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SALES, T. P. Simultaneous use of shape memory alloys and permanent magnets in 

multistable smart structures for morphing aircraft applications. 2017. 135 p. Ph. D. 

Thesis. Federal University of Uberlândia, Uberlândia.

ABSTRACT

This Thesis considers the simultaneous use of shape memory alloys and permanent magnets
for achieving multistable smart structures aiming towards morphing applications. Motiva­
tion for this approach lies in the poor energetic efficiency of shape memory alloys, which can 
void system-level benefits provided by morphing technologies. Multistability can therefore 
be adopted to prevent continuous operation of shape memory alloy actuators. Objectives of 
the study involve the combination of shape memory alloys and permanent magnets in new 
geometrical arrangements to achieve multistable behavior; the development of a numerical 
modeling procedure that is able to simulate the multi-physics nature of the studied systems; 
and the proposal of a geometric arrangement for morphing applications that is based on a 
repeating pattern of unit cells which incorporate the combined use of shape memory alloy 
wires and permanent magnets for multistability. The proposed modeling strategy considers a 
geometrically nonlinear beam finite element; a thermo-mechanical constitutive behavior for 
shapememoryalloys;theinteractionofcuboidalpermanentmagnetswitharbitraryorienta- 
tions; and node-to-element contact. Experiments are performed with three distinct systems, 
including a proof-of-concept beam, a three cell morphing beam metastructure, and a morph­
ing airfoil prototype with six unit cells. Results show that the combination of shape memory 
alloys and permanent magnets indeed allows for multistable behavior. Furthermore, the dis- 
tributedactuationcapabilitiesofthe morphingmetastructureallowforsmoothandlocalized 
geometrical shape changes.

Keywords: shape memory alloys, permanent magnets, multistability, morphing
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SALES, T. P. Uso simultâneo de ligas com memória de forma e ímãs permanentes em 

estruturas inteligentes multi-estáveis para aplicações em aeronaves com geometria 

variável. 2017. 135 p. Tese de Doutorado. Universidade Federal de Uberlândia, Uberlândia.

RESUMO

Esta Tese considera o uso simultâneo de ligas com memória de forma e ímãs permanentes para
a obtenção de estruturas inteligentes multiestáveis, com vistas a sua aplicação em aeronaves
de geometria variável. A motivação para tal abordagem reside na baixa eficiência energética 
associada às ligas com memória de forma, a qual pode eliminar benefícios oriundos de tecnolo­
gias relacionadas a geometria variável. Multiestabilidade pode, desta forma, ser adotada para 
prevenir operação contínua de atuadores baseados em ligas com memória de forma. Objetivos 
do estudo envolvem a combinação de ligas com memória de forma e ímãs permanentes em 
novos arranjos geométricos para a obtenção de comportamento multiestável; o desenvolvi­
mento de um procedimento de modelagem numérica que pode simular a natureza multifísica 
dos sistemas estudados; e a proposição de um arranjo geométrico para aplicações que en­
volvem geometria variável, o qual é baseado num padrão repetitivo de células unitárias que 
incorporam o uso combinado de ligas com memória de forma e ímãs permanentes para mul- 
tiestabilidade. A estratégia de modelagem proposta considera um elemento finito de viga com 
não-linearidades geométricas; um modelo constitutivo termomecânico para ligas com memó­
ria de forma; a interação entre ímãs permanentes cúbicos com orientação arbitrária; e contato 
entre elemento-e-nó no contexto de elementos finitos. Experimentos são realizados com três 
sistemas distintos, incluindo uma viga para prova de conceito, uma metaestrutura do tipo viga 
com geometria variável composta por três células unitárias, e um protótipo de aerofólio com 
geometria variável composto por seis células unitárias. Resultados mostram que a combinação 
de ligas com memória de forma e ímãs permanentes permite a obtenção de comportamento 
multiestável. Além disso, a característica de atuação distribuída das metaestruturas com geo­
metria variável permite alterações de forma suaves e localizadas.

Palavras chave: ligas com memória de forma, ímãs permanents, multiestabilidade, sistemas com 

geometria variável
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C H A PT E R I

INTRODUCTION

1.1 Background and Motivation

Morphing aircraft have been intensively studied lately, as is shown by several recent 

literature reviews on the subject (RODRIGUEZ, 2007; THILL et al., 2008; BARBARINO et al., 

2011b; GOMEZ; GARCIA, 2011; LACHENAL; DAYNES; WEAVER, 2013; WEISSHAAR, 2013; 

BARBARINO et al., 2014; DAYYANI et al., 2015; EMAM; INMAN, 2015; SUN et al., 2016). The

term refers to aircraft whose geometry can be modified as demanded, usually trying to achieve 

better performance, greater maneuverability, improved fuel consumption, etc. Insects, birds 

and bats are some of the animals that have made mankind pursue sustained flight, and mo­

tivated the search for novel approaches in aircraft design, based on bio-inspiration, such as 

morphing technologies (VALASEK, 2012).

Structural reconfiguration in aircraft can be seen nowadays in the form of flaps, slats, and 

ailerons, for example. These are for the most part adopted for achieving high-lift configurations 

during take-off and landing; or to allow for roll control and/or stabilization of the aircraft. More 

unconventional approaches can also be listed, such as variable wing sweep, as implemented in 

the F-14 Tomcat, among other aircraft, which is adopted to allow for flight both at low and high 

speeds; and tilting rotors, as seen in the Bell Boeing V-22 Osprey, which enable vertical take-off 

and landing, while simultaneously allowing for the long-range, high-speed cruise performance 

of a turboprop aircraft.



2

Table 1.1 summarizes the effects that result from geometric modifications adopted during 

aircraft wing design. It can be seen that airfoil camber morphing allows for the modification 

of the zero-lift angle of attack; the airfoil aerodynamic efficiency (i.e. the ratio between lift and 

drag); and the behavior of flow separation. Furthermore, if camber morphing is implemented 

at distinct sections along the wing span, differential camber morphing could imply in modifica­

tions of the wing torsion distribution, thus effectively enabling control of the lift distribution 

of the wing. Ideally, elliptical lift distribution could be achieved, so as to minimize induced 

drag, during the whole mission profile of the morphing aircraft, if energy efficiency is to be

Table 1.1 - Effects of wing geometry on aircraft performance (JHA; KUDVA, 2004)

Parameter Variation Resulting effects, with other parameters unchanged

Wing plan area t
1

Increased lift and load factor capability
Decreased parasitic drag

Wing aspect ratio t Increased L/D, loiter time, cruise distance and turn 
rates; Decreased engine requirements
Increased maximum speed; Decreased parasitic drag

Wing dihedral t Increased rolling moment capability and lateral 
stability

1 Increased maximum speed
Wing sweep t Increased critical Mach number and dihedral effect; 

Decreased high-speed drag

1 Increased CL,max

Wing taper ratio t1 Wing efficiency (span-wise lift distribution) and 
induced drag can be reduced/increased

Wing twist distribution t1 Tip stall can be prevented and span-wise lift 
distribution can be tailored

Airfoil camber t1 Zero-lift angle of attack and airfoil efficiency can be 
increased/decreased; separation behavior can be 
improved/worsen

Airfoil thickness/chord ratio t Improved low-speed airfoil performance

1 Improved high-speed airfoil performance
Leading edge radius t Improved low-speed airfoil performance

1 Improved high-speed airfoil performance
Airfoil thickness distribution t1 Airfoil characteristics and laminar/turbulent 

transition can be improved/worsen
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pursued. Because of these outcomes, camber morphing is indeed the most researched aspect 

amidst the morphing aircraft literature (BARBARINO et al., 2011b).

Nevertheless, morphing aircraft have not taken over traditional aircraft designs, despite

the huge benefits they provide. This comes, in part, from designs that have been highly opti­

mized during the previous decades by aircraft manufacturers. Another reason for morphing 

aircraft designs not being adopted at this time is related to penalties this technology actually 

poses (WEISSHAAR, 2013; FRISWELL, 2014). For instance, increased weight and costs might 

be observeddue to the requirementofadditionalactuationsystems, andstructuralrearrange- 

ments. Complying with this, the morphing technology might be advantageous mostly, or even 

only, in conditions for which conflicting and/or multiple requirements are to be met by the air­

craft, as shown in Fig. 1.1.

To tackle the weight issue that naturally arises in morphing aircraft, the so-called smart 

materials can be useful. These are able to convert energy from one physical domain to another, 

and, as long as one of these domains is the mechanical one, they can be adopted as sensors 

and/or actuators (LEO, 2007). Examples include piezoelectric materials, that exhibit electrome­

chanical coupling; and shape memory alloys (SMAs), which are characterized by their thermo­

mechanical nature. Smart materials can be adopted to enhance traditional mechanical designs 

by enabling embedded sensing and actuation, for example, and therefore lead to compact sys-

Small limit load range 
Limited speed range 
Small payload fraction

Low T.O. limit load & high cruise limit load 
Low stall speed & high cruise speed 
Low observable & long loiter

Figure 1.1 - Wing weight and cost versus aircraft mission requirements (MCGOWAN, 2007)
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tems. Furthermore, smart material actuators usually can be designed so as to bear structural 

loads, and thus promote an overall weight minimization for the system in which they are 

integrated. As reported in the literature review by Barbarino et al. (2011b), smart material 

actuators are, if not mandatory, the most promising approach for enabling morphing aircraft 

technologies.

SMAs, in particular, have been adopted in numerous applications related to morphing 

aircraft (BARBARINO et al., 2014). This class of materials have also been largely adopted

inthebiomedical(MACHADO;SAVI,2003;MORGAN,2004;PETRINI;MIGLIAVACCA,2011),

aerospace(HARTL;LAGOUDAS,2007),androbotics(KHEIRIKHAH;RABIEE;EDALAT,2010)

research fields. Broader review publications on the subject of SMA actuators can also be found 

(NESPOLI et al., 2010; MOHD JANI et al., 2014; CISSE; ZAKI; ZINEB, 2016a; CISSE; ZAKI;

ZINEB, 2016b).

Table 1.2 summarizes the main characteristics related to SMAs, and also points out to di­

rect consequences related to their engineering application. Table 1.3, on the other hand, com­

pares the characteristics of several actuators adopted in engineering applications, including 

SMAs and piezoelectric materials. When the data given in this table is considered, it becomes 

clear that NiTi SMAs are the obvious choice when actuators that provide significant displace­

ment and forces are needed, with no critical requirements for a short response time or high 

efficiency (MOHD JANI et al., 2014).

In this respect, specially when morphing applications are considered, the poor ener­

getic efficiency of SMAs can be particularly troublesome. As Barbarino et al. (2014) point out, 

system-level benefits provided by morphing technologies should be expected as long as power 

consumption can be kept low. In this regard, avoiding continuous actuation of an SMA ma­

terial consists in an interesting strategy, if this is indeed possible from an operational point 

of view. Following this reasoning, the adoption of a multistable SMA actuation arrangement 

can lead to significant benefits in terms of energy savings, while still allowing the system to 

assume distinct configurations.

Infact,severalmorphingaircraftresearchhaveadoptedtheuseofmultistablestructures. 

For the most part, they rely on bistable laminated composites that are actuated by piezoelec-
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Table 1.2 - Summary of various SMA properties and their effects (HARTL; LAGOUDAS, 2007)

SMA traits

Shape memory effect

Pseudoelasticity

Hysteresis

High actuation stress (400-700 MPa)

High actuation strain (8%)

High energy density (~1200 J/kg)

Three-dimensional actuation

Actuation frequency

Energy efficiency (10-15%)

Transformation-induced plasticity

Consequences

Material can be used as an actuator, providing force 
during shape recovery
Material can be stressed to provide large, recoverable 
deformations at nearly constant stress levels 
Allows for dissipation of energy during pseudoelastic 
response
Small component cross-sections can provide substan­
tial forces
Small component lengths can provide large displace­
ments
Smallamountsofmaterialrequiredtoprovide substan­
tial actuation work
Polycrystalline SMA components fabricated in a vari­
ety of shapes, providing a variety of useful geometric
configurations
Difficulty of quickly cooling components limits use in 
high frequency applications
Amount of thermal energy required for actuation is 
much larger than mechanical work output 
Plastic accumulation during cyclic response eventually 
degrades material and leads to failure

tric materials (DIACONU; WEAVER; MATTIONI, 2008; MATTIONI et al., 2008b; ARRIETA;

WAGG; NEILD, 2011; LEE; MOOSAVIAN; INMAN, 2017) orSMAactuators(LEEetal., 2014). In

these cases, multistability arises due to unsymmetric lay-up patterns; or results from residual 

stresses that are introduced during the manufacturing process ofthe composite part (HUFEN- 

BACH; GUDE; KROLL, 2002; DAYNES; POTTER; WEAVER, 2008; MATTIONI et al., 2008a).

Table 1.3 - Comparison of actuator performance (MOHD JANI et al., 2014)

Actuator type Stress
[MPa]

Strain
[%]

Efficiency
[%]

Bandwidth
[Hz]

Work per
Volume
[J/cm3]

Power per 
Volume
[W/cm3]

NiTi SMAs 200 10 3 3 10 30
Piezoceramics 35 0.2 50 5000 0.035 175
Single crystal piezoelectric 300 1.7 90 5800 2.55 15000
Human muscle 0.007-0.8 1-100 35 2-173 0.035 0.35
Hydraulic 20 50 80 4 5 20
Pneumatic 0.7 50 90 20 0.175 3.5
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Anothermeansforachievingmultistabilityconsistsintheuseofpermanentmagnets,as 

previouslydemonstratedin the literature (ZHAO etal., 2013; ZHAO etal., 2014a; ZHAO etal., 

2014b; ZHAO et al., 2015). Permanent magnets already have been adopted in other smart 

material-related applications, more prominently in vibration energy harvesters (KARAMI; 

VAROTO;INMAN,2011;AVVARIetal.,2013;HARNE;WANG,2013;PELLEGRINIetal.,2013; 

KIM; SEOK, 2014). Their use in providing multistability allows for structure simplicity, since 

multiple equilibrium configurations can be achieved within the structural range of motion 

through nonlinear magnetic-mechanical interactions (ZHAO et al., 2015).

When it comes to SMA actuated systems for morphing aircraft applications, multistabil­

ity has been adopted while considering bistable structural arrangements, as reported by Bar- 

barino etal. (2014). To this author's bestknowledge, multistabilitydriven by permanentmag- 

nets combined with SMA actuation has been considered previously only in applications such 

as microvalves, microswitches and microactuators (BARTH; KOHL, 2010; BARTH; KREVET; 

KOHL, 2010; BARTH; MEGNIN; KOHL, 2012) and not for structural morphing purposes.

1.2 Thesis Objective and Contributions

Consideringthebackgroundgivenpreviously,itisofinterest,anditconsistsofthemain 

objective of this Thesis, to investigate the simultaneous use of SMA wire actuators with per­

manent magnets so as to attain multistable smart structures, and their use for morphing appli­

cations. In this respect, the main contributions the Thesis offers are:

a) the combination of SMA actuators and permanent magnets in new geometrical ar­

rangements to achieve multistable behavior;

b) thedevelopmentofanumericalmodelingprocedurethatisabletosimulatethemulti- 

physics nature of the studied systems;

c) the proposal ofa geometric arrangement for morphing applications that is based on 

arepeatingpatternofunitcellsthatincorporatethecombineduseofSMAwiresand 

permanent magnets for multistability; and

d) the experimental evaluation of prototypes associated to the matter.
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1.3 Organization of the Thesis

Besides this Chapter I, which introduces the background, objective, and contributions 

oftheThesis,sevenadditionalones,forwhichbriefdescriptionsareprovidedbelow,makeup 

this report.

In Chapter II, a literature review is presented, in which studies related to morphing 

aircraft, multistability, andSMA-basedmorphing airfoilconceptsare discussed. Acriticalview 

about research that has already been performed is also provided, which allows for a better 

judgment ofthe contributions ofthe Thesis.

Chapter III covers the modeling strategies that have been adopted for numerical simu­

lations. These encompass structural modeling through the use of the finite element method; 

a strategy for dealing with contact; the modeling of the thermomechanical behavior of SMA 

wires; andthemodelingofinteractingpermanentmagnets. Thecouplingofallthesestrategies 

into a single simulation framework is also discussed.

Chapters IV, V, and VI successively elaborate upon the simultaneous use of SMA ac­

tuators and permanent magnets for achieving multistable smart structures and their use in 

morphing applications.

First, in Chapter IV, a system comprising a cantilever beam with attached permanent 

magnets and antagonistic SMA wires is considered, allowing for an initial assessment of the 

proposed multistable arrangement. The procedures adopted for experimental tests are dis­

cussed and results are shown. Comparison between numerical and experimental responses is 

also performed.

Next, SMA wires and permanent magnets are employed within the design of a unit cell 

in Chapter V. The proposed unit cell is arranged repeatedly along the length of a beam-like 

structure, which is studied to assess the benefits and drawbacks of the considered approach. 

Experimental setups are detailed, and collected data allows for the comparison oftwo distinct 

configurations that have been tested.

In Chapter VI, a morphing airfoil whose design is based upon the beam-like structure 

considered in Chapter V is examined. Experimental tests are detailed, and results are given.
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Conclusions are finally considered in Chapter VII. Future research directions are also 

addressed.

Lastly, bibliographic references are provided.



C H A PT E R I I

LITERATURE REVIEW

This Chapter is dedicated to a review of the literature related to the topics addressed 

in the Thesis. Publications dealing with morphing aircraft and multistability are considered. 

Focus is also given to articles that consider multistable structures actuated by SMAs. Some 

works that have motivated the adoption of an airfoil design based on a repeating pattern of 

unit cells are also addressed.

2.1 Morphing Aircraft

One starts by considering the morphing aircraft literature. Recent reviews about this 

matter are available and are therefore adopted for evaluation of the current research status 

about this subject.

Rodriguez (2007) reviews the technology that has been developed towards morphing 

aircraft. The author highlights the enormous efforts made by government agencies, univer­

sities and companies, both in the United States and in Europe, so as to conceive aircraft that 

are more efficient and able to operate under a wide range of flight conditions. The review 

reports on projects that have been carried out by NASA, by the Defense Advanced Research 

Projects Agency (DARPA), and in Europe. Studies developed in universities and companies 

that deal with adaptive structures and smart materials are also discussed, and include works 

performed at Penn State University; University of Notre Dame; Georgia Institute of Technol­
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ogy; University of Florida; University of Michigan; Virginia Tech; Massachusetts Institute of 

Technology; University of Purdue; Texas A&M University; Arizona State University; Instituto 

Superior Técnico, Portugal; among several others.

Morphing skins are addressed by Thill et al. (2008). According to the authors, if morph­

ing aircraft are to be successful, then the technology associated with morphing skins must be 

addressed thoroughly. It is required from morphing skins that they: a) be elastic in chord-wise 

direction to allow for low actuation forces; b) be stiff in span-wise direction to withstand aero­

dynamic and inertial loads; c) possess toughness; d) be abrasion and chemical resistant; e) be 

resistant to different weather conditions; f) have high strain capability; g) have high strain re­

covery rate; and h) possess environmental longevity and fatigue resistance. Thill et al. (2008) 

conclude that the concepts, materials and/or structures that have already been proposed in the 

literature are not able to fulfill all these characteristics. It appears that the major design prob­

lem in morphing skins consists in combining flexibility and stiffness into a single structure. 

While pointing out for the low level of maturity of the available concepts, they suggest that 

morphing skins would likely be hierarchical or heterogeneous structures, and not a simple 

homogeneous material.

A major literature review about morphing aircraft has been performed by Barbarino et 

al. (2011b). The authors classify the morphing aircraft literature into three distinct categories, 

in accordance with the type of morphing implemented, which might be: a) wing planform 

morphing, which encompass variable span, variable chord and variable sweep; b) wing out­

-of-plane transformations, such as wing twist, dihedral, and span-wise bending; or c) airfoil 

adjustments, with the main contributions being related to morphing camber. Barbarino et al. 

(2011b) verify that, despite big efforts already devoted to morphing aircraft research, few pro­

totypes have been tested in wind tunnels, and a smaller quantity have performed any kind 

of flight test. They also report on the contributions that have been and still are provided by 

smart materials to the morphing aircraft research studies. Piezoelectric and SMA actuators, 

for example, allow for new design perspectives, as they are able to provide small added mass, 

relatively high actuation capabilities, and distributed actuation. Still according to Barbarino 

et al. (2011b), difficulties arise from the multidisciplinary behavior inherent to adaptive smart
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structures. These should be taken into account during early design stages ofmorphing aircraft, 

and thus stand for a significant increase in complexity.

Weisshaar (2013), on the other hand, provides an interesting historical view about mor­

phing aircraft. The author details the beginnings of flight, and argues about morphing being 

the solution to a problem, instead of the contrary. Developments along the 20th century are 

discussed, and slats and flaps are presented as successful morphing aircraft components. Ex­

amples are also given in which large-scale changes are considered, such as experimental and 

military aircraft that benefited from increased wing planform area for low-speed operations; 

and variable wing sweep, which enabled multipoint military and commercial missions. Mod­

ern morphing development through the use ofsmart materials is also covered, with the discus­

sion of the NASA's Smart Structures Morphing Program (WLEZIEN et al., 1998); the DARPA 

Smart Materials and Smart Structures Program (SANDERS; CROWE; GARCIA, 2004); and the 

more recent DARPA Morphing Aircraft Structures Program (WEISSHAAR, 2006), which in­

volved Lockheed Martin Company, NextGen Aeronautics Corporation, and Raytheon Missile 

Systems as participants, in an attempt to respond to defense technology objectives put forward 

bytheUSADepartmentofDefense. Inall,thereviewindirectlyaddressesthreemythsrelated 

with morphing aircraft: a) morphing shape change is too expensive; b) morphing aircraft must 

weigh more than non-morphing aircraft; and c) morphing requires exotic materials and com­

plex systems. Weisshaar (2013) argues there have been designs where this is true, even when 

the aircraft mission does not require morphing. Furthermore, according to him, history have 

showed, more often than not, that modern aircraft do require some features that are definitely 

classified as morphing. Despite some disputes related to the classification of what can and 

what cannot be considered as morphing technology, he concludes that, in the end, after a few 

decadesofuse,morphingwillbeacceptedandviewedasordinary.

