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Abstract: Shape memory alloys (SMA) are becoming a more important factor in actuation
technology. Due to their unique features, they bring the potential to safe weight, installation space
and reduce energy consumption. The system integration of the generally small diameter NiTi wires
is an important cornerstone for the emerging technology. Crimping, a common method for the
mechanical and electrical connection of SMA wires, has several drawbacks when it comes to
miniaturization and high force outputs. For high force applications for example, multiple SMA
wires in parallel are needed to keep actuation frequencies high, while scaling up the actuation force.
To meet these challenges, the proposed study deals with the development of a resistance welding
process for manufacturing NiTi wire bundles. The wires are welded to sheet metal substrate,
resulting in promising functional properties and high joint strengths. The welding process benefits
from low cost, easy to control parameters and good automation potential. A method for evaluating
the resistance welding process parameters is presented. With these parameters in place, a
manufacturing process for bundled wire actuators is discussed and implemented. The welded joints
are examined by peel tests, microscopy, and fatigue experiments. The performance of the
manufactured bundle actuators is demonstrated by comparison to a single wire with the same
accumulated cross-sectional area.
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1. Introduction

Shape memory alloys (SMA) have many beneficial attributes, especially in the form of thin wires.
Among those are a high energy density, high actuation frequency, self-sensing capability and a
unique form factor. [1-4] On the other hand, there are applications that would benefit from SMA
technology, with reduced weight and smaller installation space, but requirements like high forces
combined with short cycle times cannot be met by usual designs of SMA actuators. As the force scales
with the cross-sectional area of the SMA wire, the thermal effects of volume to surface ratio result in
long cooling periods.

Efficient product design requires a small number of parts and simple assembly processes. Of
course, this is also true for SMA actuators. The state of the art joining technology for SMA wires is
crimping. The crimp itself is an additional part, which needs to be clamped on the wire. Compared
to an SMA microwire, the crimp is heavy and large, and it needs to be accessible from at least two
sides for assembly. Additionally, high forces are needed to fix the crimp.

For both issues with SMA wire technology there are solutions available. High forces combined
with high dynamics are achieved by bundling many small diameter SMA wires in parallel, so their
force output adds up, but the volume to surface ratio is consistent. [3,5,6] The difficult crimping
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process on the other hand, can be replaced by substance-to-substance bonds like glueing, soldering
or welding. Where the latter shows most promising results.

The SMA phenomenon in NiTi alloys was discovered in the 1960s and a lot of research is
conducted on the topic since then. [7,8] Today NiTi is still the commercially most successful SMA
material. Depending on the alloy composition, it behaves either superelastic or quasiplastic at room
temperature. The superelastic alloys are by far the most common and are widely used for medical
applications like stents, guidewires, braces, and other devices. [9] They can fully recover strains up
to 10%. [10,11] Rather new developments based on superelastic alloys are the so-called elastocalorics,
where superelastic SMA are used as solid-state heat pumps [12-15] as well as SMA based stretchable
electronic with auxetic structures. [16,17] The titanium-rich, quasiplastic variant of NiTi can be
plastically deformed at room temperature by applying a load. When subsequently heated above the
phase transformation temperature however, the deformation of about 5% is fully recovered in
conjunction with high force outputs. Both effects are based on a phase transformation of the crystal
lattice structure between austenite (high temperature phase) and martensite (low temperature phase).
NiTi has a high electrical resistivity which changes significantly, depending on the composition of
the crystal lattice, the geometry, and the temperature. This effect, called self-sensing, is used to
generate a position feedback signal of an SMA actuator by measuring its resistance during operation.
SMA microwires (diameter smaller 100 pm) feature cooling times around one second and below
under natural convection at air and room temperature, furthermore their unique form factor allows
them to be fitted in tight spatial conditions.

