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KURZZUSAMMENFASSUNG

Die vorliegende  Arbeit  beschiftigt sich  mit der  Untersuchung von
Formgedichtnislegierungsdrihten (FGL-Drihten) in Hochleistungsanwendungen sowie der
Entwicklung erster funktionaler Prototypen fiir entsprechende Applikationsbeispiele. In den
gezeigten Fillen ist unter der Definition von Hochleistung die Biindelung von FGL-Driéhten
zur Erzeugung hoher Krifte, die schnelle Aktivierung von FGL-Drihten mit erhdhten
elektrischen Leistungen oder die Kombination aus beidem zu verstehen. Bei den
untersuchten Biindeln handelt es sich um eine spezielle Bauform, die sich dadurch
kennzeichnet, dass ein definierter Abstand zwischen den einzelnen Drihten innerhalb des
Biindels besteht. Die Moglichkeit der schnellen Aktivierung von FGL-Dréhten wird anhand
einer praxisrelevanten Entwicklung eines Prototyps aufgezeigt. Dabei handelt es sich um ein
Ventil zur Entliiftung von Spritzgusskavititen. Der Prototyp zeigt neben der Fahigkeit der
schnellen Aktivierung, wie durch innovative konstruktive Loésungen die prominenten
Schwachstellen der FGL-Technologie umgangen oder kompensiert werden konnen. Die
Arbeit eroffnet somit neue Einsatzgebiete fiir Anwendungen von FGL-Aktoren. Zum
Abschluss wird die Entwicklung eines Technologiedemonstrators vorgestellt, der eine
Kombination aus beiden Hochleistungsgebieten darstellt und das Potenzial von FGL
anschaulich aufzeigt. Dazu werden FGL-Biindel mit hoher elektrischer Leistung aktiviert,

um eine Bowlingkugel senkrecht in die Luft zu katapultieren.
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ABSTRACT

The present work deals with initial investigations of shape memory alloy (SMA) wires in
high-power applications as well as the development of first functional prototypes for this
field. In the regarded cases, the definition of high-power is described as the bundling of SMA
wires to generate high forces, the fast activation of SMA wires with increased electrical
power, or the combination of both. The SMA wire bundles shown in this work are special
actuator elements characterized by having a defined space between the individual wires
within the bundle. The behavior of such SMA bundles is investigated and discussed in the
first part of this work. The potential for fast activation of SMA wires is demonstrated in this
dissertation by the development and validation of a functional prototype. The prototype is a
valve, which is used for venting cavities in injection molding. The prototype demonstrates
the possibilities of fast activation and how prominent drawbacks of the SMA technology can
be compensated or erased by innovative system design. Thus, this work expands the field of
use for future applications. Finally, this work presents the development of a technology
demonstrator, which constitutes the combination of both high-power areas and vividly
showcases the potential of the SMA technology. For this purpose, SMA bundles are used in

the demonstrator to catapult a bowling ball vertically into the air by high electrical power.
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1 EINLEITUNG

Formgedichtnislegierungen (FGL) auf der Basis von Nickel-Titan (NiTi) verzeichnen seit
ihrer Entdeckung in den Fiinfzigerjahren [1]-[3] einen stetig steigenden Anteil an
Anwendungen [4]-[7]. Zu den prominenten Anwendungsfeldern fiir FGL gehoren
industrielle Anlagen [7]-[11], Medizintechnik [12]-[18], Robotik [19]-[25], Automotive
[26]-[29] sowie Luft- und Raumfahrt [30]-[33]. Der Vormarsch der FGL-Technologie lisst
sich mit in den besonderen Eigenschaften der FGL begriinden. Besonders hervorzuheben ist
dabei die hohe Energiedichte [34], [35], die es erlaubt, kompakte und leichtgewichtige
Aktoren mit hohen Kriften zu entwickeln [36], [37]. Des Weiteren sind die
Biokompatibilitdt [38] und die Moglichkeit des so genannten ,,self-sensings* zu nennen.
»Self-sensing beschreibt die Eigenschaft, mittels des elektrischen Widerstandes von
FGL-Drihten auf deren Liange zu schlieen [39]-[44], wodurch auf zusdtzliche Sensoren
verzichtet werden kann. Die groften Nachteile wie der technologiebedingte geringe
Wirkungsgrad oder die thermisch limitierte Zykluszeit lassen sich durch verschiedenste
konstruktive und ansteuerungstechnische MaBnahmen fiir spezielle Anwendungen
eliminieren [45]-[53]. Um die FGL-Technologie in weitere noch anspruchsvollere
Anwendungsfelder zu bringen und den daraus resultierenden steigenden Anforderungen
gerecht zu werden, bedarf es an neuen Ansdtzen zur Losung der dadurch entstehenden
technischen Herausforderungen. Differenziert betrachtet, handelt es sich dabei um zwei
vorherrschende Anforderungen an die FGL-Technologie: Erstens die Erzeugung hoher
Krifte mittels FGL-Drihte und zweitens die schnelle Aktivierung von FGL-Drihten. Die
Kraft eines FGL-Drahtes ist abhingig von dessen Querschnittsfliche. Die Erzeugung
hoherer Krifte erfolgt deshalb in der Regel durch die Verwendung von FGL-Dréhten mit
groBerem Durchmesser [54]-[56]. Eine Erhohung des Durchmessers wirkt sich jedoch
nachteilig auf das Abkiihlverhalten des Drahtes aus, wodurch der Nachteil der limitierten

Schaltzeiten weiter verstarkt wird. Um dem entgegenzuwirken, wird ein Ansatz der
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Einleitung

Biindelung von mehreren diinnen FGL-Drihten verfolgt. Ein solches Biindel, in dem die
einzelnen Drihte mit definiertem Abstand zueinander angeordnet sind, hat den Vorteil eines
groeren Oberflichen-Volumen-Verhiltnisses, das sich positiv auf das Abkiihlverhalten und
damit die erreichbare Schaltfrequenz von FGL-Aktuatoren auswirkt. Dadurch konnen
hohere Krifte bei deutlich geringeren Auswirkungen auf die Zykluszeit erzeugt werden
[57]-[59]. Die zweite Hochleistungsanforderung, die in der Praxis immer ofter an die
FGL-Technologie gestellt wird und in Anwendungen wie z.B. Ventilen oder Schaltschiitzen
benotigt wird, ist die schnelle Aktivierung von FGL-Drihten. Grundlegende Versuche mit
anschlieBender Diskussion wurden bereits in [60]-[63] gezeigt. Neben dem aus der Praxis
aufgezeigten Bedarf an schnellen Aktoren ist der Vorteil der Energieeinsparung bei schnell
aktivierten FGL-Drihten hervorzuheben [64]-[66].

In dieser Arbeit erfolgen eine erste Analyse und Evaluation von FGL-Biindeln, um in
entsprechenden Anwendungen einen korrekten und funktionierenden Einsatz zu
gewihrleisten. Es wird der Einfluss und die Bedeutung der elektrischen Kontaktierung auf
ein FGL-Biindel sowie das Verhalten von FGL-Biindeln in zwei unterschiedlichen
Grenzbelastungsfillen aufgezeigt [67], [68].

Da die FGL-Technologie mit dem Vorurteil behaftet ist, lediglich langsam zu funktionieren
und aus diesem Grund fiir viele praktische Anwendungen nicht in Betracht gezogen wird,
wird in dieser Arbeit die Entwicklung eines Prototyps eines schnellschaltenden Ventiles fiir
die Anwendung in Spritzgussanlagen zur Entliiftung der Kavitét vorgestellt. Der entwickelte
Ventilprototyp zeigt die Vorteile der FGL-Technologie hinsichtlich Bauraums und wie
durch geschickte Konstruktion einige der genannten Nachteile gemindert werden konnen.
Zusitzlich zeigt dieser Anwendungsfall, dass der Einsatz von FGL mit entsprechenden
MaBnahmen auch bei erhohten Umgebungstemperaturen moglich ist [69]-[71].

Zuletzt gewihrt diese Arbeit einen Einblick in das Leistungspotenzial der FGL-Technologie,
wenn beide Hochleistungsanforderungen kombiniert werden. Dazu wurde ein Demonstrator
entwickelt, der es ermoglicht, eine Bowlingkugel auf eine Hohe von 45 ¢m senkrecht in die
Luft zu katapultieren. Die zur Beschleunigung benotigte Kraft von anndhernd 1000 N wird

dabei von drei FGL-Biindeln innerhalb von 11 ms erzeugt.



2 ZUSAMMENFASSENDE DISKUSSION DER

VEROFFENTLICHUNGEN

Im folgenden Kapitel wird eine Zusammenfassung tiber die fiir diese Arbeit relevanten
Veroffentlichungen gegeben. Zusitzlich wird der Zusammenhang der Veroffentlichungen
zu dem iibergeordneten Thema von FGL-Drihten in Hochleistungsanwendungen aufgezeigt.
Grundsitzlich lassen sich Hochleistungsanwendungen mit FGL-Dréhten in zwei Gebiete
unterteilen: die Erzeugung hoher Krifte und die schnelle Aktivierung. Eine Kombination
von beiden Gebieten ist ebenfalls moglich. Zu unterscheiden davon sind Anwendungen, die
umgebungsbedingt hohe Leistung von FGL-Drihten fordern wie beispielsweise der Einsatz
bei hohen Umgebungstemperaturen. Da die Relevanz solcher Anwendungsgebiete mit den
steigenden Anforderungen, die an die FGL-Technologie gestellt werden, unbestreitbar ist,
wird auch dies in der vorliegenden Arbeit anhand einer Prototypentwicklung
und -validierung exemplarisch thematisiert und erste Moglichkeiten aufgezeigt.

Fiir die Erzeugung hoher Krifte eignen sich besonders Biindel aus FGL-Drihten. Diese
haben im Gegensatz zu dickeren FGL-Drihten den Vorteil eines grofleren
Oberfldchen-Volumen-Verhiltnisses, das sich positiv auf das Abkiihlverhalten auswirkt.
FGL-Biindel lassen sich in zwei Varianten unterteilen: Erstens als geschlagenes Seil,
vergleichbar mit konventionellen Stahlseilen, in dem die einzelnen Drihte zu einem Strang
verdreht werden [72]—[75] oder zweitens als Biindel mit Abstand zwischen den einzelnen
Drihten. Die letztere Variante hat dabei den groffiten Effekt auf das
Oberfldchen-Volumen-Verhiltnis, da jeder Draht rundum mit einem Medium umschlossen
ist, das die Wirme abfithren kann.

In der in dieser Arbeit inkludierten ersten Veroffentlichung findet eine erste systematische
Untersuchung von FGL-Biindel der zweiten Art statt. Dazu startet sie mit einer Einfiihrung

in die FGL-Thematik und erklért die Unterschiede beziiglich einer elektrischen Serien- oder
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Parallelschaltung der einzelnen Drihte innerhalb eines Biindels. Aufgrund der
praxisrelevanten hoheren Ausfallsicherheit durch die entstehende Redundanz wird sich fiir
die Untersuchung von Biindeln mit elektrisch parallelen Drihten entschieden. Zur besseren
Nachvollziehbarkeit der Experimente wird der verwendete Priifstand erlautert. Dieser
besteht im Wesentlichen aus einem steuerbaren Linearantrieb, einer Messeinrichtung zur
Erfassung der relevanten mechanischen und elektrischen Groen sowie einer Infrarotkamera
zur Temperaturmessung der Biindel.

Als erstes Ergebnis fiihrt der Artikel das thermische Verhalten von den untersuchten
FGL-Biindeln auf. Dabei zeigen die Untersuchungen in dem aufgebauten Priifstand eine
unterschiedliche Temperaturverteilung innerhalb der Biindel. Dies ist fiir die zu erwartende
Lebensdauer der Biindel ungiinstig, da einige Drihte wiarmer werden und daraus eine hohere
erzeugte Kraft und somit mechanische Spannung resultiert. Zuriickzufiihren ist diese
inhomogene Temperaturverteilung auf die Klemmung der Drihte und unterschiedliche
Ubergangswiderstinde innerhalb der Klemmen. Nach einer Anpassung der Klemmen und
Verbesserung des Ubergangswiderstandes zeigt die Veroffentlichung eine deutliche
Verbesserung in der Temperaturverteilung des Biindels. Auflerdem zeigen die thermischen
Untersuchungen, dass sich eine isolierende Luftschicht zwischen den einzelnen Drihten
abhédngig von der Anzahl der Drihte im Biindel bilden kann. Es zeigt sich eine Relevanz im
Verhalten von FGL-Biindel in spiteren Versuchen, bei denen unter bestimmten
Bedingungen keine isolierende Luftschicht vorhanden ist und somit ein Wérmeaustausch
zwischen den Drihten moglich ist.

Um Erkenntnisse uber das elektro-mechanische Verhalten von FGL-Biindel zu erhalten,
werden zwei unterschiedliche Experimente, die jeweils einen Grenzbelastungsfall darstellen,
durchgefiihrt. Konkret handelt es sich dabei um Versuche, bei denen entweder der Hub oder
die Kraft der FGL-Biindel konstant gehalten wird.

