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Abstract

®

CrossMark

Shape memory alloys (SMA) are excellent candidates for implementation in actuator systems
due to their ability to recover their original shape after high-strain loading through a
thermally-induced phase transition. In this work, we propose and develop a novel
SMA-metamaterial actuator which is capable of exhibiting a reversible, global elongation in
multiple directions induced by the unidirectional contraction upon heating of a single SMA
component. This actuator consists of (a) an SMA component, (b) a bias component and (c) the
metamaterial geometry, with each component having a distinct function: (a) actuation
activation, (b) reversibility of actuation upon deactivation and (c) amplifying and re-directing
the uni-directional SMA actuation globally throughout the actuator, respectively. A prototype

actuator was designed and tested in various configurations over multiple activation/deactivation
cycles in order to demonstrate the functionality and reusability of this system. Furthermore, a
theoretical model which predicts the actuation stroke of the system on the basis of the material
properties of the SMA and bias components as well as the geometry of the metamaterial system
was developed and validated. The findings of this work demonstrate the considerable potential
of SMA-metamaterial actuators for implementation in systems requiring a multi-axial actuation

output.

Keywords: shape memory alloys, mechanical metamaterials, actuators, auxetic, composites

(Some figures may appear in colour only in the online journal)

1. Introduction

Shape memory alloys (SMAs) are materials which have the

ability to recover their original shape after loading through

a thermally-induced crystallographic phase transition from a
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martensitic to an austenitic state [1-3]. This remarkable prop-
erty makes them particularly well-suited for implementation
in actuators since the shape memory effect is functional over
a considerable strain range (ca. 2%-5% strain) and is also
characterised by a high force to stroke ratio [4]. The most
commonly-used SMA in the field of actuation is Nitinol; a
commercial name for a nickel titanium alloy which apart from
its shape memory behaviour also exhibits superelasticity in its
austenitic phase [5—-9]. Although the phase transition temperat-
ures of this alloy can be varied by altering the mixing ratios of
its constituent elements, Nitinol is normally in the martensitic
phase at room temperature and typically undergoes thermal

© 2023 The Author(s). Published by IOP Publishing Ltd
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hysteresis between the martensite and austenite phases at a
temperature range of 20-50 K.

Since the implementation of SMAs in actuators [10-13]
requires the application of a pre-strain, a stand-alone one-way
SMA-based actuator is only suitable for one-time use as once
the actuator is heated it reverts to its original state and the
initial level of pre-strain is not re-applied upon cooling. In
order to avoid this design problem and impart reusability to
the actuator, a so-called ‘bias’ mechanism is incorporated into
the actuator which counterbalances the actuation of the SMA
component and returns it to its initial pre-strain state once the
actuator is deactivated. The bias component imparts reversib-
ility to the actuator by taking advantage of the differences in
Young’s modulus between martensitic and austenitic phases
(with the latter being the stiffer of the two). The counterbal-
ance component should ideally ensure that the SMA com-
ponent is at its maximal level of recoverable pre-strain in its
cold-phase while exerting the least amount of resistance to the
SMA contraction upon heating [14]. This delicate balancing
act between these two opposing factors is highly dependent
on the relative stiffnesses, volume fractions and type of mech-
anical interaction between the SMA and bias component and
careful consideration must be given at the design stage to these
aspects in order to ensure that the optimal stroke and/or force
output is obtained.

A number of studies may be found in the literature regard-
ing the design, fabrication and implementation of SMA-based
bias actuators in various applications [15]. The SMA com-
ponent is typically employed in the form of a wire, strip or
spring, with the former two favouring high-force applications
and the latter systems requiring a large stroke output. On the
other hand, the bias component can be integrated in the form of
a fixed weight, springs, deformable elastic block of material,
a flexing beam or even a second, opposing SMA component
[16-27]. Furthermore, the actual actuation stroke/force of the
actuator need not necessarily act in the same direction as the
contraction of the SMA component upon heating. It is pos-
sible to change the direction of actuation, enhance the result-
ant stroke and even obtain an overall elongation output instead
of a contraction by mechanical design. One of the most well-
known examples of such an actuator is the SMA-sandwich
actuator, where the SMA component is integrated into the
faces of a sandwich structure with a soft core and selective
activation of the SMA component on one surface results in
a tailorable flexural deformation that induces elongation of
the actuator in the direction orthogonal to the contraction of
the SMA component [28—34]. The resultant elongation stroke
imparted by such a system can exceed considerably the actual
contraction of the SMA component, but the enhanced stroke
comes at the cost of a significant reduction in actuation force
in the same direction.

In this work, we propose a novel SMA-based actuator
which takes this concept further and is capable of exhibiting
a reversible, global elongation in multiple directions induced
by the unidirectional contraction upon heating of a single
SMA component. This actuator incorporates a metamaterial
geometry coupled with a SMA and a bias component and
takes advantage of the negative Poisson’s ratio and particular

kinematic deformation mode of the metamaterial to generate a
uniform controllable force/stroke output in both the axial and
transverse directions. We have designed and assembled a fully-
functional prototype of this actuator using additive manufac-
turing technology and commercially bought components and
tested it under various loading conditions. In addition, we have
also developed and validated a theoretical model which may be
used to predict the actuation output of the metamaterial actu-
ator based on the geometric parameters of the system and the
material properties of the individual components.

