagram, which

is in line with the upper, shows which fluid is traveling through eadividual actuator.

Switching Control
Manifold

Vv 101enoy

Pumping
Chambers

Accumulator

Figure 3.6 Pump schematic of two opposing wet SMA actuators, A and B, cau
reciprocating pump action in the pumping chambers through a lever.
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Figure 3.7 Diagram demonstrating actuator strain in line with the thefiuial phases ¢
the actuators for constant flow and modified flow schemes.

The time between the hot and cold phases is be called thetgiagstzase. During this
stagnation phase, the strain is still changing, thus incredéisen@verall output of the
pump system. With this increase in output, the output-to-input perfornmegpected to

improve.

3.3 Alternative Working Fluid Analysis

The effectiveness of heat transfer from a fluid to the SM#Aewi the actuators is
dependent upon multiple factors. Some of these factors are the fluidt@®ap®Many
fluid properties affect the heat transfer from the fluid to thee wbut some are more
significant and have more of an effect than others. One of theset@spe the thermal
conductivity of the fluidk;.

The rate of temperature change in the wire due to a surrounding fluid is given by
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OTW,f _ 4DwkauW(x)(Tf - TW)
at Cp,wpw(Df - Dw)(sz - szv)

(3.5)

In equation 3.5D,, is the SMA wire diameter arid is the inner tube diametedXu,(x) is
the Nusselt number along the length of the wifge;and T,, are the fluid and wire
temperatures, respectively; aggy, andp,, are the specific heat and density of the SMA
wire, respectively. From this equation, it is evident that in ofolefaster heat transfer,
and thus faster actuation to occur, a high thermal conductivity is desired.

Other desired fluidic properties are low viscosity and high bopmigt. Low fluid
viscosity allows for lower accumulator pressures. This is d#sirsince the pumping
chambers driven by the actuators need to pump against the accunpuéstsure. It is
advantageous to minimize this opposing force to increase pump outpluid Avith a
higher boiling point is advantageous because it allows for hotterttiube passed along
the SMA wires. This improves strain in the actuators because ith@ more complete
phase transformation to austenite.

Figure 3.8 compares the martensite fraction, Rm, of a NiTe wihere the
maximum temperature varies from 80°C to 100°C. The martemnadeohn is sensitive to
the temperature in this range. For this reason alone, using a flichviboiling point
above 100°C is critical to the performance of the pump. The boiling pbwater is
depressed at higher elevations, as shown by the solid lineureRBg [29]. However, it
is possible to take advantage of the pressurized conditions withiscthenulator. By
heating the water within the accumulator, which is typicallysuresed to 15 kPa above
atmospheric pressure, the boiling point would increase as givdreldotted line in the

figure.
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Martensite Fraction vs. Temperature
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Table 3.1 presents the values of these desired properties for ghaterol, and
ethylene glycol at 0.7 atm. Early tests with glycerol ahglehe glycol suggest that high
accumulator pressures are required to overcome the fluidistaese due to high
viscosity. Even in mixtures with water, the accumulator pressrequired to pump the
fluids through the actuators overpowers the actuators’ pull strefigfine 3.10 shows
the boiling point of this water-glycerol mixture based on percemgjhwef glycerol at
one atmosphere of pressure [30]. In the interest of exploring tleetefElectrical
actuation, other fluids were not explored. The use of electritaht@mn may be used for

completing the phase transformation for increased strain and pump performance.
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Boiling Point vs. Elevation

Elevation (m)

120

110 |

100 — e
= ] =U[" .
(@) 90 N T —— Atmospheric
~— \ T e <
IS Tl | Accumulator
= 80 N
g
a0 70 ~
c TN
S 60
o0

50
-2,000 0 2,000 4,000 6,000 8,000 10,000

Figure 3.9 Boiling point of water with respect to elevation for atmospheric En#P:

accumulator conditions.

Table 3.1 Comparison of desired fluidic properties between water, glycandlethylene

glycol at 0.7 atm.

. Thermlall Viscosity Hegt Boil?ng
Fluid Conductivity (10° Pas) Capacitance Point
(W/m-K) (J/kgK) (°C)
Water 0.643 55 4200 92
Glycerol 0.292 30 3138 290
Ethylene Glycol 0.258 150 3210 195

3.4 Electrical Actuation

In addition to using fluidic actuation, electricity can be usednprove the overall

output performance of the pump. By using the fluid to perform a significant portion of the

actuation, electricity can be used to finish the phase trandfonmaecessary to reach

maximum strain. This process can reduce the overall fluid inptlietactuators, thus

increasing the output-to-input ratio. The drawback to using eldcaataation, or Joule

heating, is that an external power supply is needed. Supplyingicdegower to the
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Figure 3.1C Boiling point of glycerol as a function of percentage weight iwade
mixture.

SMA actuators also is highly inefficient compared to convection ed@actuation [13].
This will reduce the overall energy efficiency of the pump. iBect.3.4 will discuss the

modeling of electrical actuation and its affect on the pump output.

3.5 Heat Loss Minimization

As discussed in section 2.3.4, it is necessary to minimize théolssanh all areas of
the pump. It is of utmost importance to minimize the heat loss frefluid to the
environment as the fluid travels from the accumulators to the acdudiis ensures that
the actuators are not being heated by a fluid that is colder than ekpadtéecreases the
overall required energy input to the system.

It can be shown that the heat loss rate from the water to theoemént through a
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long tube at steady-state [31] is given by

_ 2mLk(Ty — T,)
LA TY W)

(3.6)

whereq; is the heat transfer rate in the radial directibris the tube lengthk is the
thermal conductivity of the tubeT; if the fluid temperature,T, is the ambient
temperature, and andr; are the outer and inner diameters of the tube, respectively. From
equation 3.6 it is evident that decreasing the tube length will dedfeaseat loss rate. It

is also evident that the ratio of the outer and inner diametetfieoftube plays a
significant role. Holding the inner diameter constant and increabmguter diameter

will decrease the heat loss. Similarly, adding insulation téulbieg would also decrease

the heat loss by using a material with a low thermal conductivity.

3.6 Sustaining Output Performance

As mentioned in section 2.1, it is necessary for heat to be continweamlddyl to the
system in order to maintain the performance over an extended petioteofThere are
multiple ways of achieving this. One way would be to heat thd fhside the tubes prior
to it passing along the SMA actuators. This would be difficult sand¢eating element
would need to be placed inside a small diameter. Another way would be to add heat to the
water inside the accumulator containing the hot fluid. This optidavigrable since it
would be relatively simple to place a heating element insideatcumulator while the

pump is operating.
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3.6.1 Continuous Fluid Heating

Since the efficiency of the pump is one element of concern, therpaguired to
maintain the fluid temperature will now be discussed. Figure 3.11 slaowepen
thermodynamic system where fluid is allowed to enter andagxiifferent temperatures.
Heat can be added and can also escape the accumulator. Sinedl loedy be added to
the hot water accumulator, the cold water accumulator will ndidaeissed. By applying
the first law of thermodynamics to the system, the total poeguired to maintain the

fluid at a certain temperature is given by

T
qin = —MCy E + Min (hout — hin) (3.7)

whereq, is the power input required) is the mass of water in the accumulatgris the

min’ Tin

Hot

T
amb Accumulator

/
|
|
<:I. Fluid
Jout m

l' > Moyt Tout

~— — -—

Qin
Figure 3.11 Open thermodynamic system of the hot accumulator for derivia
required heat input to maintain pump performance.

\
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- . 0T . :
specific heat of the flwdg—t is the instantaneous rate of temperature change due to heat

loss within the hot accumulataiy;,, is the mass flow rate into the accumulator, bpd
and hyy; are the enthalpies of the fluid flow in and flow out, respectivél the hot
accumulator is well insulated, the heat loss term can be neglldcshould also be noted
that the modified flow control is a nonsteady flow process so therpmal@ulation only
applies during periods when fluid is actually flowing. Higliey, corresponds to higher
output of the pump which, in turn, signifies increased power consumpijmired to
maintain performance.

Although there are an infinite number of possible operating conditions #re
typical sets of operating conditions that can be used to estih@tgotver input to the
system. Consider Table 3.2 for one of these sets of conditions contzahileg obtained
from [32]. The temperature gradient was determined experimgntdhder these
conditions it can be determined that the power input will be approXinitté Watts for
an output-to-input ratio of 1.0. By adding insulation to the hot accuarulkand
neglecting heat loss, the power input reduces by 16% to 230 Watts thedsame
conditions. For a system where the pump output is higher than the inppovike input
will increase significantly in order to heat the additional codleid entering the hot
water accumulator. The overall power requirements will als@ase with the inclusion
of electrical actuation.

The net power efficiency of the pump is given by

Paccum out ~ Vin
np = (Qout — Qin) (3.8)

din
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Table 3.2 List of typical parameter values for power input calculations.

Symbol  Parameter Value Units
- Fluid Water -
m Fluid Mass 0.5 kg
Co Specific Heat 4210 J/Kg
g_z Temperature Gradient -0.021 °CJs
Min Mass Flow Rate In 0.001 kals
Moyt Mass Flow Rate Out 0.001 kg/s
hin Enthalpy In 146.64 kJ/kg
Pout Enthalpy Out 377.04 kJ/kg

wherePacum is the accumulator pressuf@,: andQ;, are the volume flow rate output and
input of the pump, respectively, agd is the power input to the pump. By calculating the
efficiency of the pump, more efficient configurations can be deterd to optimize the
pump’s performance. For example, electrical actuation may eequire power input,
but may also lead to a more overall efficient pump due to increased pump output.
Another parameter of interest is the pump’s power density, whiclheaxpressed

in terms of mass or volume of the pumping apparatus. This mass gemagty is given

by

_ Paccum(Qout B Qin)
Pm = mp (3.9

wherepn, is the mass power density amd is the mass of the pump. The volume power

density is expressed as
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_ Paccum(Qout B Qin)
pv = v
P

(3.10)

wherepy is the volume power density ang is the volume of the pumping apparatus.
These parameters are valuable in comparing pump outputs to one anotrerallGe
pumps with higher power densities are desired as this indicatggwer output of a
pump with respect to the pump’s own physical characteristics vduouald be a design
parameter.

