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ABSTRACT

Spooled-Packaging of Shape
Memory Alloy Actuators

by

John A. Redmond

Co-chairs: Diann E. Brei and Jonathan E. Luntz

A vast cross-section of transportation, manufacturing, consumer product, and
medical technologies rely heavily on actuation. Accordingly, progress in these industries
is often strongly coupled to the advancement of actuation technologies. As the field of
actuation continues to evolve, smart materials show significant promise for satisfying the
growing needs of industry. In particular, shape memory alloy (SMA) wire actuators
present an opportunity for low-cost, high performance actuation, but until now, they have
been limited or restricted from use in many otherwise suitable applications by the
difficulty in packaging the SMA wires within tight or unusually shaped form constraints.
To address this packaging problem, SMA wires can be spool-packaged by wrapping
around mandrels to make the actuator more compact or by redirecting around multiple
mandrels to customize SMA wire pathways to unusual form factors. The goal of this
dissertation is to develop the scientific knowledge base for spooled packaging of low-cost
SMA wire actuators that enables high, predictable performance within compact,
customizable form factors. In developing the scientific knowledge base, this dissertation
defines a systematic general representation of single and multiple mandrel spool-

packaged SMA actuators and provides tools for their analysis, understanding, and
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synthesis. A quasi-static analytical model distills the underlying mechanics down to the
three effects of friction, bending, and binding, which enables prediction of the behavior
of generic spool-packaged SMA actuators with specifiable geometric, loading, frictional,
and SMA material parameters. An extensive experimental and simulation-based
parameter study establishes the necessary understanding of how primary design tradeoffs
between performance, packaging, and cost are governed by the underlying mechanics of
spooled actuators. A design methodology outlines a systematic approach to synthesizing
high performance SMA wire actuators with mitigated material, power, and packaging
costs and compact, customizable form factors. By examining the multi-faceted
connections between performance, packaging, and cost, this dissertation builds a
knowledge base that goes beyond implementing SMA actuators for particular
applications. Rather, it provides a well-developed strategy for realizing the advantages of
SMA actuation for a broadened range of applications, thereby enabling opportunities for

new functionality and capabilities in industry.
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Chapter 1. Introduction

Actuation is ubiquitous in everyday life appearing in transportation, manufacturing,
medical devices, and consumer product technologies. It is essential for providing
mechanical functionality to devices throughout society. Commonly, the advancement of
products in any of these fields is enabled or restricted by the state-of-the-art in actuation.
By expanding the available means to provide mechanical functionality to devices,
innovation and technological advancement can thrive. This chapter provides background
to understand the growing need for low-cost, high performance, and form-customizable
actuators in industry. Reviewing the state-of-the-art in actuation, smart materials are
identified as a major area of growth for addressing industry’s actuation needs. In
particular, shape memory alloy-based actuators have great potential to enable low-cost,
high performance actuation. One of the important factors limiting their impact has been
the difficulty to package them compactly or within unusual form constraints. Seeking
strategies for overcoming this key obstacle to their success, different packaging
techniques for SMA are explored and evaluated based on their ability to enable low-cost,
high performance actuation that can be designed compactly or customized to even the
most difficult form factors. Spooled-packaged SMA wires, in particular, can be
customized to tight, unusually shaped form constraints by wrapping and redirecting the
SMA wire around mandrels. As a result, the spooled-packaging approach is an excellent
alternative packaging method that allows the performance and cost advantages of SMA
wire actuation to be realized within compact, customizable form factors. Spooled-
packaging for SMA wire actuators is formally introduced, and the customizable
architecture and basic operation are described. For spooling to be a viable packaging
strategy, several key research issues need to be resolved regarding performance
predictability, understanding the impact of design choices on performance and packaging,

applying the spooling technique to an expansive range of configurations, and



synthesizing low-cost spool-packaged actuators with high, predictable performance and
compact customizable form factors. The goals and objectives of the dissertation are

defined, and a summary of the research approach is provided at the chapter’s close.

1.1. Frontiers in actuator research

The growing need for high performance actuators is common throughout industry.
Often, improvement of existing products and innovation of new technologies rely on
higher performance actuation being packaged within confined, unusually shaped spaces
at reasonable cost. In a review of the state-of-the-art in actuation, smart materials are
highlighted for their potential to push beyond the current capabilities of conventional
actuators. Assessing the ability of traditional and alternative actuator technologies to meet
the growing needs, shape memory alloy is identified as a promising candidate to enable

low-cost, high performance actuation.

