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Kurzfassung

Intelligente Materialien erdffnen durch ihre einzigartigen Formfaktoren ganz neue
Designmoglichkeiten und ihre Eigenschaft, Aktorik mit Sensorik zu kombinieren, kann in
multifunktionalen Systemen zu bisher ungenutzten Mehrwerten fuhren. Gleichzeitig flhrt
die hiermit verbundene Komplexitat zu neuen Herausforderungen bei der Entwicklung und
Ansteuerung von Systemen, sodass es bisher trotz der Vielzahl an Vorteilen noch
vergleichsweise wenige kommerzielle Produkte gibt. Diese Dissertation setzt sich als Ziel,
diese Herausforderungen zum einen durch die Entwicklung einer systematischen
Konstruktionsmethodik als auch durch die beispielhafte Illustration von
Konstruktionslésungen anzugehen. Sie konzentriert sich dabei speziell auf das
Technologiefeld der Formgedachtnislegierungen (FGL) und erldutert nach einer
grundlegenden Einfiihrung in den Entwurf von FGL-Aktorsystemen die intelligente
Kopplung von FGL-Aktordrdhten mit bistabilen, nichtlinearen Federelementen. Durch
diese Kombination lassen sich die oft zitierten Nachteile von FGL — langsame Aktuierung
und Energieineffizienz — fir viele Anwendungen eliminieren. Ein zweiter Weg zu hoher
Geschwindigkeit und Energieeffizienz liegt in der Ansteuerung mit Pulsen bei hohen

elektrischen Spannungen.

Zusammenfassend zeigt diese Arbeit innovative und gleichzeitig systematische Konzepte
zur Entwicklung von FGL-Aktoranwendungen auf und moéchte damit einen Beitrag zur
weiteren zukiinftigen Verbreitung dieser noch jungen Technologie leisten.






Abstract

Versatility and variability in form factor of smart materials, combined with their actuation
and sensing abilities, allow for the design and construction of multifunctional systems.
These systems add value to industrial and consumer products. Despite the considerable
number of advantages, only a few smart-material-based actuator-sensor-systems are
commercially available, mainly due to challenges in design, fabrication, and control of
these materials. This dissertation attacks these challenges by providing a systematic design
framework, as well as exemplary illustrations of design solutions. Special focus of this
work is on the technological field of shape memory alloys (SMA). After a basic
introduction to the design of SMA actuator systems, the intelligent combination of SMA
actuator wires with bi-stable, nonlinear spring elements is described. This combination
eliminates oftentimes-quoted disadvantages of SMAs — slow actuation and energy-
inefficiency — for a wide range of applications. A second approach for the realization of
high-speed actuation and energy-efficiency is the activation of SMA wires with high
voltage pulses, which leads to actuation times in the millisecond-range and energy-savings

up to 80 % in comparison to the suppliers’ recommendations.

In summary, this thesis demonstrates innovative, and at the same time systematic concepts
for the design and control of SMA actuator systems. Thus, it aims at contributing to future

spreading of this still young technology.






Der erste Schluck aus dem Becher der Wissenschaft fihrt zum Atheismus,
aber auf dem Grund des Bechers wartet Gott.

Werner K. Heisenberg
(1901-1976)

\l






To Stephanie Akua, Maureen Akosua, and Zola Afia.






Acknowledgements

I would first like to acknowledge my wife Stephanie for supporting me through all these
years. Her efforts and accomplishments cannot be put in words, allowing me to pursue my
academics aside my passion for athletics and at the same time starting a family and gifting
me with two wonderful and lovely daughters. At this point, I owe thanks to my parents and
siblings, my uncle and aunt Harald and Brigitte, my mother-in-law as well as my brother-
in-law and sister-in-law and their families for making our family life as desirable as it can
be.

At our lab, 1 must give thanks to Alex York for giving me an easy start into my doctoral
project. Also, thanks go to all my co-workers and my student research assistants who all
contributed to the results of this dissertation, especially Benedikt Holz, Thomas Wiirtz,
Marvin Schmidt, Julian Kunze and Dominik Scholtes to only name a few.

Special thanks go to Steffen Hau and my uncle Harald for reviewing my early drafts of this
work and to Prof. Georg Frey for agreeing to oversee my defense and review this

dissertation.

Finally, I would like to thank Prof. Stefan Seelecke for giving me the opportunity to work
and pursue my PhD at his lab and giving me full trust from the very start. The flexibility
and freedom | was granted during my time as a PhD student as well as his advice and
guidance paved the way to my success in my academic and all my non-academic areas of
life.

Xl






Table of Contents

ACKNOWIEAZEIMEILS ccviiiiiiiiiinnrunnrieiissssssssssnstssscssssssssssssssssssssssssssssssssssssssssssassssssssssssssssnses X1
1 INEFOAUCHION caeeeeeccecccccrceecereeeesrsseesssssesssssesssssessssssssssssssesssssssssssesssssesssssesssssasns 1
2 FundamentalS.....iiciiiciiinniiicnimiisimssiieimmmiesssssssssssssssssssssssssssssssssssssassssssssssses 3
2.1  Thermal Shape Memory AlOYS ........cccoveiiiiiieeie e 3
2.1.1 ONE-WaAY SME ... 5
2.1.2 0 TWO-WaAY SME ... 6
2.1.3  PSEUUOBIASTICITY . .veeveeiieiiiie sttt e 7
2,14 SEIF-SENSING ...viitiiiieiee s 8

2.2 SMA APPHCALIONS.....cciiiieiieee ettt ens 10

3 Applied SMA Actuator Design — Linear Spring SyStems ........ccccessineeensssnsesscssanes 13
3.1 SIMA ACKUALOTS. ...ttt ettt e bbb nae e nes 13
3.2 Design Example 1: SMA SUCION CUP.....couiiviiiriiiiieieierieie e 18
3.2.1  Suction Cup Design and ManufaCturing..........cccceeeererenenenineneseseeeeen, 19
322 Suction Cup Validation .........ccceieiiiiiieeee e 34

3.3 Design Example 2: SMA ENd-effector ..o, 36
3.3.1 End-effector Design and Manufacturing ..........ccccceeeveveneiencncnesceees 37
3.3.2  End-effector Characterization and Validation ............cccccoceviiiiiniiniienennn, 50

3.4 Summary and Future Work: Applied SMA Actuator DeSign ..........ccceeevevvvenenne. 54

4 Advanced SMA Actuator Concepts - Bi-stable Spring Design.......cccccceevverrvunenee 57
4.1  Motivation for Bi-stable Spring ACtUAtOrS.........ccevieiiiciieciec e 57
4.2  Bi-stable Spring Fundamentals ............cccccooviiiiiii e 58
4.2.1 Mechanical Stability Problems ... 59
42,2  Hinged Bi-stable BEAMS ........cccoiiiiiiiiiiiiie e 60
423  Bi-stable SMA Actuators: State-0f-the-Art ..., 62

4.3 EXPerimental SEIUP ......cccooiiiiiiiiiee e 62
4.3.1 Design of the Experimental SEtUP ........ccoooviiiininiiice e 63
4.3.2  Validation of the Experimental SEtup.........cccoovviiiieniineeeee 67



Table of Contents

4.4 Experimental RESUILS.........ccoe i 71
4.4.1  Variation of the Bi-stable Spring Pretension ...........ccccccovvvienvnieniniveniene 72
4.4.2  Variation of the Bi-stable Spring Length..........c.ccoceoeiiiiniiiiieen, 76
4.4.3  Variation of the Bi-stable Spring Thickness............cccooeviiieniniiiin i 77
4.4.4  Variation of the Bi-stable Spring Material.............ccccoooeviiiiniiiiin e 80
4.4.5  Variation of the SMA Wire LEVEr AIM .......cccovveiiiiieiieieseeseee e 83
4.4.6  Transient Response of the Bi-stable Spring.........ccccoevviiiiiiiiicen, 85

45  Summary and Future Work: Bi-stable Spring Actuators ...........cccccvevvvivevivenenne. 86

5 Advanced SMA Actuator Concepts — High-Speed and Efficient Activation...... 87

5.1 Motivation for High-Speed SMA Activation...........cccccccovevviiciieie e 87

5.2 EXPerimental SEIUD .......cccoiieii e 89
52,1 TESEPIOCEUUIE ..ottt sttt 89

5.3  EXperimental RESUILS.........cccvoviiiiiice s 91
5.3.1  Conventional SMA Activation vs. High-Speed SMA Activation ............... 92
5.3.2  Mechanical ANAlYSIS. ..o 97
533 ENErgy ANAlYSIS ....ccooiiiiiiiiiiiice s 104

5.4  Summary and Future Work: High-Speed ACtIVation..............ccccocevvrvinneennenn. 110

6  Conclusion and OUIOOK.......eceeeeieiieeeetinserscsssrssessssssssssssssssssssssssssssssssssssssnnns 111
L2 =) 4 L 115
Appendix: Systematic High-Speed Measurements........cccccuivveenssssnnincsssnnessssssasssssanns 125
LISt Of FIUIESuuuiiirreiiriciisncsssncssssnsssssnsssssecssssssssssessssnsssssnsssssnsssssnsssssnsssssasssssnsssssnsssnsass 131
LiSt 0f TADIES cauuuveeiieiiiiiciininiininiicniniinsnneseseissensssnsessesssssssssssssssssssssessssssassssssssssssssssnsssns 137
List 0f ADDreviations .....eiiciiiiinniiiniienmmisiisssssessiesssssssssssssssssnsss 139
BIOZIaAPRY.uucciiieiiriiiisieicsiensssncsssnessssnessssnsssssssssssssssasssssassssssnsssssnsssssnsssssassssssssssnsssssnsss 141
PUDLCATIONS covvviriiiiiiiiiiinnininiiciiininienesiniiiscnisiisssssssoessssssssssssssssssessssssssssssssssssssssssnssasssssns 143

XV









1 Introduction

In times of the next industrial revolution and the general widespread demand for more
functionality in products, engineers are faced with more complex and challenging tasks.
On the one hand, “Industry 4.0” stands for the digitalization of manufacturing processes
and includes automation, cyber-physical systems, the Internet of Things and further
technologies for assembly assistance like human-robot-cooperation, on the path to more
flexible and adaptive “smart factories”. On the other hand, commercial products in the
fields of consumer electronics, household and domestic appliances, biomedicine,
automotive and aerospace aim to add more functionality to generate added-value in
comparison to competitors. For the realization of novel or improved products, more and
more engineers start looking into smart materials to replace state-of-the-art actuators or
sensors or to design new multifunctional actuator-sensor-systems. These smart or active
materials like shape memory alloys (SMAS) or electro-active polymers (EAPs) change their
properties in response to external fields, which can either be exploited to produce
movement and force for actuation or for quantitative sensor measurements. Aside from
their multi-functionality, smart materials can offer significant savings in weight and
construction space because of their high energy and power densities. Smart material
actuator systems oftentimes offer very energy-efficient solutions in comparison to electric,
electromagnetic, hydraulic or pneumatic actuators and operate without noise and emissions.
Even further, completely new actuator designs and implementation become possible due to
the materials’ specific and flexible form factors. Current topics of interest such as predictive
maintenance and condition monitoring can be addressed by using the sensing abilities in
smart material actuators and even further, this “self-sensing” may be utilized in position

control algorithms without the use of external sensors.

Despite all of the mentioned benefits, there are only relatively few established products on
the market using smart material actuators or sensors. Shape memory alloy technology has
been known for decades and the manufacturing processes of SMA material have become
very reliable. Especially nickel-titanium (NiTi, Nitinol) is nowadays produced with
consistent properties such as phase transformation temperature and transformation strain.
SMA components are commercially available at reasonable cost and some commercial
applications have already proven their functionality and durability in operation. Several

reasons the implementation of SMA actuators in applications is still not more widespread
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are challenges in design and fabrication with SMA wires because of their non-linear and
hysteretic thermo-mechanical material properties. Additional challenges come with the
control of SMA actuator systems, as there are no standardized power electronics available
for these materials. Finally, drawbacks of SMA actuators like their limited stroke, low
frequency or energy-inefficiency lead to engineers still preferring state-of-the-art actuators

like electric or pneumatic drives.

The objectives of this dissertation are to provide methods and guidelines for the design and
fabrication of SMA actuators, and to eliminate the drawbacks of frequency limitations, low
stroke output and poor energy-efficiency by an advanced actuator design and an alternative
control concept. The two applications of an SMA vacuum gripper and an SMA robotic end-
effector are used as case studies for the design and fabrication of SMA linear and rotary
actuators. In the following, an advanced SMA actuator design using bi-stable spring
elements is introduced. This advanced concept allows the design of energy-efficient, high-
frequency SMA actuators with high output strokes. The last chapter focuses on an advanced
control method, which also leads to very fast and energy-efficient actuation by using high-
voltage pulses for the SMA wire activation. This high-speed activation turns out to result

in stroke output enhancements as well.



2 Fundamentals

The material category of shape memory alloys can be divided into the two sub-categories
of thermal shape memory alloys (SMA) and (ferro-)magnetic shape memory alloys
(FSMA, MSM). This dissertation focuses exclusively on actuator design using thermal

shape memory alloys. The following chapter is oriented on [1]-[6].

2.1 Thermal Shape Memory Alloys

The first reported observations of a shape memory effect go back to 1932, when the
Swedish physicist Arne Olander discovered a “rubberlike” behavior on an Au-47.5Cd
alloy [7], [8]. The actual term “shape memory effect” was first used by Chang and Read in
1951 [9], [10]. In 1963, the U.S. Naval Ordinance Laboratory published first investigations
of the shape memory effect in binary nickel-titanium [11]. Nickel-titanium (NiTi, Ni-Ti,
Nitinol) since has emerged as the most popular shape memory alloy for technical use
because of its good mechanical properties such as high mechanical strength, corrosion
resistance and biocompatibility [4], [7], [12]-[15].

The thermal shape memory effect (SME) describes the ability of a material to “remember”
its initial form and return to it, even after strong deformation [3], [16], [17]. The underlying
mechanism is a reversible phase transformation. The SME can be observed mainly in
metallic alloys, but is also present in ceramics (e.g. ZrOz) and polymers (e.g. PTFE) [12],
[16], [18].

Metallic shape memory alloys (SMAS) undergo a stress- and temperature-induced phase
transformation from a cold temperature phase called martensite to a high temperature phase
called austenite [2], [16], [19]. These changes of the crystal lattice structure in the
microscale lead to macroscopic changes of the material properties and physical shape [20],
[21]. In the austenite phase (A), the crystal has a body centered cubic lattice (BCC), as
shown in Figure 2.1. The martensite phase in contrast shows monoclinic crystals [12], [22].
These crystals can have two orientations and are referred to as martensite plus (M*) and
martensite minus (M"). In absence of external loads, these two crystal orientations form a
twinned martensite. If an external load is applied, the martensite can be detwinned and the
crystals are flipped. A pulling force for example can lead to configuration of 100 % M,
which would also be visible in a macroscopic “quasi-plastic” elongation. This example and

other possible effects are illustrated in Figure 2.2. The three basic effects that can be
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observed in SMAs are the One-Way SME, the Two-Way SME and the effect of
“Pseudoelasticity”. These effects will be explained in more detail below. Figure 2.2 also

shows that phase transformation can be induced by mechanical stress or by temperature.

O Nickel O Titanium

/
‘T’ b
Austenite Martensite, monoclinic
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a=b=c=0.3015nm b =0.4108 nm
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Figure 2.1: Crystal lattice structures of NiTi in its martensite and austenite phase [12].
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Figure 2.2: Schematic of different SMA crystal lattices and possible phase
transformations [18].
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The temperature induced phase transformation from martensite to austenite is described by
four characteristic temperatures (Figure 2.3). The transformation from martensite to
austenite starts at the temperature As (austenite start) and is completed at As (austenite
finish). The reverse transformation through cooling is characterized accordingly by the
temperatures Ms (martensite start) and M (martensite finish). The SMA material is
completely austenitic at temperatures above Af and fully martensitic at temperatures
below Ms. The region between those two temperatures is characterized by temperature
dependent volume fractions of both phases. The reversible temperature induced phase

transformation shows a hysteresis in the order of 10-50 K [4].
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Figure 2.3: Characteristic temperatures for a phase transformation from martensite to
austenite [4], [17].

2.1.1 One-Way SME

Below the temperature My, deformations up to a critical level lead to a reversible martensite
transition from twinned martensite to a detwinned configuration. These deformations are
called “quasi-plastic”, because the SMA material remains in its detwinned (deformed) state
even without external forces. Heating of the SMA above the temperature Ar brings the
material back to its original shape in the austenitic phase. If the ensuing cooling phase takes
place under load-free conditions, the crystal lattice will return to a twinned martensite but
without any change of the macroscopic shape. In summary, the SMA “remembers” its
initial shape when heated, but does not perform any shape change during cooling. That is
the reason for this effect being referred to as the One-Way SME [3], [4], [23].
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The characteristic behavior is illustrated in Figure 2.4. Point (1) describes the load-free,
twinned martensite phase. Applying an external force leads to an elastic deformation until
(2) is reached. Between (2) and (3), the detwinning takes place as the result of increasing
stress. The subsequent relaxation results in a residual deformation (point (4)). Heating of
the SMA leads to a phase transformation to austenite between points (5) and (6) and the
material returns to its original shape, before transforming back to twinned martensite

(point (1)) upon cooling down.

Stress o

»

Figure 2.4: Stress-strain-temperature diagram for the One-Way SME [3].

2.1.2 Two-Way SME

In contrast to the One-Way SME, the Two-Way SME describes the ability of SMA material
to “remember” a certain shape in its austenitic high temperature phase and also in its
martensitic cold temperature phase. A distinction is made between intrinsic and extrinsic
Two-Way SME.

The intrinsic Two-Way SME is based on internal stresses caused by lattice defects or
dislocation structures. These lead to a preferred martensite configuration in the cooled
down state, which can be very different from the twinned martensite with 50 % M™ and
50 % M. Lattice defects can be purposefully generated by irreversible plastic deformation
or by so-called training, which e.g. can be a cyclic heating under defined mechanical
stress [3], [4].
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The extrinsic Two-Way SME can be described as a continuous repetition of the One-Way
SME. An external load like a weight or a spring force is used to constantly generate
deformation in the martensitic phase, so that temperature cycling causes a transition

between defined states in each of the two phases (Figure 2.5).

As in Figure 2.4, point (1) describes the initial state of twinned martensite. The external
load leads to an elastic deformation (point (2)) and an ensuing quasi-plastic deformation
through detwinning of the martensite (point (3)). Now, instead of returning to a stress-free
state, the external force stays present and the SMA is heated. The phase transformation to
austenite starts at point (4) and is finished at point (5). Because of the external load, cooling
of the SMA does not result in a twinned martensite configuration, instead the material
returns to the deformed martensitic state in point (3). Repeated heating and cooling results
in cycling between points (3) and (5).
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Figure 2.5: Stress-strain-temperature diagram for the extrinsic Two-Way SME [3].