Friswell (2014) presents his personal view on the developments in morphing aircraft, 

by considering several sensitive questions related to the matter. He ponders on: a) what is 

a morphing aircraft; b) what they try to achieve; c) if bio-inspiration is useful; d) if UAVs are 

good vehicles for development; e) what concepts might work for large aircraft; f) the emphasis 

given to morphing wings; g) actuation requirements; h) how morphing aircraft should be op­
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erated; i) requirements for software tools; and j) the outlook for morphing aircraft. As pointed 

out by him, the future of morphing aircraft is uncertain. For instance, conventional aircraft 

design procedures usually are more attractive than morphing, which might not have reason to 

be considered. Emphasis is also given to the complexity related to the integration ofmorphing 

systems onto an aircraft wing. In his conclusions, Friswell (2014) verifies that the technology 

readiness level is still very low, and that significant research must still be performed to tackle 

aspects related to skins, actuation and mechanisms, and control theory related to morphing 

applications.

The previous discussion allows for the following general conclusions:

a) much research still needs to be performed so that morphing aircraft technologies can 

be considered in aircraft designs;

b) much likely, morphing in large-scale commercial aviation will not be seen in the 

nearfuture,whilesmalleraircraftaremoresolidcandidatesformorphingtechnology 

development and application;

c) smart materials seem to be the most researched actuators for enabling morphing 

technologies, for the benefits they provide; and

d) morphing technologies should be seen as an alternative strategy in aircraft design, 

and not a replacement for traditional approaches.

2.2 Multistability

After having gone through the main aspects related to morphing aircraft research, mul­

tistability is now considered. As will be seen, it has been adopted as a design approach in 

several applications.

Vangbo(1998)considersthemodelingofthesnap-throughbehaviorofadouble-clamped 

beam. The classical theory for slender beams is extended by the author so the compression 

effort is also taken into account. This significantly improves the model predictions of the 

snap-through behavior path, which might change due to the compression loads. The snapping
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mechanism itself can be modified, such that the maximum force is due to compression, rather 

than being related to the Euler critical buckling load.

Pham and Wang (2011) develop a quadristable mechanism based on a bistable structure 

that is embedded in a surrounding beam support structure. The authors argue that multistable 

mechanisms can allow for the design of systems with both power efficiency and kinematic 

versatility. Furthermore, a low number ofmechanisms with four or more mechanically stable 

configurations have been reported in the literature. In the design they proposed, multistabil­

ity is achieved trough the buckling of curved-beam structures that compose the mechanism. 

The behavior of the system is analyzed through finite element simulations for static loading 

conditions. A design strategy based on optimization is also presented, and prototypes are man­

ufactured and tested, which allow to verify the effectiveness of the proposed approach. The 

design has no movable joints and can be miniaturized, and therefore there is potential for its 

application in microactuators, microsensors and micro-electromechanical systems (MEMS).

Qiu, Lang, and Slocum (2004) present a mechanically-bistable mechanism that does not 

rely on residual stress, and, instead, is based upon the use of two curved centrally-clamped 

parallel beams. The bistable behavior is explained and analyzed through modal analysis and 

finite element simulations of the curved beam. Fabrication of microscale prototypes is per­

formed, which are used to validate analytical predictions. Suggestions for the improvement of 

the bistable behavior are also considered. Qiu et al. (2005) report on the use ofthis previous 

bistable mechanism as a MEMS relay for power applications. Attention is given to the design 

and modeling ofthe adopted U-shaped transient thermal actuators.

LeiandYao (2010) considerthe use ofbistabilityin deployable composite shellstructures, 

which are analyzed through experimental tests. Thin-walled carbon/epoxy and glass/epoxy 

composite shell structures are manufactured, and then deployable behaviors are investigated 

while considering the deployable process, bending moment, and flexural radius. Critical con­

ditions for bistable behavior are discussed, and enable to verify that these are directly related 

to the material type, material properties and lay-ups adopted in the shell structures. Xiong, 

Lei, and Yao (2011) perform further analyzes in order to characterize the dynamic behavior 

associated with the previous deployable composite shells.
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Hufenbach, Gude, and Kroll (2002) consider the design of multistable composites for 

application in adaptive structures. An optimization procedure is developed and experimentally 

tested so as to determine the laminate lay-up configuration that allows for desired curvatures. 

Multistability in this case is driven by unsymmetric lay-up; inhomogeneous residual stresses, 

which are primarily due to thermal effects; moisture absorption; and chemical shrinkage. Snap- 

through is observed between stable deformation states, which consists of distinct cylindrical 

configurations.

King et al. (2005) provide an overview on systems with multistable equilibrium config­

urations, their application, and their design. For this purpose, a numerical optimization syn­

thesis methodology is proposed, which is adopted in an example system containing energy 

storage elements from various energy domains, including mechanical rotation, mechanical 

translation, and magnetism. While a simple problem has been considered as an example, the 

methodology can be used in more complex problems, as discussed by the authors.

The work of Daynes, Potter, and Weaver (2008) discusses bistable prestressed buckled 

laminates. Instead ofrelying on geometric non-linear behavior and thermal residual stresses, 

they propose a new type of bistable laminate that has a symmetric lay-up. Bistability in this 

case can be achieved through the manipulation of the residual stresses that happen across 

the width of the laminate. During manufacturing, prestress is applied to specific fibres of 

the laminate before curing. After cure has completed and the laminate has cooled down, pre­

stress is removed. As a result, the specimen buckles, thereby providing two bistable cylindrical 

configurations. Modeling is performed to provide a better comprehension of the underlying 

mechanism, and morphing aircraft skins are indicated as a potential application.

Hu and Burgueno (2015) provide a review on buckling-induced smart applications. They 

point out that buckling and other elastic instabilities can be exploited in advantageous man­

ners, and constitute a promising technique that has not been completely investigated. Their 

review classify the literature according to four aspects, which are the application purposes, the 

application scales, the structural prototypes, and the material prototypes. They highlight that 

snap-buckling instabilities can be adopted in motion related applications, such as morphing,
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adaptive, and deployable structures, which have been covered in the previous paragraphs to

some extent.

Theworksrelatedtomultistabilitythathavebeenreviewedthusfararebasedexclusively 

on mechanical nonlinearities, such as buckling. Although the number ofsample publications 

analyzed is relatively small, most applications reported in the literature consider this approach 

for achieving mechanicalmultistable behavior. Still, some publications make use ofpermanent 

magnets, and are addressed in the following. The adoption of multistability in combination 

with smart materials is considered afterwards.

2.2.1 Multistability Driven by Permanent Magnets

Fu et al. (2007) consider a new type of electromagnetic bistable MEMS relay. Because 

ofitsbistability,suchdevicedoesnotconsumepowerwhenactuationcurrentisnotprovided. 

Fast response, low energy consumption, large load current and ease of fabrication and real­

ization are reported as characteristics of the prototype, which are observed in part as a con- 

sequenceofthe bistabilitydesignarchitecture beingbasedonanarrangementthatmakesuse 

of permanent magnets.

The publication of Zhao et al. (2013) addresses a bidirectional acceleration switch that 

incorporates a tristable mechanism that is based upon magnetic-fields that are due to perma- 

nentmagnets. Itisabletomeettherequirementsoflowenergyconsumptionandsensingin 

two directions. High position accuracy and repeatability are reported, and are attributed to 

the use ofpermanent magnets in the multistability setup that has been adopted. The accelera­

tion switch itself consists basically of an inertial mass that is anchored to two parallel elastic 

beams, two metal contact points, and four permanent magnets, with one embedded in the in­

ertial mass, and the other three fixed in the surrounding case. A nonlinear model is proposed 

for design by considering contributions that are due to elastic, magnetic, contact and inertial 

forces. A prototype is manufactured and used to validate the design procedure, and tests show 

a good agreement between experimental data and design goals. The authors also report that 

fine tuning of the device can be performed by modifying the location of the magnets.
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Zhao et al. (2014a) consideramultistable mechanismthatis basedon the use ofsymmet- 

ric 3D magnetic structures. The prototype adopted in their work consists ofan elastic rod that 

supports a magnetic ring at its tip, which directly faces a cylindrical magnet that is attached 

to a fixed base. This design allows the triggering of multistability from all in-plane directions. 

Multistability itselfis based upon nonlinear interactions between inertial, elastic and magnetic 

forces. The coupled multi-physics ofthe system is analyzed, and the nonlinear force behavior 

as a function of the beam tip displacement is obtained both numerically and experimentally. 

Good predictions are reported for the proposed model.

Zhao et al. (2014b) propose a large stroke pentastable mechanism that is able to switch 

to quadristability. In this design, the authors consider the use of beams that are capable 

of large deformations, which are combined with permanent magnets. The nonlinear force- 

displacement characteristics ofthe system have been obtained numericallythrough an analyt­

ical model, which shows good agreement with finite element and experimental results. The 

switch from pentastability to quadristability is only analyzed theoretically, and such capability 

should be possible by simply modifying the magnetization direction ofmoving magnets.

Zhao etal. (2015) considerlarge deformationmultistable mechanismsthatare also based 

on the use ofpermanentmagnets. An accurate mathematicalmodelis establishedfor the anal­

ysis ofthe nonlinearmagnetic-mechanicalcouplingmechanicsthatarise in the systemconsid- 

ered by the authors. It consists of a rotation constrained tristable mechanism. Experimental 

results are used to validate the proposed modeling approach, which is in good agreement.

Multistability driven by permanent magnets has not been given much attention in the 

scientific literature. As reported in this Subsection, applications are relatively simple; those 

considered deal with a MEMS relay, and an acceleration based switch. Other works simply 

address modeling aspects, and then use an example mechanism in order to validate proposed 

approaches. Nevertheless, all works describe benefits such as simple mechanical construction, 

low power consumption, high repeatability, and high accuracy for the permanent magnets 

based multistable systems. This should encourage their use in other situations.
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2.2.2 Piezoelectric Actuators and Multistability for Energy Harvesting

One type of multistable smart structure that has received great attention in the litera­

ture combines piezoelectric actuators with permanent magnets for energy harvesting. Some 

publications on this matter are considered next.

Karami, Varoto, and Inman (2011) perform an experimental nonlinear vibration analy­

sis of a hybrid energy harvester. The device considers the simultaneous use of piezoelectric 

patches and electromagnetic principles for harvesting electrical energy from ambient vibra­

tions. Permanent magnets are mounted in a way such that they are able to reduce the reso­

nant frequency of the harvester, and also promote broadband operation. Mono and bistable 

configurations are considered. In the case of bistability, the authors report the occurrence of 

chaotic vibrations and limit cycle oscillations, depending on excitation levels.

Avvarietal. (2013)considerenergyharvestingthroughtheuseofpiezoelectricmaterials 

and by exploring nonlinear vibrations. A piezoelectric cantilever beam with a magnet at its tip 

with surrounding magnets is adopted in order to achieve a multistable configuration for the 

harvester. According to the authors, in this scenario the multistability system property pro­

vides a wider bandwidth when compared to traditional linear devices, and also an increased 

voltage output in relationship with several other harvesters. An optimal configuration is de­

rived after experimental parametric studies, so that performance is increased. Magnetostatic 

interactions and the various nonlinear multistable system configurations are also briefly dis­

cussed.

Harne and Wang (2013) perform a review about recent research on vibration energy 

harvesting via bistable systems. As discussed by the authors, bistable systems are able to 

snap-through two equilibrium configurations, with large motion amplitude and dramatically 

increasedpowergeneration. Furthermore, nonlinearbehaviorfavorsbroadbandoperation. An 

analytical modeling framework is presented to deal with bistable electromechanical dynamics. 

The review addresses proposed designs, which can be based on magnetic attraction or repul­

sion, or on mechanical arrangements, such as the one obtained with a clamped-clamped beam 

that is buckled by an axial load, or through composite laminate shells with unsymmetric lay­

up. Challenges in these types of systems involve maintaining high-energy dynamical orbits,
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their consistent operation in stochastic vibratory environments, among others. Yet another 

review on bistable vibration energy harvesters is performed by Pellegrini et al. (2013). The 

authors address the same topics covered by Harne and Wang (2013), and therefore strengthen 

the points discussed previously.

Kim and Seok (2014) consider the dynamic modeling and the bifurcation analysis of a 

multistableharvester. Itconsistsofabimorphcantileverbeamthathasasoftmagnetatitstip, 

which is surrounded by fixed magnets that are arranged in an attractive configuration. The 

magnetic force and moment that are exerted on the cantilever tip results highly dependent on 

the magnetic field induced by the external magnets. The dynamic and energetic characteristics 

of the multistable piezoelectric harvester are extensively examined through potential energy 

diagrams, and by considering numerical simulations as well. Results are compared with those 

available for equivalent bistable harvesters too.

As can be seen from the previous works, piezoelectric materials and permanent magnets 

have been extensively adopted in energy harvesters, specially when one realizes that two lit­

erature reviews discuss the matter. In these cases, multistability is desired since snap-through 

canallowforlargeamountsofharvestedenergy. Furthermore,nonlinearbehaviorisanintrin- 

sic feature of multistability, and therefore broadband operation of harvesters is also favored. 

In conclusion, it can be said that multistable energy harvesters stand for a successful applica­

tion that adopts piezoelectric materials and permanent magnets. As an outcome, they serve as 

inspirationforthe adoptionofpermanentmagnetsinconjunctionwithothersmartmaterials 

in other applications.

2.2.3 Shape Memory Alloys and Multistability

Several reviews dedicated to SMAs detail the advantages and disadvantages they pos­

sess when adopted as actuators. As discussed in Chapter I, SMA actuators suffer from low 

actuation frequency and low energy efficiency (BARBARINO et al., 2014; MOHD JANI et al., 

2014). Particularly, system-level benefits due to morphing technologies are to be expected as 

long as power consumption can be reduced for SMA actuators. Multistability represents an 

interesting approach in this regard.
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Ishii and Ting (2004) study the concept, analysis and design ofcompliant bistable mecha­

nisms that are actuated by SMAs. As reported by the authors, compliant bistable mechanisms 

and SMA linear actuators have noteworthy advantages, which are preserved when they are 

employed together. Furthermore, some disadvantages related to SMAs can be eliminated. For 

instance, an SMA actuated bistable compliant mechanism does not require any external input 

in order to stay at one of its stable positions, and possess high repeatability in positioning, 

is lightweight and requires simple control algorithms. Additionally, several shortcomings of 

SMA actuators, such as short output stroke and small output force, are either eliminated or 

reduced in the proposed design. It is based upon a four-bar linkage, with a flexible link; an 

slider that is attached to a linear spring arranged in parallel with a SMA spring actuator; and a 

rocker that is treated as the system output. The bistability arises due to the flexible link used 

in the mechanism.

Gauthier et al. (2006) consider a multistable actuator based on magnetic SMAs. The 

proposed actuator works in a push-pull configuration, in which two magnetic SMA actuators 

act in opposition to each other. Magnetic coils are used to produce the magnetic fields needed 

for actuation. The system can keep stable positions when no current is passed through the 

referred coils as a consequence ofthe hysteresis associated to the magnetic SMA actuators.

Barth and Kohl (2010) adopt a novel approach in which they combine SMA microactua­

tors with magnetic layers (ML). Because ofthis, a single SMA-ML component can be actuated 

through two distinct, intrinsic principles, and thus allows for increase functionality. The mag­

netic layers are produced by electroplating discs that are mounted onto the surface of micro­

bridge structures. Two ofthe proposedSMA-MLmicroactuatorsare coupledinanantagonistic 

way, by adopting a spacer and applying prestrain to each ofthem. Bistability is shown when 

inhomogeneous magnetic fields are generated by permanent magnets near the electroplated 

discs. Significant performance improvement is reported with respect to the cases in which 

only SMA antagonistic microactuators are considered, without the introduction of ML. The 

novel design allows for increased bistable stroke and blocking force.

Barth, Krevet, and Kohl (2010) apply the same concept when proposing various layouts 

for a bistable microswitch. Antagonistic SMA actuation is supplemented with magnetic com­
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ponents that are able to maintain the system at its end positions when no actuation power 

is provided. Finite element simulations are adopted for the optimization ofthe ferromagnetic 

force in a specific design as well.

Barth, Megnin, and Kohl (2012) propose a microvalve that is also based on antagonistic 

SMAs for switching between its states, and magnetic layers for maintaining specific configu­

rations during power off conditions. The layout, manufacturing and characterization of the 

device is considered. Bistable operation is achieved for differential pressures up to 300 kPa of 

N2 gas at high flow rates.

Kimetal. (2010)considerthesimultaneoususeofSMAandpiezoelectricsmartmaterials 

for reversible actuation of bistable composites. Piezoelectric actuation is adopted to provide 

a rapid snap-through action between the available stable states, while SMA actuation is used 

to reverse this state change. Bistability is achieved through the adoption of an unsymmetric 

laminate. The intent in combining both actuation strategies is in oder to prevent the use ofthe 

piezoelectricactuatoroutsideofitsrecommendedoperatingrange,whichwouldberequiredif 

it was to be used to reset the system to its original stable configuration. Some degree of control­

lability has been observed within each of the stable configurations both for the piezoelectric 

and the SMA actuators.

GallandBolzmacher(2014)describethedesignandcharacterizationofahybridmagnetic 

SMA-electromagnetic actuator for which multistability can be achieved. Precise positioning is 

reported, thanks to the modification of the material hysteresis curve that happens due to the 

arrangement promoted between the magnetic SMA and the electromagnetic actuators. Design 

is performed based on analytic models and numerical simulations. Application of the hybrid 

actuator is suggested in systems that demand precise positioning and medium frequency actu­

ation. The authors also verify that several improvements can be performed to address energy 

consumption, heat transfer, and overall cost issues.

Schiepp et al. (2016) address the use ofmagnetic SMAs as multistable actuators in an 

novel airflow control valve. Multistability is obtained based on the hysteresis observed in the 

stress-strainrelationshipofthematerial. Itisexploitedinordertoreduceenergylossesofthe 

valve when a specific airflow rate must be maintained.
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From what has been presented, it is possible to verify that permanent magnets driven 

multistability has been integrated with SMA actuators in very few circumstances, which have 

been reported as successful. Other multistability works that adopt SMA actuators are based 

on unsymmetrical laminates, and do so only in order to circumvent force deficiencies of piezo­

electric actuators, which would be adopted single-handedly otherwise. Finally, another set of 

studies that have been considered rely on the use ofmagnetic SMAs to achieve multistability, 

insteadofconsideringtheuseof“conventional”NiTiSMAsinamultistablesystem.

2.3 Multistability in Morphing Applications

After reviewing the literature relatedto the use ofmultistability across severalengineer- 

ing applications, focus is given to their utilization for morphing.

Schultz and Hyer (2004) consider bistable unsymmetric composite laminates that are 

controlled by piezoelectric macro fiber composites (MFC) as a possible morphing structure. 

The MFC actuators are adopted to enable the snap-through between the stable configurations 

ofthecomposite. Experimentaltestsareperformedandusedtovalidatetwodistinctmodeling 

strategies, one of which is based on the Rayleigh-Ritz technique, while the other adopts the 

ABAQUS® finite element software package. Agreement between the modeling strategies is 

good,buttheauthorsreportthattheRayleigh-Ritzstrategyisnotabletopredictcertainaspects 

captured by the finite element code modeling. For instance, actuation voltage levels necessary 

for snap-through are under predicted.

Portela et al. (2008) report on a novel morphing structure concept, which is studied by 

making use of non-linear finite element analysis. The authors consider bistable unsymmetric 

laminates which are snapped between its stable configurations through MFC actuation. Fi­

nite element analysis was adopted to predict the stable configurations of the structure, for 

understanding the buckling mechanism associated with the snap-through phenomenon, and 

to evaluate the use of MFCs as viable actuators for switching between stable states. The au­

thors conclude that it is difficult to design an MFC-based actuator that can switch the laminate
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in both directions between its stable configurations, mainly because of the low force provided 

by the actuator.

Diaconu, Weaver, and Mattioni (2008) investigate concepts for morphing airfoil sections 

that make use of bistable laminated composite structures. Thermal curing is used to induce 

residualstressesintounsymmetriclaminatesforthispurpose. Authorsconsiderthreeconcepts 

for achieving morphing of a flap-like structure, as well as camber and chord morphing of an 

airfoil section. Nonlinear finite element static analysis is considered in the investigation they 

perform, which considers several geometries and laminate configurations. Manufacturability 

aspects related to the production of viable morphing mechanisms within the airfoil section 

are also discussed. The bistability phenomenon associated with the concepts is reported as an 

advantage. Additional locking mechanisms are suggested in order to tackle the high compli­

ance of the investigated concepts and the loads that are typically required in most practical 

applications. No particular actuation device is considered in the publication, but suggestions 

are giventowards the use ofpiezoelectricdevices, SMAs, andelectricaldrives.

Mattioni et al. (2008a) perform the analysis ofthermally induced multistable composites. 

Finite element modeling is considered for the investigation of the effects that thermal stresses 

have on the potential multiple shapes ofunsymmetric laminates. A methodology that allows 

for the computation of both stable branches in static analyses is proposed.

Mattioni et al. (2008b) consider three concepts for morphing aircraft based on multi­

stable structures, namely a variable sweep wing, bistable blended winglets, and a variable 

camber trailing edge. All of the concepts benefit from unsymmetric laminates to achieve bista­

bility. Experiments and numerical simulations are performed. The authors also address that, 

in principle, it is possible to achieved 2N stable configurations if N bistable components are 

combined. Nevertheless, unpredictable interactions could arise between each stable state, and 

so caution should be taken when multistable structures are considered.

Mattioni, Weaver, and Friswell (2009) consider the modeling of the nonlinear out-of­

plane displacements related to partially unsymmetric laminates by using finite elements and 

an analytical method. The effects of thermal stresses on the structural behavior is addressed. 

A square plate is adopted as an example. Experimental tests and finite element results are used
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to validate the simplified modeling strategy. Investigations that consider parametric variation 

of the fibres orientation and laminate thickness are also performed. Authors claim that the 

introduction of bistable composites within structures allow for systems that are both flexible 

and stiff, depending on the loading environment.

