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This work describes the conceptual design, the modelling, the optimization, the detail design and the virtual
testing of a shape memory actuator purposely conceived to maximize torque and angular stroke while
limiting overall size and electric consumption. The chosen design, achieved by means of a Quality Function
Deployment approach, features a fully modular concept in which an arbitrary number of identical modules
are assembled to produce the desired angular stroke and output torque. The basic module contains shape
memory springs that actuate the device and also a conventional spring that reduces the torque ripple.
Following the concept generation stage, a thermo-electromechanical model is developed and a numerical
optimization performed, aimed at minimizing the electrical consumption of the actuator. Finally, the device
is designed in detail and the actuator is tested virtually. Thanks to the proposed modular construction and
the use of a conventional balancing spring, the device shows better performances than known rotary shape
memory actuators in terms of rotation, torque and customization.

Keywords conceptual design, modeling, rotary actuator, shape
memory alloys, simulation

1. Introduction

Shape memory alloys (SMAs) are increasingly exploited to
build actuators and micro-actuators for many applications. The
chief advantages of these smart materials are the very high
power versus mass and force versus mass ratios and the small
amount of active material needed for the actuation. Moreover,
SMAs allow to simplify the kinematic chain, to obtain a silent
and clean actuation and to work in corrosive environment.

Although the use of SMAs as actuators is rising, these
materials are basically confined to the field of linear devices. By
contrast, SMA technology is virtually unexplored for the
construction of compact rotary actuators able to provide high
output torque and significant rotations. Furthermore, both in
linear and in rotary SMA actuators, the electrical consumption
and the bandwidth of the SMA actuator are seldom considered
as constraints of the design, although the correct choice of these
parameters is fundamental to obtain a useful device.

With regard to linear SMA actuators, many applications
have been developed in the recent years and some works
adopt rational approaches to design the devices. In Ref 1,
Colli et al. propose the system design of a linear SMA actuator
for automotive tumble flap: the rational Quality Function
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Deployment (QFD) approach is adopted for the design of the
actuator, but the electrical power required for the actuation is
excessive and the bandwidth is poor. Huang (Ref 2) shows
possible selection criteria for SMA actuators, but no criteria are
given about the required electrical power and about the
bandwidth. In Ref 3, Reynaerts and Van Brussel propose a
design methodology that considers even the cooling time of the
actuator, but the design is focused just on SMA wires. The
modelling and the simulation of some linear SMA actuators is
proposed by Lu et al. (Ref 4), but no rational approaches are
adopted to design these actuators. A complete and rational
design of a linear actuator based on SMA wires is proposed by
Khidir et al. (Ref 5). Even cooling time aspects are considered
in this efficient actuator, which is a good example of linear
SMA device.

With regard to rotary SMA actuators, just a few applications
have been developed. Abadie et al. (Ref 6) develop a rotary
SMA actuator cooled by Peltier elements. This actuator does
not seem to have many practical applications, because its
output torque and angular stroke are poor. Moreover, no
electrical efficiency aspects are considered. The same limita-
tions affect the device developed by Gabriel et al. (Ref 7).
Kuribayashi (Ref 8) propose another small rotary actuator. The
design approach is a rational one, but the same problems
highlighted in Ref 6, 7 affect this device. A rotary actuator that
supplies a considerable amount of output torque is proposed by
Grant and Hayward (Ref 9), but this SMA device is not
compact enough to compete with conventional actuators
successfully.

The analysis of the state of the art shows that there is a lack of
work focused on the rational design of compact SMA rotary
actuators, able to supply a considerable amount of output torque
and to exploit a wide angular stroke, minimizing at the same
time the electrical consumption. Aimed at filling this gap, this
work deals with the design, the optimization and the dynamic
simulation of a rotary SMA actuator specifically studied to
minimize the electrical consumption. Simultaneously, the output
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Nomenclature

op extreme angular position of the cursor
olp angular pre-stretch of each active spring
Oltot total angular stroke of the actuator

Yaams admissible shear strain of the shape memory material

Ymaxs Maximum shear strain of the shape memory material

\Y Poisson ratio of the conventional spring

p electrical resistivity of the SMA springs

1S SMA density

Tadm admissible shear stress of the conventional spring

Xam  enthalpy of the transformation from austenite to
martensite

Xma  enthalpy of the transformation from martensite to
austenite

Af austenite finish temperature

As austenite start temperature

b arm of the force of the elastic unit

B mobile cursor of the basic module of the actuator

c generic specific heat of the SMA

CA austenitic specific heat of the SMA

CAM austenite to martensite specific heat of the SMA

M martensitic specific heat of the SMA

CMA martensite to austenite specific heat of the SMA
Cs spring index of the SMA springs