2.1.3 Pseudoelasticity

The pseudoelastic effect describes stress-induced phase transformation without an
externally driven heating and cooling of the SMA material. The typical transition
temperature Ar of an SMA depends on its alloy composition. There are SMAs with a

transformation temperature As below room temperature, which leads to an austenitic crystal
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structure in a load-free configuration. Applying an external force leads to a phase
transformation into martensite, which comes along with material strains up to 12 % without
any plastic deformation. That is why these SMAs are also called “superelastic” [4], [23]. If
the external force is removed, the SMA will return to its initial configuration in the austenite
phase. Higher temperatures lead to higher stresses for the martensitic phase transformation.
The pseudoelastic effect is schematically demonstrated in Figure 2.6. The initial material
configuration is defined by a load-free state in the austenite phase (point (1)). Applying an
external force first leads to elastic deformation until point (2). If the force is increased
further, the martensitic phase transformation takes place until point (3) is reached. Beyond
point (3), the SMA has transformed to an oriented martensite phase. Increasing forces from
this point lead to an elastic deformation with a different Young’s modulus, a relaxation on
the contrary lead to phase transformation back to austenite, which starts in point (4) and

ends in the initial starting configuration (point (1)).

oriented
stress-induced P martensite

martensite .

Stress o

. austenite
|

Strain €

Figure 2.6: Stress-strain diagram for Pseudoelasticity [3].

2.1.4 Self-Sensing

While the contraction of an activated SMA wire can be used for actuator design, the
temperature induced phase transformation also results in a change of the wire’s electrical
resistance. The resistance Rswa of an SMA wire can be calculated with the linear

approximation:

Rova (T) = pyiri (T) - M2 (g, - (T =T,) +1). 2.1
SMA ) NiTi ) EMA(T) ( NiTi 0)+) ( )



2 Fundamentals

The specific electrical resistivity p;(T) depends on the fractions of martensite and

austenite since their specific resistivity is slightly different. However, the geometrical
changes of the SMA wire during the transformation to austenite dominate the resistance
behavior as the SMA wire length Isma decreases and its cross section Aswa increases.
Finally, the electrical resistance of metals changes with temperature, which is described by

the temperature coefficient of resistivity ;. Note, that «,;;; is an empirical parameter

only valid for a small temperature range around the reference temperature To. Figure 2.7
shows the qualitative behavior of the electrical resistance for the thermal activation of an
SMA wire. First, the resistance increases because of the increase in temperature (section a).
When the phase transformation and the contraction of the SMA wire start, the geometrical
changes dominate and the resistance decreases (section b). After complete phase
transformation, the resistance starts to increase again, if the SMA wire is heated further
(section c). This resistance behavior also explains the different shapes of the stress-strain
characteristics in Figure 2.8. If the SMA wire is activated at a constant voltage (left-
hand side), the increase of its electrical resistance during the phase transformation from
austenite to martensite leads to a decrease in electrical power and thus temperature. A lower
temperature is indicated by a decrease in mechanical stress during the transformation. In
contrast, if the electrical current is constant during activation (center), the electrical power
increases even more during the transformation to martensite because of the increasing
resistance. The increase in mechanical stress during the transformation indicates a
temperature increase. To guarantee a constant temperature during the phase transformation,

the electrical power input has to be held at a constant level (right-hand side).

a)

b)

D)

Y

Figure 2.7: Schematic of the SMA wire’s electrical resistance R behavior in relation to
its temperature T [17].
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Figure 2.8: Stress-strain diagrams for a 76 pum wire at constant voltage (left-hand side),
at constant current (center) and at constant power (right-hand side) [24].

The change of resistance during phase transformation can be used for sensing purposes.
This multifunctionality of combined actuator- and sensor-capabilities is typical for so-
called “smart materials” and is often referred to as “Self-Sensing”. Self-Sensing means,
that there is no need for additional sensors in an application to provide monitoring of the
actuator functionality. Even further, the Self-Sensing in SMA wires can be utilized for
feedback control algorithms. As illustrated in Figure 2.9, despite the hysteretic mechanical
behavior of SMA wires, the resistance shows a near linear relationship to the wire
contraction during the phase transformation. That means, that the SMA wire length can be
directly linked to a certain electrical resistance, which can be used for position control of
SMA actuators [25]-[30].
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Figure 2.9: Stress-strain characteristics for different constant power values and related
resistance-strain characteristics of a 76 pm SMA actuator wire [24].

2.2 SMA Applications

Because of their benefits regarding construction space, weight and the possibility of
completely new actuator design, SMA actuators have found their way into a number of
applications [31]. The company Actuator Solutions GmbH (ASG) is a specialist for mass
production of SMA actuator components. Their focus is on the areas of miniaturized optical
camera systems and pneumatic and fluidic valves. Their fully automated production lines
produce more than 10 million SMA actuators per year [32], [33]. Besides this exceptional
example, SMA actuators have also become very popular in the fields of industrial-,

10
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automotive-, biomedical-, aerospace- and MEMS applications [34]-[73]. The industrial
and automotive sectors are looking into SMA solutions for robotics and work piece
manipulation [60]-[62], [65], [72], [74]-[77]. Especially light-weight grippers based on
SMA actuators are of special interest [63], [64], [78]-[84]. In analogy to the human body,
a lot of these grippers use a humanoid finger design, in which SMA wires are used like
muscle fibers [36], [38], [39], [85]-[89]. Aside from industrial applications, these grippers
are subject to research for biomedical products like hand prostheses. Other bio-inspired
applications that use SMA wires as metal muscles include imitations of a fish [73], a
jellyfish [90], [91] an earthworm [37] or a bat [35], [46], [57], [68], [92]. Because of the
biocompatibility of Nitinol, SMAs are very popular in the biomedical sector. Although the
majority of biomedical applications uses super-elastic SMAs for example in stents [42],
there are several interesting applications for actuator wires, like catheters or inhalation
systems [34], [43], [44], [54], [55], [69], [70]. The high energy density and miniaturizability
of SMAs has led to several applications in the MEMS field [40], [41], like microgrippers
[12], [93], [94], microvalves [49] and thin-film based actuators [23], [45], [47], [52].

In this work, two applications in the field of industrial gripping and material handling are
used as case studies for applied SMA actuator design. An SMA based vacuum gripper
system and an SMA reconfigurable robotic end-effector are used as examples for

systematic design approaches for linear and rotary SMA actuators.

11






3 Applied SMA Actuator Design —Linear Spring Systems

Essential work in the fields of design and fabrication with SMA actuator wires has been
presented in [95]. The examples used in [95] focus on the use of SMA wires in flexure
hinges. In these bending configurations, the flexures are utilized as the returning
mechanism for the SMA wires. Commercial state-of-the-art SMA actuators usually rely on
a system consisting of an SMA wire working against a linear spring. This chapter presents
design routines including graphical methods at the example of two case studies. The
exemplary SMA actuators have been chosen from the fields of material handling and
industrial gripping which have gained considerable relevance in recent years [94], [96],
[97]. It is shown, how linear as well as rotary actuator principles can be realized with linear
spring systems and how the critical properties output stroke, energy-efficiency and

actuation frequency can be addressed by design.

3.1 SMA Actuators

This work focuses on actuator design based on SMA wires as the core component. Essential
work in the field of actuator design and fabrication based on SMA wires has been described
in [95], [98]-[105]. SMA actuator wires (NiTi wires) have the highest energy density of all
known actuator components [43], [66], [67], [89], [90], [93] on the order of 107 J/m?® [4]
and a power density on the order of 50 kW/kg [74]. The thermal activation of SMA wires
in technical applications is realized through Joule heating by an electric current. A defined
electric current heats up the SMA wire to typical transformation temperatures of 70 °C or
90 °C and the transition to the austenitic phase causes a 3-5 % contraction of the SMA wire
[14], [15]. This implies that the SMA wire has to be pre-stretched by an external load to
enable repeated actuation. Typical bias mechanisms for actuators are mechanical springs
or a second SMA wire in an antagonistic configuration. Because of the hysteretic material
characteristics of SMA wires, the understanding of the interaction of the SMA wire with
the restoring spring element is crucial for the design of a functional actuator. After
activation, the SMA wire has to cool down before the restoring element stretches it again,
so that it is ready for the next activation. This usually passive cooling by convective airflow
is the limiting factor for the maximum actuator frequency. The cooling time of an SMA
wire is directly related to its diameter, because the diameter defines the surface-to-volume
ratio of the wire. This means that thinner SMA wires cool faster and thus are able to operate

at higher frequencies. The second often-mentioned disadvantage of high energy
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consumption refers to applications, in which the SMA wires have to stay activated and thus

heated for longer time intervals.

For the design of SMA actuators, a systematic approach, which is based on a solving quasi-
static problem, is used. The concept always follows three steps:

(1) Kinematic study of all system elements

(2) Study of the system kinetics including free body diagrams and equations of the

equilibrium of forces

(3) Determination of the design parameters using the specific material
characteristics and graphical methods

A simple system of an SMA wire coupled with a mechanical spring and mass m is chosen
as an example to showcase the system interaction and the role of the SMA hysteresis [106],
using the systematic approach introduced above. First, an SMA wire is stretched quasi-

plastically for x to reach a state of 100 % M™. It is then put into a mechanically parallel

SMA,0
configuration with a linear spring. At room temperature T, , this configuration is stress-free.

In a next step, a mass m is added, which further stretches both the SMA wire and the linear
spring (Figure 3.1).

I XSMA.0 —l_x

Figure 3.1: Generalized structure of an SMA actuator system containing a linear spring
and a mass. The schematic is used to illustrate the free body diagram and the equilibrium
of forces [106].

Kinematic Study

The kinematic study of the system leads to

X=X X

SMA — AF

(3.2)
AXSMA =AXg =X— Xsma 0
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Kinetic Study
The system is described by the equilibrium of forces

ZF:O_)FSMA:FG_FF (3.2)
with
Fs=m-g
FSMA = f (XSMA’T) (3-3)
F- =k-Ax..

With the determined kinematic relations, all the forces can be calculated in relation to

variable x:
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Determination of the Design Parameters
For a clear illustration, the resulting stress-temperature diagram o(T) and strain-
temperature diagram &£(T) are determined with a graphical solution. These diagrams are

used to determine output stroke and forces of a desired actuator system. For simplification,
a perfect single crystal SMA characteristic is used. To demonstrate the influence of the

SMA wire pre-strain, two different cases are described.

In case 1, the spring-mass characteristic intersects the SMA characteristic above the
hysteresis at room temperature To (Figure 3.2 a). In this state, the SMA is fully
martensitic (M*). The SMA wire is then heated to temperature T, >T, (Figure 3.2 b). The

transformation stress increases proportionally with the temperature and the size of the
hysteresis stays constant. The equilibrium intersection is point (1) and the SMA wire is still

100 % martensitic. Further heating to T,>T, (Figure 3.2 c) triggers the phase

transformation to austenite. The equilibrium intersection is point (1) and the SMA wire is
partially martensitic and austenitic. The intersection point in Figure 3.2 (d) describes the

fully austenitic SMA wire at T,>T,. In the ensuing cooling phase, the SMA wire’s
temperature is reduced to T, =T, , but the intersection is at point (2), still in a fully austenitic
state (Figure 3.2 €). At T, =T,, the intersection at point (2) runs along the upper limit of the

hysteresis and transformation from austenite to martensite (M*) takes place (Figure 3.2 f),
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before the initial fully martensitic state is reached at T, =T, (Figure 3.2 g). The identified
intersection points can now be transferred into the strain-temperature diagram &(T) and

stress-temperature diagram o(T). As shown in Figure 3.3, the actuator system alternates

reversibly between an activated and a deactivated state with a temperature hysteresis.

r r b)  F (c)
T, T
Fo=mg Fo=mg Fo=mg
X X
Fio (d) F (e) F (f)
T T, T
Fo=mg E Fg=mg Fgmmg
i

Fo=mg

Figure 3.2: Force-displacement equilibrium between a single crystal SMA wire and a
spring-mass characteristic during thermal loading and unloading. SMA pre-stress is
higher than the upper limit of its hysteresis [106].

- | |
- I I
T T,, and & T 1and 5 T: and 4 TaT

Toands Tiands Toamas Ts

Figure 3.3: Strain-temperature diagram &(T) and stress-temperature diagram o(T) for

an SMA actuator system with a linear spring. SMA pre-stress is higher than the upper
limit of its hysteresis [106].
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In case 2, a lower mass m is used so that the spring-mass characteristic intersects the SMA
characteristic below the upper limit of the hysteresis at room temperature To (Figure 3.4 a).
The SMA wire is fully martensitic (M*). At T, >T, and T, >T,, the intersection is at
point (1) on the lower limit of the hysteresis and the SMA wire is partially martensitic and

austenitic (Figure 3.4 b and c). Heating up to T,>T, leads to a complete phase

transformation to austenite (Figure 3.4 d).

(a) F (c)
To T,
Fe=mg I
F (d) r (f)
T; Ts

- > \
Famao X

Figure 3.4: Force-displacement equilibrium between a single crystal SMA wire and a
spring-mass characteristic during thermal loading and unloading. SMA pre-stress is
lower than the upper limit of its hysteresis [106].

> I
T, T Ty ands T1ads T3 and 4

Tt]a.ﬂd!‘ T1a.nd5 Tza.ndJ.

Figure 3.5: Strain-temperature diagram &(T) and stress-temperature diagram o(T) for

an SMA actuator system with a linear spring. SMA pre-stress is lower than the upper
limit of its hysteresis [106].
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During the cooling, the intersection is always at point (2), so thatat T, =T, and at T, =T,,

the SMA wire is still fully austenitic (Figure 3.4 e and f). Further cooling to room

temperature T, =T, does not lead to a complete transformation back to M*, as Figure 3.4 (g)

indicates. The intersection stays at point (2) and the initial starting point (1) is not reached
anymore. The resulting strain-temperature diagram &(T) and stress-temperature
diagram o(T) are displayed in Figure 3.5. The system is unable to reach its initial starting
values after one temperature cycle. This example illustrates the effect of the hysteresis in

combination with the bias system in an SMA actuator. If the pre-stress of the SMA wire is

too low, the actuator is going to lose actuation strain after the first activation cycle.

It should be noted that the force-deformation curves in Figure 3.2 and Figure 3.4 are
assuming a perfect single-crystal SMA material. In reality, an SMA wire has a
polycrystalline structure, containing many crystals with different orientations and
properties. This fact leads to smoother transitions for the phase transformation as shown in

the sample curves in Figure 3.6.

Single-crystal Polycrystalline
500 500 |

400

w
(=]
o

Stress [MPa]
r
5]
--.._____\

0 0.02 0.04 0.06 0 0.02 0.04 0.06
Strain [-] Strain [-]

Figure 3.6: Single-crystal approximation vs. polycrystalline SMA material behavior.

3.2 Design Example 1: SMA Suction Cup

In material handling and assembly industry, vacuum grippers are widely used for the
handling of plane work pieces [107]. State-of-the-art vacuum gripper systems use the
Venturi effect for vacuum generation, so they need a continuous supply of energy from a
central compressed air system [108]. Oftentimes, these compressed air systems are one of
the biggest cost factors in production. With an SMA based system, there is no need for
pressured air, which results in significant savings in energy and thus expenses.
Additionally, further advantages of the SMA technology including lowered noise level,

unaffected air quality and lowered system costs, weight and dimensions can be exploited.
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The original idea and the first prototype of an SMA based suction cup has been presented
in [64]. In this concept, an SMA wire is used to actively deform a flat membrane and thus
create a vacuum between said membrane and a plane surface (Figure 3.7, left-hand side).
The two disadvantages of SMA wire actuators explained in section 3.1 apply to this first
suction cup concept as well. After gripping and while holding a work piece, the SMA wire
is constantly activated and energy is lost as heat to the environment. The actuation
frequency of this prototype is also very limited because the SMA wire takes several seconds
to cool down. The improved prototype presented in this chapter attacks these disadvantages
by using a different kinematic concept in combination with a thinner SMA wire diameter.
The improved kinematic concept is displayed in Figure 3.7 (right-hand side). In the suction
cup’s initial state, the membrane is already deformed by the linear spring. Activation of the
SMA wire forces the membrane into a flat configuration ready to grip a work piece. In this
concept, the SMA wire is only activated for a pulse before gripping and to release a work
piece and no energy is lost during the holding phase. By winding the SMA wire between
the upper and lower fixture multiple times, the forces of all mechanically parallel SMA
wire sections add up and a smaller SMA wire diameter can be chosen, which improves the
dynamic behavior of the actuator. This section is mainly based on [60], [63], [64], [72],
[75], [109], [110].

Figure 3.7: Two kinematic concepts for SMA based suction cups. Either the SMA wire
actively deforms the flat membrane and creates a vacuum (left-hand side) or the linear
spring is used for the vacuum generation (right-hand side) [110].

3.2.1 Suction Cup Design and Manufacturing

The improved prototype of the SMA suction cup is introduced in this section, starting with
an introduction of the overall system followed by a description of the actuator assembly.
The main part focuses on the systematic design process including the system kinematics,
an equilibrium of forces, as well as the force-displacement characteristics. Based on this
physical system description and target specifications for resulting vacuum forces and
actuator frequencies, the desired combination of SMA wire and linear spring can be

selected.
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3.2.1.1 Overall System Description

The prototype design of the SMA suction cup is shown in Figure 3.8. The membrane is
connected to the lower fixation, which is also used for mechanical connection via a screw
thread to a gripping mechanism like a robotic end-effector. The membrane is connected to
the upper fixation with a threaded rod. The two nuts in the upper fixation are used to adjust
the membrane’s relative position to guarantee a flat state of the membrane when the SMA
wires are activated. The compression of the spring between the upper and the lower fixation
is adjusted with two adjustment screws. The mechanically parallel configuration of the
SMA wire is realized by winding of a single SMA wire between the upper and the lower

fixation.

Spring adjustment screws

|
-

\' e ‘ B
i —< MP Membrane adjustment

1 — .
‘ N Upper SMA fixation

Linear spring
SMA wire

Electrical connection

Lower SMA fixation

Membrane

Sealing

Figure 3.8: CAD model of the SMA suction cup prototype.

3.2.1.2 SMA Actuator Assembly

To guarantee reproducibility, the SMA wire length is measured in its austenitic, near load-
free state in a special measuring setup. The SMA wire is then inserted into a PTFE tubing
for electrical and thermal isolation and crimped with ring terminals on both ends. After the
SMA wire has been prepared, the suction cup can be assembled and adjusted (Figure 3.9).
After assembly, the actuator is activated for 50 cycles and adjusted again. This “training”
is necessary because the remnant strain in SMA wires changes over the first few cycles and
thus the equilibrium points of the forces shift. The assembly starts with the lower fixation
(step 1) on which the linear spring (step 2). After that, the threaded rod is connected to the
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membrane and the upper fixation is connected to the opposing end of the rod (step 3). In
step 4, the spring is manually compressed and held in a compressed state by a mounting
aid, so that the SMA wire can be winded in a load-free state. The mounting aid is then

removed (step 5) and the SMA wire is loaded and stretched.

