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Abstract: Novel miniature-scale bistable actuators are developed, which consist of two antagonisti-
cally coupled buckling shape memory alloy (SMA) beams. Two SMA films are designed as buckling
SMA beams, whose memory shapes are adjusted to have opposing buckling states. Coupling the
SMA beams in their center leads to a compact bistable actuator, which exhibits a bi-directional snap-
through motion by selectively heating the SMA beams. Fabrication involves magnetron sputtering
of SMA films, subsequent micromachining by lithography, and systems integration. The stationary
force–displacement characteristics of monostable actuators consisting of single buckling SMA beams
and bistable actuators are characterized with respect to their geometrical parameters. The dynamic
performance of bistable actuation is investigated by selectively heating the SMA beams via direct
mechanical contact to a low-temperature heat source in the range of 130–190 ◦C. The bistable actuation
is characterized by a large stroke up to 3.65 mm corresponding to more than 30% of the SMA beam
length. Operation frequencies are in the order of 1 Hz depending on geometrical parameters and
heat source temperature. The bistable actuation at low-temperature differences provides a route for
waste heat recovery.

Keywords: bistability; bistable actuation; shape memory actuator; antagonistic coupling; waste
heat recovery

1. Introduction

Bistable mechanical systems exhibit the unique property of two stable equilibrium
states characterized by local minima of potential energy [1]. The stable positions are
retained without power supply and, thus, power consumption is only required upon
switching between the positions. When subjected to specific stimuli or loading conditions,
a snap-through buckling motion can occur resulting in a rapid transition between the
stable states. Bistable microactuators are basic components in engineering applications,
such as micro-electro-mechanical systems (MEMS) [2–4], microfluidics [5], and constitute
key building blocks in emerging digital mechanical microsystems based on multistable
microactuation [6].

In the past, bistable mechanisms have been developed consisting of compliant beams
and plates, e.g., [7,8]. In this case, bistable actuation relies on the design of the movable
compliant structures and the method of external loading. In particular, an external force
needs to be applied to trigger the snap-through of the bistable structures. Considerable
effort has been devoted to the design and fabrication of bistable MEMS devices including
microvalves [9], micro-switches and relays [10–12], as well as fiber-optic switches [13].
In recent years, the development of smart materials such as shape memory [14,15] and
piezoelectric materials [16,17] has led to the development of bistable mechanisms that do
no longer rely on an external load but utilize their intrinsic transducer properties to induce
bistability. Thus, novel smart bistable actuators have been developed making use of an
extended range of stimuli including electrical [18,19], magnetic [20,21], thermal [22], and
coupled fields [5,23].

Actuators 2023, 12, 422. https://doi.org/10.3390/act12110422 https://www.mdpi.com/journal/actuators

https://doi.org/10.3390/act12110422
https://doi.org/10.3390/act12110422
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://orcid.org/0000-0002-0597-4440
https://doi.org/10.3390/act12110422
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/article/10.3390/act12110422?type=check_update&version=1


Actuators 2023, 12, 422 2 of 12

Among the thermally responsive actuators, shape memory alloy (SMA) actuators
are of special interest as they can convert small amounts of heat into mechanical work
output in a narrow temperature interval. Depending on the SMA material, shape recovery
can be induced well below 200 ◦C, enabling the conversion of low temperature waste
heat. Due to the high power/weight ratio and ease-of-micromachining, film-basedSMA
actuators have been widely implemented in microsystems, e.g., [24,25], and in robotics,
e.g., [26]. The drawback of an external triggering force in conventional bistable systems
can be avoided by the design of buckling SMA actuators with a predefined shape that is
memorized by thermo-mechanical treatment (memory shape) and the use of the intrinsic
thermally induced shape-recovery force [27]. As the one-way shape memory effect can
only cause one-way snap-through behavior, a reset mechanism is required. Although the
two-way shape memory effect could be implemented to switch between the stable states,
the recovery stress upon cooling is much lower compared to the one-way shape memory
effect and, thus, the switching force might be too low in most cases.