Since the pump will be recycling the fluid used for actuatiors desired that the
hotter and colder fluids are separated such that they are pumpedtoaitieir respective
accumulators. This will reduce the overall power input required tataiaithe hot fluid
at a high temperature and will also eliminate the need for supplal cooling of the

cold accumulator due to natural cooling to the environment so lotigeasolder fluid

remains below 40°C as suggested by Figure 3.8. This can be accomplished usiwid sole

valves to route the fluids at appropriate times during the pumpulg.determining this
timing can be done with thermocouple feedback or with knowledge ofuiaéc fflow

rate and length of the tubing.

3.7 Conclusions

Due to the considerable amount of improvements that have been suggestisd
chapter, it is expected that the overall output-to-input rattbepump will be improved
dramatically over that of the previous design. The end goal othbss is to reach a
performance level where significantly more fluid is being pumgheth consumed. The

next chapter will discuss the modeling results based on these design improvements



CHAPTER 4

OPTIMIZATION BY MODELING AND SIMULATION

It is beneficial to model the SMA pump dynamics in order to ptetle behavior of
the system under various conditions. This helps alleviate the numbetpefiments
required in order to find the set of parameters that yields apbotput performance. In
order to model the entire pump system, dynamic models of both thegsMAtors and
the rest of the system are required. The dynamic model ddnwé&dtel’'s [13, 14] work

will be used as a starting point for the model used in this thesis.

4.1 Review of the SMA Pump Dynamic Model

Ertel's dynamic model was derived using energy bond graphs atelsptre
methods. This allowed for combining the individual wet SMA actuator tao#sligh the
pumping system model. Figure 4.1 shows the complete bond graph usedvéotieri
state equations. In this figure, the actuators are divided into three segmeatsiptor as
opposed to twenty segments used in the actual model. This bond graph d¢eaples
opposing actuators each of which are attached to its own pumpingeh#mough a
lever with a given mechanical advantage. The effort sourgeareéSmartensite fractions
modulated by SMA wire temperature. These temperatures, de&etrhy simulation of

hot and cold water passing through the wet SMA actuators, will now be discussed.
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Pumping .
Chamber #1 _ .| 2 Chamber #2

Figure 4.1 Bond graph of the entire SMA pumping system consisting of two Wt
actuators and two pumping chambers for hot and cold fluid.

By establishing the inlet temperature of the hot and cold fluid tiitowet SMA
actuators, the temperature rate of change of the fluid alonigribth of the actuator is

given by

0Ty T,—T, T,—T; T,
Ot () | 1) T ox

(4.1)

whereT; is the fluid temperaturel,, is the wire temperaturd; is the compliant tube

temperatureyy is the fluid velocity, andk is the length along the actuator. The time
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constants in the denominators are given by

¢p,rPr (D — Dy )(Df — D7)

4Dy, ke Nu,, (x) 42)

Tf,w (x) =

¢p,r07(Dr — Dy )(DF — D)
4D, ks Nue(x)

Tre(x) = (4.3)
wherecy; is the specific heat of the fluig; is the fluid densityDs is the inner diameter of
the compliant tubeD,, is the diameter of the wird; is the thermal conductivity of the
fluid, Nuy(X) is the Nusselt number between the fluid and the SMA wireNar{g) is the
Nusselt number between the fluid and the inner surface of the camplize. The
Nusselt numbers are determined experimentally.

By obtaining the temperature of the fluid along the actuator, nbwg possible to
calculate the heat transfer from the fluid to the comptisim¢ and to the SMA wire. The

temperature rate of change of the compliant tube is given by

aTt_Tf_Tt Ta_Tt
ot Tef (%) Tta

(4.4)

where T, is the ambient temperature surrounding the actuators. The th&émsl

constants are

¢p,tpt(Dy = Dy )(DZ — DF)
4kafNut (X)

Ter(x) = (4.5)
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L= Cp,fpt(th ~ sz)
ta = 4k, Nu,

(4.6)

wherec,; is the specific heat of the tubg,is the density of the tub®; is the outer
diameter of the tubek, is the thermal conductivity of air, amdl, is the Nusslet number
between the tube and the ambient air. The rate of temperatgelof the SMA wire

within the actuator is given by

0T, _ Ty —Ty w
dat Ty, (X) '
and the time constant is
c D, (D — D
T () = 2PV w(Dr = D) (4.8)

4ksNu,, (x)

Upon calculating the temperatures of the components within theM#&taStuators,
the martensite fractions can then be determined along the lefdties SMA wires. Due
to the nonlinear behavior of martensite fraction and temperaturgstardsis model
needs to be applied. As described in [33], the hysteresis cappbexinated with a

cumulative normal distribution curve. The martensite fracfiancan be expressed as

1 . T,(x)—T
Rm(X) = EI - €T‘f (W)l (49)

whereT is the average transformation temperaturearid the standard deviation of the
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transformation temperature. These values differ depending on whiethieansformation
is from martensite to austenite or vice versa and are useddagyly in the model as
given by the SMA manufacturer’s specifications. Other methods have bektousedel
this same phase hysteresis [34, 35], but this method has proved tabke ftehsed on
Ertel’s application and results.

Before listing the dynamic states of the model, it i$ s@cessary to mention other
modulating variables such as strain and stress within the SMA ofithe actuators as
they are influenced by the phase transformation. Noting that thatexs are divided into

segments, the strain of each of the SMA wire segments is given by

( 4F /D2,
) e<e€
E, + Rm(Em - Ea)
4F /mD}, — Rmép (B — Ey)
€= ) €) <e<eld 4.10
E, + Ron(E; — Eo) m m (4.10)
4F /nDZ — Ry € (Eyy — E,) + €54 (E, — EJ) |
\ Ea + Rm(Ed - Ea) '

y
m

€> el

where € is the strain,e), is the yield strain of fully twinned martensited, is the
minimum strain of detwinned martensitejs the force in the actuator segment, &d
En E, and Ey are the moduli of elasticity for austenite, martensitenmed and

detwinned martensite, respectively. By calculating the stithie, stress,s, can be

expressed as

Emer €< Erj;l
o= Enen +E(e—€y), €, <e<el (4.11)
Eménm + Ec(e — €) + Ea(e —€f), € > e,
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and used to calculate the force in the actuators.
With all of the modulating variables now accounted for, the stHtédse model will
now be presented. The states include actuator force, stressangdpsston position and

velocity, pumping chamber pressure, and volume output. The force state equation is

. s . .
F= ZD&,[Ea(l — Rp)€ — EqRp€ + Ryy6 + R0 (4.12)

The state equations férandg are

1[1{<
==l Z —F, (4.13)
j=1
Ené, €e<e
6 =1E¢ en<e<el (4.14)
Ejé, e>¢ed

whereR is the linear damping coefficient,is the number of actuator segmeifiisis the
force in each segment forckl. is the length of each segment, anglis the velocity of

the end of the actuators. The state equatioNfos

14, 1(x N
V= — | (Pey = Pea) + ZF]- Y T (4.15)
]:

j=1

whereA, is the surface area of the pistdha is the mechanical advantage through the
lever, andP, andP,; are the pumping chamber pressures.

The state equations for the two pumping chambers are expressed as
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. 174, 1 1

Peq :E[mvm_ﬂ(Pcl_Paccum) _R_inPCl] (4.16)
1 A, 1 1

c2 :E[_mvm_a(Pcz _Paccum)_R_inPcZ] (4.17)

where C is the volumetric capacitance within the piston chambBgsum is the
accumulator pressure, arl, and Ry are the fluidic resistances in and out of the
pumping chambers. The values of these fluidic resistances apprdasty iagainst
check valves.

As mentioned in section 2.2, the results of the model did not exactishnize
experimental results. The model was also limited in thatditndit allow for complex
timing control and electrical actuation. The purpose of this chaptdo explain
improvements made to the preexisting model and discuss the effects of thesachadge
Plots will be provided as a method of comparison for the two modéls. Matlab

simulation code is provided in Appendix B.

4.2 Modeling Improvements

Although the results of the previous model were fairly closenéoexperimental
results, there was still room for improvement. One area for inepnemt was the
inclusion of temperature-dependent fluid parameters. It is known thiat parameters
such as viscosity, heat capacity, and thermal conductivity vary wreperature.
Although some of these parameters may not vary much betwéénaz@ 100C, the
thermal conductivity varies substantially. As mentioned in secBd) the thermal
conductivity of a fluid is a major contributor to the efficiencyaofluid causing fast

actuation. Figure 4.2 shows the thermal conductivity of water overwibiking
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Thermal Conductivity of Water
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Figure 4.2 Thermal conductivity of water over the working temperature eangh ¢
second-order polynomial fit.

temperature range [31]. As is noticeable, the change in theaheomductivity can vary
as much as 20%. These variances can have a measurable effeet aerall model

prediction of the output performance. A second-order polynomial fitiscdata was used
for the pump simulations in sections B.2 and B.3.

Another factor that can be improved in the original model is thahefthermal
hysteresis. Ertel [13] mentions using a similar method as prbwdE33] to model the
hysteresis, but the actual code uses a more simplified mettesdintate the martensite
fraction based on a linear scaling constant. By modifying tledeinto the method
provided in [33], it can be shown that there is some difference iovitrall behavior of
the martensite fraction over some specified temperature r&igere 4.3 shows this
difference for the forward and reverse transformations overeimpdrature range of

20°C to 90C. “Original” refers to the previous model used in [13] and “Modifiesférs
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Martensite Fraction Thermal Hysteresis
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Figure 4.3 Martensite fraction thermal hysteresis comparison of the naiganc
modified models over the temperature range 6C20 9CC.

to the method used in this thesis as presented in [33]. With theetature-dependent
properties and the thermal hysteresis correction, the overall ogdibrmance
prediction varies as much as 20% depending on actuator length, hottevaperature,
and accumulator pressure.

