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Abstract. Shape memory alloy (SMA) materials have received attention in recent years as they can be used as thermo-
mechanical actuators that have high energetic density and large recoverable strains. SMA wires can be embedded in other
components, resulting in compact designs, while also being able to act as load bearing components, thus allowing for
weight reduction. Nevertheless, SMAs suffer from low energy conversion efficiency, because of their thermo-mechanical
nature. To mitigate this issue, multi-stable arrangements can be adopted, in which actuators benefit from larger off-times,
while the system is still capable of maintaining its configuration with no additional energy expense. Following this
reasoning, the simultaneous use of SMA wire actuators and permanent magnets is investigated for achieving multi-stable
smart structures. A cantilever beam is considered, to which antagonistic SMA wires and permanent magnets are attached
to. A numerical modeling procedure is developed accounting for the thermo-mechanical coupling involved in the shape
memory effect, the nonlinear electromagnetic interactions, and contact forces. Numerical simulations are performed, and
experimental data is used to validate the adopted modeling strategies. Results demonstrate the efficiency of the combination
between SMAs and permanent magnets in achieving multi-stable configurations in the context of smart structures.

Keywords: shape memory alloys, permanent magnets, multi-stability, smart materials
1. INTRODUCTION

Smart materials are able to convert energy from one physical domain to another, and, as long as one of these is
the mechanical one, they can be adopted as sensors and/or actuators (Leo, 2007). Examples include piezoelectric
materials, which exhibit electromechanical coupling; and shape memory alloys (SMAs), which are characterized by
their thermomechanical nature. Smart materials can be adopted to enhance traditional mechanical designs by enabling
embedded sensing and actuation, leading to compact systems. Furthermore, smart material actuators usually can bear
structural loads, and thus promote an overall weight minimization for the system in which they are integrated.

SMAs, in particular, have been largely adopted in applications related to the biomedical, aerospace, and robotics
research fields (Petrini and Migliavacca, 2011} Hartl and Lagoudas| 2007; |[Kheirikhah ef al| 2010). Broader review
publications on the subject of SMA actuators can also be found (e.g. Mohd Jani et al., [2014)), whilst morphing aircraft
applications have been considered by |Barbarino et al.| (2014). Table [l| compares the characteristics of several actuators
adopted in engineering applications, including SMAs and piezoelectric materials. From it, one can see that NiTi SMAs
are the obvious choice when actuators that provide significant displacements and forces are needed, with no critical
requirements for short response time or high efficiency (Mohd Jani ef al.|,2014).

In this respect, the poor energetic efficiency of SMAs can be particularly troublesome. For instance, in the case of
SMA-driven morphing technologies, as|Barbarino ef al.|(2014) point out, system-level benefits should be expected as long
as power consumption can be kept low. In this regard, avoiding continuous actuation of an SMA material consists in an
interesting strategy, if this is indeed possible from an operational point of view. Following this reasoning, the adoption of
multistable SMA actuation arrangements can lead to significant benefits in terms of energy savings, while still allowing
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Table 1. Comparison of actuator performance (Mohd Jani et al., 2014)

Stress Strain  Efficiency Bandwidth ~ Work per Vol.  Power per Vol.
Actuator type

[MPa] (%) (%) [Hz] [J/em?] [W/ecm?3)
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

the system to assume distinct configurations.

Indeed, several morphing aircraft research have pointed towards the use of multistable structures. For the most part,
they rely on bistable laminated composites that are actuated by piezoelectric materials (e.g. [Lee et all 2017) or SMA
actuators (Lee er al} [2014). In these cases, multistability arises due to unsymmetric lay-up patterns; or results from
residual stresses that are introduced during the manufacturing process of the composite part (Hufenbach et al.| 2002).

Another means for achieving multistability consists in the use of permanent magnets, as previously demonstrated in
the literature (e.g.Zhao et al.,[2013}2015). Permanent magnets already have been adopted in other smart material-related
applications, more prominently in vibration energy harvesters (c.f. |Karami et al.} [2011; [Harne and Wang, [2013). 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 er al.| 2015).

When it comes to SMA actuated systems for morphing aircraft applications, multistability has been adopted while
considering bistable structural arrangements, as reported by (Barbarino et all 2014). To the authors’ best knowledge,
multistability driven by permanent magnets combined with SMA actuation has been considered previously only in
applications such as microvalves, microswitches and microactuators (e.g. Barth ef al., |2012) and not for structural
morphing purposes.