Im ersten Experiment kann das FGL-Biindel eine groftmogliche Kontraktion bei konstant
gehaltener Kraft durchfiihren, wobei die mechanischen, elektrischen und thermischen
Kenngrolen gemessen werden. Erreicht wird ein maximaler Hub von 4 — 4,5 %. Auffillig
dabei ist, dass mit sinkender Drahtanzahl bei gleichbleibendem Strom pro Draht der erzeugte
Hub abnimmt, bis nur noch 1 % an Hub bei dem Biindel mit 4 FGL-Dréhten erreicht wird.
Zuriickzufiihren ist dieses Verhalten auf einen Temperaturaustausch, der abhéngig von der
vorhandenen oder nicht vorhandenen isolierenden Luftschicht zwischen den Dréhten

innerhalb eines Biindels stattfindet. In der Veroffentlichung wird gezeigt, dass durch dieses
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passive Heizen von umliegenden Drihten innerhalb eines Biindels bis zu 60 % Energie
eingespart werden kann.

Bei konstant gehaltenem Hub (Blockierkraft-Versuch) entwickeln sich durch die
Phasenumwandlung und die Blockierung der Moglichkeit einer Kontraktion hohe innere
Materialspannungen, die sich in einer messbaren Kraft dulern. Erzeugt werden so Krifte
von bis zu 1200 N in Abhéngigkeit der Drahtanzahl innerhalb eines Biindels. Unabhiéngig
der Drahtanzahl und somit der entsprechenden Absolutkraft wird eine mechanische
Spannung von 850 — 900 MPa pro Draht generiert mit Ausnahme des Biindels mit vier
FGL-Drihten. Wie in dem Experiment davor liegt dies an dem besseren Warmeaustausch
bei weniger Drihten an die Umgebung. Es wird wieder gezeigt, dass sich dies mit dem
Einbringen einer hoheren elektrischen Leistung kompensieren l&sst.

Zusitzlich zu den bereits erwihnten Erkenntnissen ist das unterschiedliche Verhalten der
elektrischen Widerstinde der Biindel in den beiden Experimenten zu nennen. In dem ersten
Experiment zeigt sich das typische und in der Literatur gingige Widerstandsverhalten [76]
von FGL-Drihten, das sich aus dem Verhiltnis der Phasenanteile von Martensit und
Austenit, der Temperatur des Drahtes und der Geometrie (Ldnge, Durchmesser) der
FGL-Drihte zusammensetzt. Im zweiten Experiment hingegen kann ein anderes Verhalten
des elektrischen Widerstands beobachtet werden. In diesem ist der thermische Anteil der
Widerstandsidnderung der dominierende Anteil, was voraussichtlich auf die fehlende
Kontraktion und somit nicht stattfindende Geometriedanderung der FGL-Drihte
zuriickzufiihren ist.

In zukiinftigen Versuchen sollte der Einfluss des Abstandes der einzelnen Drihte zueinander
untersucht werden, um den Effekt der moglichen Energieeinsparung zu optimieren. Dies
steht auBBerdem in Konflikt mit dem Anspruch, eine hohere Dynamik mit FGL-Biindeln zu
erreichen, und sollte zusitzlich im Vergleich zu einem dicken FGL-Draht, untersucht
werden. Da in den meisten FGL-Anwendungen wiederholbare Aktivierungen gefordert sind,
sollten ebenfalls Untersuchungen des Verhaltens von FGL-Biindeln bzgl. dieser
Anforderung angestellt werden. Die hier gewonnen Erkenntnisse iiber das
Widerstandsverhalten von FGL-Dréhten bilden ebenfalls die Grundlage fiir ein besseres
Verstindnis von FGL und sollten vertieft werden. Diese Verdffentlichung und die genannten
weiteren Experimente legen den Grundstein fiir das Design zukiinftiger FGL-Aktoren mit

hoher Kraft und Dynamik.
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Das zweite Gebiet der Hochleistungsanwendung, die schnelle Aktivierung von
FGL-Drihten, umfasst in dieser Dissertation die beispielhafte Entwicklung eines
Entliiftungsventils fiir Anwendungen im Spritzguss. Durch die bereits geschaffenen
Grundlagen in [60]-[62], [65] stellt die hier gezeigte praxisnahe Umsetzung und die daraus
gewonnenen Erkenntnisse den néchsten Schritt auf der Entwicklung neuer FGL-Aktoren und
die damit einhergehende ErschlieBung neuer Anwendungsgebiete dar. Nach der Einleitung
startet die Veroffentlichung mit einer Erlduterung, wieso die Entliiftung von Kavititen im
Spritzguss notwendig ist, wie sie normalerweise umgesetzt wird und bringt dies in den
Zusammenhang mit den Vorteilen, die durch eine Realisierung mittels FGL-Technologie
entstehen. Die Vorteile liegen darin, eine Entliiftung einfacher umzusetzen und den
Anforderungen komplexer Spritzgussteile somit leichter gerecht zu werden. Die durch die
FGL-Technologie gegebene Moglichkeit eines kompakten Designs steht hierbei im Fokus.
Die wichtigste Kenngroie des zu entwickelnden Aktors fiir den genannten Anwendungsfall
ist die SchlieBzeit des Ventils. Da der Kunststoff mit hohem Druck eingespritzt wird, fiillt
sich die Kavitit entsprechend schnell. Ziel ist es, dass so wenig Luft wie moglich in der
Kavitidt verbleibt, was durch ein moglichst spétes SchlieBen des Ventils erreicht wird. Als
Anforderung an das entwickelte FGL basierte Entliiftungsventil wird deshalb eine
Schliezeit von 100 ms gefordert. Eine weitere fiir die FGL-Technologie nicht alltéigliche
Herausforderung bei der Entwicklung dieses Ventils ist die durch das Einsatzgebiet in
Spritzgussanlagen gegebene erhohte Umgebungstemperatur. Als Ziel wurde sich eine
maximale Einsatztemperatur von 65°C gesetzt, bei der das Ventil voll funktionsfihig bleiben
soll.

Im Anschluss an die Motivation wird in der Veroffentlichung das Konzept des entwickelten
FGL-Aktors vorgestellt. Vereinfacht ausgedriickt, handelt es sich bei dem Aktorkonzept um
zwel gegeneinander arbeitende FGL-Feder-Mechanismen. Dabei ist ein Mechanismus
starker ausgelegt und gibt somit die Ruheposition des Aktors vor. Dies ist die geschlossene
Position des Ventils. Das Aktivieren des entsprechenden FGL-Drahtes resultiert in einer
Bewegung in eine Richtung, die dem Offnen des Ventils gleichkommt. Durch die
entwickelte Mechanik und das zweite FGL-Feder-System stehen zwei Moglichkeiten zum
erneuten SchlieBen zur Verfiigung: Zum einen durch Deaktivieren des zuvor Aktivierten
FGL-Drahtes, was abhingig von dem Abkiihlverhalten zu einer langsamen
SchlieBbewegung fiihrt. Zum anderen durch den zweiten FGL-Draht, der in Kombination

mit der Mechanik eine vom Abkiihlverhalten des ersten FGL-Drahtes unabhingige und
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somit schnelle SchlieBbewegung erlaubt. Zur Bestimmung des SchlieBzeitpunktes, der
moglichst kurz vor dem Zeitpunkt, an dem der fliissige Kunststoff das Ventil erreicht, liegen
soll, stehen in der Praxis zwei Verfahren zur Moglichkeit: Durch Flusssimulationen lassen
sich Zeiten und Positionen des eingespritzten Kunststoffes ausreichend genau bestimmen,
sodass ein Schlieen des Ventils zeitversetzt zum Einspritzstart vorgenommen werden kann.
Die zweite Variante sind zusétzliche Sensoren, die die Position des fliissigen Kunststoffs in
der Kavitiit vor dem Ventil erkennen und das SchlieBen initiieren [77].

Um eine entsprechende Ansteuerung des Aktors zu gewdhrleisten, wird eine Elektronik
entwickelt, die es erlaubt, iiber ein Auslosesignal direkt oder zeitabhingig das Ventil zu
steuern. Die Elektronik ermoglicht, die zwei sich auf ihr befindenden Stromquellen in den
Parametern Stromamplitude und Bestromungsdauer via USB zu programmieren. Zur
Validierung der Elektronik findet eine fiir die Praxis realititsnahe Programmierung mit einer
Stromhohe von 300 mA und der Dauer von 1 s fiir die erste Stromquelle und 400 mA bzw.
100 ms fiir die zweite Stromquelle statt. Die entwickelte Elektronik setzt die
entsprechenden Werte nach dem Eintreffen eines Auslosesignals korrekt um.

Die Entwicklung des Aktors ist in zwei Bereiche unterteilt: Den Nachweis, dass das Konzept
der zwei antagonistischen FGL-Feder-Systeme und der zugehdrigen Mechanik funktioniert,
und die Optimierung des Prototyps fiir den Einsatz in erhohten Umgebungstemperaturen. Im
Kapitel zum Nachweis der Funktionalitiit des Aktors wird auf die Auslegung und den Aufbau
eingegangen, um im Anschluss eine Validierung in einem speziell fiir diesen Zweck
aufgebauten Priifstand vorzunehmen. Ausgelegt ist der Aktor auf 1 mm Hub mit 2 %
Dehnung der FGL-Drihte. Dies ist wichtig, um eine moglichst hohe Lebensdauer der Drihte
zu gewdhrleisten. Um den Einbau der inneren Mechanik zu gewihrleisten, ist der Aktor in
zwel Halbschalen aufgebaut, die im Anschluss in ein Gehduse geschoben werden. Das
Gehduse hilt die Halbschalen zusammen und schiitzt den inneren Aufbau vor duBeren
Einfliissen. Fertig zusammengebaut hat der Aktor einen Durchmesser von 8 mm und eine
Léange von 130 mm.

Bei der Validierung des ersten aufgebauten Prototyps im dafiir vorgesehenen Priifstand, der
auch einen FEinsatz in erhohten Umgebungstemperaturen darstellen kann, zeigt sich die
grundsitzliche Funktion des Aktors. Mit entsprechend eingestellten Stromhdhen und -zeiten
kann die geforderte Schliefzeit von 100m  erreicht werden. Bei erhdhter
Umgebungstemperatur zeigt der Prototyp eine Abnahme in seiner Offnungs- und

SchlieBbewegung, weshalb die nichste Iteration des Aktors speziell auf die

7



Zusammenfassende Diskussion der Veroffentlichungen

Funktionsfahigkeit bei erhohten Umgebungstemperaturen ausgelegt wird. Zusétzlich
werden kleinere Verbesserungen der Mechanik und der elektrischen Kontaktierung
vorgenommen.

Bei dem zweiten Prototyp wird die Auslegung der beiden FGL-Feder-Systeme fiir hohe
Temperaturen mittels eines am Lehrstuhl entwickelten Simulationstools vorgenommen.
Dieses  erlaubt, das  Verhalten der FGL-Feder-Systeme bei  erhohten
Umgebungstemperaturen vorherzusagen und verschiedene Konfigurationen im Vorfeld zu
untersuchen. Als Konsequenz fiir den Einsatz in hoheren Umgebungstemperaturen wird die
mechanische Spannung, bei der die Aktordréhte arbeiten, drastisch erhoht. Nach Anpassung
der Einzelteile und erneutem Aufbau des Aktors wird dieser im Priifstand validiert. Es zeigt
sich ein identisches Verhalten der Offnungs- und SchlieBbewegung bei Raumtemperatur und
erhohter Umgebungstemperatur. Um die Funktion des entwickelten Ventils in der Praxis zu
verifizieren, wird es in eine Demospritzgussform eingebaut und auf einer Versuchsanlage
getestet. Als Ergebnis zeigt sich bei aktivem Ventil ein Spritzgussteil ohne Gussfehler.

Es kann ein Fazit gezogen werden, dass der hier entwickelte Aktor praxisnah die
Moglichkeiten der schnellen Aktivierung von FGL-Drihten aufzeigt. Auflerdem wird
dargelegt, wie durch geschicktes Mechanikdesign weitere Schwachstellen der
FGL-Technologie, wie das langsame Abkiihlen oder der durch die Temperaturabhéngigkeit
begrenzte Einsatz in widrigen Umgebungen, weitestgehend eliminiert werden konnen. Bei
zukiinftigen Untersuchungen sollte der Schwerpunkt auf Lebensdauerversuchen liegen, da
die durch den aufgezeigten Anwendungsfall auftretenden Belastungen auBerhalb des

bekannten dauerfesten Bereiches fiir die FGL-Technologie liegen.