As mentioned previously, the original model did not allow for timing cbruf the
fluid. Section 3.2 describes the theoretical changes that would ibcoumtrolled flow of
the fluid were allowed. This meant that the fluid would have to be propagated only during
a certain time interval and then allowed to be static foesreldd duration. Figure 4.4
shows a comparison of the two models using 30 cm actuators and 9GAC ltvshould

be noted that this figure does not show the optimal parameteisef@uinp since other
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Constant Flow vs. Modified Flow

Constant
----- Modified

Piston Position (mm)
o

Figure 4.4 Comparison of the original constant flow model with the modified flow n
for 30 cm actuators with 9C hot water.

actuator lengths can be used along with different duration periodsoukpat-to-input
ratio prediction with the constant flow model is 0.203 while the conttdltav model
predicts an increase to 0.481. This increase is in agreemenheithegoretical increase
discussed in section 3.2 where the output is increased while maintdirisgme input,
thus increasing the output-to-input ratio. The changes made Mathe model thus far
can be found in section B.2. Actual results are located in section 5.2.

The final improvement to the previous existing model was the incdrporaf
electrical actuation. By adding electrical heating in additioinécfluidic convection, the
overall output of the system can be increased while also potgntealering the fluid

input at the same time. The rate of change in temperature of a SMA adcugt@n by
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aT, 4i2R AT
v +—2f (4.18)
ot DL pwCpw ot

wherei is the electrical currenR is the electrical resistance of the SMA wire per unit
length of wire,dT,, f/dt is given in equation 3.5, and the remainder of the terms are
defined identically to those in mentioned in sections 3.3 and 4.1. Thetatare change

is used for modulating the SMA wire martensite fraction and doesffeatt the bond
graph or the state equations.

Figure 4.5 presents a comparison of the piston position for fluid-axtlyation
and electrical actuation. It should be noted that the electritztamm still requires some
fluid input for additional heating and cooling of the SMA wiresdesthe actuators. In
the figure, hot and cold fluid is passed through the actuators foo8dsethen electrical
actuation occurs for 1 second within the heated actuator to cempietfull phase
transformation of the SMA wire. The actuator length used in these siomglatas 30 cm
and the hot water temperature was®@0The total output-to-input performance of the
fluid-only actuation model was 0.481 while the performance with léereeal actuation

increased by almost 75% with an output-to-input ratio of 0.834.

4.3 Model Sensitivity to Design Parameters

In order to effectively test for optimal performance by dcaxgerimentation, it is
necessary to find a range for which optimal performance is egeBly varying key
parameters and modeling their influence on performance, possible to eliminate
unnecessary testing that would otherwise produce less useful Tdasasection will

discuss the performance sensitivity to actuator length, mechamicantage in the
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Fluid-Only vs Electrical Actuation

Electrical

Piston Position (mm)

Figure 4.5 Piston position comparison for flumhly and electrical actuation with 30
actuators and 9C hot water.

pumping lever, actuation timing, water temperature, and eldchttaation. Figures and

tables will be provided to demonstrate the performance sensitivity of eachepara

4.3.1 Actuator Length and Mechanical Advantage

Some of the most key parameters that influence the output perfanuhnthe
system are actuator length and mechanical advantage. Althougly lzalanger length
can be advantageous because larger strain can occur, the downsidemsréhdiow
input is required and the heat loss to the environment is increased. Due to thi$, teadeof
optimal length is expected for peak performance. Similarly, la tmgchanical advantage

can be beneficial for overpowering the accumulator pressure, butrade for piston



48

stroke length. By lowering the mechanical advantage and placingtiigta closer to
the fulcrum of the lever, the output performance is expected tease until the force
required to move the pistons is greater than the actuator fancgupaly at which point
the performance is expected to decrease.

Figure 4.6 provides simulation results of output-to-input ratio foyingractuator
lengths and mechanical advantages (MA). The mechanical advarghges were
chosen based on preliminary indications from the model that smaller values vaoltd le
undesired stress in the actuators and higher values would lead to Ilput. delbw
duration of 4 seconds with a stagnation period of 2 seconds were usackifation
timing over two complete cycles. A hot water temperature o€884s used to match the

local boiling point and compensate for the heat loss from themadator to the

Actuator Length & Mechanical Advantage
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Figure 4.6 Simulation results of output-toput ratio demonstrating sensitivity
actuator length and mechanical advantage (MA).
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actuators. An accumulator pressure of 15 kPa was used to mataeritiaiwill be used
in the actual experiments.

From this plot, it can be deduced that the performance of the puaxpésted to
reach its maximum potential with actuator lengths between 35 cm and 4#8somnas the
mechanical advantage decreases, the output increases for neactyatior lengths and
then decreases as predicted. Similar results hold true for totiag control schemes
including that which allows for stagnant actuation. A mechanicalrddga of 0.84 will
be used for the remaining simulations in this thesis since mgdsliggests that this

produces the highest output.

4.3.2 Fluidic Actuation Timing

The timing and control of the fluid passing through the actuatorstisatto the
performance of the pump. The optimal timing will depend greatly oad¢heator length.
Longer actuators will require longer flow durations in order suse full phase
transformation along the entire wire within the actuator whilealler actuators will
require less. In order to fully understand the relationship betwdaataclength, flow
duration, and output performance, multiple simulations need to be completed.

Figure 4.7 presents the results of 24 simulations of varying acteaigths and flow
durations. The other parameters used are similar to thosebaeksori section 4.3.1 for
the simulations of actuator length and mechanical advantage. ligtine, fit is shown
that there exists an optimal flow duration for each actuatortHerigpr example, the
optimal flow duration for a 40 cm actuator is 4 seconds and yieldda@rpance ratio of
0.84 which also happens to be the highest predicted performance of the ugrijuics

only actuation. As expected, longer flow durations for smalleradats results in lower
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Figure 4.7 Simulation results of output-toput ratio demonstrating the relationshiy
flow duration and actuator length.

performance since input flow is being wasted and not inducing signifiadditional
actuation. Conversely, smaller flow durations are not causing enactigdtian in longer
actuators, thus also reducing the performance. It should be notdtdhaiquired fluid
propagation time through the actuator is generally less than hldsefor actuators less

than 40cm with an accumulator pressure of 15 kPa.

4.3.3 Fluid Temperature

As mentioned in section 2.3.3, the performance of the pump will varyndigeygeon
the temperature of the hotter fluid. Since water is the cuwerking fluid, a simulation
analysis of the performance of the pump versus temperatureaomllbe provided. The

dependence of the output-to-input ratio performance on hot water téurpendthin an



51

effective temperature range for water is provided in FigureSkiBilar parameters were
used to those mentioned is section 4.3.2 with 40 cm actuators and duflation of 4
seconds. As is readily apparent, the performance varies sigtlifidzased on the hot
water temperature. At sea level where the boiling point is roudl@9°C, the
performance is expected to exceed a ratio of 1.0. At higheatsns, this performance
ratio may be unreachable without the assistance of electataktion or internal

accumulator heating as mentioned in section 3.3.

4.3.4 Electrical Actuation

Simulating the electrical actuation as discussed in section 4.navide useful
insight to the expected performance increase. Although arpeafce increase is

expected with electrical actuation, there are multiple wdyimplementing it. Perhaps
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Figure 4.8 Simulation results of output-toput ratio and the dependence on hot v
temperature within an effective range for water.
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the simplest way to implement it is to run fluid-only actuationsimme duration of time
then provide the electrical current to finish the phase transfmmaifihis can be
accomplished either during the fluid flow or after. By vagythe time at which electrical
actuation begins, the optimal timing can be determined via simulation.

Figure 4.9 provides the simulation results for various flow duratiodsetectrical
timings. The lead time is defined as the amount of time priduigid flow stopping that
the electrical actuation begins. A lead time of 0.0 seconds mbahghe electrical
actuation begins at the time the fluid stops. An electrical duratf 1 second was used
for these simulations since prolonged durations of passing current thtoglstuators
can cause permanent deformation. The electrical current used mthations was 4.5

Amps. The remaining parameters used reflect those used to digamakimum fluid-
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Figure 4.9 Simulation results of output-toput ratio and various timing schemes
fluid-only flow duration and electrical actuation lead timing.
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only performance discussed in section 4.3.2.

The data presented in the figure suggest that a flow dumattibr® seconds with 0.5
second lead time yields the highest overall performance. Thiassea#uitive since
additional flow may be unnecessary with the electrical actuathe data also suggests
that there is a point at which flow duration is too small sihedltid propagation time is
roughly only 0.8 seconds. This is because the electrical actuatian raeprovide
enough heat to contract the SMA actuators with colder fluid surrouticiemg. The only
way to compensate for this effect would be to increase the anbunirrent being
passed through the SMA actuators. This would require more capabés popplies to
accommodate currents above 5 Amps. This topical area will not eecbwithin this

thesis.

4.4 Optimal Design Parameters

Based on simulation results in the previous section, Table 4.1 presensets of

parameters that will lead to expected maximum; one setlda-dnly actuation and

Table 4.1 List of optimal parameter values for fluid-only and electraetuation that
yields the absolute maximum performance expected for each configuration.

Parameter Fluid-Only Electrical Units
Wire lengths 40 40 cm
Mechanical Advantages 0.84 0.84 -
Accumulator Pressures 15 15 kPa
Hot Water Temperature 88 88 °C
Cold Water Temperature 25 25 °C
Flow Duration 4.0 15 sec
Electrical Lead Time - 0.5 sec
Electrical Duration - 1.0 sec

Electrical Current - 4.5 A
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another set incorporating electrical actuation. These sets amptars represent the
values used to reach the absolute maximum performances provided ia Eiguand
Figure 4.9. It should be noted that the hot water temperaturesihidieel table represent
that which would be expected during actual experimentation atesatieln of roughly
1400 meters. As mentioned previously, better performance would beatid¢aat lower

elevations.

45 Conclusions

By improving the existing model, implementing electrical actuatand determining
an optimal set of parameters with which the pump will exceed gu®big-input ratio
greater than 1.0, it can now be expected that the prototype pumpeetlthe necessary
requirements to be able to supply fluids to external SMA subsgsfEne next step is to
validate the model by providing actual experimental results angbaamg them to the
simulation results presented in this chapter. This validationuisiatrto being able to
continue manipulating the model to find other sets of parametersahiat improve the

performance of the pump in the future.