In the following, we present the design, fabrication, and characterization of novel
miniature-scale bistable actuators consisting of two antagonistically coupled buckling SMA
beams. In order to enable flexible downscaling, the fabrication technology is based on
SMA films that are deposited by magnetron sputtering and micromachined by lithography.
Thermal actuation is performed by direct mechanical contact between the SMA beams and a
low-temperature heat source. The stationary and dynamic performance of the actuators are
investigated to assess the influence of geometrical parameters and heat source temperature.

2. Material Characterization

The base material for this study was Ti53.9Ni30.4Cu15.7 films of 15 µm thickness fabri-
cated by magnetron sputtering and subsequent crystallization by rapid thermal annealing
at 700 ◦C for 15 min [28,29]. The phase transformation between austenite and martensite
state of the films was investigated by differential scanning calorimetry (DSC). Therefore,
the temperature of a SMA test sample was ramped at a constant cooling and heating rate of
10 ◦C/min. Figure 1a shows a DSC measurement indicating that the phase transformation
occurred in the temperature range between 30 and 70 ◦C. The tangential method was
used to determine the critical phase transformation temperatures, i.e., martensite start
and finish temperatures; Ms = 41.9 ◦C and Mf = 31.9 ◦C, as well as the austenite start and
finish temperatures; As = 58.6 ◦C and Af = 70.3 ◦C, respectively. In a martensitic state at
a temperature below Mf, the SMA film could be deformed easily by mechanical loading.
When the SMA film was heated above Af, the remanent strain after loading could be reset
and, thus, the SMA film restored its initial memory shape.
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Figure 1. (a) Differential scanning calorimetry (DSC) measurement of a TiNiCu film of 15 µm thickness;
(b) stress–strain characteristics of a TiNiCu tensile test specimen at different maximum strain in the range
of from 1.5 to 3.5% at a low strain rate of 10−3/s at room temperature; (c) stress–strain characteristics of
a TiNiCu tensile test specimen at different temperatures in the range of from 23 to 80 ◦C at a strain
rate of 10−3/s.

A tensile test set-up was used to investigate the stress–strain characteristics of TiNiCu
test specimens with the dimensions length l × width w of 15 × 2 mm2. Therefore, the strain
was ramped step-wise and stress was monitored within a sufficiently long time interval to
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allow for quasi-stationary conditions. A temperature chamber was utilized for control of the
ambient temperature. Figure 1b shows the stress–strain characteristics at room temperature
(23 ◦C) at a strain rate of 10−3 s−1 for a maximum strain up to 3.5%. As the SMA film was in
a martensitic state, the stress–strain characteristics show the typical nonlinear quasi-plastic
behavior, reflecting the accommodation of martensite variants into the external load. After
reaching the strain limit and subsequent load release, a remanent strain occurred depending
on the maximum strain, which could be reset by heating above Af. Figure 1c shows the
corresponding stress–strain characteristics at elevated temperatures. When the specimen
was heated from ambient temperature to 60 ◦C, partial phase transformation occurred
resulting in an initial increase in the slope of the stress–strain curve and a reduction in
remanent strain. At 80 ◦C, the strain was fully reset upon unloading and the length of the
sample returned to the initial state due to the reversible-stress-induced martensitic phase
transition. Taking the difference in stress between martensite (23 ◦C) and austenite (80 ◦C)
at 2% strain, a maximum shape recovery stress of about 150 MPa was determined. At larger
strain, stress-induced martensite causes a stress plateau (Figure 1c) and, thus, the shape
recovery stress saturates and does not increase further.