Arrieta, Wagg, and Neild (2011) address the dynamic snap-through for morphing of 

bistable composite plates. The authors consider how the actuation system can benefit from 

external vibration energy in order to switch between stable states. This becomes interesting 

when MFC actuators are adopted, since they usually require high voltage levels to achieve 

significant control authority. When help is provided, lower voltages can be adopted for ac­

tuation, or stiffer laminates can be considered. Two distinct laminates are tested, and enable 

the authors to show that significant reduction can be achieved for the force that is required to 

change between stable configurations when dynamic excitation is used to assist the process 

led by an MFC actuator. Potential is shown for the adoption of such strategy in morphing 

bistable composites.

Arrieta et al. (2014) consider passive load alleviation in an airfoil concept developed 

based on multistable composites. The airfoil has a rigid front end, and a compliant trailing 

edge, in which a variable stiffness multistable element is embedded. Load alleviation can then 

beachievedinthiscasesasaconsequenceofthesnap-throughassociatedwiththemultistable 

laminate. The interest in such an approach is based on the fact that large loads that are due to 

fluid-structure interaction can lead to fatigue failure. The strategy the authors propose exploits 

the energy of the flow, such that load alleviation is achieved passively. The integration of the 

morphing laminate result in a lighter and simpler design in comparison to actively actuated 

solutions. For demonstration, numerical and experimental results are provided for a simple 

load case of the considered variable stiffness airfoil design.

Lee et al. (2014) investigate a bistable morphing panel that is actuated by a SMA spring 

actuator. As noticed by the authors, bistable structures are attractive in morphing applications 

since they are able to switch between stable configurations through an external action, and 

maintain one ofsuch states without the need ofcontinuous power supply. While most ofthe 

unsymmetric laminated bistable composites are cylindrical in shape, the authors consider a
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saddle-shaped bistable panel. Its mechanics are investigated through the use ofthe Rayleigh- 

Ritz method. An analytical model is developed and validated through numerical simulations 

based on finite elements. The proposed modeling is able to predict saddle bistability and as­

sociated deformations. The snap-through of a saddle-shaped bistable composite by an SMA 

spring actuator is also simulated through finite elements. Despite the simple geometry con­

sidered in their work, the authors expect that their new saddle-shaped bistable panel and the 

proposed morphing concept that employs an SMA spring will offer potential for new smart

structures.

Lee, Moosavian, and Inman (2017) consider analytical and experimental results ofbista- 

bility generated by piezoelectric, MFC actuators. In the study performed by them, two MFCs 

are bonded in their actuated states, and voltage is released after completion ofthe curing pro­

cess. This allows for in-plane residual stresses, which, similar to what occur in unsymmetric 

laminated composites, provide for two cylindrical stable configurations. The MFCs are able to 

snap the structure between these. Modeling and experimental characterization are performed. 

As noted by the authors, the snap-through capability allows full configuration control neces­

sary in morphing, without continuous energy input or any mechanical assistance.

By analyzing the previous references, it can be seen that multistable morphing struc­

tures promote alleviation of energetic requirements. Furthermore, only nonlinear structural 

phenomena has been considered so far in order to achieve multistability when it comes to mor­

phing applications. Moreover, the vast majority of studies consider simple plate and/or shell 

composite laminates, their modeling, and actuation requirements. Only Mattioni et al. (2008b) 

and Arrieta et al. (2014) have integrated this type ofstructural arrangement into actual airfoil 

prototypes.

2.4 Shape Memory Alloy Based Morphing Airfoils, Unit Cell Designs and Metastruc­

tures

In this Section, one addresses studies that share some ofthe inspirations that have been 

considered in the design procedures proposed in this Thesis. Some publications that deal with
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morphing airfoils that rely on SMA actuation are also discussed, as they possess some similar­

ities with this work.

Barbarino et al. (2009) present a morphing wing trailing edge concept. The considered 

design aims to replace a conventional flap. The airfoil itself consists of a compliant rib struc­

ture that is actuated by SMAs. Finite element simulations are used to obtain numerical results, 

which include the trailing edge displacement and the overall airfoil morphed shape. The com­

pliant rib consists ofa serial arrangement ofelastic hinges along the airfoil chord, which are 

made ofcrossed thin plates. The authors mention that the rib design and functionality could 

be further improved.

Barbarino et al. (2011a) consider the replacement of a traditional split flap of a civil re­

gional transportation aircraft by a hingeless, smooth morphed flap. The intention is to control 

the airfoil camber at the wing trailing edge. The authors present the development and testing 

ofan actuator device based on a SMA ribbon, that is capable ofrotations up to 5 degrees. An 

experimental flap test rig is designed and tested under static loading conditions. The proto­

type is built based on a serial arrangement ofthe previously considered SMA-based compliant 

actuator devices. Aero-thermo-mechanical simulations are conducted based on finite element 

modeling. Good correlation is reported between experimental and numerical results for the 

unloaded case. The authors also report that the proposed structure is extremely flexible and 

its elastic behavior must be taken into account during an actual design. Real applications 

would demand dynamic behavior analysis, including aeroelastic instabilities, which have not 

been performed. Barbarino et al. (2011a) also detail several possible improvements for the 

proposed design.

An emerging area in structural dynamics is of the so-called metastructures. These are 

proposed with inspiration based on metamaterials, and, due to periodic geometrical arrange­

ments, can provide interesting behaviors in applications that aim vibration mitigation.

For instance, Chen, Hu, and Huang (2016) report about a new class of adaptive beam 

metastructures. Their adaptivity arise from the use of hybrid shunting circuits, which are 

able to realize super broadband Lamb-wave band gaps at extreme subwavelength scales. The 

metastructure itselfcomprises a a homogeneous host beam on which tunable local resonators
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consisting of hybrid shunted piezoelectric stacks with proof masses are attached. The shunt 

circuits are basedon the parallelorseriesattachmentofnegative-capacitanceand/ornegative- 

inductance elements that allow for tuning of the local dynamic stiffness. High-pass and low- 

pass wave filtering capabilities are shown via numerical simulations, which confirm extremely 

broadband flexural-wave/vibration attenuation capabilities. No prototypes are built or tested.

Hobeck and Inman (2017) consider a multifunctional structural design that not only ab­

sorbs vibration at desired frequency bands, but also extracts significant amounts of electrical 

energy. An array of low-frequency resonators are integrated into a larger host structure, and 

are able to work as a distributed system ofpassive vibration absorbers. The authors point out 

that structures having these distributed vibration absorber systems are known as metastruc­

tures. Energy harvesting in this situation is possible because ofthe integration ofpiezoelectric 

patches in the vibration absorbers. Furthermore, low resonant frequencies are achieved for the 

resonators since these are based on a series of beams connected in a zigzag shape. A numer­

ical modeling strategy is proposed, and experimental results are used to validate the adopted 

strategy.

Reichl and Inman (2017) consider the implementation ofa control system to a longitu­

dinal metastructure bar. The active control system is implemented by adding piezoelectric 

materials to one ofthe distributed absorbers that make up the metastructure, so as to render it 

active. Numerical comparisons are performed between the active and the passive metastruc­

tures.

Ueda, Secord, and Asada (2010) consider the design and analysis ofpiezoelectric actua­

tors that are able to achieve 20% effective strain capabilities. An exponential strain amplifica­

tion mechanism is proposed, in a “nested rombus” multilayer mechanism. The authors report 

on a prototype-nested PZT cellular actuator that has been constructed, and weighs only 15 g. 

It was able to produce 21% effective strain and a blocking force of 1.7 N.

Haghpanah et al. (2016) address multistable shape-reconfigurable architected materials. 

In the novel approach the authors propose, materials encompass living hinges that enable 

simultaneous high strength, high volumetric change, and complex shape-morphing configu­

rations. The mechanical behavior of proposed materials is investigated both analytically and
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numerically, and experimental validation is also performed. As discussed by the authors, such 

architected materials can be made from any base material, and consider any length scale and 

dimensionality. The design is based on multistable structural unit cells, but actuation and/or 

active reconfiguration is not addressed at all.

The studies reviewed in this Section allows one to verify that new type of structures 

have been developed by taking metamaterials as inspiration. More specifically, repetitive geo­

metrical arrangements have been adopted in order to allow for distributed implementation of 

features such as vibration absorbers and shunt electrical circuits in applications that pursue vi­

bration attenuation. The morphing airfoils proposed by Barbarino et al. (2009) and Barbarino 

et al. (2011a) follow this line ofreasoning to some extent, as their construction is based on 

distributed SMA actuators along the airfoil chord.

Because of the benefits provided by distributed actuation systems, and in special because 

ofthepossibilitiesforlocalizedcontrol,thisapproachislaterconsideredinthemorphingairfoil 

design proposed in this work.

2.5 Summary

Considering the brief review presented previously about the themes related to this The­

sis, the following general comments can be made:

a) morphing aircraft research still needs to go a long way before this kind oftechnology 

can be adopted during the design ofan aircraft;

b) smart materials are considered fundamental for achieving lightweight morphing con­

cepts by some authors;

c) multistability consists of an interesting approach for enabling low energy consump­

tion in morphing applications;

d) permanent magnets can be efficiently used in order to achieve multistable designs, 

that have been used in piezoelectric harvesters, MEMS relays, acceleration based 

switches, and other mechanisms;
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e) permanentmagnetshave beenpreviouslycoupledwithSMAsinmultistable microac­

tuators, microvalves, microswitches, among others;

f) to the author's best knowledge, no morphing application has investigated the simul­

taneous use ofpermanent magnets and SMA actuators; and

g) periodic geometrical arrangements have been adopted in the proposition of metas­

tructures, which benefit from possessing an array of integrated features, such as vi­

bration resonators, for example.



C H A PT E R I I I

MATHEMATICAL MODELING

In this Chapter, mathematical modeling is addressed, such that tools that have been used 

to perform numerical simulations are described. The type of system one is interested in has 

been briefly considered previously, and an schematic illustration is provided in Fig. 3.1. It 

possesses permanent magnets that interact between themselves, SMA wires that are used as 

actuators, as well as some sort of stiffness, that might be either lumped and/or distributed. Yet 

another modeling procedure that is also covered in this Chapter is contact simulation. The 

reason for considering this topic resides in the fact that the loads that happen between perma­

nent magnets may lead to such condition — depending on the geometric arrangement of the 

system, of course.

The Chapter is organized as follows. First, in Section 3.1, a nonlinear beam finite ele­

ment model is considered. Then a thermomechanical model for the constitutive behavior of

N magnet mi
S

shape memory 
alloy wire i

spring with 
constant ki

Figure 3.1 - Schematic illustration of a generic system containing 
permanentmagnetsandshapememoryalloywires
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NiTiSMAsisaddressed,whichisdirectlyappliedtomodelawire,inSection3.2. InSection3.3, 

a model for the loads developed due to the interaction between a pair of cuboidal permanent 

magnets is considered. The contact algorithm used during simulations is addressed in Sec­

tion 3.4. Finally, in Section 3.5, the procedures used to compute the solution ofthe complete 

coupled model are presented.

3.1 Nonlinear Beam Finite Element Model

To deal with structural modeling, a 2D nonlinear beam finite element model is considered 

in this Thesis. It is based on the geometrically nonlinear Reissner beam theory, and further 

details concerning the formulation can be obtained by consulting the literature (REISSNER, 

1972; WRIGGERS, 2008).

The choice for this approach is based on the geometry that is later considered in the 

proposed design for a morphing airfoil. Nevertheless, any other structural modeling strategy 

can be adopted within the framework ofthe solution algorithm described in Section 3.5.

First, it is important to highlight the hypotheses ofthe proposed model. They are as fol­

lows: a) deformations are confined to the plane on which the beam initially lies upon; b) plane 

cross-sections remain plane after deformation; and c) herein, initially, the beam is straight.

The beam deformation is schematically shown in Fig. 3.2. Also shown in this figure is 

thevectorbasis(i1,i2),relatedtothebeamlocalcoordinatesystem.Thedeformedpositionof 

a point on the beam can be computed through:

xi = Xi + ui (X1) - X2 sin (Xi)]; (3.1)

X2 = U2 (X1) + X2 cos [^ (X1)], (3.2)

where (X1, X2) are the coordinates of a material point in the reference, undeformed configura- 

tion,(x1,x2)arethecoordinatesassociatedwiththispointafterdeformationhasoccurred,and 

u1, u2, and are the longitudinal, transversal, and rotational displacement fields, respectively.



31

Figure 3.2 - Deformation experienced by a beam according to Reissner theory

Based on Eqs. (3.1) and (3.2), the following strain measures can be established (WRIG- 

GERS, 2008):

e (1 + uÇ) cos sin - 1

e= Y = u'2 cos - (1 + u[) sin , (3.3)

k

where ()' = d( )/dX1, and e, y, and k are the axial strain, shear strain, and curvature, respec­

tively.

As for the material constitutive law, a linear relationship is chosen:

T11 E 0 e + X2K

T12 0 G Y
(3.4)

where T11 andT12 can be seen as components ofthe Biot stress tensor, and E and G are the 

material Young's and transversal moduli, respectively. Although the beam model allows for 

large displacements and rotations, only small strains are assumed to occur.

Integration ofthe stress components along the beam cross-section leads to:

N EA 0

Q = 0 GAs

M 0 0

0

0

EI

■ ■ ■
e

Y

k

S = De, (3.5)

where Aand I are the cross section area, and areamoment ofinertia, respectively, whilstAs is 

the cross section area corrected for shear effects. N, Q, and M denote the beam internal axial 

force, shear force, and bending moment, respectively, that result due to external loading.
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Finite element discretization is performed for the u1, u2, and displacement fields, for 

0 < X(e) < L(e), according to:

u

u

(e)

(e)
n(e) r

Nk(e) X(e) I3

(u1)k(e)

(u2)k(e) = N(e)u(e), (3.6)
k=1 (e)

2

(e)

=

where I3 denotes the 3 X 3 identity matrix, N(e) 6 R3x3nW is the shape function matrix,

u(e)=[ (u1)(e) (u2)(e) ^(e) ••• . (u2e r (3.7)

istheelementnodaldegreesoffreedomvector,andn(e)isthenumberofnodesoftheelement. 

Throughout the Thesis, superscript ( )T is used to indicate the transpose of a matrix. Also, 

the superscript ( )(e) is used to denote element-related quantities, and the subscript ( )k to 

indicate association with node k. L(e) stands for the undeformed beam element length. The 

shape functions N^, k = {1,..., n(e)} are chosen based on the isoparametric finite element 

formulation (WRIGGERS, 2008).

The nonlinear algebraic equilibrium equations at the element level can be obtained after 

considering the Principle of Virtual Work. By adopting the total Lagrangian approach, in 

which the initial undeformed configuration is used as a reference, it is possible to obtain:

R(e) = F(e) F(e) = 0,R = F int - Fext = 0, (3.8)

whereFi(en)tisthevectorofinternalloads,owedtothestressesthatdevelopwithinthematerial,

given by:

F((e)
int

L(e)
B(e)TS(e)dX1(e).01 (3.9)

S(e) denotes the stress resultants inside the element domain, given in Eq. (3.5), and B(e) =

B(e) u(e) is the strain-displacement matrix. It can be obtained if one considers the virtual 

variation of the strains that result from a virtual variation imposed on the displacement fields.
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Starting from Eq. (3.3), and accounting for Eq. (3.6):

S e(e) = B(e)S u(e). (3.10)

On the other hand, F(eex)t accounts for the external loads, and is computed from:

F(e)
ext

L(e)
N(e)T n q m T dX1(e) 
01 (3.11)

where n = n X1(e) , q = q X1(e) , and m = m X1(e) are the applied axial, shear, and moment 

distributed loads.

From the equilibrium equations established for a single element, global ones can be ob- 

tainedbymakinguseofusualmethods. Forinstance,thevectorofdegreesoffreedomistrans- 

formed from the local finite element coordinate system to the global inertial frame. Following 

this step, elementconnectivitycanbe consideredfordirectassemblyofthe globalequations.

More in-depth details ofthe formulation and its implementation aspects are provided by 

Wriggers (2008). Although inertial effects have been disregarded, they can be easily accounted 

for in the adopted modeling approach.

3.2 Shape Memory Alloy Thermomechanical Model

Complete modeling ofthe behaviorofSMAs is ratherchallenging, since severaldetails 

must be faced altogether, such as temperature and stress-induced martensite transformations, 

stress induced martensite reorientation, transformation-induced plasticity, load rate depen- 

dency,etc. (PAIVA;SAVI,2006;LAGOUDASetal.,2012;AURICCHIOetal.,2014). Evenwhen 

dealing with wire actuators, unusual behavior such as transformation-front propagation phe­

nomena can arise, as reported by Chang, Shaw, and Iadicola (2006).

Here,amodelthatconsidersonlythemostrelevantofsuchaspectsisselected,infavor 

of simplicity. It is based on the articles by Chang, Shaw, and Iadicola (2006) and Shaw and 

Churchill (2009), which can be consulted for more in-depth details and discussion. It is able to 

represent both shape memory effect, and pseudo-elastic behaviors.



34

An SMA wire actuator is considered, for which gradients along its length are neglected. 

The specific Helmholtz free energy is assumed to be given by:

(e, §, T) = (2p)-1 [Ea + (£1 + ■ ') (Em - Ea)] [e - (£1 - £2) P]2 - (T - Tr) (£1 + ;) As

+ ci (1 - £1 - £2) (£1 + £2) + (C0 - S0) (T - Tr) - C0 ln (T/Tr), (3.12)

where e = e (t) is the strain, £1 = £1 (t) and £2 = £2 (t) are the volumetric phase fractions of 

tensile and compressive martensite variants, respectively, T = T (t) is the temperature, and t 

denotes time. The material parameters are the specific mass p, the austenite and martensite 

stiffness moduli EA and EM, respectively, the stress-free transformation strain p, the reference 

transformation temperature TR, the specific entropy change from austenite to martensite As = 

sM - sA, and the constant ci, which controls hardening during phase transformation. Finally, 

c0 and s0 are the initial state reference specific heat and specific entropy, respectively.

Based on Eq. (3.12), the stress-strain law can be obtained as:

<7 = i^=£«)[e-(?,-W].
p de

where E (§) = EA + (£1 + £2) AE, with § = £1 £2 T, and AE = EM - EA. 

Moreover, the thermodynamic driving forces can be obtained from:

T 2

(3.13)

_ d(f> _ pa AE

P2 =

d£1 p 2p (§) J

dfi pG AE '

+ (T -TR)As - ci(1 - 2£1 - 2£2);

+ (T -TR)As - ci(1 - 2£1 - 2£2) .

(3.14a)

(3.14b)
p 2p [E (§)J

To comply with the Second Law of Thermodynamics, a piecewise linear kinetic law is 

chosen for §, such that:

t 2

d§ I V0 (pTm - Pc} m if pTm > pc;
= 37 = (3.15)

| 0 otherwise,

where p = [ p1 p2 ]t, and pc is a critical value for the thermodynamic driving force, based on 

which hysteretic phase transformation takes place. The parameter v0 can be used to control the 

speed with which transformation occurs. Furthermore, the vector m gives the direction along
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which transformation happens in the (Ç1, Ç2) space. It is defined according to the following 

(CHANG; SHAW; IADICOLA, 2006):

If Ç > 0 for i = {1, 2,3} : m = p/HpH; (3.16a)

í p/\\P|| if PT n(i) < 0;
If Çi = 0 for a single i : m= (3.16b)

[ T(l) otherwise;

P/H P \l if pTN(i) < 0 A p[rN) < 0;

If Çi = Çj = 0 for i * j : m = t (k ) if pTN(k) > 0 A pT > 0 for k = {i, j};

0 otherwise,

(3.16c)

where Ç3 = 1 - Ç 1 - Ç2 represents the austenite volumetric phase fraction, || || denotes the 

Euclidean norm, and n(i) and t(i) are unit vectors that are outward normal and tangent to the 

admissible space for (^1, Ç2), respectively. Figure 3.3 shows these vectors when they are to be 

used in Eq. (3.16c). As can be seen, the direction of t(i) depends on which values ofi and j 

satisfy the condition £ = Çj = 0. In contrast, when Eq. (3.16b) is considered, the direction of 

T(l) must be chosen such that pTT(i) > 0.

Model completeness still requires additional equations. The first one is related to me­

chanical equilibrium, and is considered later in Section 3.5. The second is established based 

on the energy conservation principle. One assumes that the SMA wire actuator has an initial

&

T(1)

\ Ç2 =1

N(1)
*o ^(3) II

x 1

t(2) Ç3 \: t(2)
\l

T(1)
U a

Figure 3.3 - Admissible (^1, Ç2) space, and corresponding N(i) and T(i) vectors



36

(undeformed) length L0 and diameter d0. In deriving the rate equation for T , it is assumed 

that these remain constant (CHANG; SHAW; IADICOLA, 2006; SHAW; CHURCHILL, 2009). 

It holds that:

pcoAoLot = pAoLo (p - T dp/dT)T § - hndoLo (T - Tm) + Pe, (3.17)

where Ao = ndO/4, h is the convective film coefficient, Tm is the ambient temperature, and Pe 

is the power input term. The wire is assumed to be heated through Joule effect.

3.3 Interacting Permanent Magnets Model

Analytical equations have been reported in the literature for the calculation offorces and 

moments that result from interacting permanent magnets. Usually, cylindrical (VOKOUN; BE- 

LEGGIA; SITTNER, 2009) or rectangular-parallelepiped (ALLAG; YONNET, 2009) geometry is 

assumed for the magnets. In the latter case, loads can be computed for arbitrary magnetization 

directionsiftheconcernedmagnetshaveparallelsides,forexample.

Whilethisisusefulinseveralcircumstances,whenmovingmagnetsareconsidered,they 

are likely to experience change in orientation. In this case, closed-form analytical solutions 

for the loads are not available, and must be pursued numerically (MONTALVO, 2014).

Figure 3.4 shows two magnets, labeled as magnets m1 and m2. Three different coordinate 

frames can be identified by their respective vector basis (i,, m1 i,, m2i,, with i = {1, 2,3}), each 

oneofthemrelatedeithertotheglobal,magnetm1,ormagnetm2systemsofreference.While 

the origin of the global frame is arbitrary, the origins of the reference frames related to the 

magnets are coincident with their respective centroids. Herein, left superscripts are used to 

identify the coordinate system in which vector coordinates are expressed. Hypotheses related 

to the formulation are that magnets are rigid, and their residual magnetizations have constant 

amplitude and direction with respect to the local auxiliary coordinate frames.