Zum Abschluss dieser Arbeit wird in einer dritten Verdtfentlichung die Entwicklung eines
Demonstrators vorgestellt, der die beiden Gebiete in einer Hochleistungsanwendung vereint.
Ziel des Demonstrators ist es, eine Bowlingkugel einen halben Meter in die Luft zu
katapultieren, wofiir eine hohe Kraft sowie eine schnelle Aktivierung der FGL-Drihte notig
ist. Nach der Einleitung startet die Veroffentlichung mit der theoretischen Berechnung der
bendtigten kinetischen Parameter, um eine 3 kg schwere Bowlingkugel 500 mm senkrecht
in die Luft zu katapultieren und erldutert die Anzahl und Anordnung der verwendeten
FGL-Biindel. Ebenfalls wird die benotigte Aktivierungsenergie fiir ein Biindel berechnet.
Eine Herausforderung fiir das anvisierte Katapultieren der Bowlingkugel besteht darin, diese

Energie schnell genug in die FGL-Biindel einzubringen. Bevor auf die dafiir notige
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Entwicklung einer Elektronik eingegangen wird, geht die Veroffentlichung auf den
mechanischen Aufbau des Demonstrators, einzelner funktioneller Bauteile wie die
Drahtklemmen und die Auslegung der FGL-Dréhte ein. Die entwickelten Drahtklemmen
erlauben es, bis zu fiinf 500 um dicke FGL-Drihte zu klemmen und somit zu einem Biindel
zusammenzufassen. Das komplette System ist so ausgelegt, dass bei der Verwendung von
vier FGL-Drihten ein Draht zum Beschleunigen der Kugel eine Spitzenlast von 76,5 N
aufbringen muss. Dies entspricht pro 500 wm Draht einer mechanischen Spannung von
390 MPa. Im Wesentlichen besteht der Demonstrator aus den drei bendtigten
FGL-Biindeln, drei kugelgelagerten Linearfiihrungen, einer Tragerplattform fiir die Kugel
und einer Acrylglasrohre. Durch die Aktivierung der FGL-Biindel kontrahieren diese und
ein Hub von 16 mm wird generiert. Um eine Trennung von Plattform und Bowlingkugel
nach der Beschleunigung zu gewihrleisten, sind Endanschlige an den Linearfithrungen
angebracht. Nach dem Flug und dem erneuten Aufliegen der Bowlingkugel auf der Plattform
konnen die FGL-Biindel erneut geldngt und der Vorgang wiederholt werden.

Um die benotigte Energie zur Umwandlung in entsprechend kurzer Zeit in die Biindel
einzubringen, wurde eine entsprechende Hochleistungselektronik zur Ansteuerung
konzipiert und entwickelt. Die Elektronik besteht aus insgesamt vier Platinen. Drei Platinen,
jeweils eine pro Biindel, um die benétigte Energie in Kondensatorbidnken
zwischenzuspeichern und bei Bedarf mittels Hochleistungsschaltern, aufgebaut aus IGBTs
(Insulated-Gate Bipolar Transistor), an die Biindel abzugeben. Bestiickt werden konnen
diese mit bis zu zwolf Kondensatoren und es kann ein Strom von maximal 960 A geschaltet
werden. Die vierte Platine ist fiir die Gleichrichtung der Versorgungsspannung und das
Lademanagement der drei Kondensatorbankplatinen zustindig.

Zur Validierung der Biindel und der Elektronik wird ein Versuchsaufbau realisiert. Die
Veroffentlichung erldautert den Ablauf der Vorexperimente und diskutiert diese. Es zeigt
sich, dass die zuvor berechneten und im Idealfall benétigten 230 V' Aktivierungsspannung
und der daraus resultierende Stromfluss zu niedrig ist, um die geforderte
Abfluggeschwindigkeit zu erreichen. Ein zufriedenstellendes Ergebnis erbringt eine
Erhohung der Ladespannung auf 280V, was in einem Stromfluss von 560 A pro
FGL-Biindel resultiert.

Final wird in der Ver6ffentlichung der Komplettautbau des Demonstrators erldutert, um im
Anschluss dessen Funktionalitidt zu iiberpriifen. Der fertige Demonstrator umfasst den

mechanischen Aufbau inklusive der drei FGL-Biindel und die komplette Elektronik. Um den
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Demonstrator zu testen, werden die Kondensatoren mit der zuvor ermittelten Ladespannung
von 280 V' aufgeladen, was zu einer Flughohe der Kugel von 41 ¢m fiihrt. Die umgesetzte
Energie pro Biindel betrigt dabei 145,1 J. Somit ergibt sich fiir den gesamten Demonstrator
eine Gesamtenergie von 435 /. Um das Maximum an Flughohe auszureizen, wird im
Anschluss die Ladespannung auf 300 V' erhoht. Die umgesetzte Gesamtenergie betrigt
damit 495 J und resultiert in einer Flughohe von 45 cm. Nach erfolgreichem Aufbau und
Test des Demonstrators endet die Veroffentlichung mit einem Ausblick, der weitere
Untersuchungen im Hinblick auf die Lebensdauer von FGL-Drihten in solchen
Hochleistungsanwendungen aufzeigt. Besonders der Einfluss der durch die kurze
Aktivierungszeit benotigten erhohten Leistung und der damit resultierenden dynamischen

Belastungen sind hier zu erwédhnen.
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The attractive properties of shape memory alloys (SMA), especially their high energy density, steadily ex-
pand the range of applications in which SMA wires represent attractive alternative actuator components.
Industrial applications in particular, oftentimes require large forces, which scale with the diameter of SMA
actuator wires. The higher the required actuator force, the larger the total effective cross-sectional area of
the SMA wires is needed. Increasing the SMA wire diameter results in worse actuator dynamics due to a
decreasing surface-to-volume ratio and thus slower convective cooling. Instead of simply increasing the

IS(lz‘l;vg r]slsémory Alloys wire diameter, the bundling of several thin wires offers a suitable alternative to generate higher forces. This
SMA results in an increased surface-to-volume ratio and thus permits higher dynamic system performance.

Bundle This paper discusses the mechanical and thermal behavior of SMA wire bundles and shows the influence
Ni-Ti of contact resistance inside the clamps, which is important to optimize for a long-lasting functionality of
NiTi SMA bundles. In addition, the experiments show an indirect heating between single SMA wires inside a
Nitinol bundle, which leads to an energy saving capability up to 60%. Two electro-mechanical experiments show
Ki%ﬂ;g;ce the behavior of SMA bundles in a constant force and a constant strain measurement. The experimental

results show a maximum stroke of 4-4.5% and a generated maximum force of 1200 N. The results are
discussed to provide an understanding of the mechanical characteristics of SMA bundles. In addition, an

infrared (IR)-Camera provides an insight into the thermal behavior.

© 2021 The Authors. Published by Elsevier B.V.
CC_BY_4.0

1. Introduction

Shape memory alloys (SMAs) are well known for bio-medical
applications like stents or guide wires [1-6]. Recently, SMA research
is focusing on the high potential as lightweight integrated actuator
systems [7-19], as well as the strongly emerging field of elastocaloric
cooling [20-23]. Due to their high energy density and multi-
functional properties [24], they are suitable for the design of com-
pact actuator-sensor-systems. In the automotive sector and
consumer electronics, SMA based actuator systems have already
established in several applications [25-29]. Typically, nickel-tita-
nium (NiTi) actuator wires with a diameter between 0.025 mm and
0.5 mm are used [30,31] as SMA actuators. The thermal shape
memory effect as underlying effect of shape memory actuators is
based on a reversible phase transformation of the material crystal
lattice between the low temperature martensitic phase and the high
temperature austenitic phase. The cold wire elongates when a ten-
sile stress is applied. Joule heating by an electric current lead to a

* Corresponding author.
E-mail address: rouven.britz@imsl.uni-saarland.de (R. Britz).

https://doi.org/10.1016/j.sna.2021.113233
0924-4247/© 2021 The Authors. Published by Elsevier B.V.
CC_BY_4.0

temperature increase of the wire, which results in a macroscopic
contraction. Microscopically, the length change is based on a first
order phase transformation from the martensitic lattice structure to
the austenitic lattice [24], [32]. After the wire is cooled down, an
external force can return the wire to its original length. This process
is thus repeatable. The contraction of the wire can be correlated with
the electrical resistance of the wire, referred to as “self-sensing”
effect [33].

Actuator systems using SMA technology usually consist of an
SMA element and a biasing mechanism like a spring or a mass. The
diameter of the SMA wire is determined by the required force. A
higher force means a larger diameter accompanied by reduced
system dynamics. Using multiple SMA wires in parallel allows for
generating high forces without decreasing the dynamic perfor-
mance, as shown in a bistable SMA vacuum suction cup [34]. In
contrast to an SMA bundle in form of a twisted cable, which makes a
convective cooling of the single wires almost impossible, a bundle of
separated wires allows an airflow through the bundle and therefore
improved convective cooling for better dynamic behavior.

Since an SMA bundle consists of several SMA wires arranged
mechanically parallel, the actuator can compensate the breakdown
of a single wire. Thus, bundling SMA wires not only allows for a high
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output force system with a high dynamic performance, but also
provides an increased reliability and redundancy. A major challenge
when using SMA wires as actuators is the electrical integration and
contacting. There are basically two ways to contact the SMA wires
electrically within a bundle - in series or in parallel configuration.
The following example is intended to briefly illustrate the ad-
vantages and disadvantages of the two electrical configuration op-
tions and their effects on the mechanical properties.

An exemplary NiTi SMA wire with a diameter of 0.25 mm and a
length of 100 mm has a resistance of approximately 1.85 Q. To heat
the wire up to the austenite finish temperature of 90 °C, a current of
1050 mA for 1 s at 172 MPa mechanical tensile stress is needed [30].
A voltage of 1.94 V is required to generate this current flow through
the wire. Contacting five wires in series, the voltage increases to
9.7 V, because of the resistance increase by a factor of five. The
failure of a single SMA wire in a serially contacted bundle would
result in an overall actuator system failure. The insulation of the
wires to each other and inside the clamps is also critical in the serial
case since short circuits lead to inactive areas of the bundle. Con-
tacting the SMA electrically in parallel, a current of 5.25 A is re-
quired, since the resistance is reduced by a factor of five, while the
voltage drop remains at 1.94 V. The disadvantage of the high current
flow using this topology can be compensated by the mechanical
advantages. The system is mechanically redundant. Contrarily to the
arrangement of the SMA wires in series, the failure of a single wire
does not lead to an actuator failure. Such a defect can be easily de-
tected by a resistance measurement and the actuator bundle can be
replaced during planned maintenance. Additionally, a lower design
effort is required since no electrical insulation in between the SMA
wires is required.

In this paper, SMA bundles in electrical parallel configuration are
investigated. First, the experimental setup to characterize SMA
bundles in different power and load conditions will be presented.
The setup includes an IR-Camera to determine the thermal char-
acteristics of the SMA bundles, including the temperature distribu-
tion of an SMA bundle in general as well as the influence of the
clamps on it. Also, a possible thermal influence of a wire to each
other wires in the bundle can be observed by the IR-Camera. After
outlining the thermal measurements, the experiments to char-
acterize the mechanical and electrical behavior of parallel SMA

Load cell

IR- Camera

SMA Bundle

Linear actuator
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bundles are discussed. The results show a significant mutual influ-
ence of the wires in a bundle, which can help save energy. The
findings of the possibilities of an SMA bundle in terms of force,
stroke, electrical properties and energy saving will subsequently
serve as a basis for the design of future actuator-sensor systems
based on bundled SMA actuator wires.

2. Materials and methods

The measurement setup is based on components from National
Instruments and uses LabVIEW to control the experiments and re-
cord the data. A load cell KS25 from GTM is attached to measure the
generated force of the SMA bundle, while a linear drive - in com-
bination with a control algorithm - allows either holding a constant
stress level of the SMA bundle during activation for constant force
measurements or a constant position for constant strain measure-
ments. In both cases, the SMA bundle voltage and current are
measured with a NI CompactRIO data acquisition system. The
voltage is measured by a NI 9229 voltage measuring module,
the current by a NI 9227 current measuring module. Additionally, an
IR-Camera IR 8380 from Infratec is equipped, enabling for the
measurement of the temperature distribution of the bundles. Fig. 1,
right shows the vertically arranged final experimental setup in-
cluding an SMA bundle.

The SMA bundles are made of commercially available SMA wires.
Due to a standardized manufacturing process, reproducible proper-
ties of the SMA material are given and documented by the manu-
facturer in [36]. Fig. 2 shows a DSC measurement of the used SMA
material.

3. Results
3.1. Thermal investigations

In this section, the results of the thermal investigations of SMA
wire bundles are presented and discussed. In this study, two bundles
of different sizes are compared. The first bundle consists of four
wires mechanically in parallel and the second bundle analogously of
28 wires. In general, heating an SMA wire yields a phase transfor-
mation and thus a force can be generated. The force that can be

Load cell 7

Supply +
Voltage
measurement + |
SMA Bundle -]
Voltage s
measurement -

Supply -

IR- Camera

SMA Bundle dgtail

Fig. 1. Schematic view of the test rig (left) and final experimental setup with SMA bundle (right) [35].
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Fig. 2. DSC measurement of the used SMA material [36].

Inhomogeneous Tempe

— —_—  ——

~ Homogeneous Temperature Distribution

Fig. 3. Inhomogeneous (upper part) and homogeneous (lower part) temperature
distribution of an SMA bundle.

generated by one wire and thus the mechanical stress in the material
depends on the temperature of the wire. Therefore, a homogeneous
temperature distribution and hence equal temperatures in all wires
is inevitable for an actuation using SMA bundles to ensure an equal
load distribution over all wires and to avoid an overload of single
wires. The upper part in Fig. 3 shows an IR-Camera recording, where
an inhomogeneous temperature distribution can be observed.
The bundle is divided into two temperature areas, a hotter section at
the bottom (pink) and a colder section at the top (red and yellow,
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respectively). Such an inhomogeneous temperature distribution
suggests different Joule heating of the single wires. The Joule heating
depends on the electrical power, which is influenced by the current
through the wires and their electrical resistance. But since all SMA
wires have through a semi-automatic winding process, which keeps
the pretension constant, initially the same dimensions, phase con-
figuration and temperature, their resistance is also identical. This
leads to the conclusion that the contact resistance inside the clamps
has an important influence on the current flow. By adding copper foil
and silver paste inside the clamps a better contact resistance could
be ensured and thus a homogeneous temperature distribution is
achieved (Fig. 3, lower part).

