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Thin-film NiTi Microactuator With A Magnetic Spring
For A Tiny Launcher Mechanism

Sukjun Kim!'*, Sarah Bergbreiter2

Abstract— In this work, we present a thin-film shape memory
alloy microactuator with a magnetic spring. This novel actuator
design utilizes two permanent magnets and 3D-printed magnet
holders to effectively apply a tensile strain on the NiTi thin-
film. This actuator is expected to generate 8.7 mN of blocking
force, and a free displacement of 30 um is experimentally
characterized. The actuator leverages bare NiTi film (~ 1 pm
thick) for actuation, enabling a high actuator bandwidth up to
50 Hz. A comprehensive analytical model is also studied, which
was then validated by comparing to the experimental results. A
launcher mechanism was designed and integrated with the NiTi
actuator, and this mechanism was used to launch a microscale
projectile (a salt grain) thereby demonstrating the relative high
power actuation achievable with thin-film NiTi.

I. INTRODUCTION

Microactuators capable of providing a large amount of
mechanical work are necessary for small-scale robotic sys-
tems due to limitations in size and mass. Among various
microactuation methods, shape memory alloy (SMA) is an
attractive actuation option for microrobots, as it can take
advantage of high-work density materials such as NiTi (~ 1
J/g) to provide a high force and a large displacement. NiTi
thin films (< 5 pm) can also be microfabricated using sputter
deposition processes for microscale applications [1]-[4].

One of the major challenges of using NiTi is that the NiTi
needs to be strained prior to actuation. The applied strain
(up to 5%) detwins NiTi in the martensite (low temperature)
phase, and then a large amount of work can be produced
when the NiTi recovers to its original shape when heated.
At larger scales, various methods have been implemented to
apply a strain to SMA actuators, since mechanical structures
can be easily manufactured and integrated with NiTi mate-
rials such as weights [5], springs [6], [7], and antagonistic
SMA actuators [8], [9]. However, applying strain to NiTi
thin films has remained a significant challenge due to limited
manufacturing and integration approaches at the microscale.

The most common approach to apply an initial strain to
microfabricated NiTi is the inclusion of a passive material
laminated with the NiTi to create a bilayer structure. Residual
stress from passive layers made from materials such as
silicon [2], metal [1], and polymer [3], [4], [10], [11] bend
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the bilayer actuators, thus applying strain to the NiTi layer.
Although this approach has been most favorable because of
its simple and robust fabrication, the strain induced within the
NiTi film when bent is highly limited and the passive layer
also increases the thermal mass of the actuator, slowing down
the actuation speed (< 4.3 Hz in [11]). Another approach
has focused on manually bending a NiTi actuator using a
micromanipulator [12]. Despite the simplicity of this ap-
proach, the amount of strain applied to the NiTi thin film was
limited and difficult to control. The NiTi actuator also needs
to be manually deformed every time before actuation, making
this approach less practical for microrobotic applications. A
final approach found in the literature utilized a mechanical
spring or a pressurized fluid to strain the thin-film NiTi [13],
[14]. This method requires complicated assembly processes
to align the spring or keep the fluid inside the chamber.

In this work, a novel thin-film NiTi microactuator with
a magnetic spring is demonstrated for the first time. The
magnetic force between two permanent magnets is utilized
to apply a tensile strain on thin-film NiTi. The combination
of NiTi and a magnetic spring has been previously studied at
the larger scale [15], but has not been achievable at smaller
scales due to a variety of material and fabrication challenges.
Perhaps the most critical challenge for using permanent
magnets at the microscale has been a lack of manufacturing
methods for creating 3D structures to hold magnets at desired
positions in 3D space.

A primary contribution of this work is a demonstration of
a magnetic spring at the microscale using 3D printing with
two-photon polymerization (TPP). TPP enables direct laser
writing of complex microstructures in 3D space and has been
used to successfully demonstrate 3D-printed microactuators
[16], [17] and microrobots [11], [18]-[20]. 3D-printed mag-
net holders as shown in Fig. 1 are utilized to hold magnets
in 3D space. Since this approach can leverage bare thin-
film NiTi for actuation without any added passive layers, the
actuator can be operated at high frequencies up to 50 Hz.
A secondary contribution of this work is a comprehensive
modeling and experimental characterization of the thin-film
NiTi actuator. An electro-thermo-mechanical model of the
NiTi actuator was built, and the transient characteristics were
experimentally evaluated and compared with the model. A
third contribution is a launcher mechanism driven by the
thin-film NiTi microactuator. By 3D printing and integrating
the linkage mechanism with the actuator, the launcher was
able to launch a projectile (a salt grain) demonstrating the
powerful actuation from the novel thin-film NiTi actuator
with a magnetic spring.
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Fig. 1. Design and working principle of the thin-film NiTi actuator with

