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Abstract Bistable mechanisms are widely used in the
applications where two stable positions must be held
for long time without energy consumption. The main
advantage of bistable mechanisms is a sensible reduc-
tion in bulkiness and energy cost. Among the possible
active triggering systems, dielectric elastomer actua-
tors (DEA) are gaining attention, for their efficiency
and strain rate, as a viable alternative to traditional
technologies. In the present work, a novel design of a
bistable system is proposed, counting on a cross-like
shape bistable element coupled with two axially ar-
ranged conical DEAs. Analytical and FEM models have
been used to implement and analyze the behavior of
the single components and the final coupled system.
The obtained results confirm the feasibility of the switch-
ing process between the equilibrium points and the ca-
pability to capture and numerically describe the inter-
actions between the actuators and the bistable beams.
A specific device has been finally envisaged to exem-
plify the possibility to develop a light-weight and com-
pact system able to sustain and passively maintain a
linear displacement which equals the 46% of its own
total length.
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1 Introduction

Bistable mechanical systems possess two distinct equi-
librium positions, which do not need any external en-
ergy to be maintained [1]. From the point of view of
the internal energy of the system, there are two mini-
mum points which are separated by a local maximum.
The difference between the maximum and the mini-
mum represent the amount of energy that has to be
provided to the system to switch from one equilibrium
position to the other [2]. Typically, the additional en-
ergy that induces the change in the configuration of the
system is provided by an external source. The mech-
anisms based on this principle are therefore made of
a passive bistable element and one or more actuators
that actively control the equilibrium state of the sys-
tem by providing the necessary force to trigger the sta-
bility change [3,4]. The actuation is necessary for the
switching between the minimum energy points, whe-
reas no actuation is required in the two rest states, thus
reducing the energy consumption. Another advantage
is that the system is more stable and less influenced by
external disturbances [5].

Bistable mechanisms can find an application as swit-
ches [1], valves [6], or binary actuators [3]. Binary actu-
ators are the fundamental units of binary robots, which
have joints that can assume only two configurations:
the robot’s workspace is determined by all the com-
binations of the positions of binary joints. In order to
make a binary robot convenient compared to traditional
robot, it must have a large number of joints, to increase
the mobility, without adding too much weight. The
ideal actuator must be simple, lightweight, inexpen-
sive and low-powered [3]. Some examples, already pre-
sent in literature, show bistable mechanisms actuated
by shape memory alloys (SMAs) [7], and dielectric elas-
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tomer actuators (DEAs) [8,9]. A SMA based mecha-
nism has the advantage of maintaining compactness
and lightness thanks to the high power density of the
alloy, but a precise and reliable use of this technol-
ogy is still subject of several ongoing studies. On the
other side DEAs require high electric fields and a very
precise manufacturing process, but they show higher

strain rate, higher electro-mechanical coupling and small

hysteresis [10]. These features make the DEAs good
candidates for the proposed mechanism. DEAs have
been widely studied for the application in robotics, but
still a common limitation is the unsatisfactory perfor-
mance in terms of lifespan, due to the electric break-
down of the dielectric film [11]. The DEAs used in the
bistable mechanisms are less affected by this issue be-
cause the actuation time is limited to the switching
time of the system.

In literature there are some examples of bistable
mechanisms actuated by DEAs: the bistable element is
typically a buckled beam [8], whereas the actuator can
be shaped either as a diamond [12], a cone [3] or as a
planar strip [8]. All these systems have in common an
external frame which holds together the actuator and
the bistable element, plus some additional mechanical
supports for the actuators. This can limit the scalabil-
ity of the system, and the ratio between the stroke and
the total length of the device.

The aim of our work is to design a device that is
simpler, more compact and lighter, maintaining the wor-
king principles and the performance of the current ap-
proaches. A simpler design results in the possibility to
scale down the dimension of the system, and it helps
to reduce the fabrication costs. Compared to the exist-
ing DEA bistable mechanisms, we propose a smaller
system composed by fewer elements.

In section 2 the design of the bistable element and
the DE actuator is described separately, with the use
of analytical modelling. In the subsequent section the
FEM simulations used for the modelling of the whole
system are introduced and the method for the experi-
mental tests on the cone actuator is described. In sec-
tion 5 the validation of the models is discussed and the
performance of the bistable device designed is shown.
In the last section some concluding remarks are illus-
trated.