Considering the background given previously, the objective of this paper resides in investigating the simultaneous
use of SMA wire actuators with permanent magnets to attain multistable smart structures, as these might be of interest
for morphing applications. Following next, an overview of mathematical tools used to perform numerical simulations is
presented in Section [2| The setup and procedures adopted for experimental and numerical analysis are then detailed in
Section[3] Afterwards, results and discussions are considered in Section[d} Conclusions are finally provided in Section 3]

2. MATHEMATICAL MODELING

The type of system one is interested in is schematic illustrated in Fig.[I] It possesses permanent magnets that interact
between themselves, SMA wires that are used as actuators, as well as some sort of stiffness. Another modeling procedure
that needs to be taken into account is contact simulation, as the loads that happen between permanent magnets may lead
to such condition. In view of conciseness, only a brief overview is provided for the methods adopted for simulation.

2.1 Nonlinear Beam Finite Element Model

To deal with structural modeling, a 2D nonlinear beam finite element (FE) model is considered. It is based on the
geometrically nonlinear Reissner beam theory, and further details concerning the formulation can be obtained by consulting
the literature (Wriggers}, [ 2008).

The hypotheses of the model are that (i) deformations are confined to the plane on which the beam initially lies upon;
(ii) plane cross-sections remain plane after deformation; and (iii) initially, the beam is straight. The beam deformation
is schematically shown in Fig. [2] together with the vector basis (i, i), related to the beam local coordinate system. The
deformed position (xj, x;) of a material point can be computed through:

x1 =X (X)) - Xosin[p(X1)]  and  x = ua(X)) + Xo cos[y(Xy)], (1)
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Figure 1. Schematic illustration of a generic system Figure 2. Deformation experienced by a beam

containing permanent magnets and SMA wires according to Reissner theory
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where (X1, X) defines its undeformed position, and u, u;, and ¢ are the longitudinal, transversal, and rotational displace-
ment fields, respectively. FE discretization is performed for the latter, for 0 < X l(e) < L®, such that:

T nt@) e e T
[ W ] =3 { VO (X[ @ @) v } = N, 2)
where I3 denotes a 3 X 3 identity matrix, N ¢ [R{3X3"(e> is the FE interpolation matrix,

T
w9 = el ) u? e ) )

is the FE nodal degrees-of-freedom (DOFs) vector, and n(®) is the number of nodes of the element. Superscript ( )T is
used to indicate matrix transposition, superscript ( )®) indicates element-related quantities, and subscript ( ) allows for
distinction between nodes. The undeformed beam element length is L@ and the shape functions N,ie), k={1,..., n<e)},
are chosen based on the isoparametric FE formulation (Wriggers} 2008]).

Strains can be obtained from Eq. @), whilst stresses are derived based on a linear elastic constitutive law. The nonlinear
algebraic equilibrium equations at the element level can then be obtained by considering the Principle of Virtual Work.
By adopting the total Lagrangian approach, it is possible to obtain:

R =F¢ -F¥ =, @)

int ext —

where Ffst) and F') are the vectors of internal and external loads, respectively, given by:

ext
@_ [F
e
Fint = /
0

in which S' is the vector of stresses, B) = B(®) (u(®)) is the strain-displacement matrix, and n = n(X l(e)), q=q(X l(e)),

( L@

e)
B©'s@dx©  and FY) = / NO'[n g m|"dx, )
0

ext —

and m = m(Xf‘”) are the applied axial, shear, and moment distributed loads. Global equations follow by making use of
traditional FE techniques, based on connectivity of the model DOFs.

2.2 Shape Memory Alloy Thermomechanical Model

Complete modeling of the behavior of SMAs is rather challenging, as can be seen from the literature (e.g.|Cisse ef al.,
2016alb). Here one considers the approach put forward by (Chang et al|(2006), which is able to represent both shape
memory effect, and pseudo-elastic behaviors. An SMA wire actuator is considered, for which gradients along its length
are neglected. The stress-strain constitutive law is given by:

o = E(&)[e - (&1 - &)B, (6)

where € = €(¢) is the strain; & = £1(t) and & = &(t) are the volumetric phase fractions of tensile and compressive
martensite variants, respectively; T = T(¢) is the temperature; and ¢ denotes time. Furthermore, E(£€) = E4 + (£] + &)AE,
with & = [51 fz] T, and AE = Ej; — E4, where E 4 and E); are the austenite and martensite stiffness moduli, respectively.
Finally, 8 is the stress-free transformation strain.