Figure 3.4 also identifies the rotation matrices m1 V and m2 V, based on which coordinate 

transformationcanbeperformedforthecomponentsofavectorbetweentheglobalandauxil- 

iary frames. Vectors rm1 and rm2 represent the positions occupied by the centroids ofmagnets
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Figure 3.4 - Schematic representation for the interaction between 
two rectangular-parallelepiped-shaped magnets

m1 and m2, respectively, with respect to the global frame origin; rm2,m1 represents the relative 

position of the centroid of m2 with respect to the centroid of m1; and r is the position occupied

by a differential element of volume dVm2 with respect to the centroid of magnet m2.

Along this Section, subscripts ( )m1 and ( )m2 are used to relate quantities to the magnets

m1 and m2, respectively. Not shown in the Fig. 3.4 are the dimensions of the two magnets, 

defined as 2(l1 )m 2(l2) and 2(l3) along the directions m1 q, m1 i2, and m1 i3, respectively, 

for magnet m1, and similarly for magnet m2, by replacing the m1 in the subscripts and left 

superscripts by m2.

To derive expressions for the forces and moments resulting from the interaction between 

the two magnets, it is first noted that the force acting on the differential element of volume 

dVm2 of magnet m2, due to the magnetic field of magnet mi, can be evaluated through:

m 1 Fm,,m, = m' V (”1 Bm2 ”1 Hm, ) , (3.18)

where Bm2 is the residual magnetization vector of magnet m2, Hm 1 is the magnetic field pro­

duced by magnet m 1, and V () = [ d () /dX1 d () /9X2 d () /9X3 ]T is the nabla operator.

The coordinates ofthe residual magnetization vector of magnet m2 are given by m2Bm2 = 

0 0 Bm2 T in the reference frame attached to its centroid, such that Bm2 denotes its resid­

ual magnetization. To obtain m 1 Bm2, as required in Eq. (3.18), the rotation matrices m 1 and
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m2 O9 can be used:

m1 Bm2 = (m1 O9) 9Bm2;

m2 Bm2 = (m2 O9 ) 9 Bm2;

m1 Bm2 = (m1 Om2) m2Bm2 = (m1O9)(m2 O9)-1 m2Bm2.

(3.19)

(3.20)

(3.21)

For the magnetic field vector Hm1, the following analytic expression holds (YONNET; 

ALLAG, 2009):

m1H =Hm1 =
Bm1

4n//,

111 k1+k2+k3

k1=o k2=o k3=o

(-1)k1+

[ ln(r-r2) ln(r-r3) tan-1 {nf2/(jT3)} ]TJ, (3.22)

where ^o = 4n x 1O 7 N/A2 is the vacuum permeability, Bm1 is the residual magnetization of 

magnetm1, and:

r1 = r1 - (-1)k1 (l1)m1;

r2 = r2 - (-1) 2 (l2)m1; 

r3 = r3 - (-1)k3 (l3)m1;

r = ^r21+ r22 + r32,

(3.23)

(3.24)

(3.25)

(3.26)

inwhichthecoordinatesr,,,={1,2,3},identifythelocationatwhichm1Hm1istobeevaluated, 

and are measured with respect to the coordinate frame related to magnet m1, as shown in 

Fig.3.4. DerivativesappearinginEq.(3.18)canbecomputedanalyticallyorthroughasymbolic 

manipulation software. It should be noted that m1 Fm2,m1 depends on the relative orientation of 

the magnets due to Eq. (3.21).

The total force and moment acting on the magnet m2 due to magnet m1 can then be 

computed via:

m1 F

m1 M

= r
,m1 =

JVm.

= í2,m1 =
Vm

m1Fm2,m1dVm2;

m1 r m1 F dV1 F m2,m1 dVm2>

(3.27)

(3.28)



39

where r is the skew-symmetric matrix assembled from the components ri, i = {1, 2,3}, of the 

vector r, shown in Fig. 3.4, such that:

0 -r3 r2

r = r3 0 -r1 (3.29)

-r2 r1 0

Integrals shown in Eqs. (3.27) and (3.28) can be evaluated using Gauss-Legendre quadra­

ture. These are easier to evaluate in the magnet m2 coordinate system, as in this case the 

orientation of the volume of integration is coincident with the frame directions. In this ap­

proach, for the computation of m1 Fm2,m1, it is necessary to evaluate the vector:

m1r= m1
m 2 ,m 1

+ m1r = m1rm2,m1
+ (m10^)(m2 $,g )■ 1 m2 r, (3.30)

whose components are needed for computing Eqs. (3.23) - (3.25).

After evaluation ofm1Fm2,m1 and m1Mm2,m1, coordinate transformation can be performed

so these loads can be expressed in the global coordinate system. Additionally, loads acting on 

magnet m1 can be obtained by using:

F F

M

m 1 ,m 2 m 2 ,m 1 (3.31)

m 1 ,m 2 m 2 ,m 1 (3.32)M

The formulationdescribedpreviouslyconsidersthatpermanentmagnetsinteractinpairs. 

If more than two magnets are to be accounted for, the total loads that result from their inter­

actions can be obtained by assuming linear superposition.

3.4 Finite Element Node-to-Element Contact Model

To account for contact conditions during simulations, an algorithm that deals with the 

case ofnode-to-element contact, based on inequality constraint functions, has been considered. 

Complete formulation can be found in Eterovic and Bathe (1991) and Bathe and Bouzinov 

(1997).
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Figure 3.5 shows some useful information for the contact problem. The vector b2fb1,b2 

contains the loads due to the surface tractions that happen on body b2 due to the contact 

between bodies b1 and b2. The loads on body b1 are denoted by the vector b1fb1,b2, such that 

b1fb1,b2 = - b2fb1,b2 . Notice that, contrary to the notation that was adopted in the previous 

Section, left superscripts are now used to indicate the body at which a load vector is applied

to.

It is compelling to express b2fb1,b2 through its normal and tangent contributions as fol­

lows:

b2 f b1,b2 = An + tS, (3.33)

where A is the amplitude of the normal component of the contact force, t is the amplitude of 

its tangent component, and unit vectors n and s are normal and tangent to the target contact 

surface, respectively.

The gap function g can be computed by (ETEROVIC; BATHE, 1991):

g (x, t) = [x - y* (x, t)]T n (y* (x, t)), (3.34)

where x is the location of a point on the contactor surface dVb2, and y* is defined as the closest 

location on the target surface 9Vbj with respect to the chosen point x, i.e.:

y* = argmin{||x - y|| : y e 9VbJ . (3.35)

Figure3.5-Contactproblemloadsandgeometry
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Based on Eqs. (3.33) and (3.34), normal contact conditions can be expressed by means of 

the following constraints:

9 > O : there must be no surface inter-penetration; (3.36)

A > O : contact must imply a compressive normal load; (3.37)

9A = O : there must be either some gap with null A, or no gap with A ± O. (3.38)

Friction during contact can be considered by means of Coulomb's law. One introduces 

the normalized variable T = t / (pA), where p is the (dynamic) coefficient of friction between the 

surfaces 9Vb1 and 9Vb2. The relative velocity ub2,b1 between the contacting surfaces is obtained 

through:

U(x, t) = Ub2 (y* (x, t), t) - Ubj (x, t), (3.39)

where U is the velocity of a point on dV^, i = {1, 2}. The magnitude of the relative tangential

velocity u then reads:

u (x, t) = [Ub2,b1 (x, t)]T s (y* (x, t)). (3.40)

Coulomb's law of friction implies:

|T| < 1 such that: (3.41)

|T| < 1 u = O; (3.42)

|T| = 1 sgn (uk) = sgn (t) . (3.43)

To make the constraints given in Eqs. (3.36) - (3.38) suitable for incorporation in varia­

tional formulations such as the Finite Element Method, a function wn (9, A) can be defined such 

that Eqs. (3.36) - (3.38) are satisfied when wn (9, A) = O. First, one considers the regularized 

function:

A = <n /9, (3.44)
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where en « 1, which approximately satisfies the conditions given in Eqs. (3.36) - (3.38), as 

shown in Fig. 3.6. Then, from Eq. (3.44), a viable expression for wn (g, A) is:

w„ (g, A) = (g + A) /2 - -\J(g - A)2 /4 + e„. (3.45)

The same procedure can be used to address friction related constraints. Instead ofrelying 

on Eqs. (3.41) - (3.43), one uses the regularized function:

F = 2/n tan-1 {U/es} , (3.46)

where es « 1, which is also shown in Fig. 3.6. From Eq. (3.46), the following implicit definition 

can be used to establish ws = ws (U, F):

F + ws - 2/n tan-1 {(U - ws) /es} = 0. (3.47)

Then, Eqs. (3.41) - (3.43) are approximately satisfied when ws = 0.

Inthe Finite ElementMethod, the positionvectorxrelatedto the contactorpointistrans-

lated to the location occupied by the contactor node kc, as shown in Fig. 3.5. The closest point 

location y* on the target surface can be obtained via the interpolation procedures admitted 

for the target finite element. In the case depicted in Fig. 3.5, where an isoparametric element 

with two nodes k1 and k2 is considered, y* can be computed as:

y* = 1 - PF (x1)k1 (x2)k1 T + PF (x1)k2 (x2)k2 T, (3.48)

Figure 3.6 - Regularized functions used to enforce contact conditions (en = es = 10-6)
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with (xi)k = (Xi)k + (ui)k, where (Xi)k and (ui)k, with i = {1,2} and k = {k1,k2}, denote 

the initial position and displacement in direction i of node k, respectively. ft is a weighting 

coefficient that can be determined, in this specific case, by means of:

ft = {[ (x1)kc (x2)kc ] - [ (x1 )k1 (x2)k1 ]} s (y* (x t)) • (3.49)

The unit vectors n and S can be computed based on the target element current configura- 

tion,throughtheuseoftheinterpolationfunctions. Inthegeneralcase,theproblembecomes 

nonlinear, as expressed in Eq. (3.35). Ifthe target element is as shown in Fig. 3.5, it is possible 

to obtain:

s = (x1)k2 (x2)k2 T- (x1)k1 (x2)k1 T;

s = s/NsN;

(3.50)

(3.51)

(3.52)
o -1 

1o
s,n = +

where,inEq.(3.52),the±symbolisusedtoindicatethatthechoiceofanoutwardunitnormal 

depends on the orientation assumed by S.

After these considerations, the contact loads acting on the contactor node kc and on the 

target element nodes k1 and k2 can be computed as:

(Fcontact)kc = A (n + pTS) ; (3.53)

(Fcontact)k1 = (1 - ft) A (n + pTS); (3.54)

(Fcontact)k2 = ftA (n + pTS) . (3.55)

Inthegeneralcase,ofatargetelementwithmorethantwonodes,thecontactloadshouldbe 

distributed among all the nodes of the target element by considering the interpolation proce­

dure used to compute y* (ETEROVIC; BATHE, 1991).

Finally, the contact conditions can be incorporated into a finite element formulation 

through:

a) the application of the contact forces to the relevant finite element mesh degrees of

freedom; and
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b) the enforcement ofthe constraints given in Eqs. (3.45) and (3.47).

Herein, an augmented Lagrange multiplier approach is adopted, such that A and f are deter­

mined during the solution process, and the nonlinear constraints are solved simultaneously 

with the finite element equations.

3.5 Coupling and Solution Procedures

In this Section, the coupling between the previously presented models is considered. An 

augmentedapproach has been favoredbecause ofits generalnature, despite possible concerns 

about computational cost. Also, since the problem is nonlinear, based on the loads due to in­

teracting magnets and the SMA constitutive behavior, a Newton-Raphson iterative procedure 

has been adopted for carrying out solution computations.

3.5.1 SMA Actuators Coupling and Residual Equations

The SMA wire modeling strategy presented previously in Section 3.2 can be coupled 

with the structural finite element model equations by simultaneously considering:

a) the kinetic evolution equations for f, Eq. (3.15);

b) the wire thermal equilibrium rate equation, Eq. (3.17); and

c) its mechanical equilibrium equation, as well, that hasn't yet been established.

For this purpose, one recognizes that the longitudinal strain in an SMA wire can be 

expressed as:

e = (L - L0)/L0, (3.56)

where L denotes its length at a given instant oftime.

Herein, the SMA wire is coupled to a structure whose behavior is modeled through finite 

elements.Byconsideringthis,LwillbegivenbyL=L(uSMA),wherethedisplacements'vector 

uSMA corresponds to a subset of the finite element nodal degrees of freedom vector, denoted 

by u.
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By assuming that the end points of an SMA wire are attached to two distinct nodes k1 

and k2 of the finite element mesh, then, in the 2D case:

usMA= (u1)k1 (u2)k1 (u1)k2 (u2)k2 T, (3.57)

and L can be obtained through:

L = y][(xi)k2 ~ (*i)fcj + [fe)fc2 “ , (3.58)

where itshouldbe recalledthat(xi)k = (Xi)k + (ui)k fori = {1,2} andk = {k1,k2}.

The mechanical coupling of an SMA wire with the structure is completed by deriving

the force the former applies upon the latter, according to:

(FSMA)k1 = [ (F1)k1 (F2)k^T = (aA0) rk-.k..; (3.59)

(FSMA)k2 = [ (F1)k2 (F2)k2 ] = -(aA0) rk1,k2, (3.60)

where (FSMA)k is the vector of forces applied on node k due to the SMA wire, and a denotes the 

stress,givenbyEq.(3.13). Tocomplywiththeconditionofawireactuator,intheimplemented 

algorithmitisenforcedthata > 0foralltimes. (Fi)kdenotestheforceappliedonnodekalong 

direction i, and fkbk2 is the unit vector pointing from node k1 to node k2, given by:

rki,k2 = [ cos6 sin6 ]T; (3.61)

6 = atan2 {(x2)k2 - (x2)k1, (x1 )k2 - (x1 )kj , (3.62)

where atan2{d, n} is used to evaluate tan-1 {n/d} and produce results in the [-n, n) range. 

Figure3.7showsaschematicillustrationofthiscouplingprocedure. Thewireisreplaced

by a statically equivalent system of forces, that are transferred to the finite element nodes 

according to the procedure outlined previously: the SMA material constitutive equation is 

used in deriving the forces that are applied to the model; and the wire strain is computed by 

taking into account the displacements of its supporting nodes. These explanations clearly lay 

emphasis on the bidirectional coupling nature ofthe adopted approach.
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i2

Node k1 SMA wire
(<7Ao)rfcl;fc2

t r h 1k1,k^V\ \ -Mo)rfci,fc2

Node k2

Figure 3.7 - SMA wire attached to FE mesh nodes, the unit vector 1k1,k2, 
and the equivalent system of forces by which the wire can be replaced

A final observation about the load vectors (FSMA)k, k = {k1, k2}, reflects their nodal 

nature. Appropriate degree of freedom compatibility should be taken into account for trans­

ferring these to the global finite element equations.

Attention is now devoted to the rate equations previously given for § and T. These differ- 

entialequationscanbeexpressedintheformofnonlinearalgebraicequationsbyconsidering 

a set ofintegration formulas. Here, one considers:

§|n+1 = §|n + At {a §ln+1 + (1 - a) §|„} ; (3.63)

T|n + 1 = T|n + At {a T|n+1 + (1 - a) T|n} , (3.64)

where At is the time discretization increment, and a is a constant that controls the integration 

rule that is used. More specifically, a = {O, l} implies the use of forward Euler, trapezoidal 

rule, and backward Euler methods, respectively. Also, subscripts ( )n and ( )n+1 represent in­

dexes for time discretization, such that tn = nAt, with n = {o, . . . , Nmax}, Nmax being the 

maximum number of integration time steps. Furthermore, the notation ( )|n is used to indi­

cate the evaluation of a given variable at tn.

From Eqs. (3.63) and (3.64), it is possible to establish the residual equations:

R§ln+1 = §|n+1 - §|n - At {a §+ (1 - a) §|„} = 0; (3.65)

RT|n+1 = T|n+1 - T|n - At {a T|n+1 + (1 - a) T|n} = 0 (3.66)

wherederivativesareevaluatedwiththehelpofEqs. (3.15)and(3.17). Thissystemofequations 

is coupled, and must be solved while simultaneously considering the mechanical equilibrium 

equations for u, since the SMA wire strain is a function of uSMA.
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3.5.2 Permanent Magnets Coupling

The loads that are due to interacting magnets are applied to the finite element model by 

consideringthateachmagnetcentroidiscoincidentwithameshnode. Thisprocedureassumes 

that each magnet is rigidly attached to the structure, and interface effects are disregarded.

As a magnet centroid is attached to a mesh node, the loads that result from the inter­

action of two magnets become displacement dependent. They can be evaluated as described 

previously in Section 3.3.

First, it should be noted that, in Eq. (3.30), rm2,m1 can be expressed, in the global finite 

element coordinate system, as:

g= [ (x1)m2 (x2)m2 - [ (x1)m1 (x2)m1 , (3.67)

where the subscripts m1 and m2 are used to identify the nodes to which the magnets' centroids 

are attached to.

Additionally, it should be noted that the rotation matrices m1 Og and m2 Og are dependent 

on the nodal angular displacements i/m and ^m2, respectively.

After the determination of these, coordinate transformations can be carried out. Then, 

Eq. (3.30) can be evaluated for distinct values ofm2r; corresponding values are obtained for 

m1Fim2,m1,withwhichnumericalintegrationisperformedforthedeterminationofm1Fm2,m1and 

m1Mm2,m1,fromEqs.(3.27)and(3.28). Furthercoordinatetransformationleadstotheavailabil- 

ity ofgFm2,m1 and gMm2,m1, which are the force and moment loads in the global finite element 

coordinate system — produced on magnetm2 due to magnetm1.

Then, in the case of the 2D beam finite element considered on Section 3.1, the load vector:

Fm2 = Fm2,m1 1 Fm2,m1 2 Mm2,m1 3 (3.68)

is applied to the node at which the magnet m2 centroid is attached to, where ( )i is used to 

denotethei-thcomponentofagivenvectorquantity,fori = {1,2,3}. ThecomputationofFm1, 

whichisappliedtothenodewherethecentroidofthemagnetm1 islocated,canbeperformed 

in an analogous manner.
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3.5.3 Contact Model Coupling

The contact modeling strategy directly exposes the coupling procedures that need to be 

adopted for its implementation.

From what has been shown in Section 3.4, it can be seen that most ofthe computations 

rely on the availability of the displacements of the contactor node kc, and of the nodes k1 

and k2 of the target element. Also, the contact unknowns A and F directly affect the value of 

the contact force, and the constraint equations that need to be solved together with the finite 

element residual equations.

The contact loads are applied to the finite element model together with the other acting 

loads. Residues that need to be evaluated are:

RA = wn = 0; (3.69)

RF = ws = 0, (3.70)

with wn defined in Eq. (3.45), and ws implicitly defined in Eq. (3.47).

3.5.4 Solution Algorithm

The Newton-Raphson method has been adopted for the solution of the nonlinear alge­

braic equations that result from considering the coupling procedures addressed before.

The unknowns of the problem are the finite element nodal degrees of freedom, u; the 

ensemble of normal, and normalized tangential loads, for all of the contact pairs, À and F, 

respectively; and the ensemble ofmartensite volumetric fractions, and temperatures, for all of 

the SMA actuators, Q and T, respectively. More precisely, the vectors À, F, Q, and T are such 

that:

À =1 Ac1
•• Acnc ]t; (3.71)

F = [ Fc1 Fc2 •• • F,, ]T; (3.72)

Q=[ §aT1 §T • •• §T ] T.
J ; (3.73)

T= [ T,, T,2 ' • • T ]T (3.74)
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where Ac and Tc are associated with the contact pair c, §a and Ta are related to the SMA wire 

actuator a, and Nc and Na designate the total number ofcontact pairs, and SMA wire actuators, 

respectively, that are part ofthe system.

The equations to be solved can be expressed as the residual:

Rsystem = [ RT RT RT RT RT ]T = 0, (3.75)

with:

Ru = Fint - Fext - i=1 (FSMA)k1 ai + (FSMA)k2 ai - i=1 Fm1 pi + Fm2 pi

+ i=1 (Fcontact)kc ci + (Fcontact)k1 ci + (Fcontact)k2 ci ; (3.76)

Rx = (RA)c1 (M, •• • (raK ]t; (3.77)

Rt = [ (Rt )c1 (RT )c2 •• • (rt u ]T; (3.78)

R§ = [ (R§) T1 .. •
•• (R§)Tn. ]T; (3.79)

RT = (RT)a1 (RT)a, ' •• (RT)a , ' • (3.80)

where RU is the residual vector related to the global finite element equations, and RT are 

the residual vectors related to the constraints imposed by the contact pairs, and R§ and Rt 

are the residual vectors associated with the rate equations for the martensite fractions and 

temperatures of the SMA wire actuators. In Eq. (3.76), [(FSMA)k]a denotes the loads the SMA 

wire actuator a applies on its anchoring node k, (Fm)p represents the loads acting on magnet 

m of the p-th pair of magnets, and [(Fcontact)k]c designates the contact loads applied to node 

k of the contact pair c. In Eqs. (3.77) - (3.80), the subscripts ci, i = {1, . . . , Nc}, and ai, i = 

{1,...,Na},areusedtodistinguishbetweentheseveralcontactpairsandSMAwireactuators 

that are considered in the system. Expressions that are used for computing the residues have 

been presented along this Chapter.

Figure 3.8 presents a simplified block diagram of the code that has been implemented in 

MATLAB® forcomputing the system residualvector. Itshows the orderatwhichcomputations 

are performed within one iteration of the solver, and provide a better understanding of what 

has been discussed in Subsections 3.5.1 - 3.5.3.
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Aproximate Solution
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Figure 3.8 - Simplified block diagram for the implemented model

system

u

R

Considering what has been shown in Subsection 3.5.1, one sees that, given values for

usma, §, and T, the forces related to an actuator, (FSMA)k, k = {k1, k2}, can be computed, and 

added to the other loads that are applied to the finite element model. Furthermore, the SMA 

residue equations can also be evaluated, ifthe power input term PE is provided. This procedure 

isperformedforeachoftheSMAactuatorsinthesystem.