Cr spring index of the conventional spring
ds wire diameter of the SMA springs
dr wire diameter of the conventional spring

Dygm  admissible diameter of the rotary actuator
Dg pitch diameter of the SMA spring

Dr pitch diameter of the conventional spring
Ec elastic modulus of the conventional spring
Ep energy dissipated in an actuation cycle

Jmax maximum deflection of the SMA springs
Smin minimum deflection of the SMA springs

Ga austenite shear modulus
Gm martensite shear modulus
h total convective heat transfer coefficient

Ksc cold stiffness of active springs
Ksy hot stiffness of active springs
Los free length of the SMA springs

Lot free length of the conventional spring

m mass of the SMA spring

Mg martensite finish temperature

Ms martensite start temperature

n total number of elastic units

Ng number of SMA springs active coils

Nt number of conventional spring active coils

o centre of the basic module of the actuator

P electric power

Paim  admissible value of the electric power

Py maintenance electric power

Pp peak electric power

R electrical resistance of the SMA spring

N surface of the SMA spring

S dimensionless parameter to model the SMA properties
Si shape memory spring 1 of the elastic group 1
S, shape memory spring 2 of the elastic group 1
S3 shape memory spring 1 of the elastic group 2
Sy shape memory spring 2 of the elastic group 2

tadm admissible cooling time of the SMA springs
teool cooling time of the SMA springs

toN activation time

R rising time of the SMA springs

T, ambient temperature

b external dissipative torque

Tm maintenance temperature of the SMA springs

Tp peak temperature of the SMA springs
Thmax ~ Maximum output torque

Tmin minimum output torque

Vaam  admissible voltage

M maintenance voltage
Vp peak voltage
X vector of design variables

torque, the angular stroke and the total size are chosen to obtain
an SMA device that can compete with conventional rotary
actuators. A QFD approach has been adopted to ensure a quality
device, which is able to respect the customer needs for its
lifetime. The disclosed rotary SMA actuator shows good
performance in terms of output torque, angular stroke, total
size and electrical consumption. Moreover, capitalizing on the
modular architecture, the angular stroke and the output torque
are easily adjusted to meet the requirements of many specific
applications.

The development of the actuator is carried out in three steps.
In the first step, a structured conceptual design procedure is
performed, following the QFD approach. Output of the first
step is a concept able to satisfy all the identified customer
needs. The second step is focused on the modelling and on the
numerical optimization of the concept, which is the output of
the first step. Finally, in the third step, the detail design and the
virtual testing of the device are accomplished to ensure that the
performances of the actuator are able to satisfy the customer
needs. The following presentation of the design is organized
according to the above division of the work.
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2. Conceptual Design

The conceptual design of the actuator was accomplished
following the structured QFD approach, as described by Ulrich
and Eppinger (Ref 10). Main steps of the conceptual design
process are the following:

¢ definition of the House of Quality;
¢ functional decomposition;
e generation, evaluation and selection of concepts.

2.1 House of Quality

The House of Quality (HOQ) is a graphical way to arrange
the customer needs, the metrics, the competitor performances
and the target specifications. Figure 1 shows the complete HOQ
of the SMA rotary actuator.

The customer needs (left column of the HOQ) were
identified for the commodity field of automatic roll-up shutters.
The conventional actuators of this commodity field show
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Fig. 2 Functional diagram of the SMA rotary actuator

excellent performances. For this reason, the design of an SMA
device able to compete with these products is a good way to
show the potential of the SMAs in the field of rotary actuators.
Associated with the customer needs, a set of metrics was
developed (top row of the HOQ), aimed at defining quantitative
characteristics that help to lead the design toward the achieve-
ment of the customer needs. Then, the performances of the
competitors found in the field of automatic roll-up shutters were
studied (relative to both customer needs and metrics) to define
the target specifications of the SMA rotary actuator (right
column and lower row of the HOQ, respectively).

Relevant target specifications reported in the HOQ are total
angular stroke = 60°, nominal output torque = 2 Nm, maxi-
mum dimension = 150 mm.

2.2 Functional Decomposition

The functional diagram is a graphical way to show the
critical functions of a system and the relationships among these
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functions. Figure 2 shows the high-level functional diagram of
the SMA rotary actuator. The diagram is focused on the critical
functions that were identified: “Convert energy into force” and
“Convert force into torque”.

2.3 Generation, Evaluation and Selection of Concepts

A concept generation stage process was exploited to find
solutions to each critical function. This process was under-
taken by means of external research (to take inspiration from
former solutions) and by means of internal research (to
generate original ideas). Group-oriented techniques as brain-
storming and 6-3-5 method were used (Ref 11). Finally, a
combination of the concept fragments led to a portfolio of
global concepts.