The martensite fractions evolve according to a piecewise linear kinetic law, i.e.

. vo(e™m = poym if pTm o>
¢ = . (7
0 otherwise,

where p is the vector of thermodynamic driving forces, and . is a critical value based on which hysteretic phase
transformation takes place. The parameter vy is used to control the speed with which transformation occurs. Vector m
gives the direction along which transformation happens in the (¢}, &) space (c.f.|Chang ef al.,2006).

Assuming that the SMA wire actuator has undeformed length Ly and diameter dy, energy conservation yields:

pcoAoLoT = pAoLo(p — TOp/OT)"é — hrdyLo(T — Tw) + P, (8)

where Ag = ndg /4, h is the convective film coeflicient, T, is the ambient temperature, and Pg is the power input term
(Chang et al.| [2006). The wire is assumed to be heated through Joule effect.

Mechanical equilibrium, on the other hand, can be established by coupling the SMA actuator with the structural FE
model equations. For this, one recognizes that:

€= (L-Ly)/Lgy and Fsma = 0 A, )

where L denotes the SMA wire actuator instantaneous length, which is dependent on FE DOFs after coupling is considered.
The actuator force is denoted by Fsya, and must be applied, accordingly, to the FE nodes that participate in the coupling
procedure (Sales}, 2017)).
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2.3 Interacting Permanent Magnets Model

Closed-form analytical solutions for the loads that occur between moving, interacting magnets are not available, and
must be pursued numerically, as the magnets are prone to changes in relative orientation (Montalvo, [2014).

To derive expressions for the resulting forces and moments, it is first noted that the force acting on a differential element
of volume dV,,,, of a magnet my, due to the magnetic field of a magnet m;, can be evaluated through:

Fpm = V(B Hy, ), (10)

where B,,, is the residual magnetization of magnet m;, H,,, is the magnetic field produced by magnet m;, and V is the

nabla operator. One assumes that B, is constant in the reference frame associated with magnet m,. With respect to H,,,,

it can be computed, in the reference frame related to magnet m;, from expressions presented by [Yonnet and Allag (2009).
The total force and moment acting on magnet m, due to magnet m; can then be computed from:

Foym, = /V Foym, Vi, and M,y m, = /V r X Fppy i, AV, (11)
my

my

where vector r denotes the position of a point in V,,, with respect to the center of mass of magnet my, and X designates
vector cross-product. Integrals shown in Eq. cannot be evaluated analytically, since F,,, ,,, depends on the relative
orientation between magnets m; and m;. Gauss-Legendre quadrature is then adopted (Sales, [ 2017).

The formulation considers that permanent magnets interact in pairs. If more than two magnets are to be accounted for,
the total loads that result from their interactions can be obtained by invoking linear superposition.

2.4 Finite Element Node-to-Element Contact Model

To account for contact conditions during simulations, an algorithm that deals with the case of node-to-element contact,
based on inequality constraint functions, has been considered. Complete formulation is presented by |Eterovic and Bathe
(1991)); Bathe and Bouzinov|(1997).

The vector containing the loads due to the surface tractions that happen on body b, due to the contact between bodies
b1 and b, is denoted by f3, 5,. It can be expressed in terms of its normal and tangent contributions :

fbl,bz = Af + 7§, (12)

where A and 7 are the amplitudes of its normal and tangent components, respectively, and unit vectors fi and § are normal
and tangent to the target contact surface, respectively.
The gap function g can be computed by (Eterovic and Bathe, [1991)):

g(x.1) = [x - y"(x, )] A (y* (x. 1)), (13)

where x is the location of a point on the contactor surface 0V},,, and y* is defined as the closest location on the target surface
0Vp, with respect to the selected point x. Normal contact conditions can then be expressed in terms of the constraints:

g=>0, 1>0 and gd =0. (14)

