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Abstract—Smart Materials such as Shape Memory Alloys
(SMA) play a major role in creating Smart Actuators that
are compact and high performing. Traditional SMA bias-spring
actuators are only capable of a single linear output. Using
topology optimization, compliant SMA bias-spring mechanisms
that can create multi-output displacements from a single bias-
spring are designed to improve upon the traditional actuators.
These new smart actuators are then simulated using Finite
Element Modelling to validate the presence of the Shape
Memory Effect.

Index Terms—smart material, topology
computer-aided design, finite element analysis

optimization,

I. INTRODUCTION

Technology has been steadily pushing towards smaller and
more compact devices in recent decades. This has created a
vacuum for materials that can provide the most work with the
least amount of material. Smart materials, in general, have
begun to play an essential role in filling that void. Shape
Memory Alloys (SMA), especially, are an ideal candidate
due to their high volumetric work density [1].

SMAs are a type of Smart Material that react to heat. Their
interesting behaviour of recovering any initial strain placed
upon then when heated has been exploited to created compact
and powerful actuators. Their remarkable strain recovery
behavior, while promising, is quite difficult to model and
control. This makes it especially difficult to design actuators
that are complex and multi-dimensional. Generally, most
SMA actuators are created from simple geometries such as
wires [2], [3], springs [4] and sheets [5].

Compliant mechanisms are another innovative area that
has been crucial in designing complex structures that can
perform complex output displacements without increasing the
complexity of assembly or fabrication. On the other hand,
designing such mechanisms is not a simple feat. It can either
be done with the conventional design approach that relies
on the designer’s experience and mathematical models [6]—
[8]; or either with various computational-aided methods that
formulate the design problem as an optimization one. Among
them, the so-called Topology Optimization Method (TOM)
has been subject to a large research interest over the past
years [9], [10]. It is a powerful and versatile design approach
that directly investigates the distribution of material inside a
discretized design space all the while improving an objective.

Combining the two fields to create a compliant mecha-
nism fabricated from SMA has been explored in the work
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shown in [11]. The work demonstrates that compliant SMA
mechanisms do in-fact show the shape memory effect when
deformed and heated. This allows for the direct integration of
a bias-spring into the compliant SMA mechanism to create a
compact actuator with a complex output. This brings about
a new area of SMA actuator design that can improve upon
the standard bias-spring SMA actuator.

This work, with the help of topology optimization, shows
the potential of these compliant SMA bias-spring mech-
anisms that can produce multi-output displacements using
only a single bias-spring. The designs presented in this work
have also been simulated using commercially available Finite
Element Modelling (FEM) software, ANSYS, to demonstrate
the presence of the Shape Memory Effect (SME) when
heated.

II. SHAPE MEMORY EFFECT
A. Shape Memory Alloys

Shape Memory Alloys are a class of smart materials that
respond to heat. They have the very interesting ability to
recover any strain it was subjected to when exposed to
temperatures higher than a certain threshold. This fascinating
behaviour occurs due to phase transformations and the fact
that the material exists in distinct phases with respect to

temperature.
ol @
Detwi@
@ o+ Martensite Phase
_— w)@)
Twinned Austenite

Martensite Phase Phase

@ T
Fig. 1: Phase transformations of Shape Memory Alloys
depending on the applied stress o and temperature 7T'.

In Fig. 1, the different phases of the material are presented.
The material exists in three distinct phases based on stress
and temperature. At low temperatures, the material exists in
the Martensite (M) phase. When a certain level of stress
(critical detwinning stress) is applied to the material, it
changes from the Twinned M phase to the Detwinned M
phase (D. In this phase, the material keeps its new shape
even when the previously applied stress is released (2. This
can be referred to as activating the material. Only when the
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@, the material revert back to the twinned M phase where
the cycle can be renewed.