CHAPTER 5

PROTOTYPE AND EXPERIMENTAL RESULTS

The previous chapter discussed improvements made to the model andeprésent
output-to-input results of multiple simulations where key parammetere varied to find
an optimal set that would yield maximum performance. Two typesets were
presented: one using fluid-only actuation and the other incorpordtengssistance of
electrical actuation. This chapter will present the prototypet ol testing, provide
experimental results for various parameters sets, and compaparnipeperformance to

the simulation results.

5.1 Design Implementation Prototype

In order to compare experimental results with simulation resuftsototype must be
built that represents the model in every way possible to ensure the validatiomaidéle
is accurate. The prototype must implement the design improventisatssed in Chapter
3 including the new diaphragm design, utilizing complex timing contreictrécal
actuation, fluid separation and recycling, and continuous heat additgure 5.1 is an
actual photograph of the working prototype used for experimentaige$his prototype
implements the design improvements just mentioned and allows rfmmeter variation

such as actuator length and mechanical advantage. The desigegaisesrless tubing in
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Accumulators

Figure 5.1 Design prototype capable of various wire lengths, mechanical adea
complex timing, fluid separation, and allows for electrical actuation.

order to minimize heat loss as described in section 3.5. A hea@antee is located
inside the hot water accumulator in order to sustain performance over expenides of
time. The flow path is controlled by four solenoid valves; two corhelfluid input to
the actuators through a control manifold and the other two seplaeatet and cold fluid
output from the actuators through a separation manifold. Two powelesippt used to
actuate the two individual actuators. Figure 5.2 shows this concepora detail. A
custom LabVIEW program controls the timing of the solenoid valves the power

supplies. A screenshot of the front panel interface is provided in Appendix C.
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Figure 5.2 Conceptual diagram of the of the new designgiype conveying the flo
paths of alternating hot and cold water.

5.2 Experimental Testing and Results

In order to map and obtain optimal performance, a targeted sep@firaents were
selected to evaluate optimality of the chosen design. Firsgptaal flow duration was
found for each actuator length by using simulation results as d@irtgasand then
performing quick tests to determine the optimal flow duration by toong the output.
Upon obtaining the optimal timing for each actuator length, fornuad-thnly actuation
tests were conducted varying actuator length and mechanical aglwasimilarly to that
described in section 4.3.1. Due to some inconsistency of the pump pertermaultiple

test runs were performed in order to obtain an average representfati each
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configuration.

Figure 5.3 provides the results of the experiments varying actlength and
mechanical advantage. As is evident in the plot, and as predictttion 4.3.1, the
smaller mechanical advantage configurations outperformed those vgér nes. It is
also apparent that higher outputs were achieved with longer ackeraghhs. This was
expected from the simulation results as well. The maximum outgaptit performance
obtained with fluid-only actuation under the conditions provided was 0.88.sTaisost
double that of the previous pump design in [13]. By lowering the aceatonyressure,
higher performance was obtained, but this required longer flow duratidnwas
unsuitable for practical application since the pressure could not iadsigaificant flow
that would be useful towards actuating other subsystems.

For fluid-only actuation, the experimental and simulation resuéisgaite similar.

Wire Length & Mechanical Advantage
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Figure 5.3 Fluid-only experimental results of outputitgeut ratio for varying wir
lengths and mechanical advantage using optimal flow durations.
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Figure 5.4 compares the output-to-input ratios of the experimestdtsand simulation
results when the mechanical advantage is 0.84, which vyields highernpante than
other mechanical advantages. As is evident from the plot, the sonulasults are
within 5% to 10% of the experimental results. This is satisfgcand should provide
confidence for those using the model for fluid-only actuation in deré. Due to the
physical limitations of the prototype, the performance of 45ard 50 cm actuators
could not be explored.

Since the performance of the fluid-only experiments did notezk@a output-to-
input ratio greater than one, electrical actuation assistanaguired. After performing
the fluid-only experiments, electrical actuation tests waea performed by varying flow
duration for 40 cm actuators with a mechanical advantage of 0.Bdlealtrical actuation

tests were performed with lead times in accordance witmthemum simulation results
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Figure 5.4 Comparison of experimental and simulation results of outpungig ratio fo
optimal configurations of fluid-only actuation.
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achieved for each flow duration in section 4.3.4 which suggests the bestraerce is
reached with no lead time except when the flow duration is 1.5 seaingdhjch point
the optimal lead time is 0.5 seconds.

A comparison of the experimental and simulation output-to-input perfoenanc
results is provided in Figure 5.5. It is evident that the model is @bleredict the
experimental performance with some accuracy for longer flowtidnsa Conversely, the
model drastically underestimates the performance when thedfloation is 1.0 seconds.
This could be a consequence of multiple complex interactions wittimbdel. Further
analysis of the water flow suggests that the hot water @@eh the end of the actuator,
but does not seem cause a significant phase transformation irtubkeveice. This could
be a result of inaccuracies in the thermal time constantiseofiuid, wire, and tubing.

These results provide insight to how necessary it is to combimg dind electrical

Electrical: Experimental vs. Simulation
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Figure 5.5 Comparison of experimental and simulation results of outpungigk ratio fo
optimal configurations of electrical actuation.
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actuation in order to reach higher output performance.

The maximum output-to-input ratio reached experimentally witid fand electrical
actuation was 1.54 under the conditions provided. This performance meets the
requirements necessary to provide fluid actuation to other subsysteladeing able to
still provide self-actuation. With this, the focus of the projedhm future can begin to
integrate the pump with other subsystems along with improving theeaffy and

performance of the pump. This will be discussed in greater detail latetions@@.

5.3 Heat Addition and Power Requirements

Without continuous heat addition to the system, the performance of the pump
degrades over time. Conversely, with heat input, the performanegpected to be
sustained and even exceed that of the nonheated system. This is beedaskéng point
of the water will be higher due to the increased pressure witleiratcumulators as
shown in Figure 3.9. The output-to-input ratio over time for fluid-ockyaion with 40
cm actuators with and without heat addition is provided in Figure 5.6.

In the figure, it is readily noticeable that the performamegins to degrade
significantly after roughly two minutes of pumping without additionaht. This can be
remedied by inserting a heater coil into the hot water accuondat insulating it. The
results in the figure show that this is true and that the perfarenis significantly higher
as expected. In this case, the output-to-input performance is sdsaaimenost 1.4 which
is higher than predicted by simulation results provided in Figure 4.8idgber boiling
points of water. Due to the high output of the pump, the power requiredstairs
performance for fluid-only actuation is 323 Watts as obtained mgwesjuation 3.7 and

neglecting heat loss due to insulation of the hot accumulator. \pérformance level,
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Fluid-Only: Performance Over Time
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Figure 5.6 Performance over time with fluid-only actigan and 40 cm actuators with ¢

without heat input to the hot accumulator water.

the pump is capable of pumping a net output of 24 mL/min.

Figure 5.7 is a plot that compares the piston position output from thetipateter

attached to the fulcrum of the lever on the pump for heated and nonheatedtéiot

accumulator tests provided in Figure 5.6. Due to the increased bpdingof the water

within the heated accumulator, the actuator strain is increased evident by the

position in the figure. The nonheated accumulator test shows smadles jreposition

indicating less strain in the actuator. Although the maximum actdn that can occur

for a 40 cm actuator is 16 mm (4% strain), the highest actualactiotr observed was

11.5 mm (2.9% strain) with fluid-only actuation. This is due to the llogatin the water

before it reaches the actuators’ end. Again, this can be mdidateimplementing

electrical actuation to ensure full phase transformation along the entire $#®lfength.

Figure 5.8 is a plot showing the output-to-input performance ovee twvith
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Fluid-Only: Piston Position vs. Heat Addition
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Figure 5.7 Comparison of the piston position over time for test with and withea
addition to the hot water accumulator using fluid-only actuation.

electrical actuation. Similarly with fluid-only actuation, thefpanance is significantly
greater with heat added and the performance is also sustaifed.maximum
performance reached with 40 cm actuators and electricaltiactus roughly 2.1. The
flow duration is 1.5 seconds without any electrical lead time.

The total power requirement to sustain this performance wittriel® actuation is
520 Watts and neglecting heat loss from the hot accumulatorlyMN&86 of this power
goes into the maintaining the temperature inside the hot accumwlaileronly 7% is
needed for electrical actuation. This power required is signtfichigher than that of the
fluid-only configuration primarily because of the increased floidput of the pump.

With this configuration, the pump is capable of pumping a net output up to 66 mL/min.
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Electrical: Performance Over Time
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Figure 5.8 Performance over time with electrical actuation and 40 cm tactuaith an
without heat input to the hot accumulator water.

5.4 Pump Efficiency and Power Density

While the power required for the configuration with electricatuaion is
significantly higher than that with fluid-only, the efficiensyalso higher. The net power
efficiency of the electrical actuation configuration is 0.003&Pdle the efficiency of the
fluid-only configuration is 0.0019%. These values were obtained using eqG@ai@amd
do not include the small amount of power required (approximately 1 Wadttivate the
solenoid valves. As is evident, these efficiencies are not highegnde improvement in
future designs. Ways of improving these efficiencies would be poowve the expected
output performance by using alternative pump designs, some of whiehdigeussed in
section 3.1. The peristaltic concept particularly suggests increased output.

The power density of the fluid-only pump is 0.0016 W/kg (0.0025 W/L) wihiée
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power density of the electrical pump configuration is 0.0043 W/kg (0.0068. iiese
are significantly small as well, but can be increased breasing the output of the pump
and decreasing the pump mass and volume. Components that make upthg ofidhe
mass and volume are the frame and the pumping chambers. Usingtalteaterials and
smaller dimensions would decrease the mass and volume signyfieaitlincrease the
power density by an order of magnitude. Additionally, although theiefty of the
pump is low, making the use of high density energy storage caoumpwerall power
density. One author uses high energy dense fuels to heat #reusatl to actuate SMA
actuators [10]. Table 5.1 summarizes the values required to caltheaggficiency and
power density of the fluid-only and electrical actuation configurations.

Figure 5.9 is a plot that compares the wet SMA pump to other tfpesmmon
pumps including the human heart as presented in Figure 1.3. It isddesmeach levels
similar to the human heart, but this has not yet been accomplishexk may be other

designs not yet developed that could improve both the efficiency of the power density.

Table 5.1 Summary of values used for calculating the power efficiency and dengiitg of
fluid-only and electrical actuation configurations.