2. Design of the SMA-metamaterial actuator

The SMA-metamaterial actuator proposed in this work is
based on the rotating squares auxetic metamaterial geometry
and is designed to exhibit an elongation stroke concurrently
in both the x- and y-directions upon activation. The rotating
squares system [35], shown in figure 1, is one of the most
well-known geometries with the ability to exhibit a negative
Poisson’s ratio and belongs to a class of auxetic metamaterials
known as rotating rigid unit systems. These systems include
rotating rectangles [36, 37], rhombi [38], parallelograms [39,
40] and triangles [41, 42] among others, as well as 3D rotat-
ing polyhedral [43, 44] and have the potential to exhibit giant
negative as well as large positive Poisson’s ratios. Like all
classes of mechanical metamaterials, the mechanical proper-
ties of these systems are almost entirely dependent on their
structure and can be tailored as a function of the geometric
parameters.

The rotating squares metamaterial, as its name implies,
deforms through the rotation of squares that are connected
to each other at the vertices through pin-joints (in the mech-
anism’s idealised state) [35] or through a thin strip/block of
material (in a single-material perforated metamaterial system)
[45—48]. It exhibits an in-plane Poisson’s ratio of —1 which
means that any elongation or contraction in one direction upon
loading is accompanied by an identical strain in the transverse
direction. In addition, as a pin-joint mechanism, the rotating
squares geometry has also been shown to be completely unaf-
fected by edge effects and deforms in the same manner in a
periodic infinite, large-scale finite and small-scale finite envir-
onment. These two factors make it particularly well-suited for
implementation in a biaxial actuation system.

In order to induce a global expansion of the actuator upon
activation, it is first necessary to select the correct position for
insertion of the pre-strained SMA component, which under-
goes contraction upon heating. The deformation of the ideal-
ised rotation square system may be expressed in terms of the
change in the angle between the square units, 6 and this vari-
able governs both the internal localised deformations of the
structure and the resultant global strains. As shown in figure 1,
the SMA component must be inserted between the points
marked A and B since a decrease in the distance between these
two points, /45, upon rotation of the squares induces an expan-
sion of the metamaterial system. Therefore, to quantify the
relationship between the internal unit cell lengths l45 and I¢cp
and the global lengths in the x- and y-directions, denoted by
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L+AL

Where for tensile loading: AL>0, A0>0, Al.,>0 and Al,;<0

Figure 1. Schematic of a rotating square metamaterial unit cell before and after tensile loading.

the L, these variables must be expressed in terms of the internal
angle between squares, ¢, and the side length of the squares,
a. The following terms may be obtained:

L =2a[sin(#) + cos(6)] (1)
Iap = 2acos(6) )
lCD =2a SIH(G) (3)

Since deformation occurs through a change in 6 while the side
length of the squares, a, remains constant, the relative changes
in these three lengths once the metamaterial deforms may be
expressed in terms of Af. An example is plotted in figure 2,
where the relative lengths L/a, lyg/a and Ipc/a.

As one may observe, the resultant plot is axi-symmetric
and the system has one fully-opened configuration at § = 45°
where L/a = 2.828 and two fully closed configurations at
0 = 0° and 6 = 90° where L/a = 2. It is also evident that in
order to have an inversely-proportional relationship between
the lengths L and 4, the angle § must be between 0° and 45°.
Furthermore, this relationship is nonlinear, and it is clear that
at low 6 values, a small decrease in the length /4p results in the
largest relative increase in L.

3. Theoretical model

Before a prototype SMA-metamaterial actuator based on this
concept can be produced, it is necessary to first develop ana-
Iytical expressions which may be used to predict the actuation
output of the system as a function of the material properties

of the individual components and the overall geometry of the
system. As stated in the previous section, this actuator con-
sists of three components: the SMA, the bias component and
the metamaterial geometry; each of which has a distinct role
to play in ensuring the overall functionality of the compos-
ite system. The SMA component induces the actuation of the
system, the bias component imparts reversibility upon deac-
tivation and reusability to the actuator, and the metamaterial
geometry controls the actuation stroke and force output of the
system in the axial and transverse directions. These three com-
ponents are shown in figure 3, where in order to maximise the
actuation stroke output, the SMA component is placed in pos-
ition I45 and the bias component in position /cp. This means
that, as illustrated in figure 2, the contraction of the SMA com-
ponent upon activation is counteracted by an elongation of
the bias component imposed through the kinematic constraints
of the rotating squares metamaterial deformation mode. Since
lag > l¢cp, this also induces an overall positive actuation stroke
of the actuator, i.e. L increases.