Welding of NiTi and similar alloys is an extensive field of research. [18,19] It is mostly
concentrated on similar and dissimilar laser welding of superelastic material for medical applications,
where good results of joint strength and material properties are achieved. Laser welding is also
investigated for NiTi actuator wires, down to diameters of 100 pm. [20] It is shown that joints between
NiTi and stainless steel as well as copper are feasible. [21,22] Welded joints of NiTi and stainless steel
have proven to show good mechanical properties. Other welding technologies like electron beam
welding, friction stir welding, TIG welding, impact welding and resistance welding are also
investigated. [23—-25] Published work on resistance welding however, is not found in great numbers
but suggests promising results for micro-dimensions. [26—29] The previous work of Scholtes et al.
suggests that NiTi actuator wires with diameters between 100 um and 25 pm can be welded to
stainless steel sheet metal by spot welding, keeping 80 to 90% of the materials break load. [30]

This research article discusses dissimilar resistance spot welding of NiTi wires with 100 um
diameter from an engineering perspective. The main targets are high joint break loads, good fatigue
life, as well as the development of an automatable welding and bundling process. The detailed
microstructural investigation of the samples is not part of this work. Welding parameters are evaluated
by pull off tests as well as peel tests. The welded samples also undergo an actuation fatigue test.

SMA wire bundles are investigated due to the need to achieve high actuation frequencies while
also scaling up the force. [3,31,32] Bundling large diameter wires enables high force outputs of several
kilonewton which is otherwise only possible by using SMA rods or bars [5,33]. These bundles are
typically manufactured by clamping and wrapping, which usually comes with the disadvantages of
many single parts, relatively large clamp sizes and inconsistent electrical connections of the single
wires. Welded bundles, however, need only two substrates for the wires to be joined to. If these are
sheet metal parts, the bundles are very flat and feature an ideal installation space. However, they are
not restricted to that formfactor and SMA wire bundles based on a tubular or rectangular design are
also possible.

The rest of the article is split into three sections followed by a conclusion with an outlook. Section
two covers the setup of the welding machine and the experimental methods to evaluate the welding
parameters. In section three, the results of the parameter studies are discussed and complemented by
actuation and fatigue tests. Section four deals with the process of manufacturing welded SMA wire
bundles and the evaluation of the same by actuation experiments.
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2. Materials and Methods

Resistance spot welding is a process where electrical current and pressure are used to join two
metallic alloys by melting them together at the point of contact, where a weld nugget is formed. [34]
It is commonly used in the automotive industry to join metal sheets of the car body. Compared to
laser welding, resistance welding is more cost efficient, and the process is easier to control.

In usual spot-welding applications two opposing electrodes clamp the workpieces, which makes
accessibility from two sides necessary. As it is beneficial from manufacturing and assembly
perspective to perform the joining process from only one side, this work is utilizing a gap welding
machine. As displayed in Figure 1, both electrodes are aligned with a small gap in between them. The
lower work piece, in this case a sheet metal, rests on a support while the upper workpiece, the NiTi
wire, is held in place by the pressure of either two electrodes (series or gap welding) or one electrode,
while the second electrode contacts the sheet metal (step welding). By passing a current through the
workpieces, their interface is heated to melting temperature by the Joule effect. After solidification,
the pressure of the electrodes is released.

Cu-electrodes Cu-electrodes
NiITi
wire

sheet metal sheet metal

weld nuggets weld nugget

gap welding step welding

Figure 1. Schematic of resistance gap welding (left) and resistance step welding (right) of NiTi wires
to a sheet metal. Displayed are the two copper-based electrodes, pressing down on the work pieces.

The generated heat H calculates by
H=I1?*R*tx*K, (1)

where I is the welding current, R the overall resistance, t the welding time and K a thermal constant
that depends on geometry material and welding force. The resistance is the sum of the individual
resistances of the workpieces and the electrodes as well as the contact resistances between them.
When studying Figure 2, it can be derived, that the highest individual resistance is required at R4,
the contact resistance between the weld partners.

/4
‘

Figure 2. Schematic of the distribution of the overall resistance in a resistance welding process. R2 R4,
and R6 are contact resistances. R1 and R2 are the bulk resistances of the electrodes. R3 and R5 are the
bulk resistances of the weld partners.
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The welding machine used in this work is a resistance gap welding head (Unitek Thin-Line) with
spring loaded electrodes and adjustable force up to 100 N. The spring loading allows the weld head
to follow the collapsing of the weldment when melting. The welding transformer Mac Gregor DC
1000 supplies a current of up to 1000 A (DC) in a double pulse with adjustable durations of 1 ms to
100 ms and ramp up/down. For all experiments electrodes made of CuCr1 with a tip area of 0.64 mm?2
are used.

