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The attractive properties of shape memory alloys (SMA), especially their high energy density, steadily ex-
pand the range of applications in which SMA wires represent attractive alternative actuator components.
Industrial applications in particular, oftentimes require large forces, which scale with the diameter of SMA
actuator wires. The higher the required actuator force, the larger the total effective cross-sectional area of
the SMA wires is needed. Increasing the SMA wire diameter results in worse actuator dynamics due to a
decreasing surface-to-volume ratio and thus slower convective cooling. Instead of simply increasing the

I;ﬁﬁ‘g: r]\c:[sémory Alloys wire diameter, the bundling of several thin wires offers a suitable alternative to generate higher forces. This
SMA results in an increased surface-to-volume ratio and thus permits higher dynamic system performance.
Bundle This paper discusses the mechanical and thermal behavior of SMA wire bundles and shows the influence
Ni-Ti of contact resistance inside the clamps, which is important to optimize for a long-lasting functionality of
NiTi SMA bundles. In addition, the experiments show an indirect heating between single SMA wires inside a
Nitinol

bundle, which leads to an energy saving capability up to 60%. Two electro-mechanical experiments show
the behavior of SMA bundles in a constant force and a constant strain measurement. The experimental
results show a maximum stroke of 4-4.5% and a generated maximum force of 1200 N. The results are
discussed to provide an understanding of the mechanical characteristics of SMA bundles. In addition, an
infrared (IR)-Camera provides an insight into the thermal behavior.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

High Force
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creativecommons.org/licenses/by/4.0/).

1. Introduction

Shape memory alloys (SMAs) are well known for bio-medical
applications like stents or guide wires [1-6]. Recently, SMA research
is focusing on the high potential as lightweight integrated actuator
systems [7-19], as well as the strongly emerging field of elastocaloric
cooling [20-23]. Due to their high energy density and multi-
functional properties [24], they are suitable for the design of com-
pact actuator-sensor-systems. In the automotive sector and
consumer electronics, SMA based actuator systems have already
established in several applications [25-29]. Typically, nickel-tita-
nium (NiTi) actuator wires with a diameter between 0.025 mm and
0.5 mm are used [30,31] as SMA actuators. The thermal shape
memory effect as underlying effect of shape memory actuators is
based on a reversible phase transformation of the material crystal
lattice between the low temperature martensitic phase and the high
temperature austenitic phase. The cold wire elongates when a ten-
sile stress is applied. Joule heating by an electric current lead to a
temperature increase of the wire, which results in a macroscopic
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contraction. Microscopically, the length change is based on a first
order phase transformation from the martensitic lattice structure to
the austenitic lattice [24], [32]. After the wire is cooled down, an
external force can return the wire to its original length. This process
is thus repeatable. The contraction of the wire can be correlated with
the electrical resistance of the wire, referred to as “self-sensing”
effect [33].

Actuator systems using SMA technology usually consist of an
SMA element and a biasing mechanism like a spring or a mass. The
diameter of the SMA wire is determined by the required force. A
higher force means a larger diameter accompanied by reduced
system dynamics. Using multiple SMA wires in parallel allows for
generating high forces without decreasing the dynamic perfor-
mance, as shown in a bistable SMA vacuum suction cup [34]. In
contrast to an SMA bundle in form of a twisted cable, which makes a
convective cooling of the single wires almost impossible, a bundle of
separated wires allows an airflow through the bundle and therefore
improved convective cooling for better dynamic behavior.

Since an SMA bundle consists of several SMA wires arranged
mechanically parallel, the actuator can compensate the breakdown
of a single wire. Thus, bundling SMA wires not only allows for a high
output force system with a high dynamic performance, but also
provides an increased reliability and redundancy. A major challenge
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when using SMA wires as actuators is the electrical integration and
contacting. There are basically two ways to contact the SMA wires
electrically within a bundle - in series or in parallel configuration.
The following example is intended to briefly illustrate the ad-
vantages and disadvantages of the two electrical configuration op-
tions and their effects on the mechanical properties.