3. Actuator Design and Fabrication

Buckling beam structures are an effective way to design bistable devices, but they
require an external force to overcome the energy barrier between the two stable states. Here,
we design buckling SMA beams with a predefined memory shape to utilize the intrinsic
thermally induced shape recovery force instead of an external force. Figure 2 shows the
layout of the bistable SMA actuator, which is sketched in its two equilibrium positions. The
major components were two SMA beams of TiNiCu, whose memory shapes were adjusted
to be opposing buckling states, a spacer separating the SMA beams, and two heat sources
located above and below the SMA beams. When SMA beam 1 came into contact with
heat source 1 (Figure 2a), it was heated selectively and transformed from martensite to an
austenite state. Due to the shape memory effect, SMA beam 1 returned to the opposing
buckling state and, therefore, pushed SMA beam 2 towards heat source 2. This motion
was supported by the snap-through motion towards the second equilibrium position. In
this case, SMA beam 2 came into contact with heat source 2 (Figure 2b) and was heated
above its Af temperature, while SMA beam 1 cooled back down below its Mf temperature.
Consequently, the actuator was reset to its initial state, where the actuation cycle started
again. Alternately heating the SMA beams resulted in an oscillatory snap-through motion.
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Figure 2. Layout of the bistable SMA actuator. At sufficiently high temperature of the heat sources 1
and 2 an oscillatory motion occurs between the two equilibrium positions shown in (a,b).

Figure 3 illustrates the shape setting and assembly process of the bistable actuator.
Flat SMA beams were placed in customized molds and deformed in opposite bending
directions as shown in Figure 3a. Subsequent heat treatment was performed in a tube
furnace in constraint condition for 30 min at 465 ◦C to obtain pairs of SMA beams with
opposing buckling memory shapes. By setting the geometrical parameters of the mold, the
heat treatment resulted in a pre-deformed shape that matched the specific mold with spacer
length s and pre-deflection h. Figure 3b shows a photo of an SMA beam before and after
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the heat treatment. The SMA beams were fabricated by micromachining the magnetron-
sputtered TiNiCu films using optical lithography. The width of the SMA beams was 1 mm
and the distance between the two clamping sides of each SMA beam was 10 mm. The
spacer height was adjusted to 3 mm, which enabled sufficient thermal isolation between
the SMA beams.
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Figure 3. Shape-setting and assembly process of the bistable actuator. (a) Schematic of heat treatment
in a vacuum tube furnace; (b) photos of the SMA beam before and after heat treatment; (c) schematic
assembly process; (d) photo of the bistable SMA actuator. Heat sources 1 and 2 are not shown for
clarity. Legend: s—spacer length, h—pre-deflection.

Bistable actuators were fabricated by coupling the pairs of SMA beams in their center
by a spacer. As illustrated in Figure 3c, the assembly process started with bonding the
spacer on SMA beam 2 (i). Then, both SMA beam 2 and the attached spacer were then
mounted on milled PCB board 2 and fixed by rivets (ii). Subsequently, a PEEK plate was
positioned on PCB board 2 (iii), while SMA beam 1 was mounted on PCB board 1 (iv). The
final assembly is sketched in (v). The PEEK plate between the two PCBs was designed to
prevent short circuits and to reduce heat transfer between the SMA beams. A photo of the
bistable SMA actuator is shown in Figure 3d without heat sources.

4. Stationary Force–Displacement Characteristics
4.1. Monostable SMA Actuators

A series of monostable SMA actuators consisting of a single SMA beam with buckling
memory shape were investigated for different spacer lengths s and pre-deflection h. There-
fore, the center of the SMA beam was deflected in out-of-plane direction under quasi-static
loading conditions using a tensile test system to characterize the force–displacement char-
acteristics in a martensite and an austenite state. The single SMA beam shows monostable
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behavior as it adopts one stable deflection after heating. Figure 4a illustrates the measure-
ment setup. A spacer of length s was attached at the beam center, which complied with
the interface of the load cell of the tensile test system. In a martensitic state, the measure-
ment of force FM started in the undeflected state of the SMA beam center at displacement
z = 0. Therefore, FM denotes the mechanical loading force of the tensile testing machine
required to deform the SMA beam at room temperature in martensitic condition. This
deformation was partly elastic and partly quasi-plastic due to reorientation of martensite
variants. The shape recovery force FA was determined by the mechanical loading force
required to deform the SMA beam in austenitic condition after Joule heating to austenitic
state. By comparing the resistive and ambient heating conditions shown in Figure S1 in the
Supplementary Information, we conclude that an electrical power of >430 mW is required
to increase the average temperature above Af temperature.