Symbol Parameter Fluid-Only Electrical Units
Paccum Accumulator Pressure 15000 15000 Pa
Qout Pump Output 1.4 2.1 mL/s
Qin Pump Input 1 1 mL/s
Pin Power Required 323 520 W
mp Pump Mass 3.81 3.81 kg
Vp Pump Volume 2400 2400 mL
Np Efficiency 0.0019%  0.0032% -

Prr Mass Power Density 0.0016 0.0043  WI/kg

pv Volume Power Density 0.0025 0.0068 WI/L
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Figure 5.9 Comparison of efficiencies and mass power densities of common po
the wet SMA pump. See Appendix B for more information.

5.5 Conclusions

It has been shown by simulation and experimentation that the SMA pucapable
of providing a sufficient amount of fluid to actuate external SMA systems. bigdent
by the output-to-input ratios of the pump being 1.4 for fluid-onlya@ton and 2.1 with
electrical assistance. It has been demonstrated that the gaimgustain performance
over long periods of time with continuous heat addition to the hot water accumulator. The
fluid-only pump configuration requires 323 Watts to sustain perforenand is 0.0019%
efficient. The electrical configuration requires 520 Watts &n@.0032% efficient. The
power densities of the fluid-only and electrical pump configuraéicen 0.0016 W/kg
(0.0025 WI/L) and 0.0043 W/kg (0.0068 WIL), respectively. By modifying the current
chamber design and using lighter materials, both the efficiandypower density can be

improved. The pump is capable of pumping a net output of 66 mL/min.



CHAPTER 6

CONCLUSIONS

6.1 Summary

The goal of this thesis was to create a biologically inspiretdshape memory alloy
actuated pump that could provide thermal energy via fluidic convectioxteonal wet
SMA subsystems. Furthermore, the pump was to draw from its owndfieiaiic output
to assist in actuating its own internal SMA actuators. A thoraungthysis of the previous
wet SMA robotic heart has been conducted by searching for oppasuriiir
improvement. Methods of improving output as well as decreasing pump weret
explored by modifying the pumping chambers, actuation timing, and oconsty adding
heat to the system.

In an effort to accurately represent the design changes and fesimeg results,
modifications to the previous dynamic model were made that indegperature
dependent properties, a more comprehension phase hysteresis rdite eapability of
being able to model complex timing with electrical actuation aoayrModeling results
were provided as a baseline indicator of what was to be expectedg actual
implementation and testing. The effects of changing variousnedteas were explored to
determine optimal configurations in order to eliminate unnecessesiing. Key

parameters found include using small mechanical advantagespadtmgiths of 40 cm,
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and flow durations long enough to cause optimal contraction. Water tdorpeveas
found to play a large role in output-to-input ratio. Electricabaibn modeling results
indicated an output-to-input ratio greater than 1.0, suggesting theSMA pump
becoming a viable robotic heart device.

Implemented design changes and testing confirmed the modeling .regutt$luid-
only actuation, the output-to-input ratio did not exceed 1.0 except when the hot aater w
heated within the accumulator. With heating, the performance pedkeearly 1.4. The
pump reached an output-to-input performance of nearly 1.6 withietcrctuation and
when continuous heat was added, the performance reached almost 2.loutphet¢o-
input ratios indicate the wet SMA pump is able to pump more fhad it consumes for
actuation. That makes this pump the first heart-like self-sustgaREMA pump ever built.
It is also the first SMA pump capable of distributing therrhatls to external wet SMA
subsystems on a macroscale by pumping a net output of 66 mL/mppased to micro
SMA pumps that can only pump on an order of 1 mL/min or less.

Although the pump’s output-to-input ratio far exceeds 1.0, the poweresity and
power density of the pump are far below what was desired slidesired to reach levels
similar to the human heart, but the amount of power required to keepothsater
continuously heated at boiling point limited the efficiency consiolgr As mentioned
previously in section 1.1, the maximum possible efficiency of theators themselves is
on the order of 3% and 0.2% when taking heat loss into account. The reastms for
large difference in efficiency is that in the SMA pump, the hotew&avels through
much more tubing and is held in a reservoir for a period of time ddfas pumped

through more tubing, into the pumping chambers, and finally back into theatet
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accumulator.

Options for improving efficiency and power density include insulatthg
accumulators, pumping chambers, reservoirs, actuators, and all oibthg. tThis will
minimize heat loss as explained in section 3.5. Other methods abvimgrefficiency
include minimizing pump mass, optimizing pumping chamber design, and mgdihe
amount of heat necessary to keep the hot water at an elevateeraame by using
insulation, and finding an alternate fluid that can operate at highgeratures with a

low viscosity.

6.2 Recommendations for Future Work

Although the pump was able to exceed an output-to-input ratio grbaterunity,
there are still some aspects of the pump that need to be fdetelobped in order to fully
realize the entire pump system and integrate it with other sidmsy as a viable method
of actuating separate SMA mechanisms. The opportunities foefutork are integration
with other subsystems, increasing the pump mobility, and increttsngump’s output
performance. First, integration with other subsystems requhas the pump be
somewhat transportable and must have enough outlets from theuamrmto supply
hot and cold fluid to other mechanisms. This also requires a more evonping and
feedback system in order to adequately control and monitor other subsystems.

Concerning mobility, the robotic pump currently relies on computer costeol
LabVIEW to keep the timing of the separate actuators. Thisdf/geftware control can
be costly and requires an entire computer system to be attachieel tobotic pump.
There are a couple of ways to remove this necessity. One methadl lveotd implement

mechanical switching of the hot and cold fluid to the actuators basedemor actuator
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position. This would eliminate the need for extra electrical paavectivate the solenoid
valves. Another would be to implement the timing control via a microalet with
timing capability. It is also necessary to remove the neeédlyoon external heating and
pressure regulation sources inside the accumulators.

With regards to improving output-to-input ratio and pump efficiencyietlaee still
many things that can be done to improve the overall output performarnkhe ptimp.
One approach would be to optimize the pumping chamber diameter and thaglaphr
thickness. Simulations suggest that by increasing the pumping chdiabreter within a
given range while maintaining a relatively low fluidic capadue to bulging that the
pump output should increase significantly. The downside to this isrhetiining of the
chambers can be expensive and would require redesigning the diaphragmsglgcordi

Another way to potentially increase the performance of the pumpdwioilto
research more alternate fluids that would have high boiling points lagenal
conductivities while at the same time having low enough visesditat would allow for
low accumulator pressures. As mentioned in section 3.3, glyceroéthgtbne glycol
were too viscous to be used efficiently.

The final recommendation for increased performance of the SMA icopamp
would be to implement the peristaltic pump concept outlined in sectlo? & the dual
bellows pump outlined in section 3.1.3. Both of these concepts have shownea high
potential output per unit length of SMA wire, but the implementation of these pumps may
prove to be quite challenging. An implementation of a SMA petistaump has been
developed [23-25] and could be used as a starting point for future SMA pum

development.
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APPENDIX A

EFFICIENCY DATA

Table A.1Table of power densities and efficiencies for various types of pumps.

Power Density

Pump Type Manufacturer Model (W/kQg) Efficiency
Piston Cat Pumps 280 [36] 160 81%
Rexroth A2FO-5 [37] 5796 95%
Cole-Parmer EW-07143-73 [38] 105 6%
Annovi Reverberi  RMV2.5G20 [39] 940 85%
Annovi Reverberi SJV 3400 [40] 545 81%
Sauer Danfoss Series 45-L25C [41] 750 68%
Ingersoll Rand 650939-X4D-B [42] 286 60%
Screw IMO Pump Series 3E-87P [43] 326 2%
IMO Pump Series 6T-250 [44] 600 17%
Leistritz L3 [45] 550 27%
Warren Pumps 211 Series [46] 775 15%
Diaphragm  Graco Huskey 205 [47] 1304 23%
Wilden Pumps P100 [48] 76 38%
Flojet 02100-12C [49] 12 25%
Grundfos DME Series [50] 216 27%
Hydra-Cell F/IG-20-X [51] 2300 31%
Centrifugal Little Giant 1-A [52] 2.5 3%
Dayton 4HFA7 [53] 115 16%
Dayton 2YEV3 [54] 300 38%
Dayton 2ZWZ1 [55] 37 41%
Cole-Parmer EW-07085-00 [38] 43 46%
IPT 2SSBP 3000 [56] 20.7 32%




APPENDIX B

MATLAB CODE FOR ROBOTIC PUMP SIMULATIONS

B.1 Code for “pumpsim.m”

% This script runs "temp2rm.m" which solves the thermal model and
% martensite fraction-temperature profile. It then calls an ODE solver
% to solve "pumpsys.m" which is the complete robotic pump system.

clear all;
close all;
clc;

global Rm1l Rm2 t n t_on t_off t_es t_elec L Ma

L = .40; % Actuator length, m

Ma = 0.84; % Mechanical Advantage

% Fluid Timiing

t_on = 2.0; % Fluid Flow ON

t_off = 1.0; % Fluid Flow OFF

% Electricity Timing

% t_on = 2.0; % Fluid Flow ON

% t_es = 2.0; % Electricity Start Time (t_es >= t_on - t_elec)
% t_elec = 1; % Electricity Time ON (t_elec <= t_off)

% t_off = t_es+t_elec+l-t_on;

cycles = 3; % Number of Cycles to Model

% Solve temperature and martensite fraction profiles
temp2rm;

% temp2rm_elec;

% Pump initial conditions

Flo = 20*ones(n,1);
F20 = 20*ones(n,1);
Pa0 = 0;
PbO = 0;
vmO = 0;
Xm0 = 0;

% Solve pump system eqgns

y0 = [Flo; F2o0; Pa0O; PbO; vmO; xmO; 0; 0; 0; 0];
tspan = t;

options = odeset('RelTol',1le-3, ' 'AbsTol',1le-6);
[time,y] = ode23tb(@pumpsys,tspan,y0,options);
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% sort y0 results

F1 = y(:,1:n);

F2 = y(:,n+1:2%n);

Pa = y(:,2*%n+1);

Pb = y(:,2*%n+2);

vm = y(:,2*n+3);

xXm = y( 2% n+4),

Vlout = y( 2*n+5);