The evaluation and the selection of the global concepts were
performed in three steps. Firstly, the global concepts were
evaluated by means of a qualitative screening matrix. Then, a
critical revision and an improvement of some global concepts
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CONVENTIONAL
SPRING

Fig. 3 Final concept for the basic actuator module

were performed. Finally, a quantitative scoring matrix was used
to choose the best concept.

Figures 3 and 4 display the final concept that was chosen for
further development. The system is fully modular. The basic
modules of Fig. 3 can be assembled to increase the angular
stroke, as shown in Fig. 4(a), or to increase the output torque,
as shown in Fig. 4(b). Proper combination of the right number
of elementary modules, arranged according either to Fig. 4(a)
or (b), can thus match any requirement in terms of output
torque and angular stroke. The basic module is made of an
outer chassis (white ring in Fig. 3), an inner rotor (grey area in
Fig. 3) and an arbitrary number, 7, of spring units, joining the
rotor to the chassis. In Fig. 3 just two units are represented for
clarity, one unit formed by SMA springs S; and S,, and the
other formed by SMA springs S5 and S;. Each SMA spring is
linked to the chassis (points 4, C, D and F, respectively) and to
the rotor (points B and E). Only one spring of each elastic unit
is warmed at a time: for example, if S; and S5 are activated, S,
and S, are not activated and vice versa. When S; and S5 are
activated, a clockwise motion occurs. On the contrary, when S,
and S, are activated, an anticlockwise motion takes place.

In addition to the SMA spring units, the basic module
contains also a conventional spring (GH in Fig. 3). The spring
is linked to the chassis at point G and to the rotor at point H.
This spring is introduced to reduce the torque ripple of the
actuator. In fact, when SMA springs S; and S; are activated
starting from the extreme position 1 of Fig. 3, they are fully
extended, and for this reason they supply a high value of output
torque, which decrease reaching its minimum in the extreme
position 2. The conventional spring acts against S; and S; when
they are fully extended, reducing the peak of the output torque,
and helps S; and S; when they are near the extreme position 2.
The same reasoning applies to springs S, and Sj.

Warming of the SMA springs is achieved by means of Joule
effect, when a suitable current is supplied to them. To this aim,
an electronic board on each module receives the commands
(see Fig. 2) and applies a voltage to the SMA springs to actuate
them properly. An external board controls all the modules of a
multistage actuator, deciding the proper commands to provide
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Fig. 4 Angle assembly (a) and Torque assembly (b) of two basic
modules

to each one. This control system allows both the on/off and the
proportional control of the actuator. Cooling of the SMA
springs is achieved by means of natural convention.

3. Modelling and Numerical Optimization

This section describes the mathematical modelling of the
basic module of Fig. 3, which represents the heart of the
actuator. As a first step, a thermo-electromechanical model was
developed, which was able to predict the behavior of the basic
module. Then, the thermo-electromechanical model was opti-
mized numerically to minimize the electrical consumption of
the module, subject to the mechanical and dynamic constrains
of the HOQ. Finally, based on the optimized configuration, the
conventional spring that smoothes out the output torque is
calculated.

3.1 Thermo-Electromechanical Model

The model is divided into three parts: mechanical model,
thermal model and electrical model.

3.1.1 Mechanical Model. The mechanical model of the
basic module is shown in Fig. 5, with only one spring unit
displayed for reasons of clarity. Two opposite SMA traction
springs S7 and S, act on a cursor B. The cursor B is rigidly
linked with the centre O, which is the output shaft of the
actuator. For this reason, B can only rotate around O
maintaining constant the arm b and its generic polar position
is (b, o). The other extremities of S; and S, are fixed on the
chassis of the actuator, points 4 and C, respectively at a polar
position of (a, op) and (a, —op). Thus, the angle 2ap is
proportional to the total pre-stretch imparted to the system. The
active springs S; and S, are made of the same shape memory
material and are geometrically identical. So, when S} and S, are
at the same temperature and no external moment is applied, B
remains on the polar position of Fig. 5(a) (b, 0).

An external dissipative moment 7p, which is always
opposite to the velocity of the cursor, acts against the cursor.
So, when the cursor moves clockwise, Tp is anticlockwise and
vice versa. For a correct design of the system, the module must
supply an output moment always higher than Tp.
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Fig. 5 Mechanical scheme of the basic module: (a) all springs cool, (b) S; “hot”, (c) S, “hot”

When S; is warmed up over the austenite finish temperature,
Ap, maintaining S, below the martensite finish temperature, M,
the cursor moves clockwise reaching the position (b, ap), as
shown in Fig. 5(b). For the symmetry of the problem, when S,
is warmed up over 4y and S, is cooled below M, the cursor
moves anticlockwise reaching the position (b, —op), as shown
in Fig. 5(c). As a result, the total angular stroke of the actuator
IS Olipt = 20lp.