After this basic assembly, all components have to be adjusted to ensure functionality of the
actuator. For this purpose, the SMA wire is activated which causes a contraction of the
SMA wire and a compression of the spring (step 6). In this state, the membrane has to be
brought into a flat configuration with the help of the threaded rod and the adjustment
nuts (step 7). Finally, the linear spring is brought to the required compression via its
adjustment screws (step 8). The assembled prototype is displayed in Figure 3.10. Besides

the metal parts and the rubber membrane, this prototype uses 3D-printed plastic
components printed by an Objet Connex500™.

LLL:
LLX

Figure 3.9: Step-wise assembly of the SMA suction cup prototype.
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Figure 3.10: Assembled prototype of the SMA suction cup.

3.2.1.3 SMA Actuator Design

The design process of the SMA suction cup is divided in three phases. First, the system
kinematics are analyzed, followed by a study of the equilibrium of forces and an
identification of the force characteristics. Finally, these equations are used to determine the

design parameters with respect to the target specifications.

Kinematic Study

The suction cup design results in simple kinematic relationships as shown in Figure 3.11.
A displacement AX of the central piston causes the same displacement for the SMA stroke,
the spring compression and the membrane displacement. For the two relevant states, which
are the activated suction cup position (index a, SMA wires cold) and deactivated or flat
suction cup position (index f, SMA wires heated), the kinematic equations are:

Ax = Xmem,a - Xmem,f
AX = Xspr,a - Xspr,f (35)
AX =X X

sma,a  “'sma, f
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Active state Flat state
— L — L
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Figure 3.11: Kinematic relationships in the SMA suction cup’s activated and deactivated
position.

Kinetic Study
The kinetic study includes an equilibrium of forces and the analysis of the different force

Components I:vac (Xmem,a’ Xmem,f ) ! I:spr (Xspr,a’ Xspr,f ) and Fsma (Xsma,a’ Xsma,f ) Wlth respeCt to

their quasi-static force-displacement characteristics. The free body diagram (Figure 3.12)
considers the situation of a gripped workpiece that causes external forces (Figure 3.12 a).
The force relationships relevant for the actuator design are displayed in Figure 3.12 (c) and
Figure 3.12 (e). The equilibrium of forces at the workpiece (c) is described by

F.=F, +F,. (3.6)

vac

Frim describes the contact force, which is always greater than zero (F

rim

> 0), which leads

to the following requirement to hold a workpiece:

Fvac > FEXI' (37)
The equilibrium of forces at the piston (Figure 3.12 e) results in
Fspr - Fsma - Fmem = Fvac' (38)

The membrane forces Fmem [111], [112] are negligible in comparison to the other force
components in this case, as shown in [110], so that the relevant force relationship can be

described with

F, —F_=F_. (3.9)
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Figure 3.12: Free body diagram of the SMA suction cup components.

If the suction cup is in its flat state, the vacuum force Fvac equals zero (F,,. , =0). The
equilibrium of forces for the activated and the flat state is determined by
I:spr,f - I:sma,f =0 (3 10)
I:spr,a - Fsma,a = I:vac' .

As part of the Kinetic study, the three force-displacement characteristics

Frae (Xvemar Xoem.t )+ Feor (Xspr.ar Xepr.¢ ) @10 F (Xna a0 Xora, ¢ ) N@VE t0 be determined.

vac mem,a ’ “‘mem, f spr sma sma,a’ “‘sma, f

Vacuum Force

The vacuum force of a membrane with the outer radius R is calculated by

I:vac = Rzﬂ.( patm - pa) (311)

with the atmospheric pressure pam and the internal pressure pa. To relate the change in
pressure to a change in the volume underneath the membrane, the Boyle-Mariotte law for

constant temperatures p-V =const is used. If the membrane is in a flat state, a volume Vs

is inclosed at atmospheric pressure pam. If the membrane is then deflected by an external

24



3 Applied SMA Actuator Design — Linear Spring Systems

force, the volume changes to Va and the internal pressure changes to pa. With Boyle-

Mariotte, this leads to

P, Ve

TN (3.12)
atm a

The internal pressure pa in (3.11) can be eliminated with (3.12), so that the vacuum force

is calculated with

a

N sYA Vf
I:vac_R 7T Patm 1_V_ : (313)

The volume under the membrane in its flat state (x,,, , =0) equals the dead volume Vo
(V, =V,). For the volume in the activated state, two approximations can be made

(Figure 3.13). For the cylinder approximation, the volume in the activated state equals

Vv,

a,min

=V, +7r? AX. (3.14)
The cone volume approximation results in

V, =v0+7z%(r2+rR+R2)Ax. (3.15)

a

-

Figure 3.13: Cylinder (left-hand side) and cone (right-hand side) approximation of the
membrane geometry in its activated state.

The approximations of the volume (3.14) and (3.15) can now be used in the equation for
the vacuum force (3.13) to generate approximations for the minimum and maximum

theoretically achievable vacuum forces:

\Y V
F.__=R*zp, |[1-—— |=R’zp, |1-—2— |, 3.16
vac,min patm [ Vaymin J patm VO e rzAX ( )
V
Fvac,max = RZ 73 patm (l_ f Jz R2 T patm 1 1 VO (317)
Ve max V0+7z§(r2+rR+R2)Ax
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Depending on the design parameter, either one of the two approximations (3.16) and (3.17)
is used to calculate the vacuum force in a worst-case scenario. For a given gripping force,
the cylinder approximation (3.16) is used to calculate the inner and outer radii of the
membrane, whereas for the estimation of spring forces and SMA forces the cone
approximation (3.17) is used because they are working against the vacuum force.
Figure 3.14 shows an example for the different behavior of the membrane force depending
on the approximation in relation to the membrane stroke. The parameters in this example

are declared as

R=15mm
r=10mm
V, =500mm?®.
60
50+ -
o
//'/,
40+ -
/
z
£
g 30 B
U..>
20+ Cylinder approximation
Cone approximation
10 //
4
0 / : ‘ ‘ : : : : ‘
0 0.5 1 1.5 2 25 3 3.5 4

AXinmm

Figure 3.14: Example for the pessimistic and optimistic approximation of the vacuum
force Fvac in relation to the stroke of the membrane 4x.

Spring Force
The spring acts in this actuator system like an energy storage system. When the SMA wire
cools down and elongates, the spring deflects the membrane until it reaches the activated

state. The resulting forces are based on linear spring behavior
I:spr = kAXspr =k (Lspr,o - Xspr)’ (3.18)

so that the spring forces for both membrane states can be calculated with
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I:spr,a =k ( Lspr,O - Xspr,a)

F

(3.19)
spr,f k(Lspr,O - Xspr,f )

SMA Force
The SMA force in the activated and the flat state is determined by the total SMA cross-

section Asva and the mechanical stress o:

Fsma,a = O-a &ma’

(3.20)
I:sma,f :Gf Asma'

In this actuator design, the complex stress-strain behavior of SMAs is approximated by
linear relationships (single crystal behavior). Considering a complete phase transformation

between the activated and the flat state, the stress-strain characteristics are specified by

X
sma, f
o, =0,=E, e, =E,| =L 1],
sma,0

(3.21)

o,=0, =Ey, (EM —6T)= Ey L)Iisma'a —1—61-].
'sma,0
Ea and Ewm describe the Young’s modulus of the SMA wire in its austenitic and martensitic
state, en and av the according material strains in that phase. In the activated (martensitic)
state, the transformation strain er is additionally taken into account. The material
parameters Ea Em and &r are obtained from the suppliers’ data sheets [14], [15] and from

measurement data [24].

A summary of the physical description of the actuator system is given in Table 1. These
system equations are used in the following section to determine the unknown design

parameters for the SMA suction cup.

Determination of the Design Parameters

For the determination of the design parameters listed in Table 2, specifications regarding
the suction cup functionality and design have to be made. The central specification is the
desired maximum gripping force Fnog, Which is depending on the vacuum quality S. The

desired vacuum quality S is described by

p
S=1-—-. 3.22
patm ( )
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That means S =1 equals a perfect vacuum. The desired actuation frequency is directly
related to the cooling behavior of the SMA wire and thus the wire diameter. Therefore, the

desired cooling time tcool IS another important specification.

Table 1: Summary of the physical description of the SMA actuator system in the SMA
suction cup used for the determination of the design parameters.

Activated State Flat State
Equilibrium of
Fspr,a - F:s‘ma,a = Fac Fspr,f - Fsma,f =0

Forces
Spring Force Fopra =k (Lspr,o - xspr,a) Fsprp =k (Lspr,o - xspr,f)

Vs
Vacuum Force Fyac = R* T patm (1 — 7) -

a

Maximum Volume 1
Vamax = Vo + ng(rz + 7R+ R?) Ax

Activated
P Vf = VO
Minimum Volume ,
Vamin = Vo +mr= Ax
Activated i
SMA Force Fsma,a = 0a Asma Fsma,r = 0f Asma
X X
SMA Stress o, =Ey (M —1- ET) o; = EA< smaf 1>
Lsma 0 Lsma,o
Ax = x - X
Kinematics spr.a — spr.f

Ax = Xsma,a — Xsma,f

Table 2: Design parameters for the complete description of the SMA suction cup.

R Outer membrane radius

r Inner membrane radius
Lspro Unloaded spring length

k Spring rate
Xspr.f Spring length in flat state
Ngma Number of SMA wires
Lsmao Austenitic SMA wire length

Dsma SMA wire diameter
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As shown in section 3.1 and [14], the stroke output of an SMA actuator system with a linear
spring is directly dependent on the linear spring characteristic. Stiff springs lead to lower
stroke output whereas a near constant force leads to maximum contraction of the SMA
wire. The parameter Q describes the ratio between the spring force in the activated and the

flat state and is thus a measure for the constancy of the spring force during actuation:

Q _ Fspr,a (3 23)

spr, f

Like S, values for Q range from 0 to 1, whereas 1 stands for a (for linear springs not
achievable) constant force during actuation. The specifications in this example are

summarized in Table 3.

Table 3: Design specifications for the SMA suction cup prototype.

Frota Minimal gripping force >55N
S Vacuum quality parameter >0.8

teool SMA wire cooling time <2s
Q Spring force constancy parameter >0.9

The outer membrane radius R is determined with (3.11), (3.22) and the specification for the

gripping force Fnoid:

I:vac = RZ T patm S > I:hold
Fo (3.24)

= R> .
ﬂ-patms

To create high gripping forces, a high value for the inner radius r is desired in (3.16) and

(3.17), but at the same time the difference R—T is limited because of the approximation

of negligible membrane forces. This approximation can only be made in this case for values

r <0.66R. To guarantee highest possible gripping forces, r is selected at its maximum
value of 0.66R.

The stroke of the membrane 4x is calculated for the worst-case scenario with the pessimistic

volume estimation (3.14):
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S :l— pa —l— VO —1_ VO >
patm Va,min VO +rr AX
Vs (3.25)
< AX = -~
(1—8)7”

The dead volume Vg can be calculated or determined by the CAD software after the specific
membrane construction is designed. With this, all required membrane parameters are
identified and the vacuum forces for the minimum (3.16) and maximum (3.17)

approximations can be calculated.

With the membrane stroke 4x, the SMA wire length L., can be identified. All SMA

parameters are calculated based on the single crystal assumptions (3.21). First, the material
parameters Ea, Em and er are graphically determined with measurement data from [24]
(Figure 3.15). The Young’s moduli in the austenitic and martensitic phase are approximated

by linear fits in Figure 3.15, the transformation strain er is presumed as 5 % [14], [15].

600

| jnear approximation martensite
= == = |jnearapproximation austenite

500 ——— Heating powerp=0
——— Heating power p = p,.,
400
©
=
= 300
b
200
100

0
0 0.01 0.02 003 004 005 006 0.07

Figure 3.15: Measured stress-strain characteristic of a 76 um SMA wire for two constant
heating powers [24].

In addition, the suppliers’ data sheets suggest a minimum material stress of &,;, = 69MPa
to guarantee the return to a complete M* phase after cooling. The reported yield strength of
the SMA wires equals o, =345MPa for limited total lifetime cycles [14], [15]. The

mechanical stresses in the SMA wire in the suction cup’s activated and flat state (g, o)

are chosen with respect to these restrictions, while taking into account a safety margin for
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the reverse phase transformation. The declaration of these material parameters allows to

solve the linear system of equations (3.5) and (3.21) with the unknown variables xgp, f,

xsma,a and Lsma,O :

Ew 0 —(Ey(l+g)+o,) Xy 0
0 E, —(Ex+oy) Xoar |=| O |- (3.26)
—1 0 Lsma,O AX

The specific values of the material parameters are summarized in Table 4:

Table 4: Material parameters for the design of the SMA suction cup.

Omin 05 MPa
Omax 345 MPa
Ey 27 GPa
E, 52 GPa

€r 5%
o, 100 MPa
o 345 MPa

For the calculation of the spring forces, the force equilibrium (3.10) is combined with the
maximum possible vacuum force (3.17). The ratio of the SMA forces Fsmaa and Fsmaft

equals the ratio of the material stresses ga and o (3.20):

F.. o F, .-F

smaa _ Oa _ ' spra ~ Tvac,max (3 27)

O-f I:spr,f

With (3.23) for the spring constancy, (3.27) can be converted to

Foa o, F
spr,a — _a+ vac,max <0. 328
F o, F Q ( )

spr, spr, f

The spring can now be selected with the requirement of a minimum force in its compressed

configuration (flat state of the suction cup):

F

F > F ~_ __vac,max ) (329)
spr, f spr, f,min o
Q_ia
O
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The selection of the spring has to take into account the geometrical constraints of the
suction cup design, like maximum outer diameter and compressed length of the spring. The
spring force in its compressed configuration should be higher but as close as possible to the

minimum Fspryfﬁmin . The selection of a suitable spring defines the spring parameters k and

L

spr,0 *

For the selection of the SMA wire, the total SMA cross section Asma has to be determined.
The difference of the spring forces (3.19) in the activated and flat state equals

F, —F

sor.f ~ Tspra

k AX. (3.30)

The force equilibrium (3.10) together with the SMA forces (3.20) and the difference of the
spring forces (3.30) again create a linear system of equations, that has exactly one

physically meaningful solution:

o, -1 0 0 0 A. 0
o, 0 -1 0 0| Fia 0
0 -1 0 1 OF.,|=|F.| (3.31)
0 0 -1 0 1||F,, 0
0 0 0 -1 1)(F,,) (kax

Linear equation systems like (3.26) and (3.31) can easily be solved with the help of software
tools like MATLAB.

With the parameters identified above, the spring lengths in both suction cup states

( Xgr.t1%pra) Can be calculated with (3.19) and (3.5):

— L Fspr,f

WOk (3.32)
Xora = Xspr.t TAX.

spr,a

Xspr, f

Last parameters necessary for the suction cup design are the SMA wire diameter Dsma and
directly linked to that the total number of SMA wires Nsma. The wire diameter depends on
the required cooling time tcoo and is chosen with the help of the manufacturer specifications
[14], [15]. Wire diameters relevant for this application and resulting cooling times are

displayed in Table 5:
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Table 5: Cooling times for different SMA wire diameters [14].

SMA wire diameter Cooling time
0.1 mm 09s
0.13 mm 14s
0.15 mm 1.7s
0.2 mm 2.7

After choosing the SMA wire diameter, the number of SMA wires is determined with

o Aua (3.33)

A summary of the determined design parameters in the case of the SMA suction cup is

given in Table 6.

Table 6: Calculated and selected parameter values for the design of the SMA suction cup.

Design parameter Calculated value Selected value

R Outer membrane radius 14.7 mm 15 mm

r Inner membrane radius 9.7 mm 10 mm
Lspro Unloaded spring length 51.5 mm

k Spring rate 2.97 N/mm
Xspr.r  SPring length in flat state 20.8 mm 20 mm
N¢ma  Number of SMA wires 14,8 16
Lymao Austenitic SMA wire length 43.1 mm 40 mm
Dsma  SMA wire diameter 0.15 mm

The design scheme demonstrated at the example of the suction cup application can be
transferred and used for the design of any linear SMA actuator system using a linear spring.
The implementation of the equations in a software tool like MATLAB allows the variation

of the parameters during design to find application specific combinations.
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3.2.2 Suction Cup Validation

The validation setup is displayed in Figure 3.16. The SMA wire heating is realized by a
constant current supply. The voltage measurement on the SMA wire is realized via four-
wire measurement. An absolute pressure sensor (HYDAC HDA 4346) is used to measure
the vacuum created by the suction cup. The actuator stroke is measured with a laser
displacement sensor at the upper fixation. Control of the experiments as well as the data
acquisition are realized by a National Instruments (NI) cRIO system and LabView.

Figure 3.17 shows measurement results for five activation cycles of the SMA suction cup.
The SMA wire is heated for 5 s and then deactivated for 6 s. The actuator reaches a stroke
of 1.4 mm, which results in a vacuum pressure of 480 Pa. The voltage measurement can be
used to calculate the electrical resistance of the SMA wire and thus use the self-sensing

capability for probable monitoring of the vacuum quality.

The average values for actuator displacement, electrical resistance of the SMA wire and
vacuum pressure for cycles 2-5 are displayed in Figure 3.18. Additionally, the vacuum
pressure is plotted in relation to the actuator stroke. This plot also contains the resulting
vacuum pressure estimated with the cone (green) volume approximation (3.15) and the

cylinder (red) volume approximation (3.14).

Laser displacement sensor

SMA suction cup \

Power supply
Measuring cables

Absolute pressure
sensor

Figure 3.16: Picture and schematic of the validation setup for the SMA suction cup.

The desired vacuum quality of S=0.8, which equals a vacuum pressure of 800 Pa is not
reached with a measured pressure of 480 Pa. One reason for this discrepancy is that the
desired stroke of 2 mm is not reached. The presumed SMA wire stroke of 5 % in the design

should be corrected to 3-4 %, which is a more realistic value for SMA wires in the presented
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system configuration. Another reason for the lower vacuum quality could be a wrong
estimation of the dead volume Vo. The hysteretic behavior in the pressure signal is likely
caused by a deformation of the elastic membrane sealing during activation. The assumption
of isothermal conditions during the activation might cause an additional error. The

measured cooling times of about 2.5 s are very close to the original specification of 2 s,
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Figure 3.17: Measurement data for five activation cycles of the SMA suction cup.
Recorded quantities from top to bottom are: Electrical current [A], actuator
displacement [mm], voltage drop on the SMA wire [V] and vacuum pressure [Pa].
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Figure 3.18: Average values for cycles 2-5 of the measurement data for the SMA suction
cup. Bottom right shows the vacuum pressure in relation to the actuator stroke (blue) and
the vacuum estimations using the cylinder (red) and the cone (green) approximation.