V2out = y(:, 2 ‘N+6) ;

vlin = y(:, 2 ‘N+7);

V2in = y( 2 ‘N+8) ;

% Flow output & feasibility

%Qout = (max(Vlout) + max(V2out))/max(time); % Cylindrical Pumping
Qout = .495*(max(vlout) + max(V2out))/max(time); %.495 Accounts for

Conical Pumping
Qin = 2*t_on/(t_on+t_off)*Q;
eff = Qout/Qin

% % Plot Results

figure(l);
plot(time,Rml,time,Rm2);
ylim([0 11);

ylabel('Martensite Fractions');
xlabel('Time (sec)');
%legend('Hot', 'Cold');

figure(2);
plot(time,F1(:,1),"'-k",time,F2(:,1),"'-.k");
ylabel ('Actuator Forces (N)');

xlabel('Time (sec)');

legend('Hot', 'Cold');

figure(3);

p1ot(t1me Pa,'-k',time,Pb,"'-.k"');
ylabel (' Chamber Pressures (Pa) );
xlabel('Time (sec)');
legend('Hot', 'Cold');

figure(4);

subplot(2,1, 1),

p1ot(t1me Xm -k"');

ylabel (' piston Position m)");
xTabel('Time (sec)');

subplot(2,1,2);
plot(time,vm, 'k');

ylabel ('Piston velocity (m/s)');
xlabel('Time (sec)');

figure(5);

subplot(2,1,1);
plot(time,vlout, '-k', time,Vv2out,'-.k")
ylabel('V_o_u_t');

x1abe1('Time (sec) );

legend('Hot', "'Cold');

subplot(2,1,2);
plot(time,vlin,'-k',time,v2in,'-.k");
ylabel('v_i_n");

xlabel('Time (sec)');

legend('Hot', 'Cold');

figure(6);
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axis([0 1 0 1];

text(.3,.7,strcat('Qout =',num2str(Qout)));
text(.3,.5,strcat('Qin =',num2str(Qin)));
text(.3,.3,strcat('Qout/Qin =',num2str(eff)));

B.2 Code for “temp2rm.m”

This program is run by "pumpsim.m" to calculate the temperature and
martensite profiles for two opposing SMA actuators using water-only
actuation.

R R X

R

Declare global variables
global Rml Rmldot Rm2 Rm2dot t dt m n Dw dx Sp Rv R L Ea Em Et Ed eym
edm M Ma Ac C K t_on t_off

% Wire propert1es
Dw = .02%.0254;

R

wire diameter, m

pw = 6450 % SMA density, kg/mA3

cpw = 837; % SMA specific heat, 3/(kg*K) 837

Twi = 24; % Initial wire temperature, C

Abar = 78 % Avg Forward transformation temp, C
sa = 9; % StDev Forward transformation temp, C
Mbar = 55; % Avg Reverse transformation temp, C
sm = % StDev Reverse transformation temp, C

Ea = 37494e6; % Austenite modulus of elasticity, Pa
Em = 12214e6; % Twinned martensite modulus, Pa
Et = 638.6e6; % Partially twinned martensite modulus, Pa
Ed = 7800e6; % Detwinned martensite modulus, Pa
eym = .00399; % Maximum strain of twinned martens1te
edm = .0417; % Minimum strain of detwinned martensite
= 10; % Damping coefficient, N/s

% Tube properties

Df = .0625%.0254; % Tube inner diameter, m
Dt = .125%.0254; % Tube outer diameter, m
pt = 1290 % Tube density, kg/mA3
cpt = 1460 % Tube specific heat, 1/(kg*K)
K = 50;
% Fluid properties
cpf = 4200; % Fluid specific heat, 3/(kg*K)
Tfh = 88; % Hot fluid temperature, C
Tfc = 24; % Ccold fluid temperature, C
visc = 5.468e-4; % Dynamic Fluid viscosity, Pa*s
pf = 998; % Fluid density, kg/mA3

= 3. 55 % Fluid Prandtl number
kf = .643; % Fluid thermal conductivity, w/(m*K)

% see kf(T) and cpf(T) below

% Air propert1es
Ta
ka

% Ambient temperature, C
28.1e—3, % Air thermal conductivity, w/(m*K)

% System properties

Nua = 30; % Ambient Nusselt number, Nu_a

M= .3; % Suspended mass, kg

Ac = 15.5e-4; % Pumping chamber cross-sectional area, mA2
Rv = 3e9; % Pumping Chamber Fluid Resistance, Pa*s/mA3
C = 5e-10; % Pumping Chamber Capacitance (pg 53 - 54)
Rf = 1.5el0; % Actuator fluidic resistance, Pa*s/mA3

Sp = 15000; % Accumulator pressure, Pa
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Q = Sp/Rf; % Flow rate, mA3/s

uf = Q/(pi/4*(DFA2-DWA2)); % Average fluid velocity, m/s
Re = pf*uf*(Df-bDw)/visc; % Reynolds number

ts = t_on+t_off; % Hot/Cold duration, sec
% n = Number of Actuator Nodes

% dx = Distance the boundary moves each iteration of outer loop
% dt = Time that passes during each iteration

% m = Number of Time Steps

n = 20;

dx = L/(n-1);

dt = dx/uf;

m = ceil(cycles*2*ts/dt);

% Set initial profiles

T™w_11 = Twi*ones(1l,n); % Wire

Tf_11 = Twi*ones(1,n); % Fluid

Tt_11 = Twi*ones(1l,n); % Tube

T™w_12 = Twi*ones(1l,n); % Wire

Tf_12 = Twi*ones(1,n); % Fluid

Tt_12 = Twi*ones(1l,n); % Tube

Rml = zeros(m,n);

Rm2 = zeros(m,n);

Rmldot = zeros(m,n);

Rm2dot = zeros(m,n);

for j = 1:m

% Track time and boundary position
t(3) = dt*(3-1);

for i = 1:n
1G) = dx*(i-1D);

% Calculate Nusselt numbers and thermal time constants
Nuo = 4; % Nu_T
Nui(i) = 16.64*exp(-16.44*1(i))+8.52; % Nu_w (Experimental)

% Calculate coefficients for actuator #1

T =Tf_11(1);

kf = -7.42e-6*TA2+1.86e-3*T+.569; % kf(T)

cpf = (1.92e-9%TA4-4.89e-7*TA3+5.34e-5%*TA2-2.29%e-...
3*T+4.21)*1000; %cpf(T)

cl = 4*Nui(i)*kf/Ccpw*pw*Dw*(Df-Dw)); % 1/tau_w,f

c2 = 4;’:Nu-i (-i):%kf:?Dw/(cp'F*pf*(D'F—DW)* (D'FAZ_DWAZ)); % 1/tau—f’w
c3 = 4*Nuo*kf*Df/(pf*cpf*(Df-Dw)*(DfA2-DwWA2)); % 1/tau_f,t

c4 = 4*Nuo*kf*Df/(pt*cpt*(Df-Dw)*(DtA2-DfA2)); % 1/tau_t,f

c5 = 4*Nua*ka/(pt*cpt*(DtA2-DfA2)); % 1l/tau_t,a

% Calculate temperture changes for actuator #1

delTwl(j,i) = (c1*(Tf_11G))-Tw_T11())) *dt;

delTf1(3) (e2*(mw_11G))-TF_11D))+e3*(Tt_T11GD) -TF_11(1)) ) *dt;
delTtl(i) (c4*(TF_11G))-Te 11D +e5*(Ta-Tt_11 (i) ) *dt;

% Calculate coefficients for actuator #2

T =Tf_120);

kf = -7.42e-6*TA2+1.86e-3*T+.569; % kf(T)

cpf = (1.92e-9%TA4-4.89e-7*TA3+5.34e-5%TA2-2.2%e-...
3*T+4.21)*1000; %cpf(T)

cl = 4*Nui(i)*kf/(cpw*pw*Dw* (Df-DW)); % 1/tau_w,f

c2 = 4*Nui(i)*kf*pw/(cpf*pf*(Df-Dw)* (DFA2-DWA2)); % 1/tau_f,w
c3 = 4*Nuo*kf*Df/(pf*cpf*(Df-Dw)*(DfA2-DWA2)); % 1/tau_f,t

c4 = 4*Nuo*kf*Df/(pt*cpt*(Df-Dw)*(DtA2-DfA2)); % 1/tau_t,f
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c5 = 4*Nua*ka/(pt*cpt*(DtA2-DfA2)); % 1l/tau_t,a

% Calculate temperture changes for actuator #2
delTw2(j,i) = (c1*(Tf_12¢G)-Tw_12())) *dt;

delTf2(1d
delTt2(i

)
)

% Add tem

Tw_11(3)
TF_11(3)
Tt_11(3)
Twl(j, 1)
Tw_12(1)
T _12(3)
Tt_12(3)
™w2(j,1)

p

(2% (Tw_12(1)-TF_12(1))+C3*(Tt_12 (i) -TF_12(i))) *dt;
Cca* (TF_12(i)-Tt_12(i))+c5* (Ta-Tt_12(i))) *dt;

change to old temp
Tw_11(i) + delTwl(j,i);
TF_11(i) + delTf1(i);
Tt_11(i) + delTtl(i);

Tw_11(1
deltTw2(j,i);

)
T™w_12() +
Tf_12(i) + delTf2(1);
Tt_12(i) + delTt2(i);
T™w_12(1);

% Calculate martensite fraction profile
ifj==1

Rm1(j,1)
Rm2(3,1)

else

1;
1;

% Determine heating or cooling curve from sign of
% temperature rate.

hfl = .5*(1+erf((Twl(j,i)-Abar)/(sa*sqrt(2)))); % Fwd
hrl = .5%(1+erf((Twl(j,i)-Mbar)/(sm*sqrt(2)))); % Rev
hf2 = .5%(1+erf((Tw2(j,i)-Abar)/(sa*sqrt(2)))); % Fwd
hr2 = .5%(1+erf((Tw2(3,i)-Mbar)/(sm*sqrt(2)))); % Rev