An exemplary NiTi SMA wire with a diameter of 0.25 mm and a
length of 100 mm has a resistance of approximately 1.85 Q. To heat
the wire up to the austenite finish temperature of 90 °C, a current of
1050 mA for 1 s at 172 MPa mechanical tensile stress is needed [30].
A voltage of 1.94 V is required to generate this current flow through
the wire. Contacting five wires in series, the voltage increases to
9.7 V, because of the resistance increase by a factor of five. The
failure of a single SMA wire in a serially contacted bundle would
result in an overall actuator system failure. The insulation of the
wires to each other and inside the clamps is also critical in the serial
case since short circuits lead to inactive areas of the bundle. Con-
tacting the SMA electrically in parallel, a current of 5.25 A is re-
quired, since the resistance is reduced by a factor of five, while the
voltage drop remains at 1.94 V. The disadvantage of the high current
flow using this topology can be compensated by the mechanical
advantages. The system is mechanically redundant. Contrarily to the
arrangement of the SMA wires in series, the failure of a single wire
does not lead to an actuator failure. Such a defect can be easily de-
tected by a resistance measurement and the actuator bundle can be
replaced during planned maintenance. Additionally, a lower design
effort is required since no electrical insulation in between the SMA
wires is required.

In this paper, SMA bundles in electrical parallel configuration are
investigated. First, the experimental setup to characterize SMA
bundles in different power and load conditions will be presented.
The setup includes an IR-Camera to determine the thermal char-
acteristics of the SMA bundles, including the temperature distribu-
tion of an SMA bundle in general as well as the influence of the
clamps on it. Also, a possible thermal influence of a wire to each
other wires in the bundle can be observed by the IR-Camera. After
outlining the thermal measurements, the experiments to char-
acterize the mechanical and electrical behavior of parallel SMA
bundles are discussed. The results show a significant mutual influ-
ence of the wires in a bundle, which can help save energy. The
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findings of the possibilities of an SMA bundle in terms of force,
stroke, electrical properties and energy saving will subsequently
serve as a basis for the design of future actuator-sensor systems
based on bundled SMA actuator wires.

2. Materials and methods

The measurement setup is based on components from National
Instruments and uses LabVIEW to control the experiments and re-
cord the data. A load cell KS25 from GTM is attached to measure the
generated force of the SMA bundle, while a linear drive - in com-
bination with a control algorithm - allows either holding a constant
stress level of the SMA bundle during activation for constant force
measurements or a constant position for constant strain measure-
ments. In both cases, the SMA bundle voltage and current are
measured with a NI CompactRIO data acquisition system. The
voltage is measured by a NI 9229 voltage measuring module,
the current by a NI 9227 current measuring module. Additionally, an
[R-Camera IR 8380 from Infratec is equipped, enabling for the
measurement of the temperature distribution of the bundles. Fig. 1,
right shows the vertically arranged final experimental setup in-
cluding an SMA bundle.

The SMA bundles are made of commercially available SMA wires.
Due to a standardized manufacturing process, reproducible proper-
ties of the SMA material are given and documented by the manu-
facturer in [36]. Fig. 2 shows a DSC measurement of the used SMA
material.

3. Results
3.1. Thermal investigations

In this section, the results of the thermal investigations of SMA
wire bundles are presented and discussed. In this study, two bundles
of different sizes are compared. The first bundle consists of four
wires mechanically in parallel and the second bundle analogously of
28 wires. In general, heating an SMA wire yields a phase transfor-
mation and thus a force can be generated. The force that can be
generated by one wire and thus the mechanical stress in the material
depends on the temperature of the wire. Therefore, a homogeneous
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Fig. 1. Schematic view of the test rig (left) and final experimental setup with SMA bundle (right) [35].
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Fig. 2. DSC measurement of the used SMA material [36].

Homogeneous Temperature Distribution

Fig. 3. Inhomogeneous (upper part) and homogeneous (lower part) temperature
distribution of an SMA bundle.

temperature distribution and hence equal temperatures in all wires
is inevitable for an actuation using SMA bundles to ensure an equal
load distribution over all wires and to avoid an overload of single
wires. The upper part in Fig. 3 shows an IR-Camera recording, where
an inhomogeneous temperature distribution can be observed.
The bundle is divided into two temperature areas, a hotter section at
the bottom (pink) and a colder section at the top (red and yellow,
respectively). Such an inhomogeneous temperature distribution
suggests different Joule heating of the single wires. The Joule heating
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depends on the electrical power, which is influenced by the current
through the wires and their electrical resistance. But since all SMA
wires have through a semi-automatic winding process, which keeps
the pretension constant, initially the same dimensions, phase con-
figuration and temperature, their resistance is also identical. This
leads to the conclusion that the contact resistance inside the clamps
has an important influence on the current flow. By adding copper foil
and silver paste inside the clamps a better contact resistance could
be ensured and thus a homogeneous temperature distribution is
achieved (Fig. 3, lower part).

