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On-Chip Actuation of an In-Plane Compliant Bistable
Micromechanism

Michael S. Baker and Larry L. Howell

Abstract—A compliant bistable micromechanism has been
developed which can be switched in either direction using on-chip
thermal actuation. The energy storage and bistable behavior
of the mechanism is achieved through the elastic deflection of
compliant segments. The Pseudo-Rigid-Body Model was used
for the compliant mechanism design, and for analysis of the
large deflection flexible segments. To achieve on-chip actuation,
the mechanism design was optimized to allow it to be switched
using linear motion thermal actuators. The modeling theory
and analysis are presented for three design iterations, with two
iterations fabricated in the MUMP’s process and the third in
the SUMMIT process. [795]

Index Terms—Bistable, compliant mechanism, micro relay,
micro switch, pseudo-rigid-body model, thermal actuator.

I. INTRODUCTION

ICRO-BISTABLE mechanisms have numerous poten-
tial applications, including microvalves, microswitches,
relays, and micropositioners. A bistable mechanism is defined
as a mechanism that has two stable positions within its range
of motion. As the mechanism is moved from its first stable
position to its second stable position, it passes through an un-
stable equilibrium position. A primary advantage of a bistable
mechanism is that it only requires energy input to switch the
mechanism from one state to the other, but input energy is
not required to maintain the mechanism in either of the stable
equilibrium positions. This behavior of the bistable mecha-
nism is of particular importance at the microlevel when power
consumption and heat dissipation are often a major concern.
The advantages of increased stability, positional accuracy and
low power consumption have been important driving factors
in the research and development of micro-bistable devices.
Several different bistable devices and configurations
have been demonstrated in the literature. Both in-plane
and out-of-plane switches have been shown that utilize the
snap-through effect of a fixed—fixed beam buckled under com-
pressive residual stress [1], [2]. A thermally actuated bistable
device has been demonstrated which uses a film deposited in
a state of residual tension to achieve bistable motion [3]. Each
of these devices requires control of the residual stress in the
deposited films to achieve the bistable effect. Several bistable
devices have been shown which do not rely on residual stresses
[4]-[6], however these have not yet been demonstrated with a
method of on-chip actuation.
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This paper discusses the design of an in-plane compliant
bistable micromechanism with rotary motion between its two
stable equilibrium positions. For successful on-chip actua-
tion, the mechanism design has been optimized so that its
displacement and force requirements fall within the allowable
specification of the thermal actuators used. Because of the po-
tential for use in autonomous systems, the power consumption
of the actuators has also been reduced. Three optimized designs
were fabricated and tested and the results are presented using
paired thermal actuators for single pulse on-chip actuation.

II. COMPLIANT MECHANISMS AND THE
PSEUDO-RIGID-BODY MODEL

A compliant mechanism derives some or all of its motion
from the deflection of flexible members. The use of compliance
presents several advantages including part count reduction and
more precise motion. The motion of a compliant beam can
be predicted using small-deflection analysis, however, as the
deflection increases the linearized small-deflection equations
introduce significant error. Exact solutions of large deflection
problems involve elliptic integral solutions, making design
synthesis difficult. The Pseudo-Rigid-Body model (PRBM) is
a method of analysis that allows the large deflections to be
modeled using rigid-body kinematics—greatly simplifying the
design of compliant mechanisms.

Using the Pseudo-Rigid-Body model, a cantilevered beam
with a force applied at the free end can be modeled as a rigid link
with a pin joint and a torsional spring (see Fig. 1). By replacing
the flexible segment with a rigid link and a pin-joint, the force
and deflection characteristics of the member can be analyzed
using rigid-body kinematics. The location of the pin joint, or
characteristic pivot, is determined by the characteristic radius
factor, . The value for «y is a function of the angle of the ap-
plied load; however, it is reasonable to assume a value of 0.85
for a wide range of loading angles [7]. The location of the beam
end can then be determined by

— =7(1 — cos©) €))

and

=ysin© 2)
where © is the pseudo-rigid-body link angle, « is the horizontal
distance to the beam end, b is the vertical distance to the beam
end, and { is the undeflected beam length as shown in Fig. 1(b).
This method is accurate to within 0.5% for a maximum angular

1057-7157/02$17.00 © 2002 IEEE

Authorized licensed use limited to: Brigham Young University. Downloaded on March 16, 2009 at 11:22 from IEEE Xplore. Restrictions apply.



