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Design Criteria for a Push-On Push-Off
MEMS Bistable Device

Hen-Wei Huang, Member, IEEE, Fu-Wei Lee, and Yao-Joe Joseph Yang, Member, IEEE

Abstract—In this paper, we present closed-form design criteria
for a microelectromechanical system push-on push-off bistable
device. The design criteria, which were derived analytically,
are expected to be useful for designers for rapidly designing
devices with bistability and the push-on push-off capability. The
aforementioned bistable device consists of a V-beam actuator,
two sets of double-curved beams, and a lever connecting the two
sets of beams. Spring stiffness ratio was derived as a criterion
for determining the existence of bistability. The ratio between
the long and the short arms of the lever was derived as the
other criterion, and it was intended to be used for determining
the conditions for push-on and push-off capabilities. Both criteria
can be explicitly expressed in terms of the device dimensions and
material properties. The derived design criteria were validated
by experimental measurement results obtained for more
than 100 different devices. [2015-0122]

Index Terms— Bistable mechanism, lever, push-on push-off,
V-beam actuator.

I. INTRODUCTION

ICROELECTROMECHANICAL (MEMS) bistable

devices [1]-[7] have been attracting attention over
the past decades because they have many applications;
for example, they could be used in microrelays [8], [9],
microvalves [10], [11], microswitches [12], optical MEMS
devices [13], and biomedical microdevices [14]. The
advantages of MEMS bistable mechanisms include zero
power consumption at a stable position, a quick snapping
response, and a large switching displacement.

Mechanically bistable push-on push-off mechanisms, such
as the mechanism used in a retractable ballpoint pen, are com-
mon in daily life. Devices based on this type of mechanisms,
which require only one actuator (single input power source) for
switching between two stable positions, can be easily realized
by assembling several discrete mechanical parts. However,
MEMS devices with untethered or unanchored components
(i.e., discrete components) are difficult to assemble, and their
operations are not reliable because of problems related to
contact and friction. Therefore, the movable components of a
MEMS device are typically designed as suspended compliant
structures anchored on a substrate, and they are monolithically
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formed during manufacture. Accordingly, typical mechanical
push-on push-off mechanisms commonly encountered, such
as the mechanism of a retractable ballpoint pen, have not
been successfully realized in MEMS devices with reliable and
durable performance.

In [15], we presented the first fully compliant MEMS push-
on push-off bistable device that required only one actuator
for full operation. The proposed device can be easily realized
on a silicon-on-insulator wafer by using standard inductively
coupled plasma reactive-ion etching and a single photomask.
Because the proposed device required only one actuator and
was monolithically fabricated, it offered several advantages: it
involved a simple operation, and a simple fabrication process;
required a single driving power source; and showed low
system complexity, reliable performance, and high durability.
Although the operation and functionality of the proposed
device were described in [15] (with animations), detailed
modeling of the device and the criteria to be used in its design
have yet to be presented. In this paper, we present the design
criteria of the push-on push-off microdevice. The first design
criterion provides conditions for determining device bistability,
and the second design criterion presents conditions that can be
used for ensuring the push-on push-off capability. Both criteria
were derived analytically and are in closed form. Experimental
measurement results for more than 100 devices of different
dimensions are presented to validate the analytical derivations
of both criteria.

II. DEVICE OPERATION AND BEHAVIOR

As shown in Fig. 1(a), the push-on push-off device con-
sists of two curved-beam structures [16] and one V-beam
actuator (VBA) [17]. One curved beam serves as the bistable
switch mechanism (BSM), and the other curved beam serves
as the displacement amplifying mechanism (DAM). A lever is
connected to the right ends of the BSM and DAM. Fig. 1(b)
shows the SEM picture of the push-on push-off bistable
device. With a single photomask, the proposed device can
be easily realized by using an approach which is commonly
used for create high-aspect-ratio movable microstructures [18].
This approach employs inductively coupled plasma reactive-
ion etching (ICP-RIE) process on a silicon-on-insulator (SOI)
wafer. All the movable parts of the device are suspended
structures anchored at the substrate, the operation of the device
is quite smooth and reliable.