The SMA wire used for the experiments is a commercially available SAES Getters SmartFlex
NiTi actuator wire with 100 um diameter and a thin amber colored oxide layer. [35] For the sheet
metal substrate to which the wire is to be welded, a sample geometry of 5 mm x 10 mm with a 3 mm
hole is designed. This allows for easy installation and fixation in the welding setup, the testing setups,
and in possible applications.

From application perspective copper and copper alloys are highly interesting as a welding
partner for the NiTi wires, as the electrical wiring can be soldered with common methods.
Furthermore, the next step, could be a direct integration of SMA actuators wires onto PCBs for micro
actuators. However, difficulties with good welding results are expected, as relevant material
parameters like electrical and thermal conductivity, displayed in Table 1, differ greatly between NiTi
and Cu-alloys. [36] While the resistivity of copper alloys is about a tenfold smaller than that of NiTi
and the thermal conductivity is the same amount larger, SS offers similar parameters compared to
NiTi. Differences in those two parameters lead to an unfavorable shift in the resistance and heat
distribution of the weld partners. Therefore, good weldability of NiTi to steel is expected. A feasibility
study by Scholtes et al. confirms this assumption and presents promising results with SMA wire
diameters down to 25 pm. [30] With special flux and solder (e.g. DIN EN 29453 (solder): S-Sn96Ag4
and DIN EN 29454.1, 3.2.2.A (F-SW11) (flux)), copper wires can also be joined to stainless steel with
low process temperatures.

Table 1. MATERIAL PARAMETERS RELEVANT FOR RESISTANCE WELDING OF NITI,
STAINLESS STEEL AND COPPER ALLOYS. [37-40].

NiTi Steel CuSn6 | CuZn30
Resistivity (20°C) in Q*mm?/m 0,86 0,75 0,11 0,06
Thermal Conductivity (20°C) in W/m*K 10 15 75 121

For investigating resistance welding of NiTi to copper alloys, CuSn6 (DIN 2.1020) and CuZn30
(DIN 2.0265) are used. Alloying with zinc or tin increases the resistivity of copper and reduces the
thermal conductivity. The samples have a thickness of 0.4 mm. With X6CrNiMoTil7-12-2 (DIN
1.4571) and X2CrNiMo17-12-2 (DIN 1.4404) two similar steel alloys are used in this study. They both
feature particularly good weldability and corrosion resistance, while the 1.4571 is additionally
alloyed with a small amount of Titanium. The main difference for the experiments lies in the sample
thickness (1 mm for 1.4571, 0.3 mm for 1.4404).

The welding procedure used in this work is displayed in Figure 3 in four steps. The sheet metal
sample is positioned in the workpiece holder. The NiTi wire, guided through a small funnel, is placed
on top of the welding partner. The weld head with two copper electrodes is moved down, pressing
on wire and sheet metal with 100 N, as is displayed in Figure 3 on picture 2. Then the welding current
is run through the weld partner, while the NiTi wire is slack. On close inspection of picture 3 in Figure
3, the red-hot metal between the tips of the electrodes is recognizable. After a short cooling time, the
weld head is moved upwards, as is depicted on picture 4 in Figure 3, and the NiTi wire is joined to
the steel sample.
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Figure 3. Step by step pictures of the resistance welding process. 1: Placement of sheet metal sample
and NiTi wire under weld head 2: Weld head moved down applying pressure on SMA wire with both
electrodes; 3: welding current is run through workpieces via copper electrodes; 4: Weld head is moved
up and NiTi wire is joined to steel substrate.

As stated by (1), the influence of the welding current is squared, while the welding time has a
linear effect on the generated heat. This work therefore focuses on the variation of the welding current
because it has the greatest influence on the results. The welding time is set to a constant value of two
pulses with 15 ms holding time and additional 5 ms for ramping up and down. The delay between
the pulses is set to 10 ms.

For evaluating the welded samples with pull off tests, a custom designed test bench (Figure 4)
is used. It is mainly made to measure the break loads and joint strength of NiTi microwires. Two
different pull-off tests are applied to examine the quality of the weld. In a straight pull, the joint is
loaded with a shear stress which corresponds to the load in an actuator application. For a better
identification of the best process parameters, a peel test is applied, where the NiTi wire is pulled off
under an angle of 45 °.