Friction during contact can be considered by means of Coulomb’s law. For this purpose, the normalized variable
T = 7/(pyrA) is considered, where uy is the coefficient of friction between 8V, and 8V}, .
The magnitude of the relative tangential velocity & between the contacting surfaces can be obtained from:

. . % . Tafon

i(x, 1) = [, (y* (%, 1), 1) =, (x,1)] "8(y"(x, 1)), (15)
where 1, is the velocity of a point on 8V}, i = {1,2}. Coulomb’s law of friction then implies:

IT] <1 such that: IT]<1 = u=0, [T]=1 = sgn(u) =sgn(7). (16)

To incorporate the constraints given in Eq. (I4) in FE formulations, a function w,(g, 1) can be defined such that w, = 0
implies the relations in Eq. (I4). Based on regularization of the constraints, a suitable expression for wy, is:

wa(g, D) = (g + /2= [(g = 1)*/4 + &]", (17)

where €, < 1. The same procedure can be adopted for the friction-related constraints given in Eq. (I6). The following
implicit definition is made for wy = wy (i, T):

T+ ws —2/mtan” (i — wy)/€} = 0, (18)
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such that Eq. (I6) becomes approximately satisfied when wy = 0, for €, < 1.
The contact loads acting on a FE contactor node k. and on target element nodes k; and k;, for the case of a target FE
with only two nodes, can be computed as:

Fc:ontact,kC = _A(ﬁ + ,uf‘l_'g)’ Fcontact,kI = (1 - ﬁ_)/l(ﬁ + /Jffé) and Fcontact,kz = B/l(ﬁ + ﬂff§)5 (19)

respectively, where £ is a weighting parameter used for locating y* (Eterovic and Bathe, 1991} Sales, 2017).
Based on previous considerations, contact conditions can be incorporated into a FE formulation through: (i) the
application of the contact forces to the relevant FE DOFs; and (ii) the enforcement of the constraints w,, and wy.

2.5 Solution Procedures

The modeling techniques described in the previous Subsections were combined into a single simulation framework,
developed in the MATLAB® programming environment. Coupling was considered between the FE model, SMA wire
actuators, interacting permanent magnets and contact pairs, as can be seen in the simplified block diagram for the
implemented model, shown in Fig.[3]

The complete model consists in a set of nonlinear algebraic equations. These were solved by making use of the
Newton-Raphson algorithm combined with a line search method. Numerical smoothing techniques were also adopted
for addressing convergence issues related to discontinuities observed in the model. A more complete description of the
adopted procedures is provided by |Sales| (2017)).

Aproximate Solution

u
A For each pair of t: Fex
% pair of perm. magnets u
g .
Interacting y
T
- Permanent i -: : FE Model
W, Magnets Fon, + Residue
Uy, Force Model Fom, -] .
For each SMA actuator For each SMA actuator
Py
SMA Wire NN RSMS\
> > Actuat ——C > > EHe
usma For((::eul(aflgfriel (FSMA)kI Usua Equations Rs stem
&,8 (Fsma, &1, & Y
T T
For each contact pair For each contact pair
g Contact i Contact
uy Force Model [ g T >0 > Residue ——F
ke contact Uk, Equations R/l
gk:?’ e Uk, Uk, Rz
s /L T

Figure 3. Simplified block diagram for the implemented model

3. EXPERIMENTAL AND NUMERICAL SETUPS
3.1 System description

To evaluate the simultaneous use of SMA wire actuators with permanent magnets as a means to attain multistable smart
structures, as proposed in Section[I] one considers the system shown in Fig.[d} It consists of a thin aluminum clamped-free
beam, with two antagonistic SMA wire actuators (Muscle Wires® Flexinol 300 LT) attached to it. N52 grade NdFeB
permanent magnets were added near the end of the beam, and secured with the use of Loctite® Super Glue. Identical
magnets have been kept stationary, positioned to allow for the desired behavior for the system.

Table [2] provides the values of the coordinates of the points identified in Fig.[4(a)] The beam width and thickness are
oriented along X3 and Xj, and measure 28.5 mm and 1.2 mm, respectively. The diameter of the SMA wires is equal to
300 wm, and the permanent magnets have sides measuring 6.35 mm. Components are arranged symmetrically with respect
to the (X1, X») and (X3, X3) planes when the beam occupies a vertical position.