Looking at the temperature of individual wires in the bundle over
time using a measurement line at one position on the x-axis (Fig. 4),
a temperature gradient from the inner wires to the outer wires can
be observed. The pictures of the IR-Camera show only one half of the
SMA wires of a bundle, since the bundles are arranged in two layers
(see Fig. 1: SMA Bundle detail). As a consequence, only the front
layer of the bundle is observed, for example 14 SMA wires while
investigating a bundle of 28 SMA wires.

The temperature distribution in Fig. 4 has two reasons: On the
one hand, there is a better heat exchange of the outer wires with the
environment, on the other hand, there is reduced indirect heating of
these outer wires by less adjacent wires. Indirect heating means a
heat exchange from one wire to another through the air gap between
them. The measurement shows a significant heating of the air be-
tween the wires, in contrast to Fig. 5 with an insulating layer of air
between the wires. In both experiments, the energy per wire is
identical. The two bundles with four and 28 wires respectively, differ
regarding the resulting maximum temperature. Figs. 4 and 5 show
the two measurements and a lower maximum temperature in the
wires of the bundle with four wires can be observed. This indicates a
higher heat transfer to the environment and therefore a decrease in
the temperature of the bundles. With increasing temperature be-
tween the single wires, the temperature gradient between a wire
and the surrounding air decreases, which in turn helps heating up
the wires. The influences of this effect regarding actuation properties
are described in the experiments in Section 4.
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Fig. 4. Temperature distribution inside a bundle of 28 wires [35].
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Fig. 5. Temperature distribution inside a bundle of 4 wires [35].

3.2. Constant force and constant stroke measurements

This section discusses the electro-mechanical measurements of
SMA bundles using SMA wires with a diameter of 250 pm and a
length of 100 mm. The total dimensions of the bundles including the
clamps are 130 mm of length and 16 mm of width (Fig. 6).

To characterize their mechanical behavior by an electrical acti-
vation, two experiments are conducted, representing two extreme
stress types (maximum stroke and maximum force) of SMA wires. In
the first experimental series, the bundles are loaded with a constant
force while being activated. As a result of these experiments the
maximum stroke of the SMA bundle is obtained. In the second series
of experiments, the bundle is pre-strained to a defined stress level.
After reaching this stress level, the position is fixed, while the SMA
wires are activated. As a result, the maximum (blocking) force of the
SMA bundle is obtained.

Seven different bundle types with SMA wire numbers between
four and 28 are used for the following measurements.

3.2.1. Constant force experiment results

The constant force experiments show the maximum stroke of the
SMA bundles. Each bundle is loaded with a force equivalent to a
mechanical pre-stress of 200 MPa per wire (Fig. 7a) and this load is
kept constant during the experiment. An electrical current in tri-
angle signal form with a rising and falling time of 90 s each is applied

250 um SMA wires

Fig. 6. Sketch of the SMA bundle dimensions.

to activate the wires. The peak of each current triangle is pre-
determined and corresponds to a peak current of 0.39 A per wire,
assuming a homogeneous current distribution (Fig. 7d). A homo-
geneous current distribution leads to a homogeneous temperature
distribution, which leads to a homogeneous load distribution and
prevents overloads.

The wires contract up to a maximum value of 4 mm, which cor-
responds to a stroke of 4% (Fig. 7b,c). The voltage signals in Fig. 7e
show significant changes in the voltage rise rate at 80 — 90 s with the
exception of the bundle of 4 wires, which shows an almost constant
voltage rise rate. The voltage drop over the wires is influenced by the
electrical resistance of the wires, which is described by the
equation [37]:

L

Rsma (T, Xa, X4, X_) = pSMA(T)K 1)
with
Psma(T) = X4, (T) + x_p (T) + X404 (T) (2)

The equation shows that three factors contribute to the re-
sistance of SMA wires: The temperature T, the phase fractions
Xa, X4, X_ and the wire geometry, where L is length of the wire and A
is the cross-sectional area. Fig. 8 (left upper part) shows the bundle
resistance as a function of time calculated with the measured vol-
tage and current. Fig. 8 (right upper part) shows the bundle re-
sistance as a function of temperature. The resistance of the bundles
decreases according to the equation for parallel connection of re-
sistors:

1 _ i 1
Rrotal i=1 R;

(3)

For example, with a resistance of 18.5Q/m [30] for a 250 um wire
and a length of 100 mm, one wire has a theoretical resistance of
1.85Q. A bundle of 4 wires has a total resistance of 0.46Q (Eq. 3).