Load Cell

Wire Clamp Sample Clamp_

NiTi Wire & '
£ ;

Figure 4. Picture of the test setup for pull-off and peel tests of the welded samples. The sample clamp
is replaceable according to the type of experiment.

The most promising result is afterwards examined by optical as well as SEM microscopy of
microsections and undergoes fatigue testing in cyclic actuator tests. The test setup for fatigue testing
is presented by Mayer et al. [41] and can also be used for basic spring biased SMA actuator
characterization. The SMA wire bundles, which are manufactured with the elaborated welding
parameters, are built by using an X-Y-stage and a stress-controlled installation of the NiTi wires. The
actuator characteristics of the high performance SMA bundles are examined on the same test rig.
Therefore, a comparison of force and dynamics with equal length SMA actuators are made. A bundle
of four parallel 100 um NiTi wires is compared to a 200 um diameter. The actuators have the same
accumulated cross-sectional area and thus deliver the same force output at equal material stress.
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3. Results & Discussion
3.1. Parameter Study: Evaluation and Discussion

First feasibility tests of resistance welding NiTi wires in various micro diameters to stainless steel
quickly lead to good results. [30] The thermo-mechanical characteristics in a stress-strain diagrams,
show no measurable difference between welded samples and clamped or crimped samples. It is
expected that the welding heat affects the properties of the NiTi in the welding area and leads to
brittleness and a loss of shape memory effect in the heat affected zone. The brittleness is to expect
due to the intermetallic compounds that are formed. [29] However, as displayed in Figure 5 on the
left, the thermal mass of any wire mounting element in comparison to a microwire is so large, that
the SMA does not undergo phase transformation in proximity to the fastener. [5] Due to this uneven
heat distribution, welding does not alter the functionality of SMA actuator wires. As illustrated in
Figure 5, the heat-affected zone is smaller than the non-activated length at the edges of an SMA
microwire.

Figure 5. Left: Thermography of a crimped 76 um NiTi wire, where influence of the heat sink on the
temperature distribution in an activated SMA wire is visible. Right: The heat affected zone of a
resistance welded 100 um NiTi to stainless steel is recognized by the tempering colors.

Welding experiments with the introduced copper alloys are more challenging, and satisfying
results are not as easily achieved compared to steel joints. Due to the low resistivity of CuSn6 and
CuZn30, the contact resistance between the welding partner and NiTi is similar to the contact
resistance to the copper electrodes. This results in unsuccessful welds, were the NiTi wire sticks to
the electrodes of the weld head instead of the copper-alloy sample. The CuZn30 additionally tends
to create an electric arc in the welding process as the zinc evaporates, resulting in unusable welds.
The most promising results are achieved with gap welding where the electrodes only contact the NiTi
wire, and welding currents of 400 A. The welded joint strength is significantly weaker than the joints
to steel with 300 A, which is display in Figure 6. The straight pull-off tests are conducted with five
samples for each test. Because of the reasons discussed previously, more than five welding attempts
with the copper alloys are necessary to get five usable samples.

1200 . T .

1000 | 1

800 1

T

600 [ 1

400 | ]

Break Load in MPa

200 1

T

0 1 1 1
CuSn6 CuZn30 steel

Figure 6. Comparison of the joint break loads of a 100 um NiTi wire welded to CuSn6, CuZn30 and
stainless steel. The results for average value and the spread of the straight pull of tests are displayed.
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The rupture of the NiTi wire usually happens in the heat affected zone, which is to be expected.
The NiTi weld bead stays joined to the sheet metal. However, welded samples with the copper alloys
that result in weak joint strengths mostly feature a full separation of NiTi wire and sheet metal. The
welding results with stainless steel are repeatable, consistent and show high pull-off strength levels.
The spread in the samples of both, already pre-selected, copper alloys is four to five times higher than
that of steel with about half the average break load. Due to these factors, the investigation is continued
with stainless steel samples only.

