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ABSTRACT

Bistable behavior is desirable for a variety of applications
because power is applied only during switching, and the
mechanism state remains the same regardless of any power
interruptions. The low variability in the stable positions aso
makes accurate open-loop control of many systems possible, and
the precise switching characteristics make them valuable in
sensing arrays. In this paper, fully-compliant bistable
micromechanisms were modeled using finite elements. This
model was then coupled with an optimization program, allowing
extensive exploration of the design space. Three designs within
this space were generated by minimizing the layout size of the
devices subject to force constraints. These designs were
subsequently manufactured and tested to verify bistability, with
each mechanism snapping as expected between the two stable
positions. The design space was then further explored to
determine the behavior of the device as the maximum force
output increased. This study revealed that the minimum layout
size increases with the maximum force output.

INTRODUCTION

Bistable micromechanisms remain in stable equilibrium in
two distinct positions. This behavior is valuable for severa
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MEM S applications because power is applied only to switch the
mechanism, and the state of the mechanism is not lost upon
interruption of power to the system. Furthermore, the low
variability in their stable positions makes accurate open-loop
control of many systems possible. For example, mechanically
bistable devices have been investigated for use as microvaves
[1-4], nonvolatile memory elements [5], micro-switches or
relays[6-11], and fiber-optic switches [12-14]. The possibility of
open-loop control has also led to work on a histable display
system [15]. Moreover, the precise switching capabilities of
bistable devices has also made them attractive as sensing arrays
[16].

Many of these reported devices rely on residual stress to
induce beam buckling, a well-known bistable phenomenon.
However, the difficulty of accurately controlling residual stress
in micromachined materials complicates reproducibility of such
devices [17,18]. Recently, bistable devices which operate in the
absence of residual stress, making them more reliable [11,19],
have been proposed. This also alows fabrication using deep
reactive ion etching of single-crystal silicon substrates or within
foundry-type processing for technologies which minimize
residual stressin mechanical materials. However, the design of
these mechanisms is made difficult by the necessity to keep
stress low to avoid fracture. Moreover, the design must be
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Figure 1: The rigid-body mechanism model

considered carefully to ensure that switching will occur, as many
designs fail to toggle [11,19]. Finaly, a fully-compliant, one-
piece design is desirable to avoid friction, backlash, and wear at
joints [20,21].

This paper further explores the mechanism typology of [19]
to demonstrate operation of fabricated fully-compliant bistable
mechanisms. Also, the force-generation capabilities of the
mechanism typology within one fabrication technology are
explored. Specifically, mechanism designs are generated for the
SUMMIT-V technology, SandiaNational Laboratory’sfive-layer
polysilicon surface micromachining technology. In order to
explore the design space quickly, optimization techniques are
used. Testing shows that the devices work as expected, and the
data generated are used to understand better the nature of fully-
compliant bistable micromechanism designs.

MECHANISM DESIGN

The mechanism typology is inspired by the rigid-body
mechanism model shown in Fig. 1 [19]. This mechanism model
incorporates two dliders joined by arigid link. The dider at the
left is attached to a relatively stiff spring, which pushes the
mechanism into a second stable position as shown in dashed
lines. A torsional spring acts at each pin joint to represent the
fully-compliant mechanism'’s resistance to bending. These two
torsional springs remain deflected in the second stable position,
so that they work against the action of the side spring. Hence, if
the spring stiffness k is not large enough for a given design, the
torsional springs will prevent the mechanism from possessing a
second stable position.

Therigid-body model of Fig. 1 may be converted to afully-
compliant micromechanism design using pseudo-rigid-body
modeling, in which rigid-body joints are replaced by one or more
flexible segments[21,22]. Theillustration in Fig. 2 demonstrates
the micromechanism typology for this case. Here, the top slider
isapproximated by mirroring the mechanism. Then, thetorsional
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Figure 2: Conversion of rigid-body model to fully-
compliant micromechanism

springs are replaced with thin flexible members and the side
spring is replaced with afixed-fixed beam. The fixed-fixed beam
ismuch stiffer in the transverse direction than it isaxially; so that
it also approximates the motion of the other slider.