With regards to interacting pairs of magnets, still referring to Fig. 3.8, it can be seen 

that Fm1 and Fm2 are computed depending on the availability of um1 and um2 , as discussed in 

Subsection 3.5.2. Note that the components of umi, i = {1, 2}, are (u1 ')m., (u2)mi, and also ^mi. 

Having evaluated the nodal load vectors Fm1 and Fm2 , these are transferred from the nodal 

to the global finite element level framework. The procedure is performed for each pair of 

interacting magnets. The vector of accumulated loads is then applied to the structural finite 

element model, together with the other relevant loads.

Figure 3.8 also explicitly shows coupling dependencies for the node-to-element contact 

model, as pointed out in Subsection 3.5.3.
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Since rate equations are associated with Q and T, solution needs to be calculated based 

on successful incrementation oftime steps, as indicated by what has been shown in Eqs. (3.65) 

and(3.66). Thus, the Newton-Raphson methodis consideredforeachinstantoftime forwhich 

solution is to be computed.

It is supposed that the solution is known up until some time tn, and that solution is to 

be computed for time tn+1 = tn + At. It is also assumed that an approximate solution set, 

Usystem|n+1, is available, where:

Usystem =[ UT ÀT TT QT TT]T . (3.81)

The superscript ( )|k is used to index the approximation, whereas the subscript ( )|n indexes 

time.

The system residual for tn+1 related to a more accurate solution approximation k + 1 

can then be evaluated by considering its expansion in a Taylor series around the approximate 

solution k, such that:

|k+1
Rsystem|n+1 = Rsystem|n+1 + Ksystem|n + 1 AUsystem + © (Ausystem (3.82)

where:

Ksystem
9R.system

9usystem
Ksystem i,j

d (Rsystem )

d (Usystem) ;
(3.83)

denotes the system Jacobian matrix, and:

Aus
|k+1 |k

system — Usystem |n+1 Usystem |n+1 •Us (3.84)

Furthermore, © ^AusvsleI11j is used to denote contributions to the expansion that depend on

powers of Ausystem that are greater than, or equal to 2.

By neglecting these contributions, since it is assumed that the approximate solution set is 
|k+1relatively close the true solution of the problem, and enforcing the requirement that Rsystem |n+1 

should be null, it is possible to derive:

1
Ausystem

ik
system |n+1

ik
system| n +1 (3.85)K R
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from which:

k+1 _
Usystem |n+1 = |kUsystem|n+1 + Ausystem (3.86)

can be computed.

The procedure is repeated for successive values of k, until some convergence criteria, 

such as:

R |k+1
system| n +1 — ^abs (3.87)

is met, where eabs denotes an absolute error tolerance.

The adoption ofthe Newton-Raphson method for solution computation can be hampered 

by some aspects. For instance, the evaluation of the Jacobian matrix can make the method 

cumbersome in many applications. However, convergence rate can be drastically improved 

if the problem is well-behaved. For this reason, analytical expressions have been derived for 

its calculation. This helps in avoiding common issues that are raised due to approximations 

based on the use of finite difference techniques.

Nevertheless, the physics considered herein pose a significant challenge for the success­

ful application of the Newton-Raphson method. For instance, loads between interacting mag­

nets get increasingly larger when opposing magnetic poles are pushed together, until contact 

happens. Contact separation results yet in another complication — since solution discontinu­

ity can occur, initial approximations that are based on previous computed solutions can lead to 

poor convergence, or give rise to solution divergence. Another problem resides in the choice 

of a fixed time step integration algorithm.

To overcome these difficulties, a line search method has been incorporated into the solu­

tion algorithm. In this approach, the solution update procedure shown in Eq. (3.86) is replaced 

by:

k+1
Usystem| n +1

|k
Usystem|n+1 + nAUsystem, (3.88)
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where n is determined by minimizing the system overall energy. This directly translates to 

solving:

a (n) = AUsystem Rsystem|n+1 = O, (3.89)

where the system residual is evaluated by considering the condition given in Eq. (3.88). So­

lution of Eq. (3.89) is performed by considering the regula falsi method, such that the overall 

procedure is similar to the one reported in the ANSYS® finite element software documentation 

(ANSYS, 2015).

Also, to alleviate further convergence issues during solution computation, numerical 

smoothing has been performed for several discontinuities included in the model. These in­

volve, for instance, the rate equations for §, that are based on an if/else construction, as seen 

in Eq. (3.15). Another example is related to the vector m, whose computation is also based 

on if/else statements, as shown in Eqs. (3.16a) - (3.16c). A final example concerns the model­

ing used for the SMA wire actuators, that calls for the condition a > O — which can also be 

described as an if/else statement.

Discontinuities like these can be tackled by considering a smoothed Heaviside function 

H. It can be computed from the sigmoid:

d(x) = erf{ , (3.90)

where erf { } denotes the error function, and K denotes a big number (herein, it has been 

adopted that K = 1O4). Then:

H(x) = [d(x) + 1] /2. (3.91)

A fictitious function whose construction is based on an if/else statement is considered 

as an example. Suppose that:

, . , I f1(x) if x > x1;
f (x) =

I f2 (x) otherwise,
(3.92)
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where f1 and f2 are each one continuous functions ofx. Then:

f « f (x) = f1 (x) H (x - x1) + f2 (x) f1 - H (x - x1)] (3.93)

represents a smooth, continuous approximation for f. In fact, f f as K +to in Eq. (3.90). 

In the case an if/elseif/.../else statement is adopted in the definition of a discontinuous function, 

then it its attractive to recast its definition by considering multiple nested if/else statements 

before applying the smoothing procedure just described.

Figure 3.9 shows a flowchart related to the solution algorithm just described. As can 

be seen, line-search is performed only if the Newton-Raphson algorithm has not converged 

within kLS iterations. Furthermore, if the solution strategy exceeds kmax iterations, then it is 

considered to have diverged. In this case, the same procedure is applied once more, but with 

a different initial guess — namely, by considering usystem|°+1 = usystem|0. If divergence still 

persists, the time step At gets reduced according to (At)new = (At)old /kAt. Then, after kAt 

successful solution computations, the time step is changed back to its original value (At)old. If 

divergence is detected when using a reduced time step, then the algorithm is stopped. Numer­

ical results provided later have all been computed by considering kLS = 10, kmax = 500, and 

kAt = 100. It should be noted that a high value has been adopted for kmax since the line-search 

procedure that has been used can show slow convergence rates.
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Change At; etc.

Figure 3.9 - Iterative solution algorithm flowchart

3.6 Summary

Along this Chapter, several modeling strategies have been considered. These embrace 

a geometrically nonlinear beam finite element; a thermomechanical constitutive relation for 

SMAs; the interaction ofparallelepipedpermanentmagnetsandresulting loads; andastrategy
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for enforcing node-to-element contact within finite element models. One also considered cou­

pling aspects related to the framework proposedfor magneto-thermo-mechanicalsimulations 

of systems that combine SMAs and permanent magnets. Finally, a solution strategy for the 

resulting nonlinear system of equations was discussed, by considering a iterative procedure 

based on the Newton-Raphson algorithm.

Theadoptedmodelingapproachisfairlygeneral,sinceitreliesonaugmentedLagrangian- 

like coupling strategies. Because of this, substitution of one or more modeling schemes can 

be made while aiming for accuracy and/or speed improvements.



CHAPTER I V

SIMULTANEOUS USE OF SHAPE MEMORY ALLOY ACTUATORS 

AND PERMANENT MAGNETS IN A SLENDER BEAM

The simultaneous use of SMA wire actuators and permanent magnets is first investi­

gated in this Chapter. A tristable smart structure is considered, which consists ofa cantilever 

beam, to which antagonistic SMA wires and permanent magnets are attached to. As objectives, 

one considers the validation of the proposed concept, of combining SMA actuators and per­

manent magnets for multistability; and the verification of the modeling procedures addressed 

previously in Chapter III.

A description ofthe system that has been experimentally tested and the setups adopted 

fordataacquisitionaredescribedinSection4.1. Next,inSection4.2,conditionsconsideredfor 

running numerical simulations are discussed. Results are provided, compared and discussed 

in Section 4.3. A summary is also given in Section 4.4.

4.1 System Description and Experimental Setup

The system considered in this Chapter is shown in Fig. 4.1. It consists of a relatively 

thin aluminum clamped-free beam, with two antagonistic SMA wire actuators (Muscle Wires® 

Flexinol 300 LT) attached to it through a bolt and jam nuts. N52 grade NdFeB permanent 

magnets were addednearthe endofthe beam, andsecuredwith the use ofLoctite® SuperGlue. 

Identical magnets have been kept stationary, positioned at convenient locations, to enable the
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(a) Schematic drawing

Figure 4.1 - System considered for testing

(b) System photograph

observation of the desired behavior for the system. The placement of the stationary magnets 

was performed with the help of auxiliary 3D printed parts, made out of ABS plastic.

Table 4.1 provides the values of the coordinates of the points identified in Fig. 4.1. The

beam width and thickness are oriented along X 3 and X 1, and measure 28.5 mm and 1.2 mm,

respectively. The diameter of the SMA wires is equal to 300 qm, and the permanent magnets 

have sides measuring 6.35 mm, or j of an inch. The arrangement of all components is also 

such that there is symmetry with respect to the (X1, X2) plane. There is also symmetry with 

respecttothe(X2,X3)plane,asindicatedbythebeamcenterlineintheschematicdrawingin 

Fig. 4.1(a), whenthe beamoccupiesaverticalposition.

Table 4.1 - Coordinates of the 
points identified in Fig. 4.1(a)

Point X 1 [mm] X2 [mm]

Pclamp 0.0 0.0
Ptip 0.0 400.0
Pm1 3.775 330.0
PPm2 34.0 328.0
PsMA1 4.775 300.0
PsMA2 1314.775 300.0
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SMA wires have been installed as received from the manufacturer. According to it, the 

wires are trained while subjected to a 200 MPa load. In the experimental arrangement, ac­

tuators were routed through small pulleys covered with Kapton® tape, to provide thermal 

insulation at these points, as can be seen in Fig. 4.2. Considering the total length of the wires,

and that only three pulleys were used to allow for a greater actuator length, the effect of these 

pulleys on performance is deemed negligible. The fixed end of each wire was anchored with 

jam nuts. Also, before securing them, a static pre-load of aO = 1OO MPa have been applied 

with the use ofdead weights.

The conditions adopted for experimental characterization are now considered. Each of 

the SMA wire actuators have been subjected to their corresponding voltage loading patterns, 

which are shown in Fig. 4.3. As can be seen, a ramp loading/unloading condition is considered 

for eachwire, with only one ofthem being actuatedat a time.

It is clear from this figure that quasi-static loading conditions have been considered. The 

choice for such an approach is related to the fact that the behavior of SMA materials is rate- 

dependent (LAGOUDAS, 2008; CISSE; ZAKI; ZINEB, 2016b). The adopted SMA model can ac­

count for some variation in the speed with which thermomechanical transformation happens 

through the constant vo, see Eq. (3.15), p. 34; and also through the constant cj, see Eq. (3.12),

Figure 4.2 - Photograph of the system prior to the installation of magnets
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Figure 4.3 - Voltages adopted for driving the SMA wire actuators

that provides control for the transformation hardening behavior. Despite these capabilities pre­

sented by the model, a conservative approach has been selected while dealing with the tests 

for the system considered in this Chapter, since these were the first ones performed within the 

Thesis context. The scope of the tests is thus narrowed, such that additional hurdles owed to 

faster loading rate patterns could be avoided — the multi-physics nature ofthe studied system 

already proves itselfrather complex.

Two configurations have been investigated, consisting of the system with and without 

permanentmagnets. The consideration ofboth ofthese conditions allows foradirectcompari- 

son of results, thus making it possible to evaluate the influences that are due to the permanent 

magnets on the overall system behavior.

Regarding room temperature, it has been controlled by an air conditioning unit to be 

20 ◦C during the whole length of the tests.

Attention is now devoted to the measurement and excitation systems used for testing. 

Acquisitions and recordings have been made possible with the help ofa National Instruments® 

USB-6259 BNC DAQ device, and a personal laptop.

Temperatures, voltages and currents have been monitored on both SMA wires. Temper­

ature measurements were performed with Omega® K type, 40 AWG wire (80 ^m in diameter), 

thermocouples, which were paired with Analog Devices® AD8495 precision amplifiers, capa­

ble of performing cold junction compensation. The output of these amplifiers have been di­

rectly fed to analog input channels ofthe NI® USB-6259 BNC DAQ. Voltage drops along each 

ofthe actuatorshave beenmeasuredwiththe help ofsimple voltage dividers, whichwere used
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to prevent saturation on the input ports of the NI® DAQ board. Currents applied to the wires 

have also been recorded, now with the use ofTexas Instruments® INA250 integrated circuits, 

whose outputs were also directly connected to the DAQ device.

The displacement field of the beam has also been captured. For this purpose, a Canon® 

EOS 1000D digital camera has been used, while coupled to an EF75-300mm f/4-5.6 lens. To 

mitigate visual distortion effects, the camera has been positioned as far away as possible from 

the system under test, at approximately 4 m. Photos were taken every 5 seconds, which has 

been deemed a sufficient rate for the adopted quasi-static SMA actuation pattern. The acquired 

images were then post-processed, and the displacement of specific locations have been deter- 

minedwith the use ofthe open-source Trackersoftware (BROWN, 2017). It consists ofavideo 

analysis and modeling tool that allows for, among other capabilities, manual and automated 

object tracking, with position, velocity and acceleration outputs.

The NI® USB-6259 BNC DAQ also provided the command voltage used to drive the SMA 

actuators. The analog output has been directed to a Labworks Inc. PA-138 Linear Power Am­

plifier. This equipment has been set up as a voltage source, with an amplification gain of 

approximately 29 V/V. A digital relay has been connected in series with the power amplifier 

output to direct the electrical current either through the left or the right actuator, as needed.

4.2 Numerical Simulations Setup

Conditions used for performing numerical simulations are now discussed. The imple­

mented code is based on what has been presented previously in Chapter III.

The adopted finite element mesh is shown in Fig. 4.4. The beam has been discretized by 

considering 40 elements with three nodes each, such that parabolic interpolation is used for 

the description of the displacement fields along their length.

To connect the SMA wire actuators and permanent magnets coupling nodes to the beam 

mesh, and simultaneously account for small offsets observed in the experimental setup, some 

finite elements with two nodes each have been incorporated into the model. These can be 

observed in the zoomed plots provided in Fig. 4.4.
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Figure 4.4 - Finite element mesh used for numerical 
simulations;internal finiteelement nodesare notshown

Finite elements with two nodes have also been considered for modeling the surfaces of 

the magnets that are subjected to contact, and accordingly treated as target elements.

All of these finite elements with two nodes were considered to possess higher values for 

EA, GAs, and EI , in order to simulate rigid connections and surfaces, depending where they 

were used. Table 4.2 provides the numerical values adopted for model parameters.

The power input term Pe for each of the SMA wire actuators were specified after analyz­

ing experimental data. Cubic polynomials were fitted to the observed electric power during 

the heating and cooling phases ofthe actuators. For the left wire:

k=1 {fleft{t - 30 (4k - 4)} [H{t - 30 (4k - 4)} - H{t - 30 (4k - 3)}]

+ feft{30 (4k - 2) - t} [H{t - 30 (4k - 3)} - H{t - 30 (4k - 2)}]} , (4.1)
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Table 4.2 - Model parameters used for conducting simulations

Scope Parameter Value Units Scope Parameter Value Units

Beam material Permanent magnets
E 65 GPa Bmi 1 . 43 T

G 24.38 GPa (li )mi 3.175 mm

SMA wire actuators Contact algorithm

t.v 20 ◦C P 0.1 -

h 0.240 kW(m2^K)-1 £n 10-6 -

d0 0.300 mm 10-6 -

p 0.0289 - Solution algorithm
EA 75 GPa a 0.5 -

EM 28 GPa At 1 s
TR 15.44 ◦C kLS 10 -

As -80.615 J(kgK)-1 kmax 500 -

cI -0.7297 kJkg-1 kAt 100 -

c0 0.500 kJ(kg^K)-1
^abs 10-6 -

P 6.450 3g<m 3

Pc 0.6634 kJkg-1

V0 0.238 g(Js)-1

where k stands for a dummy counter index, t must be specified in minutes, H{ } denotes the 

Heaviside unit step function, and:

fell{t} = -0.04882t + 0.028845t2 - 0.000071149t3 (4.2)

represents the fitted polynomial. As for the right actuator:

(PE)right = X~ 1 {fright{* - 30 (4k - 2)} [H{t - 30 (4k - 2)} - H{t - 30 (4k - 1)}]

+ fright{30(4k) - t} [H{t - 30(4k - 1)} - H{t - 30(4k)}] , (4.3)

with t once again in minutes, and:

fright{t} = -0.03766t + 0.026060t2 + 0.000011364t3. (4.4)
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The value of the ambient temperature has been considered equal to the one set on the 

air conditioning unit located at the room where tests were conducted. As to the convection 

film coefficient h, its value has been obtained by considering the slope of the plot of T versus 

PE. If Eq. (3.17), p. 36, is considered, and transient effects are neglected, a linear fit can be 

performed on the experimental data such that h assumes the value provided in Tab. 4.2.

Characterization of the SMA wire actuators have not been performed prior to the tests 

reported in this Chapter. Because of this, the values provided in Tab. 4.2 for the actuators 

are a mix of: literature data, in the case of d0, EA, EM, c0, and p, as these were thought to be 

representative of the actual behavior of the SMA material; and fitted parameters, when /'>, TR, 

As, cj, pc, and v0 are considered.

For fitting these, an optimization problem has been considered. The chosen objective 

function evaluated to:

(4.5)
2

which represents the root-mean-square deviation associated with beam displacement u1 eval­

uated at the SMA actuators attachment location, such that X* = 0 mm, and X2* = 300 mm, cf. 

Tab. 4.1. As can be seen, the deviation is taken as the difference between the model calculated, 

and experimentally measured values, which are distinguished by the subscripts [ ]model and 

[ ]exp, respectively.

The optimization problem has been solved by considering the differential evolution algo­

rithm, with a population size of 18 individuals. The near-random initial population has been 

selectedbymakinguseofthelatinhypercubesamplingtechnique. Thedesignspaceselected 

for optimum search has been defined by taking into account literature available data, e.g. (DY- 

NALLOY, 2017). The rand/1/bin update scheme was adopted, with amplification factor and 

crossover probability both set equal to 0.8. The maximum number ofiterations was set to 100, 

but after 30 the algorithm stalled, and stopped prematurely. The optimization solution algo- 

rithmthathas beenusedis available as partofthe SIMPLE OptimizationToolBox, whichhas 

been developed at the Federal University of Uberlândia. It is a MATLAB® add-on that allows 

for the creation and solution ofoptimization problems (VIANA, 2008).



65

The remaining values given in Tab. 4.2, which concern the beam material, the per­

manent magnets, and the contact algorithm, have been determined based on typical values 

reported for aluminum physical properties; on manufacturer data for permanent magnets 

(K&JMAGNETICS, 2017); and on numerical experimentation to achieve accurate contact mod­

eling, respectively.

Regarding initial conditions for § and T, denoted by §0 = [ (&)0 (&)0 ]T and T0, these 

were set equal to [ 1 0 ]T and TTO, respectively, for both SMA wire actuators.

With respect to the initial lengths ofthe SMA wire actuators, they have been determined 

by considering the pre-load 0 = 100 MPa that was applied during their installation prior to 

testing. It can be shown that:

L0 = LSMA {°o/E (§0) + [(^1)0 - (^2)J p , (4.6)

where LSMA = 1.310 m is the Euclidean distance between PSMA1 and PSMA2, cf. Fig. 4.1(a) and 

Tab. 4.1.

4.3 Results and Discussion

Results are now provided. Figure 4.5 initially shows a comparison between experimental 

data collected for the system with and without permanent magnets, by considering the time 

history of three distinct points along the beam length. The time labels provided in Fig. 4.5(c) 

serve as references for the pictures of the system given in Fig. 4.6, from which the complete 

displacement field of the beam can be seen, thus allowing for an easier comparison and under­

standing of the results.

An important point must be considered for the analysis ofthe time history plots provided 

in Fig. 4.5. Because the voltage provided to the SMA actuators consists ofa repetitive pattern 

withaperiodof2 hours, ascanbe seeninFig. 4.3, displacementsforthe secondandsubsequent 

actuation cycles are plotted by considering a different time reference, such that results overlap. 

For example, displacements corresponding to time instants between 2 and 4 hours are plotted 

as if they have occurred during the 0 to 2 hours time frame, as both of these periods of time
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(a)

Figure 4.5 - Comparison between experimentally measured beam 
displacements for the system with and without magnets

(0 to 2 hours, and 2 to 4 hours) are associated with the same command voltages used for SMA 

actuation. Analogous reasoning is applied for the subsequent actuation cycles as well.

Furthermore, because the beam was close to a vertical position in the initial configura­

tion for the tests that have been performed, distinct displacement paths can be seen for the
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(a) System without magnets (b) System with magnets

Figure 4.6 - System under test, at different actuation conditions,
labeled according to time, in hours, cf. Fig. 4.5(c)

initial 20 minutes « 0.33 h in the time histories that have been provided. An indication of this 

is only given in Fig. 4.5(c), despite the same being also true for all other provided plots.

Another valid clarification is in order for the line thicknesses that have been used in the 

plots shown in Fig. 4.5. These have been chosen so as to represent the maximum uncertainty 

associated with the measurements that have been made. The reasonably high variability is in 

account of the adoption of a camera setup, in conjunction with the use of an image tracking 

software, for the computation of the displacement field for the points of interest.