In this case, the measurement started in fully deflected state at maximum displacement
of the SMA beam center, which depends on the pre-deflection h. The forces FM and FA were
determined whilst increasing and decreasing displacement using displacement-control
under quasi-stationary conditions, respectively.

Typical force–displacement characteristics of a monostable SMA actuator are shown
in Figure 4b for the case of spacer length s and pre-deflection h of 4 and 1mm, respectively.
In a martensitic state, the force FM pointed in a negative z-direction acting against the
force of the load cell (positive direction). It initially increased strongly with increasing
deflection until a maximum was reached. When further increasing the deflection, the
force decreased up to a minimum and then increased again. After release of the applied
deflection load near the maximum displacement, the SMA beam stayed quasi-plastically
deformed due to the self-accommodation behavior of the martensite variants. Figure 4b
also shows that the course of shape recovery force FA in the case of the memory shape
corresponds to the deflected state at 2 mm displacement. Therefore, FA was zero at 2 mm
and pointed in a positive z-direction acting against the force of the load cell (negative
z-direction). FA increased during decreasing displacement and exhibited a large maximum
followed by a shallow minimum. For all displacements, FA was larger compared to FM,
in this case indicating that any deflection of the SMA beam in a martensitic state could be
reset by an SMA beam in an austenitic state. In particular, the sum of positive force FA and
negative force FM (FA − FM) stayed positive for all displacements except for the maximum
displacement close to the memory shape. This result has important consequences for
coupled SMA beam systems, as it indicates that selective heating of one of the two SMA
beams always causes a sufficiently high shape recovery force at any deflection to induce
a snap-through motion back to the corresponding memory shape. In particular, bistable
snap-through should occur between the two stable deflection states when heating the two
SMA beams alternately. Figure 4b also indicates that two coupled SMA beams may only
show bistability for those geometrical parameters, for which the force minimum in an
austenitic state is larger compared to the force maximum in a martensitic state.

Figure 4c shows the effect of spacer length s on the stationary force–displacement
characteristics of monostable SMA actuators for a pre-deflection h of 1 mm. In a martensitic
state, the maximum force increases from 67 to 98 mN when increasing the spacer length
s from 3 to 5 mm. At the same time, the force minimum also increases from 11 to 22 mN.
Again, the SMA beams stay quasi-plastically deformed after the release of the deflection
load near the maximum displacement. In an austenitic state, the maximum force increases
from 129 to 184 mN with s increasing from 3 to 5 mm, while the force minimum FA rises
from 80 to 106 mN. These trends of maximum and minimum force values are summarized
in Figure 4d. When increasing spacer length s, the difference in force minimum in an
austenitic state FA(min) and the force maximum in a martensitic state FM(max) decrease
and eventually becomes negative between 5 and 6 mm. At a spacer length s of 6 mm,
FM(max) exceeds FA(min), indicating that the shape recovery force is no longer sufficient
to induce a snap-through motion back to the memory shape and, thus, the coupled SMA
beam system is not bistable.
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Figure 4. (a) Schematic of force–displacement measurement of monostable SMA actuators.
(b) Force–displacement characteristics of a monostable SMA actuator with an SMA beam in a
martensitic state FM (blue) and in an austenitic state FA (red) with the memory shape correspond-
ing to the deflected state at 2 mm displacement. The combined force FA–FM is shown in black.
(c) Force–displacement characteristics for different spacer lengths s at a pre-deflection h of 1 mm.
(d) Summary of maximum/minimum forces in martensitic and an austenitic state FM(max)/FM(min)
and FA(max)/FA(min), respectively, determined from (c). (e) Force–displacement characteristics
for different pre-deflections h at a spacer length s of 4 mm. (f) Summary of maximum/minimum
forces in a martensitic and an austenitic state FM(max)/FM(min) and FA(max)/FA(min), respectively,
determined from (e). The arrows in (b–e) indicate the direction of loading by the load cell.
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Figure 4e shows the effect of pre-deflection h on the stationary force–displacement
characteristics of the monostable SMA actuators for a spacer length s of 4 mm. In a
martensitic state, the maximum force FM(max) increases from 79.1 to 107.7 mN when
increasing pre-deflection h from 1 to 2 mm, while the minimum force in an austenitic state
FA(min) increases from 91.1 to 115.1 mN. Thus, FM(max) remains below FA(min) in the
investigated parameter range, as summarized in Figure 4f, indicating that the coupled SMA
beam system displays bistable performance in all cases.