B. Biased-spring actuators

Due to the high energy density of SMAs [1], they are a
prime candidate for compact and high work output actuators.
Since SMAs require a stress to be applied for the detwinning
process, some kind of biasing element must be integrated to
create an SMA actuator. For example, a dead weight, spring
or another SMA element can be used to deform the SMA at
low temperatures to activate the material and then when heat
is applied, the SMA will lift the dead weight, or deform the
attached spring/antagonistic SMA element [12].

Bias-Spring

Fig. 2: A schematic for a Bias-Spring SMA actuator.

Since the behaviour of the springs is well studied, they
are an ideal candidate to be paired with SMAs to create
an actuator. Thus, bias-spring SMA actuators have become
a common type of SMA actuators [12]. Here, the SMA is
attached to a bias-spring that will deform the smart material
at low temperatures. Conversely, the spring is deformed by
the SMA at high temperatures to create a reversible linear
actuation as shown in Fig. 2. But because the behaviour
of SMAs is quite complicated and difficult to model, the
SMA elements in the actuator are usually made in simple
geometries such as wires, springs or sheets. Designing the
material in more complex structures will make it difficult
to model and predict the resulting shape memory behaviour.
In cases where complex output displacements are required,
transducers are attached to transform the linear output of
the SMA Bias-Spring actuator [13]. Most work focuses on
adapting multiple simple SMA wires and bias-springs with
complex transducers to perform the desired complex outputs.
This complicates the fabrication and assembly of the actuator
rendering the actuator no longer a compact solution [14]. By
designing an entire compliant bias-spring mechanism in the
SMA material, a complex output can be achieved using a
single bias-spring.

III. DESIGN METHOD

The Topology Optimization Method (TOM) is used to
design the biased-spring compliant mechanisms. It investi-
gates the distribution of material inside a discretized design
domain so as to improve an objective function. An analysis
taking into account the SME of the material would incur a
high computational cost. In the hopes to reduce this cost, an
abstraction of its thermal properties is done. By optimizing
purely for strain of the compliant mechanism design, the
output direction can be indirectly taken into account as
well as maximizing the distribution of strain overall in the
mechanism. This will indirectly maximize the amount of

material that can attain the detwinning which enables the
shape memory effect.

The framework used in [11], is implemented and extended
to Multi-Input Multi-Output (MIMO) problems with NT
inputs and N O outputs as done in [15]. This results in multi-
objective optimization with NI x NO sub-objectives for
each input-output pair. They are defined as the ratio between
the mutual strain energy S;?,, between the input i and the
output j over the sum of the 5™ input strain energy: an and
the ™ output one: S’,. The minus sign comes from the
minimization formulation of the optimization problem and

that the maximization of the mutual strain energy is desired.
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K is the stiffness matrix of the current design and, as the
distribution of material changes, is updated between iterations
of the optimization. U/, and U, correspond to the nodal
displacement of the design when the structure is subject to
only Fi (i™ input force) and F,, (j dummy output force)
respectively. NI + NO Finite Element Analyses (FEA) are
required to build the full objective function which solve
KU, = F. and KU), = FJ, fori = 1,...,NI and j =
1,...,NO. The weights w; ; balance the trade-off between
the different input-output pairs. To avoid manually tuning
these weights, an auto-adapting scheme is implemented [16].
The ratios between the different sub-objectives are set to
one in this research but different values could be desired
so as to impose different magnitudes between the outputs
displacements. More details about the formulation of the
implemented topology optimization are presented in [11].

Topology optimization of compliant mechanisms often
requires the use of artificial springs at the loaded ports: at
the inputs to provide information on the input work imposed
by the load, and at the output for the resistance provided by
the work-piece that will be placed there. In the context of
this research, the artificial springs at the input used during
the design process and the biasing spring element used to
form the actuator should not be confused together and are
two different entities.

The symmetry axes can be incorporated inside the opti-
mization as rolling support boundaries. This allows proceed-
ing the optimization on a restricted design space instead of
the whole domain. This can be better seen on Fig. 3, defining
the design problem of a biased-spring 4-point mandrel, with
the final topology resulting from the optimization. The design
is restricted to a quarter of the design domain as it is sym-
metric two times. The evolution of the topology throughout
the optimization is shown in Fig. 4.

