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Abstract

One way to increase the range of motion of shape memory alloy (SMA) actuators is to create
displacements of the SMA associated with not only the deformation from straining but also rigidbody motion from translation and rotation. Rigid-body motion allows the SMA to create larger
displacements without exceeding the maximum recovery strain so that the SMA actuators can
have a larger shape recovery ratio. To improve the linear actuation stroke of SMA wire actuators,
a novel SMA spring actuator is proposed that employs a double-coil geometry that allows the
displacement of the SMA to be mainly induced by rigid-body motion. A double-coil SMA spring
actuator is fabricated by coiling an SMA wire twice so that the double coiling results in a
reduction of the initial length of the double-coil SMA spring actuator. The effects of the
geometric parameters on the actuation characteristic of a double-coil SMA spring actuator are
veriﬁed numerically by ﬁnite element analysis and experimentally according to a parametric
study of the geometric parameters. The displacement-to-force proﬁle of the double-coil SMA
spring actuator is nonlinear, and the spring stiffness changes when the actuator transforms its
conﬁguration from a double-coil shape to a single-coil shape. According to the results of the
parametric study, increasing the wire diameter increases both primary and secondary coil
stiffness, and increasing the primary inner coil diameter decreases both primary and secondary
coil stiffness, whereas increasing the secondary inner coil diameter decreases only the secondary
coil stiffness. The result shows that one of the double-coil SMA spring actuators with an initial
length of 8 mm has a recovery ratio of 1250%, while the recovery ratio of the single-coil SMA
spring actuator with the same geometric parameters is 432%.
Keywords: shape memory alloy (SMA), large actuation stroke, double coil, spring, actuator
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

features, SMAs have been widely used as both smart actuators and smart sensors in various mechanical systems,
including aerospace engineering [3–5], biomedical engineering [6–9], and robotics [10–14].
However, SMAs have a maximum recoverable strain
ranging from 2 to 10% [2, 15] which limits the use of SMA
actuators for applications that require a large range of motion.
One way to increase the range of motion is to create displacements associated with not only deformation from
straining but also displacements associated with rigid-body

A shape memory alloy (SMA) is a smart material that changes
its crystal structure between the martensite phase and the
austenite phase by thermomechanical loading, and exhibits a
shape memory effect, a super-elasticity effect, and/or a twoway effect depending on the material composition, manufacturing processes, and working environments [1]. Furthermore, SMAs have one of the highest energy densities in
actuators, with more than 1000 J kg−1 [2]. Utilizing these
0964-1726/15/095014+21$33.00
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Table 1. Actuation characteristics according to the source type of displacement.

which is formed by coiling a wire twice. The wire is transformed into a single-coil spring by ﬁrst coiling on a primary
axis, and then the single-coil spring is transformed to a
double-coil spring by the second coiling on a secondary axis.
Double coiling can signiﬁcantly reduce the initial length of
the wire, and as a result, can increase the actuation stroke of
the spring. The double-coil spring conﬁguration has already
been used for the length reduction of wires in practical
applications. The tungsten ﬁlaments of an incandescent bulb
use a double-coil conﬁguration to attain high luminosity
within a short length. In this case, the length of the doublecoil tungsten ﬁlament is 26 times smaller than that of the
tungsten ﬁlament wire, while the length of the single-coil
tungsten ﬁlament is seven times smaller. Kaoua et al [23] and
Benghanem et al [24] developed a model for a double-coil
tungsten ﬁlament and analyzed its stress distribution. In the
medical ﬁeld, a double-coil conﬁguration has been used in a
surgical device for the occlusion of a large patent ductus
arteriosus [25]. Furthermore, the structural conﬁguration of
chromatin in DNA forms a double-coil shape [26]. The
double coil conﬁguration in these examples indicates that the
free length of the wire is reduced signiﬁcantly, even though
the radial size of a double-coil spring is slightly larger than
that of the wire. Therefore, the geometry of a double-coil
spring could help produce an extremely large recovery ratio
when applied to SMA actuators.
Previous studies regarding double-coil SMA spring
actuators have investigated numerical simulations based on
ﬁnite element analysis (FEA) to predict the nonlinear behavior of double-coil SMA springs [27]. However, the simulation was examined under a speciﬁc deformation maintaining
the spring shape as a double coil. To understand the overall
behavior of a double-coil SMA spring actuator, the postconversion of the double-coil SMA spring actuator from a
double-coil shape to a single-coil shape should be veriﬁed.

motion from the translation and rotation of the SMA. The
rigid-body motion from translation and rotation allows for a
larger range of motion of the SMA without exceeding its
maximum recoverable strain, so the SMA actuator can have a
larger shape recovery ratio (the shape recovery ratio is a ratio
of the maximum shape recoverable displacement to the initial
length of the SMA actuator). Thus, changing the geometry of
the SMA has been applied to increase the range of motion for
developing various types of SMA actuators. For example,
sheet-type and tube-type SMA actuators have been developed
by patterning geometric shapes such as zigzags, waves, or
spirals [16–19]. The patterned structures of SMA actuators
can produce a large range of motion by a large in-plane or
out-of-plane displacement from the rigid-body motion. Such
SMA actuators have an advantage in terms of having a small
thickness suitable for thin spaces; however, they require a
large initial length and/or area to create large actuation displacements. To increase the linear actuation stroke of an SMA
actuator making use of a wire, an SMA spring actuator has
been developed utilizing a coil spring conﬁguration. As a
result, the actuation stroke of the SMA spring was increased
to more than 200%, although the maximum force generated
by the SMA spring was decreased to less than the maximum
force generated by the SMA wire [20–22]. The comparison of
actuation characteristics according to the source type of displacement is listed in table 1.
Coiling is a simple and effective design method for
reducing the size of wire in the length dimension, and results
in a large displacement of the spring. Here, if the coiling is
repeated in different ways, i.e. a single-coil spring actuator
made from a wire-type actuator is coiled again, the overall
length of the wire-type actuator will be reduced by much
more than when the wire-type actuator is transformed into the
single-coil spring actuator. Considering this, the present work
focuses on a novel geometric spring—a double-coil spring—
2
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coil diameter, D1; the primary pitch angle, α1; and the number
of primary coils, n1. In the case of double-coil springs, there
are additional parameters: the secondary inner coil diameter,
D2; the pitch angle of the secondary coil, α2; and the number
of secondary coils, n2.
The initial length of the single-coil spring, L1, is deﬁned
as
L1 = n1π ( D1 + d ) tan ( α1 + d ).

(1)

To deﬁne the initial length of the double-coil spring, L2,
the relationship between n1 and n2 should be considered. If
the primary coils of the double-coil spring are wound tightly
so that the coils are very close together, and if D2 ≫ d, the
number of primary coils per secondary coil, n*1, has a maximum value determined by the geometric relationship as
⎢
⎥
⎢
⎥
π
⎢
⎥ ⎢ π ( D2 + d ) ⎥
*
⎥
n1 = ⎢
≈⎢
⎛
⎞⎥ ⎢
⎥⎦
d
⎢ sin−1⎜ d ⎟ ⎥ ⎣
⎢⎣
⎝ D2 + d ⎠ ⎥⎦

Figure 1. A single-coil SMA spring (top) and a double-coil SMA

spring (bottom), with the same wire diameter, same primary coil
diameter, and the same number of primary coils.