In order to quantify the actuation stroke of the system, it
is necessary to equilibrate the forces and displacements of the
SMA and bias component along the direction /5. Since the
SMA component is aligned along I45, the force-displacement
plot obtained from uniaxial loading of this component can
be used directly, as shown in figure 3 (green and red lines).
However, this is not the case for the bias component, which
is oriented in a direction perpendicular to l45. Therefore, the
forces and displacements exerted by the bias component in the
direction 45, which are necessary to equilibrate the system,
must first be found through the kinematic laws that define the
deformation of the metamaterial system.
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Figure 2. Plot showing the variation in relative lengths L/a/, lap/a and lcp/a upon varying the angle 6.
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Figure 3. A qualitative plot showing the forces and displacements acting along /45 for the SMA in martensitic (blue) and austenitic state
(red) and the opposing bias component (green). The equilibrium points at the SMA hot and cold states are also indicated.

3.1. Assumptions o The metamaterial geometry exerts a solely kinematic influ-

ence on the deformation of the overall system and does not
The model, which predicts the actuation output of the sys- contribute any internal energy in terms of work done to the
tem on the basis of the equilibrium of forces generated by the actuator. This means that the influence of factors such as
interaction between the SMA and bias component, is based on friction at the joints of rotating units and weight is con-
a number of assumptions, listed below: sidered to be negligible.
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e The stress—strain behaviour of the SMA component at the
martensitic phase can be represented in terms of a tri-linear
model with each line representing the twinned martensite
state (M), transition state (T) and detwinned martensitic
state (DM), respectively (see figure 3). On the other hand,
the austenitic state is represented by a linear model. This
approach is consistent with that utilised in previous works
found in the literature pertaining to analytical and numer-
ical analyses of SMAs [14, 49-51].

e Upon activation/heating, the SMA component undergoes
a complete transition from martensitic to austenitic phase.
This is typically the case for SMA systems with a small
cross-sectional area such as wires and strips activated
through the Joule effect.

e The model is static and, hence, the deformation of both the
SMA and bias component is elastic, fully recoverable and
unaffected by the velocity of activation (transformation from
martensitic to austenitic phase is almost instantaneous once
activated through the use of an electrical current).

The pre-strain of the SMA component is also fully induced
by the elastic bias component, which in this case was assumed
to be an elastomer or a spring which deforms linearly over high
strains. This means that during the assembly of the actuator,
the SMA component should ideally be introduced first within
the system at a predetermined length, /sma, followed by the
insertion of the elastic bias component. In order for the bias
component to exert a pre-stress on the SMA component, the
initial length at rest of the bias component, /g, must be less
than the length /-p which corresponds to the length I,z of the
SMA component. This condition may be expressed as follows:

Ip < y\J4a? — B “

and it ensures that the pre-strain applied to the bias component
in order to integrate it within the actuator imparts sufficient
force to counterbalance the SMA and induces a pre-strain in
the latter component.

At this point, it is important to note that although the bias
component deforms axially in a linear elastic manner, the fact
that itis placed in a position which is perpendicular to the SMA
component, means that the equilibrating force induced by the
bias component in the direction /ap is nonlinear and kinemat-
ically dependent on the metamaterial geometry used. Thus, in
figure 3, the force-displacement plot of the bias component
along Iap is represented by a nonlinear curve.

3.2. Geometry-force calculations

As stated previously, the force-displacement relationship of
the SMA component in its martensitic phase is represented by
atri-linear model. The SMA has an initial length of Igya at rest
and the model (shown in figure 3) may be expressed in terms
of force (F4p) and total length (I45) along the line between the
points A and B as follows:

Fap = km(lap — Isma ), where Isma < lap < (Isma +d1) (5)

Fap = Fr — kt (dr + lsma — lag) , where (Isma + dr)
<lag < (Isma +dpm) (6)

Fpp = Fpm — kpwm (dpm + Isma — Ias)
where (Isma + dpm) < lag (7)

where ky, kv and kpy are the stiffness constants for the
twinned martensitic state, transition state and DM, respect-
ively, while Fr, dr, Fpm and dpym represent the force (F)
and displacement (d) thresholds required to switch from the
first to second state (equations (5)-(6)) and the second to
third state (equations (6)—(7)). These three lines represent the
force-displacement behaviour of the martensitic SMA in the
twinned, transition and detwinned state respectively and are
valid within the limits defined in the equations.

This approach to modelling the force-displacement of
martensitic SMA is identical to the analytical method
employed previously by the same authors to model uni-axial
bias actuator behaviour [14] and is analogous to the Souza-
Auricchio numerical method [49, 50] used in many commer-
cial Finite Element software. The equations are expressed in
terms of stiffness constants, transformation displacements and
forces rather than Young’s moduli, strains and stresses in order
to ensure that these equations may be applied to an SMA com-
ponent in any form, be it as a wire, strip, spring or even more
complex geometric forms. In the case of SMA wires, as used
in the experimental part of this work, these terms may eas-
ily be derived directly from basic stress—strain plots, while for
other forms less straightforward analytical expressions may be
required to obtain these constants. In a similar vein, the aus-
tenitic force-displacement behaviour (indicated in figure 3 by
the red line) is represented by the following linear model:

Fap =ka(lap — Isma) (8)

where k4 represents the stiffness constant of the SMA in its
austenitic phase.