Looking at the temperature of individual wires in the bundle over
time using a measurement line at one position on the x-axis (Fig. 4),
a temperature gradient from the inner wires to the outer wires can
be observed. The pictures of the IR-Camera show only one half of the
SMA wires of a bundle, since the bundles are arranged in two layers
(see Fig. 1: SMA Bundle detail). As a consequence, only the front
layer of the bundle is observed, for example 14 SMA wires while
investigating a bundle of 28 SMA wires.

The temperature distribution in Fig. 4 has two reasons: On the
one hand, there is a better heat exchange of the outer wires with the
environment, on the other hand, there is reduced indirect heating of
these outer wires by less adjacent wires. Indirect heating means a
heat exchange from one wire to another through the air gap between
them. The measurement shows a significant heating of the air be-
tween the wires, in contrast to Fig. 5 with an insulating layer of air
between the wires. In both experiments, the energy per wire is
identical. The two bundles with four and 28 wires respectively, differ
regarding the resulting maximum temperature. Figs. 4 and 5 show
the two measurements and a lower maximum temperature in the
wires of the bundle with four wires can be observed. This indicates a
higher heat transfer to the environment and therefore a decrease in
the temperature of the bundles. With increasing temperature be-
tween the single wires, the temperature gradient between a wire
and the surrounding air decreases, which in turn helps heating up
the wires. The influences of this effect regarding actuation properties
are described in the experiments in Section 4.

28 Bundle

Pixel

180

o
o
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No insulating
layer of air 80

Temperature ['C)

20
60 70 80 90

Fig. 4. Temperature distribution inside a bundle of 28 wires [35].
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Fig. 5. Temperature distribution inside a bundle of 4 wires [35].

3.2. Constant force and constant stroke measurements

This section discusses the electro-mechanical measurements of
SMA bundles using SMA wires with a diameter of 250 um and a
length of 100 mm. The total dimensions of the bundles including the
clamps are 130 mm of length and 16 mm of width (Fig. 6).

To characterize their mechanical behavior by an electrical acti-
vation, two experiments are conducted, representing two extreme
stress types (maximum stroke and maximum force) of SMA wires. In
the first experimental series, the bundles are loaded with a constant
force while being activated. As a result of these experiments the
maximum stroke of the SMA bundle is obtained. In the second series
of experiments, the bundle is pre-strained to a defined stress level.
After reaching this stress level, the position is fixed, while the SMA
wires are activated. As a result, the maximum (blocking) force of the
SMA bundle is obtained.

Seven different bundle types with SMA wire numbers between
four and 28 are used for the following measurements.

3.2.1. Constant force experiment results

The constant force experiments show the maximum stroke of the
SMA bundles. Each bundle is loaded with a force equivalent to a
mechanical pre-stress of 200 MPa per wire (Fig. 7a) and this load is
kept constant during the experiment. An electrical current in tri-
angle signal form with a rising and falling time of 90 s each is applied

250 um SMA wires

Fig. 6. Sketch of the SMA bundle dimensions.

to activate the wires. The peak of each current triangle is pre-
determined and corresponds to a peak current of 0.39 A per wire,
assuming a homogeneous current distribution (Fig. 7d). A homo-
geneous current distribution leads to a homogeneous temperature
distribution, which leads to a homogeneous load distribution and
prevents overloads.

The wires contract up to a maximum value of 4 mm, which cor-
responds to a stroke of 4% (Fig. 7b,c). The voltage signals in Fig. 7e
show significant changes in the voltage rise rate at 80 - 90 s with the
exception of the bundle of 4 wires, which shows an almost constant
voltage rise rate. The voltage drop over the wires is influenced by the
electrical resistance of the wires, which is described by the
equation [37]:

Roma (T, X, X4, X-) = pSMA(T)% (1)
with
Pspa(T) = X0, (T) + x_p_(T) + xap, (T) @)

The equation shows that three factors contribute to the re-
sistance of SMA wires: The temperature T, the phase fractions
Xa, X4, X_ and the wire geometry, where L is length of the wire and A
is the cross-sectional area. Fig. 8 (left upper part) shows the bundle
resistance as a function of time calculated with the measured vol-
tage and current. Fig. 8 (right upper part) shows the bundle re-
sistance as a function of temperature. The resistance of the bundles
decreases according to the equation for parallel connection of re-
sistors:

-y,

n
1
Rrotal i=1 Ri (3)

For example, with a resistance of 18.5Q/m [30] for a 250 pm wire
and a length of 100 mm, one wire has a theoretical resistance of
1.85Q. A bundle of 4 wires has a total resistance of 0.46Q (Eq. 3).

For better comparison of the resistance behavior, the specific
resistance is calculated and shown in Fig. 8 (lower part). It is shown
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that the resistance drop decreases with a decreasing number of
wires. The lower resistance change correlates with the lower stroke
shown in Fig. 7b.

The reason for this lower resistance change is shown in Fig. 9,
illustrating the temperature of the bundles over time. To measure
the temperature of the wires, again the IR-Camera is used. The
maximum temperature of the bundle with four wires is less than
90 °C, thus below the austenite finish temperature. Due to this low
temperature, there is only little phase transformation and therefore
low wire contraction. Although the current per wire is equivalent in
all experiments, the heating rate decreases with a decreasing
number of wires in the bundle. This indicates a lower indirect
heating by the adjacent wires and results in the lower maximum
temperature. The plateaus in the temperature measurement at 75
and 175 s indicate the latent heat that is absorbed or released during
the phase transformation. The maximum temperature of the wires
in the bundle with four wires and in the bundle of eight wires is too

Sensors and Actuators: A. Physical 333 (2022) 113233

low to develop such a plateau, indicating only a small amount of
phase transformation.

To compensate the low indirect heating, more active heating is
required to achieve the same stroke of 4-4.5%. For this purpose, a
second experiment with the bundle of 4 wires is conducted by in-
creasing the current peak in 0.5A steps, from 1.6A to 2.6 A. The
result of the stroke measurement at different peak currents is shown
in Fig. 10 (upper part). After an increase of 1A the stroke reaches
4-4.5%. The delta of the resistance (Fig. 10, lower part) increases as
well, which indicates a near full phase transformation.

The calculation of the energy input per wire shows nearly the
same energy levels in the first experiment for all bundles (see Fig. 11,
green lines). As shown, the bundle of four wires only contracts about
1% at this energy level. The performance of such a bundle can be
improved using a higher energy input (Fig. 11, red and orange lines).
A bundle of 28 SMA wires saves more than 60% of the energy in
contrast to the bundle with four wires assuming a complete
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Fig. 7. Measured data from the constant force experiment - a) constant force of each bundle equivalent to a mechanical pre-stress of 200 MPa per wire, b) resulting stroke of each
bundle due to activation over time, c) resulting stroke of each bundle due to activation over temperature, d) current triangle for activation, e) voltage drop over each bundle.
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Resistance vs. Temperature
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contraction of both bundles (Fig. 11). A bundle of multiple SMA wires
not only brings the advantages mentioned, e.g. redundancy and high
forces combined with increased dynamics, but it also helps to realize
more energy-efficient activation.

3.2.2. Constant stroke experiment results

To complete the mechanical and electrical investigations of
bundled SMA wires, a further series of experiments is conducted,
pointing out the forces, which can be generated while using compact
SMA bundle actuators. Each bundle is loaded to a force equivalent to
a pre-stress of 200 MPa per wire. In contrast to the first experiment,
the stroke is kept constant during the experiment (Fig. 12a). A cur-
rent triangle with a rising and falling time of 10s is applied to ac-
tivate the wires. The peak of each current triangle is predetermined
and corresponds to a peak current of 0.65 A per wire, assuming a
homogeneous current distribution (Fig. 12d).

Stroke vs. Time

—1.57 A
—2.07 A
2.57 A

, 2,5 o
NO—= 010 01 =

Stroke [mm]
o
(&}

'
w

-3.5

>
(608N

'
[4)]

75 100 125 150 175 200 225 250 275 300
Time [s]
Resistance vs. Time

o

25 50

0.54
A<0.10Q

o
o
Y

=
5

A=~0.8Q

o
IS
)

Resistance [Q]
o
D
[o o]

o
i
N
S

0.42 : ' :
0 25 50 75 100 125 150 175 200 225 250 275 300

Time [s]

Fig. 10. Stroke (upper part) and resistance (lower part) change of a bundle of 4 wires
by different currents.

Fig. 12b shows the resulting force due to the heating as a function
of time. Each force maximum represents a stress maximum of about
850-900 MPa per wire, except the bundle of four wires with
700 MPa. Fig. 12c shows the resulting force due to the heating as a
function of temperature. In this experiment, no voltage drops are
visible in Fig. 12e, indicating less phase transformations. Plotting the
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resistance as a function of time (Fig. 13, left upper part), and for a
better comparison the specific resistance (Fig. 13, lower part), shows
an equivalent behavior of the resistance like the temperature. Fig. 13
(right upper part) shoes the resistance as a function of temperature.
First, the electrical resistance increases with increasing temperature,
as it is typical for metal. First a sharp rise and after 16s the re-
sistance change rate changes until the temperature maximum at
28 s. This change indicates the phase transformations and generating
the force, in contrast to the first experiment, the wire cannot
transform to austenite completely. The constant increase of the
mechanical stress results in an increase of the transformation tem-
perature, so the transformation can only happen bit by bit.

The low generation of force of the bundle with four wires results
from the low maximum temperature (Fig. 14). As already seen in the
constant force experiments, this lower maximum temperature re-
sults from increased heat exchange to the environment compared to
the heat exchange between the SMA wire themselves. Increasing the
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current through the SMA wires can compensate for this behavior
(Fig. 15).

4. Conclusion and outlook

First results of experiments with electrical and mechanical par-
allel SMA bundles have been presented. An overview of the ad-
vantages and disadvantages in contrast to an electrical series
configuration has been outlined first. Subsequently, the test rig,
enabling temperature measurements, as well as electrical-mechan-
ical measurements, has been introduced. Section three discusses the
thermal measurements of different SMA bundles, pointing out the
importance of a low-ohmic contact resistance as well as the influ-
ence of the indirect heating between single SMA wires inside a
bundle. Because of this indirect heating, up to 60% of the energy can
be saved during activation. In section four, two series of experiments
are presented, characterizing the mechanical and electrical behavior
of SMA bundles. In the first series of experiments, the SMA bundles
are loaded with a constant force. The experiment shows the
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Fig. 15. Force change of a bundle of 4 wires by different currents.

resulting stroke of SMA bundles at constant loads. A maximum
stroke of 4-4.5% can be obtained. In the second series of experi-
ments, the stroke is kept constant. These experiments show the
ability of generating high forces with compact SMA bundle actua-
tors. A bundle of 28 SMA wires with a diameter of 250 um is able to
generate a maximum force of 1200 N.

In future work the influence of the distance between the wires
will be investigated in order to optimize the energy savings due to
indirect heating effects, which is in conflict with the cooling beha-
vior and thus the desired high dynamics of SMA bundles. Due to the
better surface-to-volume ratio, SMA bundling should results in an
improved cooling behavior in comparison to one comparable thick
SMA wire. Further investigations will show whether, in order to
exploit this effect, the convection of the air is sufficient or whether
an additional air flow is indispensable to get the warm air out of the
bundle. In addition, effects like cumulative heating at repeated ac-
tivation and the effects of mechanical pre-load and environmental
conditions are important studies for future work. With these find-
ings about SMA bundles, compact SMA actuators generating high
forces at high frequencies can be specifically designed.
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High-Speed Antagonistic Shape Memory Actuator for High

Ambient Temperatures

Rouven Britz,* Gianluca Rizzello, and Paul Motzki

This work presents the development of an innovative shape memory alloy (SMA)
actuator principle, which allows high-speed switching cycles through the
decoupling of antagonistically arranged SMA wires. Being optimized for the use
at high ambient temperatures up to 65 °C, a possible application area is the active
venting of injection molds where it can be used to expel air, which is trapped
during the injection mold process. The patented actuator principle is based on a
decoupled agonist-antagonist SMA-spring system and allows a high-speed
closing movement by a compact and lightweight design. Another innovation
compared to conventional antagonistic SMA actuator systems is the integrated
fail-safe mechanism, which guarantees a defined closed state in case of power
failure. Subsequently, in the motivation the need for active venting valves for
injection molding is first described. Second, the novel actuator principle is
introduced, and the development of an electronics concept is discussed. Finally,
the design process, assembly, and validation of two iterations of the actuator
prototype are presented. The final prototype validation measurements showcase
high performance by valve strokes of 1 mm within 100 ms at ambient temper-

already widely used in various commer-
cially available products, for example, in
industry,"" the automotive and aerospace
sector,” the medical field®'” and
consumer electronics,''™"* and offer the
possibility of constructing lightweight,
compact, and energy-efficient actuator
systems."* 2% The underlying mechanism
for the use of SMA wires as actuators is
their ability to perform a reversible phase
transformation at the crystal lattice
level.**?! This phase transformation is
macroscopically visible in a change of the
length (contraction) of the SMA wire up
to 4%.12%?% Initially at room temperature,
the crystal lattice is in a martensitic phase
and can undergo a phase transformation to
an austenitic crystal structure by applying
energy in the form of heat. The technically

ature of 65 °C.