(2)

where ⌊⌋ is the ﬂoor function.
This paper presents a double-coil SMA spring actuator
Then, n2 is n1 divided by n*1, as shown in (3), and L2 is
fabricated by coiling an SMA wire twice for a large shape deﬁned as shown in (4)
recovery ratio. The investigation into the overall behaviors of
n1
n2 =
(3)
the double-coil SMA spring actuator included two factors: (1)
n1*
calculating the reduction of an initial length of the double-coil
SMA spring actuator and the increased shape recovery ratio;
L 2 = n2 π ( D2 + D1 + 2d ) tan α2 + ( D1 + 2d )
and (2) verifying the effects of the geometric parameters on
n1d ( D2 + D1 + 2d ) tan α2
the actuation characteristic of the double-coil SMA spring
+ ( D1 + 2d ).
=
(4)
( D2 + d )
actuator.
The rest of this paper is organized as follows: In section 2
the double-coil SMA spring actuator and its geometric paraBy dividing (1) by (4), the reduction ratio of the initial
meters are introduced, and the reduction of the initial length is
length of the double-coil spring to that of the single-coil
calculated for obtaining the shape recovery ratio. Then, a
spring, R can be expressed as
parametric study based on geometric parameters is conducted
n1π ( D1 + d )( D2 + d ) tan α1 + d ( D2 + d )
to verify their effects on the actuation characteristic. The
L1
=
R=
.
manufacturing method of the double-coil SMA spring, the
L2
n1d ( D2 + D1 + 2d ) tan α2 + ( D1 + 2d )( D2 + d )
experimental setup, and the modeling of the numerical
(5)
simulation are described in section 3. In section 4 the parametric study is analyzed and the experimental results and
numerical simulation results are compared using FEA. A
For example, the theoretical length of a single-coil spring
summary of the results and the conclusion are given in with d = 0.25 mm, D1 = 1 mm, α1 = 3.4°, and n1 = 70 coils is
section 5.
16.58 mm, and its measured length is 18.5 mm. The theoretical length of a double-coil spring with d = 0.25 mm,
D1 = 1 mm, D2 = 1.18 mm, α2 = 9.98°, and n1 = 70 coils is
2. Geometric parameters of double-coil SMA spring 7.27 mm, and its measured length is 8 mm. In this case, the
reduction ratio is 2.28 in theory and 2.31 in practice.
The initial length of the double-coil SMA spring is shorter
In addition to the reduction of the initial length, the
than that of the single-coil SMA spring due to secondary double-coil conﬁguration affects the actuation characteristic
coiling, as shown in ﬁgure 1. To see how the shape recovery of the SMA spring. Generally, a single-coil SMA spring
ratio of the double-coil SMA spring increases compared to shows a linear stiffness curve when the spring stretches at the
that of the single-coil SMA spring, the initial length of both austenite phase, similar to that shown in ﬁgure 3(a). However,
the single- and double-coil SMA springs needs to be known. stretching a double-coil SMA spring transforms its geometric
Figure 2 shows the geometric parameters of the single- and conﬁguration from the secondary coil to the primary coil. In
double-coil springs. The geometric parameters of a typical this circumstance, it is expected that the stiffness changes
single-coil spring are the wire diameter, d; the primary inner from a secondary coil-dominant region to a primary coil3
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Figure 2. Geometric parameters of single- and double-coil springs: (a) lateral view of the single-coil spring, and (b) lateral view and (c)

frontal view of the double-coil spring. d is the wire diameter, D1 is the primary inner coil diameter, D2 is the secondary inner coil diameter, α1
is the pitch angle of the primary coil, α2 is the pitch angle of the secondary coil, L1 is the initial length of the single coil, and L2 is the initial
length of the double coil.

Figure 3. Typical force–displacement curve of an SMA spring: (a) single-coil SMA spring and (b) double-coil SMA spring. The left side of

the dash line in (b) is for the secondary coil-dominant region and the right side is for the primary coil-dominant region.

● Group 2: effect of wire diameter—wire diameter is a
fundamental geometric parameter that affects the stiffness of the spring. To verify the effect of the wire
diameter, two double-coil SMA springs with different
wire diameters but with the same primary inner coil
diameter, secondary inner coil diameter, number of
primary coils, and number of secondary coils were
compared.
Increasing the wire diameter while maintaining the
secondary coil diameter decreases the number of
primary coils per secondary coil, n*1, according to (2).
For example, two double-coil springs can have the same
primary inner coil diameter and the same secondary
inner coil diameter but different wire diameters. If the
number of primary coils is the same in both springs, the
spring with a smaller wire diameter will have fewer
secondary coils than the spring with a larger wire
diameter. However, if the number of secondary coils is
the same in both springs, the spring with a smaller wire

dominant region according to the geometric change, similar to
that shown in ﬁgure 3(b), but it is not yet known how and
when it changes. Thus, the actuation characteristics of the
double-coil SMA spring actuator are investigated.
The double-coil SMA spring actuator has many geometric parameters, with each parameter having an inﬂuence
on the actuation characteristic. To verify the effect of the
geometric parameters on the actuation characteristic of the
double-coil SMA spring, a parametric study is performed with
four test groups as follows:
● Group 1: effect of secondary coiling—secondary coiling
is the main difference between single- and double-coil
springs in terms of the structure; thus, the actuation
characteristic will be quite different. To verify the effect
of secondary coiling, a single-SMA spring and a doublecoil SMA spring with the same wire diameter, primary
inner coil diameter, and number of primary coils were
compared.
4
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diameter will have more primary coils than the spring
with a larger wire diameter. This means that two doublecoil springs with different wire diameters cannot have
the same number of primary coils and the same number
of secondary coils at the same time. As a result, the
stiffness of the double-coil SMA spring would be
affected by not only the wire diameter, but also by the
number of primary or secondary coils.
To solve this problem, the number of primary coils
or secondary coils should be reduced. Therefore, in the
simulation two double-coil SMA springs with the same
geometric parameters except for the wire diameter were
compared. The number of primary coils of the doublecoil SMA spring with a smaller wire diameter was
reduced to that of the double-coil SMA spring with a
larger wire diameter. In this case, decreasing the number
of primary coils of the double-coil SMA spring with a
smaller wire diameter increases the pitch angle of the
primary coil, but the increased pitch angle does not
affect the stiffness of the spring.
In the experiment, however, two double-coil SMA
springs with different wire diameters were used, which
have maximum n*1 because adjusting n*1 during manufacturing was difﬁcult. Thus, the double-coil SMA
spring with a smaller wire diameter had more primary
coils in the experiment than the double-coil SMA spring
in the simulation. Therefore, verifying the effect of wire
diameter was mainly achieved by comparing the results
of the two springs in the simulation, and the experimental results were used to support the simulation
results.
● Group 3: effect of the primary inner coil diameter—to
verify the effect of the primary inner coil diameter, two
double-coil SMA springs with different primary inner
coil diameters but with the same wire diameter,
secondary inner coil diameter, number of primary coils,
and number of secondary coils were compared.
● Group 4: effect of the secondary inner coil diameter—to
verify the effect of the secondary inner coil diameter,
two double-coil SMA springs with different secondary
inner coil diameters but with the same wire diameter,
primary inner coil diameter, number of primary coils,
and number of secondary coils were compared.

secondary inner coil diameter had a larger number of primary
coils in the experiment than the double-coil SMA spring with
a smaller secondary inner coil diameter in the simulation.
Verifying the effect of the secondary inner coil diameter was
mainly achieved by comparing the results of the two springs
in the simulation, and the experimental results were used to
support the simulation results.
According to this parametric study, a numerical simulation based on the ﬁnite element method and an experiment
with a tensile loading test were performed.