Finite Element Model

This mechanism typology tends to experience large-
deflection behavior during deflection, complicating analytical
modeling. Therefore, a nonlinear finite element model was
created using beam elements in ANSYS. The model was
parameterized to allow easy caculation of behavior for any
conceivable device dimensions, with parameters illustrated in
Fig. 3. The finite element model calculates the force required to
move the mechanism to 32 points along its deflection path.
Maximum stressin the device at each step is also recorded.

Fig. 4 shows a sample of the data resulting from the finite
element model for a bistable mechanism design. Thisgraph plots
the displacement of the central trandating element against the
calculated force required to produce that displacement. The
behavior is highly nonlinear, with the magnitude of the force
initialy rising to a maximum at the value denoted as F;n,
(becausetheinitial sign of the forceis negative, denoting aforce
inthe -y direction). Thereafter, the magnitude dropsto zero at the
unstable position. The mechanism will remain in thispositionin
the absence of external forces, but any perturbations will cause it
to “snap” into one of the two stable positions. Finaly, the
magnitude of force rises again, though in the other direction,
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E = Young's modulus of material
t = out-of-plane thickness of mechanism
t,c = out-of -plane thickness of side spring

LSS
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Wi W1, Wy = in-plane widths
ANN SRR of flexible segments

Figure 3: Parameterization for half-model used in
finite element model
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Figure 4: Aforce/displacement curve for a bistable
mechanism.

reaching a maximum of F,,,, before falling again to zero at the
second stable position. Moreover, Fpax is the value of the
maximum force that the mechanism can exert after switching,
which becomes important for valves or latches. Note that the
displacement values on the graph are also negative to denote
displacement in the -y direction.

Optimization

In order to more easily explore the design space of this
mechanism typology, optimization code was linked to the finite
element model using a c-code wrapper. The optimization
program was used because of its ability to quickly evaluate many
designs, producing designs that are optimal with respect to some
objective. Objectives that have proven useful include minimi-
zation of the mechanism footprint (to reduce space required for
layout), maximization of F,, (to increase latching force), and
minimization of the distance to the second stable position (to
reduce the demand on the actuator). To ensure that the

mechanism design exhibited bistable behavior, a constraint was
applied to require the value of F,,5, to exceed some limit greater
than zero. For designs which are not bistable, of course, Fp,, is
less than zero. This and other constraints on the optimization
routine are summarized in Table 1. In this table, Fy;gape iS the
maximum force desired, Oy, IS the maximum stress in the
device throughout its motion, S is the ultimate strength of the
material along with any safety factor desired, Fycyyator iS the
force output of the actuator which will switch the mechanism,
Ounstable IS the deflection to the unstable position, and d,ctator 1S
the stroke of the actuator.

The generalized reduced gradient (GRG) method, an all-
purpose gradient-based optimization algorithm, was employed
for most optimization runs [23]. Because of the numerical noise
inherent in a nonlinear finite element solution, this method
would sometimes converge to alocal minimum created by noise
in the solutions. Thus, to aid in the search for a global optimum,
the simulated annealing algorithm, which is not gradient-based,
was also used [24].

Early optimization runs reveaded that the feasible design
space is actually quite narrow, with many designs exceeding
either the stress constraint (if the mechanism wastoo stiff) or the
bistability constraint (if it was not stiff enough). The optimi-
zation thus proved to be a vital part of the design process, as
manually changing variablesto find feasible designs would have
been alengthy and tedious process.