1.1.1. Need for improved actuation

At the forefront of actuator research, dramatic increases in actuator work are being
sought. For example, DARPA noted that actuation performance must be increased by
orders of magnitude above that of traditional actuators to realize new functionality via the
morphing of large aerospace structures (Garcia, 2002). This need led to several programs
that focused on creating high energy and power density actuators including the
DARPA/AFRL/NASA Smart Wing program (Kudva, 2004), the DARPA Compact Hybrid
Actuator Program (CHAP) (Garcia, 2002), and the DARPA/NASA/ONR Smart Aircraft
and Marine Propulsion System (SAMPSON) demonstration (Sanders, et al., 2004). In each
of the programs, the high work output from energy dense actuators was essential in
adding functionality to aircraft structures such as fixed wings, rotor blades, and engine
inlets. Due to the critical need to incorporate actuation within aircraft substructures, both

high work and form-customized packaging have to be addressed together.

Providing actuator functionality is often made difficult by the need to constrain an

actuator to fit within a limited space. The need for actuation within difficult to meet form



constraints is exemplified in morphing aircraft structures with internally packaged
actuators (Bein, et al., 2000; Calkins, et al., 2006; Dunne, et al., 1999; Dunne, et al., 2000; Epps &
Chopra, 2001; Giurgiutiu, et al., 1997; Liang, et al., 1996; Mabe, et al., 2005; Prahlad & Chopra, 2007,
Rey, et al., 2003; Ruggeri, et al., 2002; Singh, et al., 2003; Strelec, et al., 2003), actuators packaged
within automobiles closures and the engine compartment (Cifferi, 2005; Brei, et al., 2006;
Dynalloy, 2010; Magna Closures, 2010), low-cost latch actuators for consumer appliances
(Dynalloy, 2010; Johnson, et al., 2003; ITW Global Appliance Group, 2007; Osvatic, 2009; and Wu &
Schetky, 2000), actuators for compact prosthetics and orthotic devices (Pfeiffer, et al., 1999;
Wang & Shahinpoor, 1998), and ingestible and implantable biomedical devices (Kim, et al.,
2005; Menciassi, et al., 2004; Menciassi, et al., 2005; Utter, et al., 2009). The common thread across
these examples is the need to fit actuators within vacant spaces inside the product needing
mechanical work. The challenging form constraints in these cases make it difficult to

provide the necessary work using traditional approaches.

While actuator packaging and performance affect an actuator’s ability to provide
mechanical work within an application’s device specifications, cost typically affects the
device’s viability in the market with examples throughout transportation, medical, and
consumer product technologies. In addition to the direct monetary costs of an actuator,
indirect costs often occur, which may include the cost of energy required to power the
actuator or costs related to actuator mass. In mass-critical applications such as spacecratft,
aircraft, and cars, the additional energy costs associated with transporting the actuator
mass also bear impact on overall cost. The need for controlled costs is illustrated in air
travel. For instance, in the late 1990°s one of NASA’s ten main goals was to reduce the
cost of air travel by 25% in ten years and by 50% in twenty years (National Research Council,
1998). With a significant portion of manufacturing costs and weight attributed to actuators
and actuated-structures for aircraft, NASA sought cost-reductions by developing
alternative actuation that can replace bulky conventional actuators. Moreover, NASA
sought the addition of new functionality to aircraft that improves aerodynamic
characteristics to reduce fuel consumption (Siochi, et al., 2002). In the automotive industry,

cost-control is critical for vehicles to be competitive in the market, and this has led



General Motors to examine how actuation can increase functionality and value of its
vehicles at minimal cost, or to reduce the cost and weight of its vehicles through
alternative actuation (Browne, et al., 2004; Taub, 2006). The cost factor extends throughout
medical and consumer product technologies as well. For instance, high costs are noted to
be prohibitive in medical instruments that reduce human tremor (Pathak, 2010). In
consumer products, cost is highly regarded to have a pivotal role in purchasing decisions.
Cost control is often a result of the ability to provide actuation performance to
technologies more cheaply than before or to enable cost saving functionality. However, to
realize this vision, the different aspects of industry’s actuation needs regarding

performance, packaging, and cost must be addressed together.

1.1.2. State-of-the-art in actuation

To understand how current needs for high performance, low-cost, well-packaged
actuators can be addressed, the main categories of actuator technologies are considered:
conventional actuation, which includes hydraulics, pneumatics and electro-mechanical
actuators, and smart materials actuation, which includes piezoelectric ceramics and
polymers, shape memory alloys, -electroactive polymers, and magneto- and
electrostrictives. Evaluating these types of actuators regarding their performance, cost,
and packaging illustrates the potential for smart materials to advance the field of

actuation.