3. Methods
3.1. Manufacturing

The manufacturing process of the double-coil SMA spring
actuator is similar to that of typical coil springs. First, an
SMA wire (Dynalloy, Inc.) was tightly wound around a rod
with diameter D1 using a hand-drill device to form the primary coil shape (ﬁgure 4(a)), which was then ﬁxed by
clamping both ends of the SMA wire with bolts, nuts, and
washers (ﬁgure 4(b)). This wound wire was put into a furnace
to memorize the single-coil shape using heat annealing. After
the ﬁrst heat annealing, a single-coil SMA spring was produced (ﬁgure 4(c)). Next, this single-coil spring was wound
around another rod with diameter D2 to form the double-coil
shape (ﬁgure 4(d)). In this process, maintaining a uniform
number of primary coils per secondary coil, n*1, is important,
but this is very difﬁcult because of the complexity of the
hierarchical conﬁguration of the double-coil spring. To
maintain n*1 uniformly, the appropriate tension was carefully
applied by hand to the single-coil SMA spring actuator during
winding so that it could be wound without irregular stretching
and distortion. The wound single-coil SMA spring was ﬁxed
by clamping both ends with bolts, nuts, and washers
(ﬁgure 4(e)), and was again treated by heat annealing. Finally,
the double-coil SMA spring was produced, as shown in
ﬁgure 4(f). All of the SMA springs were subjected to the same
annealing procedure of 400 °C for 1 h to ensure the consistency of the thermo-mechanical characteristics of the SMA
springs. In addition, all of the SMA springs were manufactured with a minimum pitch during winding, which means
that each primary coil and secondary coil are in contact with
other primary and secondary coils, respectively (see
ﬁgures 4(a) and (d)). The three diameters of the double-coil
SMA spring actuator used in the experiment are listed in
table 2.
For convenience of notation, the designed SMA springs
are represented by arranging the constitutive diameters in
order. For example, if a single-coil SMA spring has a
0.25 mm wire diameter and a 1 mm primary inner coil diameter, the notation is 0.25-1. Similarly, if a double-coil SMA
spring has a 0.25 mm wire diameter, a 1 mm primary inner
coil diameter, and a 3 mm secondary inner coil diameter, the
notation is 0.25-1-3. Using this notation, the four groups in
the parametric study used the categorized springs as follows:

According to (4), changing the secondary inner coil
diameter affects the number of primary coils per secondary
coil as well. To solve this problem, an approach similar to that
used for Group 2 was used for this group. In the simulation,
two double-coil SMA springs with the same geometric
parameters except for the secondary inner coil diameter were
used. In this case, the number of primary coils of the doublecoil SMA spring with a large secondary inner coil diameter
was reduced to that of a double-coil SMA spring with a small
secondary inner coil diameter.
In the experiment, two double-coil SMA springs with the
same diameters except for the secondary inner coil diameter
were used, and each of them had maximum n*1 according to
(2). Therefore, the double-coil SMA spring with a larger
5
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Figure 4. Manufacturing process of the double-coil SMA spring actuator.

number of primary coils per secondary coil of the actual
double-coil SMA spring actuators is the same as the number
of primary coils per secondary coil calculated from (2).
Therefore, the spring notation was still used while specifying
the increased secondary coil diameter for the experimental
results in section 4. This was also reﬂected in the simulation.

Table 2. Diameters of double-coil SMA spring actuator.

Quantity

Unit

Value

Wire diameter, d
Primary coil diameter, D1
Secondary coil diameter, D2

mm

0.25, 0.3
0.5, 1
1, 3

3.2. Experimental setup

● Group 1 to determine the effect of secondary coiling:
0.25-1 and 0.25-1-1
● Group 2 to determine the effect of wire diameter: 0.25-11 and 0.3-1-1
● Group 3 to determine the effect of primary coil diameter:
0.25-0.5-1 and 0.25-1-1
● Group 4 to determine the effect of secondary coil
diameter: 0.3-1-1 and 0.3-1-3

Differential scanning calorimetry (DSC). The
thermomechanical process during the manufacturing process
of an SMA spring affects phase transformation temperatures,
thus the phase transformation temperature should be veriﬁed.
The changed transformation temperatures were measured by
differential scanning calorimetry (DSC). Six test samples
were prepared for the DSC test with one SMA wire as
received from the manufacturer, and ﬁve SMA springs after
annealing. Test samples with a weight of 20 mg were cut from
the SMA wire and springs and put into a pan. The pan was
put into a DSC machine (Perkin Elmer, Diamond DSC), and
tested under a thermal cycle with a heat ﬂow rate of 10 °C
min−1 between −50 and 100 °C. For reliability of the result
from the DSC, the sample was at ﬁrst heated from 25 to
100 °C, and the thermal cycle was repeated twice. An
example of the DSC result of the 0.25-1-1 SMA spring is
shown in ﬁgure 5, and the measured transformation
temperatures, averages and standard deviations are listed in
table 3. As, Af, Rs, Rf, Ms, and Mf are the austenite start,
austenite ﬁnish, R-phase start, R-phase ﬁnish, martensite start,
and martensite ﬁnish temperatures, respectively .
In ﬁgure 5, the upper curve is for heating and the lower
curve is for cooling. The upper peak is due to the endothermic
latent heats of transformation at the austenite phase and the
lower two peaks are due to the exothermic latent heats of
transformation at the R-phase and martensite phase. From the
right to left in the lower curve, the ﬁrst peak is for the R-phase

3.2.1.

However, there was an issue with the production of the
double-coil SMA spring actuator: the manufactured doublecoil SMA spring actuators had a slightly larger secondary
inner coil diameter than the originally designed secondary
inner coil diameter with D2. This problem can be caused by
various factors, but the major factor is the rearrangement of
the crystal structure in the SMA due to a low pretension for
secondary coiling. As mentioned previously, in order to
prevent the double-coil spring from experiencing irregular
stretching and distortion while undergoing secondary coiling,
it was not possible to apply high pretension to the double-coil
SMA spring. Owing to the low pre-tension, a gap exists
between the primary coils, and this induced a rearrangement
of the crystal structure of the SMA when undergoing heat
annealing. As a result, the ﬁxed shape of the secondary coil
was released after unclamping, and the secondary coil diameter increased, which is similar to the spring back effect
from typical metal bending processes. The increased secondary inner coil diameter could not be predicted, but the
6

Smart Mater. Struct. 24 (2015) 095014

S-W Kim et al

Figure 5. DSC result of the 0.25-1-1 SMA spring.

Table 3. Measured transformation temperatures of the SMA actuators.

Transformation temperature
s

A (°C)
Af (°C)
Rs (°C)
Rf (°C)
Ms (°C)
Mf (°C)

(a)

(b)

(c)

(d)

(e)

(f)

59.0
66.9
72.4
42.3
27.2
10.6

52.0
62.0
53.8
47.6
2.1
−21.4

50.8
64
55.5
46.5
1.0
−35.5

52.3
65.1
54.4
46.2
2.3
−29.6

52.6
64.0
54.2
46.3
2.3
−31.3

52.4
64.6
55.2
45.5
−0.3
−31.3

a

Average
52.0
63.9
54.6
46.4
1.5
−29.8

a

Standard deviation
1.16
0.70
0.72
0.76
1.14
5.18

a

The average and standard deviation values are calculated from the ﬁve SMA springs from (b) to (f).
(a) SMA wire with a diameter of 0.25 mm, (b) 0.25-1 spring, (c) 0.25-0.5-1 spring, (d) 0.25-1-1 spring, (e) 0.3-1-1 spring, and (f)
0.3-1-3 spring.

and the second peak is for the martensite phase. In the
exothermic or endothermic curves, the start and ﬁnish
temperature of transformation can be determined at the
intersection of the two straight black lines, where one is the
horizontal base line and the other is a straight line ﬁtted to the
steepest sides of the peak. According to the DSC result, the
measured AS and Af are lower than Af (70 °C) from the data
sheet of the manufacturer, and the Mf is much lower than
room temperature (20 °C). In particular, the standard deviation of Mf is large because the exothermic process of the
martensite did not ﬁnish, and it is hard to determine precisely
where the intersection is. This problem that the temperature
determined by the intersection depends on the shape of the
enthalpy peak and of the chosen baseline was mentioned
previously in reference [28] and causes uncertainty in the
result. For that reason, there is a discrepancy between the
experimental and simulation results. This will be discussed in
further detail later.