Fig. 1(c) illustrates the push-on transition. When a DC input
voltage is applied on the VBA, the end displacement of the
DAM (dpapm) causes the transverse displacement (Dpap) of
the central point. When dp 4 is greater than a certain value
dpAM—push—on» Dpay is sufficiently large to push the BSM
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Fig. 1. (a) Schematics of the MEMS Push-On-Push-Off bistable device.

(b) The SEM picture of the push-on push-off bistable device. (c) Sequence
of the push-on action. (d) Sequence of the push-off action.

Off-state

to switch from the Off-state to the On-state (i.e., snap-through
occurs.). Further discussion on dpam —push—on 1S presented
in Section ITIB.

The push-off transition is shown in Fig. 1(d). When a
DC voltage is applied to the VBA, the BSM end displace-
ment (dpsy) is generated. As dpsy exceeds a threshold
value dpsy—vanish, the bistability of the BSM vanishes, and
the BSM is released (snapped through) from the On-state to
the Off-state. A brief derivation of dpsy—panish 1S provided
in Appendix A.

Fig. 2 shows schematics of the equivalent model used for
studying the device operation. As shown in Fig. 2(a), when the
VBA is actuated, it generates an end displacement dp 4 in the
axial direction of the DAM. This end displacement produces a
relatively large transverse displacement (Dp4ys) at the central

Fig. 2. (a) Schematic of the Push-On-Push-Off system, (b) the corresponding
models of the DAM and (c) the BSM.

point of the curved-beam of the DAM. Subsequently, the DAM
touches and pushes the BSM with force F. Figs. 2(b) and 2(c)
show schematics corresponding to the DAM and BSM.

As shown in Fig. 2(b), one of the two ends of the DAM is
clamped to a wall, whereas the other end is free to move
in the axial direction. The double-curved beam is subjected
to an axial force Fypa applied by the VBA, and this force
causes an end displacement dp4p. The DAM is subjected to
a transverse force F at the central point when it is in contact
with the BSM.

Fig. 2(c) shows a schematic of an equivalent model of BSM
similar to that of DAM. The BSM can be considered as a
double-curved beam, with one end clamped to a wall and the
other end supported by a spring with stiffness kpsys. The end
displacement dpgsys is designed to be proportional to dpay
with a factor # which is defined by the dimensions of the
lever. Detailed discussions on 7 will be given in Section IIL.A.
Notably, we have dpsy > 0 if the BSM’s end is stretched.
The transverse force F' applied to the midpoint of the DAM
and BSM is a counterforce. We assume that both the curved
beams and the end springs are initially in the unstrained state.

Fig. 3 shows the force—displacement curves for the
DAM and BSM. The transverse displacements of the
DAM and BSM are denoted by Dpay and Dpsy. The slope
of the curves indicates the transverse stiffness (i.e., the stiffness
in the transverse direction). Each force—displacement curve
has three regions of different stiffness. Two regions of very
large positive stiffness constants are around the beginning
and the end of the curve. Also, a region of low negative
stiffness is located in between. Assume that the dimensions
of the curved beams of both the DAM and BSM are identical.
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Fig. 3.  Curved beams’ transverse displacements versus applied forces:
(a) DAM, (b) BSM, and (c) combined relationship of the DAM the BSM.

The solid curves then represent the force—displacement rela-
tionships of the DAM and BSM without end displacements
(i.e., dBSM =0 and dDAM = 0).

As shown in Fig. 3(a), when end displacements are gen-
erated at the end of the DAM, the local maximum and local
minimum of the curve increase, reflecting an increase in the
stiffness for the transverse motion of the DAM. Furthermore,
the lever pulls the end of the BSM as the end of the DAM is
pushed. Consequently, the “stiffness” for the transverse motion

of the BSM decreases, and the local minimum and the local
maximum of the BSM curve decrease. In Fig. 3(b), the dashed
line is the curve after the BSM snaps through to On-state, and
the dotted line is the force—displacement curve at the condition
when the bistability of the BSM vanishes. Fig. 3(c) shows the
combined relationship of the DAM the BSM.