1. Introduction

In industrial applications, conventional nonelectric actuators
such as pneumatics will increasingly be replaced in the near
future by more energy-efficient electrically actuated drive sys-
tems. State-of-the-art electrical solutions are usually built with
different kinds of electric motors or electromagnets. As an elec-
tric alternative, shape memory alloys (SMAs) can play an impor-
tant role in this ongoing electrification process. SMA wires are
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simplest way to heat a wire is applying an
electric voltage, which generates a current
flow through the SMA wire. For the use
of this effect in an actuator system, which
can generate repeated output motion, the
SMA wire needs to be restored to its initial length using a biasing
system (e.g., a linear spring).***"!

Due to their high energy density in the range of 10’ Jm~3,
SMA wires excel as actuators in compact systems.”® This advan-
tage opens up application areas, which are hardly feasible or even
not possible with conventional actuators.?” The field of valves
certainly contains a lot of possible applications that would profit
from a more compact and lightweight design but the limited
switching frequency and temperature range of SMA technology
are still major obstacles on the way to widely spread commercial
products. In some of these areas, the environmental conditions,
especially high ambient temperatures, are challenging for SMA
technology, because of the thermomechanical dependency. An
exemplary application area for the latter is injection molding,
which motivates this illustration of the capabilities of SMA wires
in combination with a suitable mechanical design. In injection
molding machines, various valves with different functions are
represented. To take full advantage of the compact design possi-
bilities, a venting valve for injection molds was selected for this
cases study. Venting of an injection mold is needed to prevent air
from being trapped in the cavity, which will lead to a casting fail-
ure. Therefore, the vent needs to be closed in a well-defined time
slot to prevent the valve tappet from being back injected and
simultaneously allow the air sufficient time to leave the cavity.
Back-injection means that liquid plastic gets behind the valve

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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tappet and blocks this in movement and makes the ejection of the
injection molded part impossible.

In this article, a patented novel actuator principle based on
SMA wires is presented. Unlike current SMA systems, this orig-
inative actuator approach enables high-speed back and forth
switching in an antagonistic configuration of SMA actuators.
Additionally, this innovative SMA actuator system can be tuned
to perform at high ambient temperatures, which is the most
common restriction of state-of-the-art SMA-based drives.
To illustrate the principle and capabilities of the actuator system,
an example application in the field of injection molding is cho-
sen. As an active venting valve in injection molds, the actuator
faces the challenges of compact design, high ambient tempera-
tures, and high-speed activation. The developed antagonistic
actuator system is based on two actuators, each consisting of an
SMA wire, which works against a mechanical bias spring. These
two SMA-wire-spring configurations work against each other in
only one direction. Specifically, one of these configurations is able
to open and close the valve, the opening due to the activation of the
SMA wire, the closing is due to the cooling of the SMA wire and
the force of the biased spring. Because of the slow cooling behav-
ior of SMA wires, preventing a back injection cannot be ensured.
The timing and accurate triggering of opening and closing the
valve is necessary for the chosen application. Therefore, the sec-
ond SMA-wire-spring system can be activated independently from
the first and ensures a high-speed closing at the right moment.
This is possible due to the decoupling of the two antagonistic
working SMA-wire-spring systems in the closing direction.

The subsequent chapters first illustrate the motivation of
using SMA wires as actuators in a venting valve in injection
molding. Afterward, the actuator concept is explained at the
example of a venting valve. Furthermore, the developed control
electronics is presented, including the validation of the electron-
ics. The remaining chapters of the article describe the design
process, assembly, and validation of two developed prototypes.
Starting with the prototype for the proof-of-concept of the
mechanism and ending with the second prototype optimized
for high-ambient temperatures. Finally, the results of a trial injec-
tion mold process with the developed prototype are presented
and a conclusion and outlook are given.

2. Motivation

When looking for alternative actuator technologies with the
intention of replacing state-of-the-art drives in applications,
SMA technology is oftentimes overlooked because they are
known for their limited actuation frequency and feasible temper-
ature range. While this holds true for the shape memory material
itself, these drawbacks can be attacked and overcome by smart
system design and control strategies.'"®'”) The need for fast
switching frequencies as well as functionality in higher ambient
temperatures in a wide range of possible applications for SMA-
based drives has led to the invention of this novel SMA system
design approach. The field of injection molding was chosen to
exemplary showcase the ability to overcome the commonly men-
tioned drawbacks of SMA technology while still maintaining the
advantage of their unreached energy-density and ultra-compact
system design and integration.
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Figure 1. Effects of trapped air in injection molds. Reproduced with
permission.?" Copyright 2020, ASME.

Injection molding is a widely used technology for mass pro-
duction of plastic parts. During the injection mold process, when
the liquid plastic flows in the cavity, trapped air can prevent a
complete filling.% Figure 1 shows various examples of unfin-
ished injection molded parts because of trapped air. Typically,
an injection mold is separated in multiple parts but at least
two halves. The state-of-the-art solution to release trapped air
in cavities is a passive venting based on small gaps, which are
ground between the halves. Figure 2 explains the passive venting
standard solution. Typically, the gaps are designed to generate
either no edge or if not possible otherwise, a defined, small edge.
Therefore, this method requires high planning effort and preci-
sion in production. Furthermore, the separation of the injection
mold into at least two halves is essential to place the previously
described gaps to release the air.

Additionally, to passive venting, active venting of injection
molds represents an alternative approach, where an actuator is
used as a valve, which opens a ventilation duct and is closed when
the air in the cavity is ejected. Figure 3a shows an uncomplete

Ventilation
Duct
/

Injection Mold Gap Width

Environment

Gap Length

Gap Height Ventilation Duct Height

Figure 2. Standard passive venting solution.?"
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(b)

Trapped Air

Figure 3. Advantage of an active venting valve.?"

filled cavity due to trapped air when not using a venting system.
The liquid plastic flows through the gate into the injection mold.
While the plastic is shown in blue, the separation line in green
indicates the two mold halves which are needed to be able to
remove the injection molded part. In Figure 3b, a passive venting
gap is positioned at the separation line of the two mold halves.
On this position, the air can be expelled and makes a complete fill
of the cavity possible if the liquid plastic flows in. Because of the
missing separation lines at the other three locations, passive
venting gaps cannot be easily implemented. In these cases, a sep-
aration of the mold to grind the gaps with a following reassem-
bling would be required. Figure 3¢, in contrast, shows the result
using active venting valves and illustrates that there is no air left
in the mold. By implementing an active venting valve, the advan-
tage is that only drilled holes are needed for the positioning of the
valves. This is easily possible at all positions and angles and
reduces the effort for the overall venting of the molding process.

The motivation to use an SMA actuator instead of conven-
tional actuators (commonly used electromagnetic systems) is
the significantly reduced radial construction space they need
(Figure 4). SMA wires can be highly integrated and allow for
a compact active venting valve design. This fact leads to an advan-
tage in case of complex injection mold geometries, for example,
Figure 1, bottom right. This level of needed vents might be hard,
or even impossible, to obtain with conventional, typically
electromagnet-driven valves.

(@)

Overlap

Conventional Actuators

Figure 4. Installation space comparison of conventional and shape memory alloy (SMA) actuators.
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3. SMA Actuator Concept

The realized SMA actuator is based on two antagonistically work-
ing SMA-wire-spring configurations. As a result of this setup,
one SMA-wire-spring-system is depending on the movement
of the second system to open the actuator. For an active closing
of the actuator, the second SMA-wire-spring-system can operate
independently. This special kind of mechanical coupling allows
for a fast closing without the need of waiting for the first activated
SMA wire to cool down. The mechanical setup also allows for a
slow passive closing after deactivating the first SMA wire, which
is responsible for opening the valve. In this case, the system
response time depends on the cooling rate of the first SMA wire.
The advantage is given by a normally closed system, which is
necessary to meet the security standards while working with
injection molds. This SMA actuator concept is, therefore, differ-
ent from a standard antagonistic SMA system, in which two
wires are working directly against each other.***¢

An example of an injection molding process with a built-in
valve is shown in Figure 5, explaining the patented operating
principle in a more detailed way.*”) On the left-hand side, a sim-
plified injection mold cavity with a drilled valve seat is shown.
In dark blue and yellow the movable inner parts of the actuator
system are shown. They are relatively movable to each other.
The grey parts are representing the housing and show the fixed
bearings of the springs and SMA wires, which additionally allow

(b)

!

SMA Actuators

B1
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Figure 5. Sketch of the functionality of the actuator using the example of

an injection molding process. Reproduced with permission.?? Copyright
2020, The Authors, published by Front. Robot. Al.

a guiding of the inner parts. The SMA wires are shown in light
blue representing the cold state and red representing the hot
state with the compression springs shown in black. Figure 5a
shows the initial position of the valve before the injection mold
process starts. All SMA wires are in the cold state. The normally
closed position as initial position is achieved due to the fact, that
the force of the SMA1-spring-system is higher than the force of
the SMA2-spring-system. Thus, the spring of the SMA1-spring-
system always pushes the valve into the closed position. In
Figure 5b, the injection mold process has started, the valve opens
by activating SMA 1. Through the activation of SMA 1 and the
resulting compression of the spring, the spring of the second
SMA-spring-system can relax. If the liquid plastic flows in and
displaces the air, the air can escape from the cavity through
the open valve. If the plastic reaches the valve (Figure 5c),
SMA 2 will be activated and closes the valve immediately
(Figure 5d). At the same time, SMA 1 can be deactivated.
A closed valve allows the plastic to fill out the cavity completely
without a back injection. This is possible through the decoupling
of the two SMA systems in the mechanical design, which

Top Side
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facilitates the fast-closing movement independently of the cool-
ing behavior of the opening actuator. The timing to close the
valve by activating SMA 2 can be determined by additional sen-
sors or can be time controlled, based on the start of the injection
mold process using a flow simulation. As soon as the cavity has
been filled completely with plastic, SMA 2 can be deactivated as
well, and the valve restores its initial position (Figure 5e). The
process can start again after the ejection of the injection
molded part.

4. Electronic Concept

The developed electronics allows for an accurate control of the
actuator and the communication between the actuator and an
injection mold machine. After a trigger signal is detected, the
electronics activates the two SMA wires inside the actuator in
a specific order to open and close the valve. For the activation,
two voltage controlled current sources are used. The current
amplitude and activation time of each SMA wire are microcon-
troller controlled and programmable via universal serial bus
(USB). Figure 6 shows the complete circuit board.

Additionally, for future research, the electronic contains two
differential amplifiers for measuring the voltage of the SMA
wires, thus allowing to exploit the self-sensing effect of SMA
wires for condition monitoring or control purposes.**~*!

After completing the circuit board, a validation is performed.
The whole period of activation is time dependent, started by a
trigger signal. First, SMA 1 is activated for a specific time, which
is programmable via USB. After SMA 1 turns off, SMA 2 turns
on for a specific time, which is also programmable via USB.
The activation times and current amplitudes of SMA 1 and
SMA 2 are independently programmable. An example of result-
ing activation periods of the two SMA wires is shown in Figure 7.
The black and blue curves indicate the current signal for the two
different SMA wires. In the shown period of activation, SMA 1
(valve opening) is activated with a current amplitude of 300 mA
for 1s, while SMA 2 (valve closing) is activated with 400 for
100 ms. This means that the valve is open for 1s and closes
in 100 ms, for which the higher current amplitude of SMA 2
is necessary.

Bottom Side

Figure 6. Complete circuit board for activation of the two SMA wires inside the actuator.
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Figure 7. Circuit board validation, example of SMA driving signal "

5. Proof-of-Concept Mechanism: Design,
Assembly and Validation of Prototype |

As a first step, a proof-of-concept prototype is designed and
assembled to validate the presented decoupled actuator mecha-
nism in combination with the developed electronics. In addition,
the significantly decreased installation space using SMA wires as
actuator elements is demonstrated. In this regard, a total maxi-
mum outer diameter of 10 mm and a total maximum length of
150 mm are the selected design specifications. For the actuator, a
total stroke of Al = 1 mmis considered, this allows for a fast vent-
ing of the cavity through a proper opening of an air exhaust duct.
A means of choice to increase the lifetime of SMA wires is reduc-
ing their actuation strain, therefore the actuator design limits the
maximum strain to € = 2%. With this design parameter, the aus-
tenitic (contracted) length loof the SMA wires can be calculated as
follows.

Al
== (1)

As a result, an austenitic length |, = 50mm is calculated.
Arranging the SMA wires in a U-shape simplifies the electrical
connection as well as enables generating higher forces than
using only one wire. Furthermore, the SMA wires have a radial
90° offset and are nested within each other to keep the needed
construction space as compact as possible. Figure 8 shows the
wire arrangement inside the prototype.

The design considers using commercially available springs as
biasing elements with a stiffness of k = 0.9 Nmm ™! and an outer
diameter of De =2.9mm. The SMA wire diameter must be
adjusted according to the spring. For the calculation, the

Adv. Eng. Mater. 2022, 2200205 2200205 (5 of 12)

Figure 8. Wire arrangement inside the proof-of-concept prototype.?"!

maximum force of SMA1-spring-system is essential and set to
Fiax1 = 2.7 N. The U-shape of the SMA wire results in doubling
the provided SMA force. Also, to increase the lifetime it is bene-
ficial to reduce the mechanical stress of the wires in actuation.
Therefore, a maximum stress 6,,,,; = 300 MPa is chosen. These
conditions allow to calculate a wire diameter d as follows.