On the other hand, as shown in figure 3, the force-
displacement behaviour of the bias component counteracting
the SMA is represented by a non-linear model along the line
AB. This is due to the fact that although the stiffness of the bias
component per se is constant, it is aligned along the line CD,
orthogonal to the line AB. This means that the force compon-
ent exerted along the line AB as a result of the elongation of
the bias component varies non-linearly as a function of the ini-
tial configuration of the rotating square metamaterial as shown
in figure 4(c).

The force-displacement relationship along the line CD for
the elastic bias component may be defined by equation (9):

Fep =ke(lep — 1) &)

where I is the initial length of the elastic bias component and
kg is the associated stiffness constant (see figure 4(a)). This
equation can be used to find the resultant force and displace-
ment acting along the line AB through the following kinematic
and geometric relationships (shown in figure 4(b)):

(10)
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Figure 4. (a) A qualitative plot showing the linear force-displacement model used to describe the deformation of the elastic bias component
along the line between points C and D. (b) A diagram showing the forces (Fap and F¢p) acting along the directions /4 and Icp in the central
pore between the rotating square units. (c) A plot showing the relationship between changes in the lengths l4 and Icp and (d) a graph
showing the relationship between overall actuator length in axial and transverse direction, L, and the internal length parameter /sp.

9:arccos<lAB) (11)
2a

lep = \/4a> — B,

which in turn can be used to obtain the following non-linear
model for the bias component along the line AB (shown in
figure 3):

12)

ke (VAT =By~ 1)

Fap =
A8 tan (arccos [%T’f])

13)

The cold equilibrium point, shown in figure 3, is the point at
which the force exerted by the martensitic SMA component
and the counteracting elastic bias component are equal. Ideally
this point should be met at the DM of the SMA compon-
ent in order to ensure that the actuation stroke is completely
recovered once the actuator is deactivated as demonstrated
in [14]. Therefore, the resultant length at the cold equilib-
rium point, l4p gq.c, may be found by solving equations (7)
and (13). Once the SMA component is heated and undergoes
a reverse transformation, this equilibrium point shifts to the
point where equations (8) and (13) are equal. By solving these

two equations, one may find the resultant length at the hot equi-
librium point, /g EqH-

Once the lengths [4p of the actuator when the SMA is in
its martensitic and austenitic phase, /g gq.c and lsp gqu, are
known, these variables can be used to find the correspond-
ing cold and hot equilibrium global lengths of the actuator,
Lgq.c and Lggp (shown in figure 4(b)), through equations (14)

and (15):
LEq.cold = laB_Eq.Cold + \/‘m (14)
Lgq.Hot = laB_EqHot + \/‘m (15)

These equations define the relationship between the con-
traction of the SMA wire and the global metamaterial geo-
metry and are obtained through the expansion of the generic
equation (1). The difference between these two values results
in the predicted global actuation stroke in the axial and trans-
verse directions, dy, as follows:

dp = LEq.Hot - LEq.Cold (16)
Due to the nonlinearity of the relationship between L and [,z
(equation (17)), shown in figure 4(d), it is evident that in order
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to obtain the maximum actuation stroke, dl, [4p gq.cola, Should
ideally be close to the maximum permissible value of /4, i.e.
lap — 2a. This means that the initial configuration of the rotat-
ing squares metamaterials should ideally be at a € value close
to 0°. Yet, it is also important to note that one must be careful
to ensure that the initial length of the SMA component, Isya,
is not equal or almost equal to 2a since this would entail that
the bias component cannot exert any meaningful pre-stress on
the wire due to the rotating squares mechanism being blocked
in its fully-opened state. Thus, the initial length of the SMA
component which allows one to obtain the maximum permiss-
ible actuation for a given bias component must first be found
through the analytical model.

L:lAB+\/4a2—liB

To summarise, the model presented in this section demon-
strates how the actuation stroke of the metamaterial actuator
may be predicted and tailored as a function of metamaterial
configuration and material properties of the SMA and bias
components.

a7

4. Experimental methodology

Bearing in mind the insights obtained from the theoretical
model described in the previous section, we designed a pro-
totype actuator based on this concept which is able to impart a
global biaxial actuation. As detailed in the following sections,
the metamaterial was printed using a fused-deposition method
(FDM) 3D printer as four separate parts and assembled using
commercially bought components. The SMA component was
integrated within the system in the form of a thin wire attached
between points A and B and was heated by passing through an
electric current from a power supply while the bias mechanism
was incorporated through the insertion of a number of elastic
bands at points C and D of the actuator in order to counter the
contraction of the SMA wire upon heating.