The main functionality of the DAM is to generate a suf-
ficiently large transverse displacement (Dpays) to push the
BSM to snap through to the On-state. To push the BSM from
the Off-state to the On-state, the DAM should push the BSM
over its first critical point, as shown in Fig. 3(b). Therefore,
when the device snaps from the Off-state to the On-state, the
following condition must be satisfied:

Dpam > go + Do — Wmotion—cre,1 = DDAM—push—on (1)

where Dpam—push—on 1s the required minimum value of
the DAM’s transverse displacement that will make Dpay
sufficiently large to push the BSM to switch from the
Off-state to the On-state, go is the initial gap between the
DAM and the BSM, Dy is the initial central offset of both
the DAM and BSM, and @porion—cre,1 1S the central offset
of the BSM as the structure snaps from the Off-state to the
On-state. The derivation of the closed form of wporion—cre,1 18
presented in Appendix A.

The push-off process is also actuated by the DAM.
Therefore, it is essential to ensure that Dp 4/ is not so large
that it blocks the BSM from snapping back to the Off-state
during the push-off process. In other words, the total transverse
displacement of the DAM should not exceed the second critical
point (shown in Fig. 3(b)), and the following condition should
be satisfied:

Dpam < go+ Do — Dmotion—crt,2 = DpAM —max (2)

where Dpam—max 18 the maximum value of the DAM’s
transverse displacement that will not prevent the BSM from
being released from the On-state to Off-state, and Wmorion—crt,2
is the central offset of the BSM as the BSM snaps from the
On-state to the Off-state. The derivation of wmorion—cre,2 18
presented in Appendix A.

III. DESIGN CRITERIA

In this section, we derive and discuss the criteria that can be
used to ensure the bistability and push-on push-off capability.

A. Bistability

The bistability of a typical BSM structure with fixed
boundary conditions on both ends has been extensively dis-
cussed in [16]. In the this study, however, one of the two ends
of the BSM is connected to a lever (i.e., a non-rigid boundary,
as shown in Fig. 1(a)). As shown in Fig. 2(c), this non-rigid
boundary can be considered as a linear spring oriented
along the axial direction. The stiffness of this conceptual
spring (kpsp) should be sufficiently large to ensure the
bistability of the BSM, so that the device can stably stay in
either of the two stable positions.

The governing equation of the BSM can be written as:

EI-W =y +P.y® =—F.5(x) 3)
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where yo(x) is the initial shape of the curve beam with the
two ends being separated by a distance L, y(x) is the shape
of the curve beam after being stretched or compressed, F' is
the transverse force loading at the midpoint, and J(x) is the
impulse function. The parameters £ and / denote Young’s
modulus and the area moment of the inertia of the cross section
of the curved beam, respectively.

According to Hooke’s law, the axial force by the conceptual
spring is

P =kpsm - OBsm. “4)

where Jpsy is the deformation of the conceptual spring
in axial direction from the BSM initial position, and can
be related to the deformed shape y(x) by considering the
equilibrium of the end of the curved beam:

—L)2
OBSM = —% + %~/L/2 ((y6)2 - (y/)z)dx. 5)
where A is the cross-sectional area of the curved beam.
The first term on the right-hand side represents the axial
deformation caused by the axial force, and the second term
represents the foreshortening effect of the laterally deformed
shape.

Combining (4) and (5) and eliminating Jpgy, the axial
force P can be written as

EA
2L L/2

L/2
P=x-

2 2
(00)* = (v)?)dx (©)
where «x is the nondimensional spring stiffness

kpsmL
k=—"2M"  g<x<1 @)
kpsyL + EA

The boundary conditions are
Yo(L/2) = yo(=L/2) = yo(L/2) = yo(=L/2) =0
Y(L/2) = y(=L/2) =y'(L/2) = y'(-L/2) =0.  (8)
The initial (as-fabricated) shape of the unstrained BSM is

o0 = 221+ cos(y ) ©

where y = 2z /L. In addition, the shape of the BSM after
being stretched or compressed can be expressed as a linear
combination of mode shape functions (1 + cos(ny x))/2:

y(x) = Z w"w (10)
n=1,3,5,0dd

where w, is the coefficient of each mode shape function.
For deriving the criterion analytically, we approximate the
BSM shape by using the first mode shape function [16], [19]:

w1
y(x) = Z-(1 + cos(y 1)) an
Substituting (9) and (11) into (6), we obtain
EAxy?
p= 16y (D2 — w?). (12)
Using the Galerkin method [19], [20], we substi-

tute (9), (11), and (12) in (3). Further, both sides of the
equation are multiplied by cos(yx) and integrated from
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Fig. 4. Relationship of the applied force versus the transverse displacement
of the BSM (L = 4000xm). The points marked by crosses are the simulated
results by the Coventorware.

x = —L/2 to L/2 by employing the orthonormality of the
eigenfunctions. Thus, we obtain

4
—y*LEA
Fo TLEA (e p)

64 (13)

where o = — (&AI —«kD?) and f = 161Dy

A

Fig. 4 shows the curves of F vs. w;. The local maximum
and local minimum of these curves are the critical points
when snap-through occurs. The parameters F and w; at these
points are the critical forces and critical positions, respectively.

By setting the derivative of (13) to be zero, we obtain

dF  —y*LEA

— 3kw? —a) = 0. 14
do 6a Kol ) a4
Then, we obtain the critical positions
o
Wspring—crt,1 = 3_K (15)
o
Wspring—crt,2 = — 3_K (16)

The critical forces can be obtained by substituting these critical
positions into (13):

EALy* ( 2
Fsﬂring—crt,l = 64y (WQS/Z‘f‘ﬂ) a7
K
—EALy* ( 2
Fspringfcrt,z = 64 4 (3\/3_063/2_,3). (18)
K

As shown in Fig. 4, when the local minimum (Fspring—crr,2)
of the curves exceeds zero, the BSM cannot stably stay in the
On-state. In other words, the BSM will return to the Off-state
when the external force is removed. In this situation, the BSM
is not bistable. Therefore, the condition for the bistability of
the BSM can be derived by setting Fypring—cr1,2 = 0:

2o p) =0

2
19
(3«/37“ (19)
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Fig. 5. Schematic of the end spring of the BSM.

Then, the corresponding minimum nondimensional spring
stiffness x,,;, for sustaining the bistability of the curved beam
can be expressed as

641

—. 20
AD2 (20)

Kmin =
Substituting (20) into (7), we obtain the minimum spring
stiffness required to sustain the BSM bistability of the curved

beam:
5 -1
_EA (ADO 1)

kmin =
"L\ 64l
Because the BSM is actually a double-curved-beam
structure, the minimum required stiffness of the conceptual
spring kpsy to sustain the BSM bistability should be twice
of kpin:

21

kBSM—min =2- kmin (22)

The end spring constant kg sy is actually the total equivalent
spring constant of a structure consisting of the VBA, the lever,
and a flexure hinge, as shown in Fig. 5. It is well known that
the VBA has a very stiff structure. Therefore, the stiffness of
the hinge is considered to be negligible. Moreover, the lever is
assumed to be a rigid body. The analytical form of the VBA
spring stiffness (kypa) can be found in [21]:

24Ely cos>@ 4+ 2EAyI* sin> 0
. 3
where N is the number of V-beam, 6 is the inclined angle, [ is
half the length of the V-beam, Iy is the moment of inertia of
the V-beam, and Ay is the cross-sectional area of the V-beam.
The balance of the torque around the hinge of the lever
gives

kypa =N (23)

Pypa-l1 =P -1 (24)

where Pypa = kypa - Opam, P = kgsym - Opsm, 11 is the
length of the long arm of the lever, and [/, is the length of
the short arm of the lever. Therefore, We can write (24) as a
relationship between kypa and kpsp—min:

kvpa -Opam - 11 =kpsm - Opsm - 2. (25)

1,200

Analytical model

X Without bistability (Measured/Analytical)
@ With bistability (Measured/Analytical)
® Without bistability (Measured)

800 Q

1,000 |

600

400

Spring stiffness £, (nF/um)

XX%X/© © © 60
X © © 6 60

9
9
9
x
X
x

200

oL
1000

2000 3000 4000
Distance between two anchors L (um)

5000

Fig. 6. Critical curve for ¢ = 1 from theoretical solution to determine whether
the bistable behavior occurs or not. The dots and crosses are experimental
results.