The effects of the parameters s and h on the maximum and minimum forces of single
SMA beams show a similar trend and, thus, add up. Figure S2 summarizes the effects of all
parameter combinations of s and h in the Supplementary Information.

4.2. Bistable SMA Actuators

In the following, we investigate the performance of a series of bistable actuators for
different spacer lengths s and pre-deflections h. The center of the coupled SMA beams is
deflected in the out-of-plane direction under quasi-static conditions using a tensile test
system. Force–displacement characteristics were determined by selectively heating one
SMA beam and measuring the resulting net-force Fn at discrete displacement steps by
controlling the travel distance of the load cell. The measurement setup shown in Figure 5a
illustrates a case in which SMA beams 1 and 2 are in a martensitic and an austenitic state,
respectively. In this case, Fn points in a positive direction in the first equilibrium position at
zero displacement. Similarly, Fn points in a negative direction in the second equilibrium
position at maximum displacement, when the states of SMA beams 1 and 2 are reversed.

The upper part of Figure 5b shows the force–displacement characteristics of bistable
SMA actuators for the case illustrated in (a) for different spacer length s at a pre-deflection
h of 1 mm. For small-enough spacer lengths s in the range of 3 to 5 mm, Fn decreases and
passes through a minimum. Then, it strongly increases to a maximum and finally decreases
to zero at the second equilibrium position of the actuator. The minimal net force decreases
with increasing s and eventually becomes zero for spacer lengths s exceeding 5 mm. In
particular, for s = 6 mm, Fn decreases to zero after a small displacement of 0.3 mm, indicating
that the actuator cannot reach the second equilibrium position. Evidently, the actuator is no
longer bistable when the spacer length s becomes too large. This performance is in line with
the course of the combined forces of the monostable actuator FA–FM displayed in Figure 4b
and the trend of maximum and minimum force values summarized in Figure 4d. We
conclude that the shape recovery force becomes too low to induce a snap-through motion
back to the memory shape and, thus, the coupled SMA beam system looses bistability at
large spacer lengths. A similar performance is observed in the lower part of Figure 5b, in
which the states of SMA beams 1 and 2 are reversed. In this case, the actuator starts at the
second equilibrium position, whereby Fn drives the actuator towards the first equilibrium
position at zero displacement.