Each spring in Fig. 5 is modelled as a helical traction spring
exhibiting a linear force-deflection relationship. Although the
real stress-strain response of the material can be far from linear
in the cold state, assumption of linear behavior is acceptable
when only the end positions of the actuator are of interest
(Ref 12). Figure 6 shows the characteristic lines of the alloy,
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identified by austenite shear modulus G, at high temperature
and martensite modulus Gy, at low temperature.

An important dimensionless parameter, s, can be defined as
the ratio between the hot stiffness, Ky, and the cold stiffness,
Ksc, of each SMA spring. If the geometric changes related to
the deformations of the springs do not influence the elastic
constant value, s, can also be expressed by the ratio between
the austenite and martensite elastic moduli of the spring
material as follows:

_Ksu _ Ga

_fsu_ Oa Eq 1
Kee ~ Gu (Eq 1)

§1

From Fig. 5(a), by requesting equilibrium of the rotor under
the moments about axis O and applying simple geometrical
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relationships, the expression of the output moment can be
calculated as a function of the angular coordinate o of point B.
From this expression, by substituting o = op and considering
S7 in a hot state (stiffness Ksy = 51Ksc) and S5 in a cold state
(stiffness Kgc), the value of the minimum output moment, 7y,
can be determined as

51 8in(otp — 0 )fimin

3.1.2 Thermal Model. The actuation cycle was assumed
like the one shown schematically in Fig. 7. An applied peak
voltage, Vp, ensures that the temperature of the SMA spring
increases to Tp, just above Ag, in a rising time, fz. Then, the
applied voltage falls to a lower maintenance value, V), that
ensures a temperature, 7y, slightly above Mg. Due to the

Sin(aD + olp )fmax

Tmin = nabKSC
a2 sin” (ap—alp)

(b —acos(op —0p)) (b—a cos(ap—ap))?

where fhax and fhi, are the maximum deflection and the
minimum deflection, respectively. Using geometric consider-
ations and standard machine design formulas for helically
coiled traction springs (Ref 13, 14), these quantities can be
written as follows:

frnax = (\/a2 + b2 — 2ab cos(ap + ap) — Los) (Eq 3)
fonin = (\/az + b2 —2abcos(op — ap) — Los) (Eq 4)
Los = Nsds + Csds (Eq 5)

where Ng is the coil number, dg is the wire diameter, Cg is
the spring index of the active springs and Los is the free
length of each spring. All the geometric nonlinearities of the
problem were considered in Eq 2-4. Equation 5 takes into
account even the size of the spring ends.

Finally, using standard formulas of machine design (Ref 13, 14),
the shear strain, Ymax s, Of the SMA spring can be written as
follows:

GM fmax
= Eq 6
Ymaxs = 2N C2 (Eq 6)
9]
]
1]
o
|—
w
x HIGH TEMPERATURE D
n C -0
7] (curve H)
LOW TEMPERATURE B
-0
(curve L)
o} yadms SHEAR STRAIN

Fig. 6 Simplified shear stress-shear strain behavior of SMAs at dif-
ferent temperatures
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b —acos(op + op))

(Eq2)
a2 sin’ (ap+op)
(b—acos(ap+ap))?

hysteresis of the SMAs, the SMA spring remains in austenitic
state, thus its shear modulus is still G4. This approach helps to
reduce, at the same time, both the dissipated energy, Ep, and the
cooling time 7., Cooling of the spring is performed by turning
off the voltage. With no voltage applied, the temperature
decreases from Ty~ Mg to M in the least time that allows the
complete transformation from austenite to martensite to be
achieved. The value of the activation time, fon = 30 s, was
chosen.