BAKER AND HOWELL: ON-CHIP ACTUATION OF AN IN-PLANE COMPLIANT BISTABLE MICROMECHANISM 567

Undeflected position
(a)
| a
Pseudo-rigid-
body link ™ F
Torsional
spring b
4 ) ©
Z L
772
) F "n—
Characteristic =~ \—— Characteristic
pivot radius
(b)

Fig. 1. (a) Original fixed-pinned segment. (b) Pseudo-Rigid-Body model of a
fixed-pinned segment.

displacement of ® = 77°. A torsional spring must be added
to model the resistance of the beam to bending, with the spring
stiffness defined as

K =K, (?) 3)

where F is the Young’s Modulus of the material, I is the area
moment of inertia, [ is the beam length and Ky is the Pseudo-
Rigid-Body model stiffness coefficient, which has a value of
2.65 for most loading conditions [8]. After modeling all of the
flexible segments in a device with the PRBM, the mechanism
motion and energy storage can be analyzed using traditional
rigid-body mechanism analysis methods. Once the geometry of
a compliant mechanism is known, finite-element analysis is a
useful tool for validating and fine-tuning the design, however,
the PRBM is much more valuable in the early phases of design
as it allows for devices to be designed that otherwise would not
be feasible, with specific force and displacement characteristics.

III. METHOD OF ACTUATION

Thermal actuators are devices that utilize constrained thermal
expansion of thin members to achieve an amplified motion.

Fig. 2. SEM image of the thermal actuator design used in this work.

Several different design configurations have been proposed
for thermal actuation, including the heat-drive actuator and
the thermal in-plane microactuators [9], [10]. Multiple leg
thermal in-plane actuators were used in this work because of
the relatively large force and displacement output (see Fig. 2).
Actuators based on thermal expansion offer advantages over
electrostatically actuated devices because they can produce
a much greater force output per unit area at significantly
lower voltages. They are also capable of relatively large
displacements.

The disadvantage of thermal actuators when compared to
other methods is that they require a greater amount of power in
their operation. The higher energy requirements are due to the
energy loss from the heated legs to the surrounding air and into
the substrate. However, this disadvantage can be minimized
through proper actuator design. Operating in a vacuum has
been shown to reduce the power requirements of the actuators
used in this study by over an order of magnitude due to the
absence of a medium for heat conduction from the heated legs.
It has also been found that applying a rapid current pulse to the
actuators, where a higher current is passed through the actuator
legs for a short time interval, increases the deflection amplitude
and improves the operating efficiency when compared to a
steady-state operating mode [11].

IV. BISTABLE MECHANISM DESIGN

The basic form of the mechanism developed in this paper con-
sists of two thin flexible segments pinned to ground and con-
nected to each other by a single rigid section. The mechanism
consists of only a single link, but it is able to achieve its motion
because of the compliance in the flexible segments. This type of
mechanism has been named the “Young Mechanism” [12]. To
analyze this compliant mechanism, the two fixed-pinned seg-
ments were replaced with their PRBMs, allowing the motion to
be analyzed as a rigid-link four-bar mechanism with torsional
springs located on each of the two pin joints that are not con-
nected to ground (see Fig. 3). Using the following closed-form
kinematics solution for a rigid-body four-bar mechanism, the
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Fig. 3. (a) PRBM of bistable mechanism. (b) SEM image of mechanism with

PRBM links labeled.