After these explanations, attention is finally devoted to discussion. It is directly evident 

from Fig. 4.5 that the permanent magnets are indeed able to provide two new equilibrium con­

figurations for the system that has been tested. These are virtually similar to the configurations 

identified by the labels 1.20- and 0.25- shown in Fig. 4.6(b).
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Another inference from the results given in Figs. 4.5 and 4.6 is that the system without 

magnets is able to achieve larger displacements when compared with the system with perma­

nent magnets. This observation is directly related to the positions chosen for the placement 

of the permanent magnets. When a pair gets in contact, the motion of the beam is effectively 

constrained. Additional differences occurring after further actuation of the SMA wires can 

also be explained based on this observation. Nevertheless, in an actual use case ofthe tristable 

system, actuation would be interrupted just after the system had been moved to one of its 

stable configurations. Subsequent actuation could still be used as a means for controlling the 

stiffness of the structure in response to external actions, but is not required for maintaining 

the system in one of its new stable states.

A timeline of events is now considered for the two configurations adopted for the system. 

The one without permanent magnets is considered first.

The sequence is pretty straightforward, as the beam acts in response to the SMA wire 

actuators. The system departs from its initial condition shown in Fig. 4.6(a), labeled 0.00. The 

left SMA wire actuator is heated up due to the voltage that is supplied to it. In this process, 

because of the specific properties of the SMA wires that have been used, the material undergo 

phase transformation, departing from its martensite phase, aiming to arrive at a pure austen­

ite condition. Simultaneously, the right SMA wire gets tensioned, and because of this, the 

tension on the left wire also rises. As a consequence, the transformation temperature for the 

left SMA wire gets increasingly larger as it contracts upon actuation. Much probably, a full 

austenite condition is not reached because of this. The maximum displacement condition is 

then achieved, which is shown in Fig. 4.6(a), identified by the label 0.50. From this point on, 

the left actuator has its temperature decreased, as a consequence of the decreasing value for 

the supplied actuation voltage. The beam starts to return to its initial position, but ends up in 

a slightly offset condition, identified by the label 1.00 in Fig. 4.6(a).

In the sequence, the same procedure is considered, but this time the right SMA actuator 

is the one that gets heated. It contracts due to phase transformation, while the left wire gets 

tensioned. The maximum displacement configuration, identified by the label 1.50 in Fig. 4.6(a), 

is eventually reached. Afterwards, the command voltage supplied to the right actuator is incre­
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mentally decreased. Its length starts increasing while the tension on the left wire gets reduced. 

An offset condition is once more achieved, which is identified in Fig. 4.6(a) by the label 2.00. 

From this configuration, another actuation cycle starts, leading the system once again through 

the states labeled 0.50, 1.00, 1.50, and 2.00, successively, regardless of the observed offsets in 

the configurations labeled 1.00 and 2.00.

The reason for the offset observed in the configuration labeled 1.00 in Fig. 4.6(a) can 

be attributed to several factors, but the most likely one considers an insufficient initial wire 

tension to promote full martensite reorientation ofthe SMA wires. Because ofthis, the right 

SMAwirestillhadsomeresidualdetwinnedmartensiteaftertheinitialsetupoftheexperiment. 

Then, when the left actuator was heated up, and the right wire was further tensioned, this 

latter finally had martensite reorientation completed. When unloaded, an increased amount 

of prestrain should be associated with the right SMA wire, the effect of which appears in the 

considered offset. A more detailed explanation of this process can be found in the literature, 

for instance in the work of Sofla, Elzey, and Wadley (2008). The same reasoning explains the 

offset observed for the configuration identified by the label 2.00 in Fig. 4.6(a).

The timeline of the experiments performed with the system with permanent magnets 

is now addressed. It departs from the initial condition labeled 0.00 in Fig. 4.6(b). During the 

first half-hour, the left wire is heated, and contracts due to phase transformation. However, 

after the first initial 18 minutes of testing, the system experiences a snap-through, which is 

induced by the close proximity of the left pair of permanent magnets. The configurations 

immediately before and after contact between the NdFeB magnets can be seen in Fig. 4.6(b), 

and are labeled 0.30- and 0.30+, respectively. At this point, actuation could be interrupted, 

and the system would maintain its configuration. Nonetheless, the voltage supplied to the 

left SMA actuator continued to rise, since the same command voltage has been considered for 

response characterization of the system both with and without attached permanent magnets.

From this instant onward, the beam behaves as ifit was constrained at the location where 

the magnet pair makes contact. Noticing that the SMA actuators were secured below the 

location at which magnets were attached to the beam, upon further contraction ofthe left wire, 

the beam tip starts to bend in the opposite direction. When the maximum command voltage
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is used, the beam shape is similar to an elongated “S”, which is identified by the label 0.50 in 

Fig. 4.6(b). In the sequence, the voltage provided for actuation is continually reduced, until it 

finally reaches a null value. The system, nevertheless, is able to maintain its new equilibrium 

state,thankstotheinteractingpairofpermanentmagnetsontheleft.Apictureforthe1hour 

mark from the beginning of test is not provided in Fig 4.6(b), but the deformed configuration 

of the system at this time instant is almost identical to the one identified by the label 1.20-.

Subsequently, the right SMA wire is actuated, much in the same way. After enough 

tension builds up due to its contraction, owed to phase transformation, the magnets that pre­

viously got together are able to separate. Configurations immediately before and after the 

snap-through are identified by the labels 1.20- and 1.20+, respectively, in Fig. 4.6(b). The volt­

age supplied to the right wire actuator then continues to increase, and the system eventually 

snaps-through one more time, when the permanent magnets on the right get too close to each 

other. The magnetic interaction is then able to overcome the beam restoring loads and the left 

SMA wire tension, so that the system departs from the configuration labeled 1.30- to the one 

identified by the label 1.30+ in Fig. 4.6(b). The right SMA wire is still fed with increasing values 

of command voltage, until the configuration identified by the label 1.50 is achieved. Then, the 

command voltage starts to get reduced, until it reaches a null value once again. The system 

is able to maintain its new stable state, in which the beam is displaced to the right. At the 2 

hours mark, the deformed configuration is virtually identical to that one identified by 0.25- in 

Fig. 4.6(b).

Afterwards, the second actuation cycle is initiated. Differences with respect to the first 

actuation cycle are related to the initial condition assumed for the system. In that case, the 

beam configuration was almost straight, aligned to the vertical direction, and now it is de­

formed to the right. Because of this, when the left wire is heated, sufficient tension builds up, 

until the right pair of contacting magnets separate. This can be seen in Fig. 4.6(b) through 

the configurations labeled 0.25- and 0.25+. From this instant onward, the events considered 

previously start to occur once again, as can be checked by the overlapping curves shown in 

the plots of Fig. 4.5.
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One important remark about the snap-through events that have been observed during 

experimental testing is related to vibrations. These have manifested more prominently when 

two contacting magnets detached, rather than when two magnets mutually attracted each 

other. No indication of vibratory motion appear in any of the displacement plots provided in 

this Chapter simply because of the sampling rate associated with the camera setup that have 

been used for image acquisition. Nevertheless, during testing it has been verified that the 

vibration just reported faded away very quickly. These indicate that inertial effects can clearly 

play a significant role in the case of faster SMA actuation times.

After having gone through this long explanation of experimental events, figures pro­

vided next compare numerical simulation results to the data collected experimentally. To al- 

lowforbetterinterpretation,resultsareinitiallyprovidedanddiscussedforthesystemwithout 

magnets. Later, the system with attached magnets is considered.

Figure4.7showsthedisplacementsofthethreedistinctpointsalongthebeamlengththat 

have been considered previously: the location at which SMA wire actuators are attached to the 

beam; the location where permanent magnets are secured to the beam; and the beam tip. As 

can be seen by the provided plots, the displacements predicted by the numerical model present 

a good agreement with the collected experimental data, both qualitatively and quantitatively. 

The main differences that can be observed occur during SMA actuation, and are related to the 

phase transformation evolution law assumed by the adopted model.

Figure 4.8 shows the electric power provided for actuation of the SMA wires via Joule 

heating. As discussed in Section 4.2, the experimental values for power have been fitted, and 

the resulting expressions were used as inputs in the computation of numerical results. The 

fitted expressions for both input powers have been provided in Eqs. (4.1) - (4.4); a very good 

agreement has been achieved, as can be seen in the shown plots.

To get a better picture ofthe SMA phase transformation behavior, power versus displace­

ment hysteresis loops are provided in Fig. 4.9. The plots show that the model adopted for the 

SMA wire constitutive behavior is able to predict hysteresis, but with some limitations. For 

instance, the numerical model displacements do not change past a certain electric power level 

(> 17 W) because phase transformation had finished, which is not the case for experimental
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results. In this regard, transformation smoothing techniques could be adopted for the achieve­

ment of better agreement. The lack of a proper characterization of the SMA actuators also 

contribute to some extent for the disagreements that can be seen.

(a) 45

Time [hours]
(b)

Time [hours]
(c)

Time [hours]

Figure 4.7 - Experimental and numerically computed beam 
displacementsforthesystem withoutmagnets
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Figure 4.8 - Electric power input for the system without magnets

TheelectricalresistanceofeachSMAwirehasbeencomputedbydividingthemeasured 

voltage by the corresponding measured current observed during the SMA actuation cycles. 

Figure4.10providesplotsoftheirtimehistory,aswellasoftheirrelationshipagainsttheSMA 

anchoring point displacement. High uncertainty can be observed near the time instants of 

0, 1 and 2 hours, because in these cases the current value gets very small as a consequence 

of the command voltage being driven towards a null value. Furthermore, because voltage 

was supplied only for the wire which was being actuated, there is no available data for the 

right wire resistance during the time period between 0 and 1 hour, neither for the left wire 

for instants comprehended between the 1 and 2 hour marks. It should also be noticed that, 

for clarity, effects related to the initial condition, which would appear during the 0 to « 0.30 h 

time frame, have been omitted in both plots. Because of the insufficient prestress that has been 

considered during the experimental setup, which led to the offsets seen in the displacement 

results, asdiscussedpreviously, asmallamountofhysteresisappearinFig. 4.10(b). Inanideal 

setup, with increased initial prestress, the resistance versus displacement relationship would 

be almost linear for each ofthe SMA wires. This fact could be used for self-sensing, and control 

design, as has been reported in the literature, for example, by Ma, Song, and Lee (2003), Lan 

and Fan (2010a), and Lan and Fan (2010b).

The last results related to the condition in which permanent magnets were not attached 

to the system refer to the temperatures ofthe SMA wire actuators. Figure 4.11 provides both
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(a)

u 1 [mm] @ SMA anchoring loc.

Figure 4.9 - Experimental and numerically computed electric power-displacement 
hysteresisloopsforthesystem withoutmagnets

the temperature time history and the temperature versus electrical power relationship. Agree­

ment of numerical and experimental results is fairly good, as should be expected, since the 

value for the convective film coefficient h has been determined from a linear fit while consider- 

ingthedatashowninFig.4.11(b). Theexperimentaltemperaturemeasurementsarerelatively 

noisy in account ofthe trouble involved in proper positioning ofthe thermocouples, since the
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(b) 18

17.5

a;

15 Li

— Left wire
— Right wire

17

16.5

16

15.5

-30 -25 -20 -15 -10 -5 0 5 10
u1 [mm] @ SMA anchoring loc.

15 20 25 30

Figure 4.10 - Resistance time history, and resistance-displacement 
hysteresis loop for the system without magnets

a

SMA wires are relatively thin. This task has been made easier through the use of electrically 

non conductive thermal paste, but fluctuations still persisted in the measurements. Certainly, 

convection heat transfer might also be responsible for these.

Numerical and experimental results related to the condition in which permanent mag­

nets were attached to the system are now considered and compared. Figure 4.12 initially pro­

vides the time history of the displacements of the SMA anchoring point, the magnets' attach­

ment location, and the beam tip. Fairly good qualitative predictions are made by the numeri­

cal model. An exception can be pointed out for the instants at which the system experiences 

snap-through, which are over-predicted by the model. A possible explanation for this finding 

is related to the phase transformation behavior associated with the SMA constitutive model, 

which has been previously seen to be in some disagreement with the experimental results 

shown, for example, in Fig. 4.9.
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(a)

(b)

Figure 4.11 - Temperature time history, and temperature-electric power 
relationship for the system without magnets

Another possible issue related to the numerical predictions could bear foundation in the 

model adopted for the interaction between permanent magnets. Since it has been thoroughly 

tested against data provided by several papers available in the literature (AKOUN; YONNET, 

1984; YONNET; ALLAG, 2009; ALLAG; YONNET, 2009; JANSSEN et al., 2009), this reasoning 

has been almost completely ruled out. Uncertainty related to the actual residual magnetization 

ofthepermanentmagnetsistheonlypossibilitythatwouldrequirefurtherinvestigations.As 

the magnets have been acquired from a reputable provider (K&JMAGNETICS, 2017), and are 

classified according to a reliable grading system, it becomes very difficult to believe that this 

is the real reason behind the poor predictions of the snap-through events by the numerical 

model. In fact, these considerations suggest even more that the inconsistencies observed for 

theSMAphasetransformationbehavior(cf. Fig.4.9)aretherealculpritfortheover-prediction 

of the snap-through conditions.
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(a)

(b)

Time [hours]

45
0 0 . 25 0 . 5 0.75 1 1 . 25 1 . 5 1.75 2

Time [hours]

Figure 4.12 - Experimental and numerically computed beam 
displacements for the system with magnets

Nevertheless,sincepropercharacterizationoftheSMAwireactuatorshasnotbeenper- 

formed, conclusions can not be drawn in this regard. For instance, one recalls that some SMA- 

related parameters shown in Tab. 4.2 were identified while considering experimental results 

obtained when permanent magnets were not attached to the beam. Then, it consists ofa pos­

sibility that the identified parameters are not representative of the actual behavior of the SMA



78

material at hand. It should be expected, therefore, for numerical results to not be in complete 

agreement with experimentally obtained data for the condition in which permanent magnets 

were attached to the beam.

The electric powers used for actuation when permanent magnets were attached to the 

system are shown in Figure 4.13. The behavior is identical to the one presented previously in 

Fig. 4.8. Once again it can se been that the electric powers used for computation ofnumerical 

results match perfectly those measured experimentally.

Figure 4.14 considers the electric power as a function ofthe system displacements. Be­

cause of its multistability, it can be seen that the structure is able to stay at deformed configu- 

rationswithnoconsumptionofexternalpower. Forinstance,thebeamtipcanbemaintained 

displaced by amounts of approximately ±37 mm. Because of the small offsets that appeared 

during experimental testing near the vertical configuration of the beam, it is also possible for it 

to be positioned at any location within ±11 mm of tip displacement. These configurations can 

also be attained by the system without permanent magnets, as can be perceived by analysis of 

Fig. 4.9. More importantly, it can be seen from this same figure that a beam displacement of 

±37 mm can only be achieved, for the system without permanent magnets, at the expense of 

roughly7or12W,dependingiftheSMAwireactuatorisgoingthroughforwardorreverse 

phase transformation, respectively. If this configuration needs to be maintained for longer 

periods of time, significant energy savings can be obtained by adopting the multistable design.

Figure 4.13 - Electric power input for the system with magnets



79

-45 -40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45
u1 [mm] @ magnets attachment loc.

-45 -40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45
u1 [mm] @ beam tip

Figure4.14-Experimental andnumericallycomputedelectricpower-displacement 
hysteresis loops for the system with magnets

Of course, the power-related numbers just provided are concerned with an SMA wire length 

ofmorethan1.3m. Nevertheless,thisdoesnotchangethefactthataround90%oftheenergy 

used for actuation is actually lost in the form of heat, as the typical efficiency of SMA actuators 

is below 10%.
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TheelectricalresistancesoftheSMAwireactuatorsisprovidedinFig.4.15forthecase 

in which the system is equipped with permanent magnets. Both the time history and the re­

lationship between electric resistance and the displacement of the SMA anchoring location 

are shown. The effects of the initial condition that appear on the first actuation cycle have 

been omitted for clarity. In the time history plot, it can be seen that jumps occur in the elec­

trical resistance, which are due to the snap-throughs the structure is subjected to. It can be 

verified that these jumps are synchronized with those occurring in the displacement response, 

cf. Fig.4.12(a). Theelectricalresistancerelationshipwiththedisplacementbearslittleresem- 

blance with the one previously seen in Fig. 4.10(b). It can be verified that regions of almost 

linearrelationshipexistbetween-2and-18mmfortheleftwire,andbetween-3and17mm 

for the right wire. It can also be seen that the electrical resistance and displacement jumps are 

in full synchronism as well, since horizontal and vertical jumps do not occur in Fig. 4.15(b).

(a)

Time [hours]
(b)

Figure 4.15 - Resistance time history, and resistance-displacement 
hysteresis loop for the system with magnets
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(a)

0 0 . 25 0 . 5 0 . 75 1 1 . 25 1 .5 1 . 75 2

(b)

Figure 4.16 - Temperature time history, and temperature-electric power 
relationship for the system with magnets

The behavior seen in this plot makes one believe that self-sensing, while possible to some ex­

tent, in principle, would be of limited use. One potential application in which it can be useful 

though is in determining the stable state in which the system finds itself in.

Temperatures ofthe SMA wire actuators for the case in which magnets were attached to 

beam are finally provided in Fig. 4.16. The behavior is similar, if not identical, to the one seen 

inFig.4.11,forthecaseinwhichnomagnetswereaddedtothesystem. Numericalpredictions 

are in good agreement with the experimental data for this case as well.

4.4 Summary

Albeit the system considered in this Chapter is ofan illustrative purpose, it permitted one 

to verifythatmultistability canbe achievedthroughthe simultaneous use ofSMAwire actua­
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tors and permanent magnets. It could be seen that the multistable behavior arises because of 

the interaction between NdFeB magnets. The resulting magnetic loads are able to successfully 

counteract the elastic restoring loads due to the beam itself, and to an SMA actuator arranged 

in an antagonistic manner. It has also been shown that SMA actuators were able to move the 

system between the distinct stable configurations it acquired after permanent magnets were 

added to it.

A diminished prestress level applied to the SMA actuators has been pointed out as a pos­

sible cause for offsets observed in experimental displacements. Higher prestress levels could 

have certainly been considered. This has not been done, however, to prevent the exposure of 

the SMA wire actuators to over-stress conditions during the experiments. The antagonistic 

arrangement that has been considered already led to significant stress levels during the tests 

that have been performed.

Another issue that has been reported is related to small vibrations that occurred during 

system snap-through. To prevent these, damping mechanisms would need to be added to the 

system. Modification of inertia properties might also be of interest in this respect.

The numerical modeling procedure proposed in the previous Chapter has been shown 

to accurately represent the system at hand. Deviations have been seen in the form of over­

predictions for the conditions necessary for snap-through. These have been attributed: to the 

phase transformation law adopted in the SMA constitutive model, which can be improved, for 

instance, while considering smoothing strategies; as well as to the lack ofprevious character­

ization of the SMA material. Further investigations seem necessary for pinpointing the real 

reason behind the reported behavior.

Some asymmetries can also be seen in the experimental results that have been provided, 

although none of these have been discussed thus far. They are considered to be acceptable, 

since no special caution has been taken to ensure precise positioning of components during 

experimental setup. For instance, one of the SMA actuators might actually be slightly longer 

than the other.



C H A P T E R V

DESIGN OFA MORPHING UNIT CELL AND ITS USE 

IN A THREE CELL MORPHING BEAM METASTRUCTURE

In the previous Chapter it has been shown that SMA actuators can be simultaneously 

used with permanent magnets for achieving a multistable smart structure. Now this concept 

is used in the proposition of a unit cell arrangement that is later adopted in the construction 

of a morphing beam metastructure.

Aspects related to the design of the proposed morphing unit cell are presented in Sec­

tion 5.1. Next, in Section 5.2, topics related to fabrication and assembly of prototypes are 

addressed. The experimental setup is detailed in Section 5.3, and results are discussed in Sec­

tion 5.4. Finally, a summary and conclusions are provided in Section 5.5.

5.1 Morphing Unit Cell Design

Figure5.1displaysanschematicrepresentationofthegeometryadoptedfortheproposed 

unitcell. Itslayoutisbasedontheuseofarotationalcompliantjoint. SMAactuatorsareusedto 

displace the structure from its neutral position. Permanent magnets, which are shown in gray, 

are used to introduce two new stable equilibrium configurations in the system. The values of 

the geometric parameters and the coordinate locations for the final unit cell configuration are 

given in Tabs. 5.1 and 5.2, respectively; its width is equal to 10 mm.
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SMA wire actuator

Permanent magnetN S

Figure 5.1 - Geometry of the proposed unit cell

Some aspects that deserve explanation are related to the selection of a compliant hinge 

for the design; the arrangement adopted for the SMA wires; and the positioning ofpermanent 

magnets. These are discussed in the following.

First, one considers the selection of the compliant hinge. A review on the matter has 

been recently presented by Machekposhti, Tolou, and Herder (2015). According to the au­

thors, compliant mechanisms have the advantage of being monolithic (i.e. one piece), since 

hinges are not used in their design. As a result, it is possible to obtain reduced wear, friction 

and backlash, while maintaining increased mechanism precision. Reduced weight and motion 

smoothness are yet another benefits of flexure pivots. These aspects have motivated the se- 

lectionofacompliantarchitectureinsteadofahingedone. Nevertheless,itisalsopossibleto 

conceive a morphing unit cell based on such type ofconstruction.

Parameter Value Units

Table 5.1 - Values ofthe geometric 
parameters shown in Fig. 5.1

d1 3 mm
d2 12 mm
0 30 ◦

h 0.75 mm
L 30 mm
H 48 mm

Table 5.2 - Coordinates ofthe 
points identified in Fig. 5.1

Point X1 [mm] X2 [mm]

P1 6.825 20.325
P2 14. 921 19 . 666
P3 3.377 12. 040
P4 25.179 12. 040
P5 6.50 0
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The selection of the specific compliant joint shown in Fig. 5.1 has been made based on 

its simplicity. More elaborated configurations could certainly be adopted, to achieve smaller 

axis-drift, or larger off-axis stiffness, but these would certainly lead to more complex designs. 

The hinge in question consists of two leaf-type elements arranged in an isosceles-trapezoidal 

configuration. Studies reporting their simplified modeling and rotational precision can be 

found in the literature (XU et al., 2008a; XU et al., 2008b).

The design of the unit cell also considers maximum rotations limited to ±5°, which have 

been arbitrarily chosen. Larger values could have been selected, but the motivation for the 

final designs, when unit cells are combined in a beam metastructure, and in an morphing 

airfoil later, favors the adoption of small rotations distributed along the structure. This line 

of though also benefits smoother morphing shapes, since large discontinuities can be avoided. 