SMA wires have been installed as received from the manufacturer. They were routed through small pulleys, as can be
seen in Fig.[5] Considering their total length, and that only three pulleys were used in the setup, the effect of the latter is
deemed negligible. Before securing the wires, a static pre-load of op = 100 MPa was applied with the use of dead weights.
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-I//§

Table 2. Coordinates of the

- Py o points identified in Fig. A(a)]
i i it
1 1 2
Psma, Psma, a5 ; Point X [mm] X, [mm)]
Magnet dipole il i B 4H Pclamp 0.0 0.0
designation REURREN 1 Pyp 0.0 400.0
North B South = i Pp, 3.775 330.0
Petamn i35 S diaiage = oo Py, 34.0 328.0
N X oA Psmia, 4775 300.0
. TS i Psma, 1314.775 300.0
(a) Schematic drawing (b) System photograph

Figure 4. System considered for testing
3.2 Experimental Setup

During tests, each SMA wire actuator was subjected to its corresponding voltage loading pattern, as shown in Fig. [6]
As can be seen, a ramp loading/unloading condition is considered for each wire, with only one of them being actuated at
a time. It is also possible to verify that quasi-static loading conditions have been considered, so issues related to SMA
rate-dependency (Cisse ef all, 2016b) would be avoided.

Two system configurations have been investigated, in which permanent magnets were and were not incorporated to the
system. Tests were performed with room temperature equal to 20 °C, maintained by an air conditioning unit. Acquisitions
and recordings were made with the help of a National Instruments® USB-6259 BNC DAQ device, and a personal laptop.

Temperatures, voltages and currents have been monitored on both SMA wires. Temperatures were measured with
Omega® K type thermocouples, with 80 um in diameter, paired with Analog Devices® AD8495 precision amplifiers.
Voltage drops along each of the actuators have been measured with the help of simple voltage dividers. Currents applied
to the wires have been recorded with Texas Instruments® INA250 integrated circuits.

The displacement field of the beam was captured with a Canon® EOS 1000D camera, coupled to a EF75-300mm
f/4-5.6 lens. Photos were taken every 5 seconds, which is consistent with the adopted quasi-static SMA actuation pattern.
Acquired images were post-processed, and displacements have been determined with the use of the open-source Tracker
software [2017).

The command voltage used to drive the SMA actuators was generated by the NI® USB-6259 BNC DAQ, and routed
to a Labworks Inc. PA-138 Linear Power Amplifier, with a gain of approximately 29 V/V. A relay was used to switch the
electrical current between the left and right actuators, as needed.

3.3 Numerical Setup

The finite element mesh adopted for numerical simulations is shown in Fig.[7]] The beam was discretized with 40
elements with three nodes each. FEs with two nodes each were used 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

, 0.9 -
—  Left wire — Right wire

— 0.65 |

Z

£

N 03

0
0 1 2 3 4
‘ Time [hours]
Figure 5. Photograph of the system Figure 6. Voltages adopted for driving

before installation of magnets the SMA wire actuators
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Figure 7. Finite element mesh used for numerical simulations

setup (cf. zoomed plots shown in Fig.[7). FEs with two nodes each were also considered for modeling the surfaces of the
magnets that experience contact.

Values of the parameters used for numerical simulations are not provided here due to space limitations, but can be
found in 2017). One remarks that the power input term Pg [see Eq. (8)] was determined from experimental
data recordings for each SMA wire actuator. The ambient temperature 7., was set equal to 20 °C, as adopted during
experiments. The convection film coefficient & was determined by considering the relationship between T and Pg.

Characterization of the SMA wire actuators was not performed prior to the tests reported herein. Because of this,
the values adopted in simulations for SMA actuators’ parameters have been obtained from a mix of literature data (e.g.
IDYNALLOY], 2017), and fitted parameters. The latter were obtained as the solution to an inverse identification problem,
by considering the minimization of the RMS deviation between the model and experimental beam displacement at the

SMA actuators attachment location (Sales, [2017).
4. RESULTS AND DISCUSSION

Results are now provided. Figure [§] shows a comparison between the experimental beam tip displacements for the
system with and without permanent magnets. The time labels provided in this figure serve as references for the pictures
of the system given in Fig.[9} from which the complete displacement field of the beam can be seen.