The joint break loads in straight pull-off tests of samples with varied welding currents with NiTi
and 1.4571 exhibit values from 1000 MPa to 1200 MPa and differences are hardly recognized.
Therefore, the parameters for the optimal welding current are evaluated by peel tests, which is a
common testing method for resistance welded sheet metals for car body parts in the automotive
industry. The test series starts with a current of 150 A and is increased in 100 A steps up to a welding
current of 550 A.

With each current five samples are manufactured by step welding. The mean values and spreads
of peel test results are displayed in Figure 7. As a sweet spot around 250 A and 350 A is recognizable,
a further test series with 300 A welding current is added. Standard deviation is not displayed. Because
of the relatively small number of samples, the spread is more meaningful. The data shows a
noticeable trend, where the average joint break load of 300 A welding current is at a maximum with
417 MPa under peel load. Increasing and decreasing the welding current level leads to a drop in
average break load. It can also be determined that the spread of the peel break loads increases with
increasing welding current. From the results of the straight pull-off tests, as well as the peel tests it
can be derived, that resistance step welding of NiTi wires in micro diameters to stainless steel sheets
is a robust and well to control process. This is promising for the application of an automated process
for the manufacturing of SMA wire bundles and the direct wire integration by resistance welding in
SMA driven systems.

600 T T T T T T T T T
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o
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T
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0 1 1 1 1 1 1 1 1 1
150 200 250 300 350 400 450 500 550

Welding Current in A

Figure 7. Average values and spread for the joint break loads achieved by peel tests with 100um NiTi
wire resistance step welded to 1.4571 steel sheet metal.

As other parameters are known to influence the weld quality as well, following additional tests
are performed with 300 A current:
e  Gap welding
*  Welding with negative electrode, step welding
®  Pressure force reduced to 35N, step welding
e 1.4404 with 0,3 mm thickness, step welding
e Thicker oxide layer on NiTi wire, step welding

The data of these added tests is displayed in Figure 8, with the 300 A step welding result as a
reference value. It is recognizable that changing the welding method to gap welding and a different
steel alloy with smaller thickness, do not measurably influence the joint break load under peel stress.
Reducing the force of the electrodes from 100 N to 35 N results in slightly lower strength.
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The Peltier effect is known to influence the formation of the weld bead in resistance welding of
small dimensions. [41,42] The heat transfer in the thermoelectric effect occurs with the direction of
the current, which is why the negative electrode should be placed on the smaller or thinner weld
partner. A positive result on the weld strength by changing the electrodes polarity is seen in this
study as well. Placing the negative electrode on the NiTi microwire increases the joint break load of
peel tests slightly, as can be read from the data displayed in Figure 8. During the manufacturing of
NiTi wires an oxide layer, mostly consisting of Titanium-oxide, is formed. Commercially available
NiTi actuator wires come with oxide layers of different thicknesses. In general, it can be determined
that a darker wire surface corresponds to a thicker oxide layer.

As the oxide layer is expected to influence the contact resistance in a negative way, the tests in
this study are performed with a wire having a thin oxide layer. To compare both versions, in Figure
8 the peel tests results of a 100 pm wire with a tick dark oxide layer are displayed. The joint break
load is significantly decreased. This indicates that the oxide layer must be reduced or removed for
proper resistance welding strength. The experimental parameter identification for a dissimilar
resistance welding process results in a robust parameter set. With 300 A a 100 pm NiTi wire with thin
(amber colored) oxide layer can be welded SS substrates with high joint strength and good
repeatability. The exact steel alloy and thickness, as well as the electrode configuration have only
minor influences on the results. Common actuator applications work with up to 200 MPa of material
stress, which corresponds to a safety factor of over five when the wire is not loaded under an angle.

600 T T T T T T

500

400 % 7
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Figure 8. Average values and spreads of joint break loads of peel tests with various parameters and
300 A of welding current.