3.3 Design Example 2: SMA End-effector

The development of novel material handling systems and industrial grippers has gained
considerable relevance in recent years. Because of low production costs in Asia, industrial
manufacturing and assembly has to become more efficient in western countries to maintain
international competitiveness. The keywords “Industry 4.0” and “Smart Factory” describe
these efforts, using automation, cyber-physical systems and internet of things in
manufacturing technologies [113]-[116]. Assembly assistance and human-robot-
cooperation have become central fields of research [117], [118]. One goal within
“Industry 4.0” aims at making factories and assembly lines more flexible and adaptive, to
react to market changes with a simple reconfiguration process. Therefore, also handling
systems are required to perform more complicated and complex manipulation tasks. For
the handling of plane workpieces, so-called end-effectors or suction spiders are used

(Figure 3.19 a) [119]. These systems are attached on the top of industrial robots and consist
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of custom fitted suction cup arrangements, so that one end-effector is only used for one
specific workpiece geometry. If an assembly robot is used for different workpiece
geometries, for example in several production lines, usually the whole end-effector on the
robot is replaced by another one that is specifically designed for the new workpiece shape.
The stop of production during this exchange process can be very cost intensive. The idea
of making an end-effector reconfigurable increases flexibility in production and prevents
costly down times because gripper systems have the ability to be adapted automatically to
various workpiece geometries. Shape memory alloy actuators are the technology of choice
for this application because actuator weight and construction space are very limited. High
weights on the top of robots result in critical mass moments of inertia during movement
and have to be avoided [107]. Therefore, using conventional drives (electric, pneumatic)
for the reconfiguration process of an end-effector is not a viable option. Additionally, the
“self-sensing” abilities of SMA wires add more functionality, which can be utilized for

possible condition monitoring tasks and position control.

The application of a reconfigurable end-effector is used as a case study for the design of an
SMA wire based rotary actuator. Different concepts for rotary actuators based on SMA
technology have been presented in several publications [120]-[127]. The concepts
introduced in this section demonstrate how the selection of the crucial design parameters
affects the rotational output angle. Additionally, a special design, which allows energy-free
holding of defined intermediate positions along the rotation radius is presented to attack the
disadvantage of continuous heating of the SMA wires. The methods and results presented
in this section are based on [62], [63], [65], [72], [75], [77], [128].

3.3.1 End-effector Design and Manufacturing

This section gives a detailed description of the end-effector design, manufacturing and
assembly process. First, the overall system is introduced. The SMA actuators have to be
integrated into the aluminum structure to enable the desired rotational movements of the
gripping arms working against tension springs. Central focus points of the ensuing
assembly are the mechanical connection as well as the electrical connection and insulation
of the SMA wires. The design process follows the schematic approach of section 3.1,
starting with a kinematic analysis, followed by system kinetics including a moment
equilibrium. Finally, a graphical method is used for the determination of the design

parameters.
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3.3.1.1 Overall System Description
The basic end-effector design and functionality is displayed in Figure 3.19 (b) and (c). The
whole end-effector has an outer diameter of 315 mm. The modular design allows the partial

assembly and test of a quarter piece before bringing all four quarters together to a complete

(b)

Figure 3.19: State-of-the-art manually adjustable end-effectors (a) [119], the CAD
model of the presented end-effector, showcasing its overall dimensions (b) and its
reconfiguration functionality with each of the four gripping arms capable of a 90 °
rotational movement in-plane and a 30 ° tilting movement out-of-plane (c).
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prototype. Each of the four gripping arms is able to perform a 90 ° rotation in-plane and a
30 ° tilting motion out-of-plane for the handling of workpieces with curved surfaces. Each
gripping arm is controlled independently, which allows various end-effector configurations
for the handling of a variety of workpiece shapes (Figure 3.19 c). The end-effector

components are machined out of aluminum to carry a static load of 10 kg.

A basic overview of the integration of the SMA actuators and the tension springs as their
bias mechanism is given in Figure 3.20. The upper part (a) gives an overview of the SMA
wire guiding for both DOFs and the attachment of the SMA wires and the return springs.
The SMA-spring configuration of the first DOF is illustrated in (b). The SMA wire is
guided past the arm’s pivot point to the top of the arm and back. A contraction of the SMA
wire causes a moment and the tension spring is elongated during the rotation of the arm. A
similar configuration is used for the second DOF (Figure 3.20 c). Additionally, the tilting
actuator is combined with a locking mechanism that allows energy-free rest positions at the
rotational positions of 10 ° and 20 ° (Figure 3.20 d). The rotating tilting arm pushes a
snapping wedge back against a pressure spring. Two teeth define the energy-free rest
positions. To return to the initial position, the tilting arm is fully rotated to the 30 ° position.
From this position, the snapping wedge is guided around the tilting arm teeth on its way
back to the initial position. The power supply connection is the center of the end-effector.
At the top of the tilting arms, any desired gripping system such as vacuum grippers can be
added.

3.3.1.2 SMA Actuator Assembly
The assembly of the SMA actuators includes SMA wire attachment (crimping, clamping,
gluing), electrical connection and insulation of the SMA wires, thermal management and

applying the correct pre-strain and pre-stress.

The SMA wires are mechanically attached with screws by clamping the wire between
washers (Figure 3.21). This clamping method allows an easy exchange of the SMA wires
in this prototype. The electrical connection wires are directly soldered to brass washers and
nuts (Figure 3.21, lower part) in a way that the electrical and mechanical connections are
always separated from each other. This also helps the assembly process or the exchange of
a broken SMA wire. To ensure electrical insulation of the aluminum structure, PTFE tubing
is used to guide the SMA wire where it touches the structure (Figure 3.21, upper part).
PTFE is also suitable for thermal insulation, so the aluminum structure does not act as a
heat sink for the SMA wire.
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Figure 3.20: CAD model and schematic illustrations of the SMA wire and tension spring
integration into the end-effector arm. The SMA wire of the first DOF runs to the top of
the arm and back twice to multiply the resulting SMA force (a). The top view schematic
(b) [65] shows the SMA wire guiding of DOF1. The tilting arm of DOF2 (c) [65] is

combined with a locking mechanism (d) [65].
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The clamping screws are electrically insulated by little 3D-printed plastic tubes printed by
an Objet Connex500™ using VeroClear™ material (Figure 3.21, lower part). The SMA
wire of the first DOF is wrapped around the top of the gripping arm twice to produce a
higher total SMA force. That allows the use of thinner SMA wire diameters and thus better
actuator dynamics because of faster cooling times. The total displacement is not affected
by the SMA wire wrapping, since only the effective SMA wire length (Figure 3.21,
upper part) is relevant for estimating the SMA stroke. A special “tension device”
(Figure 3.21, lower part) is designed for two reasons. It guides the SMA wire at this end of

the arm and at the same time can be used to control the pretension in the SMA wire.

Return

gggg Electrical

connection Effective

/ DOF2 SMA length

PTFE tubing on
SMA wires for
electrical
insulation Mech
st .
Return
) springs
Tension DOF1
device
DOF1 Electrical
connection
DOF2

Electrical
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and. tubes for
mecham'cal electrical
connection insulation
DOF1

Figure 3.21: Picture of one assembled end-effector arm. The side view (upper part)
shows the SMA wire guiding as well as the second DOF’s mechanical and electrical
connections. The rear view (lower part) gives a detailed view of the central electrical
connection for the power supply. The tension device is used to control the SMA wire
pretension in the first DOF.
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To guarantee the functionality, it is crucial to integrate the SMA wires with the correct pre-
strain and pretension. In this case, the SMA wire length is first measured in its unloaded,
activated austenitic state, because this is the only reproducible reference length. After
cooling and returning to its martensitic state, the wire is stretched for 4 % of the measured
austenitic length before integrating it into the end-effector. The fine-tuning of the

pretension in the application is realized with this tension device via two adjustment screws.

3.3.1.3 SMA Actuator Design

The design process again is divided into three phases. In a first step, the kinematics of the
system have to be studied and understood. Based on those results, the kinetic relationships,
meaning the forces and moments can be analyzed in a second phase, regarding the
necessary SMA wire forces. Finally, the SMA wire diameter can be chosen with respect to
these forces and desired actuation speeds. The following section exemplary details the
design of the rotary actuator for the first DOF, but can be utilized for the second DOF

analogically.

Kinematic Study

The kinematic study is necessary to identify the crucial design parameters that dictate the
movement behavior of the rotational actuator. In this actuation principle, the distance from
the SMA wire to the pivot point of the hinged joint is the deciding parameter that influences
torque and rotational angles. The closer the SMA wire is guided to the pivot point, the more
rotational movement is gained from the SMA wire’s contraction, but at the same time, the
moment gained from the SMA force decreases with reduced distance. The overall geometry
of the end-effector is given in this application and the SMA actuation mechanism needs to
fit into it. Therefore, in the presented design, the total effective SMA wire length for the
first DOF is Isma = 145 mm. That means the design has to aim at producing a rotation output
of 90 ° at the given SMA wire stroke, but still providing a maximum possible torque. To
find a good operating point, the kinematics are displayed in Figure 3.22. The figure shows
the gripping arm in its initial position with the SMA wire deactivated (upper part) and the
end position in its activated state (lower part). The crucial design parameters that affect the
SMA wire’s distance to the pivot point during the rotational motion are identified and
defined as dno and dvo. They describe the horizontal and the vertical distances of the end of
the SMA wire guiding within the gripping arm in the initial deactivated state. The
parameters s, and sy describe the horizontal and vertical distances of the pivot point to the
SMA wire guiding within the end-effector’s base. The goal of the kinematic study is to find

a relationship between dno, dvo, Sh and sv. The free length of the SMA wire in both, the

42



3 Applied SMA Actuator Design — Linear Spring Systems

activated and the deactivated state is indicated in Figure 3.22. The difference between the
free lengths in those two states represents the necessary SMA contraction for the rotational
angle of 90 °. In both states, this free length can be calculated with the Pythagorean
Theorem. In the initial deactivated state (Figure 3.22, upper part), the free length xo can be

calculated with

X =(8, +yo ) +(5, +,0 )’ (3.34)

The free length x, in the activated position (Figure 3.22, lower part) is calculated via

% =y(5, +,0) +(5,~0,)" (3.35)

The resulting SMA stroke for this rotational movement is defined as

AX =X, —X = \j(sh +dho)2 +(s, +d,g )2 —\/(sh +d,, )2 +(s, —dho)z. (3.36)

Pivot point

S‘l?
d \M/IA wire
v0 ‘4—»

| s
Sp

Figure 3.22: Sketch of the gripping arm in deactivated state (upper part) and activated
part (lower part) to illustrate the kinematic relationships.

43



3 Applied SMA Actuator Design — Linear Spring Systems

If the SMA stroke AX is considered as given in (3.36), it is possible to declare two of the
four parameters (e.g. dno and dvo) as the known design parameters and make the remaining
two (e.g. sh and sy) variables, depending on the specific design task. In this example, the
known parameters are selected as sh = 1.24 mm and sy = 18 mm mainly for machining
reasons. The given SMA wire stroke in this example is determined as Ax = 0.03:Isma =
4.35 mm. A stroke of 3 % is a typical choice for SMA actuators to guarantee adequate
performance and lifetime cycles [15]. The parameters dno and dyo are the only unknowns in
(3.36), which means they are directly linked to each other. The solution to this problem can
be found graphically (Figure 3.23) with a program implemented in MATLAB. The
relationship between dno and dvo and their correlation to the needed SMA wire stroke for a
full rotation is displayed in Figure 3.23 (upper part). As expected, the necessary stroke
increases with higher values for these parameters. To visualize the fact that the maximum
SMA stroke is given in this scenario, a plane parallel to the x-y-plane cuts the graph at the
z-value of 4.35 mm (Figure 3.23, center part). The resulting intersection curve (Figure 3.23,
lower part) represents the relationship between the two design parameters. In the next step
it is analyzed, how the selection of these parameters affect the SMA forces during

activation.

Kinetic Study

The study of the kinetics in this system looks at the forces and moments for a quasi-static
case with the goal of finding values for the design parameters dno and dvo that lead to low
and preferably constant SMA forces. The equilibrium of moments includes the moments
caused by the force of the tension spring and the force of the SMA wire. Friction forces are
neglected in this example with respect to the bearings of the gripping arm. Also the weight
of the gripping arm will cause different weight forces depending on the end-effector
positioning. In the present example, it is assumed that the end-effector is held in a horizontal
position for the reconfiguration process. In the application, this process always takes place
without additional external loads. The SMA actuator wire is never exposed to additional
stress, because once a workpiece is gripped, the end-effector structure carries the workpiece
load.

In a first step, the force characteristics of the spring and the resulting moments are
identified. Figure 3.24 (upper part) illustrates the Kinetic system and the geometrical
relationships. The attachment point of the spring at the end-effector base is described with
Xspr (Xspr = 0) and yspr. The pivot point “D” of the gripping arm defines the parameters Xarm

and yarm. The attachment point of the spring at the gripping arm is marked with “M”.
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Figure 3.23: Graphical display of the design parameter relationships in the kinematic

system (upper part). The given SMA stroke (center part) leads to a direct relation between
dno and dvo (lower part).
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Figure 3.24: Sketch of the gripping arm to illustrate the geometrical relations for the
spring force behavior (upper part) and the SMA force behavior (lower part) during
rotation.

The path of this point along the rotational movement with the angle ¢ is responsible for the
course of the moments Mspr1 and Mspr2 caused by the spring force Fspr. TWo moments are
the result of dividing the spring force into two components, one component parallel and
one component perpendicular to the gripping arm during movement. The angle « is used to
calculate these two force components. To determine the moments Msprr and Mspr2, the
geometrical parameters tarm and larm are identified. They represent the horizontal and
vertical distances between the spring attachment point M and the pivot point D of the
gripping arm. With these parameters, the moments caused by the spring force can be

described as:
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Mgt =l - Fyr -SIN (3.37)
Mo =tom - Fr COS . (3.38)

With the spring rate cspr, the length of the spring during movement lspr, and the initial length
of the spring lospr the spring force is calculated with

I:spr = Cspr . (Ispr - IO,Spr ) (339)

The length of the spring Ispr is described via the position of the attachment point M during

the movement and is determined as

2
L, :\/fo (Y = Yer ) (3.40)
with
t .
Xy = Xarm +[Iarm —ﬂ)-sm [ (3.41)
tang
yM = yarm +(Iarm +tarm ) tan (p) -COS (0 (342)

To calculate Mspr1 and Msprz, a relation between o and ¢ has to be found, therefore the

angle o is defined as

5= tan (I Yory. (3.43)
XM
The relation between a and ¢ is found to be
azg—(p—é. (3.44)

As a result, the moments Mspr1 and Mspr2 are only dependent on the rotation angle ¢ and

geometrical parameters.

The next step of the kinetic study looks at the moments resulting from the SMA force. The
goal of the equilibrium of moments is to eventually find an equation for the behavior of the
SMA force during the movement depending on the rotation angle ¢ and the design
parameter dvo (Or dno). In analogy to the spring force, the relations for the SMA force are
illustrated in Figure 3.24 (lower part). The position of the SMA wire guide in the end-
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effector base is described with Xwa (ywa = 0). The beginning of the SMA wire guiding in the
gripping arm is marked with “A”. The parameters dvo and dno like in the kinematic study
describe the distances from A to the pivot point. Like the spring force, the SMA force is
divided in two components, one parallel and one perpendicular to the gripping arm during
movement. The angle y is used to calculate the SMA force components. The moments

resulting from the SMA forces are
Mgy = Foua -COS7 -Gy (3.45)
Mgy = Foua -SINy-d,. (3.46)
To relate the angle y to the rotation ¢, the angle £ is needed in

y=p—9 (3.47)

with

f=tan (22— e (3.48)

A

The parameters xa and ya describe the position of point A during movement and are
calculated with

Xp =Xy +C0S @+ (0 + 0, - taN @) (3.49)

Ya = Yam +COS¢'(dv0 _dho -an (0) (3.50)

With the equilibrium of moments £M; = 0, and (3.37), (3.38), (3.45) and (3.46), the SMA
force can now be described as
+M

M spr2
= : . (3.51)
cosy-d.,,—siny-d,,

sprl

SMA

Determination of the Design Parameters

This equation describes the SMA force as a function of the rotational angle ¢ and the design
parameters dvo and dno. With the help of (3.36) from the kinematic study, one of these
parameters can further be eliminated. In our case, dno is eliminated and the rest of the

parameters are set according to Table 7. The spring rate has to be selected strong enough,
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so that the gripping arms are held in their initial positions, even when the end-effector is

tilted. Possible dynamic forces caused by the robot movement are not addressed in this

example.
Table 7: Construction Parameters of the End-Effector

Parameter Value Description
Xarm 40 mm x-coordinate of the pivot point
Yarm 32 mm y-coordinate of the pivot point

Initial horizontal distance: pivot point — spring attachment
tarm 5mm ]

point M

Initial vertical distance: pivot point — spring attachment
|arm 10 mm .

point M
Yspr 40 mm y-coordinate of the spring attachment at the end-effector base
Xwa 38.32mm  x-coordinate of the SMA wire guiding in the end-effector base
lo.spr 22.35 mm Initial length of the spring
Cspr 0.15 N/mm  Spring rate

The MATLAB tool is now used to visualize the SMA force behavior depending on ¢ and
dvo. Goal of these studies is to find values for dvo and dno with regard to the necessary SMA
force. Ideally, the force is nearly constant and has a low amplitude. Low forces allow the
use of thin SMA wires, which results in higher actuation frequencies because of reduced
cooling time. The results are displayed in Figure 3.25. The 3D-plot (Figure 3.25, upper part)
shows the results of (3.51) with the SMA force as the z-axis, dwo as the y-axis and ¢ as the
x-axis. If dyo is selected close to 0 mm, the SMA force is very low at the start of the motion
but increases heavily towards the end of the 90 ° rotation. Conversely, a dvo in the range of
5 mm leads to a high force at the beginning of the movement, which decreases rapidly to
low values. To determine the desired value for dvo, the 3D-plot is looked at from a position
parallel to the y-z-plane (Figure 3.25, lower part). From this view, the point with the least
variation of Fsua can be identified with a y-value of 2.72 mm for d.o and an SMA force of
13.63 N. As a result, it is now possible to design the rotary SMA actuator in this end-
effector in a way that the SMA wire can work at a constant force, even though the moments

are constantly changing during movement.

The remaining design parameter dno is obtained from (3.36) as dno = 1.88 mm. The force of

13.63 N dictates the choice of the SMA wire diameter. To reach a high number of lifetime
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cycles, the mechanical stress in the SMA wire should not exceed 200 MPa [14], [15]. The
calculated force is distributed among four SMA wires. The chosen SMA wire diameter of
150 pm results in a mechanical stress of 192 MPa. Note, that the presented design method
is not limited to this specific example, but can very well be used to investigate the effect of

parameter variations of any of the declared parameters in Table 7.
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Figure 3.25: Behavior of the SMA force in relation to the design parameter dvo and the
angle of rotation (upper part) and identified design parameter for near constant SMA
force during complete activation (lower part).