Figure 5c shows the effect of pre-deflection h on the stationary force–displacement
characteristics of the bistable SMA actuators for a spacer length s of 4 mm. Again, the upper
part displays the case wherein SMA beams 1 and 2 are in martensitic and an austenitic state,
respectively. When increasing h from 1 to 2 mm, the maximum displacement increases to
3.6 mm. This large bistable actuation stroke corresponds to more than 30% of the SMA
beam length. Fn decreases but stays positive, indicating that the actuators display bistable
performance in all cases. A similar performance is observed during actuation in the reverse
direction in the lower part of Figure 5c. This performance is in line with the course of the
combined forces of the monostable actuator FA-FM displayed in Figure 4e,f, showing that
the shape recovery forces dominate the forces in a martensitic state at all displacements.
The effect of all parameter combinations of s and h on minimum net-forces Fn(min) is
presented in Figure 6, providing an overview of their combined effect on bistability.
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Figure 5. (a) Schematic of force–displacement measurement of bistable SMA actuators for the case of
selectively heating SMA beam 2. (b) Force–displacement characteristics for different spacer length s
at a pre-deflection h of 1 mm. The upper panel shows the case of selectively heating SMA beam 2
to an austenitic state keeping SMA beam 1 in a martensitic state, and in the lower panel vice versa.
(c) Force–displacement characteristics for different pre-deflections h at a spacer length s of 4 mm.
The upper panel shows the case of selectively heating SMA beam 2 to an austenitic state keeping
SMA beam 1 in a martensitic state, and in the lower panel vice versa. The arrows in (b,c) indicate the
direction of loading by the load cell.
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5. Dynamic Actuation Performance

In addition to direct Joule heating of the SMA beams, thermal actuation via direct
mechanical contact of the SMA beams to a low-temperature heat source is an attractive
alternative. In the following, we investigate the performance of a bistable SMA actuator,
which is driven by additional heat sources above and below the SMA beams, as sketched in
Figure 2. The spacer height in between the SMA beams of 3 mm enables sufficient thermal
isolation. This has been verified by electrical resistance measurements of both beams, in
which the electrical heating power correlates with the average temperature of the beams,
as shown in the new Figure S1 in the Supplementary Information. Figure 7a presents the
typical time-resolved switching performance of a bistable SMA actuator with spacer length
s and pre-deflection h of 5 and 1 mm, respectively. The time-resolved displacement was
determined using a laser displacement sensor. The heat sources were set to 160 ◦C using
temperature sensors attached to the heat sources and closed-loop feedback control. In this
case, an oscillatory snap-through motion of about 1 Hz occurred, reflecting the periodic
heating and cooling of the two antagonistic SMA beams. The time constants required for
heating τh and for switching between equilibrium positions τsw were determined to be 0.21
and 0.36 s, respectively.
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Figure 7. (a) Typical time-resolved switching performance of a bistable SMA actuator with a spacer
length s of 5 mm and pre-deflection h of 1 mm at a heat source temperature of 160 ◦C. (b) Switching
time τsw, heating time τh, and frequency for different spacer lengths s at h = 1 mm. (c) Switching time
τsw, heating time τh, and frequency for different pre-deflections h at s = 5 mm. (d) Switching time
τsw, heating time τh, and frequency for different heat source temperatures at s = 5 mm and h = 1 mm.

The dynamic performance depended on the spacer length s, pre-deflection h, and
heat source temperatures. When the spacer length s was increased from 3 to 5 mm, the
switching time τsw remained almost unchanged, while the heating time τh decreased from
0.5 to 0.36 s, as shown in Figure 7b. The increasing spacer length resulted in a larger
contact area between the SMA beam and the heat source, which allowed for enhanced heat
transfer and, thus, reduced the time required for phase transformation from martensite
to austenite. Therefore, the frequency of the oscillatory motion increased by about 20%.
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Figure 7c illustrates the time-resolved switching performance of the bistable actuator,
when increasing the pre-deflection h from 1 to 2 mm at a spacer length s of 4 mm and
temperature of heat source of 160 ◦C. As h increased from 1 to 2 mm, the switching time
τsw increased from 0.21 to 0.35 s. The slight increase in heating time from 0.39 to 0.41 s
was due to the change in beam length. The oscillation frequency decreased from 0.88 to
0.66 Hz, while the actuation stroke increased by a factor of 2. Despite the larger stroke, the
switching speed of the SMA beams increased due to the larger net force Fn. The higher
switching speed ensured that there was only a minor decrease in frequency. Figure 7d
summarizes the effect of increasing the heat source temperature on the dynamic response of
the bistable SMA actuator. When the heat source temperature increased from 132 to 180 ◦C,
the switching time τsw remained almost constant, while the heating time decreased from
0.79 to 0.26 s. The higher temperature of the heat source enhanced the heat transfer between
SMA beam and heat source, while the contact area and contact force remained about the
same. The reduced heating time to induce the phase transformation caused an increase
in the frequency of the oscillatory motion by about a factor of 2. The optimal temperature
range is 160–180 ◦C. Below 160 ◦C, heating times increase substantially until no oscillation
is observed below 132 ◦C. Above 180 ◦C, the oscillation frequency decreases again due to
overheating caused by limited heat transfer. Consequently, continuous oscillation is lost
above 190 ◦C.