Surfaces have been designed to enter in contact and prevent rotations that are larger than the 

desired amount.

After having considered the reasons behind the selection of the specific compliant rota­

tional joint seen in Fig. 5.1, aspects related to the SMA wire actuators are discussed.

In the first place, this type of actuators have been selected because one deals with mor­

phing applications in this work, and these ask for reasonably large geometrical shape changes. 

As mentioned in previous Chapters, SMAs are able to recover significant amounts of strain, 

and provide reasonably high actuation forces. While piezoelectric actuators could in principle 

be used for actuation, some sort of displacement amplification mechanism would be required. 

This would end up leading to further complications in the design ofthe unit cell. The reason­

ably small design space that is available for integrating the unit cell in an airfoil makes the 

choice of piezoelectric actuators even harder to sustain, for this specific application, in the 

view of the author. [It should be noted, however, that successful morphing airfoil concepts, 

that do make use ofpiezoelectric actuators, have been reported in the literature (BARBARINO 

et al., 2011b).] Besides these two types ofactuators, no other ones have been considered.

For the selection ofthe length, orientation and positioning ofthe SMA wires, the argu­

ments that follow next have been considered.
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First of all, one wanted to avoid what appears to be common practice in the design of 

antagonistic SMA actuation, which is to have wires placed almost parallel to each other, at 

large offsets from the rotation center. While this approach favors the torque provided by 

the actuators, it seems to be very ineffective from the actuation point of view, as the wire 

that is actuated has to overcome the stiffness of its antagonistic counterpart. Based on this, 

a setup with overlapping wires has been adopted. In this scenario, a smaller amount of axial 

deformation is inflicted on the opposing SMA wire during actuation. Optimization has not 

been performed for locating the wires inside of the available design space, and only a good 

guess has been considered.

A disadvantage of the proposed approach is that the wires cannot lie in the same plane. 

As a consequence, an offset needs to be introduced between them. In the specific case con­

sidered here, the wires are located in two distinct planes that are parallel to the one spanned 

by the (il5 i2) basis vectors shown in Fig. 5.1. Because this offset can lead to torsion loads, an 

additional pair of wires is placed on the back of the unit cell, arranged symmetrically with 

respect to those in the front.

The length of the wires have been determined based on the amount of strain they are 

able to recover during phase transformation, while also accounting for the distance between 

the wires and the center of rotation, which is identified as P5 in Fig. 5.1. This approach has 

been considered to ensure that the actuators would be able to move the unit cell through the 

specified rotation range of ±5°.

As for the values of the geometric features related to the compliant hinge, their specifi­

cation has to account for the relative orientation of the leaf beams with respect to the SMA 

wires. This aspect is of importance since buckling can be induced in the beam elements that 

compose the compliant hinge, depending on SMA wire prestress, for example.

Concerning permanent magnets, each pair was positioned such that magnetic dipoles 

were aligned in the deformed unit cell configurations. This reasoning allows for maximum 

magnetic forces in the deformed states, in an attempt to improve stability in these cases.

Themainissueindesigningtheunitcellisrelatedtothedesireforitstristabilityproperty. 

Difficulties appear because of the limited space considered for its design. The choice for its
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relatively small size is based on the dimensions assumed for the morphing airfoil that was to 

be produced. The small dimensions of the unit cell makes the permanent magnets interfere, 

rather significantly, with the original stable state of the system, in which a neutral orientation, 

with a rotation of 0°, is observed.

To try to improve the stability at the neutral position, higher prestress can be applied to 

the SMA actuators. This can lead to buckling of the compliant joint, which can also be made 

stiffer. However, the overall stiffness at the neutral configuration of the unit cell can not be 

exceedingly high, otherwise the permanent magnets would not be able to allow for the new 

stable configurations at ±5°.

Becauseofthesecomplications,anumericalmodelwasusedtoverifyifthegeometrypro- 

posed for the unit cell had multistability. Simple simulations were considered for this purpose. 

The compliant joint was modeled with the SMA wires and permanent magnets. Successive ro­

tations were imposed to the compliant joint, with the unit cell starting in its neutral position 

and ending in a configuration with 5° of angular displacement. This allowed the computation 

of the reaction torques required to maintain each of the deformed rotation states. Then, the 

torque versus rotation curve could be constructed. To check if the resulting unit cell configu­

ration possessed multistability or not, it was sufficient to verify if the aforementioned curve 

had a maximum. In this case, a snap-through should be expected to occur for the correspond- 

ingangulardisplacement. Otherwise,inthelackofamaximuminthetorqueversusrotation 

curve, system modifications would be required, so that the desired behavior would be seen. 

These were implemented based on the knowledge gathered from previous simulations, and on 

relationships of cause-and-effects observed during the adjustment of geometric parameters.

Several issues with this strategy can be reported, though. For instance, the procedure 

has been applied without proper knowledge of material properties, which had to be consid­

ered equal to those provided in manufacturer data sheets. Other contributions for the poor 

performance of the strategy adopted for achieving multistability is related to experimental 

construction issues, that will be discussed in the following.
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5.2 Fabrication and Assembly of Morphing Beam Metastructure Prototypes

Prototypes have been fabricated via 3D printing. CAD files were handled to the Univer­

sity of Michigan 3D Lab (http://um3d.dc.umich.edu/), together with printing instructions. 

The manager ofthe laboratory himselfwas responsible for the manufacturing process.

Three distinct versions have been proposed for the unit cell design, as can be seen in 

Fig. 5.2. Improvementsthathavebeenintroducedalongiterationsoftheprototypesaremainly 

related to the method adopted for securing the SMA wires. The prototype for which results 

have been gathered uses metal nuts and screws for this purpose.

The size ofthe permanent magnets used in the prototypes have also changed, with the 

last design being equipped with cuboidal magnets of side equal to 6.35 mm « | of an inch.

The first prototype was made from ABS plastic by a fused deposition modeling printer, 

while the second and third ones were manufactured from a proprietary UV-curable plastic, 

VisiJet M3 Crystal, on a ProJet 3500 HD Max 3D printer.

The adoption of 3D printing for prototype manufacturing consists of a reason, among 

others, that contributed to the design challenges that have been mentioned towards the end of 

the last Section. While this fabrication technique allows for increased creativity during design, 

material properties can vary significantly depending on the orientation assumed by the part 

during the printing process (CAZÓN; MORER; MATEY, 2014).

While the very first manufactured prototype consisted of a single unit cell, all the fol­

lowing ones were based on a series arrangement ofthree unit cells, as can be seen in Fig. 5.3.

(a) 1st version (b) 2nd version (c) 3rd version

Figure 5.2 - Evolution of the design proposed for the morphing unit cell

http://um3d.dc.umich.edu/
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(a) 1st version, based on the unit cell shown in Fig. 5.2(b) (b) 2nd version, based on the
unit cell shown in Fig. 5.2(c)

Figure 5.3 - Morphing beam metastructure prototypes

The repetitive pattern that has been adopted allows for distributed shape morphing, and this

architecture should thus see the benefits expected from distributed actuation. The unit cell and 

its arrangement have been thought from the beginning so that a one dimensional beam-like 

structure could be achieved. More complicated designs, that expand on the dimensionality 

and on the function ofeach unit cell could also be developed.

The terminology “metastructure” is adopted when one refers to structures that incorpo­

rate an array of distributed features, such as vibration resonators, for example, as has been 

reported by Hobeck and Inman (2017). In the specific case of this Thesis, morphing metastruc­

tures are considered, based on a 1D array ofmorphing unit cells.

Before considering experimental setups that have been adopted for testing, final remarks 

about assembly of the metastructure prototype are given. In the case of the tested version, 

metal nuts have been secured to the 3D printed part with Loctite® Super Glue. The hexagonal 

holes on which these nuts go can be seen in Fig. 5.2(c). SMA wires were then secured with the 

useofscrews, asshowninFig. 5.3(b). Precisecontrolovertheamountofappliedprestresshave 

not been guaranteed. Magnets were also attached with the use of Loctite® Super Glue. The



90

prestress on the SMA wires were then manually adjusted so that multistable behavior could 

be observed. While some effort was spent in trying to make all the unit cells equal, some 

differences persisted, as results will show.

Eachunitcellwasequippedwith4SMAwireactuators(twopairselectricallyarrangedin 

series),8nuts,and8screws,foratotalof12SMAwireactuators,24nuts,and24screwsforthe 

complete metastructure. To make electrical connections easier, each SMA wire was screwed 

together with a ring wire terminal that had been previously crimped to electrical copper wires.

5.3 Experimental Setup

For performing the experiments that bear relationship with this Chapter, a different sys­

tem has been considered for driving the SMA actuators, instead ofrelying on the linear power 

amplifier adopted in the context of Chapter IV. The new approach is based on the use of sev­

eral current regulators arranged in parallel, with a single power supply being responsible for 

providing current to the SMA wire actuators, as is shown in Fig. 5.4.

As can be seen, each current regulator is based on the combination of a TIP121 NPN 

bipolar junction transistor, with a general purpose LM741 operational amplifier. Constant 

current operation is possible because the resistor voltage is connected to the inverting input 

of the LM741 component, providing negative feedback, and a control voltage is routed to its 

non-inverting input. Power resistors rated for 10 W operation, with 0.47 Q, were used in each 

current regulator. To provide current to the SMA wire actuators, a B&K Precision® multi­

range programmable DC power supply, model 9115, has been used. The LM741 amplifiers

Vcc

Figure 5.4 - Parallel arrangement of current regulators used for SMA actuation
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have been powered with 15 V provided by a IMPAC® IP-302D supply. Prior to experiments, 

the behavior of each current regulator was checked with the use of a Tektronix® current probe 

system, models TCPA300 and TCP312.

Data gathered from the experiments include wire voltages, and the system displacement

field. Voltages have been recorded with the NI® USB-6259 BNC DAQ. Displacement measure­

ments were made by recording the experiment with a Sony® NEX-VG10 Handycam coupled

to a 18-200 mm lens. Afterwards, videos were post-processed with the open source Tracker 

software. Its capabilities were used for tracking the positions occupied by the SMA anchoring 

screws through the tests. Based on these positions, the angular orientations of the unit cells 

have been determined experimentally.

The NI® USB-6259 BNC DAQ has also been used during the experiments to control the 

current sources considered in Fig. 5.4. Since this DAQ device has only four analog outputs, 

and SMA wires are more numerous, the arrangement shown in Fig. 5.5 was considered. In this 

setup, only two analog output signals, one high and the other one low, labeled AOH and AOL, 

respectively, needto be taken into account. These are routedthroughelectromechanicalrelays. 

Their common terminal provide the control voltages V1, V2, ..., Vn for the LM741 operational 

amplifiers. For determining the common voltage value of each relay, digital output ports on 

the NI® DAQ are used — which are denoted by DO1, DO2, ..., DOn in Fig. 5.5.

The adopted arrangement for SMA actuation introduces some limitations in the control 

system adopted for testing, since the wires will only be able to operate either with a low or 

with a high current value. However, in comparison to the alternative of using the system

Figure 5.5 - Arrangement of electromechanical relays adopted for providing 
control voltages to the LM741 operational amplifiers shown in Fig. 5.4
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considered in the previous Chapter, one has gained the possibility of actuating several wires 

simultaneously, and, more importantly, having individual control over each wire.

The adopted digital control signals have been kept the simplest. A pulse type signal has 

been considered, such that a high value ofcurrent is passedthrough the corresponding SMA 

wire during a defined amount of time. After this time has passed, a low current is provided to 

the wire with the sole purpose ofmonitoring its voltage.

Figure 5.6 provides a reasonably detailedlook ofthe support hardware, while also iden­

tifying some signal cables andcomponents ofthe experimentalsetup. Figure 5.7, onthe other 

hand, shows a photograph that provides an overview ofthe test bed.

Analog output 
control voltages

Digital control 
signals (relays)

Command
relays

NI USB-6259 
BNC DAQ

Power supply 
output

nationalInstruments

SMA wire
voltage
signals

Power lines
going 
to SMA 
actuators

Current sources Operational amplifiers 
supply voltage

Figure 5.6 - Supporting hardware and routing of signals used during experiments
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Figure 5.7 - An overview of the experimental setup

5.4 Morphing Beam Metastructure Experimental Results

Experiments have been performed with the morphing beam metastructure for evaluating 

its capabilities. The system was tested, as in the previous Chapter, with and without permanent 

magnets.

To guarantee the same conditions for the SMA wire actuators between these two con­

figurations, permanent magnets were initially installed; wires were prestressed so multistable

behavior could be observed for each unit cell; and experiments were conducted for this sys­

tem condition. After tests were finished, permanent magnets were removed from the system, 

while taking care to not incur any loads on the SMA wires. Tests were then repeated with the 

system at its new configuration, without magnets.

An important point that deserves attention is related to the notation that has been used 

to distinguish between unit cells and SMA wires in the legends of the provided plots. Unit 

cell numbers increase from the metastructure free tip, to its fixed base. The SMA wires in 

eachunitcell are referredto as “wire 1” and “wire 2”, depending ifthey are orientedalong the 

downward diagonal (\) or the upward diagonal (/) directions, respectively, when looking 

at the metastructure from its front, and positioned in a vertical configuration, cf. Fig 5.3(b). 

Because of the adopted convention, wires 1 and 2 promote clockwise and counter-clockwise 

rotations ofthe system, respectively.
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Figure 5.8 shows the currents that have been supplied to each of the actuators for testing 

the system with permanent magnets. It can be seen that the provided low and high current 

levels have been selected equal to 100 mA, and 1.25 A, respectively. Because of intrinsic dif­

ferences related to components used in the current regulators, it can be seen that the currents 

vary by tiny amounts between SMA actuators. The actuation pattern that has been considered 

was selected in order to move the morphing metastructure between the maximum +5° orien­

tations considered for each unit cell. Tests were repeated a second time for each unit cell, as 

indicated by the dashed, black vertical line at 34 s. The pulse width considered for all actuators 

was set equal to 1.5 s.

Also, the time markings shown in this plot, and in all subsequent ones, are used as refer­

ences for the start of an actuation command. As an example, consider the first pulse. It starts

—
c_>

-o

aa
on

1.75

1.5

1.25

1

0.75

0.5

0.25

0

1
— Unit Cell 1, Wire 1 — Unit Cell 2
— Unit Cell 1, Wire 2 — Unit Cell 2

Wire 1 — Unit Cell 3, Wire 1
Wire 2 Unit Cell 3, Wire 2

1

L L L L L L

22 26 30 34 
Time [s]

38 42 46 50 54 58 62

Figure 5.8 - Currents that have been supplied for SMA actuation 
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portions of experimental results during post-processing
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near zero. The next pulse starts at 4 s. But this does not necessarily mean that only 4 s have 

been waited between these successive current pulses. In fact, sufficient time was given for the 

SMA wire that was actuated to cool back to ambient temperature. Figure 5.9 provides further 

clarifications in this respect; the value of t varied throughout distinct current pulses, but was 

kept in the order of 10 to 20 s for most cases. The illustrated procedure has been adopted so 

that plots concern themselves only to significant aspects of the results. Because of this, some 

small discontinuities might be seen at the specific time markings.

The angular displacements ofthe unit cells ofthe metastructure are provided in Figs. 5.10 

and 5.11 for the actuation pattern given in Fig. 5.8. Video frames showing displaced configu­

rations of the system are shown in Fig. 5.12. Relative rotations have been measured for each 

of the unit cells, and correspond to the amount of rotation the top of a particular cell has in 

relationship with its bottom part. The absolute rotation of a unit cell, on the other hand, mea­

sures the attitude ofits top portion with respect to the horizontal direction. Counter-clockwise 

angles are considered positive and, initially, all unit cells were rotated towards this direction, 

as indicated by Fig. 5.10.

The figures in question allow one to see that permanent magnets were able to provide 

two new equilibrium configurations for unit cells 2 and 3, while unit cell 1 was not able to 

maintain itself in a clockwise rotation state which could be classified as stable during these

tests.

Furtherinspectionoftheplotsallowsonetoverifythatthemaximumrotationsachieved 

by each of the unit cells are approximately equal to +4°, and thus smaller than the initial target 

of +5°. This fact can be attributed to deformations occurring in the compliant hinges, or to 

improper positioning of the permanent magnets. Since consistency can be observed across 

results related to all three cells, this last hypothesis seems unlikely to have occurred during 

prototype assembly. Therefore, one is confident that characteristics of the compliant hinge 

that has been used are responsible for the considered discrepancy. Simple modifications could 

be made in the design if greater angles were to be achieved.

Another feature in the responses that have been shown is related to the relatively fast 

transition times between the stable states, which are on the order of 0.6-0.8 s. These occur
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notonlybecauseoftherelativelyhighcurrentthatispassedthroughtheSMAwires,butalso 

in account of the interactions between the permanent magnets.

After the previous verifications, focus is turned to the second set of experiments that 

were performed while the morphing metastructure was still equipped with permanent mag­

nets. These were concerned with the stability of the neutral orientation configuration of the 

unit cells. An actuation pattern has been devised to try to make them achieve this condition. 

The currents that were supplied to the SMA actuators are shown in Fig. 5.13. The resulting 

relative rotations, absolute rotations and some displaced configurations are given in Figs. 5.14, 

5.15 and 5.16, respectively.

Figure5.10-Relativerotationsoftheunitcellsequippedwith 
permanent magnets, for the actuation currents given in Fig. 5.8

Figure5.11-Absoluterotationsoftheunitcellsequippedwith 
permanent magnets, for the actuation currents given in Fig. 5.8
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0 s 4 s 8 s 10 s 14 s

18 s 22 s 26 s 30 s 34 s

Figure 5.12 - Deformed configurations ofthe morphing metastructure when 
equipped with permanent magnets, for the actuation currents given in Fig. 5.8

It can be seen from Fig. 5.13 that attempts have been made for all three unit cells; the 

dashed vertical lines at 21 and 55 s timing marks distinguish between those. One tried to 

achieve a neutral orientation by starting from the two stable states that were observed to 

occur at +4°.

Inspection of Figs. 5.14 and 5.15 immediately reveals that none of the unit cells pos­

sesses neutral orientation conditions which can be classified as stable. Tests performed with 

unit cells 1 and 3 showed best results, with these remaining in almost neutral conditions for 

approximately 4 s, for the attempts that started just after the 10 and 76 s timing marks.

The main reason that justify these results is the manual prestressing of the SMA wire 

actuators. The lack of a control methodology for applying prestress has led to tedious trial- 

and-error procedures during prototype assembly, due to its small size. Minute changes in wire 

orientation were induced by the way screws were used for securing them. Depending on the
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Figure5.13-SecondsetofcurrentsthathavebeensuppliedforSMA
actuationofthemorphingmetastructureequippedwithmagnets
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Figure5.14-Relativerotationsoftheunitcellsequippedwith 
permanent magnets, for the actuation currents given in Fig. 5.13

Figure5.15-Absoluterotationsoftheunitcellsequippedwith 
permanent magnets, for the actuation currents given in Fig. 5.13
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0 s 2.5 s 4.5 s 6 s

10 s 12 s 16 s 18.5 s 21 s

72 s 76 s 78.5 s 81.5 s 88 s

Figure 5.16 - Deformed configurations ofthe morphing metastructure when 
equipped with permanent magnets, for the actuation currents given in Fig. 5.13

sideoccupiedbytheSMAwire, the fasteningofascrewcouldtightenorloosenit, thusleading 

to changes in the applied prestress. These aspects have been taken into account during hand 

assembly of the prototype. Much likely, a more precise methodology could be used, or the 

design could be changed, in order to avoid the troubles that have been encountered.
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Another minor reasons for not achieving neutral rotation stable configurations are re­

lated to the actuation procedure that has been adopted, and to the vertical orientation used 

for testing. While improvements could be performed with regards to the first point, the lack 

of a proper stable configuration is not altered by it. As to the orientation assumed for testing, 

it demandsahigherdegree ofstabilityfromthe metastructure, which, due to its lowbending 

stiffness, resembles an inverted pendulum system in some sense.

A remarkable finding in the tests considered in Figs. 5.13 - 5.16 deals with the stability 

ofunitcell1. Theuseofalongeractuationcurrentpulse,withdurationof1.7s,hasbeenable 

to make it sustain a stable configuration while deflected in the clockwise direction. This con­

tradicts the behavior previously shown for the first set of actuation conditions, as per Fig. 5.10, 

for example.

The last results provided in this Chapter are related to the tests performed with the 

morphing metastructure after the removal of its permanent magnets. Figure 5.17 shows the 

currents that have been supplied to the SMA wire actuators for this condition. Figures 5.18, 

5.19 and 5.20 display the relative rotations, absolute rotations, and some ofthe deformed con­

figurations the system has experienced, respectively, for the actuation pattern of Fig. 5.17.

FromFig.5.17,itispossibletoseethatthreedistinctsetsofelectricalcurrentshavebeen 

provided to the SMA actuators. The first set consisted of pulses of 1.25 A with durations of 

1.2s. Thesecondonestillconsideredpulseswith1.25A,butdurationswereincreasedto1.9s. 

The last set ofpulsed currents had their amplitudes reduced to 1 A, while width durations were 

increased to 4 s.

SMA wire actuators were operated one at a time, just like it had been done for the exper­

iments with the morphing metastructure when it had magnets attached to it. In the first round 

ofactuation, the unit cells did not achieve full rotation capabilities, because a small pulse width 

had been considered. Similar conditions were adopted while testing the metastructure with 

attached magnets, and a clear distinction between the two cases can be point out in this regard: 

permanent magnets helped SMA actuation promote larger rotations in the system while very 

similar currents have been used in both cases.
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0 s 50 s 65.5 s

76 s 89.5 s 102.5 s 115 s

Figure 5.20 - Deformed configurations ofthe morphing metastructure with 
permanent magnets removed, for the actuation currents given in Fig. 5.17

The secondroundofSMAactuationhadtheirdurations increased, andas aresult larger 

rotational displacements were achieved. These did not surpass the levels observed for the 

system with magnets, which once more confirms the point raised in the previous paragraph.

Inthe third round ofactuation, similar maximum amplitudes were achievedby the unit 

cells, but during alongerperiodoftime, inaccountofthe smallercurrents that were supplied.