For the analysis of the time history curves given here, one highlights that results corresponding to the second and
subsequent actuation cycles are plotted by considering different time references, in view of the actuation voltage pattern,
which has a period of 2 hours (c.f. Fig.[6). As an example, displacements corresponding to time instants between 2 and 4
hours are plotted as if they have occurred during the O to 2 hours time frame. Because of this, results overlap. Furthermore,
because the beam was close to a vertical position in the initial system configurations, distinct displacement paths can be
seen for the initial 0.33 h in Fig.[8] An indication of this is provided, and the same holds for other time history plots.

Line thicknesses used in the plots have been chosen to represent the maximum uncertainty associated with measure-

First actuation cycle
(initial condition related)

u) [mm]
@ beam tip

mm  System w/ magnets

mm  System w/o magnets
I I

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
Time [hours]

Figure 8. Experimentally measured beam displacements for the system with and without magnets
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Figure 9. System under test, at different actuation conditions, labeled according to time, in hours, cf. Fig.

ments. In the case of displacements, uncertainty is due to the use of an image tracking software for their computation.

Figure [ immediately shows that permanent magnets are able to provide two new equilibrium configurations for the
tested system. These are virtually similar to the configurations identified by the labels 1.20~ and 0.25~ in Fig. D(b)}

Figures[8and Q] also indicate that larger displacements are achieved by the system without permanent magnets. This is
due to the positions used for placement of the magnets: when a pair gets in contact, the motion of the beam is effectively
constrained. Nevertheless, in an actual use-case, actuation would be seized after the system moved to one of its stable
configurations. Subsequent actuation could still be used for stiffness control, but is not required otherwise.

Chronologies of the experiments are now provided. The one without permanent magnets is considered first. Labels
used in the description refer to Fig.[0(a)] The system departs from its initial condition, labeled 0.00. The left actuator
is heated through Joule effect. Phase transformation starts, and the wire contracts. Simultaneously, the right wire gets
tensioned. Therefore, tension on the left wire also rises. The SMA transformation temperature then increases as it contracts.
Maximum tip displacement is achieved, labeled 0.50. Following, the left actuator has its temperature decreased. The
beam moves towards its initial position, and ends up in a slightly offset condition, labeled 1.00. An analogous procedure
is used for the right actuator. It gets heated, contracts due to phase transformation, and the left wire gets tensioned. The
maximum displacement configuration is eventually reached, labeled 1.50. Afterwards, the right SMA length increases,
while the tension on the left wire reduces, because voltage drops. The condition labeled 2.00 is then achieved. Another
actuation cycle starts, and the system successively moves through the states labeled 0.50, 1.00, 1.50, and 2.00. The offsets
observed for the configurations labeled 1.00 and 2.00 are most likely due to insufficient initial pretension of the SMA wires
(such that martensite reorientation was not fully achieved during setup). This behavior is explained, for instance, by [Sofla
et al.| (2008)), who explored it for two-way antagonistic actuation while using one-way SMAs.

The timeline for the experiments performed with the system with permanent magnets is similar to the one described
previously. Labels now refer to Fig. [0(b)] The system was initially as shown in label 0.00. The left wire was heated,
and contracted due to phase transformation. After 18 minutes of testing, the system experienced a snap-through, induced
by close proximity of the left pair of permanent magnets. Configurations immediately before and after magnets’ contact
are labeled 0.30” and 0.30%, respectively. Actuation could then be interrupted, and the system would maintain its
configuration. Nonetheless, voltage supplied to the left actuator continued to rise, for consistency w.r.t. the test performed
without permanent magnets. The beam then deformed as if it was constrained at the location where magnets made contact.
Its shape for maximum actuation voltage is labeled 0.50. Voltage provided to the left actuator was then continually reduced,
until nullified. The system, nevertheless, maintained its new equilibrium state, which is almost identical to the one labeled
1.207. The right wire was actuated subsequently. After enough tension built up due to its contraction, magnets that
previously got together were able to separate. Configurations immediately before and after snap-through are labeled 1.20~
and 1.20*, respectively. Voltage supplied to the right actuator continued to increase, and the system snaped-through one
more time, when permanent magnets on the right got too close to each other. The system departed from the configuration
labeled 1.30™ to the one labeled 1.30*. The right wire was still fed with increasing voltage values, until the configuration
labeled 1.50 was achieved. Then, the command voltage started reducing, until zeroed. The system was able to maintain a
new stable state, with the beam displaced to the right, virtually identical to the one labeled 0.25~. Afterwards, the second
actuation cycle was initiated. Differences w.r.t. the first one are related to the initial condition assumed for the system.
While the beam configuration was initially vertical, now it is deformed to the right. Because of this, when the left wire
was heated, sufficient tension built up, until the right pair of magnets detached, c.f. labels 0.25~ and 0.25*. From then
onward, events considered previously repeated, as seen through overlapping curves in Fig. [§]