device motion can be calculated at any point in its rotation. For
05 between 0 and 7

b3 =1 —p
Oy=m—A—f3 4)
and for 6, between 7 and 27
b =1+
Oy=7m— A+ [ (%)
where 3, 1, X and 6 are defined as
2 62 2
_ooafritE
B = cos < 918 ) (6)
2, g2 2
36—y
¥ = cos <427’3 5 ) @)
2, 62 2
i frit -
A = cos < T ) ®)

and

6= \/7% + 7’% — 27172 COS(QQ). (9)

The stability of the mechanism can be determined by exam-
ining the potential energy stored in the system. For a compliant
mechanism, energy is stored in the deflection of the flexible seg-
ments. The compliance in the segment is modeled, using the
Pseudo-Rigid-Body model, as a torsional spring. The potential
energy, V, of a single torsional spring is defined as

V=L1K(0-6,)

=3 (10)
where K is the torsional spring constant, 6 is the link angle and
6; is the initial fabricated link angle. The total energy for the
mechanism is found by summing the energy stored in each of
the compliant segments. For this mechanism, there are two tor-
sional springs, and the total potential energy of the mechanism
is defined as

V =1 Ks[(f — 02:) — (63 — 03;)]
+ 5 K3[(0s — 043) — (63 — 05)]% (1)

where K5 and K3 are the PRBM spring constants as defined by
(3), and 6, 63, and 6, are the PRBM link angles. The stable and
unstable equilibrium positions are then determined by plotting
the total mechanism potential energy as a function of the input
angle. Stable positions are located at the minimums of the po-
tential energy curve [13], [14]. The maximum points in the po-
tential energy curve identify the unstable equilibrium positions
of the mechanism, and will be located between the stable posi-
tions. Taking the derivative of the potential energy curve with
respect to the input crank angle gives the input torque required
to rotate the mechanism, and is defined by

T = Ks[(62 — 02;) — (63 — 03;)] <1 - j—gj)

+ K3[(0s — 04) — (03 — 03,)] <d94 — d_93> (12)

do, — db,
where
de'g T2 Sin(64 — 62)
R R S 2 1
d92 T3 Sin(93 — 64) ( 3)
and
d94 - To Sin(93 — 92) (14)

% o T4 8111(63 — 64) )
The maximum stress in each of the two flexible segments can

be calculated at any position in the mechanism motion using the
following equations:

_ Me _ {Fol(62 = 6a0) = (65 = 650} (%)

e 7 (15)
and |
oy = # _ {K[(01 — 64) 71(93 — 03]} () .

where w is the width of the segment and [ is the cross-sectional
moment of inertia.

Both the linear thermal actuator and the rotary bistable
mechanism have been successfully demonstrated independently
in previous works [10], [12]. However, because of the large
rotations required to switch the bistable mechanism, it was
not possible to actuate the device on-chip using the existing
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actuators. The thermal actuators are limited to a maximum
steady-state linear displacement of approximately 12 pm. In
order to toggle the mechanism directly with a single 12 pym
actuator pulse using the MUMP’s surface-micromachining
technology, the maximum rotation between the stable and
unstable positions is limited to approximately 25°. This limit
is based on the configuration shown in Fig. 3, where the
actuator linear motion is used to flip the rotary mechanism
by pushing on an extension of the mechanism input link. The
minimum length of this input link extension is specified by
the design rules for the fabrication process used. In addition
to the displacement constraints, the input torque requirements
of the mechanism are also limited by the upper bound of
the actuator output force. The first design of the bistable
mechanism had a required rotation of 60° between the stable
and unstable positions, with a total rotation of 95° between the
two stable positions, and as such could not be switched using
a single-pulse of the actuator [12]. These devices were tested
by manually displacing them with a mechanical probe. For
successful on-chip actuation the bistable mechanism design
must be optimized to reduce its required rotation to within
the allowable output of the thermal actuators.