a magnetic spring. (a) A scanning electron microscopy of the actuator
without magnets. (b) A working principle of the actuator. The magnetic
force between two magnets applies a tensile strain on the thin-film NiTi.
When the actuator is heated up, the thin-film NiTi undergoes the phase
transformation and moves the actuator. (c) An analytically modeled force-
displacement profile of the NiTi actuator and the magnetic force.

II. METHODS

A. Design

In order to leverage the shape-memory effect and achieve
a large work output from NiTi, a pre-strain needs to be
applied to the thin-film NiTi. In this work, we 3D-printed
magnet holders to keep the magnets in place so that the
magnetic force can apply a tensile strain to the NiTi strips

(Fig. 1(a)). As shown in Fig. 1(b)-i, strips of thin-film NiTi
are clamped to the substrate at both ends, and a magnet
holder is placed in the middle of the NiTi strips. The NiTi
length between the clamped end and the magnet holder is
Lyiti- The other magnet holder is mechanically fixed above
so that the initial distance between the surfaces of the two
magnets is d; in the Y-direction. After permanent magnets are
installed into the magnet holders (Fig. 1(b)-ii), the NiTi strips
are pulled upward due to the magnetic force, and a tensile
strain is applied to the NiTi strips. The actuator position
is defined here as y. The magnet holders are designed to
maintain a minimum distance of dj;,, between two magnets.
When a current is applied to the NiTi for Joule heating and
the temperature of the NiTi strips (7)) exceeds the phase
transition temperature, the phase of the NiTi changes from
martensite to austenite, and the NiTi strips can recover their
original flat shape. As a result, the actuator moves down
along the Y-axis as shown in Fig. 1(b)-iii.

Fig. 1(c) shows the modeled force-displacement profiles of
each component of the actuator. A detailed modeling of the
actuator will be discussed in Section II-B. Fy;r; and Fy,
are the force from the NiTi strips and the magnetic force
between two permanent magnets (Fig. 1(b)-iii). Mar and
Aus represent the martensite and austenite phases of NiTi,
respectively. At room temperature (7 = 20 °C), NiTi is fully
in the martensite phase, and Fyirimar shows a change in
slope due to detwinning. Since Fy,, is always greater than
Fyiti Mar, the magnetic force can pull the NiTi strips up to
the maximum actuator position, y = d; — dj;,,. Therefore, the
equilibrium position of the NiTi actuator in the martensite
phase is at point A in Fig. 1(c). When the NiTi strips start to
heat up as a result of the applied current, the phase of NiTi
partially changes to austenite. Fy,7; then gradually increases
by following the line from point A to point B. Once Fy;r;
reaches point B, Fy;r; can move the actuator and follow
the orange line from point B to point C. When the NiTi
is in full austenite phase (7" > 100 °C), the equilibrium
position of the actuator is at point C where Fy;7;a,s and
Fyag cross. Therefore, the displacement between points B
and C is the no-load displacement of the actuator, which is
modeled at 29 pm. When the actuator is blocked and cannot
move, Fy;r; follows the line between points B and D. The
force difference between the point B and D is the expected
blocking force, which is estimated to be 8.7 mN. The actuator
design parameters are listed in Table I.

To demonstrate the high power actuation of the NiTi mi-
croactuator, a launcher mechanism is designed and integrated
as shown in Fig. 2(a). Fig. 2(c) shows the schematics of
the launcher mechanism. The magnet holder centered on the
NiTi strips can only translate in the Y-axis. To launch the
projectile at an angle, this magnet holder is connected to
the green base link which is connected to the blue seesaw-
like link that is pivoted in the middle. An offset, y;, is
added between the magnet holder and the pivot point. This
mechanism translates the actuator’s input linear motion to the
launcher’s output rotary motion. Cross-spring pivot flexure
joints [21] are used in place of pin joints between links as
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NiTi strips

Fig. 2. Design and modeling of the launcher mechanism. (a) A scan-
ning electron microscopy of the actuator and the launcher. The links are
connected via cross-pivot flexure joints. (b) Schematic and SEM image of
flexure joints. (c) A schematic and free body diagrams of the launcher
mechanism.