Here we define the lever ratio as # = [;/l;. Therefore,
opam/opsm = 1, and (25) can be rewritten as

kpsm = 1" - kvpa. (26)

In addition, to ensure bistability, the axial stiffness kpsy
should be larger than the minimum axial stiffness kpsyr—min:

kpsm > kpsm—min- 27)

Therefore, combining (26) and (27), we obtain the criterion
for the existence of bistability:

_ - kvpa
kBSMfmin
where ¢ is a nondimensional stiffness ratio. This ratio is pro-
posed as an index for determining the existence of bistability.
Fig. 6 presents experimentally and theoretically obtained
plots of kypa vs. beam length L. The figure also shows the
curve for ¢ = 1, which was obtained using (22) and (28).
According to (28), the device is bistable when ¢ > 1, which
is actually the region above the curve of & = 1 in Fig. 6.
The region below the curve is the region (¢ < 1) in which
bistability does not exist. The circles and crosses in Fig. 6
denote measured results of devices with different values
of L and kypa. For each device, kygs was calculated based
on (23). The dimensions of components considered in the
experiment are presented in Table I. The circles denote devices
that are bistable, and the crosses indicate devices that do not
show bistability. The measurement results are in favorable
agreement with the theoretical prediction presented in this
section.

> 1 (28)

B. Push-On Push-Off Capability

As mentioned, both the push-on and push-off processes
are actuated by the VBA. For the push-on process, the VBA
actuates the DAM and then pushes the BSM to the On-state.
For the push-off process, the VBA pulls the end of the BSM
through the lever until the bistability of the BSM disappears,
resulting in the BSM snapping to the Off-state. To ensure
that a device has both push-on and push-off capabilities, two
conditions must be satisfied.
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TABLE I
DIMENSIONS AND MATERIAL PROPERTIES OF TESTED DEVICES

Curved beam length (L) 2000, 3000, 4000 um
Young’s modules ( £) 169 GPa

Length of the lever (/, +1,) 1500 pm

Width of the curved beam (w) 8 um

Initial Central Offset (D, ) 30 um

Half V-beam length (/) 500 pm

Cross area of the V-beam( 4, ) 1000 pm?

Inclined angle of the V-beam ( &) 1°

Cross area of the curved beam( 4) | 800 pm?

1. Push-On Process: Because the BSM should retain its
bistability during the push-on process, the end displace-
ment of the BSM for achieving push on (dgsy—push—on)
should be less than a threshold value (dpsy—vanish),
which eliminates the bistability of the BSM:

dBSM—push—on < dBSM—vanish (29)

Note that the derivation of dpsy—panisn 1S provided in
Appendix A.

2. Push-Off Process: During the push-off process, it is
necessary that dpay—push—off 1s not so large that it
generates a transverse displacement Dp 4y that blocks
the BSM from snapping to the Off-state. Therefore, we
obtain

dDAM—push—off < dpAM—max- (30)

Note that dp Ay —max can be evaluated from D p Ay —max
(shown in (2)) by using the analytical formula provided
in Appendix B [22].
In addition, on the basis of the lever principle, we obtain
the following relationships:

dBSprushfon = dDAprushfon/rl

dDAM—push—off = dpsM—vanish - - 3D
Combining (29), (30), and (31), we obtain the criterion for the
push-on push-off capability:

dDAM—push—on < dpAM —max

(32)

dBSM —vanish dBSM —vanish

The parameter dpam—push—on can be calculated from
DpamM—push—on (shown in (1)) by using the closed-form
relationship provided in Appendix B.