Using this technique, three micro-switch designs were
generated for varying values of the force constraints, as outlined
in Table 2. These designs are intended for use in switching

Table 1: Constraints placed on optimization

Constraint Constraint Value Purpose
Bistability Fmax = Fpistable Ensure bistable
behavior
Stress Omax =S Prevent failure

Actuator F >-F Ensure actuator can

min= """ actuator S
Force cause switching
Actuator | Oynsrapie S Oactuator | ENSUreactuaor can
Stroke cause switching

Table 2: Constraint values for 3 designs

Design 1 Design 2 Design 3
Fhistable 1.0 puN 20puN 1.0uN
S 1000 MPa | 1000 MPa | 1000 MPa
Factuator 75N 75N 12.5uN
Oactator | 15.0um | 15.0pm | 15.0pm
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applications, where small size is advantageous and little force is
required for latching. Therefore, the objective used for the design
of these three mechanisms was the minimization of mechanism
size. The predicted performance of each mechanism design is
summarized in Table 3, and the parameters describing each
design are presented in Table 4. For these optimization runs, the
design variables optimized wererqq, 6, |1, and 6,. In addition, I,
was set equal to |4, and 6, was set equal to 6;. All other
parameters were chosen as listed in Table 4.

FABRICATION AND TESTING

Each mechanism was designed for fabrication in Sandia's
Ultra-planar Multi-level MEMS Technology V (SUMMIT V), a
five-layer polysilicon surface micromachining process[25]. This
technology offers five distinct layers of polysilicon, denoted
Poly0, Poly1, and so on. Thefirst layer, Poly0, is attached to the
substrate for wiring and generation of ground planes, leaving

Table 3: Predicted performance of 3 designs

Design 1 Design 2 Design 3
Layout Size | 220 x 140 uN | 243 x 140 uN | 201 x 140 pN
Firax 10puN 2.0uN 1.0pN
O max 507 MPa 532 MPa 867 MPa
Frin -7.5uN -7.5puN -12.5 N
Oynstable 5.8 um 6.0 pm 6.3 pum

Table 4: Parameters describing 3 designs

Parameter | Design1 | Design 2 | Design 3
r1o (MM) 38.8 56.2 451
6 (rad) 0.0635 0.0595 0.0729
[1 (um) 216 18.9 14.3
[ (um) 216 18.9 14.3
6, (rad) 0.0271 0.0250 0.0438
6, (rad) 0.0271 0.0250 0.0438
wy (Um) 1.0 1.0 1.0
Wo (Um) 1.0 1.0 1.0

t (um) 2.25 2.25 2.25
[ (Lm) 40.0 40.0 40.0
W, (Lm) 21 21 21
t, (M) 7.0 7.0 7.0
E (MPa) 165 165 165

Figure 5: Layout of Design 2

_— —_—

e —

|
o - .
—

—

Figure 6: Photograph of Design 2, as fabricated

four released layers. Polyl and Poly2 may be easily laminated,
for atotal combined layer thickness of 2.5 um, while Poly3 and
Poly4 are each 2.25 pm thick.

Layouts for each of the three designs were generated using
the variables derived from the optimization routine. The body of
each mechanism was created using Poly3 to suspend it well
above the substrate, avoiding problems with stiction. The fixed-
fixed beams acting as side springs were created using each of the
layers, using the same dimensionsin each layer. Also, the central
shuttle for each mechanism was connected with the central
shuttle of an identical mechanism to improve stability and
prevent rotation of the device during switching. The entire
device therefore consists of 4 haf-models joined together in
parallel. An example layout of Design 2 isshown in Fig. 5. Note
that the data of Table 3 are for the device half-model, so that the
predicted force values for the entire device shown in Fig. 5 are
four times the valuesin the table.

After fabrication, the devices were released in hydroflouric
acid and then super-critically dried using a CO, process to
prevent sticking. Fig. 6 shows a photograph of Design 2 seen
through a microscope. At the bottom of the image, some optical
distortion is present due to focusing problems with the camera
used to capture the image. The mechanism lies between two
thermal actuators (mostly out of view) for snapping in either
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second stable position

Near Unstable Equmbrlum

EE
L

direction. The thermal actuators each project a small shelf of
Poly4 over the bistable mechanism to prevent out-of-plane
slipping between the mechanism and the actuator. These shelves
are visible in the image. However, the bistable device is not
physically connected to either actuator to allow snapping to
occur.