2 Design

The design that we propose is the continuation and
extension of the work previously carried out by Hod-
gins et al. [13,14], which proposed a mechanism where
the DEAs were combined with a buckled beam with a
cross shape. In Hodgins et al., the buckled beam was

(2)
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Fig. 1 a) exploded view of the CAD drawing showing the as-
sembly of the three parts aligned (DEAs and bistable beam); b)
the real bistable mechanism maintained in position by the exter-
nal frame; c) CAD drawing of the entire system; d) DEA proto-
type with the external frame.

used as a negative rate bias spring, which could im-
prove the actuation stroke of the conical DE actuators.
The aim of the present work is to exploit the bistable
property of the buckled beam to design a device with
an improved linear displacement and two equilibrium
positions that do not require energy to be maintained.
Bistability improves the linear displacement because
of the snap-through action, which can ideally double
the stroke of the system presented by Hodgins et al.
The design is also modified by the use of two mem-
branes in antagonistic configuration, as shown in De
Vita et al. [15], but with a more compact and simpli-
fied design.

The bistable element is the central part of the de-
vice. It is made of two buckled beams connected in the
center, forming a cross shape (figure 1a and b). This el-
ement is cut from a single planar steel sheet. The cross-
shaped element is constrained in the buckled configu-
ration by a rigid frame of diameter D, by means on
four screws that pass through the extremities of the
beams (figure 1a). Referring to figure 2, in the frontal
plane, the buckling shape is a sinusoid, with ampli-
tude h, which is half of the total displacement of the
device. The two DE membranes are arranged parallel
to the xy plane.

This distance d is a design parameter, which de-
fines the maximum displacement of the actuators. The
actuators are positioned symmetrically respect to the
central bistable element. Figure 1a shows the main com-
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Fig. 2 a) snap-through of a constrained bistable beam, subjected
to a central force, in the third mode of buckling. Point a and
c are the equilibrium positions, b is the point where the snap
through occurs; b) equilibrium position between the DEAs and
the bistable beam, with geometrical parameters highlighted; c)
snap-through due to the activation of the DEA1, represented at
half of the total stroke. Arrows represents the force exerted by
the active DEAL1 (red), and passive DEA2 (green), with length
proportional to the magnitude.

ponents of the system, with the relative positions of the
various parts, whereas figure 1c and d show the real
bistable beam and the DEAs respectively.

The three parts of the device are aligned and con-
nected together in the central portion, by means of a
M1 screw, through the membranes and the steel beams.
In order to prevent the rupture of the membrane, it is
smeared with epoxy glue in the point where the screw
will pass, before applying the electrodes. The stiffness
of the glue, bonded to the membrane, avoids the for-
mation of a crack that would cause the stretched mem-
brane to tear.

2.1 The bistable mechanism

The bistable system was modelled as two buckled beams,

which are connected in the central point, to form the
cross shape. The constraint in the middle prevents the
asymmetric modes to occur during the transition from
one equilibrium point to the other. When a vertical
force is applied in the middle of the cross shape, the
buckled beams deform according to the minimum en-
ergy configuration, which, in this case, is the third mode
of buckling. Figure 2a shows the shapes of the bistable

element during buckling. The analysis of the single beam

is used to describe the mechanical characteristics of the

buckling element. The superposition principle is then
used to find the actual response of the combination of
the two beams. The system is linearized and decom-
posed in two parts. In one part, the displacement w is
related to the force F applied at the centre of the beam,
in the case of displacement relative to the axis of sym-
metry of the system (y = +h) [16]:

w(F) =— ((nlg)?;EI> F Lll - nilD tan (HZD)] 1)

where D is the diameter of the frame that constrains
the beam, E is the elastic modulus of the material, I
is the moment of inertia of the beam and n? = F/El
The subscript of n indicates the buckling mode that is
considered: in the case discussed in this paper it is the
third mode, and thus n;D = 47 (in [16] a deeper anal-
ysis of the buckling modes can be found). A coefficient
that describes the spring constant for y = 0 can be de-
rived substituting n;D = 47t in equation 1:

k 200\ 2

whereas the spring constant for y = +h is [16]:

_EI (10— 72 EI -
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where A}, is the cross-sectional area of the beam and L
is the length of the uncompressed beam. These equa-
tions describe the force-displacement characteristic of
the bistable beam, although they are linearized around
the three points of zero force. The force-displacement
is thus composed of three linear curves, whose inter-
sections define the points of maximum force of the bi-
stable beam and their coordinates. The model is used
to find a first approximation of the design of the beams,
which will be integrated with a FEM model to study
the performance of the system during switching.