3.3.2 End-effector Characterization and Validation
The schematic of the setup used for the characterization of the actuators is shown in
Figure 3.26. Current sources are used to activate the SMA wires in both DOFs. The

rotational angles are measured with two Hall sensors (ams AS5048B). For this purpose,
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permanent magnets are integrated into the joints of the aluminum structure. In addition, the
electrical resistance of the SMA wires is measured during activation. The setup is controlled
by a LabView and a NI cRIO system.

DC Power Current
Supply Source ) ] 0...600 mA l
1 SMA DOF 1 SMA DOF 2
current % % permanent
setpoint s s magnets
[ HALL Sensor 1] [HALL Sensor 2 ]

Controller .

g I>’C HALL s$ensor signal

\
[ LabView cRIO

Figure 3.26: Characterization and validation setup for the SMA actuators in both
degrees-of-freedom of one end-effector arm.

The characterization measurements of the first DOF are displayed in Figure 3.27.
Column (a) shows the activation current signal (upper part), the rotational angle over time
(center part) and the electrical resistance over time (lower part) for the first DOF.
Column (b) shows zoomed-in graphs of the rotation (upper part) and the resistance
(lower part) signals.

The SMA wire is activated for 10 s by a suggested electrical current of 400 mA [14], which
Is then stepwise increased to 500 mA and 600 mA. The gripping arm reaches its maximum
rotational angle after about 4 s, but only with a current of 600 mA a full 90 ° rotation is
achieved, which corresponds to the desired rotational angle. The transition temperature of
the SMA wire increases with increasing stress. The joule heating below 600 mA is not
sufficient for a full rotation. After the current is turned off, the gripping arm takes about
6-7 s to return to its initial position. The electrical resistance of the SMA wire first increases
because of the rising temperature in the wire. As soon as the phase transformation takes
place and the gripping arm begins to move, the resistance starts decreasing as expected
[24]. The zoomed-in graphs in column (b) also indicate that little irregularities causing
friction can be seen in the rotation signals as well as in the according resistance

measurements.
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Figure 3.27: Current input (upper part), rotational angle (center part) and electrical
resistance (lower part) for the first DOF (a) with zoomed-in graphs (b).

Figure 3.28 shows the characterization of the second DOF. This actuator uses the same
SMA wire diameter, so the same electrical currents are applied for activation. The target
rotational angle of 30 ° is reached in about 7 s with a current of 500 mA and in about 3 s
with a current of 600 mA. The teeth of the locking mechanism design can be seen as steps
in the rotation signals as well as in the resistance signals. The first step occurs at about 15 °
rotation with an SMA resistance of 7.5 Q. At 400 mA the tilting arm is not able to move

past the last step of the locking mechanism and after the current is turned off, it stays at the
20 ° rest position.

The measurements of the rotational movement validate the functionality of both SMA

actuators. The purpose of the resistance measurements is the exploration of the SMA

actuators’ “self-sensing” abilities.

52



3 Applied SMA Actuator Design — Linear Spring Systems
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Figure 3.28: Current input (upper part), rotational angle (center part) and electrical
resistance (lower part) for the second DOF (a) with zoomed-in graphs (b).

For condition monitoring purposes, a resistance measurement is a simple method to detect,
if an SMA actuator is destroyed. In the case of the second DOF, the resistance signal could
be used to detect, if the tilting arm has passed the steps of the locking mechanism and
reached the desired rest position. The final aim is to use the change of resistance as the
feedback signal for position control of the SMA actuators. The correlation between SMA
resistance and rotational angle for the first DOF is shown in Figure 3.29 (upper part). For
all three current levels, the SMA wire shows the same relation between 0 ° and the
maximum angle reached. After the gripping arm reached its maximum displacement, the
resistance of the SMA wires starts increasing again because of a rising temperature in the
wire. To demonstrate the position control of SMA actuators, a Pl controller using the Hall
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sensor signal feedback is realized for the first DOF. The result is displayed in Figure 3.29
(lower part). Without going into further detail, the general feasibility of applying position

control to the SMA actuator is shown.
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Figure 3.29: Position control of the first DOF using a PI controller with Hall sensor
feedback.

3.4 Summary and Future Work: Applied SMA Actuator Design

This chapter presents systematic design frameworks including graphical design tools for
SMA wire based linear and rotary actuators at the example of two possible applications. In
the case of the suction cup, the energy-efficiency is improved by using a different kinematic
concept and the actuator frequency could be enhanced by an SMA wire configuration with
multiple windings. In future work, the membrane geometry of the suction cup has to be
modified in order to produce higher quality vacuum. Additionally, the SMA wire’s self-
sensing ability could be exploited for monitoring of the vacuum quality. Finally, the
advanced kinematic concept presented in chapter 4 implemented in the next prototype will

result in a gripping system optimized in terms of energy-efficiency and dynamics.
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The end-effector design includes a locking mechanism that allows energy-free holding of
defined positions. The reconfiguration process of an end-effector always takes place
without additional external loads. Once a workpiece is gripped, the end-effector structure
has to carry the workpiece’s weight, but the SMA actuator is not exposed to additional
stress. In case of the presented SMA actuators, the SMA wires of the first DOF have to be
constantly heated to hold the desired position until a workpiece is gripped. The next
improvement of the design thus includes either an additional locking mechanism for the
first DOF that allows energy-free holding of the desired gripping position or, instead of
retaining the SMA wire-spring configuration, an antagonistic design using two SMA wires
could also be an option [125]. The locking mechanism would also address possible dynamic
forces on the gripping arms while the end-effector has not gripped a workpiece.
Furthermore, future work will include the development of a position control using the SMA

wires’ self-sensing ability.
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4 Advanced SMA Actuator Concepts - Bi-stable Spring

Design

Chapter 3 has presented a systematic design scheme for linear spring SMA actuators at the
example of two possible applications. This chapter introduces an advanced actuator
concept, which uses a bi-stable spring element in combination with two antagonistic SMA
wires instead of a linear spring configuration. This SMA actuator comes with advantages
concerning energy-efficiency and actuation speed because it is able to hold two positions
without consuming energy and the antagonistic SMA wire configuration can result in very
high switching frequencies. In addition, output strokes can be increased by an order of

magnitude and more. This chapter is based on [129]-[132].

4.1 Motivation for Bi-stable Spring Actuators

The development of a bi-stable SMA actuator is motivated by all three mentioned
drawbacks of current SMA actuators, which are limited stroke, low actuation frequency
and high energy consumption. The bi-stable concept presented in [129], [130] is based on
integrating a hinged bi-stable element into an antagonistic SMA wire configuration. The
rotatory mounting of the bi-stable element is key in this invention because it allows the
attachment of SMA wires in technically relevant positions. SMA wires produce extremely
high force and only moderate stroke, which can be ideally used here by placing the wires
close to the hinge pivot point. A simple configuration is displayed in Figure 4.1, in which
a buckled beam is used as the bi-stable element and hinged on both ends. SMA wires are
attached on both sides of one of the hinges. Contraction of one SMA wire results in a
moment and eventually snapping of the bi-stable element. At the same time, the other SMA
wire is stretched and ready for activation. The output stroke is measured at the center of the
beam. The closer the SMA wires are attached to the pivot point, the less SMA stroke is
necessary for a snapping of the bi-stable beam. This allows for high stroke transmission
ratios and less design restrictions by the SMA’s transformation strain. The antagonistic
SMA wires allow, in contrast to a passive spring force, active deformation in both
directions, which results in higher actuation frequencies. The switching between the two
actuator positions requires only short activation pulses, so that energy consumption is
drastically reduced. Finally, a large variety of actuator designs regarding the geometry and

the SMA wire attachment is possible because of the pivotal mounting of the bi-stable
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element (Figure 4.2), which allows for application specific or custom-fitted design of the
SMA actuator.

///f; o K\L/f ://g/

bi-stable actuator
stroke
element

Figure 4.1: Exemplary simple configuration of a bi-stable SMA actuator. A beam is
hinged on at both ends and an SMA wire is attached on both sides of one of the hinges

[131].
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Figure 4.2: A variety of possible bi-stable SMA actuator configurations with SMA wires

attached perpendicular (upper part) [131] or horizontally (lower part) [129] to the bi-
stable element.

4.2 Bi-stable Spring Fundamentals
This section introduces the basics of mechanical stability problems and fundamental
characteristics of hinged bi-stable springs. A short overview of the state-of-the-art of bi-

stable SMA actuators is given and an early technology demonstrator of the bi-stable spring
design is presented.
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4.2.1 Mechanical Stability Problems

An equilibrium position of a system is called stable, if movement caused by a minimum
excitation of the system stays in a defined range around this equilibrium position at all
times. Excitation of a system in an unstable equilibrium in contrast results in the system
leaving the equilibrium [133]. Critical load conditions can lead to stable equilibrium

positions losing stability as well. For loss of stability, three categories are distinguished:

* Reaching of the maximum load
 Bifurcation problems

» Mechanical breakthrough problems

Reaching or exceeding of the maximum load usually causes plastic deformation and the
creation of a plastic hinge region, which makes the system statically indeterminate. This

leads to instability and generally destroys the system [134].

In bifurcation problems, more than one load-displacement characteristic is possible when
exceeding a critical load. A typical example is displayed in Figure 4.3. A column is hinged
at both ends and exposed to a load P. If P exceeds a critical value, the column starts to
buckle to one side. Theoretically, the column can buckle in positive or negative ¢-direction,
so the load-displacement characteristic shows a bifurcation with two possible paths. In a
technical system, little imperfections in the system decide the direction of the
buckling [134].

-

a) }-‘
Figure 4.3: A narrow column hinged at both ends, in a straight and stable state (a) and
in a buckled and stable state [134].

Mechanical breakthrough describes the abrupt change from one equilibrium position to
another when surpassing the stability limit [134]. Figure 4.4 shows an example of a column

system. The load-displacement diagram (d) indicates a jump in the characteristic under load
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control. The complete characteristic can be recorded in a displacement-controlled
experiment, which suppresses the mechanical breakthrough. The maxima in this diagram
are called points of breakthrough [134]. The crucial parameters in strength calculations are
Euler’s critical load Pk and the column deflection w(x) [135]. These deflections can be
analytically determined with the Euler-Bernoulli theory, which is only valid for

infinitesimal strains and small rotations, like in non-deformed systems [136].

(b)

- Start of breakthrough
= End of breakthrough

__Load contral
\lll (g w)

=-===== Straight equilibrium position ‘._ sin ag
w— | nfinitesimal adjacent buckled
equilibrium position

Dlsplacement °.
control

= Stable equilibrium position
..... Unstable equilibrium position

Figure 4.4: Static column system (a), column system breakthrough (b), equilibrium
bifurcation (c) and qualitative load-displacement diagram (d) [134].

4.2.2 Hinged Bi-stable Beams

The bi-stable elements considered for SMA actuator systems do not meet the requirements
for Euler-Bernoulli (4.2.1). For the description of large strains, the elastica theory suggests
a nonlinear differential equation which cannot be solved analytically [134]. Approximated
solutions can be found numerically [137], for example with the finite element method
(FEM). The curvature of the beams results from the bending modes displayed in
Figure 4.5. The first three modes are named according to their shape (U-, S- and W-shape).

1. bending mode (U-shape) 2. bending mode (S-shape) 3. bending mode (W-shape)

5 D AENH LN »

Figure 4.5: The first three bending modes of a hinged beam.

60



4 Advanced SMA Actuator Concepts — Bi-stable Spring Design

Figure 4.6 shows the numerical calculation of a qualitative force-displacement
characteristic for a hinged bi-stable beam (displacement controlled). The force application
is in the center of the beam. The stable bending modes in this case are mode 1 (U-shape)
and mode 2 (S-shape) (red path). The dashed path presents the instable form of the W-
shape [137]. Validation of the theoretical estimations shows discrepancies in the actual
forces, because the real boundary conditions are hard to predict. Loads at defined
application points are not feasible in a real system. In Figure 4.7, the maximum force in
relation to the force application point along the beam is calculated and validated by
experiments. Minimum forces occur at a distance of about 30 % of the beam length from

the hinges. The characteristic shows a local force maximum at the beam’s center [138].

-0.10 -0.05 0.00 0.05 0.10

Figure 4.6: Force-displacement characteristic of a bi-stable beam with a force
application at its center. The red path shows the stable bifurcation branch for
displacement controlled deformation. The dashed path shows the instable branch with a
higher energy level [137].
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Figure 4.7: Maximum force at the point of breakthrough for a hinged bi-stable beam
with displacement controlled deflection in relation to the lateral position of the force
application point (beam center: 5= 0.5) [138].
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4.2.3 Bi-stable SMA Actuators: State-of-the-Art

Bi-stable systems and also systems using buckled beams are popular in MEMS applications
[139]-[141]. The usage of bi-stable elements in combination with SMA actuators has been
proposed in [142], [143]. The main difference of the bi-stable system proposed in this work
in comparison to the state-of-the-art is the pivotal mounting of the bi-stable element. In
case of the hinged beam, the center of the beam can be used for output force and
displacement, but the SMA wires can be attached in antagonistic configuration on the same
side of the beam, in close distance to the pivot points. A first functional technology
demonstrator is displayed in Figure 4.8. The closer the attachment point of the SMA wires
to the pivot point, the less wire contraction is necessary to force a snapping of the bi-stable
beam. This allows for the construction of very compact, fast and energy-efficient SMA
actuator systems. Other possible configurations of hinged bi-stable elements and SMA wire
actuators are presented as well as preliminary characterization measurements are presented
in [129]-[131].

Bi-stable beam

Figure 4.8: Functional technology demonstrator of a bi-stable SMA actuator.

4.3 Experimental Setup

For the design of actuators with hinged bi-stable spring elements, the design parameters are
experimentally evaluated. Based on systematic experimental data, design rules can be
established and parameters can be validated for FEM based simulation tools. The

experimental setup aims at analyzing the torque necessary to force a snapping of the bi-
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stable element, depending on the lever arm by varying the wire attachment point.
Additionally, the necessary stroke for a snap-through as well as the output stroke at the
center of the beam is measured.

4.3.1 Design of the Experimental Setup

A schematic of the experimental setup is shown in Figure 4.9. A linear actuator is able to
pull on a bi-stable spring, like an SMA wire would if activated. The mechanical connection
of the linear actuator with the bi-stable spring includes a load cell (Futek LSB200 5 Ibs) to
measure the pulling force. It also contains a linear air bearing to compensate for torque
created by asymmetrical pull on the bi-stable spring. Steel cables are used to connect the
boom to the spring element. The linear actuator has an integrated position encoder and is
controlled by an Aerotech Ensemble CP 10-MXU controller. A laser displacement sensor
(Keyence LK G-87) measures the displacement of the bi-stable spring. The experiments
are run via an NI cRIO system and LabView, which is also used for the data acquisition.
To guarantee minimal friction during the experiments an air bearing model NEWWAY S-
302502 for shafts with a diameter of 13 mm is chosen. The CAD model of the experimental
setup is displayed in Figure 4.10

The mount for the bi-stable spring is the key component of this setup. It has to comply with
the following specifications:

e Spring has to be able to move freely starting at the axis of rotation
e Minimal friction in the hinges

e Variable points of force application and lever arms

e Continuous, reproducible adjustment of spring pretension

e Possibility of different spring lengths (45-55 mm)

The CAD model of the spring mount with its components is displayed in Figure 4.11
(upper part). The base has an inverted V-guide for the slider, which can be positioned
precisely with an adjustment screw. With this mechanism and an integrated Nonius or
Vernier scale, the mount can be accurately and reproducibly adjusted to different spring
configurations. The clamping screw is used to lock the slider in its position. The hinges are
realized by two ball bearings (SKF 618/4) per hinge to guarantee minimum friction and
compensate for lateral torque. The spring is mechanically attached by two clamps, but is
able to move freely between the two axes of rotation. A hole pattern in the clamps enables
the variation of the lever arm between 0.5-2.5 mm in steps of 0.5 mm in both directions of

the pivot point.
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Figure 4.9: Experimental setup concept for one-sided or double-sided pull on a bi-stable
spring element.

Figure 4.10: CAD model of the experimental setup for the evaluation of bi-stable
springs.

The assembled mount with a clamped bi-stable spring is shown in Figure 4.11 (center part).
The hole patterns of the spring clamps have to align with the same pattern on the boom
(Figure 4.11, lower part). In analogy to the slider on the spring mount, the boom has to have
one adjustable side. The steel cables are mechanically attached behind the hole patterns by

clamping jaws.

The bi-stable spring specimens used in the experiments are 5 mm wide and have different
lengths (Figure 4.12). The active or free length of these springs is the distance between the
two pivot points, if the spring is clamped with zero pretension. The actual length of the

specimen is always 10 mm longer than its free length.
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Figure 4.11: CAD model of the bi-stable spring mount (upper part), the assembled
mount with clamped bi-stable spring (center part) and the boom for one-sided or double-

sided pull (lower part).

In the experiments, free lengths of 47.5 mm, 50 mm, 52.5 mm and 55 mm are compared.
The holes at both ends of the springs ensure a form fit and reproducible clamping of the
specimens. Furthermore, three spring thicknesses (50 um, 70 um, 100 pm) and two steel
types (1.1274 (C100S), 1.4310 (X12CrNil7-7) [144], [145]) are used as variations.
Additionally, a superelastic NiTi alloy spring with a thickness of 110 um is compared with
the 1.4310 steel. In contrast to spring steel, which has a Young’s modulus of approximately

200 GPa, the superelastic NiTI comes with a Young’s modulus of around 50 GPa.
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Figure 4.12: Four bi-stable spring specimens with free or active lengths of 55 mm,
52.5 mm, 50 mm and 47.5 mm.

The assembled setup and detailed views of the spring mount and the steel cable attachment
are displayed in Figure 4.13. The steel cable has a diameter of 0.36 mm. On the side of the
spring mount, the steel cable is attached by a knot bigger than the hole diameter
(Figure 4.13, lower part). The knot is additionally fixated in one position with a drop of
superglue. For double-sided pull experiments, test experiments have to be run to ensure

symmetrical attachment of both steel cables.

——— | i

Figure 4.13: Experimental setup with a clamped bi-stable spring ready for a double-
sided pull experiment (upper part) and detailed views of the spring mount and the boom
as well as the steel cable attachment (lower part).
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Before each experiment, the two end positions of the bi-stable spring are measured with the
laser displacement sensor. These values serve as termination conditions for the LabView
program. With the start of the experiment, the linear actuator starts moving at a speed of
0.1 mm/s. The measured variables are time, actuator position, displacement signal of the
bi-stable spring and pulling force. The experiment ends when the bi-stable spring snhaps

through and reaches its second end position.

4.3.2 Validation of the Experimental Setup

A number of different experiments are conducted to determine the systematic errors and
possible random errors during measurement. The system rigidity as well as the system
friction is evaluated, so that the measurement results can be post-processed to show only
actual behavior of the bi-stable spring. In addition, the reproducibility of the experiments
is validated.

To measure the system rigidity, a steel plate with a thickness of 1.5 mm is clamped on the
mount instead of a spring. The lever arm for this pull experiment is 0.5 mm. The laser
displacement sensor monitors the displacement of the steel plate, which should not move
in this experiment. The measurement results of the one-sided pull and the double-sided pull

experiment are displayed in Figure 4.14.