For better comparison of the resistance behavior, the specific
resistance is calculated and shown in Fig. 8 (lower part). It is shown
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that the resistance drop decreases with a decreasing number of
wires. The lower resistance change correlates with the lower stroke
shown in Fig. 7b.

The reason for this lower resistance change is shown in Fig. 9,
illustrating the temperature of the bundles over time. To measure
the temperature of the wires, again the IR-Camera is used. The
maximum temperature of the bundle with four wires is less than
90 °C, thus below the austenite finish temperature. Due to this low
temperature, there is only little phase transformation and therefore
low wire contraction. Although the current per wire is equivalent in
all experiments, the heating rate decreases with a decreasing
number of wires in the bundle. This indicates a lower indirect
heating by the adjacent wires and results in the lower maximum
temperature. The plateaus in the temperature measurement at 75
and 175 s indicate the latent heat that is absorbed or released during
the phase transformation. The maximum temperature of the wires
in the bundle with four wires and in the bundle of eight wires is too

Sensors and Actuators: A. Physical 333 (2022) 113233

low to develop such a plateau, indicating only a small amount of
phase transformation.

To compensate the low indirect heating, more active heating is
required to achieve the same stroke of 4-4.5%. For this purpose, a
second experiment with the bundle of 4 wires is conducted by in-
creasing the current peak in 0.5A steps, from 1.6 A to 2.6 A. The
result of the stroke measurement at different peak currents is shown
in Fig. 10 (upper part). After an increase of 1A the stroke reaches
4-4.5%. The delta of the resistance (Fig. 10, lower part) increases as
well, which indicates a near full phase transformation.

The calculation of the energy input per wire shows nearly the
same energy levels in the first experiment for all bundles (see Fig. 11,
green lines). As shown, the bundle of four wires only contracts about
1% at this energy level. The performance of such a bundle can be
improved using a higher energy input (Fig. 11, red and orange lines).
A bundle of 28 SMA wires saves more than 60% of the energy in
contrast to the bundle with four wires assuming a complete
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Fig. 7. Measured data from the constant force experiment - a) constant force of each bundle equivalent to a mechanical pre-stress of 200 MPa per wire, b) resulting stroke of each
bundle due to activation over time, c) resulting stroke of each bundle due to activation over temperature, d) current triangle for activation, e) voltage drop over each bundle.
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constant force series of experiments.
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Fig. 9. Maximum temperature of SMA bundles in constant force experiment.

contraction of both bundles (Fig. 11). A bundle of multiple SMA wires
not only brings the advantages mentioned, e.g. redundancy and high
forces combined with increased dynamics, but it also helps to realize
more energy-efficient activation.

3.2.2. Constant stroke experiment results

To complete the mechanical and electrical investigations of
bundled SMA wires, a further series of experiments is conducted,
pointing out the forces, which can be generated while using compact
SMA bundle actuators. Each bundle is loaded to a force equivalent to
a pre-stress of 200 MPa per wire. In contrast to the first experiment,
the stroke is kept constant during the experiment (Fig. 12a). A cur-
rent triangle with a rising and falling time of 10s is applied to ac-
tivate the wires. The peak of each current triangle is predetermined
and corresponds to a peak current of 0.65A per wire, assuming a
homogeneous current distribution (Fig. 12d).
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Fig. 10. Stroke (upper part) and resistance (lower part) change of a bundle of 4 wires
by different currents.