The expressions of the rising time, g, and the cooling
time, f.0, can be obtained using the simplified model
proposed by Reynaerts and Van Brussel (Ref 3). The model
starts from the consideration that in a polycrystalline SMA

(3]
s Tp B
© A
a A/ \
g As
%
S I A B
Tm C D
Ms|-{
M
F Y
l
TaJO R
tR ton Je tcool  fiime

Vp | TYTTPPPITEY )

o —
time

Voltage

Fig. 7 Actuation cycle
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the transformation temperatures, during both heating and
cooling, are not precise and well-identified values as it occurs
for a single crystal. This is because the transformation
temperatures of all the aggregated crystals are not equal but
spread over a finite range. When measured for a polycrystal,
the martensite to austenite transformation begins at Ag
(austenite start) and terminates at Ar (austenite finish).
Likewise, the austenite to martensite transformation begins
at Mg (martensite start) and terminates at Mg (martensite
finish). Throughout both temperature ranges, whenever heat is
supplied to or taken away from the polycrystal, the temper-
ature of the SMA varies as it does (though with a different
rate) when its state is either entirely austenitic or entirely
martensitic. Outside the transformation ranges, the thermal
response of the SMA to a net heat input is completely defined
by its true specific heats of the material (c5 for austenite and
cv for martensite). Within the transformation ranges, the
temperature response is affected not only by the true specific
heat (which falls between c, and c¢y) but also by the
transformation enthalpies (latent heats) characterizing the
polycrystal as a whole during heating (Xya) and during
cooling (Xan). Assuming that enthalpies Xyi4 and Xy are
absorbed or freed uniformly during the transformations, the
thermal effect of those enthalpies can be described by
introducing two fictitious specific heats defined as the
transformation enthalpies divided by the corresponding trans-
formation temperature interval. By approximating the true
specific heat as the mean between c, and ¢y, the global
equivalent specific heats throughout austenite to martensite
transformation, cay;, and martensite to austenite transforma-
tion, cma, can be written as

cA +oum Xam
= Eq 7
caM 2 Ms — M (Ea7)
CcA + oM Xma
= Eq 8
CMA 5 Ar — As (Eq 8)

If the assumption of uniform enthalpy absorption or release
is not met, relationships (7) and (8) give only average values of
the equivalent specific heats. Still, these values provide good
predictions of the thermal response of the material whenever (as
is the case in this paper) complete transformations are
considered.

By virtue of the above approach, the energy balance of the
SMA spring at any temperature 7 is given by the following
differential equation (Ref 3)

mcﬂJr hS(T—-T,) =P
ot

where c is the (equivalent) specific heat at temperature 7, m
is the mass, S is the total surface of the SMA spring, /4 is the
total convective heat transfer coefficient and P is the electrical
power entering the spring.

With proper choice of ¢ and by applying the appropriate
boundary conditions, Eq 9 gives by integration the thermal
transient of the SMA spring between any two selected
temperatures. From this transient, the heating or the cooling
time required to bring the spring from one temperature to the
other is easily found.

Consider, for example, the cooling phase of the spring,
ranging from initial temperature 7= T\y~Ms and final
temperature 7~Mr (line DE in Fig. 7). Integrating (9)
between Mg and My with ¢ = cpy (austenite to martensite

(Eq9)
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transformation) and P = 0 (no power supply) gives the cooling
time, #.o01, aS

mcam 1 MS — Ta

lcool = ns { n<MF — Ta)}

For the heating phase (line OAB in Fig. 7), the procedure is
similar but integration of (9) is most conveniently divided into
two parts. The first part (line OA) starts at 7= T, and terminates
at T = Ty during which the (true) specific heat is ¢ = ¢p. The
second part (line AB) starts at 7= Tg and terminates at
T = Tp = Ar during which the (equivalent) specific heat is
¢ = cma- Integrating (9) over these two temperature ranges with
power supply P = Pp throughout gives the rising time, #g, as

(Eq 10)

e — @ln{*—f’?}
hS  \ hS(4s — T,) — Pp
mMCcma Il|:hS(AS - Ta) —Pp:|
hS " |hS(dp — T,) — Pp

(Eq 11)

The peak and the maintenance temperatures, respectively
Tp and Ty, can be obtained by considering a steady state
(9T/0t = 0) in expression (9).

P

TP:KI;Jr A (Eq 12)
P

Tu :%JFTa (Eq 13)

In all the above equations, the surface S, the mass m and the
convective coefficient / are supplied by the following expres-
sions (§ = mass density of the SMA)

S = n*CsNsd? (Eq 14)
2CsNsd3
m= &% (Eq 15)
h= (613 —17.5ds —2.7Cs — 0.33Ns + 0.93dsCs
+0.08dsNs) Wm™> (Eq 16)

Expression (16) for the total convective heat transfer
coefficient, 4, was derived using the numerical procedure
reported in Appendix 1.

3.1.3 Electrical Model. It was assumed that each SMA
spring is warmed by means of Joule effect. For this reason the
simple relationships of a resistor warmed by an applied
electrical tension were used, combined with the expressions
of the geometry of the SMA springs.

The expressions of the peak electric power, Pp and the
maintenance electric power, Py, can be written as follows.