3.2.2. Tensile test of SMA springs. The experimental setup

for tensile testing of the SMA springs is shown in ﬁgure 6.
The tensile testing machine (RB302 ML, R&D Inc. Korea)
has a heat chamber with a hole to allow a tension rod to move
into the heat chamber (see ﬁgure 6(a)). Both ends of each
specimen of SMA spring were clamped using ring terminals,
which were hung on the hooks of the tensile rod (see
ﬁgure 6(b)).
The test was conducted at two temperatures, the ﬁrst
being room temperature (20 °C) where the SMA spring is in
the full twinned martensite state, and the other at a high
temperature (200 °C) where the SMA spring is in the full
austenite state. Before the tensile test, all specimens are
cooled down to below the martensite ﬁnish temperature using
an instant freezing aerosol spray (NABAKEM, SF-1013
NPP) which can cool the surface temperature of materials to
−50 °C. The diameter of the SMA wire is small enough to
allow the spray to transform the crystal phase of the SMA
7

Smart Mater. Struct. 24 (2015) 095014

S-W Kim et al

Table 4. Material constants of SMA wire.

Parameter
M

E
EA
νM
νA
αM
αA
H
ρ
As
Af
Ms
Mf
Δc
Δu
Δs
bA
bM
Υ*

Speciﬁcation

Unit

Value

Note

Young’s modulus of martensite
Young’s modulus of austenite
Poisson’s ratio of martensite
Poisson’s ratio of austenite
Thermal expansion coefﬁcient of martensite
Thermal expansion coefﬁcient of austenite
Maximum transformation strain
Mass density
Austenite start temperature
Austenite ﬁnish temperature
Martensite start temperature
Martensite ﬁnish temperature
Difference of speciﬁc heat between martensite and austenite
Difference of speciﬁc internal energy between martensite and austenite
Difference of speciﬁc entropy between martensite and austenite
Isotopic hardening moduli for forward transformation
Isotopic hardening moduli for reverse transformation
Threshold of thermodynamic force Π at onset of phase transformation

GPa
GPa
—
—
1/K
1/K
—
kg m−3
K
K
K
K
—
J kg−1
J kg−1 · K−1
J kg−1
J kg−1
MPa

21.07
54.796
0.33
0.33
6.6 × 10−6
11.0 × 10−6
0.0288
6450
325.2
337.1
274.7
243.4
0
−10 474
−34.26
407.73
107.24
7.967

Estimated
Estimated
a
From data
a
From data
a
From data
a
From data
Measured
a
From data
Measured
Measured
Measured
Measured
From [29]
Estimated
Estimated
Estimated
Estimated
Estimated

sheet
sheet
sheet
sheet
sheet

a

Data sheet is from Dynalloy, Inc.

and from the results the average and standard deviation of the
stiffness of the SMA springs were calculated and are listed in
tables in section 4. The loading and unloading speeds were
0.5 mm s−1, and the data collecting rate was 10 points/s.

3.3. Numerical simulation using the finite element method

FEA was performed to predict the behavior of the single- and
double-coil SMA springs. First, FE models of both springs
were discretized by 8-node isoparametric quadrilateral elements, and the cross section of the FE model consisted of 16
elements, as shown in ﬁgure 7(a). The cross sections faced
each other at regular intervals along the trajectory of the
single- and double-coil spring (i.e. the center axis of the SMA
wire, as shown in ﬁgure 7(b)). The trajectories of the singlecoil, φts , and double-coil spring, φtd , were expressed in a
Cartesian coordinate system by (6) and (7), respectively. In
the FEA simulation, the measured geometric parameters of
the manufactured double-coil SMA springs were used. The
number of assembled elements in the FE model was
approximately 32 000.

Figure 6. Experimental setup: (a) tensile testing machine with a heat

chamber and (b) double-coil SMA spring specimen.

springs into the full twinned martensite state. The specimen
was placed in the heat chamber and enough time was allowed
for the specimen to reach thermal equilibrium. The test cycle
was made up of two steps: ﬁrst, the SMA spring was pulled
until the displacement reached a setting position, then it was
released until the measured load was zero. When the test was
ﬁnished, the specimen was taken out from the heat chamber,
and it was then heated using a heat gun to above the austenite
ﬁnish temperature to recover its shape. In the tensile test of
each SMA spring, three samples were tested for reliability,

φt⃗ s = φt⃗ s (x (t ), y (t ), z (t ) ) ,
where
⎡
⎛ D1 + d ⎞⎤
D +d
⎢ x (t ) = 1
cos ⎜
t ⎟⎥
2
⎢
⎝ 2n1 ⎠⎥
⎢
⎥
⎢ y (t ) = D1 + d sin ⎛⎜ D1 + d t ⎞⎟ ⎥
⎢
2
⎝ 2n1 ⎠ ⎥
⎢
⎥
d ( D1 + d )
⎢
⎥
t
⎢ z (t ) =
⎥
4n1π
⎣
⎦
8

(6)
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Figure 7. FE model of SMA wire. (a) Cross section of SMA wire and (b) its arrangement along the center axis of the SMA wire.

(

φt⃗ d = φt⃗ d x* (t ),

y* (t ),

)

z* (t ) ,

where

⎡
⎤
⎞
⎛
⎢ x* (t ) = cos ⎜ D1 + d t ⎟
⎥
⎢
⎥
⎝ 2n1* ⎠
⎢
⎥
⎡ D1 + D2 + 2d
⎛ D1 + d ⎞ ⎤ ⎥
D1 + d
⎢
⎜
⎟
cos
t ⎥ ⎥
×⎢
+
⎢
⎝ 2
⎠⎦
⎣
2
2
⎢
⎥
⎛ D1 + d ⎞
⎢
⎥
t⎟
⎢ y* (t ) = sin ⎜
⎥
⎝ 2n1* ⎠
⎢
⎥
⎢
⎤
⎡ D1 + D2 + 2d
⎛ D1 + d ⎞ ⎥
D1 + d
⎢
cos ⎜
t ⎟ ⎥⎥ (7)
×⎢
+
⎝ 2
⎠ ⎦⎥
⎣
2
2
⎢
⎢
⎥
⎡ ( D1 + 2d )( D1 + d ) ⎤
⎢ *
⎥
⎥t
⎢
(
)
z
t
=
⎢
⎥
*
⎥
⎢⎣
4n1 π
⎦
⎢
⎥
⎢
⎥
⎛ D1 + d ⎞
D1 + d
sin ⎜
t⎟
+
⎢
⎥
⎝ 2
⎠
2
⎣
⎦

Figure 8. Distribution of detwinned martensite volume fraction in the
FEA model of the 0.25-1 spring at 20 °C. The red dot is a reference
point.

To reﬂect the behavior of the SMA in FEA, the
Lagoudas model, which is a three-dimensional (3D) SMA
model, was implemented in ABAQUS, a commercial FEA
package [29]. Initially, a transformation function Φ had to
be deﬁned because the transformation function speciﬁes the
criteria of the phase transformation of the SMA. The
transformation function was divided into two criteria with
respect to the forward and reverse transformations as follows:
⎧
⎪ Π f − Y * > 0,
Φ=⎨
⎪
⎩ −Π b − Y * < 0,

Figure 9. Distribution of the von Mises stress in the FEA model of

the 0.25-1 spring at 20 °C. The red dot is a reference point.

ξṡ > 0 : forward transformation
ξṡ < 0 : reverse transformation
(8)

9
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Figure 10. Comparison between the FE simulation and experiment of the 0.25-1 spring with 72 coils: (a) at 20 °C and (b) at 200 °C.