The authors suggest to always place the biasing-spring
(input force) on a rolling support or symmetry axis as it
assures the spring stays along the same axis as it deforms.
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Fig. 3: 4-point mandrel: Design problem (left), Interpolated
final topology (right). Input forces are shown in red while
the output forces are shown green.
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Fig. 4: 4-point mandrel: Evolution throughout the optimiza-
tion. The grayscale represent the value of the filtered artificial
density.
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Fig. 5: Results of the shape memory effect simulation of the 4-point mandrel. Here, the displacements are calculated relatively
to the length of a quarter of the design domain: L/2. The displacements observed between time steps 1 and 2 show a strain
retention of o, = 84% confirming the presence of the shape memory effect.

IV. RESULTS

In this section, various design problems with multiple out-
puts are studied. For the sake of simplicity, problems with a
single input (single bias-spring with symmetric behavior) are
treated, but the proposed approach can be applied to multi-
input problems with multiple bias-springs. The examples
shown are generated using a qualitative analysis where the
exact dimensions are not taken into account as often done in
topology optimization [9]. When fabricating a prototype, the
dimensions of the designs can be scaled based on the force
requirements of the application.

The implemented optimizer is the Method of Moving
Asymptotes (MMA) [17] and a sensitivity filter is used to

regulate the optimization problem and impose a minimal
proximity length between two edges of the structure [9].
A volume infill limitation of the design domain constrains
the optimization problem and is set to 30%. The analysis
of the shape memory effect consist of four time steps and
is shown for the different actuators in Figs. 5, 6 and 8. It
proceeds as follows: an input displacement is first applied,
generating a displacement at the output. If every deformed
area has undergone the detwinning process, the structure
should keep the deformed shape when the input displacement
is released after the first time step. However, as some parts
of the compliant mechanism are not strained enough, the
level of detwinning within the structure is not uniform and a
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Fig. 6: Results of the shape memory effect simulation of the rhombus actuator. Here, the displacements are calculated
relatively to the length of a quarter of the design domain: L/2. The displacements observed between time steps 1 and 2
show a strain retention of o = 75.6% confirming the presence of the shape memory effect. The output displacements are

numbered based on Fig. 7.

fraction of the strain will be lost when the input displacement
is released. During the third time step, the structure is heated
to revert it back to its original shape. Finally, the structure is
cooled down to return the material to its initial phase.

The strain retention «. seen at the end of the second
time step, as proposed in the work [11], can be used as a
quantitative factor to evaluate the ability of the design to be
fabricated as an actuator. It is defined as :

. = 1_ €loaded — Efree (3)

€loaded

with €jpaded and egee representing the domain space nor-
malised input displacement at time step 1 and 2 respectively
(as seen in Figs. 5, 6 and 8). This factor varies between
a. = 0 implying that no SME has been observed, and o = 1
implying that all the parts of the structure contributing to the
multi-output displacement have detwinned.

The first example consists of a mandrel-like structure in
which the bias-spring activates the four corners of the domain
space (of size L x L) to contract radially towards the center as
seen in Fig. 3. The results of the ANSYS simulation showing

©

®

e

Fig. 7: Rhombus mechanism: Design problem (left), Inter-
polated final topology (right). Input forces are shown in red
while the output forces are shown green.

the SME can be observed in Fig. 5. The second example
consists of a Rhombus structure contained into a squared
design domain, again, of size L x L, as seen in Fig. 7.
Here, the bias-spring activates a displacement of 4 outputs
that elongate in the y-axis and contract in the x-axis. The

798

Authorized licensed use limited to: EPFL LAUSANNE. Downloaded on September 10,2020 at 07:42:54 UTC from IEEE Xplore. Restrictions apply.