6. Conclusions

We present the design, fabrication, and performance of miniature-scale bistable SMA
actuators which consist of two antagonistically coupled buckling SMA beams. The SMA
beams were fabricated by magnetron sputtering, lithography, and a dedicated heat treat-
ment to set their memory shapes to adopt opposing buckling states. Coupling the SMA
beams in their center leads to compact bistable actuators, which exhibit a bi-directional snap-
through motion between two equilibrium positions by selectively heating the SMA beams.

The stationary performance of the actuators is strongly affected by the spacer length
and pre-deflection of the SMA beams. The stationary force–displacement characteristics of
monostable SMA actuators consisting of a single SMA beam with buckling memory shape
reveal minimal shape recovery forces in an austenitic state FA(min) and maximal forces in
a martensitic state FM(max), which pose important constraints on the design of bistable
coupled SMA beam systems. Bistability is only achieved if the FA(min) of one SMA beam
exceeds the FM(max) of the antagonistic SMA beam at any displacement to enable a snap-
through motion in between the corresponding memory shapes. This result is confirmed by
the stationary force–displacement characteristics of the bistable SMA actuators showing
bistable switching in between two equilibrium positions only for spacer lengths up to 5 mm,
where the net force of the coupled SMA beams stays positive throughout the displacement
range. We demonstrate that this condition is no longer fulfilled at a larger spacer length
of 6 mm, where the net force decreases to zero after a small displacement and, thus, the
actuator cannot reach the second equilibrium position. Increasing the pre-deflection of the
SMA beams from 1 to 2 mm gives rise to an enhanced actuation stroke by a factor of 2, while
the bistable performance is retained. The presented bistable SMA actuator can be operated
thermally through direct heat transfer at mechanical contact between the SMA beams and
a heat source, which is an effective means to convert low-temperature waste heat below
200 ◦C into mechanical energy. We present dynamic measurements of thermally driven
bistable SMA actuators operating at frequencies of up to 1.1 Hz and actuation strokes of up
to 3.65 mm, corresponding to more than 30% of the SMA beam length. This performance
provides an interesting route for the design of novel thermal bistable actuators that are
driven by waste-heat at low-temperature differences.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/act12110422/s1, Figure S1: Normalized electrical resis-
tance of the monostable SMA actuator determined under Joule heating conditions (yellow). For
comparison, the normalized electrical resistance of the SMA film material was determined under am-
bient heating conditions (blue) in a thermostat. Normalization was performed using the expression
(R − Rmin)/(Rmax − Rmin). Comparing both measurements indicates that an electrical power of
>430 mW was required to increase the average temperature above Af temperature; Figure S2: The
combined effects of spacer length s and pre-deflection h on the minimum and maximum forces of
monostable SMA actuators in martensite (FM(min), FM(max)) (a) and austenite condition (FA(min),
FA(max)) (b) as well as on the corresponding force difference FA(min) − FM(max). Both parameters s
and h affect the forces in a similar way and, thus, both effects add up.
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