Figure 11. Displacement-to-force graphs of single- and double-coil SMA springs: (a) 0.25-1 single-coil spring at 20 °C, (b) 0.25-1-1 spring at

20 °C, (c) 0.25-1 single-coil spring at 200 °C, and (d) 0.25-1-1 double-coil spring at 200 °C. Sim—simulation, Exp—experiment, M—
martensite phase at 20 °C, and A—austenite phase at 200 °C. The coil number is the number of primary coils.
10
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Δc = c M − c A
Δs0 = s0M − s0A
Δu 0 = u 0M − u 0A .

Figure 12. Simulation model of (a) 0.25-1 spring with 72 coils and
(b) 0.25-1-1 spring with 72 coils.

The forward transformation is a phase transformation
from the parent phase (twinned martensite or austenite phase)
to the detwinned martensite phase, and the reverse transformation is a phase transformation from the detwinned marλ
tensite phase to the austenite phase. The variables σij, Λij , Sijkl
,

where
⎧ f
⎪Π
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨
⎪ Πb
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩

1
ΔSijkl σij σ kl + Δαij σij ΔT
2
⎡ ⎛
T⎞
+ ρ ⎢ Δc ⎜ ΔT − T ln ⎟ + Δs0 T
T0 ⎠
⎣ ⎝

= σij Λij +

and αijλ are the stress tensor, transformation tensor, elastic
compliance tensor, and thermal expansion tensor, respectively. The superscript λ denotes the reference state of the
phase (i.e. M is for the martensite state and A is for the austenite state). Additionally, Τ, ρ, s0, c, u0, and ξs are the temperature, mass density, speciﬁc entropy, speciﬁc heat, speciﬁc
internal energy, and detwinned martensite volume fraction,
respectively. The detwinned martensite volume fraction, ξs, is
distinguished from the twinned martensite volume fraction, ξt.
The total martensite volume fraction, ξ, is deﬁned by sum of
the detwinned and twinned martensite volume fractions (i.e.
ξ = ξs + ξt ). The variables bλ, μ1, and μ2 are hardening
parameters. Among the hardening parameters, parameters b A
and b M represent the isotropic hardening moduli for the forward and reverse transformations respectively, and the parameter μ2 is determined from the continuity condition of the
polynomial-form hardening function [29]. Although parameter μ1 physically denotes the accumulation of elastic strain
energy when the forward transformation begins, it is omitted
for simplicity. These hardening parameters are expressed as

− Δu 0 − b M ξs − μ1 + μ2 ⎤⎦

(

)

≅ Y*
1
ΔSijkl σij σ kl + Δαij σij ΔT
2
⎡ ⎛
T⎞
+ ρ ⎢ Δc ⎜ ΔT − T ln ⎟ + Δs0 T
T0 ⎠
⎣ ⎝

(10)

(9)

= σij Λij +

− Δu 0 − b Aξs − ( μ1 − μ2 ) ⎤⎦
≅ −Y *

where
M
A
ΔSijkl = Sijkl
− Sijkl

Δαij = αijM − αijA

Figure 13. Snapshots of the 0.25-1-1 spring for tensile tests at (a) 20 °C in the martensite phase and (b) 200 °C in the austenite phase. The

elongated length and measured force are indicated under each snapshot.
11
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Figure 15. Distribution of the von Mises stress in the FEA model of
the 0.25-1-1 spring at 20 °C. Red dot is a reference point.

strain curve. To do this mapping procedure, a relation
between the axial force and the ﬁnal pitch angle of the single
coil spring after deformation, and a relation between the shear
stress and the axial force are utilized as follows [20]

F=

πd 4

G
2

8 ( D1 + 2d )

(

cos2 αi sin α f − sin αi
2

(

2

)

2

cos α f cos α f + sin α f / (1 + v)

)
(12)

where αi and α f are the initial pitch angle of the single coil
spring before deformation and the ﬁnal pitch angle of single
coil spring after deformation respectively, which have to be
estimated by deﬂection and the ﬁnal pitch angle relation. The
derivation progress of (12) is explained in further details by
An et al [20].

Figure 14. Detwinned martensite volume fraction in the FEA model

of the 0.25-1-1 spring at 20 °C: (a) displacement to the detwinned
martensite volume fraction that is an averaged value of eight Gauss
points (bold numbers) inside the selected element at a reference
point; (b) distribution of the detwinned martensite volume fraction.
Red dot is a reference point.

follows:

(
)
= −Δs ( M − M )
1
= ρ (b − b )
4

T (d /2)
τ=
=
J

b A = −Δs0 A f − As
bM
μ2

s

0

A

⎛ D1 + 2d ⎞ ⎛ d ⎞
⎟⎜ ⎟
F⎜
⎝
⎠⎝ 2 ⎠
2

( πd /32)
4

=

8 ( D1 + 2d ) F
πd

3

=

(13)

f

M

8CF
πd 2

where J denotes the polar moment of inertia and C denotes
the spring index (i.e. C = ( D1 + d ) /d ); T is the torsional
moment applied to the cross-section of the single spring and F
is the force applied to the axial deﬂection of spring.
By substituting the axial force, F, of equation (12) into
the shear stress of equation (13), and then rearranging the
results into a shear stress–shear strain relation form,
τ = Gγ (C , v, αi, α f ), the shear strain, γ (C , v, αi, α f ) can
be derived as follows:

(11)

Finally, Y* denotes the threshold of thermodynamic force Π at
the onset of phase transformation.
The role of the thermodynamics force is similar to the
yield surface in the theory of plasticity. Therefore, the
numerical scheme is also simply applied for the evaluation of
the transformation strain. When the strain and temperature are
given, the increment of the detwinned martensite volume
fraction and the transformation strain and stress can be calculated using a return mapping algorithm [29]. The distributions of the detwinned martensite volume fraction and
transformation stress are illustrated in ﬁgures 8 and 9,
respectively.
To obtain material constants such as Young’s modulus,
the tensile test of the 0.25-1 spring was performed at 200 °C
for the 100% austenite state and 20 °C for the 100% twinned
martensite state, as can be seen in ﬁgure 10. From this tensile
test, the obtained displacement-to-force curve of the singlecoil SMA spring can be transformed to the shear stress–shear

γ=

(

)

cos2 αi sin α f − sin αi
1
τ
=
2
2
2
C cos α f cos α f + sin α f / (1 + v)
G

(

)

(14)

From these procedures, the transformed shear stress and
shear strain curve was obtained, which is similar to the displacement-to-force curve. The transformed shear stress–shear
strain curve shows a nonlinear relation due to the phase
transformation of the SMA. However, below a 1% shear
strain, this curve shows an almost linear relation. Therefore,
12
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Figure 16. Comparison of shape recovery ratios between (a) 0.25-1-1 spring and (b) 0.25-1 spring.

Table 5. Stiffnesses of 0.25-1 and 0.25-1-1 SMA springs in the martensite and austenite phases. Exp—experiment, Sim—Simulation, SD—

Standard deviation, Error—percentage of difference between the experiment and simulation with respect to the simulation.
Primary coil stiffness (N mm−1)
Martensite
Spring type

Number of primary coils

0.25-1
0.25-1-1

72
72

Austenite

Sim

Exp

SD

Error(%)

Sim

Exp

SD

Error(%)

0.027
0.012

0.029
0.014

0.0031
0.0009

7.4
16.7

0.070
0.049

0.074
0.065

0.0004
0.0024

5.7
32.7

Secondary coil stiffness (N mm−1)
Martensite

Austenite

Spring type

Number of primary coils

Sim

Exp

SD

Error(%)

Sim

Exp

SD

Error(%)