2F
— (2)

o

d=

As a result, an SMA wire diameter of d = 76 pm is chosen.

To facilitate the assembly, the valve design is divided in two
halves. In one halve, the complete internal structure can be
installed and adjusted, the second halve functions as a top cover.
Figure 9 shows one half-shell with the internal structure and
SMA wires. The half-shell (grey) has an outer diameter of
6mm and an inner diameter of 3.1 mm. The thickest parts of
the internal structure have a diameter of 3 mm. To attach the
valve mechanism to the actuator, an M2 thread is attached to
the tip of the actuator (orange).

The complete actuator design provides for the two half-shells
to be pushed into a housing (Figure 10). This keeps the half-

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ENGINEERING

www.advancedsciencenews.com

www.aem-journal.com

e —
Gl AACLARCCRURCERRE o =

~——

/
Spring 2

Half-Shell with Internal Structure

Figure 9. Computer-aided design (CAD) design of the half shell with internal structure.*"!
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Figure 10. Two half-shells (actuator) pushed together in the housing.®"

shells together on the one hand and protecting the inner struc-
ture from external influences on the other hand. The housing is
130 mm in total length and has a diameter of 8 mm. The previ-
ously mentioned requirements for the dimensions of the actua-
tor are thereby fulfilled. For the electrical connection of the
actuator, there is a connector inside the housing. To screw on
a plug, the prototype has an M8 thread on the outside of the
housing.

After designing the mechanics, the parts are manufactured.
The half-shells are manufactured using wire eroding and are
made of stainless steel. The inner parts are produced via a lathe
and a milling machine and are made of brass. The fixed bearings
for the wires and the springs, which are sliding surfaces at the
same time, are produced by injection molding, using a high
temperature-resistant plastic. To avoid short circuits from the

Fixed Bearing Spring 2 SMA 1

wires to the other metal parts, the wires are covered in Teflon
tubes. For the electrical connection of the SMA wires inside
the prototype, enameled copper wires are used. During the assem-
bly, first, the inner parts are positioned in one half-shell. Then the
SMA wires are attached to the inner parts and the corresponding
fixed bearings. Figure 11 shows the assembly with the inner parts
and the SMA wires before the two half-shells are put together.

As a last step during the assembly of the prototype, the half-
shells are inserted into the housing (Figure 12, upper part) and
the electrical connection is attached. The finished prototype is
shown in Figure 12, lower part.

To proof the concept of the decoupled mechanism inside the
prototype, an experimental test rig is built, measuring the stroke
of the actuator, the current trough the SMA wires and the voltage
drop over the SMA wires. To simulate the usage in high ambient
temperatures as needed in injection molding processes, the test
rig allows validating the prototype in a climate chamber. The data
is being acquired using an NI cRIO 9074 and LabVIEW. The
cRIO is connected to a displacement sensor RC171 from
PHILTEC to measure the stroke of the actuator. For the voltage
and current measurement, the cRIO is connected to the devel-
oped circuit board with integrated measurement points to mea-
sure voltage and current of the SMA wires. Additionally, a trigger
signal for the developed electronics to activate the actuator is gen-
erated from the cRIO. Figure 13 shows the test rig in a block
diagram including the actuator inside the climatic chamber.

To validate the actuator performance in combination with the
developed electronics, a first experiment is performed. In theory,
the actuator should be in the initial position, which is the rear-
most position of possible movement. Due to the activation of the

Fixed Bearing Spring 1

Spring 2 Fixed Bearing SMA 1

Figure 11. Half-shells with integrated inner parts and SMA wires."!
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Figure 12. Half-shells inserting into housing (upper part), finished proto-
type with attached electrical plug (lower part).?"]

SMA wires, the actuator should do a movement of 1 mm in both
directions. In the experiment, SMA 1 is activated for 1s, which
leads to the opening of the valve. After this one second, SMA 1
will be deactivated and SMA 2 will be activated at the same time
for 100 ms, leading to the closing of the valve. The results of the
experiment are shown in Figure 14. The current signals gener-
ated from the developed electronics are shown in the upper part
of Figure 14. The black signal represents the current through
SMA 1. A current amplitude of 300 mA and a duration of 1s
is predefined by programming the electronics and confirmed
by the measurement. The blue signal represents the current
through SMA 2, the amplitude and duration are also predefined
with a value of 400 mA and 100 ms. The mechanical output, as
reaction of the activation of the two SMA wires, is shown in the
lower part of Figure 14. The current starts flowing through the
corresponding wire at 500 and 1500 ms. It can be observed that
the stroke response is delayed compared to the current, because
of the heating process of the SMA wires. The closing movement
is done in 100 ms, starting at 1500 ms. The measurement shows

NI cRIO 9074

LabVIEW.

Displacement Sensor

www.aem-journal.com

that the actuator does not reach the required stroke of 1 mm and
that the actuator is not at the rearmost position in the initial posi-
tion. This is indicated by the larger closing movement compared
to the opening movement. As a comparison, consider the stroke
at 600 and 1500 ms.

A further experiment highlights the decoupled active closing
behavior of the actuator in comparison to a passive closing.
Active closing describes the closing movement due to the activa-
tion of SMA 2, passive closing means the closing movement due
deactivation of SMA 1 and the resulting decompression of
spring 1. Figure 15 displays the results, showing the active clos-
ing in black, where a fast decrease of stroke at 1500 ms can be
observed. In contrast, the blue curve represents the passive clos-
ing, which remains at maximum stroke for a longer period of
time and shows a slow decrease of stroke. In both cases, SMA
1 is activated with a 300 mA pulse for 1 s. In addition, the exper-
iment shows that the spring of the closing system is too weak to
do a complete passive closing movement.

To validate the actuator performance at a high ambient tem-
perature, the actuator is activated at 65 °C ambient temperature
in a climate chamber. Figure 16 compares the results of the
high-temperature and the low-temperature measurements.
At each temperature, the actuator is activated 3 times. It can be
seen that the performance at 65 °C is much worse than at 25 °C.
The initial starting point is shifted 50 pm toward opening of the
valve and the opening movement is only 50 pm. The closing
movement is about 250 pm and does not reach the end position.
At 1800 ms, a slow cooling behavior of SMA 2 can be seen
and the actuator is back in its initial position after ~3s of
cooling time.

The reason for this poor performance is the transformation
temperature of the SMA wires. In high ambient temperature,
both wires are partially transformed to austenite, which in
summary leads to the different initial point and the weaker
performance in movement. To improve the high ambient
temperature performance, the transformation temperature can
be increased by the pre-stress of the SMA wires. For this
reason, a second prototype is built. The next chapter explains
the development of a high ambient temperature optimized
prototype, which finally will show the same performance at 65
and at 25 °C.

Climatic Chamber

Electronic

Figure 13. Measurement setup for the validation of the actuator in high ambient temperature environments.
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Figure 15. Experimental result of an active closing versus a passive closing movement."!

6. Prototype II: High Ambient Temperature
Optimization

The first prototype was able to demonstrate the general function-
ality of the developed SMA mechanism. In this chapter, the opti-
mization for the use of the actuator in increased ambient
temperatures is shown.

The first step in the new design process is the adaption of the
two SMA-wire-spring-systems. For this, a simulation tool based
on a polycrystalline SMA model*"! was developed, allowing for
predicting the behavior of an SMA-wire-spring-system in high

ambient temperatures. Figure 17 shows the resulting plot of
the simulation tool for the SMA-wire-spring-system, which
opens the valve. The hysteresis curve of the SMA wire at ambient
temperature is shown in blue, in this case 65 °C. Red indicates
the SMA hysteresis after heating and the yellow straight shows
the characteristic curve of the mechanical bias spring. The result
shows the behavior of two wires, mechanically parallel with
a diameter of 150pm and a spring with a stiffness of
6.68 Nmm~™! at 65°C ambient temperature. Two equilibrium
points are marking the initial position of the system (blue curve)
and the position when the SMA wires are heated (red curve).
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Figure 17. Simulation result for a SMA-spring-system at 65 °C ambient
temperature.

The difference of position of both equilibrium points defines the
stroke of the actuator system and amounts to 1 mm. The result-
ing stress for each SMA wire is 597 MPa in the initial state and
788 MPa when heated. To guarantee that the opening
SMA-wire-spring-system can do a passive closing, the system
is designed to generate approximately double the force in com-
parison to the closing SMA-wire-spring-system. In the closing
SMA-wire-spring-system, SMA wires with a diameter of
100 pm are used. The maximum force of the closing mechanism
is 10.3 N, which is equivalent to a stress of 651 MPa per wire.
The final temperature optimized prototype including the elec-
tronic box is shown in Figure 18. The housing of the prototype is
adapted for the usage in an injection molding tool. Before this, a
validation of the actuator is done and shown in Figure 19. The
upper part of Figure 19 shows the current signals generated from
the developed electronics. The current signals of the two wires at
an ambient temperature of 25°C are shown in black, pink
describes the current signals of both SMA wires at an ambient
temperature of 65 °C. Because of the higher ambient tempera-
ture, there is less energy needed to heat the wire to its transfor-
mation temperature. Therefore, a lower current is required at
higher ambient temperatures, which is consequently shown in
the two current signals. The lower part of Figure 19 shows
the resulting stroke due to the activation of the wires at different
ambient temperatures. Blue indicates the stroke at 25 °C ambient

Adv. Eng. Mater. 2022, 2200205 2200205 (9 of 12)
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Figure 18. Final temperature optimized prototype with electronic box.

temperature and red shows the stroke at 65 °C. The measure-
ment shows a nearly complete identical behavior at both temper-
atures. The initial position of the actuator is in the fully closed
position and the required maximum stroke of 1 mm can be con-
sidered as sufficiently achieved with a generated stroke of more
than 950 ym (Figure 19 at 1500 ms). The fast-closing movement
reaches the initial position in 100 ms. After the fast closing, the
actuator bounces back in a middle position at 2000 ms. The rea-
son for this is that both SMA wires are deactivated at this time.
The resulting middle position is a product of the cooling behavior
of the used SMA wires and both springs. One possibility to avoid
this bouncing behavior is to keep the SMA 2 activated until SMA
1, which is responsible for opening the valve, has cooled down.
After SMA 1 has cooled down, the spring 1 keeps the actuator in
the initial position and SMA 2 can cool down as well. However,
the systematically conditioned side-effect of the middle position
shows that passive closing is ensured by spring 1. Also, it is
shown that the passive closing takes more time at higher ambient
temperatures because of the slower cooling behavior of the SMA
wires. The measurement shows some ripples in the movement,
which indicates friction in the prototype.

After the validation with the conclusion that the final prototype
functions are given as desired, the prototype is subjected to a field
test and is built into an injection molding tool. Figure 20 shows
the prototype in the injection molding tool. In advance, flow sim-
ulation is used to determine the point at which air entrapment
would occur in the cavity, and the prototype is positioned at this
position. The shown injection molding tool including the proto-
type is used to perform trial injection molds. A trial injection
mold with an inactive prototype is performed to validate the flow
simulation and to make sure that the prototype is located in the
right position in the cavity. On the left in Figure 21, the result of
the trial injection mold with inactive prototype is shown.
Predicted correctly, a casting failure due to the trapped air is
the result. In a next step, a trial injection mold with the active
prototype is conducted. The result is shown on the right-hand
side of Figure 21. Since the air can escape, the trial results in
a successful cast without any trapped air.
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Figure 20. Final prototype built in an injection molding tool.

7. Conclusion and Outlook

This article has presented the development and the validation
results of a novel decoupled antagonistic SMA actuator. The actu-
ator is optimized for the usage in high ambient temperature,
which is validated via test rig and experimentally confirmed
by the trial inserts as an active injection mold venting valve.
The motivation for the necessity of venting injection molds
has been described. Then, the operating principle of the
decoupled antagonistic SMA actuator is presented. To guarantee

Adv. Eng. Mater. 2022, 2200205 2200205 (10 of 12)

the correct activation of the SMA wires, an electronics concept is
developed. This ensures the opening and fast closing of the valve
at defined times in an injection mold process. The circuit board
consists of two programmable current sources, which allow to
predefine the current amplitude and activation time of each
SMA wire. The first developed prototype serves as the proof-
of-concept for the novel actuator concept. The design and assem-
bly process for the first prototype is described as well as the
assembled test rig. Experiments at different ambient tempera-
tures show that the actuator concept works correctly, with the
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Figure 21. Results of the injection molding process—without activation of the prototype (left), with activation of the prototype (right).

restriction of a decrease in performance at elevated ambient tem-
peratures. For this reason, a second prototype is built with an
optimized design. For the design, a simulation tool that allows
the prediction of the SMA-system behavior at high ambient tem-
peratures is used. The validation results of the final prototype are
shown with the conclusion that the actuator works independently
of the ambient temperature. In a final experiment, a test injection
mold including the developed actuator as a venting valve is con-
ducted. This field test confirms the test rig experiments and
shows the potential of active venting valves avoiding miscasts
due to trapped air.