% Calculate Rm for the actuators
if delTwl(j,i) ==
Rm1(j,i) = Rm1(j-1,1i);
elseif delTwl(j,i) > O
g = exp(-(Twl(j,i)-Abar)A2/(2%saA2))/sa/sqrt(2*pi);
Rm1(j,i) = Rm1(j-1,i)+Chrl+Rml(j-1,i)-1)/Chfl-...

hrl)*g*delTwl(j,1);

elseif delTwl(j,i) < O
g = exp(-(Twl(j,i)-Mbar)A2/(2%smA2))/sm/sqrt(2*pi);
Rm1(j,i) = Rm1(j-1,i)+Chfl+rRm1(j-1,i)-1)/Chrl-...

end

hfl)*g*delTwl(j,1)

if deltw2(j,i) == 0
Rm2(j,i) = Rm2(j-1,1);
elseif delTw2(j,i) > O
g = exp(-(Tw2(j,i)-Abar)A2/(2%saA2))/sa/sqrt(2*pi);
Rm2(j,i) = Rm2(j-1,i)+Chr2+Rm2(j-1,i)-1)/Chf2-...

hr2)*g*delTw2(j,1);

elseif delTw2(j,i) < O
g = exp(-(Tw2(j,i)-Mbar)A2/(2%smA2))/sm/sqrt(2*pi);
Rm2(j,1) = Rm2(j-1,1i)*(A+Chf2+Rm2(j-1,i)-1)/Chr2-...

end

hf2)*g*de1Tw2(j,1));

if isnan(Rm1(j,i)) || abs(Rml(j,i)) == Inf
Rm1(j,i) = Rm1(j-1,1i);

elseif Rm1(j,i) < O

Rm1(j,i) = 0;

elseif RM1(j,i) > 1

le(J!-I) = 1;

end

if isnan(Rm2(j,i)) || abs(Rm2(j,i)) == Inf



end

for

end
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RM2(j,i) = Rm2(j-1,1);
elseif RMm2(j,i) < O

RmZCJ,-|) = O;
elseif Rm2(j,i) > 1
Rm2(j,i) = 1;

end
end
end
% Fluid temperature control/switching
count = floor(t(j)/ts);
count?2 = rem(count,2);

% Fluid inlet temperature after passing through tubing
r = .8163;

taul = .11;
tau2 = .35;
if ~count?2

Tfel = (Tth-Tfc)*(r*(1l-exp(-1/taul*(t(j)-ts*count)))+(1l-r)*...
(1-exp(-1/tau2*(t(j)-ts*count))))+Tfc;
Tfe2 = (Tfc-Tfh)*(r*(1-exp(-1/taul*(t(j)-ts*count)))+(1-r)*
] (1-exp(-1/tau2*(t(j)-ts*count))))+Tfh;
else
Tfel = (Tfc-Tfh)*(r*(1-exp(-1/taul*(t(j)-ts*count)))+(1-r)*
(1-exp(-1/tau2*(t(j)-ts*count))))+Tfh;
Tfe2 = (Tth-Tfc)*(r*(1-exp(-1/taul*(t(j)-ts*count)))+(1-r)*
g (1-exp(-1/tau2*(t(j)-ts*count))))+Tfc;
en

if t(3) <1
Tfe2 = Ta;
end

% Advance Fluid for t_on seconds
if rem(t(j),ts) <= t_on
Tf_11 [Tfel Tf 11(1:n-1D];
Tf_12 = [Tfe2 Tf_12(1:n-1)];

end

i=1:n
Rmldot(:,1)

deriv(Rml(:,i
Rm2dot(:,1) i

deriv(Rm2(:,

uv

B.3 Code for “temp2rm_elec.m”

This program is run by "pumpsim.m" to calculate the temperature and

artensite profiles for two opposing SMA actuators using water and
Tectrical actuation.

eclare global variables
bal Rml Rmldot Rm2 Rm2dot t m n Dw dx Sp Rv R L Ea Em Et Ed eym edm
a Ac C K t_on t_off t_es t_elec

% Wire properties

Dw

= .02*%.0254; % wire diameter, m



pw = 6450; %
cpw = 837; %
Twi = 24; %
Abar = 78 %
sa = 9; %
Mbar = 55; %
sm = 6; %
Ea = 37494e6; %
Em = 12214e6; %
Et = 638.6e6; %
Ed = 7800e6; %
eym = .00399; %
edm = .0417; %
= 10; %
ve = 7.75; %
Re = 4.3; %
Ie = Ve/Re/L; %
% Tube properties
Df = .0625%.0254;
Dt = .125%.0254;
pt = 1290;
cpt = 1460;
K = 50;
% Fluid properties
cpf = 4200;
Tfh = 88;
Tfc = 24;
visc = 5.468e-4;
pf = 998;
Pr = 3.55;
kf = .643;
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SMA density, kg/mA3

SMA specific heat, 1/(kg*K)

Initial wire temperature, C

Avg Forward transformation temp, C
StDev Forward transformation temp, C
Avg Reverse transformation temp, C
StDev Reverse transformation temp, C
Austenite modulus of elasticity, Pa
Twinned martensite modulus, Pa
Partially twinned martensite modulus, Pa
Detwinned martensite modulus, Pa
Maximum strain of twinned martensite
Minimum strain of detwinned martensite
Damping coefficient, N/s

Power Supply Voltage (7.75)

Electrical Resistance, ohms/m (4.3)
Electrical Current, A (4.5)

% Tube 1inner diameter, m

% Tube outer diameter, m

% Tube density, kg/mA3

% Tube specific heat, 1/(kg*K)

% Fluid specific heat, 3/(kg*K)

% Hot fluid temperature, C

% Ccold fluid temperature, C

% Dynamic Fluid viscosity, Pa*s

% Fluid density, kg/mA3

% Fluid Prandtl number

% Fluid thermal conductivity, w/(m*K)

% see kf(T) and cpf(T) below

% Air propert1es

Ta
ka = 28.1e-3;

% System propertie
Nua = 30;

M= .3;

Ac = 15.5e-4;

Rv = 3e9;

C = 5e-10;

Rf = 1.5e10;

Sp = 15000;

Q = Sp/Rf;

uf = Q/(pi/4*(DfA2
ts = t_on+t_off;

% n = Number of Ac
% Distance th
% m = Number of Ti
n 20;

dx = L/(n—l),

dt = dx/u

m = e11(cyc1es 2%

rhr R
— 1 — (D

nun =

% Ambient temperature, C
% Air thermal conductivity, w/(m*K)

s
Ambient Nusselt number, Nu_a
Suspended mass, kg
Pumping chamber cross-sectional area, mA2
Pumping Chamber Fluid Resistance, Pa*s/mA3
Pumping Chamber cCapacitance (pg 53 - 54)
Actuator fluidic resistance, Pa*s/mA3
Accumulator pressure, Pa
Flow rate, mA3/s
-DwWA2)); % Average fluid velocity, m/s

% Hot/Cold duration, sec

R RN R R RRXR

(=)

tuator Nodes ] ]
e boundary moves each iteration of outer loop

me Steps

n
dX = - 0 - -
dt = Time that passes during each iteration
m

“ts/dt);

initial profiles

Twi*ones(1l,n); % Wire
Twi*ones(l,n); % Fluid
Twi*ones(1l,n); % Tube
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T™w_12 = Twi*ones(1l,n); % Wire
Tf_12 = Twi*ones(1,n); % Fluid
Tt_12 = Twi*ones(1l,n); % Tube
Rml zeros(m,n);

RmM2

zeros(m,n);

Rmldot = zeros(m,n);
Rm2dot = zeros(m,n);

for

j=1:m

% Track time and boundary position
t(j) = dt*(G-1D); % Time
cyc = rem(t(j),ts); % Time 1in Current Cycle

% Fluid temperature control/switching
count = floor(t(j)/ts);
count2 = rem(count,2);

1:n
dx*(i-1);

for i
L

% Calculate Nusselt numbers and thermal time constants
Nuo = 4; % Nu_f
if cyc > t_on
Nui = 8.83;
else
d Nui = 16.64%exp(-16.44%1)+8.52; % Nu_w (Experimental)
en

% Calculate coefficients for actuator #1

T=TFf_110);

kf = -7.42e-6*TA2+1.86e-3*T+.569; % kf(T)

cpf = (1.92e-9%TA4-4.89e-7*TA3+5.34e-5%TA2-2.29%e-...
3*T+4.21)*1000; %cpf(T)

cl = 4*Nui*kf/(cpw*pw*Dw* (DF-DW)); % 1/tau_w,f
c2 = 47’:Nu-i=%kf=%Dw/(cp'F*pf*(D'F—DW)*(D'FAZ_DWAZ)); % l/tau—fiw
c3 = 4*Nuo*kf*Df/(pf*cpf*(Df-Dw)*(DfA2-DwWA2)); % 1/tau_f,t
c4 = 4*Nuo*kf*Df/(pt*cpt* (Df-Dw)*(DtA2-DfA2)); % 1/tau_t,f
c5 = 4*Nua*ka/(pt*cpt*(DtA2-DfA2)); % 1l/tau_t,a

% Calculate temperture changes for actuator #1
delTwl = c1*(Tf_11G)-Tw_T11(i))*dt;
if (cyc > t_es) && (cyc < t_es+t_elec) && ~count?2
deTtwl = delTwl+IeA2*Re/(pi/4*DwA2*pw*cpw)*dt; % Electrical

d
321Tf1 = (c2*(Tw_11C)-TF_11())+e3*(Tt_11G)-TF_11(i))) *dt;
delTtl = (c4*(TF_11G)-Tt_11G))+e5%(Ta-Tt_11(3))) *dt;

% Calculate coefficients for actuator #2

T =Tf_12(0);

kf = -7.42e-6*TA2+1.86e-3*T+.569; % kf(T)

cpf = (1.92e-9%TA4-4.89e-7*TA3+5.34e-5%TA2-2.2%e-...
3*T+4.21)*1000; %cpf(T)

cl = 4*Nui*kf/(cpw*pw*Dw*(Df-Dw)); % 1/tau_w,f
C2 = 47"'Nu'i*kf*DW/(Cpf*pf*(D-F_DW)*(D-FAZ_DWAZ)); % 1/tau_f’W
c3 = 4*Nuo*kf*Df/(pf*cpf*(Df-Dw)*(DfA2-DwWA2)); % 1/tau_f,t
c4 = 4*Nuo*kf*Df/(pt*cpt*(Df-Dw)*(DtA2-DfA2)); % 1/tau_t,f
c5 = 4*Nua*ka/(pt*cpt*(DtA2-DfA2)); % 1/tau_t,a