TABLE I
LIST OF THE DESIGN PARAMETERS

Lyiri 1000 um L, 150 pm ly 67 pm

WNITi 100 pm Ly 1000 um wy | 25 pm

INITi 1 um Vi 180 pm ty 2 um
d; 220 um o 38 ° -

diim 110 pm gsi 60 pm -

shown in the Fig. 2(b) since flexure joints provide useful
characteristics at the smaller scale such as zero friction and
zero joint backlash. Each link of the mechanism is color-
coded in Fig. 2 for better visualization.

B. Modeling

Studying an analytical model of the actuator and the
mechanism is important as the model allows us to simulate
and design a desired actuated mechanism. First, we can
calculate the change in the temperature on the NiTi strips
(T (t,x)) when a step current of i is applied by solving Eq 1.
t is time, and x indicates the position on the NiTi strips
along X-axis as shown in Fig. 1(b)-ii. The relevant design
and material variables are listed in Table I and Table II.

TABLE I
LIST OF THE MATERIAL PROPERTIES USED IN THE MODEL

Cniti | 3700 Jkg™'K~! Eaus | 140 GPa

dniti 6450 kgm™3 Eymar | 70 GPa

kyiri 10 Wm'K™! ot | 350 MPa

pyiti | 24 x107% Qm of™ | 600 MPa

hair 25 Wm2K"! Taus 60°C

kair | 0.026 Wm™'K~! T 110°C
1T,

CNiTidNiTiy :kNiTiW +JaenPNiTi
1
_ hairPNiti ) KairPitiFs )
ANiTi

ANiTi8si

where we assumed the initial conditions of T(0,x) =
T(¢,0) = T(t,2Ly;1i) = 20°C for all ¢+ and x. The magnet
holder in the middle of the NiTi strips is not considered
in the model. Cy;7i, dniTi, kniTi, PniTi are the speciﬁc heat
capacity, density, thermal conductivity, and resistivity of
NiTi, respectively. Py;r; and Ay;r; are the perimeter and cross
sectional area of the NiTi strips, which are 2wy;r; + 2tniTi
and wy;ritniTi- Jden 1s the current density which is i/Ayir;.
hgr and k,, are the convection coefficient and thermal
conductivity of air. gs; and F; are the gap between the NiTi
strips and Silicon substrate underneath and the shape factor
of the NiTi strips [22], respectively. The average temperature
of the NiTi strips at time ¢ (1) can be then calculated by

1 /ZLNiTi Td 2
= x
2LNiTi Jo

Secondly, the amount of force generated by the NiTi
actuator (Fy;r;) can be calculated. When the actuator is
vertically displaced by y as shown in Fig. 1(b), the tensile
strain (€) on the NiTi strips is

el V (Lyiti +¥)* — Lniti
Lyiri

Given the strain (¢) and the temperature (7;,¢), the Brinson
model [23] was used to calculate the stress on the NiTi strips
(0) by using the material properties of NiTi in Table II.
E4ys and Ejpy,, are the Young’s modulus of NiTi when fully
in austenite and martensite phases. 6" and G;”" are the
critical stresses when the detwinning of NiTi starts and ends.
T and T/ are the temperature when the martensite to
austenite phase transition starts and finishes. We assumed
that the phase-transition temperatures do not change with
respect to the applied stress. Therefore, Fy;r; is

Tovg(t)

3)

. . 1 y
Fyiri 2GANth sm@, ¢ sin <LNiTi(l + 8) > (4)
where ¢ is the angle between the substrate and the NiTi
strips (Fig. 1(b)-ii).

Third, the force between two permanent cube magnets was
analytically determined by the model from [24] using the
distance between two magnets of d; —y. The remanence (Br)
was assumed to be 1.43 T for N50 magnets.
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Lastly, a dynamic model of the launcher mechanism was
also studied. Fig. 2(c) shows the schematic and free body
diagrams of the launcher mechanism. Since the mass of the
magnet on the NiTi strip (m;,) and the projectile (m,) are
much greater than the mass of the links, massless links are
assumed in the model. The stiffness of the flexure joint was
also assumed to be negligible. Four force components are
applied to the moving magnet m,, in Y-axis.

My = Ny + Fpag — mmg — Fyiti @)

where Ny is the vertical reaction force from the green link
to my,, and g is gravity. The forces applied to the blue link
by the green link should satisfy the following equation.