System rigidity one-sided System rigidity double-sided
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(a) (b)
031
' 0.25 =
= £ 017
g 02F o
< 8
o 0.15 o
m M m m -
£ g o x
= © Measurement T @ Measurement
Polynomial fit 7th
0.05 O;Jd\;r:mmla Cubicapprox.
0 : : : : 0 : : : :
0 2 4 6 8 10 0 2 4 6 8 10
Force [N] Force [N]

Figure 4.14: Determination of the system rigidity for the one-sided pull (a) and the
double-sided pull (b).

While the steel plate shows zero displacement, the position of the linear actuator equals the
deformation of the system. For the one-sided pull, the system rigidity characteristic can be
fitted by a 7" order polynomial (a). The rigidity for the double-sided pull (b) is much higher
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and can be fitted by a cubic function. Both approximations are used to subtract this
systematic error in the measurements. The reason for much larger deformations in the one-
sided pull experiment is that the system rigidity is predominantly dependent on the steel
cable. The length of the steel cables used for these validation measurements remains the

same throughout all experiments.

The determination of the system friction is done in an experiment without an installed
spring element. The steel cables are attached to the hinges with a lever arm of 2.5 mm.
During the experiment, the hinges are rotated for about 90 °. The combined friction forces
of the air bearing and the four ball bearings are in the order of the signal noise with a

maximum amplitude of 0.02 N (Figure 4.15) and thus can be ignored in the experiments.
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Figure 4.15: Result of an experiment without a mounted spring for the determination of
the system friction.

The evaluation of reproducibility is conducted with a 1.1274 bi-stable spring with the free
length Lo = 47.5 mm and thickness t = 0.07 mm. The pretension of the spring is realized by
the adjustment screw and the Vernier scale. For the validation of reproducible pretension,
the bi-stable spring displacement resulting from the applied pretension is measured by the
laser displacement sensor. The pretension of the bi-stable spring is increased to a defined
value and reduced to the initial value five times and the maximum displacement of the
spring is compared. First, the pretension is increased from zero to 1 mm, then from zero to
2 mm and lastly from 1 mm to 2 mm. The measurement results are displayed in Table 8.
Pretensions of 1 mm (2 %) and 2 mm (4 %) lead to a standard deviation of 0.03-0.05 mm

for the maximum spring displacement.
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Table 8: Repeatability of the pretension mechanism measured by the maximum
deflection at the center of the bi-stable spring in mm.

Variation of the Pretension

O0mm-1mm 0mm-2mm 1mm-2mm
Repetition 1mm 2 mm
1 8.43 12.01 8.49 12.00
2 8.47 12.00 8.35 12.04
3 8.36 12.09 8.38 12.04
4 8.45 12.02 8.43 12.07
5 8.49 12.07 8.35 12.00
Arithmetic mean: 8.44 12.04 8.40 12.03
Standard deviation: 0.05 0.04 0.05 0.03

The effect of removing a spring and installing a new spring between experiments is
evaluated in Figure 4.16. In between each of the three measurement cycles of this double-
sided pull experiment, the bi-stable spring is removed and reinstalled. For possible
applications, mainly the maximum values of the force and the displacement are of interest

and no relevant error is measured in these maximum values.

The springs used in the experiments are cut from metal sheets. It is possible, that through
production and storage of these sheets, the bi-stable springs could develop preferred
directions for bending or snapping. For this reason, the bi-stable spring is longitudinally
turned between two measurements and the results are compared in Figure 4.17. Again, no

relevant difference is observed.
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Figure 4.16: Influence of the removal and installation of a bi-stable spring on the
measured characteristic (t = 0.07 mm, Lo = 47.5 mm, AL = 2 mm).
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Figure 4.17: Influence of longitudinal turning of the bi-stable spring on the measured
characteristic (t = 0.07 mm, Lo = 47.5 mm, 4L = 2 mm).

For the one-sided pull experiments, the steel cable can be attached at either the top hinge
or the bottom hinge. Therefore, several experiments are conducted with both hinges and
the results are compared. The difference in the force characteristic is exemplary displayed
in Figure 4.18. Around the displacement of 0.4 mm, the force characteristic shows a
different behavior. The maximum values of force and displacement, which are the most
relevant for actuator design, are almost identical. Therefore, the top hinge is always used

for the subsequent one-sided pull experiments.

One-sided pull

Force [N]

0 02 04 0.6
Linear actuator position [mm]

Figure 4.18: Comparison of the spring characteristic for the one-sided pull experiment
on the top (black) and the bottom (red) hinge (t = 0.07 mm, Lo =52.5 mm, 4L =1 mm).
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In the double-sided pull experiments, the two steel cables might be attached with a different
pretension. A difference in pretension between the top and the bottom cable attachment
results in an asymmetrical bending of the bi-stable spring. The influence of the spring
bending symmetry is displayed in Figure 4.19. Symmetrical bending (red) results in higher
forces and higher strokes. The subsequent double-sided pull experiments are exclusively

conducted for symmetrical steel cable attachment.

Double-sided pull

gk | Spring symmetry

Uneven
Even

Force [N]

0 0.1 0.2 0.3 0.4
Linear actuator position [mm]

Figure 4.19: Influence of asymmetrical attachment of the steel cables in a double-sided
pull experiment (C100S, t = 0.07 mm, Lo =47.5 mm, AL =2 mm).

4.4 Experimental Results
The experiments help the understanding of how the different parameters affect the
maximum SMA force, the necessary SMA stroke as well as the output stroke of the bi-

stable spring. The following parameters are varied in the experiments:

e Spring pretension
e Spring length

e Spring thickness
e Spring material

e SMA lever arm

The basic reference spring configuration for these experiments is a 70 pum thick spring out
of 1.1274 steel with a lever arm of 1.5 mm outside of the hinge. All experiments are

conducted for one-sided and double-sided pull.
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4.4.1 Variation of the Bi-stable Spring Pretension

For the variation of the bi-stable spring pretension, a free spring length of 55 mm is
selected. The pretension is gradually increased up to a value of 10 %. The increase in
pretension is expected to result in increased SMA force and stroke as well as higher spring
stroke. By reducing the distance between the hinges on the spring mount, seven different
spring pretension values are evaluated. The resulting SMA force-displacement
characteristics are displayed in Figure 4.20 for the one-sided pull (upper part) and the
double-sided pull (lower part). Higher spring pretension leads to increased SMA stroke and
force. The force values for the double-sided pull are more than twice as high as for the one-
sided pull. At pretensions up to 4 %, the force characteristic shows a plateau around the
maximum value for the one-sided pull, whereas for the double-sided pull the maximum

value is measures shortly before the point of mechanical breakthrough.
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Figure 4.20: Force characteristics for varied spring pretension on a spring with 70 um
thickness and 55 mm free length. One-sided pull in the upper part and double-sided pull
in the lower part.
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The relation between maximum force and pretension is shown in Figure 4.21. Both
characteristics show a linear trend. The gradient for the double-sided pull is higher by a
factor of 2.4, which means that the in an application, bigger diameter SMA wires would be

required.

Maximum Force / Spring Pretension

—8— Single

—&— Double

Force [N]

Pretension [%]

Figure 4.21: Relation between maximum SMA force and spring pretension for one-sided
and double-sided pull experiments (t = 0.07 mm, Lo =55 mm).

As expected, the spring stroke increases as well with higher pretension (Figure 4.22). The
spring stroke increases form 6.5 mm at 1 % pretension to 21 mm at 10 % pretension. The
maximum stroke at 10 % pretension equals 38 % of the spring length (55 mm). The

transmission ratio between SMA stroke and spring stroke is in the range of 1:12-1:14.

In contrast to the steady increase in spring stroke in the one-sided pull experiments, the
double-sided pull results in a slight decrease in stroke at the start of the experiments. For
these experiments, the stroke increase starts after about half of the total SMA stroke. This
behavior can be explained with the different bending modes (Figure 4.23). The
displacement is measures at the center of the spring. For the double-sided pull, the torque
applied in both hinges leads to a bending of both spring ends which results in an upward
(negative) movement of the spring’s center. The situation displayed in Figure 4.23 shows

the spring center reached the initial starting position again moving in positive direction.

The stroke characteristics in Figure 4.22 also suggest a faster and more abrupt mechanical
breakthrough or snapping. The relation between stroke (SMA and spring) and pretension
is shown in Figure 4.24. The maximum spring stroke has an identical behavior for both
experiments, while the SMA stroke shows little discrepancies. Also the characteristics

indicate a saturation for higher pretension values.
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Figure 4.22: Spring stroke characteristics for varied spring pretension on a spring with
70 pm thickness and 55 mm free length. One-sided pull in the upper part and double-
sided pull in the lower part.

Figure 4.23: Different bending modes for one-sided (right-hand side) and double-sided
(center) pull from the initial position (left-hand side).

For design of bi-stable spring actuators, a mini-tool in SolidWorks is used for modeling the
bending curve of the bi-stable spring with the integrated spline function (Figure 4.25). For
validation of this CAD based model, the experimental results are compared to the model
predictions in Table 9. Overall, the model predictions correspond well with the
experimental data. The spring strokes are very similar for all pretension values and the
SMA stroke corresponds very well for higher pretension. For lower pretension values, the
modeled SMA stroke is 0.2-0.3 mm higher than the measured values. That means the mini-

tool is suited for first approximations in the design of bi-stable SMA actuators.
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Figure 4.24: Necessary SMA stroke in relation to the bi-stable spring pretension (left-
hand side) and maximum spring stroke output in relation to the bi-stable spring
pretension (right-hand side) for one-sided and double-sided pull experiments.
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Figure 4.25: Screenshot of the SolidWorks tool for the modeling of bending curves of
2D bi-stable spring elements.

Table 9: Comparison of the modeled values and the measured values for necessary SMA

stroke and spring stroke output.

Spring Spring Stroke  Spring Stroke Spring Stroke SMA Stroke SMA Stroke SMA Stroke
Pretension Model One-Sided  Double-Sided Model One-Sided  Double-Sided
[%] [mm] [mm] [mm] [mm] [mm] [mm]

1 6.6 6.4 6.4 0.78 0.46 0.47
2 8.6 8.8 9.1 0.81 0.63 0.69
3 11.5 114 114 1.18 0.86 0.91
4 135 135 13.5 1.28 0.97 1.01
5 15.1 15.0 14.9 1.36 1.13 1.17
7.5 18.6 18.3 18.3 1.52 1.50 1.47
10 21.3 21.1 21.2 1.64 1.70 1.60
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4.4.2 Variation of the Bi-stable Spring Length

For the variation of the spring length, the base reference spring configuration is used for all
four spring length values. A constant pretension is realized through a reduction of the hinge
distance of 4 % of the respective spring length. The results in Figure 4.26 show little
difference in the force behavior, although the shorter springs tend towards higher maximum
forces. Again, the double-sided pull results in forces more than twice as high as in the one-
sided pull experiment.

The necessary SMA stroke for a mechanical breakthrough stays constant over all
experiments (Figure 4.27). Only the maximum displacement of the spring center increases
for longer spring lengths. This increase shows a linear behavior for the investigated range
of spring lengths. An increase in spring length of 5 mm results in a stroke output increase
of 1.5 mm. The fact that the SMA stroke remains constant leads to an increase in

transmission ratio from 1:11.9 for the short spring to 1:13.8 for the longest spring.
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Figure 4.26: Force characteristics for varied spring lengths on a spring with 70 pum
thickness and constant spring pretension. One-sided pull in the upper part and double-
sided pull in the lower part.
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Figure 4.27: Spring stroke characteristics for varied spring lengths on a spring with 70
pum thickness and constant spring pretension. One-sided pull in the upper part and
double-sided pull in the lower part.

4.4.3 Variation of the Bi-stable Spring Thickness
The variation of the spring thickness is expected to have a major effect on the resulting
forces. The geometrical moment of inertia for the spring cross section [146] is calculated

with:

ph

|, =——.
12

4.1)
The thickness of the spring is described by b in (4.1), which means that it has a cubic
relation to the resulting bending moment (b = t). The stroke output should not be affected
by the spring thickness. The measurement results in Figure 4.28 show, that doubling the
thickness from 50 um to 100 pum results in forces more than five times higher for the one-

sided pull and more than 7 times higher for the double-sided pull experiment.
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Figure 4.28: Force characteristics for varied spring thicknesses on a spring with 47.5 mm

length and constant spring pretension. One-sided pull in the upper part and double-sided
pull in the lower part.

As expected, the thickness of the bi-stable spring has a major influence on the necessary

force to generate the snapping of the spring. The stroke output remains constant as
displayed in Figure 4.29.

The mechanical stress is higher in thicker springs, especially on its edges. Stacking of
several thin springs to generate higher forces could reduce the local stress in the individual
springs. The rotational movement at the hinges however causes problems as displayed in
Figure 4.30. The two springs have a different distance to the pivot point because of their
thickness. That means, while one of the springs is in its initial U-shape, the other one is
forced to bend because of the fixed distance between the hinges. Because of this effect, no

experiments have been conducted with stacks in this experimental setup.
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Figure 4.29: Spring stroke characteristics for varied spring thicknesses on a spring with
47.5 mm length and constant spring pretension. One-sided pull in the upper part and
double-sided pull in the lower part.
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Figure 4.30: Stack of two 50 pum thick bi-stable springs. An apparent gap between the
two springs resulting from the different distance to the pivot point can be observed.
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4.4.4 Variation of the Bi-stable Spring Material

The variation of the spring material is expected to have an influence on the maximum forces
because of different Young’s moduli and yield strengths. Again, no difference is expected
in the stroke output behavior. In the first experiments, regular spring steel (1.1274) is
compared with stainless steel (1.4310). The springs in these experiments have a length of

55 mm and a thickness of 70 pum.

The second set of experiments compares superelastic NiTi springs with the same stainless
steel (1.4310). For material availability reasons, the spring specimens in these experiments
are 50 mm long and have a thickness of 110 um. For all experiments, pretensions of 4 %
and 10 % are evaluated to investigate possible plastic deformation. The comparison

between the two steel types is shown in Figure 4.31.
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Figure 4.31: Force characteristics for two different steel types and two levels of
pretension. One-sided pull in the upper part and double-sided pull in the lower part.
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The small difference between the maximum forces can be explained by the slightly higher

Young’s modulus of 1.1247 (C100S). Both springs have not shown any plastic deformation

which means that a pretension of 10 % does not lead to critical stresses. The maximum

stroke of the spring is not affected by the material (Figure 4.32). The SMA stroke does not

show a clear tendency, as its values are lower for C100S at 4 % pretension but higher for

C100S at 10 % pretension. The discrepancy between the absolute values is in the range of

0.1 mm. This scattering of the measurement can be observed in all experiments and can be

reasoned by the tolerances of the setup, in particular in the hole pattern for the steel cable

attachment.
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Figure 4.32: Spring stroke characteristics for two different steel types and two levels of
pretension. One-sided pull in the upper part and double-sided pull in the lower part.
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The low Young’s modulus of the NiTi in comparison to steel leads to much lower forces
(Figure 4.33). The double-sided pull experiment at 10 % pretension could not be completed
for the steel spring, because the maximum linear actuator force was reached during the
experiment. The measurements do not give new insights to the material behavior, because
the superelastic material property becomes relevant at much higher material strains (or for
much thicker springs), where the steel is plastically deformed. The stroke behavior is also
unaffected by the material variation (Figure 4.34).
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Figure 4.33: Force characteristics for steel (1.4310) and superelastic NiTi at two levels
of pretension. One-sided pull in the upper part and double-sided pull in the lower part.
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Figure 4.34: Spring stroke characteristics for steel (1.4310) and superelastic NiTi at two
levels of pretension. One-sided pull in the upper part and double-sided pull in the lower
part.

445 Variation of the SMA Wire Lever Arm

Three different lever arm values (0.5 mm, 1.5 mm, 2.5 mm) are evaluated for a steel spring
with 50 mm free length. For each lever arm value, the steel cable is attached at the inside
and at the outside of the pivot point. Theoretically, no difference in force behavior is
expected by switching the attachment point. The measured force characteristics are
displayed in Figure 4.35. The observed differences between inside and outside attachment
of the steel cable is the result of the general tolerance of +/- 0.05 mm for the machining of
the parts. The discontinuous force characteristic for the short lever arm of 0.5 mm results
from slipping of the steel cable in the slightly bigger hole for attachment. This effect can
be neglected for bigger lever arms. The variation of the lever arm has a major influence on
the transmission ratio between necessary SMA stroke for a mechanical breakthrough and

the output stroke of the bi-stable spring.
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Figure 4.35: Force characteristics for a hinged bi-stable spring (1.1274) actuated with

different lever arms. One-sided pull in the upper part and double-sided pull in the lower
part.

The comparison of the different transmission ratios in Table 10 shows that by reducing the
lever arm to 0.5 mm, a transmission ratio of 1:45.7 can be realized. This is of particular
interest for SMA actuator design, because the advantage of being able to generate high
forces is used to minimize the restrictions of limited actuator stroke.

Table 10: Transmission ration between SMA stroke and spring output stroke for different
lever arms and SMA attachment points.

Transmission Ratio

Lo=50mm; AL=4% One-Sided Double-Sided
Lever Arm [mm)] inside outside inside outside
0.5 27.2 45.7 30.1 39.0
1.5 12.6 13.6 12.2 124
2.5 9.2 9.6 7.6 7.6
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4.4.6 Transient Response of the Bi-stable Spring

In a possible application (e.g. a valve), the transient behavior of the bi-stable spring right
after the snap-through is relevant for the application’s functionality. Therefore, the laser
displacement sensor signal is evaluated in relation to time. Figure 4.36 shows the
measurement results for the one-sided pull experiment. The transient oscillation has an
amplitude under 0.01 mm, which is very close to the measurement accuracy of the
experimental setup. The oscillation frequency is at approx. 10 Hz.

For the double-sided pull, no transient oscillations can be observed after the snap-through.
The detected noise on the displacement signal has an amplitude of approx. 0.005 mm,
which equals the range of the test setup’s measurement accuracy. The bi-stable spring
reaches its second stable state by snapping without noteworthy transient oscillation for both
activation types (one-sided and double-sided).
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Figure 4.36: Transient response of a bi-stable spring for one-sided activation.
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Figure 4.37: Transient response of a bi-stable spring for double-sided activation.

85



4 Advanced SMA Actuator Concepts — Bi-stable Spring Design

4.5 Summary and Future Work: Bi-stable Spring Actuators

Bi-stable SMA actuators attack the two biggest drawbacks of linear spring systems. First,
the SMA wires are activated with short pulses to switch between two energy-free positions,
which results in very energy-efficient overall systems. Secondly, higher actuation

frequencies are reached through the active restoring forces of the antagonistic wires.