4.1. Thermo-mechanical characterization of the SMA wire

A Nitinol shape-memory wire with a diameter of 0.23 mm
was used in this work. The chemical composition of the wire
as provided by the supplier is presented in table 1. A thicker
sample of wire (diameter 0.43 mm) with the same chem-
ical composition was previously characterised by Panciroli
[52] and it was found that the wire has a martensitic finish
transformation temperature of 40 °C (315 K) and an austen-
itic finish transformation temperature of 79 °C (353 K). In
order to characterise the force-displacement and stress—strain
behaviour of this wire at complete martensitic and austen-
itic phases, a sample was subjected to tensile loading using
Galdabini® tensiometer. The wire was affixed to screws from
both ends and trapped using two nuts. The screws were then
inserted into two acrilonitrile butadiene stirene (ABS) 3D-
printed holders which are clamped by the jaws of the tensile
loading machine as shown in figure 5(a).

The wire sample tested had an effective length of 206 mm
and was tested at room temperature and under heated

Table 1. Percentage chemical composition of Nitinol wire [52].

Ni Co Cu Cr Fe
55.42 0.005 0.005 0.005 0.005
Nb C H (0] Ti
0.025 0.037 0.001 0.033 44.46

conditions (i.e. at complete martensite and austenite phases
respectively). The wire was subjected to a two-step loading
and unloading cycle. For the martensitic test, a tensile elong-
ation of 24 mm at a speed of 6 mm min~! was applied fol-
lowed by a return to the initial position at the same speed. The
samples were pre-heated and allowed to cool gradually before
initiating the test in order to ensure that any pre-strain applied
to the wire during the clamping process was removed. For the
austenitic test, a smaller tensile elongation was applied and the
wire was heated by the Joule effect throughout the duration of
the entire loading and unloading procedure. This was done by
connecting a power supply to the screws to which the SMA
wire was affixed and applying a current of 0.75 A. In order
to ensure that the applied current is sufficient to induce an
austenitic transformation, the resistivity of the wire was meas-
ured prior to the tensile test at low and high ranges of current
and was found to be 8.92 x 10~7 Qm and 6.36 x 10~7 Qm,
respectively. These values are comparable with those found in
the literature for martensitic and austenitic nitinol wires [53].
Once the test sample is mounted, the ABS 3D-printed holders
ensure that the wire is isolated from the metallic clamps of the
tensile loading machine and that the current heats up the wire.
The following stress—strain graph, shown in figure 5(b), was
obtained following data smoothening procedures to eliminate
minor noise in the data points.

4.2. Additive manufacturing and assembly of the
SMA-metamaterial actuator

The rotating square metamaterial structure was designed to
function as a single unit cell pin-joint system with minimal
stiffness. The four identical square units making up the sys-
tem were designed using Solidworks® (see figures 6(a), (b)
and (g)) and additively-manufactured from Onyx® material
using a Markforged® FDM 3D-printer. These square units
were designed with an effective side length, a, of 70 mm and an
out-of-plane thickness of 20 mm. In order to lower the mass
of the squares and avoid unnecessary waste of material, the
squares were designed as thick truss systems with a cross pat-
tern, which ensures that the squares retain their rigidity whilst
minimising the volume of printing material used [54]. The
base metamaterial system was then assembled with the addi-
tion of metal commercially-bought hinges (see figure 6(d))
which were attached to the square units through screws, posi-
tioned at points A and B shown in figure 6(e). On the other
hand, the squares were connected at points C and D through
the 3D printed pin-joints shown in figure 6(f). In order to sup-
port the actuator on a surface without influencing its in-plane
deformation, spherical rolling bearings were attached to the
centre of each of the four rotating square units (see figure 6(c)).
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Figure 5. (a) Image showing how the SMA wire was set up for the tensile loading test. (b) Stress—strain plot of the SMA wire in martensitic
and austenitic state and (c) linearization of the experimental plot used to obtain the parameters implemented in the theoretical model (see

table 3).

Lastly, the joints (both plastic and metallic) and spherical bear-
ings were all lubricated with machine grease in order to min-
imise friction.

A length of SMA wire was inserted into the actuator by
attaching it to points A and B through the use of knots. The
initial length of the wire used varied between different exper-
imental runs, but in each case, it was chosen on the basis of
resulting in a metamaterial configuration which has a 0 value
between 10° and 20°. The latter limit ensures that the inverse
relationship between lengths l4p and L is retained while the
former guarantees that the level of pre-strain imparted by the
bias mechanisms to the SMA wire does not result in the length
l4p surpassing the mechanical limit of [yg/a = 2.828 which
is equivalent to a geometrically unrealisable § < 0° value.
Moreover, in order to ensure that any slippage of the wire dur-
ing experimental testing is detected, the original length of the
wire was marked with white corrective fluid after pre-heating
it to eliminate any pre-strain applied during the assembly pro-
cess. Following the insertion of the SMA, the bias component
was added to the system in the form of elastic rubber bands
attached to the protruding screws in positions C and D. The
rubber bands (with an initial length, g, of 25 mm) were tested
under tensile loading conditions using an extensometer and
were found to have an average linear stiffness of 0.1 MPa over
a strain range of 0% to 160%. The system was then allowed to
equilibrate before proceeding with the actuation tests. In order

to activate the actuator by heating up the SMA component, a
power supply was used and, following preliminary testing, it
was found that a current of 1 A for a time period of 10 s was
sufficient to guarantee that the wire reached its complete aus-
tenitic transformation. The power supply was connected to the
actuator by soldering the wire to the metal hinges as shown in
figure 6(e) rather than directly to the SMA wire, in order to
ensure that the connections do not interfere with the deforma-
tion of the actuator.