VZ

Pp = f" (Eq 17)
V2

Py = 71‘4 (Eq 18)

In Eq 17 and 18, the resistance, R, of the SMA, can be
expressed as

CsNg
S

R=4p (Eq 19)

where p is the SMA resistivity, calculated as the average
between the austenitic and the martensitic state. Equation 19
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is a simplified representation of the resistance, which is actu-
ally not a constant but a mixture of martensite and austenite
contributions that change continuously during heating and
cooling. Although this variation is very critical for control
applications (Ref 15), it can be regarded as negligible for the
optimization and the simulation purposes of this paper.

Finally, in terms of electric powers, Pp and Py, and
actuation times, fg and fon (= 30 s), the total energy dissipated
in an actuation cycle, Ep, can be expressed as

Ep = Pptr + PmTon (Eq 20)

By combining relationship (20) with Eq 17-19 and 9-16, the
total dissipated energy can be cast as a function of the vector of
design variables X = {n, Ns,ds, Cs,a,b,op, Vp, V1 }.

3.2 Numerical Optimization

A nonlinear numerical optimization was performed to find
an optimal configuration of the basic module of Fig. 3 that
minimizes the total energy dissipated in the thermal cycle of
Fig. 7. Formally, the optimization problem was stated by
requesting that vector, X, of design variables

X:{n,N57dS7C57a7baaP7VPaVM} (Eq 21)
must be found so as
Ep(X) = min (Eq 22)

subject to the following mechanical, thermal and electric con-
strains:
Mechanical Constraints

Tmin 2 TD (Eq 23)
b
< Eq 24
"= 110, (Eq 24)
0.5D,4m
< Eq 25
=712 (Eq 25)
0.5D.
b<——um (Eq 26)
1.2
Ymaxs S Yadms (Eq 27)
Thermal Constraints
Te > Ar (Eq 28)
Tv > Ms (Eq 29)
teool S tadm (Eq 30)
Electric Constraints
VP S Vadm (Eq31)
VON S Vadm (Eq 32)
PP SPadm (Eq 33)

in which D,qy, = 150 mm, v,4,s = 0.038rad, 7p =1 Nm,
fagm = 120's,  Vagm =24V,  Pugm =250 W, Ap =90 °C,
As =80°C, Ms=70°C, Mg =50°C. The values of the
transformation temperatures and the shear strain were chosen
referring to NiTiNOL.

Constraints (23) to (33) have the following physical
meaning. Constraint (23) requires that the minimum value of
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the output torque must overcome the external dissipative
torque. Constraint (24) requires that the angular space taken up
by the total number of spring units must be contained in
the round angle. Constraints (25) and (26) require that the
attachment points of the active springs must fall within the
admissible outer diameter of the chassis. Constraint (27)
requires that the material of the SMA springs must not be
overstretched in torsion. Constraint (28) requires that the
austenitic transformation must be completed at the end of
the heating up ramp while constraint (29) requires that the
martensitic transformation must be prevented throughout
the maintenance time (see Fig. 7). Constraint (30) requires
that the cooling time must not exceed an accepted value. No
constraints were imposed on the rising time, #g, because it is not
critical in comparison with the cooling time. Constraints (31)
and (32) require that, by heating up and during temperature
maintenance, the applied voltage must not exceed an upper
limit imposed by security and practical reasons. Finally,
constraint (33) requires that the maximum electric power must
not exceed an admissible threshold.

Solving this optimization problem, the minimum value of
the objective function Ep =711 J was achieved for the
following optimal embodiment of the basic module.

n=2
Ng = 13.43
ds = 1.42 mm
Cs=7
X" =4 a=54mm (Eq 34)
b = 54 mm
op = 1.57 rad
p =52V
Von =0.7V

3.3 Conventional Spring Design

The basic module of Fig. 3 supplies an output torque that is
strongly dependent on the angular position. For instance, when
the angular position is —ap (Fig. 5) and spring S| is hot, there is
a maximum, 7Ty, in the output torque. The torque decreases
gradually upon rotation of the actuator and reaches a minimum
value, Tpin, When the angular position is op, where spring Sy
achieves its lowest extension. This behavior is shown in Fig. 8.

2 "._~\
/ I S \
., <
L
E 1 ;
2 -
] =
S| e
= R S S
S
= e
. SMA Springs Torque
Conventional Spring Torque |
= Actuator Output Torque
-1 T T n
-04 0 0.4
o (rad)

Fig. 8 Diagram of output torque as a function of rotation angle
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A conventional spring was thus added to overcome this problem,
as shown in Fig. 3 and explained in Sect 2.3. This spring
supplies a torque opposite to the one supplied by the hot spring
when the hot spring extension is high and a torque that helps the
hot spring when the hot spring reaches low extensions. For
instance, when S is hot, the traditional spring acts against S; for
o = [—op + 0], reducing the peak of the output torque, and helps
Sy for oo = [0+oap], increasing the minimum output torque.
Figure 8 shows that the conventional spring was designed so
that the output torque in o = aip was equal to the output torque in
o = —ap, starting from the results of the numerical optimiza-
tion. To obtain this effect, the spring was designed to ensure a
torque which is a half of the difference between the maximum
torque, Tinax, and the minimum torque, 7.