The results of the experimental study have shown relationships between the geometrical
parameters of bi-stable elements and necessary SMA forces and strokes. These can be used
in design of actuator systems. In addition, different applications might favor either one-
sided or double-sided activation strategies, which both have been extensively compared.
Double-sided activation is found to require up to 35 % higher SMA forces and the snapping
motion is more abrupt than in one-sided activation. By reducing the lever arm of the SMA
attachment, a transmission ratio between SMA and output stroke of 1:45 is realized. The
increase in output stroke comes with an increase in SMA force, but because of the high
energy density of SMA wires, forces are oftentimes easier to scale in limited construction
space than stroke. The mini-tool for the prediction of the output stroke is validated by
measurement results. This tool is also used for the prediction of the necessary SMA wire

length, depending on the attachment point.

Future work includes further experiments with external loads and thus characterization of
complete actuator systems. All measurement results should be used for the validation of a
FEM design tool for bi-stable SMA actuators. With a validated tool, SMA actuators can be
designed specifically for different application fields. For example, the suction cup
presented in chapter 3 is upgraded with a bi-stable actuator module for energy-efficient
operation. Both, the activated and deactivated state are held energy-free and only a short
activation pulse is needed to grip and release a workpiece. Additionally, high-frequency
pick & place tasks are now possible because of the antagonistic SMA wire configuration.
Instead of a passive spring force like in linear spring systems, an active SMA force acts as

the restoring mechanism.
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5 Advanced SMA Actuator Concepts — High-Speed and

Efficient Activation

The previous chapters demonstrated how typical SMA inherent drawbacks can be attacked
by construction or design. Besides the mechanical aspects, the control of SMA wires plays
a significant role regarding the actuator’s performance. This chapter is mainly based on
[147]-[150] and presents an SMA activation method based on higher voltage levels, which
results in millisecond actuation, stroke amplification and energy savings up to 80 %.

5.1 Motivation for High-Speed SMA Activation

In most applications, an SMA wire is controlled by supplying an electrical current, which
results in a Joule heating that increases the wire temperature. SMA wire manufacturers list
specific activation currents for each wire diameter in their data sheets [14], [15]. These
current values lead to voltages in the order of 1-10 V and may be continuously applied
without overheating the wire. The use of those control values, however, commonly results
into a slow activation of the SMA wire (order of seconds), which potentially limits the
applicability of the technology [151]-[154]. It is remarked how the electrical resistance,
and consequently the desired supplied voltage and power, depend on the geometry of the
SMA actuator, i.e., wire diameter and length, as well as phase composition and
temperature [28], [155]. All of those quantities change during actuation, therefore the
supplied current is non-constant for a constant applied voltage. This implies a need for
application-specific power electronics to ensure correct current values for SMA activation,
which may severely complicate the overall system design. In addition, many researchers
investigated different driving strategies such as pulse-width modulated controllers, or Pl

and PID controllers for position control via resistance feedback [156]-[164]

The study in this chapter presents a different activation approach for SMA wire actuators.
The total electrical energy that is needed to heat up the wire to transformation temperature
can be controlled not only by voltage level but also by the length of the activation pulse.
Therefore, instead of using power electronics to transform the given supply voltage to a
desired level, the duration of the activation pulse is adjusted. That way, the activation of
the SMA wire takes place at a high electrical power for a short time interval. First studies
on SMA pulse activation were conducted by Vollach, Shilo and coworkers [165]-[168]. In

their investigation, kilovolt pulses of the duration of microseconds were used to activate
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SMA material, while acquiring at the same time frequency response, displacement and
SMA force. However, the presented studies were conducted mainly with a material science
perspective, since the focus of the work was the kinetic of the Nickel-Titanium phase
transformation. In addition, the adopted voltage on the order of kilovolts is difficult to be
reproduced in real-life applications, e.g., industrial ones. It is pointed out how the use of
such a control strategy is still relatively unexplored for application-oriented SMA devices
which operate in industrial environments, and thus subject to constraints in terms of

maximum voltage levels.

The goal of this study is the exploration of potential application scenarios for pulse-
controlled SMA, compatibly with voltage levels commonly used in industrial
environments. Typical supply voltages used in real-life applications range from 12 V to
48 V in the automotive sector, 24 V for industrial bus systems, and up to 110-125 V in
aerospace industry. These values are significantly higher than the ones commonly used to
drive SMA wires (on the order of 1-10 V), and therefore they lead to higher currents than
recommended by datasheets. At the same time, these values are significantly lower than the
ones investigated in previous studies on pulse driving (on the order of kV). It is shown that
it is possible to use these given supply voltages to generate pulse activation in the
millisecond range, achieving fast and energy-efficient SMA actuation with a compact and

lightweight power electronics solutions.

In conventional quasi-static operation, one typically focuses on stroke as a direct
consequence of the low-voltage activation. On the other hand, the high-voltage activation
of SMA wires, and the related phase transformation in the material, result in an
instantaneous generation of force, which leads to a highly dynamic stroke as a consequence
of accelerations and velocities. In addition to simplified power electronics and faster
actuation time, a further advantage of pulse actuation is energy-efficiency. In current state-
of-the-art actuators, the SMA wire activation takes place under non-adiabatic conditions,
i.e., a large amount of the heating energy is lost due to heat exchange with the environment
during the activation process. With high electrical power and a fast heating pulse, it is
possible to reach the transformation temperature and start actuation before heat is lost to
the environment, thus leading to an adiabatic activation. All the mentioned effects are
examined with systematic measurements in an experimental setup and presented in the

following sections.
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5.2 Experimental Setup

The block diagram of the experimental setup is shown in Figure 5.1 (upper part). A power
supply is used to heat the SMA wire with an electric pulse. A laser displacement sensor,
model Keyence LK-G87, measures the SMA wire stroke. The time derivatives of the
displacement signal, i.e., velocity and acceleration, are calculated and plotted in post-
processing. SMA force is recorded by a load cell of the type Futek LSB200. The voltage
on the SMA wire is measured via 4-wires sensing, while electrical current measurement is
realized via a current clamp. Additionally, the whole experiment is recorded with an optical
high-speed camera system Olympus i-SPEED TR for a better interpretation of the
measurement results. Signal processing and data acquisition during the experiment are
realized via a NI cRIO system. The mechanical structure of the setup, including the
positioning of the key components, is shown in Figure 5.1 (lower part, [148]). The SMA
wire is guided vertically and clamped at top and bottom. The specifically designed clamps
combine mechanical and electrical connection, by connecting the SMA wire directly to a
small PCB part. The upper clamp is attached to the load cell, which is connected to the
aluminum frame structure. The bottom clamp is directly connected to the air-bearing shaft.
The total weight of the clamp including shaft is 22.5 g. A compression spring can be placed
between the bottom clamp and a micro-adjustment stage, allowing to vary the SMA wire
pretension. In applications, the use of springs as a bias mechanism for the SMA wire is a
common design solution [95]. Additionally, the spring is used to adjust bias forces to bigger
SMA wire diameters. The air bearing guides the vertical motion with minimal friction. The
laser displacement sensor detects the motion of the air-bearing shaft. The SMA wire length
in its austenitic state in this setup is 225 mm.

5.21 Test Procedure

The SMA wire used in these experiments is a SAES Getters SmartFlex actuator wire with
a transition temperature As = 90 °C [15]. The SMA wire length is measured in its austenitic
state, in order to guarantee reproducibility. At low temperature (martensitic) state, the SMA
wire shows a two-way effect. This means that, after cooling down, the SMA wire shows a
non-defined elongation, even without external loads [4], [18]. This elongation is not
uniquely defined, and may vary from sample to sample. To ensure that the SMA wire length
is always measured in the same crystallographic state, a separate measuring setup is used.
In this setup, the SMA wire is heated in a nearly load-free configuration to reach complete
phase transformation to austenite. The desired length is measured and marked in this high

temperature state.
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Figure 5.1: Block diagram (upper part) and mechanical structure (lower part, [148]) of

the experimental setup.

The wire is then cut at the markers and clamped in the experimental setup. The micro-

adjustment stage, in combination with the compression spring and the load cell, allows the

generation of a desired pre-stress and pre-strain in the SMA wire. The experiment is then

started via LabView.

SMA wires show a training effect after early activation cycles. This effect is visible in a

change of its remnant strain after cooling down and returning to its initial state. A new

SMA wire in the test setup needs a few training cycles (usually 10-20 cycles) until the

remnant strain stays constant. Therefore, the force signals and the displacement signals are
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compared to the initial values after each experiment. The measurements are started, once
the force and displacement stays at constant values after few activations. During the
measurements, mechanical stress in the SMA wire can reach critical levels, which may lead
to plastic deformations and eventually damage the wire. This aspect can be monitored by
the force and displacement values after each experiment. In case critical stress is overcame,

the SMA wire has to be exchanged.

5.3 Experimental Results

Typical activation of a conventional SMA wire is displayed in Figure 5.2. An SMA wire
with a diameter of 76 um is activated according to the manufacturer’s data sheet suggestion,
i.e., a supply voltage of 8 V. The resulting electrical current is of approximately 150 mA
for 1 s. The initial force is set to 0.28 N, which results to a mechanical stress of 60 MPa in
the SMA wire. The bias spring has an elastic constant of 0.056 N/mm. The graph shows
the trigger signal (brown), electrical current (black, [A]), force (purple, [N]), displacement
(green, [mm]), velocity (yellow, [10"* m/s]) and acceleration (cyan, [m/s?]) signals. After
1s, a maximum displacement of 8.33 mm is reached, which corresponds to a stroke
of 3.7 %. The maximum mechanical stress in the SMA wire reaches 165 MPa. This
measurement will serve as a reference for the energy analysis in the following experiments

at higher voltages, which will use identical parameters for initial force and spring rate.
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Figure 5.2: Conventional SMA activation as reference measurement showing a
synchronized evolution of force and displacement in a quasi-static condition.
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5.3.1 Conventional SMA Activation vs. High-Speed SMA Activation

In all of the experiments performed with quasi-static actuation mode, the displacement is
measured as a direct output. The force and displacement signals are always in phase,
implying that inertial effects are negligible. From a mechanical point of view, the system
is described by the equilibrium of forces, including the SMA force Fswa, the spring force

Fspr and the weight force Fueignt:
I:SMA = Fspr + I:Weight' (51)

Note that the inertia force is neglected in (5.1), due to the quasi-static condition. After the
supply voltage is turned off, the SMA force and the displacement return to their initial
starting values. The displacement signal shows the effects of the thermal cooling of the
SMA wire.

The energy balance for this conventional activation is described by:
4 . 4
6 U-i-dt= Mgyp ~C- (Ttrans _Tenv) +h- Mgpa __LO a- ASMA ) (TSMA(t) _Tenv) -dt. (5-2)

The electrical energy input is calculated by integrating the electrical power
(P=U'i, voltage U, current i) in the time interval [to, t1], where to is the initial time and ty is
the time at which the transformation temperature Tiwans IS reached and the phase
transformation is completed. The total electric energy equals the sum of three contributions,
reported on the right-hand side of (5.2). The first term corresponds to the energy required
to heat the SMA wire from room temperature Teny to transformation temperature, given by
the product of (Ttrans — Tenv), Specific heat capacity ¢ and SMA wire mass msua. The second
term A-mswa describes the latent heat of the phase transformation. Finally, the third term
accounts for the heat loss due to thermal exchange between the SMA wire and the
environment, where « is the convective cooling coefficient, and Aswa is the surface area of
the SMA wire. Note that both i and Tsua are assumed to be non-constant during the time

interval [to, t1].

In contrast to the conventional activation, Figure 5.3 shows experimental results of SMA
activation at higher voltages. In these experiments, the same SMA wire with a diameter of
76 pum is activated at 24 V (Figure 5.3, upper part), 48 V (Figure 5.3, center part) and 125 V
(Figure 5.3, lower part). The first qualitative difference observed is the oscillation of the
spring-mass-system before it returns to its initial starting values. The force and

displacement signals are not synchronous anymore. In this dynamic system, the
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displacement is the result of the acceleration caused by the SMA force. Mechanically, the

system dynamics have to be included by adding the inertia force Fi to (5.1):

I:SMA = Fspr + I:weight + |:I (53)

For a discussion of the quantitative changes, expanded views of the three measurements in
Figure 5.3 are shown in Figure 5.4. The current signal in the measurement at 24 V
(Figure 5.4, upper part) is similar to the conventional current signal (shown in Figure 5.2).
First, the current decreases due to the rising temperature and thus rising electrical resistance
in the SMA wire. Once the SMA wire starts contracting, the global geometric changes lead
to a decrease of the electrical resistance and the electrical current starts to increase. The
measurements at 48 V (Figure 5.4, center part) and 125 V (Figure 5.4, lower part) do not
show this effect in the current signals, because there is only minimal contraction when the
electrical current is turned off. The displacement signals reach higher maximum values in
comparison to the conventional activation, but the force signals are always at 0 N when
maximum displacement is reached. At these points during activation, the SMA wire is slack
so that the load cell is unable to detect any force. This means that maximum displacement
is not reached through conventional phase transformation, but due to the extreme
acceleration of the bottom mass. This effect will be referred to as “ballistic” activation. For
these three measurements, velocities and accelerations are up to two orders of magnitudes
higher with respect to the conventional actuation. The force signals at 48 V and 125 V show
an instantaneous response to the current signal, and reach their maximum values with the
first peak. The behavior of the force at 24 V is slightly different, as the maximum force is
reached with the second peak. The displacement at the second force peak is almost 5 mm,
which is much higher in comparison to the two measurements at higher voltages. This
displacement is an indicator for the actual SMA wire contraction, i.e., the measurement at
24 V shows the transition from quasi-static to highly dynamic actuation. In this particular

case, dynamic effects are barely visible, but do not dominate the response.

The input energy for all three measurements in Figure 5.3 is about 0.4 J, which is much
lower than the input energy of 1.2 J for the conventional activation. In conventional
activation, energy is lost to the environment during actuation, which is described by the last
term on the right-hand side in (5.2). Very fast actuation times lead to very small time
intervals [to, t1] and the heat exchange term becomes negligible.
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Figure 5.3: High-speed SMA activation at 24 V (upper part), 48 V (center part) and

125V (lower part).
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Figure 5.4: Zoomed-in measurements of SMA high-speed activations at 24V
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95



5 Advanced SMA Actuator Concepts — High-Speed and Efficient Activation

The energy balance (5.2) for this adiabatic activation of SMA wires is reduced to:
Ui (ti _to) = Mgy - C- (Ttrans _Tenv) +h- Mgya- (5.4)

A detailed discussion of the energy-efficiency follows in section 5.3.3, which will show
that all the following experiments with supply voltages of 48 V or higher can be considered

to be occurring under adiabatic conditions.

Figure 5.5 shows a measurement with synchronized high-speed camera recordings to
visualize the ballistic effect. The rapid heating pulse and the resulting phase transformation
in the SMA wire accelerate the attached mass to a velocity that causes the SMA wire to
become slack. The moving mass can result in displacement values that cannot be reached
by conventional phase transformation. In this experiment, a 76 um SMA wire is activated
by a 2 ms pulse at 125 V. The maximum displacement of 21 mm implies a stroke of 9.3 %.
The force in the SMA wire is present immediately and reaches its maximum of 4 N when
the current is turned off at 2 ms. This force is equivalent to a mechanical stress of 880 MPa.
After that, the force decreases as the SMA wire starts contracting and the mass is
accelerated. The acceleration results in high velocities of the moving mass and the SMA
wire becomes slack, as shown in the optical camera screenshots. At these points, the force
signal is at 0 N. The excited spring-mass system continues then to oscillate until it reaches
its initial state. The high frequency oscillation in the force signal is due to the natural
frequency of the load cell. Maximum displacement is reached 38 ms after the electrical
current is turned off. Interestingly, the acceleration signal also reaches its maximum with a
delay of about 15 ms after activation, and after the maximum force peak. That means that
the SMA wire is accelerated for a certain time interval even though there is no external
energy input. This effect can be explained by an increase of the austenite transformation
temperature under increasing mechanical stress. In fact, transformation temperature
typically increases with mechanical stress by a factor of 0.11-0.14 K/MPa [3]. In the
presented measurement (Figure 5.5) the mechanical stress reaches 880 MPa immediately
after activation. The austenite start temperature of 90 °C is defined at a mechanical stress
of 200 MPa [15]. Thus, at 4 N the austenite start temperature increases up to 185 °C. The
SMA wire heats up to high temperatures before the force starts to decrease. As the force
decreases, the transformation temperature also drops again, which leads to more energy in
the hot wire being used for the phase transformation, even though there is no external

energy input. After the force signal reaches 0 N, the acceleration starts decreasing.
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During the experiment, the measured force is not in a linear relationship with the
acceleration of the moving mass according to F = m-a. The load cell measures the
resulting forces at the top clamp of the SMA wire, while the bottom clamp represents the
accelerated mass. In addition to the initial force resulting from the mass of the bottom
clamp, the pre-loaded spring and the phase transformation, the load cell also records so-
called force vibrations as soon as the system is in motion [166]. The last screenshot in the
sequence of high-speed recordings (Figure 5.5) is taken at 0.1545 s and indicates a slack
wire. However, the load cell records a force of about 1.5 N at this time, which implies the
presence of an additional force. Vollach and Shilo describe these force vibrations as a
genuine mechanical response of the SMA wire due to waves that propagate along the SMA

wire.
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Figure 5.5: Synchronized high-speed recording of a “ballistic” activation of an SMA
wire.

5.3.2 Mechanical Analysis

In the experimental analysis, SMA wire diameters of 50 um, 76 um and 100 um are
evaluated at three different supply voltages and working against two different loads. The
goal is to study the effects of these parameters on some performance indices, which are
relevant for actuator applications. The maximum force, the maximum displacement and the
time delay to reach the maximum displacement are extracted from the measurements at
24V, 48V and 125V supply voltage and graphically presented to demonstrate
experimental trends. At each supply voltage, five different activation pulse lengths
(pulse widths) are applied, which results in a stepwise increasing energy input. The stiffness
of the compression spring working against the SMA wire equals 0.056 N/mm. Each

measurement is performed with initial loads of 0.28 N (weight plus preloaded spring) and
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0.67 N (same weight, increased spring preload). For a clear presentation of the measured
data, the experimental results of the 76 um wire at 48 V working against the lower load of
0.28 N is used as a reference. The variations of the initial load, the SMA wire diameter and
the supply voltage are then displayed in separate graphs, always in comparison to this

reference measurement.

In Figure 5.6, the experimental results of the reference measurement with the 76 pum wire
are displayed. At the supply voltage of 48 V, activation pulses of 2 ms, 4 ms, 6 ms, 8 ms
and 10 ms are used. With increasing activation pulse time, the generated SMA force
increases (Figure 5.6, upper part), because the total energy input is higher and more SMA
material is transformed from martensite to austenite. Because of the higher forces, the
weight is accelerated more. This leads to higher total displacements of the moving mass
(Figure 5.6, center part). Note that the maximum displacement obtained in most of these
measurements does not correspond to the actual SMA wire contraction, but results from
the high acceleration of the mass. The ballistic effect displayed in Figure 5.5 occurs every
time, when the force signal drops to O N. The time to reach the maximum stroke also
increases, because the total displacement is much higher (Figure 5.6, lower part) but the

average speed of the moving mass is much higher for longer activation pulses.