4.3. Experimental test runs

Three experimental runs were conducted in order to verify the
functionality of the prototype SMA-metamaterial actuator. In
the first test, a single elastic rubber band was used as a bias
mechanism, in the second, two, and, lastly, in the third, three.
The initial length of the SMA wire, Isvma, for each test is listed
in table 2. In each testing run, the actuator was activated and
deactivated 10 times in a row in order to analyse the revers-
ibility of actuation stroke and reusability of the actuator. This
was done through sequential 10 s of activation (with a current
of 1 A from a power supply) followed by 60 s of deactivation
in order to allow the SMA wire to cool and return completely
to its martensitic state. The deformation of the actuator was
captured through the use of a digital camera (Nikon®) with a
frame rate of 5 Hz. Using image correlation techniques, points



Smart Mater. Struct. 32 (2023) 035027

L Mizzi et al

Figure 6. Technical drawing of (a) assembled and (b) individual rotating square units making up the actuator. (c) Spherical bearings used to
minimise friction between supporting surface and actuator and (d) metallic hinges inserted in points A and B of the system. (e)
SMA-metamaterial actuator showing the wire inserted between points A and B, the elastic rubber bands (bias mechanism) between points C
and D and the wiring connecting the metallic hinges to the power supply. Figures (f) and (g) show a zoomed in version of the joints at points
C and D which are jointed together through the insertion of a metal M3 screw.

Table 2. List of parameters for three experimental tests run.

No. of Initial Length of
Test Number Elastic Bands SMA wire (mm)
I 1 110.2
I 2 111.5
I 3 117.2

A, B, C and D of the actuator along with the external corners of
the rotating squares, were tracked in order to obtain the exper-
imental values of I, Icp and L throughout each activation
and deactivation cycle, as shown in figure 7. The global actu-
ation stroke, d; , for each cycle was calculated as the difference
between the length of L before and after activation.

5. Results and discussion

The resultant global actuation stroke, d;, obtained for
each experimental run with respect to the number of
activation/deactivation cycles, along with images of the

actuator in its activated and deactivated states are presented in
figure 8. It is clearly evident from the plots that while in Test
I the actuation stroke was almost nil, in Test runs II and III,
a significant actuation stroke was observed which remained
more or less stable over 10 consecutive activation/deactivation
cycles, undoubtedly demonstrating both the functionality and
reversibility of the prototype actuator. Moreover, as shown in
figure 8(a), the actuation stroke is biaxial and the rotation of
the square units is plainly visible indicating that the pin-jointed
metamaterial structure is indeed deforming as intended.

In order to analyse these results in the context of the predic-
tions of the theoretical model presented in section 3 of this art-
icle, it is necessary to first obtain the Young’s moduli, E», Ey,
Er and Epy, transformation stresses, ot and opy, and strains,
er and epy, of the SMA in martensitic and austenitic phase.
Utilising linear regression, the following constants, presented
in table 3, were obtained from the stress—strain plot shown in
figure 5(b).

These terms can be used to obtain the corresponding
stiffness constants and transformation forces and displace-
ments necessary to plot the tri-linear martensitic model
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Figure 7. Image showing the points which were tracked using
image correlation techniques (marked with a cross) in order to
measure lengths lap, Icp and L.

Table 3. Young’s moduli, transformation stresses and strains
obtained from the austenitic and martensitic stress—strain plot shown
in figure 5(b).

SMA Parameters

En 24 815.14 MPa eT 0.015
Em 7614.26 MPa oT 106 MPa
Er 1724.63 MPa DM 0.054
Epm 8790.63 MPa opM 175 MPa

(equation (5)—(7)) and linear austenitic model (equation (8))
as follows:

Ej A
ky = 22 (18)
Isma
EyA
ky = 2= (19)
Isma
P (20)
Isma
EpmA
kpm = 21
pv =" 1)
FT == O'TA (22)

Fpm = opmA (23)

dr = erlsma (24)

dpm = epmlsma (25)
where A is defined as the cross-sectional area of the SMA wire
(7d*/4) and Igyia, the length of the wire. The initial lengths
used for each test are listed in table 2. For the elastic rubber
bands, the stiffness constant of a single rubber band, kg, was

equal to 0.1 MPa and, thus, the stiffness constant used to plot
the force/displacement plot of the bias mechanism, kg, may be
found as follows:

kg = Nkg (26)
where N is the number of rubber bands used in each test (listed
in table 2).