2.2 The DE actuators

The two DEAs were modelled as conical actuators, with
a principle of operation similar to the one described by
Berselli et al. [17]. The model was used to calculate the
forces exerted by the actuators on the bistable mech-
anism, and thus provide the input forces for the FEM
model. The actuator force is derived from the energy
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functions by the application of Castigliano’s theorem.
The force in the vertical direction is calculated as:

L — due[ . ducup
I dy dy

where U, is the strain energy function of the dielec-
tric membrane and U,y is the electrical energy stored
in the actuator. A second order Ogden strain energy
function was used to model the hyperelastic material,
using the assumption that the strain A. perpendicular
to the radius remains constant along the radius during
actuation:

4)

Uy (A1) = (Zl (Ag‘l F(AMAe) ™M + A% — 3) +
1
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where & and p are the Ogden parameter, A, is the stretch

in the radial direction, A, is the stretch in direction per-

pendicular to A and v is the volume of the membrane.

The volume is calculated as:

V=Tt (Rz — rz) to)\;z 6)

where R is the external radius of the membrane, r the
radius of the smaller face of the cone and ¢ is the thick-
ness of the membrane in the undeformed configura-
tion.

When there is no displacement in vertical direction,
A1 equals A, whereas the relation between the two is
found with simple geometric considerations for y > 0:

(R—7)*+y2

Al(]/):)\c R—7r

@)

Equation 7 is inserted in 5, in order to express the
strain energy as function of y.

From the point of view of the electro-mechanical
interaction, the actuator is modelled as a planar actua-
tor, whose energy is calculated as in the case of a par-
allel plates capacitor:
eAZV? g

N ®)
where ¢ is the dielectric constant, A, is the area of the
electrodes and V is the voltage applied between the
electrodes. The area is expressed as function of the dis-
placement y, considering it as the lateral surface of the
cone, leading to:

ucup (}/1 V) =

Ae=1 (R2 + 1,2) 2+ (R—r)? )

This expression is inserted in equation 8, which is
then function of the displacement y and the voltage.

3 Working principle

The external force which makes the system switch its
equilibrium position is provided by the DEAs. The two
possible stable configurations of the system are sym-
metric with respect to the plane with y = 0 (figure
2b). In the initial state, when both DEAs are not ac-
tive (point a in figure 2b), the sum of the forces is not
sufficient to make the system switch configuration. Af-
ter the activation of DEA1, the total force makes the
bistable element move until the point where the snap-
through occurs (point b in figure 2c). If the system passes
that point, the bistable element snaps to another equi-
librium configuration (point c in figure 2c). Figure 3
shows the scheme of the various phases of the switch-
ing, illustrated on the force-displacement curve. In the
case of figure 3 the system starts in the position of neg-
ative y (P1), but it is possible also to start from the
symmetric position (P3). The force of the bistable el-
ement in figure 3 was calculated with equations 2 and
3. The net forces exerted by the membranes have a di-
rection opposite to the force of the bistable element,
but they are represented with the same sign to iden-
tify the equilibrium position at the intersection of the
curves. The green broken line is the net force of the
DEAs when no voltage is applied. When a high DC
voltage is provided to the actuator 1, the net force of
the membranes changes (red dashed curve of figure
3), resulting in a net force higher than the maximum
force of the bistable element. The force of the DEAs in
figure 3 was derived from equation 4. The effect is a
switching to position P2 (figure 3). When the voltage
is removed, the system sets in position P3, because the
net force of the DEAs is lower than the force of the bi-
stable element.