The effect of different initial loads is displayed in Figure 5.7. At 48 V supply voltage, the
76 um wire’s preload is increased from 0.28 N to 0.67 N by increasing the spring
compression. The higher preload in the SMA wires leads to slightly higher maximum
forces, but the difference becomes negligible (Figure 5.7, upper part). In case of activation
with a 10 ms pulse, the difference in maximum force is only 0.15 N. The high force peak
right after activation results from the phase transformation. The SMA wire wants to
contract immediately, but is unable to because of the load’s inertia. A higher initial load
results in a higher transformation temperature, that means more energy is used to heat up
the wire and less energy is used for the phase transformation. Less phase transformation
means that less force is added to the initial load in the first peak of the force signal. The
higher initial load leads to lower maximum strokes (Figure 5.7, center part). Because of the
higher initial spring load but constant mass, the negative acceleration is higher, which leads
to less total displacement and shorter times to reach the maximum stroke

(Figure 5.7, lower part).
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Figure 5.6: Measurement of the 76 um SMA wire at 48 V, recording maximum force
(upper part), maximum stroke (center part) and time delay to reach maximum stroke
(lower part) for five different activation pulse lengths. The initial load is 0.28 N.

The next experimental results show the effect of the SMA wire diameter (Figure 5.8).
A bigger SMA wire diameter results in a lower electrical resistance, which leads to a higher
power during activation at a constant voltage. In addition, the total energy input at defined
activation pulse lengths is higher for bigger diameters. This fact results in more energy
being used for phase transformation and thus higher SMA forces generated
(Figure 5.8, upper part). For small energy inputs at short pulses (2 ms) the difference in
force is not as large because the major portion of the energy is used to heat up the wire. The
heating of the different wire diameters at constant voltage is very similar for these short

pulses because the electrical current density is the same (and no energy is lost to the
environment).
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Figure 5.7: Comparison of maximum force (upper part), maximum stroke (center part)
and time delay to reach maximum stroke (lower part) for two different loads
(0.28 N, 0.67 N). The experiments are run at 48 V supply voltage using a 76 um SMA
wire.

The higher forces in the bigger wire diameters lead to higher strokes (Figure 5.8,
center part), because of the higher energy input and stronger acceleration of the weight.
The stronger acceleration also leads to higher speeds of the mass and thus shorter times to
reach the maximum stroke (Figure 5.8, lower part). When activated with a 2 ms pulse, all
three SMA wire reach the same maximum displacement, but the 100 um wire is 10 ms
faster than the 50 um wire. When activated with a 10 ms pulse, all three wires reach their
maximum displacement after about 45 ms, but the 100 um wire shows a stroke of 23.9 mm

whereas the 50 um wire only reaches 9.2 mm.
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Additionally, a comparison of the time delays to reach the reference displacement of
8.33 mm is presented in Figure 5.9. This is of particular interest for possible application
scenarios. For this comparison, the relevant experiments at 48 V for all three SMA wire
diameters are selected. The reference stroke of 8.33 mm is reached by all three wires with
10 ms pulses and by the two bigger diameters at 8 ms pulses. The 100 um SMA wire
reaches the reference stroke in less than 23 ms.

The last parameter study considers three different supply voltages (Figure 5.10). At
different voltage levels, the activation pulse lengths have to be adjusted so the energy input
stays similar. Therefore, this study investigates maximum force (Figure 5.10, upper part),
maximum stroke (Figure 5.10, center part) and time to reach the maximum stroke
(Figure 5.10, lower part) in relation to the input energy. Again, the 76 um wire is used in
these experiments with an initial load of 0.28 N. Higher voltages result in higher forces for
the same input energy. Higher voltage equals higher electrical power. As previously
explained, the force increases as long the load’s inertia prevents the SMA wire from
contracting. The faster the total energy is injected into the SMA wire, the more phase
transformation takes place before the weight starts moving. The maximum stroke is almost
identical at 48 V and 125V. As shown in Figure 5.4 and Figure 5.5, the maximum
displacement is reached by the “ballistic” acceleration of the mass. The highest point can
be related to a potential energy. If no energy is lost during the experiment, the same input
energy results in the same output. At 24 V, the SMA wire is not able to generate the same
stroke, which means energy is lost during activation. The activation pulses at 24 V are much
longer, which results in cooling of the wire during the activation. The generated stroke of
about 12.5 mm for an energy input of 0.4-0.5 J is still the result of the ballistic activation,
but the maximum stroke does not increase further. The activation pulse at 0.4 J is 40 ms
long. This time interval is long enough for the system to reach a thermodynamic
equilibrium, so that even longer activation pulses do not result in higher forces and higher
output strokes. Again, the high acceleration of the bigger wire diameter leads to faster
activation times. As before, also the time delays to reach the reference stroke are compared
for the different supply voltage levels (Figure 5.11). For an energy input of 0.4 J, the stroke
of 8.33 mm is reached at all three voltages. At 125 V the reference displacement is reached
in under 22 ms. Even at the moderate voltage of 24 V, Figure 5.10 shows only a small
decrease in energy-efficiency and performance for the activation compared to the higher
voltages. The following section takes a closer look at the energy balance during high-speed
SMA activation.
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diameters (50 um, 76 pm, 100 pum). The experiments are run at 48 V supply voltage and
an initial load of 0.28 N.
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Figure 5.9: Time delays to reach the reference stroke of 8.33 mm for different SMA wire
diameters activated with an 8 ms and a 10 ms pulse at 48 v supply voltage.
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Figure 5.10: Comparison of maximum force (upper part), maximum stroke (center part)
and time delay to reach maximum stroke (lower part) for three different voltage supply
levels (24 V, 48 V, 125 V). The experiments are run with a 76 pm SMA wire and an
initial load of 0.28 N.
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Figure 5.11: Time delays to reach the reference stroke of 8.33 mm for different supply
voltages. The 76 um SMA wire is always activated with a total energy of 0.4 J.
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5.3.3 Energy Analysis

The minimum energy for a phase transformation is reached under adiabatic conditions. This
means that no energy is lost through heat flow to the environment during the process. This
minimum energy can be calculated with (5.4). The energy to heat a SMA wire (76 pum)
from room temperature to transformation temperature (47 = 65 K) is calculated with the
specific heat capacity ¢ = 500 J/(kg-K) and the mass msma = 6.58 m. The term h - mgy4 In
(5.4) describes the latent heat of the phase transformation with # = 20 J/g [14]. The
theoretical minimum energy for a full phase transformation is calculated as Wmin = 0.345 J.

In the first exemplary experiment, which serves as the reference, a 76 pm SMA wire is
activated in the conventional way using the suggested current of 150 mA in the
datasheet [15]. The SMA wire is activated with an activation pulse width of 1 s. The
displacement reaches the value of 8.33 mm, which corresponds to a 3.7 % stroke. The same
wire is then activated at increasing voltages. At each set voltage, the activation pulse time
(pulse width) is slowly increased until a displacement of 8.33 mm is reached. In all
experiments, the initial force in the SMA wire is 0.28 N and a spring rate of 0.056 N/mm
is used. The results of these experiments are shown in Table 11. The activation delay
describes the time interval from the start of activation until the bottom clamp of the SMA

wire reaches maximum displacement of 8.33 mm.

The experimental results and observed tendencies are presented in Figure 5.12. The
necessary pulse width to reach the reference displacement decreases dramatically between
8 V and 16 V, and stays almost constant after 24 V (a). The energy consumption shows a
very similar behavior (c), as it is directly linked to the pulse width (d). Interestingly, also
the activation delay mimics this behavior (b). The reason for this is the experimental
procedure focusing on energy consumption analysis. If no energy is lost because the
experiment runs under adiabatic conditions, the same total energy amount is necessary to
generate a constant displacement output, which relates to a constant potential energy. At
higher electrical powers, the initial force and thus the acceleration of the mass increases but
at the same time the pulse width, which describes the acceleration interval, is decreased.
This leads to a constant average velocity and activation delay. If shorter activation delays
at the same displacement are desired, the pulse width can be increased at high electrical
power. In this scenario, the displacement could be limited by a hard stop in the construction.
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Table 11: Comparison of activation speed and energy consumption at different activation
pulse widths for a 76 um SMA wire. The last column indicates the percentage of energy
needed in comparison to the reference at 8V.

Voltage Displacement Pulse width  Activation delay ~ Energy Ratio

[Vl [mm] [ms] [ms] [J] [%]
8 8.33 1000 1008 1.2 100
12 8.33 226 237.1 0.637 53.1
16 8.33 77 95.2 0.370 30.8
24 8.33 29.2 57.2 0.305 25.4
30 8.33 17.7 49 0.288 24
35 8.33 12.8 45.8 0.282 23.5
40 8.33 9.74 43.9 0.280 23.3
48 8.33 6.71 42 0.277 23.1
70 8.33 3.08 39.7 0.272 22.7
110 8.33 1.21 385 0.267 22.3
125 8.33 0.94 38.3 0.266 22.2
" () Nl (b)
1.2 0.65 A
(c) 06 (d)

0.55
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Figure 5.12: Graphical illustration of experimental results regarding activation pulse (a)
activation speed (b) and energy consumption (c) in relation to the supply voltage and
energy consumption in relation to the activation pulse (d) for a 76 um diameter SMA
wire.
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The energy consumption for pulse widths between 1 ms and 30 ms is very similar. With a
77 ms activation pulse at 16 V, the energy consumption starts to increase more rapidly. The
results of these experiments suggest that activation pulse widths up to almost 30 ms result
in nearly adiabatic conditions. To verify these observations from a theoretical point of view,
an estimate time interval for adiabatic conditions can be calculated. The temperature of a

body according to Newton’s law of cooling is determined by
T(t)=T,-e"". (5.5)

The time constant 7 in this thermal process is described with the product of thermal

resistance and heat capacity:
7=Cy Ry (5.6)

With a heat capacity of C,=c-m=3292mJ/K and a thermal resistance of

Ry =1/(a-A)=1861K /W, the time constant t for the cooling process can be calculated.

The heat transfer coefficient a for the convective cooling process of the SMA wire at room
temperature can vary between 10-100 W/(K-m?). Usually values close to 10 W/(K-m?) are
chosen to represent conditions with minimal air flow. The parameter A describes the heat
transfer surface area of the SMA wire. With the time constant 7 and (5.5) the time interval

for a near adiabatic phase transformation can now be determined. Considering a 1 %
cooling of the wire, this time interval is calculated as t=-In(0.99)-7. Using the

parameters in this experiment, time intervals between 6.2-61.6 ms are theoretically
possible. The observed value of 30 ms relates to a heat transfer coefficient a of
20 W/(K-m?), which is highly reasonable for the considered setup. For this SMA wire
diameter, the experimental results for the energy consumption during a high voltage SMA
actuation are even slightly lower (22.2 %) than the calculated theoretical minimum
(28.8 %). This minimum was calculated assuming a complete phase transformation, but the
displacement in the experiments relates to a stroke of only 3.7 %. For complete phase
transformation, strokes of 4-5 % can be expected. Additionally, the displacement in the
experiments at voltage values equals or larger than 16 V was reached due to the ballistic
effect, which means that even less phase transformation, has taken place. On the other hand,
the calculation of this energy minimum does not take into account the increasing austenite
start temperature for the phase transformation under mechanical stress. As stated above,

the transformation temperatures generally changes with a factor of 0.11-0.14 K/MPa. Since
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the mechanical stress is not constant during the actuation, the transformation temperature
will change constantly during the activation process. In summary, the actual energy balance
in these experiments cannot be trivially calculated, but a magnitude of possible exemplary
energy savings can be determined. In addition to the absolute energy value, also the
experimentally identified time interval for adiabatic conditions matches the theoretical

considerations.

The same measurement sequence is performed for the SMA wire diameters of 50 um and
100 um. The total energy consumption at the different supply voltages is illustrated in
Figure 5.13. At low voltages, the thin wires need more energy to reach the same stroke.
Thin wires have a higher surface-to-volume ratio and thus lose more energy to the
environment during non-adiabatic activation. Between 12 V and 16 V the SMA wire starts
to reach the adiabatic region and the energy consumption settles at near constant values. At
these voltages, the thin wires need the least amount of energy. The two components of
energy have been introduced in (5.4). First, the SMA has to be heated to the transformation
temperature (m - c - AT). After that, energy is consumed by the latent heat of the phase
transformation (h - m). In small diameter SMA wires is less material to be heated up before

the actual phase transformation can begin.
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0.8 \|e
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Figure 5.13: Total energy consumption for three different SMA wire diameters.

The different energy levels for the SMA wire diameters lead to almost identical pulse
widths at set voltages (Figure 5.14). The expanded diagram (Figure 5.14, center part) shows
that the pulse widths are always slightly higher for thinner SMA wires. In relation to the
total energy consumption, the pulse width of the thin wires rapidly increases once the
activation starts leaving adiabatic regions (Figure 5.14, lower part). In that case, the thicker
SMA wires quickly become more energy-efficient because of their smaller surface-to-

volume ratio.
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Figure 5.14: Comparison of the activation pulse widths in relation to the supply voltage
(upper part) with zoomed-in graph (center part) and in relation to the energy consumption
(lower part) for three different SMA wire diameters.
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Similarly, to the pulse width, the activation speed is almost identical for the different SMA
wires, provided that they are activated under adiabatic conditions (Figure 5.15). The
zoomed-in graph (Figure 5.15, lower part) indicates that the thicker SMA wires are slightly
faster than the smaller wire diameters, which is related to higher acceleration forces in

thicker SMA wires due to the higher electrical power for activation.

1 50um |
—76um
—100pm
»n 0.8
10)
B4
o
0 0.6 |
%
®
S
204 |
o)
=
|_
0.2 ]
0 1 1 1 1 1 1 1 1 1 1
81216 24 303540 48 70 110 125
Voltage (V)
0.06 T T T T T T

0.055

Stroke (s)
=}
&

0.045

©
o
e

Time to max

0.035 1

T

0.03 —
30 35 40 48 70 110 125

Voltage (V)

Figure 5.15: Comparison of the activation speed in relation to the supply voltage
(upper part) with zoomed-in graph (lower part).
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5.4 Summary and Future Work: High-Speed Activation

Instead of relying on complex and cost-intensive power electronics for current control, it
has been shown that the novel control strategy can be performed with simplified hardware
capable of applying a short voltage impulse for a short period of time. Advantages of the
proposed strategy regarding SMA actuator performance are high actuation speeds and
lower energy consumption. In addition, it is shown how high accelerations can lead to
ballistic effects, which are responsible for a large actuation stroke. Once activated, the
actuator system starts oscillating, according to a mass-spring-damper dynamics. The
presented exemplary experiment showed activation times in the range of 40 ms for strokes
of close to 10% of the SMA wire length. With shorter activation pulses, energy
consumption during activation is minimized, because no heat is lost to the environment.
This adiabatic heating is already reached at moderate voltages around 24 V for the 76 um
wire. An analytical method of estimating the minimum energy for the SMA actuation and
the maximum time interval for adiabatic conditions has also been demonstrated and

discussed. Energy savings up to 80 % have been achieved.

Possible applications for this SMA activation could be in the field of release mechanisms,
safety applications or switches, where only a single actuation or low frequency activations
are needed. As an example, an SMA actuator could be used to release a spring-loaded
system, in which dynamic effects like oscillations do not have any negative influence on
the actuator performance.

In a next step, the experimental setup will be improved with an additional force
measurement at the moving end of the SMA wire for a better force-acceleration correlation
during the actuation. Further research will focus on the investigation of SMA actuation with
high AC voltage, specifically looking at mains voltages like 130 V in the United States and
230 V in Europe.
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6 Conclusion and Outlook

This thesis provides advanced design concepts and a novel activation method for SMA
based actuator systems. Even though SMA technology has been known for decades and
their functionality and reliability has been proven in applications, there are only few
commercial products on the market, especially in the field of SMA actuators. Despite a
large amount of advantages that come with SMA technology, several drawbacks have
delayed a more widespread usage. On the one hand, engineers not familiar with the
technology and its behavior rather use well-established and proven alternatives and, on the
other hand, SMA wires oftentimes are accompanied by preconceptions of slow actuation
times, high energy consumption and limited stroke output. The design and control concepts
presented in this thesis aim at eliminating said drawbacks and provide engineers with

guidelines for actuator design with SMA wires.

Applied SMA actuator design with linear springs is demonstrated at the examples of two
case studies. A linear actuator concept is used in an SMA based vacuum suction cup for the
handling of plane work pieces. The design steps include kinematic and kinetic studies of
the system and the determination of the design parameters by solving linear systems of
equations. The actuator system’s dynamics are improved by using multiple thin wires with
a high surface to volume ratio for efficient cooling and the energy-efficiency is improved
by adjusting the kinematic concept to the suction cup’s operating cycle. The application of
a reconfigurable end-effector is used to demonstrate generation of rotary motion through
SMA wire actuators. In the exemplary design framework, graphical methods are used to
identify optimal design parameters. Energy consumption is minimized by a special locking
mechanism that allows energy free holding of intermediate positions along the rotational

radius.

An advanced actuator concept is presented using a bi-stable spring actuator. The bi-stability
creates two energy-free actuator configurations so that only short activation pulses are
necessary to switch between states. The antagonistic SMA wire configuration attached to
the bi-stable element is able to realize higher actuation frequencies, because the bi-stable
element may actively be forced in both directions even when the respective passive wire
has not yet completely cooled down. The experimental study reveals crucial parameters in

actuator design with bi-stable springs, such as the lever arm of the SMA wire attachment.
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With short distances between pivot point and SMA wire attachment, stroke magnification

of one order of magnitude and more becomes possible.

Instead of relying on special power controllers, it is demonstrated how SMA wires can be
activated with power supplies at standard voltage levels. By limiting the activation pulse
length and thus the energy input, SMA wires can be activated at very high voltages and
electric power. With this control concept, very fast actuation times are achieved. Dynamic
acceleration effects can lead to artificial stroke amplification up to a factor two and more.
High-speed activation additionally leads to an optimized energy balance, because in near

adiabatic activation, no energy is lost to the environment while heating the SMA wire.

All of the presented concepts and methods provide engineers with tools for the realization
of SMA-based products or the improvement of prototypes eliminating typical drawbacks
of SMA technology. In addition, a combination of a bi-stable actuator and high-speed
activation is possible. Now, application fields, which fit the physical and material properties
of SMA wires, have to be found and engineers have to be sensitized to the potential of the

technology in comparison to state-of-the-art drives and motors.
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Appendix: Systematic High-Speed Measurements

This appendix presents an overview of the complete systematic high-speed measurement
study. Figure A.1 shows a summary of the conducted experiments. In the following, the

resulting values for force, stroke and actuation time are displayed in Figures A.2-A.4.
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Figure A.1: Summary of the high-speed SMA activation experiments.
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