0.25-1
0.25-1-1

72
72

—
0.008

—
0.008

—
0.0003

—
0

—
0.019

—
0.018

—
0.0008

—
−5.3

exchanged heat during transformation, ΔH, by the phase
equilibrium temperature, Teq [30]. The phase equilibrium
temperature can be approximately obtained by calculating,
1
Teq = 2 M s + Af [31]. The difference of speciﬁc internal
energy between martensite and austenite, Δu, can be obtained
by calculating, Δu = Teq Δs [29]. It is assumed that there is no
difference in speciﬁc heat between the martensite and austenite phase, Δc, because the speciﬁc heats are almost equal to
each other (i.e. during forward transformation and reverse
transformation) [29]. The isotropic hardening modulus for
forward transformation, b A, and the isotropic hardening
modulus for reverse transformation, b M, are obtained by
using b A = Δs Af − As and b M = Δs M s − M f respectively. The threshold of thermodynamic force Π at the onset
of phase transformation, Υ*, is calculated by
1
1
Y * = − 2 ρΔs Af − M s − 4 ρΔs M s − M f − Af + As [29].
The material constants of SMA used in the simulation are
listed in table 4.

the shear moduli GA and GM were easily estimated using the
linear ﬁtting of the shear stress–shear strain curve with respect
to the 100% austenite state and the 100% twinned martensite
state respectively, below a 1% shear strain. Furthermore, it
can be considered as an isotropic material in the case of a
polycrystalline material, i.e. the SMA wire in this study. So,
these shear moduli can be easily converted into the Young’s
modulus by 2(1 + ν)G, where ν is Poisson’s ratio. A Poisson’s
ratio of 0.33 is used based on the data sheet from the manufacturer. The maximum transformation shear strain γt was
deﬁned by estimating the unrecovered shear strain after
unloading at the end of the detwinning. The maximum
transformation strain, H, was calculated by γt / 3 , and this
relation is equivalent to the effective strain of pure strain in
the plasticity.
The four transformation temperatures, As, Af, Ms, and Mf
are obtained from DSC as explained in section 3.2.1. The
difference of speciﬁc entropy between the martensite and
austenite, Δs, is estimated by dividing the mean values of the

(

(

13

)

)

(

(

)

)
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Figure 17. Displacement-to-force graphs of double-coil SMA springs with different wire diameters: (a) 0.25-1-1 spring at 20 °C, (b) 0.3-1-1

spring at 20 °C, (c) 0.25-1-1 spring at 200 °C, and (d) 0.3-1-1 spring at 200 °C. (e) and (f) are comparisons between the simulation results of
0.25-1-1 and 0.3-1-1 springs with same number of primary coils at 20 and 200 °C, respectively. Sim—simulation, Exp—experiment, M—
martensite phase at 20 °C, and A—austenite phase at 200 °C. The coil number is the number of primary coils.
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40 mm, the distribution of the detwinned martensite volume
fraction of the double-coil SMA spring is less than 0.2 (see
ﬁgure 14), and the inﬂuence of the phase transformation from
twinned martensite to detwinned martensite is not dominant
to the change of stiffness . As a result, the deformation of less
than 40 mm is only for the rigid-body motion and the stiffness
of the double-coil SMA spring is for the double-coil conﬁguration. When the displacement is more than 40 mm, the
distribution of the detwinned martensite volume fraction
increases but is still less than 0.4 until the displacement
reaches 60 mm (see ﬁgure 14). The low detwinned martensite
volume fraction means that the deformation between 40 and
60 mm is mainly affected by the rigid-body motion, as the
deformation is less than 40 mm. Therefore, the stiffness in this
range of deformation is determined by the single-coil conﬁguration of the double-coil SMA spring actuator. When the
displacement is more than 60 mm, the detwinned martensite
volume fraction increases as the stress of the SMA spring
increases (see ﬁgure 15), and the inﬂuence of the phase
transformation from the twinned to detwinned martensite
phase is considerably dominant to the change of stiffness.
Therefore, the change of stiffness results from the interaction
between the geometrical and phase transformation of the
double-coil SMA spring.
In the austenite phase in ﬁgure 11(c), the force-to-displacement proﬁle of a single-coil SMA spring shows a linear
curve that indicates a constant stiffness. On the other hand,
the proﬁle of the double-coil SMA spring in ﬁgure 11(d)
shows a nonlinear curve: the stiffness changes when the
displacement goes above 40 mm. In ﬁgure 13(b), the conﬁguration of the double-coil SMA spring transforms from a
double coil to a single coil, and the conﬁguration is similar to
the single-coil shape at 40 mm displacement. This supports
the slope change observed in the force proﬁle during the
austenite phase in ﬁgure 11(d), where the gentle slope of the
double-coil SMA spring before 40 mm results from the double-coil conﬁguration and the steep slope after 40 mm results
from the single-coil conﬁguration.

Figure 18. Simulation model of (a) 0.25-1-1 spring with 64 coils and

(b) 0.3-1-1 spring with 64 coils.

4. Results and discussion
4.1. Effect of coil shape

Figure 11 shows the displacement-to-force proﬁles of the
single- and double-coil SMA springs: one is the 0.25-1
spring, and the other is the 0.25-1-1 spring. The measured
secondary coil diameter of the 0.25-1-1 spring is 1.18 mm.
According to (2) and (3), the 0.25-1-1 spring can theoretically
have a maximum of 63 primary coils under 4 secondary coils,
but the actual 0.25-1-1 spring has 72 coils because of the
increased secondary inner coil diameter. Hence, the two
springs each have 72 primary coils (see ﬁgure 12).
As expected, the force proﬁle of the double-coil SMA
spring is different from that of the single-coil SMA spring. In
the loading procedure at 20 °C, the force proﬁle of the singlecoil SMA spring shows one point of stiffness change at
20 mm (see ﬁgure 11(a)) while the force proﬁle of the doublecoil SMA spring shows two points of stiffness change at 40
and 60 mm (see ﬁgure 11(b)).
The change of stiffness of the double-coil SMA spring at
the martensite phase is caused by two reasons: one is a
geometrical transformation of the double-coil SMA spring
from double-coil to single-coil and the other is a phase
transformation of the double-coil SMA spring from the
twinned martensite phase to the detwinned martensite phase.
As can be seen in ﬁgure 13(a), the shape of the double-coil
SMA spring changes from double coil to single coil until the
displacement reaches 40 mm. For displacements lower than

Table 6. Stiffness of 0.25-1-1 and 0.3-1-1 SMA springs in the martensite and austenite phases. Exp—experiment, Sim—Simulation, SD—
Standard deviation, Error—percentage of difference between the experiment and simulation with respect to the simulation.

Primary coil stiffness (N mm−1)
Martensite

Austenite

Spring type

Number of primary coils

Sim

Exp

SD

Error(%)

Sim

Exp

SD

Error (%)

0.25-1-1

64
72
64

0.013
0.012
0.022

—
0.014
0.028

—
0.0009
0.0011

—
16.7
27.3

0.054
0.049
0.087

—
0.065
0.125

—
0.0024
0.0077

—
32.7
43.7

0.3-1-1

Secondary coil stiffness (N mm−1)
Martensite

Austenite

Spring type

Number of primary coils

Sim

Exp

SD

Error(%)

Sim

Exp

SD

Error (%)

0.25-1-1

64
72
64

0.009
0.008
0.017

—
0.008
0.014

—
0.0003
0.0009

—
0
−17.6

0.022
0.019
0.043

—
0.018
0.049

—
0.0008
0.0006

—
−5.3
14.0

0.3-1-1
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Figure 19. Displacement-to-force graphs of double-coil SMA springs with different primary inner coil diameters: (a) 0.25-0.5-1 spring at
20 °C, (b) 0.25-1-1 spring at 20 °C, (c) 0.25-0.5-1 spring at 200 °C, and (d) 0.25-1-1 spring at 200 °C. Sim—simulation, Exp—experiment,
M—martensite phase at 20 °C, and A—austenite phase at 200 °C. The coil number is the number of primary coils.