V. INITIAL MECHANISM DESIGN AND VALIDATION

These restrictions required the development of a new mech-
anism with small rotations that would also fall within the al-
lowable torque restrictions. The PRBM and energy equations
for the previously described mechanism [see (4)—(16)] were
programmed and linked to an optimization algorithm [15] with
the objective of minimizing the angle of sweep between the
two stable positions by changing:

* lengths of the Pseudo-Rigid body links, 71, 72, and 74;

» Pseudo-Rigid body link initial angles, f2; and 84;.

Subject to the following constraints:

* size limitation to reduce the effects of stiction and adhesion
to the substrate (by restricting the size of the link 73
to less than 300 pm);

» geometric check to ensure that the mechanism could
be fabricated from a single layer and rotate through its
motion without interference (with minimum lengths of
each flexible link restricted to greater than 50 um to
allow fabrication of a pin-joint);

* constraint on the magnitude of the stress in the flexible
segments to prevent failure (to less than 2.0 GPa maximum
stress);

* required minimum potential energy difference between
unstable and stable positions to ensure that the device has
enough energy to overcome stiction (with the minimum
allowable potential energy difference being greater than
150 pJ).

The width of each of the two flexible links was fixed at the
minimum allowed by the fabrication process. Because of the
numerous local minimums in the design space, gradient-based
optimization routines such as sequential quadratic programming
(SQP) and generalized reduced gradient (GRG) failed to give
good results; however, a simulated annealing routine provided
satisfactory results and was used extensively in determining

e,
——

Fig. 4. ANSYS finite element predicted deformed shape at second stable
position.

the optimum design [16]. The simulated annealing algorithm
randomly perturbs the design variables in a search for the best
design. If a better design is found, it is accepted; however,
if a worse design is found, there is a probability that it will
also be accepted as the new best design. This probability is
based on the Boltzmann probability factor and decreases as
more evaluation cycles are performed. By allowing a worse
design to be accepted, the algorithm is able to jump out of
local minimums in the design space in the search for a global
optimum. It is this characteristic of the simulated annealing
algorithm that allows it to perform well in this design problem
because the design space for the young mechanism is very
discontinuous with numerous local minimums.

Because of the discontinuous nature of the design space for
this mechanism, and the numerous local minimums, several
feasible designs were found by the optimization routine with
a single design determined to be the best based on the level to
which it met the optimization objective. To validate the design
selected from the optimization routine, the final mechanism
configuration was modeled and analyzed using a commercial
finite element analysis code (ANSYS). Because of the large
elastic deformations, a nonlinear analysis was performed.
From the finite-element analysis, the position of the unstable
equilibrium point and the second stable point were found as
well as the value of the maximum stress in the mechanism at its
second stable equilibrium position, and the mechanisms final
deformed shape (see Fig. 4). The values obtained from finite
element analysis were within 2.8% of the results predicted
using the PRBM.

The final mechanism design selected from the optimization
results has a total input rotation of only 23° between stable posi-
tions. The potential energy and input torque curves are included
in Fig. 5, and the dimensions of the mechanism are listed in
Table I. The mechanism was paired with a thermal actuator in
the configuration shown in Fig. 6 and was fabricated using the
Multi-Layer MEMS Processes (MUMP’s) at Cronos [17]. Two
thermal actuators were used, with one actuator used to switch in
each direction. The device proved to be bistable as predicted and
was able to be actuated in either direction by a single pulse of a
thermal actuator. Fig. 6 is an SEM of the device and actuators,
with the mechanism shown in both its fabricated position and
its second stable position. In testing done in air, the actuators
required less than 8 volts and under 55 milliamps, or 440 mil-
liwatts, to transition the device between stable positions. When
tested under vacuum the power requirements were reduced by
almost an order of magnitude, requiring less than 4.0 volts and
under 12.0 milliamps, or a total of 48 milliwatts. This is due
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Fig.5. (a)Potential energy and (b) input torque curves with respect to the input

crank angle of the first MUMP’s design iteration.

to the absence of a medium for heat loss from the legs to their
surroundings.