Testing revealed that each mechanism snapped as expected
between the two stable positions. Unfortunately, the thermal
actuators did not produce as much force as expected, and they
were unable to initiate bistable snapping. These actuators have
been redesigned to give better performance and are currently
being fabricated. However, using microprobes, each mechanism
design was snapped back and forth between the two stable
positions multiple times with no fracture. Fig. 7 shows Design 2
near its unstable position and in its second stable position. Both
images are taken from avideo (with frame rate 30 fps), in which
the image near the unstable position is the last frame before the
sudden snapping event. The second stable position image is the
next frame after snapping.

FURTHER DESIGN SPACE EXPLORATION

The design data presented in Tables 2 and 3 demonstrate
some interesting trends worth further exploration. Note that for

all three designs, the Fp,, and Fp;, constraints are both active;
that is, each value is equal to its limit. Thisimplies that smaller
designs could be achieved if either constraint were relaxed
somewhat. Further, Design 4, for which each of these constraints
is most relaxed, is the smallest design. Thus, the data seem to
indicate that smaller-sized designs are possible if the actuator
force is alowed to be larger or if the maximum force near the
second stable position is allowed to be smaller. Aslong as these
two constraints are active, these two mechanism characteristics
are determined by Factyator @0 Fpiganie- Therefore, for designs
with higher force requirements, the trend indicates that the
footprint of the mechanism will have to be increased. On the
other hand, Fyetator 1S limited practically by the choice of
actuator to be used. Thus, in the design of a bistable mechanism
for minimum size, Fyator Should be set as high as possible for
the given actuator. On the other hand, a trade-off appears
between minimizing size and producing necessary force near the
second stable position.

Design Trade-Off Exploration

The coupled finite element analysis and optimization
models were used to explore the design trade-off between the
layout footprint of the mechanism and the maximum force in the
second stable position, Fpgy. The value of the bistability
constraint, Fpigapies 1S Systematically varied for each optimi-
zation run. The activity of this constraint is the key to
determining the relationship between layout size and F,,5 Since
when active, Fyay = Fpisanie ANticipating an actuator force of
approximately 50uN, the value of the actuator force constraint,
Fmin2—Factuator » Was set to 12.5uN for the half-model. A
value of 2N was chosen as the minimum for F,,, to ensure that
it would be of significant magnitude to maintain the second
equilibrium position.

The size of the resistive side-spring element was held
constant at 5pum x 5um throughout the optimization, simplifying
the objective function to the overall length of the mechanism (the
sum of the lengths of the small-length flexural pivots and the stiff
member between them). The small size of this extremely stiff
spring requires little layout space and facilitates the minimi-
zation of the length of the other typology members.

The results from this study are shown in Fig. 8. The length
of the mechanism is given in um and the force in uN. Both the
actuator force and bistability force constraints were active for all
designs. As the preliminary data implied, the finite element
analysis indicates that the minimum layout size increases with
the maximum force in the second stable position. From adesign
perspective, this means that for this topology, a mechanism
capable of producing a certain latching force requires a
minimum layout size. As the latching force needs increase, the
layout space allocated to the mechanism must also increase. The
arrows to the right of the solid line indicate “feasible space.”
Viable mechanisms can be created for any (F,qx l€ngth) pair in
that space.
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Figure 8: Results from layout size and force in the
second stable position design exploration.
Viable mechanisms can be created for any
point to the right of the line.

CONCLUSION

Fully-compliant bistable micromechanisms were modeled
using finite elements. By linking the finite element model to an
optimization program, the design space was extensively
explored. Three designs within this space were generated by
minimizing the layout size of the devices subject to force
constraints. These designs were subsequently manufactured and
tested to ensure bistable behavior. Testing revealed that each
mechanism snapped as expected between the two stable
positions.

The design space was then further explored to determine the
behavior of the device as the maximum force output increased.
This study revealed that the minimum layout size increases with
the maximum force output. From a design perspective, this
means that for the given mechanism topology, a device capable
of producing a certain latching force requires a minimum layout
size. For anincrease in the required latching force, the necessary
layout space must also increase.
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