The final result is a reduction in the maximum output torque
and an increase in the nominal torque of the actuator (Fig. 8)
with a beneficial equalization of the torque profile over the total
stroke.

Standard Machine Design formulas (Ref 13, 14) were
considered for the embodiment of the spring. The spring is
made of steel, with an elastic modulus Ec = 210000 MPa, a
Poisson ratio v= 0.3 and an admissible shear stress T,q,m =
400 MPa. A numerical optimization was performed to minimize
the pitch diameter of the conventional spring. Referring to
Fig. 3, the distance between point G, fixed to the chassis, and
point H, fixed to the rotor, was chosen of 40 mm so as not to
determine interferences with the other parts of the basic stage.
A final spring resulted with wire diameter dr = 0.85 mm, pitch
diameter Dt = 4.3 mm and Nt = 9.5 active coils.

4. Detail Design and Virtual Testing

The detail design of the rotary actuator was performed using
a 3D CAD system (SolidWorks) in two steps. In the first step,
the basic stage was modelled alone. In the second step, an
assortment of multiple-stage actuators was obtained by assem-
bling several basic modules in different ways. Figure 9 presents
the result of the first step, with Fig. 9(a) showing a front
sectioned view and Fig. 9(b) displaying a rear sectioned view

CHASSIS LID AN CHASSIS
_/I-‘ . /

SPRINGS

SMA
SPRINGS

CONTACT

(a)

Fig. 9 Detail design of rotary actuator: (a) front view; (b) rear view
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CONVENTIONAL

of the module. The circular chassis contains the rotor which is
connected to a front disk and to a rear disk. The SMA springs
link the chassis to the rotor and provide the actuation of the
device. The torque-balancing conventional spring is seen in
Fig. 9(a), with one end connected to the chassis (through a
circular slot in the rotor) and the other end connected to the
rotor. The entire mechanism is protected by a closing lid fitted
to the chassis. Several patterns of magnetic sockets are arranged
on the rear disk, on the front disk, on the lid and on the rear face
of the chassis. Movable steel pins can be inserted into the
sockets to provide the double function of connecting adjacent
stages in the axial direction and transmitting the torque and the
rotation between each other. Insertion of the pins in a particular
pattern of sockets determines whether the assembly of two
modules will produce the sum of angles (as in Fig. 4a) or the
sum of torques (as in Fig. 4b), with the same basic module
serving both arrangements. Sliding electric contacts ensure the
electric supply of all the stages by allowing the relative rotation
of adjacent stages. The supply peak voltage is 5.2 V, the
maintenance voltage is 0.7 V and a mean power of 23 W is
required.

The final module of Fig. 9 has a diameter of 150 mm and a
thickness of 32.5 mm. The reciprocating angular stroke
amounts to 60° with a nominal (minimum) output torque of
1.6 Nm and a maximum torque of 2.1 Nm (achieved in the
middle position of the angular stroke). The torque density is
about 2.8 Nm/dm”’.

The second step of the detail design was devoted to
checking the architecture of multistage actuators. To this aim,
two basic modules as in Fig. 9 were coupled in angle mode
(Fig. 4a) and in torque mode (Fig. 4b) by acting on the proper
set of pins (see above). Both configurations were tested to
verify the complete functionality of the two-stage actuators in
terms of mechanical coupling (correspondence of connecting
pins) and electrical connectivity (compliance of siding contacts)
through the entire angular stroke.

After the geometric design and the architectural check
described earlier, the basic module of Fig. 9 was virtually tested
using the kineto-dynamic facility (CosmosMotion) provided by
the SolidWorks modeller. The analysis was aimed at verifying
that the output torque and the angular stroke of the device

CHASSIS

REAR
CHASSIS LID DISK

FRONT
DISK

ROTOR

MAGNET
ELECTRIC
CONTACT

(b)
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would actually meet the target values. The results of the
simulations, which are omitted for brevity, fully confirmed the
expectations.

5. Discussion

The discussion basically addresses three aspects: the
assessment of the actuator performances in comparison with
the Target Specifications and with the merits of conventional
rotary actuators; the appraisal of the strong and the weak points
of the actuator; the suggestion of further work for future
developments.