The same concept can be explained in terms of in-
ternal energy of the system. The energy of the bistable
system can be expressed in terms of bending energy,
whereas the membrane energy can be described by the
strain energy function. Figure 4 shows the energy func-
tions for the equilibrium positions P1, P2 and P3. The
total energy function of the system has initially two
relative minima, symmetric to the y axis (figure 4a). In
between the two minima a relative maximum acts as
an energy barrier which prevents the system to change
its equilibrium state without any external energy. When
actuator 1 is active, the shape of the total energy varies,
until the local maximum disappears and the function
presents only a local minimum, which becomes the
new equilibrium position (figure 4b). When the volt-
age is removed (figure 4c), the shape of the total en-
ergy function is the same of the figure 4a, but in this
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Fig. 4 Schemes of the internal energy of the system, function of the displacement y. (a) equilibrium position P1, with both actuators
inactive; (b) actuator 1 is active, and the system switches to side with positive y (equilibrium point P2); (c) the actuation is removed
and the system remains in position P3 (symmetric to P1) without energy consumption.

DEAs net force
----- actuator 1: 0 V
actuator 2: 0 V
DEAs net force
----------- actuator 1: V>>0
actuator 2: 0 V

Fig. 3 Scheme of the force-displacement relation of the bistable
element and the DEAs. Black dotted lines are the DE conical ac-
tuators, green broken lines is the sum of the forces of the DEAs
without actuation, red dashed line is the sum of the forces of
the DEAs with voltage on the actuator 1. The equilibrium posi-
tions during the switching are indicated as P1, P2 and P3.  is
the maximum displacement of the bistable element, whereas d
is the distance of the flat membrane.

case the energy barrier prevents the switching from P3
to P1.

4 Materials and methods
4.1 FEM model

A FEM model was developed to accurately calculate
the forces exerted by the bistable element during the
switching between the equilibrium states. Marc/Mentat
(MSC Software) was used for the implementation of
the simulation. The geometry replicated the cross-like
shape of the bistable element. The mesh was imple-

mented with planar elements, imposing the boundary
conditions that do not allow the system to have a de-
formation mode different from the prescribed one (third
mode of buckling). The material (steel) was simulated
as an isotropic and elastic material with Young modu-
lus of 200 GPa. The yield stress was not included in the
simulation, but the stress was calculated and then was
verified that the yield limit was not exceeded.

A first simulation was implemented to validate the
analytical model. It was important to quantify the dif-
ference between the analytical and the FEM model for
design purpose. In particular, the maximum force ex-
erted by the bistable element in the full range of dis-
placement was the main characteristic needed for the
design.

The overall design process can be summarized in
three steps. First, the analytical models were used to
find a proper combination of DEAs and bistable ele-
ment, which allowed the bistability of the system. The
following step was to simulate the bistable element, to
verify the real mechanical properties and either con-
firm the accuracy of the design, or change the geo-
metrical parameters of the bistable element or of the
membranes. The final step was to simulate the combi-
nation of the DEAs and bistable elements, to evaluate
the equilibrium positions. The DEAs were simulated
as linear springs, connected to the center of the cross-
shaped beams and constrained at a distance y = =+d.
The stiffness of the spring varied according to the vari-
ation of the force-displacement characteristic of the con-
ical actuator for different actuation voltages. The re-
sulting equilibrium position was evaluated and the bista-
bility assessed.
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4.2 Fabrication and test of the bistable element

A bistable cross-shaped element was made from a 50 pm
steel shim using electrical discharge machining (EDM).
The beams had a width of 1.5 mm. The four extremities
of the steel element were then fixed to a circular rigid
frame with and internal diameter (R) of 20 mm, caus-
ing an out of plane buckling (/1) of 1.8 mm. A hole was
cut at the intersection of the two beams that formed
the cross, to insert a screw for the connection with the
measurement setup. The setup consisted of a load cell
(LSB200, Futek) rigidly connected to the centre of the
bistable element, whose displacement in the y direc-
tion was controlled by a micrometric slider. The reac-
tion force exerted by the bistable element was recorded
during the motion in the full range of the stroke. The
snap-through could not occur because of the constraints,
thus the force-displacement curve was measured in the
range +h. Results are shown in section 5.2.