VI. DESIGN REFINEMENT AND POWER REDUCTION

A noted disadvantage of the mechanism just described is the
large difference between the required rotations to toggle the
mechanism in each direction. As can be seen from the potential
energy curve shown in Fig. 5, the mechanism must rotate 19°
from its fabricated stable position to the unstable equilibrium
position, but only needs to rotate back 4° to go from the second
stable position to the unstable equilibrium position. The size
of the thermal actuator is determined by its required force and
displacement, so a much larger actuator is needed to switch
the mechanism from its fabricated position. To reduce the
power requirements, and achieve a more symmetric behavior,
it is desirable to have the unstable equilibrium position be
more centered between the two stable positions.

To achieve this, a second objective was added to the opti-
mization setup to drive the unstable equilibrium position more
toward the midpoint between the two stable positions. The
widths of each of the two flexible segments were also added as
design variables to increase the available design space. It was
determined from the previous design that the clearance in the
pin-joints introduces a significant variation in the mechanism
performance. This clearance is on the order of 0.75 pm and is

S0 um

Fig. 6. SEM images of the first MUMP’s iteration shown in (a) the fabricated
position and (b) the second stable position (shown on two different devices).

a result of the MUMP’s surface micromachining process. In an
attempt to account for this variation, a tolerance on the length
of the ground link of plus or minus 0.75 pm was included in
the optimization using a worst-case tolerance analysis. This
makes the resulting design more robust to the errors introduced
by the clearances.

The resulting mechanism design has a total required rota-
tion of 23° between stable positions, the same as the previous
iteration. The potential energy and torque curves are included
in Fig. 7, and an SEM image of the mechanism in both the
fabricated position and the second stable position is shown
in Fig. 8. A significant difference between this mechanism
and the previous design is the increased width of the link 7.
This increase was determined by the optimization routine to
improve the device function. By widening this link the tor-
sional spring K is stiffened, resulting in a more symmetric
behavior. As a result, a majority of the bending occurs in the
link r4; however, the link 7o remains flexible relative to the
rigid link 73 and continues to contribute to the mechanism
performance. While similar to the previous design in total
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TABLE 1
SUMMARY OF EACH YOUNG MECHANISM DESIGN
Initial | Refined .
Parameter MUMPs | MUMPs SUMMIT
r; (microns) 96.0 121.0 674
r2 (microns) 535 110.0 56.7
r4 (microns) 199.0 194.0 589
0,; (degrees) 38.0 11.5 38.7
04; (degrees) 17.0 -21.8 17.2
Widthofr, | 5, 49 49
(microns)
Widthofry | 5, 3.0 0.8
(microns)
Rotation from
fabricated
position to
unstable 18.7 9.3 9.9
equilibrium
(degrees)
Rotation from
second stable
position to 42 14.1 6.0
unstable ’ ’ ’
equilibrium
(degrees)
Max Stress
(GPa) 1.22 0.92 0.70
Minimum
potential 167 | 233 155
energy
difference (pJ)

rotation, it is more symmetric about the unstable equilibrium
point, with 9° of rotation from the fabricated position to the
unstable position, and 14° from the unstable position to the
second stable position. This gives it a maximum required
rotation of 14°, compared to 19° for the previous mecha-
nism. The peak torque values for the second iteration are
similar in magnitude to the previous design, but the input
torque curve has a smaller gradient so better performance is
expected. This mechanism configuration was also fabricated
using the MUMP’s process and was successfully actuated in
each direction using thermal actuators. Because of its lower
maximum required angular displacement, smaller thermal ac-
tuators could be used, resulting in lower power requirements;
however, for the initial fabrication the same actuators were
used. Because of this, testing of this mechanism resulted in
similar current and voltage requirements as for the previous
iteration. Both design iterations are summarized in Table 1.