1.1.2.1. Comparison of actuator technologies

To meet the current challenges for higher performance within less space, actuators
with high energy densities are necessary. In comparison to conventional actuators, smart
materials often exceed the energy densities by orders of magnitude as demonstrated in
Table 1.1 and Figure 1.1. Comparing work output, NiTi shape memory alloy can achieve
the highest work densities in the tens of MJm™ range (Figure 1.1a) and specific work in
the kJkg" range (Figure 1.1b) with only hydraulic actuators among the conventional
actuators being comparable. While the hydraulic actuators appear to compete with the

performance of smart materials, they have major disadvantages of requiring complex,



bulky infrastructure such as piping, valves, working fluid, and compressors. The working
fluid is especially problematic requiring continuous filtration to prevent lock-up, and is
notorious for leaking (Burdea, 1996). Whereas conventional actuation depends on the
conversion of one form of energy (fluidic, electrical, thermal, etc.) into mechanical
energy using assemblies of discrete parts, the energy conversion within smart materials
actuators occurs at the material level. Thus, smart materials require no moving parts or
additional infrastructure that need to be packaged aside from small electrical elements
such as wires or electrodes. Additionally, many smart materials are available in different
forms, which can aid in the ability to customize packaging. For example, piezoelectric
material can be manufactured in plates, tubes, bimorphs, C-blocks, etc. (Chopra, 2002;
Niezrecki, et al., 2001) and shape memory alloy can be manufactured in wires, films, springs,

tubes, etc. (Chopra, 2002).

Considering cost from both weight and price standpoints, smart materials and
conventional actuators have advantages and disadvantages. Among smart materials and
conventional actuators, typical mass-based comparisons of energy density indicate
hydraulic and pneumatic actuators are favorable over smart materials actuators (for
example, Figure 1.1b). However, oftentimes such comparisons (as is the case in the
Figure 1.1b) do not factor in additional weight of pumps, tubing, work fluid, etc. that
impact an actuator’s overall weight. Additionally, hydraulic and pneumatic actuators are
in the kilogram range of masses, or beyond, whereas smart materials can weigh grams or
less. Smart material actuators do not require the heavy infrastructure and they can be
designed with relatively low mass. Therefore, the cost of transporting the smart material
actuator within a vehicle (for example, in space shuttles, aircraft, or automobiles) is less,
making smart materials more attractive regarding cost. While the cost-factor varies
widely for smart materials based on a number of factors including the actuator’s technical
maturity and current manufacturing capabilities, shape memory alloys are noted for being
economically viable for large-scale applications such as for automotive devices (Luntz, et
al., 2009; Browne, et al., 2004). As SMA becomes more widely adopted, continued

improvement to the material costs is expected.



Table 1.1. Comparison of selected conventional and smart material actuators.

Actuation Stress | Actuation Strain| Maximum Work | Maximum Specific | Maximum Driving Maximum Power

Actuator System (MPa) (%) Density (Jm™) Work (Jkg™) Frequency (Hz) Density (Wm™)
Conventional Technologies
Human Muscle [3] 0.1-04 30 - 70% (15 -200) x 10° 60 - 200 50 - 500 ~500 x 10°
Pneumatics [3] 0.5-0.9 10 - 100% (50 - 900) x 10° (0.5-5)x 10° 50 - 300 ~5x 10°
Hydraulics [3] 20 - 70 10 - 100% (2-70) x 10° (4 - 40) x 10° 50 - 300 ~500 x 10°
Moving Coil Transducer [3] 0.004 - 0.05 1-10% (0.02 - 5) x 10° 0.05 - 1 (20 - 50) x 10° (0.5-2) x 10°
Solenoid [3] 0.04-0.1 10 - 40% (2 - 40) x 10° 3-10 5- 80 (10 - 40) x 10°
Thermal Expansion (10K) [3] 20-50[  0.009 - 0.003% 0.9-7.5) x 10° 1-2 04-9 ~ 60 x 10°
Thermal Expansion (100K) [3] 200 - 500 0.09 - 0.03% (90 - 750) x 10° 100 - 200 04-9 ~6x 10°
Smart Material Technologies
0.2-30) x 10°, 1-5)% 10°, 0.02 - 10[3],

SMA [3] 100 - 700 0.7 - 7% ( <7)>< o (< 1.1)>< o ~100 thin ﬁ]m)[[j] <700 x 10°
Magnetostrictor [3] 90 - 200 0.06 - 0.2% (30 - 200) x 10° 20 - 30 30 x 10°[ (100 -700) x 10°
Low Strain Piezoceramic [3] 1-3] 0.0005 - 0.003% 3-50 0.006 - 0.02 (0.5 - 30) x 10° (0.1-1)x 10°
High Strain Piezoceramic [3] 4-9  0.005-0.02% 100 - 900 0.06-0.12 (0.5 - 20) x 10° (90 - 500) x 10°
Piezoelectric Polymer [3] 0.5-5 0.02 - 0.1% 0.5-2.5) x 10° 03-1 (0.1-10) x 10° ~300 x 10°
Polymer Gels 0.1-0.5[2] 0.6- 1% [2] (7-60) x 10° [2] 60 [5] <1[1]] (0.6-2)x 10’ [2]
Electrostrictive Polymers 40 [5] 5% [5]]  (100-700) x