Utilizing these constants, the simultaneous equation pairs:
equations (7), (13) and equations (8), (13), were solved numer-
ically in order to obtain the cold and hot equilibrium points, I3
Eq.c and l4p gqH, respectively. These values were then used to
find the predicted actuation stroke, d;, for each of the three
experimental test runs using equations (14)—(16). These the-
oretically predicted values are plotted along with the average
value of the global actuation stroke obtained from the experi-
mental results in figure 9.

It is evident from figure 9 that while the theoretical model
overestimates the experimental actuation stroke, particularly
for Tests I and III, the trends obtained using both methods
are congruous with each other. The discrepancies in the mag-
nitude of the values were also to be expected since the exper-
imental prototype does not completely conform with all the
assumptions used to derive the analytical expressions. For
example, the model assumes ideal frictionless rotation of the
square units, however some friction is always present despite
the lubrication of the joints and the use of spherical bearings.
Moreover, the model does not take into account the influence
of functional fatigue, which cannot be disregarded completely
for actuator configurations where the SMA component is sub-
jected to a high initial level of pre-strains such as in Test III. In
view of this, the theoretical model is envisaged to be primar-
ily utilizable as a pre-design tool for the fabrication of SMA-
metamaterial actuators since it has the highest accuracy for
predicting the initial actuation cycles of the system.

The results obtained from the tests on the metamaterial
actuator prototype also provide a number of additional insights
on the functionality of this actuator. In the case of Test I,
where only one rubber band was used, it was clearly evid-
ent that the force generated by this elastic bias component
was not sufficient to guarantee a sufficient level of pre-strain
to the SMA component in order to allow it to reach its com-
plete DM. This, in turn resulted in an extremely low actuation
stroke output (as also predicted by the theoretical model) as
well as decreasing the amount of recoverable actuation stroke
due to the fact that the cold equilibrium point is reached at
the transition phase of the martensitic SMA. This highlights
the importance of having a bias component that is capable of
generating the necessary level of pre-strain in the SMA com-
ponent, elsewise the actuation output will be extremely low.
However, while increasing the level of pre-strain will give a
higher actuation stroke, it is also important to keep in mind that
a large pre-strain value will lead to an increase in the fatigue
of the SMA component. This results in yielding, and thus a
decrease of functionality, occurring at a lower number of actu-
ation cycles. This factor was, in fact, particularly evident in
Test IT1. Although the plot shown in figure 8(b)(iii) indicates an
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Figure 8. (a) Images showing the second cycle ((i) deactivated actuator, followed by (ii) activation and (iii) deactivation) of the actuator
with three elastic rubber bands (Test III) (b) Plots showing the resultant global actuation stroke measured for each activation/deactivation
cycle of the three experimental tests listed in table 2. Note, that in Test I, the number of cycles was terminated early due to the fact that

almost no actuation stroke was observed over repeated cycles.
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Figure 9. Plot showing the comparison between the theoretical d;, values predicted by the analytical model and the corresponding average

experimental values (over 10 cycles) with standard deviation.

almost constant actuation stroke, dy, throughout the 10 activ-
ation/deactivation cycles, a closer analysis of how the abso-
lute value of the global length of the actuator, L, varies with
each cycle (see figures 10(a)(ii) and (b)) shows that this value
is significantly decreasing after every cycle despite the actu-
ation stroke remaining constant. This indicates that the SMA
wire is undergoing irreversible yielding with each cycle due
to the high level of pre-strain imposed by the bias mechan-
ism (in this case three rubber bands). This effect is not visible
in the Cycle No° vs d; plot shown in figure 8(b)(iii) due to
the fact that the elastic bias mechanism is undergoing a large
level of pre-strain itself and thus the actuation stroke lost due
to yielding relaxation of the SMA component is re-gained by

1

the imposition of an additional increment of pre-strain on the
wire. This leads to an initial masking of the SMA yielding
effect which is advantageous if maintaining a constant actu-
ation stroke is the main function of the actuator, however it is
also expected to result in a more rapid deterioration of actu-
ator functionality over time. On the other hand, in the case
of Test II, it is clear that the change in L is minimal over 10
cycles and that both the actuation stroke and absolute actuator
dimensions remain almost constant (see figure 10(a)(i)). This
indicates that out of the three configurations tested, this is the
one which shows the best performance since it is characterized
by an appreciable actuation stroke while the observed yielding
of the SMA component is minimal over 10 cycles.
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Figure 10. (a) Plots showing how the absolute value of L changes over testing time for (i) Test II and (ii) Test III. The dotted red lines
indicate the actuation cycles while the black lines are plotted by linear regression of the actuator in its activated and deactivated state
separately in order to roughly indicate how L changes over time. (b) Images showing the difference in the deactivated configuration of the

actuator in Test III after (i) the 1° cycle and (ii) the 10° cycle.