For further investigations, microsections of the weld bead are prepared and microscopically
examined. The sample is embedded in resin and cut down to where the weld bead begins. After that,
the sample is basically sliced, and microsection are prepared approximately every 100 um. The
sections of the weld bead are etched and examined with optical microscopy and the fusion zone is
investigated by SEM and EDS, of which the results are displayed in Figure 9. The radial cuts through
the NiTi wire on the left side in Figure 9 show the deformation of the NiTi under the influence of
welding heat and pressure. The wire is flattened out and is pushed into the steel, which also softens
due to the welding heat. Resistance welding can join two materials by a solid-state bond as well as a
fusion bond. The first is known to show little strength under peel loads and can be identified by a
clear separating line in microscopical images. Additional to the high peel strength, pictures 4 to 6 in
Fig 9 suggest that a fusion bond is evident. Based on the SEM (see Figure 9 on the right) and the
added EDS of a microsection of a sample with the same welding parameters, the fusion bond can be
verified. A transition zone between NiTi and 1.4571 steel is visible. The data of a line EDS through
this zone, displayed in Figure 9 on the lower right, shows a gradual distribution of the main alloying
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elements of the two joining partners. This suggests a melting of steel and NiTi in the welding area
resulting in a strong fusion bond.

Section1 Section2

m
Nickel Titanium

Figure 9. Microscopic analysis of resistance welded NiTi to stainless steel. “Section 1” to “Section 6”
show microscopic pictures of samples cut radial to the wire with distances of 100um in between. On
the right a SEM picture of a different sample is displayed with the results of an EDS below.

For fatigue tests with the elaborated parameters, three samples with a 70 mm SMA wire welded
on both ends to 1.4404 sheet metal are manufactured. The NiTi wire is welded on one side via step
welding with the positive electrode and the opposite side is joined to the steel by step welding with
the negative electrode towards the load. This is because of the design of the setup of the welding
machine and the workpiece holder on an X-Y-stage, which is also explained in the following section.
Each sample is installed on a lifetime test bench for fatigue testing detailed by Mayer et al [43]. The
layout of the setup is horizontal and consists of three identical measurement stages aligned beside
each other. The SMA actuators are biased with a tension spring. For each activation cycle, the
maximum and minimum values for stroke as well as force are recorded. The samples are preloaded
with 300 MPa (2.35 N) and heated with an electrical current of 300 mA until 3% of stroke are reached,
which leads to increase in stress due to the spring characteristic to 400 MPa (3.14 N). After the
specified stroke is reached, the samples cool for 3 s. The activation is repeated until failure of the
sample. The results of the fatigue tests are illustrated in Figure 10 where the evolution of the stroke
over the cycles is displayed. This behavior is typical for high stress actuation of SMA wires. The
failure of all three samples was due to breaking of the wire in 30% to 50% of the wire length from the
weld spot. Sample Nr.1 failed after 26208 cycles, sample Nr.2 after 26362 cycles and sample Nr.3 after
33407 cycles.

4 ¢

3/;?;;;:

Max. Stroke Nr. 1
— — — Stroke Offset Nr. 2
2r Max. Stroke Nr. 2
— — — Stroke Offset Nr.3
Max. Stroke Nr. 3

Stroke in %

0o 05 1 15 2 25 3 35
Number of Cycles %x10%

Figure 10. Fatigue test of three samples of 100 um NiTi wire welded to steel sheet metal. Displayed is
maximum and minimum stroke of each cycle until failure.
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The slight differences in stroke are due to differences in friction in the test setups as well as
deviations in spring stiffness and pretension of up to 5%.

The results indicate that resistance welding does not affect the fatigue strength of NiTi actuator
wires in a negative way. With the joint strength under straight pull of 80% to 90% of the NiTi break
load and fatigue strength in the same region as unwelded SMA wires, the welding process is a
promising joining technology for actuator applications. Because of the material-to-material bond, the
electrical connection is superior to clamping or crimping, which can lead to enhancement of the
resistance signal quality for self-sensing applications.

3.2. Welded SMA Bundle Actuators

To scale the force of an SMA actuator wire, the straightforward way is to increase the wire
diameter. However, this measure reduces the dynamics of the actuator drastically because the cooling
time increases. The cyclic dynamics of actuators is crucial for many applications. Therefore, installing
several thin NiTi wires mechanically in parallel is beneficial. To allow air convection between the
single wires, a determined distance between the wires needs to be set.