N, = N, tan 6; (6)

We consider the moment equilibrium around the pivot point
for the blue link.

mpL% 6, = NyLycos 0y +N,Lsin0; —mpglycos@,  (7)

From the geometric constraint,

6, = sin”! (y’zzy> C Gh—a—6 (8)

where « is the angle on the blue link as shown in Fig. 2(c).
By solving Eq. 5 and 7, the position of the actuator (y),
the launcher angle (6,), and the projectile velocity (vpr;)
and height (,,,;) can be calculated. When the normal force
applied to the projectile by the blue link goes to zero, the
projectile takes off from the launcher.

C. Fabrication

A fabrication process for the NiTi actuator and the
launcher is based on the method previously demonstrated in
[10], [11] which combines microfabrication with 3D printing
to create more complex 3D actuators and mechanisms. First,
a thin film of NiTi was co-sputtered on a silicon wafer, and
ion milling was utilized to pattern the NiTi film. The wafer
was then diced, and the magnet holders and launcher mecha-
nism were directly 3D-printed over the NiTi layer using two-
photon polymerization with IP-S photoresist (Nanoscribe
Photonic Professional GT +, Nanoscribe Gmbh). The NiTi
strips and mechanisms were released from the substrate
with XeF; (SPTS Xactix, Xetch). Finally, two 250 um cube
magnets (N50, Supermagnetman) were manually inserted
into the magnet holders with their poles aligned.

I1I. RESULTS
A. Thin-film NiTi actuator characterization

The temperature of the NiTi strips needs to be higher
than the phase transition temperature during actuation to take
advantage of the shape memory effect. Similar to previous
works [10], [11], [25], [26], the change in resistance of NiTi
was characterized while sweeping the applied current to find
the phase transition as shown in Fig. 3(a). A source-measure
unit (SMU) instrument (2410, Keithley) was used to apply a
current to the NiTi strips and measure the resistance at the
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Fig. 3. Characterization results of the thin-film NiTi actuator. (a) The
resistance of the NiTi microactuators was measured while sweeping the
applied current. (b) The change in the displacement of the NiTi actuator
while sweeping the applied current. There was no observable displacement
at currents lower than 15 mA. The red line shows the measurement while
increasing the current and heating up the actuator, and the blue line shows
the measurement while decreasing the current and cooling the actuator.

same time. The red and blue lines in Fig. 3(a) show the resis-
tance change while increasing the applied current (heating)
and decreasing the applied current (cooling), respectively.
A sudden change in the resistance was observed at 22 mA
while heating which was used as an indicator for the phase
transition from martensite to austenite. The steady state Ty,
was estimated to be 74 °C at 22 mA. A negative temperature
coefficient of resistance was observed while decreasing the
current from 22 to 14 mA (Fig. 3(a)), indicating the austenite
to martensite transition. Three ranges of the applied current
were swept which are illustrated with different marker shapes
on the plot. The current to resistance plots at different current
ranges overlapped each other, showing a consistent phase
transition of the NiTi strips.

The actuator displacement was characterized in a similar
way as the change in the resistance (Fig. 3(b)). Current was
swept with the SMU instrument, and a DSLR camera (D850,
Nikon) was mounted over a probestation (S-250-6, Signa-
tone) to record the actuator displacements. Motion analysis
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Fig. 4. Frequency response of the thin-film NiTi actuator. The actuator

can be operated up to 50 Hz without crossing the -3 dB line.

software (TEMA T2020, Image Systems) was utilized to
track the actuator position. An applied current greater than
22 mA was required to overcome the magnetic force between
the two permanent magnets and generate actuator displace-
ment. A maximum displacement of 30 um was achieved with
a 35 mA current while heating. The actuator displacement
while heating was also predicted by the model which showed
a good agreement with the experimetal results. 7, at 35 mA
was estimated to be 156 °C from the model. The actuator
displacement showed a hysterisis loop similar to the stress-
temperature plots shown in [10] which also indicates that
the NiTi is undergoing a phase transition. A larger actuator
displacement was achieved while cooling, which reached up
to 38.5 um. The change in the material properties of the thin-
film NiTi while cooling needs to be further studied to better
understand the actuation behavior for practical applications.
There were no observable displacements when the applied
current was below 15 mA.