Fig. 7 shows plots of the actuator output (dpays) against 7,
and it can be used to describe the criterion for the push-on
push-off capability. In Fig. 7, there are three major curves
which are described as follows:

1. The solid line is calculated from the expression dpay =

n - dpsM—vanish- In the region above this line, the
bistability of the BSM vanishes because dpay is so
large that dpsy exceeds dpsy—vpanish- Therefore, the
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Fig. 7. The amplifier lever ratio versus the end motion of the DAM for
Push-On and Push-Off for the devices with different curved beam length
(a) 2000 x#m (b) 3000 xm (c) 4000 xm. The corresponding actuation voltages
are also indicated in the figures.

push-off action, which is achieved by eliminating the
bistability of the BSM, requires dpay to be above this
line.

2. The dashed line is a plot of dpay = dpam—push—on
vs. 7. In the region below this curve, the push-on action
cannot be achieved because dp 4y is insufficient to push
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TABLE 11
CALCULATED RESULTS OF PUSH-ON-PUSH-OFF PARAMETERS

L 2000 um
n | 57<p<122

3000 pm
57<n<12.2

4000 pm
57<n<124

the BSM to the On-state. Therefore, the push-on action
requires dpapy to be above this line.

3. The dotted line is the maximum allowable dpap; for
achieving push-off action (i.e., dpay = dpAM—max
vs. 77). In the region above this line, the DAM blocks
the BSM from returning to the Off-state.

The intersection point of the curves dpay =
dpAM—push—on VS.  and dpay = 1-dBsmM—vanish VS. 1 is the
lower limit of the push-on push-off capability. By contrast,
the intersection point of the curves dpay = dpAM—max VS-
nand dpay = - dpSM—vanish VS- 1 1S the upper limit of the
push-on push-off capability.

As shown in Fig. 7, the lever ratio # at these two intersection
points can be used to divide this figure into three zones: the
“push-off-only” zone, the “push-on push-off” zone, and the
“push-on-only” zone. In the “push-off-only” zone, # is below
the lower boundary of (32), and therefore, the device cannot
achieve push-on action because the bistability of the BSM
disappears before snap-through occurs. In the push-on-only
region, the push-off action cannot be achieved because dpau
is so large that the DAM blocks the BSM from returning
to the Off-state during the push-off action (i.e., dpay =
N - dpSM—vanish = dDAM—max). Finally, the “push-on push-
off” region satisfies the condition of (32). Notably, the range
of dpay in the push-on push-off region increases with 7.
Table II lists the calculated intersection points for different
device lengths (L) by using the analytical formulas presented
in this section.

Measurement results are also shown in Fig. 7. Over
100 devices with different dimensions were tested. For each
data point in the figure, the values of dp4p were transformed
using applied voltages based on the thermomechanical model-
ing in [23]. The test results were in reasonably good agreement
with the analytical predictions. In summary, the modeled and
measurement results described in this section indicate that the
device designs satisfied with the condition of (32) possess the
push-on push-off capability.

IV. CONCLUSION

In this study, design criteria for a MEMS push-on push-
off bistable device are presented. The first design criterion
provides conditions that can be used for determining the device
bistability, and the second design criterion presents conditions
that can be used to examine the existence of the push-on
push-off capability. Both criteria are expected to be useful for
designers for rapidly designing bistable devices with push-
on push-off capability. The criteria were derived in closed
forms. The criterion that determines the device bistability is
represented in terms of a spring stiffness ratio, and the criterion
that measures the push-on push-off capability is represented

in terms of a lever ratio. Experimental results by measuring
more than 100 devices with different dimensions validated the
analytical derivations for both criteria.

APPENDIX
A. End Displacement Analysis of BSM

Here, we derive the analytical form of the required BSM end
displacement dpsy to eliminate the bistability of the BSM.
According to (5), the axial force of the BSM for a prescribed
end displacement is

EAdpsy EA
L 2L J_p1p

Following steps similar to those described in Section III-A,
we obtain

L2

P = (00? = (7?)dx. @AD

EALy*
F=—=2 (0}~ 01— i) (A2)
where
161  16dpsuy 5 161Dy

By setting the derivative of (A2) to be zero, we obtain the
critical positions:
a1

5 (A3)

a1

3

The corresponding critical loads can be obtained by substitut-
ing (A3) and (A4) in (A2):