Potential Energy
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Fig.7. (a)Potential energy and (b) input torque curves with respect to the input

crank angle of the second MUMP’s design iteration.

VII. SANDIA SUMMIT V DESIGN OPTIMIZATION

Both of the previous two designs were optimized for and
fabricated in the MUMP’s process, which has a minimum
line width of 3 sm, and a pin-joint clearance of plus or minus
0.75 pm. Because these two process constraints significantly
affect the performance and size of the Young mechanism, it
would be advantageous to reduce these processing parameters.
The Sandia SUMMIT V process allows for 0.8 pm minimum
line widths, and has a specialized pin-joint cut that creates
pin-joints with less than 0.3 pm clearance. These two advan-
tages alone make the SUMMIT process much more favorable
for the design of Young mechanisms.

The optimization routine described in the previous section
was modified slightly to allow for the smaller minimum line
width and pin-joint clearance, and the device was reoptimized
for the SUMMIT process. The resulting potential energy and
torque curves are shown in Fig. 9, with the resulting geometry
listed in Table I, along with the previous two MUMP’s designs
for comparison. SEM images of the mechanism in both posi-
tions are included in Fig. 10. Because of the availability of ad-
ditional planarized layers in the SUMMIT process, a bar was
added across the mechanism to prevent any motion out of the
plane of the device. The addition of this feature is not possible
using the MUMP’s process; however, the additional layers in the
SUMMIT process are not required for the Young mechanism.
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&0 yum

(a)

Fig. 8. SEM images of the second MUMP’s iteration shown in (a) the
fabricated position and (b) second stable position (shown on two different
devices).

Potential Energy

200 \\
175
= 150 \\ // \
% 125
P — A
& L\ / N\
s \\// N
25
0 : . . . ‘
-18 -15 -12 -9 -6 -3 0
Rotation of Theta 2 from Initial Position (degrees)
(@)
Input Torque
3000
2250
. 1500 / \
E / N
= 750
5 0t / t . \ . . . 1
[
g' -750 / /
F 1s00 l
-2250 I
-3000
-18 -15 -12 -9 -6 -3 0
Rotation of Theta 2 from Initial Position (degrees)
(b)
Fig.9. (a)Potential energy and (b) input torque curves with respect to the input

crank angle for the SUMMIT design.

This design was successfully tested with the lowest power re-
quirements of any of the three designs, requiring only 3.0 volts
and 11.0 milliamps in air, or a total of 33 milliwatts. This design
resulted in a lower power requirement in air than the previous
two iterations required in vacuum. Much of this improvement
is due to design changes in the thermal actuators that were only

Ll m

(B

Fig. 10. SEM images of the SUMMIT design shown in (a) the fabricated
position and (b) the second stable position (shown on two different devices).

possible in the SUMMIT process, such as elevating the heated
legs higher off the substrate using the Poly3 and Poly4 layers.
This increased gap decreases the heat loss to the substrate, in-
creasing the efficiency of the actuator. In addition, significant
savings were realized because the actuators could be smaller
due to the reduced force and displacement requirements of the
SUMMIT Young mechanism design.

VIII. CONCLUSION

By combining an accurate large-deflection model of a
bistable mechanism configuration with an optimization al-
gorithm, a device has been developed which can be actuated
on-chip using linear thermal actuators. Three successful design
iterations have been demonstrated, two having been fabricated
and tested using the MUMP’s surface micromachining tech-
nology, and one in the SUMMIT process. Each configuration
can be switched in either direction with a single pulse of a
thermal actuator. By minimizing the required displacement of
the actuators their size has been reduced, lowering the power
requirements from previous design iterations. The smaller
line-widths and geometries that are possible in the SUMMIT
process have proven to be a significant advantage in the design
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of both the thermal actuator and the Young mechanism, al-
lowing the smallest mechanism with the lowest actuator power
requirements.
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