The response times observedforthe metastructure afterthe removalofpermanentmag- 

nets are on the order of 1.2—1.3 s. This represents a significant increase over the timings re­

lated to the previous configuration, with permanent magnets attached to the metastructure, 

specially considering that much larger angular displacements were achieved in that case.

An interesting feature observed in Fig. 5.18 is related to the asymmetry between clock­

wise andcounter-clockwiserotations forthe sameunitcells. Thisfactismuchprobablylinked 

to different prestress being applied to the SMA wires of the same unit cell. Greater asymmetry
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isseenforunitcell2,andhelpstoexplain,insomedegree,thepoorresultsobservedpreviously 

in Fig. 5.14 for this same cell.

The observed asymmetries also suggest that insufficient levels of prestress were applied 

to the SMA wires. This is indeed a possibility, because the wires were prestressed when per­

manent magnets were already installed on the metastructure. Verifications performed at that 

time, however, would be much likely pointless. This is because there is little room for predict­

ing that the operation ofthe SMA wires would be hampered after the removal ofpermanent 

magnets from the system, while these were still in place. Also, as already explained, the levels 

ofprestresshavebeenkeptthe sameforbothsystemconditionstoallowforafairevaluation 

of the effects that are due to permanent magnets.

5.5 Summary and Conclusions

Along this Chapter, a description was provided for the proposed morphing unit cell. 

Justifications were also given for various choices that one has opted for in its design. Three 

distinct unit cell versions were dealt with during the studies that have been performed. Most 

promising versions were integrated into morphing beam metastructures. Prototypes were 

fabricated via 3D printing. This allowed easy manufacturing, but also has led to challenges in 

design that latter showed up during testing. Issues were also identified with the methodology 

used for prestressing SMA wires, which was aggravated by the setup considered for anchoring 

the actuators onto the metastructure.

The prototype was, nevertheless, tested in two distinct conditions: with and without 

permanent magnets. Experimental results have shown that permanent magnets were able to 

introduce two new stable configurations in the morphing unit cells, which were related to their 

maximum angular displacements. Stability originally observed for their neutral orientation 

was lost, however. Considering the unit cells to be bistable, instead oftristable as one worked 

for, the morphing beam metastructure is able to achieve 23 = 8 distinct stable configurations, 

which require no external power to be maintained. The permanent magnets have also been 

shown to significantly reduce the response time of the system as a whole.
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C H A P T E R V I

SIX CELL MORPHING AIRFOIL

Chapters IVandVsuccessivelyelaboratedupon the simultaneous use ofSMA actuators 

and permanent magnets for achieving multistable smart structures, while also tackling the 

poor energy efficiency related to SMAs. Throughout them, the analysis of a proof-of-concept 

beam system, and the test of a morphing beam metastructure have been considered. Now a 

morphing airfoil concept is investigated.

Section 6.1 details aspects related to the concept and the experimental setup that have 

been used for its test. Results and discussions follow in Section 6.2. A summary and conclu­

sions are finally provided in Section 6.3.

6.1 Airfoil Description and Experimental Setup

The morphing airfoil considered in this Chapter has been based on the widely studied 

NACA 0012 airfoil. A chord of 400 mm was chosen for its design. In view of the selected 

profile, a maximum thickness of 48 mm results at 120 mm from the airfoil leading edge.

Integration ofmorphing capabilities into the design was made by considering the morph- 

ingunitcellproposedinthepreviousChapter. Thefrontpartoftheairfoilhasbeenkeptrigid, 

while its trailing edge portion was fitted with six unit cells. The prototype was fabricated via 

3Dprinting,performedattheUniversityofMichigan3DLab,ashasbeendoneforthebeam 

metastruture previously. Because the lengthofthe airfoilwas largerthan the maximumprint
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(a) Front part (b) Back part

Figure 6.1 - 3D printed parts of the morphing airfoil

size supported by the ProJet 3500 HD Max printer, the front and back parts of the prototype 

were split and printed separately; photographs of them can be seen in Fig. 6.1. The material 

used for printing was the VisiJet M3 Crystal plastic.

FromFig. 6.1(b), itcanbeseenthatnomorethansixunitcellswouldhavebeenabletobe 

fitted along the back portion of the airfoil section, at least for the considered design. Because 

of the tapering that happens towards its trailing edge, all unit cells are slightly different from 

each other when it comes to the positioning ofpermanentmagnets.

In this regard, NdFeB ones were adopted once more. Magnets with grade N42 were used 

forthefourleftmostunitcells;whilegradeN52ones,whichareabletoprovidelargermagnetic 

loads, were used for the two cells that are closer to the trailing edge ofthe airfoil. This has been 

done to counteract the reduction that occurs in the lever arms ofthe magnetic loads induced 

torques about the compliant joint center ofrotation.

Apart from these distinctions related to permanent magnets, the characteristics of the 

unit cells used in the morphing airfoil are equal to those given previously in Chapter V. With 

respect to the airfoil section width, its value has been set equal to 10 mm.

Figure 6.2 shows the morphing airfoil after it was prepared for testing. Assembly in- 

volvedthe installationof8metalnuts and8 screws forsecuring4SMAwire actuators, as well

Figure 6.2 - Morphing airfoil after assembly, ready for testing
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as 4 permanent magnets for each unit cell. As there were six ones in the concept, a total of 

48 nuts, 48 screws, 24 SMA wires, and 24 permanent magnets were integrated to the airfoil 

section.

As has been done for the morphing metastructure of Chapter V, Loctite® Super Glue was 

used to secure both the nuts and the permanentmagnets to the 3D printed components. Aring 

terminal, to which electrical copper wire was soldered to, was secured with each SMA wire, 

when of its clamping with a screw, to facilitate electrical connections. Opposing SMA wires 

on the unit cell were also connected in series. Application of prestress to the wire actuators

was done manually, while trying to maintain consistency between different unit cells.

The experimental setup used for running tests is identical to the one described in the

previous Chapter, cf. Section 5.3. The same current regulators considered at that time were 

used to drive the SMA actuators in the morphing airfoil. A B&K Precision® power supply 

model 9115 was used to meet current requirements. The NI® USB-6259 BNC DAQ was once 

again used for controlling the current sources through the setup involving electromechanical 

relays. The experiment was recorded with a Sony® NEX-VG10 Handycam, which allowed 

for the determination of displacements during post-processing of results. The open source 

Trackersoftware was usedfor this purpose. Figure 6.3 shows an overviewof the experimental 

setup ready for testing.

Figure 6.3 - Experimental setup used for testing the morphing airfoil
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6.2 Experimental Results and Discussion

The morphing airfoil prototype has been tested, like the previous systems, with and 

without permanent magnets. One aimed to demonstrate and evaluate its behavior.

One remarks that the results presented next are covered by the same comments given 

in the previous Chapter. For instance, timing marks are relatedto the start ofa newactuation 

condition, cf. Fig.5.9onp.94. Inaddition,unitcellsoftheairfoilarenumberedfromoneto 

six stating from its trailing edge, towards its front. SMA wire actuators are labeled as “wire 

1”and“wire2”foreachunitcelldependingiftheyareorientedalongthedownwarddiagonal 

(\) or the upward diagonal (/) directions, respectively, when the airfoil is look from the front, 

in an upright vertical position, such as the one shown in Fig. 6.3.

The first tests were performed with the morphing airfoil when it had permanent mag­

nets attached to it. Figures 6.4, 6.5, 6.6 and 6.7 display, respectively, the currents adopted for 

actuation, the relative orientations of the unit cells during the tests, their absolute rotations, 

and deformed configurations of the system.

As can be seen from Fig. 6.4, SMA wires were actuated one at a time, starting from the 

one closest to the airfoil trailing edge. In the sequence, the next unit cell towards the front 

of the airfoil was actuated, and the procedure was repeated successively until the cell that is 

the closest to the leading edge was reached. Afterwards, the same procedure was repeated, 

actuating the unit cells starting at the trailing edge, and advancing towards the leading edge, 

butforobtainingrotations inthe opposite direction. Currentpulseswithamplitudesof1.25 A 

anddurationof1.5swereconsideredforallwires. Asecondroundofactuationhasalsobeen 

performed in the same way, to evaluate consistency.

RelativeorientationsprovidedinFig.6.5showthatmostofthecellswereabletoachieve 

+4° of angular displacement, and maintain these positions without the need of additional SMA 

actuation. Unitcell1,whichistheclosesttotheairfoiltrailingedge,hadrotationslimitedto 

roughly +2.5°, and consists of the only exception. One is confident that this behavior is a result 

ofthe permanentmagnets adoptedin this cellbeing ofgrade N52, andmore close to eachother,
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Figure 6.4 - Currents that have been supplied for SMA 
actuation ofthe morphing airfoil equipped with magnets
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Figure6.5-Relativerotationsoftheunitcellsequippedwith 
permanent magnets, for the actuation currents given in Fig. 6.4
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Figure6.6-Absoluterotationsoftheunitcellsequippedwith 
permanent magnets, for the actuation currents given in Fig. 6.4
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0 s 4 s 8 s 12 s

16 s 20 s 24 s 28 s

32 s 36 s 40 s 44 s 48 s

Figure 6.7 - Deformed configurations ofthe morphing airfoil when equipped 
with permanent magnets, for the actuation currents given in Fig. 6.4
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as well; as a side effect of this, larger loads might have been applied to the compliant hinge, 

and thus constraint its motion.

The absolute rotations seen in Fig. 6.6 allows one to verify that the maximum rotations 

for the last portion ofthe airfoil were on the order of+20°. While the unit cells were designed 

aimingmaximumrotationsof+5°,asdiscussedinChapterV,resultsareconsideredtobegood, 

and on par with other ones reported in the literature (BARBARINO et al., 2009; BARBARINO 

et al., 2011a).

Results from both Figs. 6.5 and 6.6 point to some vibrations that occurred during morph­

ing, as indicated by rotation overshoots during actuation. These are owed to the snap through 

events the morphing airfoil experiences when contact between two magnets happens, or is 

ended. Vibrations fade away pretty quickly, and because of this further investigations in this 

regard have not been performed.

The deformed shapes shown in Fig. 6.7 illustrate that relatively large, smooth morphing 

configurations were achieved. Also, one remembers that every shape that is shown is stable, 

anddonotrequireanyamountofexternalenergytobemaintained.

In the previous Chapter it has been shown that the unit cells ofthe beam metastructure 

were not capable of stable configurations characterized by rotations close to zero. Because of 

this, tests have not been performed with the morphing airfoil prototype to try achieving such 

type of configurations.

After experiments with the morphing airfoil equipped with permanent magnets were 

completed, these were removed. Extreme caution has been taken when performing this task 

to avoid changing the prestress in the SMA wire actuators.

Figures 6.8 through 6.11 provide results concerning the initial tests performed with the 

airfoil after removal of the permanent magnets.

From Fig. 6.8 it can be seen that the experiment at hand aimed for the actuation ofthe 

SMA wires one at a time, as has been performed for the previous case. Once again, the current 

pulsesthatwereappliedhad1.25Aduringanintervalof1.5s.

The relative rotations provided in Fig. 6.9 show that the performance of the six units 

cells were very similar between themselves. Maximum rotations of approximately +4° were
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Figure 6.8 - Currents that have been supplied for SMA actuation of 
the morphing airfoil after removal of its permanent magnets

c
;O

ad
O
S-H

od
"cj

Figure6.9-Relativerotationsoftheunitcellswithpermanent 
magnets removed, for the actuation currents given in Fig. 6.8

Figure6.10-Absoluterotationsoftheunitcellswith permanent 
magnets removed, for the actuation currents given in Fig. 6.8
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0 s 1.6 s 13.6 s 25.6 s

37.6 s 49.6 s 61.6 s 73.6 s

85.6 s 97.6 s 109.6 s 121.6 s 133.6 s

Figure 6.11 - Deformed configurations of the morphing airfoil with 
permanent magnets removed, for the actuation currents given in Fig. 6.8
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achieved, which are on par with the ones presented previously in Fig. 6.5. With respect to the 

case in which permanent magnets were installed in the morphing airfoil, though, it can be 

seen that it is not able to sustain deformed configurations without relying on external power 

input. Figure 6.9 also indicate a good symmetry for the behavior of each unit cell, since the 

same level of rotation has been achieved in both clockwise and counter-clockwise directions.

Absolute rotations shown in Fig. 6.10 simply reflect the fact that unit cells that are closer 

to the morphing airfoil trailing edge have their orientations changed by the actuation ofthose 

near the front ofthe airfoil. Apart from that, the same inferences given previously for Fig. 6.9 

apply.

Figure 6.11 finally shows the maximum deformed configurations achieved by the morph­

ing airfoil when each unit cell was actuated independently. These are not particularly exciting 

simply due to the lack of considerable shape change.

Following these tests, the morphing airfoil was subjected to a second set of actuation 

currents, which can be seen in Fig. 6.12. The resulting rotations can be seen in Fig. 6.13 and 

6.14,whiledeformedshapesofthemorphingairfoilareprovidedinFig.6.15.

Figure6.12showsthatthecurrentpulsesappliedtotheSMAwireshadonceagain1.25A 

for1.5s. Thistime,however,severaldistinctpatternswereconsideredforactuation. Following 

the sequence shown in the figure, one has heated:

• the wire 1 of all unit cells;

• the wire 2 of all unit cells;

• the wire 1 of unit cells 1 to 3;

• the wire 2 of unit cells 1 to 3;

• the wire 1 of unit cells 4 to 6;

• the wire 2 of unit cells 4 to 6;

• the wire 1 of unit cells 4 to 6 and the wire 2 of unit cells 1 to 3; and

• the wire 1 of unit cells 1 to 3 and the wire 2 of unit cells 4 to 6.
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Figure6.12-SecondsetofcurrentsthathavebeensuppliedforSMA 
actuation of the morphing airfoil after removal of its permanent magnets

Figure6.13-Relativerotationsoftheunitcellswith permanent 
magnets removed, for the actuation currents given in Fig. 6.12

Figure6.14-Absolute rotationsoftheunitcellswith permanent 
magnets removed, for the actuation currents given in Fig. 6.12
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Figure 6.15 - Deformed configurations ofthe morphing airfoil with 
permanent magnets removed, for the actuation currents given in Fig. 6.12

Relative and absolute rotations are given in Figs. 6.13 and 6.14, respectively. They show 

that the maximum rotations achieved by the trailing edge of the airfoil are approximately ±25°, 

which are related to the first two actuation patterns just given. These values are marginally 

larger than the ones observed for the condition in which the morphing airfoil was equipped 

with permanent magnets, cf. Fig. 6.6. This might be due to the loads inflicted by the permanent 

magnets on the compliant hinges on that occasion, which might have constrained the maxi­

mum achievable rotations by the unit cells, due to the associated deformation. Nevertheless, 

the shapes achieved by the morphing airfoil after removal of permanent magnets are not sta­
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ble, which is a significant trade-off for the minor increase observed for the maximum rotation 

at the trailing edge.

Aesthetic deformed shapes associated with the actuation patterns at analysis can be seen 

inFig.6.15. These,togetherwiththepreviousonesobservedforthecaseinwhichpermanent 

magnetswere installedonto the morphingairfoil, cf. Fig. 6.7, highlightone ofthe majorben- 

efits of the metastructure layout adopted for morphing, which is the possibility of localized 

rotation control.

6.3 Summary and Conclusions

Along this Chapter, a morphing airfoil metastructure concept has been considered. Its 

geometriclayouthasbeenbasedontheuseoftheunitcellconsideredinChapterV. Aproto- 

typeofthemorphingairfoilwasproducedvia3Dprinting. Itwasassembledandpreparedfor 

testing. Experimental results were obtained for two conditions, in which the airfoil had, and 

had not, permanent magnets attached to it.

One more time it has been shown that permanent magnets were able to provide new 

stable configurations for the unit cell. When these are adopted in the morphing airfoil, in a 

number of six, and considering them to be bistable, a total of 26 = 64 distinct configurations 

could be achieved. As has been reported in the previous Chapter, permanent magnets also 

improvetheresponsetimesofSMAactuation,atleastduringitsheatingphase.

Because the proposed morphing airfoil possess distributed actuation, localized control 

of its camber line is made possible, which is ideal for the considered application for the range 

ofpossibilitiesitintroduces. Whilemultistabilitylimitstosomedegreethenumberofalterna- 

tive configurations the morphing airfoil is able to achieve, it allows for deformed states to be 

maintainedattheexpenseofnoexternalpower. InthecaseSMAwiresareusedforactuation, 

as has been considered, this becomes advantageous as one is able to tackle their low energetic 

efficiency by avoiding their continuous operation.
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C H A P T E R V I I

CONCLUSIONS AND PERSPECTIVES

Along this Thesis, one has considered the simultaneous use of SMA actuators and per­

manent magnets for achieving multistable smart structures, while aiming for morphing appli­

cations.

A literature review has been presented, which showed that multistable structures are 

attractive for morphing applications, as well as for remedying the low energetic efficiency of 

SMA actuators. Furthermore, it has been seen that the simultaneous use ofSMA actuators and 

permanent magnets has received little to none interest by the scientific community. Another 

point that was briefly addressed in the review had to do with the so-called metastructures, 

which consist of periodic geometrical arrangements that benefit from possessing an array of 

integrated features.

A mathematical modeling strategy was then outlined for enabling the simulation of 

magneto-thermo-mechanical systems. One have addressed a geometrically nonlinear beam 

finite element formulation; a constitutive model for SMA wires; the modeling of the interac­

tion between rectangular-parallelepiped-shaped permanent magnets with arbitrary orienta­

tions; and an algorithm for node-to-element contact. Coupling procedures for the modeling 

strategies were also discussed, and a solution strategy was also presented.

The first investigations performed dealt with a proof-of-concept beam system, to which 

antagonistic SMA actuators and permanent magnets were attached. Quasi-static experiments
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were conducted, which allowed one to show the integration of permanent magnets in SMA 

actuated systems could lead to additional stable equilibrium configurations. Numerical results 

were computed and showed good agreement with experimental data.

Followingthis,thedesignofamorphingunitcellthatincorporatesthesimultaneoususe 

ofSMAwiresandpermanentmagnetswasconsidered. Itwasinitiallyusedintheconstruction 

ofamorphingbeammetastructure,composedofthreeunitcells. Experimentswereperformed, 

and one verified that the unit cells composing the metastructure were able to achieve new sta­

ble equilibrium states. Since three were used in the metastructure, and the unit cells turned 

out to be bistable, a total of eight distinct stable equilibrium states could have been achieved. 

Reasonsforthelossofstabilityfortheneutralorientationstateoftheunitcellswerealsodis- 

cussed, and included the prototype being 3D printed, and the lack ofcontrol while prestressing 

SMA wires.

A morphing airfoil concept, made out of the same unit cells adopted previously, was 

finally considered. Prototypes were 3D printed and assembled. Tests showed that the air­

foil camber could be properly morphed. A total of 64 distinct stable configurations should be 

possible for the morphing airfoil section when it is equipped with permanent magnets. The 

distributed actuation provided by the metastructure layout also allowed for localized control, 

which consists of a desirable feature in morphing applications.

Based on these premises, it can be seen that the objectives of the Thesis initially pro­

posed in Chapter I have been successfully achieved. Furthermore, conclusions can be drawn 

regarding contributions that have been made with respect to multi-physics modeling, and the 

progress of morphing technologies. For instance, for the first time a multistable morphing 

airfoilsectionbasedonthesimultaneoususeofSMAwireactuatorsandpermanentmagnets 

has been studied. Also, a general modeling framework has been proposed, which has been 

demonstrated to successfully capture relevant features of the type of systems considered in 

the Thesis.

With respect to the airfoil prototype that has been manufactured, it is not more than 

that, i.e. just a prototype. To be used in an actual application, design should be made more 

carefully, aiming for higher stiffness. Also, multistability achieved for the tested prototypes
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does not seem robust enough, as reasonably low loads appear to make them move between 

distinct equilibrium states. In this sense, optimization could be used for increasing the degree 

of stability associated with the relevant configurations of the proposed unit cell, provided that 

an accurate model can be established for it. It might be wise to consider, for instance, the so- 

called V-model, adopted in systems engineering and verification, for model validation during 

sequential stages ofthe design.

In short, considering that the prototypes that have been manufactured were not opti­

mized, and have been devised only as proofs ofconcept, it seems that the main idea proposed 

in the Thesis needs to be further explored, so it can be adopted in applications.

Given the previous statements, results that have been obtained appear encouraging. As 

mentioned, designs proposed in Chapters V and VI, as well as the mathematical model of 

Chapter III, can all be improved. Therefore, the following aspects can be suggested for future 

research:

a) The considered unit cell resulted relatively flexible, which could harm its ability in 

sustaining loads. Optimization has not been considered during design, and could 

help in the search for better unit cell configurations in this regard.

b) The layout adopted for the permanent magnets also did not favor stable states with 

neutral orientation, i.e. with null rotation. In this respect, other topologies could 

have been considered, in which magnets are positioned differently. To provide solid 

means for securing new stable configurations, mechanical locking mechanisms could 

also be implemented in the design.

c) The adopted constitutive model for SMA wire actuators was not able to perform good 

predictions during material phase transformation. Smoothing techniques and other 

modeling strategies could be considered for better representation and predictions. 

Performing proper characterization of the SMA material could also help clarify if 

identified parameters are truly representative of its behavior.

d) The study has been limited to a single morphing airfoil because of time constraints. 

More elaborated investigations could have been performed ifa morphing wing was 

considered. Wind tunnel tests could be used to evaluate questions related to aero­
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dynamic benefits, for example. Fluid-structure interaction modeling and aeroelastic 

phenomena arising due to morphing owed flexibility could also be considered.

e) The proposed morphing metastructures have all been one dimensional, and actuated 

by SMA actuators. Studies might be performed in trying to expand the concept of 

morphing metastructures to higher dimensionality, or by considering different actu­

ator types. Simplified strategies for modeling metastructures, that consider reduced 

order modeling for its unit cells, is also a theme that can be ofinterest.

f) Dynamic characteristics related to the multistable behavior provided by permanent 

magnets in SMA actuated smart structures also make for an interesting subject that 

can be investigated.
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