In future steps, the long-life ability of the actuator will be
under investigation. These life-cycle tests are carried out in a test
rig as well as in an injection molding process. Also, an improve-
ment of the gliding surfaces inside the final prototype will be
necessary to avoid the shown ripples in the movement which
suggest friction in the bearings.
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ABSTRACT Nickel-Titanium (NiTi) based shape memory alloy (SMA) wires are already often used in
industrial actuator applications. Their high energy density allows the building of light-weight actuator
systems with high forces using small installation spaces. Combined with the biocompatibility of NiTi, a huge
field of applications can be covered by SMA actuated systems. In systems like emergency brakes or switch
disconnectors, which require high forces as well as high actuation speed, the high-power capability of NiTi
actuators is exploited. The presented work details the development and characterization of a giant power
catapult demonstrator, that combines the high-speed and high-force capability of SMA wires. To illustrate
the vast force, speed, and power potential of SMA wires, a bowling ball is launched from its resting position
vertically into the air using SMA wires. For demonstration purposes, a target altitude for the bowling
ball of 500 mm is chosen. With the height and the overall accelerated mass given, an actuation force
F = 920 N is needed. The instantaneous energy release from the designed power source results in the
targeted flight height and an overall peak power of P = 0.5 MW.

INDEX TERMS Keywords actuator, catapult, high-force, high-speed, high-power, high-performance, NiTi,

Nitinol, shape memory alloy, SMA.

I. INTRODUCTION

Shape memory alloys (SMA) are well known for their
superelasticity as well as their actuation capabilities and
are widely used in biomedical applications and specific
actuator products [1], [2], [3], [4]. The high energy den-
sity of Nickel-Titanium (NiTi) based SMAs [5], [6], [7]
allows for the development of high force industrial actuator
applications and robotic structures [8], [9], [10], [11], [12].
The notion Nitinol, as a common name for the alloy,
is an acronym for the two given components and the
place of its discovery. The discovery of the shape memory
effect of a binary nickel and titanium alloy is attributed to
William J. Buehler and Frederick Wang in 1959 over the
course of their research at the Naval Ordnance Laboratory.
The shape memory effect is based on the property of the
alloy to perform a reversible phase transformation. One dis-
tinguishes between the monoclinic low-temperature phase

The associate editor coordinating the review of this manuscript and
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VOLUME 10, 2022

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

martensite and the cubic space centered high-temperature
phase austenite [13], [14]. In contrast to plastic deformation
in conventional metals, which leads to a displacement of
atoms within the crystal lattice, shape memory alloys show
a phase shift in the martensite structure without a displace-
ment of atoms. This so called pseudoplastic deformation
is reversible and can be revoked [15], [16]. Heating the
structure leads to a phase transformation towards austenite,
which comes with a change in macroscopic shape. In the
case of SMA wires, the temperature induced transformation
to the austenite phase results in a contraction of the SMA
wire, which is used to perform mechanical work in actuator
systems [17].

Current research in the field of SMA actuators has a strong
focus on identifying new areas of application like the field of
bio-inspired motion [18], [19], soft robotics [20], [21] as well
as modeling and control of the oftentimes complex nonlinear
material behavior [22], [23].

Based on their performance capabilities, SMA actuator
applications can be classified into fast responding systems
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[24], [25], [26], [27], [28] and those that move very high
loads [29], [30].

The content of this paper deals with combining both topics
in a descriptive way, resulting in a mechatronic system for
technology demonstration purposes. Dana, Vollach and Shilo
give an overview of these high-rate SMA applications [27],
which can be used for the development of quick release mech-
anisms in safety applications [26] or contactors as promi-
nent practical examples. In both cases, the SMA actuator
must provide high forces in the range of several micro- or
milliseconds to either pull a safety pin and activate a brake-
/blocking mechanism or disconnect/break a high-voltage and
high-current electrical circuit.

To demonstrate both, the possible velocity and the potential
force in a complete mechatronic technology demonstrator
system outside a laboratory, this work aims to accelerate a
bowling ball vertically into the air from rest using only SMA
wires. To sufficiently demonstrate this dual high-performance
effect, a certain flight height of the bowling ball is neces-
sary. This flight height consequently determines the energy
required to accelerate the ball, so that it reaches the desired
height.

After defining the design and in consideration of the nec-
essary mechanical and electrical parameters, a demonstrator
is designed, built, and put into operation.

The remainder of this paper is composed as follows.
In section II, an overview of the overall system concept
is provided and the mechanical and electronics designs are
presented and discussed. Furthermore, the applied SMA wire
bundle configuration is introduced and validated. The final
demonstrator setup is described in section III, as well as the
possible performance of the developed system. Decisively,
an outlook is given and concluding thoughts are discussed in
section IV.

Il. ACTUATOR SYSTEM CONCEPT, DESIGN,

AND VALIDATION

The purpose of the presented demonstrator is illustrating
the immense power potential of SMA wires respectively
the SMA technology. To accomplish that goal, the actuator
system is divided into two main systems, i.e., the mechan-
ical guidance framework and the electronical power- and
switching system. As mechanical conditions, a desired flight
altitude of # = 500 mm and an overall mass m to be
accelerated of approx. 3 kg are chosen. The needed kinematic
momentum for the acceleration of the mass of the moving
system is generated from the contraction of the SMA wires
whilst their phase transformation from martensite to austenite
using an electrical current. During this thermally induced
transformation of the crystal lattice, a corresponding strain
of 4% of the material is achieved. Regarding the parameters
for height, mass and short acceleration travel, a force of
F =920 N is needed. Due to the high forces, SMA wires
with a diameter of d = 500 um are chosen and put in a
radial formation of 3 bundles [31] with 4 wires each. To store
the necessary electrical activation energy, a circuit board is
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designed with an array of capacitors and a maximum opera-
tion voltage of 450 V. With the chosen high-power switching
components, a current flow of over 600 A per bundle and
thus a combined system current flow of over 1800 A can be
achieved. This high current through each bundle results in an
almost immediate transformation of the crystal lattice from
martensite to austenite and the corresponding contraction of
the SMA wires.

To gain the maximum effect of the demonstrator, a concept
was elaborated combining both parts in an efficacious fully
integrated mechatronic system.

7 T > Ag
»71—1_—-> .‘\[_ 7_/7/‘;”
~ /

/ AeM 7
:-’j; : Onu“K“\

[ T T < M;

O(/.s'/:;)*\\ /
B©)
el €0 :

FIGURE 1. Mechanical stress-strain behavior of SMA wires in low
temperature (martensitic) and high temperature (austenitic) states [27].

A. BASIC CALCULATIONS FOR DESIGN
As concept base, all needed kinematic parameters have to
be evaluated and set. The activation scheme in this demon-
strator aims at full SMA wire contraction with maximum
velocity and thus generating an acceleration of a mass. Even
though the mechanical stress-strain behavior of SMA wires
is highly non-linear and hysteretic (Figure 1, [27]), in this
specific case the only constraint is to reach the fully austenitic
branch (2) from resting position (1) as fast as possible.
This means, no further control of the actuator is needed
or intended, the only goal is maximum power release upon
activation.

Based on energy conservation, with gravity g and the
required height of #; = 500 mm, the necessary velocity v;
of the launched bowling ball can be calculated as:

m
vi=y2gh =313 - (1

Furthermore, with the chosen SMA wire length of
Lnartensite: = 400 mm, the presumed strain of 4% and the
resulting  wire-length-based  acceleration travel of
Ax = 16 mm, the remaining translatory motion parameters,
acceleration time #; and the corresponding acceleration aj,
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can be evaluated:

2Ax
n=2%—1022ms @)
V1
a1 = - =306.26 5 3)
I3 S

The correlative combined force F' can be calculated, con-
sidering the kinematic mass m = 3kg and the needed accel-
eration @ from formula (3), as:

F=ma =920N )

In perspective of these high forces, SMA wires with a
diameter of d = 500 um were picked and put in a 3 by 4 wire
radial bundle arrangement (Figure 2).

SMA bundle

platform

FIGURE 2. Drawing of the radial SMA bundle arrangement used for the
bowling ball catapult.

With Equation 4 and the relevant values of the mass of a
single wire mgsya = 0.53 g, the specific thermal capacity
¢ = 500 J/kg K, the specific enthalpy » = 20 J/g and
the phase transformation temperature rise AT = 73 K,
the required activation energy Wi per 4-wire bundle can be
calculated.

W1 =4W1,1 = 4msya(cAT + h) = 119.12] 5

To deploy the calculated energy in the given time ty,
a dedicated energy source combined with capable control and
switching electronics is necessary.

B. MECHANICAL DESIGN

As the SMA wires are exclusively responsible for the demon-
strator kinematics, a proper mechanical design is developed
to illustrate this matter.

To provide the needed force and power, special SMA wire
bundles are designed. The bundle brackets can hold up to
5 wires each. At the moment of launch, every individual SMA
wire is providing a maximum peak force of 76.5 N with a
corresponding maximum peak mechanical stress of 390 MPa.
The wires are set in parallel mechanically and electrically,
whereas the clamping stem is also serving as the electrical
contact for the SMA wires (Figure 3a). A more detailed view
of the clamping bracket is shown in Figure 3b.

VOLUME 10, 2022

Electr. Contact Cable

Clamping Stem

Bracket

Clamping Screws

b)

Bracket Clamping Stem Brackets  Platform Slide

FIGURE 3. a) SMA bundle (bottom bracket) with 2AWG wire attached to
the clamping bolt, b) image of the CAD design of the clamping bracket, c)
corresponding SMA bundle attachment at top (frame) and bottom
(catapult platform).

For the fabrication and assembly of the used SMA bundles,
a specific preconditioning routine including a defined biasing
mechanism is used, which ensures homogeneous elongation
and stress level of o1 = 250 MPa of each wire in a bundle.
This guarantees that all SMA wires have the same precon-
ditions before their installation and minimizes individual
residual strains.

The bowling ball is set on a brim of aluminum, operating
as a catapult platform. One side of the SMA bundles is
attached to this brim in a circular arrangement of 120° spac-
ing. Additionally, the platform is mechanically connected to
slides guided on linear rails. These rails are connected to
a transparent acrylic tube, which has the task of keeping
the linear rails in position and guiding the bowling ball
on its flight trajectory. To limit the maximum travel of the
catapult platform to 16 mm, which is the maximum SMA
wire contraction and thus the highest possible acceleration
path length, limit stops are attached to the linear rails. This
prevents the platform from overshooting and ensures safe
separation of the bowling ball from the platform after the
acceleration travel, to allow the bowling ball to lift off. The
selected position of the end stops was determined, and no
variation was made, as the highest possible performance
(flight altitude) was aimed for. Therefore, the longest possible
acceleration path, i.e., the highest possible active stroke of the
SMA bundles used, determines the position of the end stops.
A reduction or increase would have no or a negative effect
on the performance. For overall sturdiness, the mentioned
arrangement is put in a frame of extruded aluminum profiles.
The framework is divided into two chambers, the upper one
housing the kinematics and the lower the control and power
electronics. The other side of the SMA bundles is attached to
the upper area of the aluminum frame (Figure 3c).
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The platform with the resting bowling ball (Figure 4) is
accelerated, as the 3 SMA bundles are activated. As the
platform hits the limit stops (Figure 4, dashed lines), the
bowling ball leaves the platform, continuing the vertical
translatory movement until reaching the turning point at the
targeted height. The movement then inverts, leading to the
bowling ball landing back on the launching platform. After
re-lengthening the SMA wires, the process can be repeated.

The evaluation of the electronic parameters, as well as the
design of the control and power electronics, is described in
the following section C.

C. CONTROL AND POWER ELECTRONICS

To supply the needed energy in the time f#; for the SMA
wire transformation, a suitable current source is crucial.
As commercially available power supply units are either too
slow or too expensive, a custom power supply was designed.
In Figure 5, a block diagram is shown, which illustrates the
interconnection of the core components. For safety reasons,
an array of electrolytical capacitors was picked as energy
storage.

FIGURE 4. lllustration of the bowling ball in its starting position and
when reaching the turning point after the lift-off subsequential of the
16 mm acceleration travel.

With an electrical resistance Rp = 0.45 Q2 per 4-wire SMA
bundle, an assumed remaining charge of 0.7% of a discharged
capacitor and being 1 = Rp - Cp, the relevant capacity can
be calculated as:

-
Uc =Ujen =U;-0.007 6)
n

C = —-—— =
B = T Rg In (0.007)

4.6 mF @)

Regarding the needed activation energy of Wi = 119, 12J
per bundle, the corresponding minimum charging voltage U
and the resulting electric current /1 for a single bundle can be
calculated:

V41
U = —2276V 8
! 0.5Cy ®)
U,
I = =5 =505.8A )
Rp
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Capacitors Cu-Panels

Cu-Rods IGBTs

Control
Circuit
Board

AC Power
Transformer

Power
Circuit
Boards

d)

Current Limiting Resistor Rectifier =~ PMOS Switches

FIGURE 5. Block diagram of the charging circuit with a) power circuit
board (top side), with 10/12 connected capacitors and secondary
components, b) power circuit board (bottom side), with additionally
applied copper sheets and rods leading the current flow from the
capacitors through the IGBTs to the SMA wires c) control circuit board
(top side), with limiting resistor, full-wave rectifier and secondary
components, d) control circuit board (bottom side), with 3 high-power
PMOS switches.

To provide the calculated capacity, the circuit board is
designed to house up to twelve parallel connected 460 uF
capacitors (Figure 5a), which allows an additional buffer of
20% to the needed ten capacitors.