% Calculate temperture changes for actuator #2
deltTw2 = c1*(Tf_12C)-Tw_12(i))*dt;
if (cyc > t_es) && (cyc < t_es+t_elec) && count2
delTw2 = delTw2+IeA2*Re/(pi/4*DwA2*pw*cpw)*dt; % Electrical



end
delTf2 = (c2*(Mw_12()-TF_12@))+c3*(Tt_ 120 ) -TF_12())) *dt;
delTt2 = (c4*(Tf_12G)-Tt_12@))+c5*(Ta-Tt_12(i))) *dt;
% Add temp change to old temp
Tw_11() = Tw_11(@) + delTwl;
TF_11(() = Tf_11() + delTfl;
Tt_11(i) = Tt_11() + delTtl;
Twl(j,i) = ™w_11(i);
Tw_120) = Tw_12() + delTw?2;
TF_12(1) = TF_12(1) + delTf2;
Tt_12(i) = Tt_12(1) + delTt2;
™2(j,i) = ™w_12(1);
%qu1cu1ate martensite fraction profile
1 J::
Rm1(j,i) = 1;
Rm2(j,i) = 1;
else

% Determine curve from sign of temperature change

% rate.

hfl
hrl
hf2
hr2

S (LrerfC(TWLC] 1) -Mbar)/ (am*sqrt (293
.5*(1+erf((Tw2(3,1)-Abar)/(sa*sqrt(2)))); % Fwd
5% (1+erf((Tw2(3,)-Mbar)/Csm*sqrt(2))))

See Thesis Eqn 2.21
5% (1+erf((Twl(j,i)-Abar)/(sa*sqrt(2)))); % Fwd
% Rev

; % Rev

% Calculate Rm
if delTwl ==
RM1(j,i) = Rm1(j-1,1);

elseif

delTwl > O

g = exp(-(Twl(j,i)-Abar)A2/(2%saA2))/sa/sqrt(2*pi);
Rm1(j,i) = Rm1(j-1,i)+Chrl+Rml(j-1,i)-1)/Chfl-...

elseif

hrl)*g*delTwl;

deltTwl < O

g = exp(-(Twl(j,i)-Mbar)A2/(2%smA2))/sm/sqrt(2*pi);
Rm1(j,i) = Rm1(j-1,i)+Chfl+rRm1(j-1,i)-1)/Chrl-...

end

hfl)*g*delTwl;

if delTw2 == 0
Rm2(3,1) = Rm2(j-1,1);

elseif

delTw2 > 0

g = exp(-(Tw2(j,i)-Abar)A2/(2%saA2))/sa/sqrt(2*pi);
Rm2(j,i) = Rm2(j-1,i)+Chr2+Rm2(j-1,i)-1)/Chf2-...

elseif

hr2)*g*delTw2;

delTw2 < O

g = exp(-(Tw2(j,i)-Mbar)A2/(2%smA2)) /sm/sqrt(2*pi);

Rm2(j,1) = Rm2(j-1,1)*(A+Chf2+Rm2(j-1,i)-1)/Chr2-...
hf2)*g*delTw2);

end

if isnan(Rm1(j, 1)) | abs(le(J 1)) == Inf
Rm1(j,1) = 1(J-1

elseif le(j,1) <
Rm1(j,i) =_0;

elseif RM1(j,i) > 1
le(jli) = 1;

end

if 1snan(Rm2(J 1)) [ ] abs(RmZ(] i)) == Inf
RM2(j,i) = (J-l

elseif Rm2(J 1) <

Rmz(jli) = 0;
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elseif Rm2(j,i) > 1
Rm2(j,i) = 1;
end

end
end
% Fluid inTet temperature
r = .8163;

taul L11;
tau?2 .35;

if ~count2
Tfel = (Tth-Tfc)*(r*(1-exp(-1/taul*(t(j)-ts*count)))+(1l-r)*...
(1-exp(-1/tau2*(t(j)-ts*count))))+Tfc;
Tfe2 = (Tfc-Tfh)*(r*(1-exp(-1/taul*(t(j)-ts*count)))+(1l-r)*...
. (1-exp(-1/tau2*(t(j)-ts*count))))+Tfth;
else

Tfel = (Tfc-Tfh)*(r*(1-exp(-1/taul*(t(j)-ts*count)))+(1l-r)*...
(1-exp(-1/tau2*(t(j)-ts*count))))+Tfth;
Tfe2 = (Tth-Tfc)*(r*(1l-exp(-1/taul*(t(j)-ts*count)))+(1l-r)*...
g (1-exp(-1/tau2*(t(j)-ts*count))))+Tfc;
en

if t(3) <1
Tfe2 = Ta;
end

% Advance Fluid for t_on seconds
if cyc <= t_on
Tf_11 [Tfel Tf_11(1:n-1)1];
g Tf_12 [Tfe2 Tf_12(1:n-1)];
en

end

for i = 1:n
Rmldot(:,1)

deriv(Rml(:,i),t,1)
Rm2dot(:,1) (:,i),t,1)

deriv(Rm2

end

B.4 Code for “pumpsys.m”

% This function returns the states of the SMA actuators and the pumping
% chambers.

function ydot = pumpsys(time,y)

global Rml Rmldot Rm2 Rm2dot t n Ac Dw dx Sp C Rv R Ea M Ma
global epsl eps2 epsdotl epsdot2 sigl sig2 sigdotl sigdot?2

% Interpolate martensite fraction

Rmli = interpl(t,Rml,time, ' 'linear');
Rmldoti = interpl(t,Rmldot,time, 'linear');
Rm2i = interpl(t,Rm2,time, 'Tinear');
Rm2doti = interpl(t,Rm2dot,time, 'linear');

% Separate state variables
F1 y(1l:n);
F2 y(n+1:2%n);



Pa = y(2*n+l);
Pb = y(2*n+2);
vm = y(2*n+3);
Xm = y(2*n+4);

for i = 1:n
% Calculate strains of each wire segment
epsl(i) = dmartfracavg(Rmli(i),F1(i));
eps2(i) = dmartfracavg(Rm2i(i),F2(i));

% Calculate strain rates of each wire segment

ifi==1
epsdotl(i) = 1/n*(vm/dx + 1/R*(sum(F1(2:n)) - (n-1)*F1(1)));
. epsdot2(i) = 1/n*(-vm/dx + 1/R*(sum(F2(2:n)) - (n-1)*F2(1)));
else
epsdotl(i) = 1/R*(1/n*(sum(F1l) + R/dx*vm) - F1(i));
g epsdot2(i) = 1/R*(1/n*(sum(F2) - R/dx*vm) - F2(i));
en
% Calculate martensite phase stress
sigl(i) = sigma(epsl(i));
sig2(i) = sigma(eps2(i));

% Calculate rate of change of martensite phase stress
sigdotl(i) sigmadot(epsl(i),epsdotl(i));
sigdot2(i) sigmadot(eps2(i),epsdot2(i));

% Calculate force time derivatives

Fdotl(i) = p1/4 ‘DWA2*Ea* ((1- Rm11(1)) epsdot1(1) -
Rmldoti (i) *epsl(i)) + pi/4*DwA2*(Rmli(i)* s1gdot1(1) +.
Rmldoti(i)* s1gl(1)),

Fdot2(i) = p1/4 ‘DWA2*Ea* ((1- Rm21(1)) epsdot2(1) -
Rm2doti (i) *eps2(i)) + pi/4*DwA2* (Rm2i(i)* s1gdot2(1) +.
Rm2doti(i)*sig2(i));

end
% Check valves
if Pa > Sp

Rlout = Rv;
else

Rlout = inf;
end
if Pa < 0

R1lin = Rv;
else

Rlin = inf;
end
if Pb > sSp

R20ut = Rv;
else

R2out = inf;
end
if Pb < O

R2in = Rv;
else

R2in = inf;
end

% Calculate forces at lever
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Fa = Ac*Pa/Ma; % Chamber 1 Pressure Force
Fb = Ac*Pb/Ma; % Chamber 2 Pressure Force
Fc = 1/n*(sum(F1l) + R/dx*vm); % Actuator 1 Force
Fd = 1/n*(sum(F2) - R/dx*vm); % Actuator 2 Force

% Calculate pressure rates of change
Padot = 1/C*(-1/Rlout*(Pa-Sp) - 1/Rlin*Pa + Ac*Vm/Ma);
Pbdot = 1/C*(-1/R2out*(Pb-Sp) - 1/R2in*Pb - Ac*vm/Ma);

% Calculate velocity and position derivatives
vmdot 1/M*(Fb - Fa + Fd - FcC);
Xmdot vm;

% Calculate volume input and output
vdotl = 1/Rlout*(Pa-Sp);
vdot2 = 1/R2out*(Pb-Sp);
vdotlin = -1/Rlin*(Pa);
vdot2in = -1/R2in*(Pb);

ydot = [Fdotl'; Fdot2'; Padot; Pbdot; vmdot; Xmdot; vdotl; vdot2;
vdotlin; vdot2in];

B.5 Code for “sigma.m”

% This function returns the stress of the SMA actuator given the strain
% and is called by "pumpsys.m".

function y = sigma(eps)
global Em Et Ed eym edm

% See Eqn 2.25
if (eps < eym)

y = Em*eps;
elseif (eps >= eym) & (eps < edm)

y = Et*(eps-eym) + Em*eym;
elseif (eps >= edm)

g y = Ed*(eps-eym) + Et*(edm-eym) + Em*eym;

en

B.6 Code for “sigmadot.m”

% This function returns the strain rate given strain and strain rate
% and is called by "pumpsys.m".

function y = sigmadot(eps,epsdot)
global Em Et Ed eym edm

% See Eqn 2.28

if (eps < eym)
y = Em*epsdot;

elseif (eps >= eym) & (eps < edm)
y = Et*epsdot;

elseif (eps >= edm)
y = Ed*epsdot;

end
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Figure C.1 LabVIEW front panel interface used for testing of the SMA pump.
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