According to the result of ﬁgure 11, the recovery ratio of
the double-coil SMA spring is increased. The 0.25-1 spring
has an initial length of 18.5 mm, and its maximum recoverable displacement is 80 mm; thus, the recovery ratio is
approximately 432% (see ﬁgure 16(a)). The 0.25-1-1 spring
has an initial length of 8 mm, and its maximum recoverable
displacement is 100 mm; therefore, the recovery ratio is
1250% (see ﬁgure 16(b)).

Figure 20. Simulation model of (a) 0.25-0.5-1 spring with 72 coils
and (b) 0.25-1-1 spring with 72 coils.

4.2. Effect of wire diameter

The stiffnesses of the SMA springs are listed in table 5.
The primary coil stiffnesses of the single- and double-coil
SMA springs were obtained from the linear slope in the primary coil dominant region of the graph, as shown in
ﬁgure 3(b). Similarly, the secondary coil stiffness of the
double-coil SMA spring was obtained from the linear slope in
the secondary coil dominant region. Owing to the double-coil
conﬁguration, the stiffness of the secondary coil dominant
region of the 0.25-1-1 spring was quite low. However, the
stiffness of the primary coil dominant region of the 0.25-1-1
spring was similar to that of the primary coil dominant region
of the 0.25-1 spring because the geometry of the 0.25-1-1
spring changed from a double-coil shape to a single-coil
shape; therefore, it can be regarded as a single-coil SMA
spring.

Figure 17 shows the effect of the changing wire diameter of
the double-coil SMA spring. The measured secondary inner
coil diameter of the 0.25-1-1 spring is 1.18 mm and that of the
0.3-1-1 spring is 1.23 mm. According to (2) and (3), the 0.251-1 spring theoretically has 64 primary coils under 4 secondary coils, but has 72 coils in practice because of the
increased secondary inner coil diameter. Likewise, the 0.3-1-1
spring theoretically has 55 primary coils under 4 secondary
coils, but has 64 coils in practice.
As mentioned previously, the number of primary coils of
the two double-coil SMA springs with different wire diameters should be matched to verify the effect of the wire
diameter, but adjusting the number of primary coils per secondary coil is difﬁcult in practice. Hence, we compare the
simulation results of the 0.3-1-1 spring and the 0.25-1-1
16
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Table 7. Stiffness of 0.25-0.5-1 and 0.25-1-1 SMA springs in the martensite and austenite phases. Exp—experiment, Sim—Simulation, SD—
Standard deviation, Error—percentage of difference between the experiment and simulation with respect to the simulation.

Primary coil stiffness (N mm−1)
Martensite
Spring type

Number of primary coils

0.25-0.5-1
0.25-1-1

72
72

Austenite

Sim

Exp

SD

Error (%)

Sim

Exp

SD

Error (%)

0.048
0.012

0.05
0.014

0.0026
0.0009

4.2
16.7

0.150
0.049

0.244
0.065

0.0057
0.0024

62.7
32.7

Secondary coil stiffness (N mm−1)
Martensite

Austenite

Spring type

Number of primary coils

Sim

Exp

SD

Error (%)

Sim

Exp

SD

Error (%)

0.25-0.5-1
0.25-1-1

72
72

0.021
0.008

0.018
0.008

0.0008
0.0003

−14.3
0

0.053
0.019

0.041
0.018

0.0031
0.0008

−22.6
−5.3

spring with 64 coils. By doing so, we can observe that both
springs have the same number of primary and secondary
coils, and they have the same primary and secondary coil
diameters except for the wire diameter (see ﬁgure 18).
Therefore, it can be concluded that only the wire diameter
affects the actuation characteristic in this group.
As shown in ﬁgure 17 and table 6, increasing the wire
diameter increases the stiffness of both the primary and secondary coil dominant regions. The increment of the primary coil
stiffness at the martensite and austenite phases are about 61 and
69%, and that of the secondary coil stiffness at the martensite
and austenite phases are about 89 and 95%, respectively.

secondary inner coil diameter of the 0.3-1-3 spring is
3.42 mm, and it has 156 primary coils and four secondary
coils. The 0.3-1-3 spring can have a maximum of 139 coils
theoretically but in practice has 156 coils because of the
increased secondary inner coil diameter. In an approach
similar to that in the simulation in the previous section 4.2,
the number of primary coils of the 0.3-1-3 spring was matched with that of the 0.3-1-1 spring in the simulation to verify
the effect of the changing secondary coil diameter. In the
simulation, the 0.3-1-1 spring and the 0.3-1-3 spring had 64
primary coils and 4 secondary coils, and they were constructed with the same wire diameter and primary coil diameter (see ﬁgure 22). Hence, it can be concluded that only the
secondary coil diameter affects the actuation characteristic of
the double-coil SMA spring.
As shown in ﬁgure 21(e) and (f) and table 8, the simulation result of the 0.3-1-1 spring with 64 coils is compared
with that of the 0.3-1-3 spring with 64 coils. The two springs
have different stiffnesses in the secondary coil dominant
region but have similar stiffnesses in the primary coil dominant region. This result can also be explained by employing
the virtual single-coil spring as described in section 4.3. In the
case of this parametric study group, the same spring index,
which is the ratio of the spring diameter to the wire diameter,
of the primary coil of the two double-coil SMA springs means
that the moduli of the wires of the two virtual springs are the
same. However, increasing the secondary coil diameter while
maintaining the primary coil diameter increases the spring
index of the virtual single-coil spring so that the stiffness of
the virtual spring decreases. This works the same way in the
double-coil spring. As a result, increasing the secondary coil
diameter causes the stiffness of the secondary coil dominant
region to decrease, whereas the stiffness of the primary coil
dominant region remains stable.

4.3. Effect of primary inner coil diameter

Figure 19 shows the effect of the primary inner coil diameter
on the double-coil SMA spring. The measured secondary coil
diameter of the 0.25-0.5-1 spring is 1.18 mm, which is the
same as that of the 0.25-1-1 spring. Thus, both the 0.25-0.5-1
and 0.25-1-1 SMA springs have 72 primary coils and 4 secondary coils in practice (see ﬁgure 20).
As shown in ﬁgure 19 and table 7, changing the primary
inner coil diameter affects the stiffness of both the primary and
secondary coils. This result can be explained by considering a
single-coil spring. Generally, the stiffness of a single-coil spring
is inversely proportional to the cubic spring diameter. If the
primary coil is considered a wire of a virtual single-coil spring
and the secondary coil is considered a coil of the virtual singlecoil spring, a double-coil spring can be regarded as a virtual
single-coil spring. If the primary inner coil diameter increases
while the other diameters are unchanged, the modulus of the
virtual wire decreases so that the stiffness of the virtual singlecoil spring also decreases. Therefore, increasing the primary
inner coil diameter decreases not only the stiffness of the primary coil dominant region but also the stiffness of the secondary coil dominant region.

4.5. Discussion

4.4. Effect of secondary inner coil diameter

4.5.1. 4.5.1 Difference between the simulation and
experiment. According to the force–displacement curves of

Figure 21 shows the effect of the secondary inner coil diameter on the double-coil SMA spring. The measured

the single- and double-coil SMA springs from section 4.1 to
4.4, there is some difference between the simulation and
17
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Figure 21. Displacement-to-force graphs of double-coil SMA springs with different secondary inner coil diameters: (a) 0.3-1-1 spring at
20 °C, (b) 0.3-1-3 spring at 20 °C, (c) 0.3-1-1 spring at 200 °C, and (d) 0.3-1-3 spring at 200 °C. (e) and (f) are comparisons between the
simulation results of 0.3-1-1 and 0.3-1-3 springs with same number of primary coils at 20 and 200 °C, respectively. Sim—simulation, Exp—
experiment, M—martensite phase at 20 °C, and A—austenite phase at 200 °C. The coil number is the number of primary coils.

experimental results. Firstly, the force–displacement curve of
the single-coil SMA spring at low temperature obtained by
simulation was higher than that obtained experimentally (see
ﬁgure 10). The reason for this can be explained by the
deviation of the estimated martensite ﬁnish temperature from

that obtained through DSC. According to table 3 in
section 3.2.1, the deviation of the estimated transformation
temperatures (As, Af, and Ms) is approximately ±1 °C.
However, the deviation of the estimated martensite ﬁnish
temperature (Mf) from the average value is ±5 °C because the
18
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Figure 22. Simulation model of 0.3-1-3 spring with (a) 156 coils and (b) 64 coils and (c) 0.3-1-1 spring with 64 coils.
Table 8. Stiffnesses of 0.3-1-1 and 0.3-1-3 SMA springs in the martensite and austenite phases. Exp—experiment, Sim—Simulation, SD—
Standard deviation, Error—percentage of difference between the experiment and simulation with respect to the simulation.