Fig. 12b shows the resulting force due to the heating as a function
of time. Each force maximum represents a stress maximum of about
850-900 MPa per wire, except the bundle of four wires with
700 MPa. Fig. 12c shows the resulting force due to the heating as a
function of temperature. In this experiment, no voltage drops are
visible in Fig. 12e, indicating less phase transformations. Plotting the
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resistance as a function of time (Fig. 13, left upper part), and for a
better comparison the specific resistance (Fig. 13, lower part), shows
an equivalent behavior of the resistance like the temperature. Fig. 13
(right upper part) shoes the resistance as a function of temperature.
First, the electrical resistance increases with increasing temperature,
as it is typical for metal. First a sharp rise and after 16s the re-
sistance change rate changes until the temperature maximum at
28 s. This change indicates the phase transformations and generating
the force, in contrast to the first experiment, the wire cannot

20+
transform to austenite completely. The constant increase of the
10l mechanical stress results in an increase of the transformation tem-
perature, so the transformation can only happen bit by bit.
0 ‘ ‘ ‘ | | ‘ ‘ ‘ ‘ The low generation of force of the bundle with four wires results
0 25 50 75 100 125 150 175 200 225 250 275 300 from the low maximum temperature (Fig. 14). As already seen in the
Time [s] constant force experiments, this lower maximum temperature re-
sults from increased heat exchange to the environment compared to
Fig. 11. Energy input for each wire in different experiments. the heat exchange between the SMA wire themselves. Increasing the
Stroke vs. Time
0.5
—Bundle of 4
—Bundle of 8
Bundle of 12
0 Bundle of 16
—Bundle of 20
= —Bundle of 24
e —Bundle of 28
0-0.5;
£
[
73
-1
15
0O 10 20 30 40 50 60 70 8 90 100
Time [s]
a)
Force vs. Time Force vs. Temperature
1200 1200
1000 1000
= 800
z 750 Z
8 8 600
S 500 (<]
[T
400
250
200
0
0 10 20 30 40 50 60 70 80 90 100 0
Time [s] 20 40 60 80 100 120 140 160 180 200
b) Temperature [°C]
c)
Current vs. Time Voltage vs. Time
20 15
18
16 1.25
14 = 7
c (0]
g 10 20.75
58 =
o > 05
4 025
2 \
0 0
0 10 20 30 40 50 60 70 8 90 100 0 10 20 30 40 5 60 70 8 90 100
Time [s] Time [s]
d) e)

Fig. 12. Measured data from the constant stroke experiment - a) constant stroke of each bundle loaded to a mechanical pre-stress of 200 MPa per wire, b) resulting force of each
bundle due to activation over time, c) resulting force of each bundle due to activation over temperature, d) current triangle for activation, e) voltage drop over each bundle.
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current through the SMA wires can compensate for this behavior
(Fig. 15).

4. Conclusion and outlook

First results of experiments with electrical and mechanical par-
allel SMA bundles have been presented. An overview of the ad-
vantages and disadvantages in contrast to an electrical series
configuration has been outlined first. Subsequently, the test rig,
enabling temperature measurements, as well as electrical-mechan-
ical measurements, has been introduced. Section three discusses the
thermal measurements of different SMA bundles, pointing out the
importance of a low-ohmic contact resistance as well as the influ-
ence of the indirect heating between single SMA wires inside a
bundle. Because of this indirect heating, up to 60% of the energy can
be saved during activation. In section four, two series of experiments
are presented, characterizing the mechanical and electrical behavior
of SMA bundles. In the first series of experiments, the SMA bundles
are loaded with a constant force. The experiment shows the

Force vs. Time

¥

v | |
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Fig. 15. Force change of a bundle of 4 wires by different currents.

resulting stroke of SMA bundles at constant loads. A maximum
stroke of 4-4.5% can be obtained. In the second series of experi-
ments, the stroke is kept constant. These experiments show the
ability of generating high forces with compact SMA bundle actua-
tors. A bundle of 28 SMA wires with a diameter of 250 um is able to
generate a maximum force of 1200 N.

In future work the influence of the distance between the wires
will be investigated in order to optimize the energy savings due to
indirect heating effects, which is in conflict with the cooling beha-
vior and thus the desired high dynamics of SMA bundles. Due to the
better surface-to-volume ratio, SMA bundling should results in an
improved cooling behavior in comparison to one comparable thick
SMA wire. Further investigations will show whether, in order to
exploit this effect, the convection of the air is sufficient or whether
an additional air flow is indispensable to get the warm air out of the
bundle. In addition, effects like cumulative heating at repeated ac-
tivation and the effects of mechanical pre-load and environmental
conditions are important studies for future work. With these find-
ings about SMA bundles, compact SMA actuators generating high
forces at high frequencies can be specifically designed.
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