EALy* ( 2

Fmotion—crt,l = 64)’ (ﬁaf/z + ﬂl) (A5)

E ALy4 2 3/2
— — — A6
64 ( 3 \/ga] ﬁ 1 ( )
The critical condition required for determining the exis-
tence of the BSM bistability can be derived by setting

2
(573" -m) =0

Therefore, the required BSM end displacement dpsys to elim-
inate the bistability of the BSM is:

2
T 4
dpsu-vanish = (Dé - ng —J12-w*. D&) (A8)

B. End Displacement vs. Transverse Displacement
for a Curved Beam

WOmotion—crt,1 =

(A4)

WOmotion—crt,2 =

Fmotionfcrt,Z =

Fmotionfcrt,Z =0:

(AT)

As shown in Fig. 2(b), dpay generates Dpapy. According
to a study by Saif and MacDonald [22], the relationship
between dpapy and Dpapy for zero transverse load (F = 0) is
’ 2 2
il [(DDAM + Do)” — Do]
where Dy is the initial central offset of the curved beam.

Fig. 8 presents the curves of (A9). The figure also shows the
FEM simulated results (by using Coventorware). The results
validate the analytical model.

dpam = (A9)
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Fig. 8. The end displacement vs. the transverse displacement of the DAM

without a transverse load.

C. Nomenclature

A

Ay

Do
Dpsm
Dpam

DDAM—push—on

DDAMfmax

dpsm
dpam

dBSprushfon

dDAM—push—on

dBSMfuanish

dDAprushfoff

dDAM—max

E
F

Fspringfcrt,l
Fspringfcrt,Z
Fypa

Fmotionfcrt,l

Fmotion—crt,Z

Cross-sectional area of the curved beam.
Cross-sectional area of a V-beam.
Initial central offset of a curved beam.
Transverse displacement of the BSM.
Transverse displacement of the DAM.
Transverse displacement of the DAM
for achieving push-on.

Maximum value of the DAM transverse
displacement without blocking the BSM
from snapping back to the Off-state.
End displacement of the BSM.

End displacement of the DAM.

End displacement of the BSM for
achieving push-on.

End displacement of the DAM for
achieving push-on.

Minimum BSM end displacement for
eliminating the bistability of the BSM.
DAM end displacement for

achieving push-off

Maximum value of the DAM end
displacement that will not block the
BSM from snapping back to the
Off-state.

Young’s modulus of silicon.

Transverse force on the mid-point of the
curved beam.

First critical transverse force of

the BSM when unactuated.

Second critical transverse force of

the BSM when unactuated.

VBA actuating force applied on the
end of the DAM.

First critical transverse force of

the BSM when actuated.

Second critical transverse force of

the BSM when actuated.

907

20 Initial gap between the contact points of the
DAM and the BSM.

1 Curved beam moment of the inertia.

Iy moment of the inertia of a V-beam.

kpsm Stiffness of the conceptual spring
connected to the end of the BSM.

kvpa Stiffness of the VBA in axial direction.

kBSM—min Minimum spring stiffness for sustaining the
bistability of the BSM.

L Distance between the two anchors of a
curved beam.

[ Half length of a V-beam.

N Number of V-beams in the VBA.

P Axial force of the BSM.

Pypa Axial force of the DAM when unactuated.

yo(x) Initial shape function of the BSM.

y(x) Shape function of BSM after being
stretched or compressed.

o(x) Dirac delta function.

OBSM Deformation of the conceptual spring
connected to the end of the BSM.

ODAM Deformation of DAM induced by dpsuy,
and dpam = dBsm - ]

n Level ratio: # =11 /1, where [; is the
length of the long arm, and /, is the length
of the short arm.

K Nondimensional spring stiffness.

Kmin Minimum nondimensional spring stiffness.

0 Inclined angle of the VBA.

Wspring—crt,1

Wspring—crt,2

WOmotion—crt,1

Wmotion—crt,2

BSM central offset of the first critical
point when unactuated.

The BSM’s central offset of the second
critical point when unactuated.

BSM central offset of the first critical
point when actuated.

BSM central offset of the second critical
point when actuated.
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