-1
E
&
g
2
g
5
— I,
O
2100 4
[}
o
5
[
[}
=R
5 221 : . .
=
= 0075 4 = " d
. — V.
8 0.058 - — . easures
= £ .* = = = Tmposed
5} .*
% g o
=1 E P
2 PR N *
=} 042"
T T T
0
- .
-5 = X-axis
= & == Y-axis
23
£
S 5 -0.046 1
R 0.062 1 .
0 B
= .
- = X-axis
e £ = = Y-axis
23
£
S & -0.036 1
B 0.049 4 |
0 B
b= .
w3 = X-axis
e £ = = Y-axis
22
£
O & -0.044 1
B 0.059 4 , ; |
1 2 3 4

Time Step

Fig. 8: Results of the shape memory effect simulation of 8-point mandrel. Here, the displacements are calculated relatively
to the design domain radius: L /2. The displacements observed between time steps 1 and 2 show a strain retention of
a. = 78% confirming the presence of the shape memory effect. The outputs are numbered based on Fig. 9.

results of the SME simulation can be found in Fig. 6. The
last example consists of a structure in which the bias-spring
evokes a mandrel-like structure to contract radially towards
the center at 8 points positions in a circle (with diameter:
L) around the spring as seen in Fig. 9. The results of the
simulation can be seen in Fig. 8.

V. DISCUSSION

As shown in Fig. 5, even if the desired output displace-
ment has an angle of 45°, the measured x and y output
displacements have different magnitudes resulting in an angle
of 40°, which corresponds to an error of 11%. This is mainly
due to the assumptions of small deformations and of linear
elastic material that are done during the optimization process.
To avoid this issue, one can strategically place the desired
output displacements along symmetry axes as done in Fig. 6.
This constrains the displacement along one axis and thus
avoids any disturbances along the other direction. If not
possible due to the application’s requirements, one could

®
®

Fig. 9: 8-point Mandrel: Design problem (left), Interpolated
final topology (right). Input forces are shown in red while
the output forces are shown green.

implement the hyper-elastic properties of the SMA for the
FEA performed inside the topology optimization. This would
lead to non-linear analysis resulting in a significant increase
in the computational time (especially important when shifting
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towards 3-dimensional cases) but would lead to more accurate
designs. Some differences between the optimized behavior
and the actual one may also come from the interpolation step
when exporting the topology from its pixel-like definition
to its physical one with smooth boundaries that is used in
ANSYS. This error is minimized as the resolution of the
discretization of the domain inside the topology optimization
framework is increased.

This work does not dwell into the dimension of the
bias-spring associated with each design. The work done to
dimension the springs in traditional SMA actuators [18]
can still be used to dimension them for these new designs.
Future work can take into account the FEM simulations
to obtain the required forces required for the detwinning
process to optimize the geometry of the bias-spring. The
proposed biased-spring compliant mechanisms made of SMA
are designed assuming compression springs but all of the
presented content stays valid for tension ones. A prototype
of the proposed designs can be fabricated by water-jet cutting
a thick sheet of SMA. This can be accomplished in a future
work as a proof of concept for the design methodology.
Finally, compliant mechanisms composed of rigid parts and
only flexure hinges made of SMA could be developed. This
would lead to a trade-off between better overall use of the
material (as every SMA parts would be under strain) and
increased complexity of the mechanism.

VI. CONCLUSION

This work shows three promising compliant SMA bias-
spring actuators that can provide multi-output displacements
using only one bias-spring. By eliminating the transducers
that are normally adapted into traditional SMA bias-spring
actuators, the resulting smart actuator is more compact and
easier to assemble. The hope of this work is to replace
traditional actuators that would require multiple complex
pieces and assembly to provide the same kind of multi-output
displacements [19].

By simulating the designs using FEM, the Shape Memory
Effect and the mechanical behaviour of the structures were
validated. Indeed, the work shows that the designs do in fact
behave reversibly when actuated using heat.
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