4.3 Fabrication and test of the DEAs

The two DE actuators are made by a single layer of
VHB 4910 (3M) with carbon grease (MG chemicals)
electrodes. The acrylic film is pre-stretched uniformly
and fixed on an acrylic circular frame. The grease elec-
trodes are applied on the film after the positioning of
a paper mask that delimits the area of the electrodes.
Two other frames are then attached to the actuator pe-
rimeter, clamping the film and constraining the circum-
ference. The thickness of the frame determines the dis-
tance between the plane of the rest state of the actu-
ator and the neutral plane of the bistable mechanism.
The DE conical actuator model was validated with a
series of experiments on the force-displacement char-
acteristics of DEAs. The center of the membrane was
clamped between two cylindrical magnets with diam-
eter 2mm (N48, neodymium) and then the electrodes
on each side of the VHB membrane were applied. The
upper magnet was used to connect an inextensible UH-
MWPE cable to a micrometric linear positioning stage.
The micrometric slide was equipped with a load cell
(LSB200, Futek) and the motion controlled via PC. Fig-
ure 5 shows a scheme of the experimental setup for
the measurements. The force and displacement were
recorded on a series of experiments performed with
different actuation conditions: first the test was made
with no voltage between the electrodes, then an in-
creasing voltage up to 4000 V was applied and the force-
displacement curves measured. Results are shown in
section 5.1.

MICROMETRIC SLIDE

FORCE
LOAD
CELL
capLp [HIGH VOLTAGE
MAGNETS < + SUPPLY —

DEA CONE ACTUATOR

Fig.5 Scheme of the experimental setup for the measurement of
the force-displacement curve of the DEA cone actuator.

5 Results and discussion
5.1 Conical DEA validation

The results of the experimental tests for the DE actua-
tor are shown in figure 6. The experimental results are
compared to the analytical model, which was imple-
mented using the following Ogden parameters: a; =
1.1, yy = 57GPa, ap = 5 and pp = 0.15GPa [2]. The
model shows good similarity with the experiments for
small displacements (from 0 to 2.5 mm), and then slightly
diverges for higher displacement values. For large de-
formations the hypothesis made in the model regard-
ing the preservation of a conical shape is no longer
valid, and the circular pre-stretch A. also varies. On
the other hand, the effect of the applied voltage in the
model finds a good agreement with the experiments.
In terms of design of the bistable mechanism, the change
in the stiffness of the membrane is the most important
parameter, because it determines the force difference
exerted by the membranes on the beams and thus de-
termines the bistable behavior.

5.2 Bistable beam validation

The analytical model of the bistable beam was used
for the choice of the geometrical parameters for a first
approximation, because it was faster and simpler then
FEM models. On the other hand, the analytical model
does not take into account the actual shape of the bi-
stable element. The cross-shape adds stiffness to the
structure, compared to two single buckled beams act-
ing in parallel but not connected in the center. The FEM
simulation was used to assess this effect and quantify
the difference in stiffness.

The simulated geometry used the following param-
eters, which are the same also for the experimental tests:
thickness of the beams 50 pm, width of the beams 1.5 mm,
distance between the extremities of the beams in buck-
led configuration 20 mm, maximum displacement of
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Fig. 6 Force-displacement graph of the conical DEA. Experi-
mental tests with different actuation voltages (dotted lines) are
compared to the analytic model (markers). The tested actuator
had pre-stretch A = 3 and diameter 20 mm.

the central point of the beams £1.8 mm. Figure 7 shows
the comparison between the analytical, the FEM model
and the experimental data. The FEM simulation con-
firms the linear trend of the curves subdivided in three
distinct segments. A difference in the stiffness is pre-
sent, as predicted, in the central part of the graph, whe-
reas in the extremities the stiffness path is comparable.
This can be explained by the different phases of actua-
tion. Starting from one of the two stable configurations
(y = =£h), the force starts to increase with increasing
displacement until the maximum is reached. This first
segment of the curve is associated with a small dis-
placement, and thus the effect of the stiffening due to
the intersection of the beams has a small influence on
the displacement-force curve. The results of the experi-

mental tests show that the slope of the force-displacement

curve can be predicted with good approximation by
the FEM analysis. On the other hand, a certain hys-
teresis is present, which makes the point of maximum
force move slightly depending on the direction of mo-
tion. Nevertheless, the maximum force is the same in-
dependently from the hysteresis, and its magnitude is
comparable to the maximum force predicted by the an-
alytical model. The information derived from the two
theoretical analyses can be used to finalize the design
of the bistable element in combination with the DEAs.