The target specifications related to maximum dimension,
thickness and angular stroke of the SMA actuator are fully
achieved. Moreover, the nominal torque of the actuator is nearly
reached (1.6 Nm instead of 2 Nm). Considering that the
actuator thickness is a half of the target specification and that
the system is fully modular, the nominal torque target specifi-
cation can be assumed fully achieved by the assembly of two
basic modules coupled together. The designed actuator features
a torque density of 2.8 Nm/dm® and the target specification was
4 Nm/dm®. For this reason, this target specification is missed.
Likewise also the power consumption specification is not
reached with an actual power consumption of 23 W more than
doubling the target specification of 10 W. All the other
specifications are reached.

The comparison of the SMA rotary actuator with the
conventional competitors shows that the proposed SMA design
has fair performances in terms of output torque and dimensions.
Its performances are acceptable in terms of angular stroke and
electric consumption, although their values are worse if
compared with conventional actuators. On one hand, the
proposed device offers excellent performances in terms of
angular stroke, nominal torque, total size and power consump-
tion, if compared with other rotary SMA actuators (Ref 6-9).
Furthermore, the proposed methodology is an example of
rational and complete design of SMA actuators. The procedure
takes into account all the critical aspects that must be
considered to design efficient SMA actuators. On the other
hand, further work is needed to improve the performance of the
present architecture in comparison with conventional compet-
itors. In particular, a mechanical structure must be found that
increases the efficiency of the actuator. Although favorable for
the achievement of significant strokes, the use of helically
coiled SMA springs has limitations in terms of torque
generation and can hardly compete with standard actuators. It
must be observed, however, that the proposed modular
constructions and the use of a conventional balancing spring
are very good concepts to enhance angle and torque output. The
main conclusion of the paper is that these two key ideas should
be retained in the design of future rotary SMA actuators.

6. Conclusions

A shape memory rotary actuator was designed and virtually
tested to maximize torque and angular stroke, while limiting
overall size and electric consumption. The design process was
performed in three steps: conceptual design, modelling and
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numerical optimization, and detail design and virtual testing.
The conceptual design complies with the QFD approach and its
output is a global concept that is fully modular: proper
combination of the right number of elementary modules can
match any requirement in terms of output torque and angular
stroke. The basic module is made of shape memory spring
units, joining a rotor to a chassis. In addition to these units, the
basic module also contains a conventional spring that reduces
the torque ripple of the actuator. A thermo-electromechanical
model of the basic module was developed and used to perform
a numerical optimization, aimed at minimizing the electrical
consumption of the actuator. Virtual testing on a 3D digital
model confirmed that the output torque and the angular stroke
of the device actually meet the target specifications. Although
the performances of the present architecture compare unfavor-
ably with conventional competitors, the overall behavior is
superior to other shape memory rotary actuators. This improve-
ment is mainly attributable to the proposed modular construc-
tions and to the use of a torque balancing spring: two key ideas
that are strongly recommended for the design of future shape
memory rotary devices.

Appendix 1

This appendix describes the computational fluid dynamic
(CFD) campaign used to determine the total convective heat
exchange coefficient, 4, of the shape memory spring enclosed
in the actuator. For this configuration, the technical literature
presents no useful data.

The analyses were performed on the idealized system shown
in Fig. 10, with the spring described as a horizontal tube and
the enclosing volume described as a horizontal prismatic box
with square cross section. The tube represents the envelope of
the spring with completely closed coils (mean diameter
Dg = Csds, wall thickness ds, axial length Lg = Ngds). This
idealization simplify the CFD problem and ensures conserva-
tive results of the heat transfer coefficient with respect to a
(stretched) spring with free coils.

The temperature of the tube was set at 373 K (100 °C) and
the temperature of the walls of the box was fixed at 293 K
(20 °C). The volume of the box was assumed filled with still air
at an initial uniform temperature of 293 K (20 °C). In each
analysis, the total heat transfer calculated by the software
Cosmos Flow Works was divided by the total surface of the

Ds

ds

————————— R — DS

Ds

5 Ds Ls Ds

Fig. 10 Geometry investigated in the CFD campaign
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tube to obtain the heat transfer coefficient, 4, for that particular
geometry.

The design of experiments (DOE) approach was adopted to
explore the space of all possible spring configurations. Input
variables of the DOE were the design parameters of the spring
(wire diameter, ds, spring index, Cs, and coil number, Ng). Two
levels were chosen for each variable, and in particular dg = 0.25
and 3 mm, Cs = 5 and 12, and Ng = 12 and 40.

The values of /4 calculated for all the configurations were
interpolated using statistical instruments to give the polynomial
approximation of Eq 15.
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