From the insights obtained from the theoretical model and
experimental results, it is clear that in order to design an SMA-
metamaterial actuator with optimal performance based on the
rotating squares mechanism, one should aim to:

e Ensure that the bias mechanism used exerts sufficient force
on the SMA component in order to bring it to the highest
possible allowable pre-strain value which does not result in
irreversible yielding effects. By reaching the optimum equi-
librium point one can obtain the highest actuation stroke of
the SMA component while minimizing loss of functionality
due to fatigue.

Design the rotating square metamaterial system in such a
way as to have an initial configuration at the cold martens-
itic equilibrium point which has a low 6 value. This ensures
that the actuation stroke of the SMA component (Lgg Hot—
Lgg cola) is amplified to its maximum level and translates into
a large global actuation stroke, d; .

Before concluding, it is imperative to point out that the
SMA-metamaterial actuator proposed and prototyped in this

work is merely one example which illustrates the potential of
this new class of SMA actuators. The main advantage of using
a metamaterial geometry to control the global actuation out-
put of an SMA-based actuator lies in the fact that one can
manipulate the deformation of these systems based on geo-
metry. Thus, the designer has a variety of options to choose
from when designing these types of actuators in order to obtain
atailored and desired output. For example, the actuator presen-
ted in this work, which is designed to exhibit a biaxial posit-
ive stroke, can easily be changed into an actuator which deliv-
ers a biaxial negative stroke (i.e. overall global contraction)
simply by inverting the positions of the SMA wire and bias
component, i.e. placing the SMA wire in position CD and
the bias mechanism in position AB. Furthermore, the force
exerted by the bias mechanism can be tuned simply by chan-
ging its placement with respect to the SMA component. By
changing the position (such as for example attaching it to the
centre of the rotating squares), one can alter the bias force it
exerts in counteracting the SMA component and hence one can
simply optimize the SMA-bias equilibrium point as a function
of bias component positioning rather than by using a different
material.
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The use of a biaxial actuator which is activated through
the uniaxial deformation of a single component such as the
one proposed in this work presents various advantages over
traditional biaxial actuators powered by separate components
for each direction. The most obvious advantage is the reduced
risk of unequal actuation in the transverse and axial directions
in case of a malfunction. Since the global actuation stroke is
induced solely by a single SMA component and is kinematic-
ally governed by the metamaterial geometry, the ratio of axial
to transverse actuation stroke is fixed by design and cannot
physically change while the system is in place. This means that
if actuation is blocked in a single direction, then by default it
is also obstructed in the orthogonal direction, thus retaining
the uniformity of bi-directional actuation. This, in turn, also
reduces the need for constant recalibration of the actuator after
use, as is the case for biaxial actuators which are driven by sep-
arate, independent components for each direction. This prop-
erty makes metamaterial-based actuators particularly well-
suited for potential future use as platforms for biaxial loading
testing rigs as well as implementation in deployable structures
requiring tailored biaxial actuation.

Finally, it is important to emphasize that while in this work
the main aim was to design a reversible actuator capable of
producing an equal biaxial actuation stroke and, hence, the
auxetic rotating square mechanism with a characteristic Pois-
son’s ratio of —1 was chosen, a plethora of other rotating struc-
tures may be found within the literature, which may be used
to design similar actuators with different advanced functional-
ities. For example, certain configurations of the rotating rect-
angle mechanism are known to have the capability of exhibit-
ing giant negative/positive Poisson’s ratios and one may take
advantage of this property to simply greatly amplify the actu-
ation stroke of the standalone SMA component in a single
direction. On the other hand, if one wishes, for instance, to
design an actuator which exhibits an equal tri-axial deform-
ation, rotating systems with trigonal in-plane symmetry such
as rotating triangle structures may be used as a basis for such
an actuator. All in all, the possibilities for designing and real-
izing SMA-metamaterial actuators with multi-axial actuation
capabilities and geometrically-tailored outputs are nearly end-
less and we believe that the results presented in this work will
give rise to further studies on this interesting class of smart
composite structures.

6. Conclusions

In this work, we have designed a new reversible SMA-based
actuator with an equal biaxial actuation stroke based on an
auxetic metamaterial structure. Through the use of the rotating
square system, which is characterized by a Poisson’s ratio of
—1, the axial uni-directional contraction of the SMA compon-
ent upon activation is translated into a biaxial global expansion
of the overall actuator. An experimental prototype of this actu-
ator was manufactured and assembled and then tested under
three different configurations over 10 activation/deactivation
cycles. A theoretical model which may be used as a pre-design
tool for the realization of SMA-metamaterial actuators with a

tailored actuation stroke has also been developed and its pre-
dictions compared with the experimental results. This work
highlights the potential of SMA-metamaterial actuators for
implementation in systems requiring a multi-axial actuation
output and we hope that the findings presented in this work
will act as a blueprint for the design of other metamaterial-
based SMA actuators with advanced functionalities.
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