Primary coil stiffness (N mm−1)
Martensite

Austenite

Spring type

Number of primary coils

Sim

Exp

SD

Error (%)

Sim

Exp

SD

Error (%)

0.3-1-1
0.3-1-3

64
64
156

0.022
0.024
0.014

0.028
—
0.018

0.0011
—
0.0003

27.3
—
28.6

0.087
0.090
0.055

0.125
—
0.063

0.0077
—
0.0003

43.7
—
14.5

Secondary coil stiffness (N mm−1)
Martensite

Austenite

Spring type

Number of primary coils

Sim

Exp

SD

Error (%)

Sim

Exp

SD

Error (%)

0.3-1-1
0.3-1-3

64
64
156

0.017
0.006
0.003

0.014
—
0.002

0.0009
—
0.0005

−17.6
—
−33.3

0.043
0.017
0.008

0.049
—
0.007

0.0006
—
0.0013

14
—
−12.5

Figure 23. Stress–temperature diagram of SMA: (a) the effect of the change of martensite ﬁnish temperature and (b) the effect of the nonconstant increase rate of martensite transformation start stress.

positioned higher than the experimentally obtained force–
displacement curve at low temperature.
In ﬁgure 10, the stiffness of the single-coil SMA spring
before the displacement of 30 mm at 200 °C in the simulation
was almost same as in the experiment. However, the change
of stiffness of the force-to-displacement proﬁle in the
simulation appeared at a displacement of 30 mm while the
change of stiffness did not appear in experiment until the
displacement reached 50 mm. This means that the forward
phase transition from austenite to detwinned martensite
occurred in the simulation whereas the phase transition did

shape of the peak curve of the DSC in the martensite phase
makes it difﬁcult to determine Mf, as we mentioned in
section 3.2.1. Mf is closely related to the maximum
transformation stress in which the transformation ﬁnishes
(i.e. from twinned martensite to detwinned martensite). For
example, if the Mf is estimated to be a relatively lower value
than the real value (see ﬁgure 23(a)), the analyzed force–
displacement curve of the SMA spring is inevitably
positioned higher than the force–deﬂection curve obtained
experimentally. This fact explains why the analyzed force–
displacement curve of the single-coil SMA spring is
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case, the double-coil SMA spring can be used in a variable
stiffness actuator.

not occur in the experiment. Due to this, the results of the
double-coil SMA springs showed that the stiffness of the
primary coils of the double-coil SMA spring in the simulation
was less than that in the experiment (see ﬁgures 11, 17, 19,
and 21). The reason for this discrepancy in the force–
displacement curve at high temperature is unclear, but it can
be assumed that the material properties and the assumptions
of the FEA model affect the results. First, as discussed
previously, the estimated Mf had a large deviation compared
to the other transformation temperatures, thus this could be
one reason for the observed difference. Next, in FEA we used
the Lagoudas model which assumes the increased rate of the
transformation start stress is constant, like most SMA models.
According to reference [32], however, the actual rate of
transformation start stress increases monotonically as the
temperature increases, as shown in ﬁgure 23(b). For this
reason, the difference in transformation start stress between
simulation and experiment increased as the temperature
increased, although the difference was small at low
temperature. The detailed match between the simulation and
experiment results is out of the scope of this study, and will
be progressed in future work.

5. Conclusion
We proposed a novel double-coil SMA spring actuator for a
large actuation stroke with a compact size. The effect of the
geometric parameters on the actuation characteristic of the
double-coil SMA spring actuator was evaluated using a
parametric study. For the parametric study, we categorized the
SMA springs into four groups according to different geometric parameters and conducted a numerical FEA simulation
and an experiment with a tensile test. To reﬂect the behavior
of the SMA in FEA, the material properties of the SMA were
obtained by the tensile test of the single-coil SMA spring
actuator, and the Lagoudas model using these material
properties was implemented in ABAQUS. The experimental
results were compared with the numerical simulation results
based on FEA; these were in good agreement with each other.
The double-coil SMA spring actuator had an extremely large
shape recovery ratio of approximately 1250% in comparison
with the single-coil SMA spring actuator which had a shape
recovery ratio of approximately 432% with the same geometric parameters. Furthermore, the displacement-to-force
proﬁle was changed to display nonlinear behavior due to the
double-coiled conﬁguration: the stiffness in the secondary
coil dominant region was lower than that in the primary coil
dominant region. The effect of the geometric parameters of
the double-coil SMA spring is summarized as follows:

4.5.2. Low load capacity. Although the recovery ratio of the

double-coil SMA spring is large, the overall stiffness is
reduced, and the secondary coil stiffness in particular is quite
low. To use the full range of the shape recovery for actuation,
the double-coil SMA spring should be stretched into a
detwinned martensite phase by a sufﬁcient external load.
However, the external load to stretch this into a detwinned
martensite phase is larger than the actuation force of the
double-coil SMA spring in the secondary coil dominant
region at the austenite phase. In this case, the actuator cannot
return to its initial shrunk position. Therefore, conventional
actuation methods for a single-coil SMA spring actuator, such
as a constant loading actuation or an antagonistically
connected actuation, are hard to use to generate the full
range of shape recovery of the double-coil SMA spring
actuator. To use the full shape recovery, the actuation of the
double-coil SMA spring actuator should differ from
conventional actuation methods. One way to do this is to
only use a one-way shape transition without external loading.
The double-coil SMA spring not only has a large longitudinal
change but also has a considerable radial change. Thus, it can
have a volumetric transformation from a ﬁne wire to a bulky
double-coil conﬁguration which has a high surface area
within a short length. Such kinds of geometrical changes
would be useful in certain medical applications such as a ﬁlter
with a high surface area within a short length for blood
vessels or as a bulky scaffold to assist in the coagulation of
blood, which can be used to ﬁll an unnecessary hole in an
organ. Another way to use full shape recovery is to vary the
applied load along the shape transition of the double-coil
SMA spring actuator, because the displacement-to-force
proﬁle of the double-coil SMA spring is nonlinear. In this

(i) The double-coiled geometry reduces the initial length of
the SMA spring from a single-coil shape to a doublecoil shape as expressed by the reduction ratio R
R=

π tan α1 ( D1 + d )( D2 + d )
d tan α2 ( D2 + D1 + 2d )

where d, D1, D2, α1, and α2 are the wire diameter,
primary inner coil diameter, secondary inner coil
diameter, primary coil pitch angle, and secondary coil
pitch angle, respectively.
(ii) Increasing the wire diameter increases the stiffness of
both the primary and secondary coil dominant regions.
(iii) Increasing the primary inner coil diameter decreases the
stiffness of both the primary coil dominant region and
the secondary coil dominant region.
(iv) Increasing the secondary inner coil diameter decreases
only the stiffness of the secondary coil dominant region.
The results of this study show that the double-coil SMA
spring actuator has potential for a large actuation stroke
despite the drawback of having a low load capacity. Further
research should focus on developing analytical modeling and
ﬁnding practical applications to use the characteristics of the
double-coil SMA spring actuator.
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