In this work, flat wire bundles, as displayed in Figure 11, are designed and manufactured. They
feature installation space for up to seven microwires on a width of 5 mm. This results in a force output
of 11 N at 200 MPa combined with short cooling times. The manufacturing process is based on an X
Y stage with two workpiece carriers for the sheet metal substrates. The stage is positioned under the
resistance weld head. The adjustable distance between both carriers defines the length of the actuator
bundle. The NiTi wire is guided from the reel through a funnel (see Figure 3) and positioned on a
specified spot on the steel substrate. After the SMA wire is welded to the first sheet metal, the
workpiece holders move sideways and pull wire through the funnel from the reel until the second
sheet metal is positioned under the weld head. The wire length is set with a defined prestress, which
is then released for the welding process. After the wire is attached on both ends, it is cut, and the next
NiTi wire is placed in a defined distance from the first one. The procedure is repeated until the desired
number of parallel wires is attached.

Figure 11. Pictures of a welded SMA wire bundle consisting of five 100 um wires welded to stainless
steel substrates. Upper picture shows a whole bundle with 105 mm wire length. Bottom picture shows
a detailed view of the weld spots.

For evaluating the performance of the bundle, actuator tests to compare a bundle to a single wire
with larger diameter are run. A 200 um diameter wire features the same accumulated cross-sectional
area as four 100 pum wires. Therefore, they feature similar force output at the same material stress
level. The experiment is run on the same setup as the fatigue tests. Both actuator samples have a
length of 70 mm and are biased with the same spring. The samples are prestressed to 4.15 N (130
MPa) and activated via Joule heating with a constant current pulse of 800 mA for a duration of 2 s.
The activation is repeated three times with a cooling time of 8 s in between. The experimental data is
displayed in Figure 12. Both samples reach a stroke of 4% and a force of 10.8 N (340 MPa). The crucial
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part of the data is the time response of both samples. While the single wire heats faster than the
bundle, it takes distinctively longer to cool. This is due to the difference in ratio of surface to cross-
sectional area. The bundle dissipates heat faster via natural convection than the 200 um wire.
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Figure 12. Comparison between bundle of four 100 um and a single 200um diameter wire. Displayed
are force, stroke and current over time of three consecutive actuation tests.

The single wire resets by 1% after 1.5 s, the bundle resets by 3.3%. The bundle reaches 95% reset
of stroke after 2.3 s, while the 200 um wire takes 3.7 s. Also, it takes 7 s for the single wire to reach the
initial force value, while the bundle takes only about 50% of that time. It can be assumed, that the
dynamics do not change when adding more wires to the bundle to increasing the force output further.

Compared to the manufacturers data of a 100 pm SMA wire, the cooling time measured in this
experiment is slightly higher. [44] This can be explained by the proximity of the heated wires in the
bundle that reduce the heat transfer to the ambient air as also discussed by Britz et al. [5]

The SMA actuator bundles presented in this work are already used in a variety of different
research projects. Scholtes et al. designed different industrial grippers driven by the presented
bundles. [45-47] The latest version of a gripper driven by SMA bundles with six wires in parallel is
awarded “Hardware Winner” on the “CASMART 4th Design Challenge” at SMST conference 2021.
[48] Furthermore, Simone at al. used the developed actuator bundles for their design of a bioinspired
gripping system and Pirritano et al. utilized them to drive a small rotary motor. [49,50]

4. Conclusions

Resistance welding represents a valid joining technology for NiTi microwires. The presented
work demonstrates the feasibility to join the SMA wires to stainless steel as well as copper alloys,
without negatively influencing the material properties. Especially the welding results to steel are very
promising. The verified fusion bond leads to high pull-off strength as well as high fatigue strength.
Peel tests prove to be a useful tool for the parameter identification of resistance welding processes for
NiTi wire. The welding process itself is robust, as the parameter identification can prove. Due to this
robustness, the process can be easily automated. With the help of resistance welding, automated and
reliable bundling processes are possible in the future. Compared to laser welding, the resistance
welding technology is cheaper, easier to control and the positioning of the wire on the weld partner
is simplified. The designed bundles are compact and flat, while showing high performance compared
to single wires. The performance of the bundles is already successfully used in a variety of technology
demonstrators and prototypes.

The joining of NiTi wires to copper alloys is an open question for future work. Although a
welded joint between the two materials can be established, further research to improve the joint
strength is needed. Another field that needs to be examined is the design parameters of NiTi wire
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bundles. The understanding of the influence of wire distance, wire number and geometrical
arrangement on the cooling time is important for a further development of the technology.
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