An optimal design of the system should maximize
the force difference between the stable initial position
(P1 in figure 3) and the maximum force of the bistable
system. The higher is this difference, the more is the
force that can be exerted by the system on the external
environment. The role of the DEAs is just to provide

1.5 . .
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o FEM simulation
—— experimental data
0.5 r 8
z
g8 0f 1
-
&
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2 -1 1 2

0
displacement y (mm)

Fig. 7 Force-displacement curve of the bistable element: FEM
model (blue dot marker), analytical model (black broken line)
and experimental data (red line). The two experimental curves
refer to the two directions of motion, indicating hysteresis dur-
ing deformation.

enough force to make the system switch to the second
equilibrium position.

The design carried out with the analytic simulation
was tested with a FEM simulation. The design given
by the analytical models had the following parame-
ters for the bistable beam: h = 25mm, d = 5mm,
I = 20mm, t = 50pum, w = 1.5mm. The DEA asso-
ciated with the bistable beam had a pre-stretch A, = 4,
a diameter of 20 mm and two actuation layers. Two ac-
tuation layers can be obtained stacking two single lay-
ers made with the same fabrication process described
in section 4.3. The spring rate of the conical actuator
given by the analytical model was used to model the
spring elements in the FEM simulations. The spring
element is a mono-dimensional element with a linear
spring rate. One extremity of the springs was linked to
the center of the bistable element, whereas the other
extremity was constrained at a distance y = d and
y = —d respectively. A first simulation was made to
define the first equilibrium position (P1), which corre-
sponds to the case of both conical actuators not acti-
vated. Another simulation was made to calculate the
second equilibrium position (P2), and thus to confirm
the possibility to switch to another stability position
by the DEA activation. The spring rate was varied un-
til the switching was observed. The spring rate corre-
sponding to an actuation voltage of 4000 V was the one
that made the system switch the equilibrium position.
Figure 8 shows the transition phases from position P1
to position P3. Figure 8b shows the position of maxi-
mum deformation, corresponding to the y = 0 coordi-
nate of central point of the beams. The stress induced
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Fig. 8 Screenshots of the FEM simulation of the bistable element and the mono-dimensional springs that simulate the DEAs. (a)
bistable element in position P1. The springs have the same spring rate; (b) the spring rate of spring 1 is diminished and the bistable
element is switching towards position P2; (c) the system has switched in position P2 and the springs have again the same spring rate.

Colorbar indicates the stress of the beams.

by bending can be calculated by the simulation: the
intersection of the beams is the area where the maxi-
mum stress is observed. During the transition from P1
to P3 the stress never exceeded the yield stress of the
steel (600 MPa). The graph in figure 9 shows the ac-
tual curve of force-displacement of the simulation. The
black points indicate the calculated equilibrium posi-
tion. In the non-actuated condition, an external force
of 0.4 N is necessary to make the system switch to the
opposite configuration. This force can be considered
also the maximum available force that the system can
exert on the environment without having a switch of
the stable configuration. The total displacement of the
central point of the bistable system is 4.6 mm, which
corresponds to the 46% of the overall dimension of the
system in the y direction (10 mm).

6 Conclusions

The design of a bistable system driven by dielectric
elastomer actuators was discussed, analyzing its mod-
elling and simulating its functioning with FEM anal-
ysis. The hypothesis of the design of a bistable mech-
anism with a cross-like shape was confirmed, and the
FEM simulation was proved to be effective for a de-
sign more precise then the one made with the analyt-
ical models. The DEA conical actuator model and the
bistable mechanism were validated with experimental
analysis, and the results obtained were used to simu-
late the whole mechanism with a simulation that took
into account the interaction of the actuators and the
bistable beams. A final design of the system was pro-
vided and the forces and equilibrium positions calcu-
lated. The resulting device is light-weight, small and
with a linear displacement that equals the 46% of the
total length of the device.
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Fig. 9 Results of the FEM simulation. Black dots represent the
equilibrium points given by the change in the spring rate of the
conical actuator DEA 1. The green dotted line is the sum of the
forces of the springs in not-actuated state, the red broken line is
the sum of the forces when DEA 1 s activated. The system is first
in position P1, then switches to P2 when DEA 1 is active, and in
the third phase it stabilizes at P3 when voltage is removed from
DEA 1.
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