Figure [T0] compares numerical and experimental beam tip displacements for the system without permanent magnets,
while Fig. [TT] shows power versus displacement hysteresis loops for the same experimental condition. As can be seen, the
beam tip displacement given by the numerical model is in good agreement with experimental data, both qualitatively and
quantitatively. Few differences can be observed during SMA actuation, and are related to the phase transformation law
assumed by the adopted model. Plots given in Fig. [[T] show that the adopted SMA model predicts hysteresis related to
the shape memory effect reasonably well. Transformation smoothing techniques and proper characterization of the SMA



24th ABCM International Congress of Mechanical Engineering (COBEM 2017)
December 3-8, 2017, Curitiba, PR, Brazil

30 L mm L wire, exp. R wire, exp.
g 25 — L wire, num. — R wire, num.
& =
= g 20
EE °
— O A 15
-0 2
aC) E 10}
2
m St
1 1 1 1 L 0 L - s =_____________ 3
0 0.25 0.5 0.75 1 1.25 1.5 175 2 —45 -30 -15 0 15 30 45
Time [hours] u; [mm] @ beam tip
Figure 10. Experimental and numerically computed beam Figure 11. Comparison of electric power—displacement
tip displacement for the system without magnets hysteresis loops for the system without magnets
+ mm L wire, ex R wire, ex;
30 | » CXP- » CXP-
30 = — L wire, num. — R wire, num.
B 25
o =
E; 15 g 20 L
E§ 0 S 15t
-0 2
=g -15 £ 10t
-30 Z st
—_45 . . . : : . N ) 0 AR -
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 —-45 =30 -15 0 15 30 45
Time [hours] u; [mm] @ beam tip
Figure 12. Experimental and numerically computed beam Figure 13. Comparison of electric power—displacement
tip displacement for the system with magnets hysteresis loops for the system with magnets

actuators could have been adopted for the achievement of better agreement.

Numerical and experimental results related to the condition in which permanent magnets were attached to the system
are provided in Figs. [12]and [13] which show time histories of the beam tip displacement, and power versus displacement
hysteresis loops, respectively. Fairly good predictions are made by the numerical model for the displacement of the beam
tip. An exception can be pointed out for the instants of time at which pair of permanent magnets should separate. Instead
of occurring at 0.25 and 1.20 h, as observed during experiments, for the model they happen at 0.3 and 1.3 h, respectively.

Figure [T3] shows that the structure is able to stay at deformed configurations without expending external power, as
a result of multistability driven by the permanent magnets. The beam tip can be maintained displaced by amounts of
approximately +37 mm. Because of offsets observed during experimental testing, it is also possible for it to be positioned
within 11 mm of tip displacement. These configurations can also be attained by the system without permanent magnets,
c.f. Fig.[TT} This figure also show that a beam displacement of +37 mm can only be achieved, for the system without
permanent magnets, at the expense of roughly 7 or 12 W, depending on the SMA wire actuator state. If such configuration

needs to be maintained for long periods of time, significant energy savings can be obtained by adopting the multistable
design.

5. CONCLUSIONS

By considering an illustrative system, in this paper one verified that multistability can be achieved through the
simultaneous use of SMA wire actuators and permanent magnets. It was shown that multistable behavior can arise
from the interaction between NdFeB magnets. One also verified that SMA actuators were able to move the system
between distinct stable configurations it acquired after permanent magnets were added to it. A general numerical modeling
procedure was also described. Despite some minor deviations, related to the prediction of times at which permanent
magnets that are in contact detach, the model was able to accurately represent the system at hand. Proper experimental
characterization of the SMA actuators used in tests might have helped mitigate this issue.

The authors anticipate that the use of the concept considered in this paper for morphing applications has been the
subject of research that will be published in due time.
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