Many previously developed thin-film NiTi microactuators
used bilayer structures to apply strain to the thin-film NiTi
[1]-[4], [10], [11], [27]. However, the stack of materials
increases the thermal mass of the actuator slowing down
the electrothermally driven actuation. The novel actuator
configuration presented in this work utilizes bare NiTi thin
film without any extra stacked materials that allows for faster
actuation speed. To characterize the frequency response of
the actuator, square waves from 0 to 35 mA with 50% duty
cycle were applied to the actuator at various frequencies, and
a high-speed camera (Mini AX200, Photron) was mounted
over the probestation to record videos of the actuator motion.
As shown in Fig. 4, the actuator was able to operate up
to 50 Hz before crossing the -3 dB line. Even though the
actuator in this work used a larger mass of NiTi material
for actuation than the authors’ previous work on a bilayer
NiTi actuator [11], the achievable actuation frequency was
an order of magnitude higher.

B. Launcher mechanism characterization

To evaluate the powerful actuation of the thin-film NiTi
microactuator, the performance of the launcher mechanism
was experimentally evaluated. A salt grain was used for a

projectile. The mass of the salt grain was estimated to be
100 ug assuming a cube shape, which was 25% of the mass
of the actuator and launcher mechanism combined. Once
the salt grain was placed at the tip of the launcher, the
actuator was actuated and the side view of the mechanism
was recorded with the high-speed camera at 6400 frames per
second to analyze the trajectory and velocity of the projectile
as shown in Fig. 5(a). Fig. 5(b)-(d) shows the transient behav-
ior of the actuator position (y), launcher angle (6), projectile
velocity (vproj), and projectile height (A, ), respectively.
The red and blue plots each show the modeled behavior
and the experimental result. The experiment was repeated
for 3 times, and the shaded area around the data points
represents standard deviations between data points. The small
deviation indicates a good repeatibility of the mechanism.
The electrothermal model estimates that the actuator requires
approximately 6.5 ms to heat up and overcome the force
between the magnets. Once the mechanism started to move,
it took 1.1 ms for the projectile to take off from the launcher,
and the model and experimental results showed good agree-
ment in terms of the time required for take-off. The measured
projectile take-off velocity (v, ;) was 0.23 m/s that was 47
% of the modeled take-off velocity (0.49 m/s). The main
source of discrepancy between the model and experimental
result is likely the errors in material properties and the lack
of damping in the model (e.g., material damping from NiTi
[28] and air damping such as squeeze film damping [29]). In
addition, there were minor errors in modeling the kinematics
since the flexure joints could not provide pure rotation. For
example, o in the launcher mechanism was designed such
that 8, is at 0° before actuation; however, 6, in Fig. 5(a)
at 6.2 ms was not exactly at 0°. The amount of energy and
power delivered to the projectile by the actuator was 2.65 nJ
and 2.40 pW.

To further improve the performance of the launcher
mechanism, the actuated mechanism was tested with higher
current inputs, as shown in Fig. 6. 5, 10, and 15 % increases
in input current were applied and both projectile velocities
and heights were measured. The pulse width was adjusted to
apply the same amount of energy input to the NiTi actuator
and to avoid overheating. Since the higher current heats
up the actuator faster, the amount of energy and power
that could be delivered within a short time window was
increased. When the current was increased by 15 %, the
take-off velocity almost doubled to 0.47 m/s.

IV. CONCLUSION

This work presents a novel thin-film NiTi microactuator
with a magnetic spring. 3D-printed magnet holders were
used to keep two permanent magnets in desired locations,
and the magnetic force was utilized as a spring to apply
a tensile strain to thin-film NiTi. By leveraging the shape
memory effect from NiTi, the actuator could generate a free
displacement of 30 um and an expected blocking force of
8.7 mN. Since this configuration can leverage bare thin-film
NiTi with a low thermal mass, an actuation bandwidth up to
50 Hz could be reached.
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(b) The projectile velocity (vpy,;) over time.

In addition, a launcher mechanism was designed and inte-
grated to demonstrate the powerful actuation from thin-film

NiTi microactuator. A projectile (salt grain) was catapulted
from the launcher in 1.1 ms and reached a take-off velocity
of 0.23 m/s. The amount of energy and power delivered to
the projectile was 2.65 nJ and 2.40 uW, respectively. The
dynamic model of the actuator and launcher mechanism was
also studied and compared with the experimental results.
We also demonstrated how the launcher performance can be
significantly improved by a small increase in applied current.
The design of the actuator and the mechanism can be
further optimized to improve performance in the future. The
current actuator design only leverages approximately 0.6 %
of recovery strain on the NiTi film for actuation, which can
be further increased up to 5 % by modifying the design of
the NiTi strips and the magnetic spring. The link lengths (L;
and L) and the offset (y;) can also be modified to increase
the projectile’s take-off velocity. Finally, the analytical model
of the actuator and mechanism can be further improved by
incorporating damping from the material and environment.
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