As main switching component, two parallel connected
insulated-gate bipolar transistors (IGBT) are used, which
allow a maximum current flow of 960 A (Figure 5b).
To enable a high-current flow, extra copper plates and rods
were made and applied to the circuit board (Figure 5b).
Additionally, the circuit board is equipped with all neces-
sary state-of-the-art safety and regulation components like a
blocking diode and discharge power resistor, to ensure the
proper behavior.
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FIGURE 6. lllustration of the charging voltage of the capacitors (top), the voltage drop over the SMA wires (mid) and the resulting strain,
respective travel of the SMA wires (bottom) as an a) exemplary sequence of events, b) detailed view at the moment of release.

For charging the capacitor array, the control circuit board
is connected to an adjustable AC transformer combined with
a full-wave rectifier (Figure 5c), which allows a charging
voltage U; up to 350 VDC.

Each bundle is served by a dedicated capacitor-based
power supply, which all are preconnected to the central
control circuit board. On the control board, the charging
and discharging of the capacitors is managed sequentially
with 3 high-voltage p-channel MOSFETs (Figure 5d), com-
bined with current limiting resistors (Figure 5c) for the
charging process. The 3 power circuit boards as well as
the control circuit board are connected to a microcontroller,
which controls all the relevant sequences of the launching
procedure.

FIGURE 7. Display of the validation setup with relative overall accelerated
mass in its starting position (left) and reaching its peak altitude (right).

D. SMA BUNDLE VALIDATION

To verify the functionality of the charging electronics as well
as the capacitor based high-current power circuit boards, all
parts are tested in a measurement setup linked to several
sensors, e.g., LEM HASS500 current sensor and a Keyence
LK-G87 laser triangulation sensor. To approach the full
potential of the setup, the power circuit board is equipped
in steps with 5, 8 and finally 10 capacitors. Corresponding
to the number of capacitors, 2, 3 or 4 SMA wires are put
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in the bundles and activated by discharging the capacitors via
the SMA wires.

During the charging and discharging process, the volt-
age of the capacitors, the voltage at the SMA wires, the
current flow through the SMA wires, the contraction time,
as well as the contraction travel are measured. Figure 6a
shows the exemplary sequence of events from charging the
capacitors until the instant of the momentary energy release,
with the capacitor charging voltage at the top, the measured
voltage at the SMA wires in the middle and the performed
travel at the bottom. A more detailed view of this mea-
surement is shown in Figure 6b. Additionally, a portion of
the overall accelerated kinematic mass is put on a linear
slide with a launch pad, attached to one side of the SMA
bundle, in relation to the used count of SMA wires and
capacitors. As the capacitors are discharged, the proportional
weight is accelerated and launched equally to the bowling
ball into midair (Figure 7). As the height of the launched
weight reached is also measured, the charging voltage of
the capacitors can be compared to the theoretical value of
U; = 230 V and later adjusted to reach the aimed flight
height. Regarding the measuring results of the validation
process it is shown, that with the designed electronics an
almost instantaneous discharge via the SMA wires is possible
(Figure 8, center diagram) leading to the targeted 16 mm
travel (Figure 8, bottom diagram). Furthermore, with an
adjusted charging voltage of U, = 280 V (Figure 8, center
diagram) all relative combinations of SMA wire and capacitor
count and their corresponding weight the resulting perfor-
mance can be measured. A maximum current flow of up
to I, = 560 A (Figure 8, top diagram) can be monitored,
leading to a discharge time of r, < 11 ms (Figure 8§,
bottom diagram). The travel exceeding the 16 mm mark,
can be explained by the not completely stiff carrier, leading
to the overshooting as shown in Figure 8. These experi-
ments are repeated with every power circuit board, until
all three needed circuit boards are validated and equipped
with ten 460 uF capacitors, providing the needed capacity
of 4.6 mF each.
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Relative Ballistic Masses (2/3/4 SMA, 500/700/900 g, 280 V)

2SMA, m__ =500g
--38MA,m_ =700g
..... 4SMA, m__ =900 g

— o= S SR M I

- - o

-~ -

15 20 25 30

Time after release (ms)

FIGURE 8. Representation of the current flow via the SMA wires (top), the voltage drop over the SMA wires (mid) and the resulting acceleration
travel of the SMA wires (bottom) for the combined sequence of events with 2, 3 and 4 SMA wires attached with corresponding charging voltage and
the proportional weight lifted. The red marker highlights the acceleration times 2 < 11 ms of each setup.

Subsequently, all electronics and mechanical components
are assembled, combined, and put into operation, which is
described in the following section III.

FIGURE 9. a) Image of the CAD assembly, b) Final fully assembled and
enclosed demonstrator (height h = 1260 mm, width w = 545 mm, depth
d = 545 mm) with top kinematic chamber and bottom electronics
chamber.

Ill. FINAL SETUP AND PERFORMANCE

To examine the combined potential of the three power circuit
boards and to compare the reached height of the bowling ball
with the calculated height, all components are assembled.
As mentioned above, the upper chamber of the aluminum
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framework serves as sturdy and reliable structure for the
mechanical components (Figure 9). Apart from that, the
bottom chamber contains all the electronics, such as the
power circuit boards, the control circuit board, the microcon-
troller and necessary secondary components. The chambers
are locked up with acrylic and aluminum composite panels
(Figure 9) to ensure safe operation and handling. As the
aimed current flow and voltage represent a high risk for
human health, all the electronic connections are precisely
built and thoroughly checked. Consequently, the whole setup
is put into operation by applying stepwise rising charg-
ing voltages to the capacitors. The following discharge of
the capacitors via the SMAs and the resulting movement
is monitored and then compared to the expected behavior.
Since the observed behavior matched the predictions, the
charge voltage is incrementally increased until the target
voltage of Uy = 280 V.

The bowling ball is then placed on top of its launching
platform and a square patterned sheet is applied at the back
side of the demonstrator. Considering the square edge length
of 5 cm, the travelled height of the bowling ball can be easily
determined.

The first set of attempts is performed with a charging volt-
age of Uy = 280 V, leading to a travel height of i1, = 41 cm
(Figure 10a, dotted red lines), a measured overall system
activation energy W, = 435 J and a combined overall system
power P> = 0.43 MW (Figure 10b). The sequence is repeated
five times with always comparable results. Although the
reached height presented itself very impressive, it minimally
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FIGURE 10. a) Comparison of start and end position (red dotted lines)
with a charging voltage of 280 V leading to a travelled height of 41 cm,
b) Corresponding overall peak power of 429.6 kW (3.143.2 kW) with a
charging voltage of 280 V.

undercut the targeted height. The explanation for the mea-
sured activation energy W being higher than the calculated
theoretical value W is, that the primary calculation was made
in an ideal state without consideration of any influences of
friction and tensions. Another influence on performance is
the inertia of the mass to be accelerated.

At the moment of launch, this results in an increased
stress level, which then causes a higher actual transforma-
tion temperature. This leads to higher temperature values in
Equation (4) and thus higher energy needed. To get closer
to the targeted flight height, the charging voltage is further
increased.

The next set of attempts is made with an increased charging
voltage U3 = 300 V, which is just below the technical limits
of the voltage supplying transformer. The following discharge
of the capacitors via the SMA wires leads to a travel height
of the bowling ball of 73 = 45 cm (Figure 11a, dotted red
lines), a measured overall system activation energy W3 =
495 J and a combined overall system power P3 = 0.49 MW
(Figure 11b).
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FIGURE 11. a) Comparison of start and end position (red dotted lines)
with a charging voltage of 300 V leading to a travelled height of 45 cm,
b) Corresponding overall peak power of 488.1 kW (3.162.7 kW) with a
charging voltage of 300 V.
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FIGURE 12. Flight heights of the first and last five attempts (solid blue)
and the so calculated average flight height (dashed red).

IV. CONCLUSION AND OUTLOOK

In this article, a vivid SMA catapult demonstrator that dis-
plays the enormous power potential of SMA technology has
been presented. In addition to the development and design
of the mechanical structure and actuator components, which
successfully launch a bowling ball to the height of about
450 mm, a high-power circuit board is developed, that can
deliver a current flow of up to 700 A per board. With a series
of fundamental experiments, the reliable functionality and
repeatability of the circuit boards is validated. Furthermore,
it is shown that the launching sequence can be repeated
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without any loss of efficiency being displayed in the con-
stant travelled height of the bowling ball over 100 times
(Figure 12). The deviation around the average height value
of haye = 43.4 cm can be explained with different ambient
temperatures and the resolution of the measuring scale.

The high-speed actuation with the preeminent overall
power potential of about 0.5 MW shown by the built demon-
strator allows for the option to expand the SMA technology
in new areas of application, e.g., load-break switches. The
combined high-speed and high-power actuations are a result
of the excellent specific energy density of 81.4 kJ/kg and spe-
cific power density of 82.2 W/kg of the SMA technology that
would hard to be met with competing actuator technologies.

In the next steps, lifetime cycle tests will be conducted in a
statistical setup to observe and estimate life cycle times of the
used NiTi SMA wires under theses extreme mechanical, ther-
mal and electrical conditions. In addition, the development of
amodel to predict the behavior of SMA wires in such extreme
and highly dynamic conditions will be helpful for the design
of commercial applications in the future, as well as further
systematic experiments with different loading conditions.
Applications that can already be implemented are release
mechanisms such as airbag release triggers, load break
switches and payload release actuators for space applications.
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4 AUSBLICK

Diese Arbeit beschiftigt sich mit FGL-Dridhten in Hochleistungsanwendungen und zeigt
Grundlagenversuche im Bereich der FGL-Biindel zur Erzeugung hoher Krifte sowie die
Entwicklung eines anwendungsnahen Prototyps im Bereich der schnellen Aktivierung von
FGL-Drihten. Um das volle Potential von beiden Hochleistungsbereichen aufzuzeigen, wird
zusitzlich der Aufbau eines Technologiedemonstrators gezeigt, der beide Bereiche vereint.
In den Grundlagenversuchen zum Verhalten von FGL-Biindeln wird zwar die
Zukunftstriachtigkeit dieser deutlich, um diese jedoch tatsdchlich sicher in eine praktische
Anwendung zu bringen, sind weitere Untersuchungen notwendig. Der wohl entscheidendste
Faktor ist hier das postulierte verbesserte Oberflichen-Volumen-Verhiltnis, das zu der
gewiinschten Dynamikverbesserung fiithren soll. Um dies zu validieren und Aussagen im
Vergleich zu entsprechenden FGL-Halbzeugen zu treffen, sind in der Zukunft entsprechende
Versuche notwendig. Faktoren wie der Abstand zwischen den Drihten, die verwendete
Drahtdicke und -anzahl sind dabei zu beachten. Unterschiedliche Kiihlmethoden zur
weiteren Leistungssteigerung wie Luftstromungen oder eine Einbettung der Drihte in
Polymere sind ebenfalls denkbar und erfordern weitere Experimente. Auch das Verhalten
bei zyklischen Aktivierungen und die Lebensdauer sind zukiinftig zu untersuchende Gréfen.
Letzteres ist besonders interessant, da zwar, durch den Aufbau der Biindel, eine Redundanz
beim Reiflen einzelner Drihte vorhanden und ein Komplettausfall des Biindels somit nahezu
ausgeschlossen ist, die dadurch entstehende Mehrbelastung der verbleibenden Drihte jedoch
nicht zu vernachldssigen ist. Fiir den Einsatz in Anwendungen sind zudem noch
Herstellungsverfahren und die Befestigung der Drihte entscheidende Punkte. Der durch die
Biindelung entstehende niedrige elektrische Widerstand muss ebenfalls fiir die Entwicklung
anwendungsnaher Ansteuerelektroniken beriicksichtigt werden.

Bei dem entwickelten Aktor und den sich darin befindenden schnell aktivierten

FGL-Dréhten liegt in der Zukunft ein dhnlicher Schwerpunkt wie bei den
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Ausblick

Grundlagenversuchen der FGL-Biindel. Auch hier sind weitere Untersuchungen nétig, die
auf die Lebensdauer der Drihte abzielen. Bisher gibt es keine Untersuchungen dariiber, wie
sich der zur schnellen Aktvierung benétigte hohe Stromfluss durch die Drihte auf deren
Lebensdauer auswirkt. Den FEinfluss der, durch den Einsatz in erhohten
Umgebungstemperaturen bedingten erhohten Drahtspannungen auf die Lebensdauer sollte
ebenfalls zukiinftig untersucht werden. Weitere Schritte, den Prototyp zu einem Produkt
weiterzuentwickeln, sind neben der Verbesserung interner Reibeffekte ein
maschinengerechteres Design im Hinblick auf Fertigung und Zusammenbau der Aktoren.
Die Elektronik kann dahingehend weiterentwickelt werden, dass eine Schaltiiberwachung
bzw. Zustandsiiberwachung mittels der ,,self-sensing Eigenschaft der FGL-Drihte moglich
ist.

Durch die nétigen Untersuchungen in Bezug auf die Lebensdauer in den einzelnen Gebieten
der Hochleistungsanwendungen ist diese auch in der Kombination der beiden Gebiete in
dem entwickelten Demonstrator ein wegweisender Faktor fiir zukiinftige Arbeiten. Die
Identifizierung von Anwendungsfillen mit einmaliger oder geringer Anzahl an
Aktivierungen und die anschlieBende Entwicklung von Prototypen sind unabhéngig von den
Lebensdauerversuchen moglich und sinnvoll, um andere konstruktive Aufgabenstellung,

beispielsweise die Miniaturisierung einzelner Komponenten, im Vorfeld zu 16sen.
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