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Tristable mechanisms, or devices with three distinct stable equi-
librium positions, have promise for future applications, but the
complexities of the tristable behavior have made it difficult to
identify configurations that can achieve tristable behavior while
meeting practical stress and fabrication constraints. This paper
describes a new tristable configuration that employs orthogonally
oriented compliant mechanisms that result in tristable mechanics
that are readily visualized. The functional principles are described
and design models are derived. Feasibility is conclusively demon-
strated by the successful operation of four embodiments covering
a range of size regimes, materials, and fabrication processes.
Tested devices include an in-plane tristable macroscale mecha-
nism, a tristable lamina emergent mechanism, a tristable micro-
mechanism made using a carbon nanotube-based fabrication pro-
cess, and a polycrystalline silicon micromechanism.

[DOL: 10.1115/1.4000529]

1 Introduction

Tristable mechanisms have three stable equilibrium positions
within their range of motion. In these equilibrium positions, the
mechanism can maintain stability without power input. Tristable
mechanisms may be useful in many applications, such as
switches, valves, transistors, mechanical memory, multiplex opti-
cal switches, and positioners, to name a few. Although there are
many potential applications, the complexities of creating tristable
behavior have resulted in few configurations that are capable of
tristable behavior within practical limits on stress. This is particu-
larly true when fabrication constraints require that the device be
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constructed of one piece and any motion results in elastic energy
being stored in flexible elements. Compliant mechanisms, which
achieve at least some of their mobility from the deflection of
flexible segments rather than from movable joints only, offer a
possible way to achieve tristable behavior [1]. Deriving configu-
rations of tristable mechanisms is nontrivial because of the com-
peting requirements to create multiple stable equilibrium posi-
tions. Balancing the competing forces often causes high stresses
that are infeasible for practical implementation.

The literature contains many examples of bistable mechanisms
[2-10], including methods for synthesis of new bistable mecha-
nisms [11,12]. Multistable mechanisms with more than two stable
equilibrium positions have received less attention, although a few
examples exist. For example, Pendleton and Jensen [13,14] pre-
sented a partially compliant tristable mechanism based on a four-
bar model and a wire-form tristable mechanism, Chen et al. [15]
presented a new class of tristable mechanisms called double ten-
sural tristable mechanisms (DTTMs), which incorporate flexible
elements experiencing combined tension and bending, and Ober-
hammer et al. [16] demonstrated a tristable mechanism that de-
pends on friction and latching to achieve its three positions. Mul-
tistable mechanisms have also been demonstrated by combining
together two or more bistable mechanisms to achieve four or more
stable states [ 17—19]. Ohsaki and Nisiwaki [20] also demonstrated
multistable mechanisms using pin-jointed elements in a snap-
through arrangement, and King et al. [21,22] developed optimiza-
tion techniques for the design of multistable compliant mecha-
nisms.

Tristable mechanisms offer challenges in creating devices that
can provide the proper force balancing of different energy storage
components to create the desired positions. This force balancing is
particularly difficult when done under the stress constraints of the
flexible members. Fully compliant mechanisms offer unique chal-
lenges because the energy storage elements are flexible members
under stress, and although the fundamental mechanics show it is
theoretically possible to create fully compliant tristable mecha-
nisms, the practical stress limits make most configurations infea-
sible for operation. These stress constraints are particularly chal-
lenging for micromechanical devices where the fabrication
processes limit the geometries and materials that can be em-
ployed. This has led to the criticism that while theoretical tristable
devices are available, the state of knowledge has not yet expanded
to generate tristable mechanisms that can meet the practical limi-
tations of stress and fabrication constraints. This paper addresses
that criticism by expanding the body of knowledge in tristable
mechanisms as follows: (i) a general tristable mechanism configu-
ration is identified that has straightforward mechanics, where the
tristable behavior is readily identified; (ii) an approach for design-
ing these mechanisms is illustrated; and (iii) device feasibility is
definitively demonstrated by the successful operation of four
physical instantiations of designs that cover a wide range of sizes,
materials, and fabrication processes.

2 Tristable Mechanism Configuration

The new tristable mechanism configurations proposed in this
paper employ orthogonal compliant mechanisms to achieve three
stable equilibrium positions. Figure 1 demonstrates one possible
configuration of this kind of tristable mechanism. In this design,
the end-effector travels in the positive and negative y-directions,
and the bistable mechanism, which displaces in the positive
x-direction, provides the force required to deflect the end-effector
to a stable equilibrium position. A schematic of the tristable
mechanism in its three stable equilibrium positions is shown in
Fig. 2. One benefit of this configuration is that the mechanics
causing the tristable behavior are readily apparent. However, there
are still significant challenges to achieve the proper function given
practical constraints of stress and manufacturing limits. This is
particularly true for micromechanisms, where brittle materials are
often required because of the fabrication processes used. The end-
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Fig. 1 A design example (device A): (a) end-effector; (b)
bistable mechanism

effector portion must have adequate motion and have low enough
forces to not overcome the force available from the bistable por-
tion, while the bistable portion must provide enough latching
force to contain its own elastic energy and the return energy from
the end-effector. In Sec. 3, the design considerations which can be
used to ensure device tristability are discussed.

3 Tristable Behavior and Design

This section discusses the design issues that guarantee tristabil-
ity of the proposed mechanism configuration.

Figure 3 shows a single linkage of the pseudo-rigid-body model
(PRBM) of the end-effector, and gives the free-body diagram for
both one-half and one-quarter of the end-effector. The PRBM
treats one-half of the end-effector as a fixed-guided segment and
the flexible members as small-length flexural pivots [1].

The displacement d of the shuttle along the x-axis is approxi-
mated (note that the length of the pseudo-rigid-body link is L
+1/2+1/2=L+I) as

End-effector

Second stable position

[—te 7 o End-effector 777

(a) Shuttle
- 777777

Fig. 3 (a) As-fabricated position, (b) deformed position, and
(c) free-body diagram of one-half and (d) one-quarter of the
end-effector

d=2(L+1)(1-cos O) (1)

and the displacement of the end-effector along the y-axis is ap-
proximated as

a=(L+1)sin © (2)

where O is the corresponding pseudo-rigid-body angle.

Because the deformed shape of one-half of the model is anti-
symmetric, the moment at the center point C is zero, i.e., M=0.
Thus, the force required to deflect the shuttle to position d can be
calculated as

_ 2KD §
(L +1)sin ®

where N, is the number of flexible segment sets in parallel (e.g.,
N,=2 in Fig. 1), @ #0 (but note that ®/sin ® approaches 1 as O
approaches 0), and K is the torsional stiffness of the small-length
flexural pivots, which can be expressed as
K= El (4)
l
where E is the Young’s modulus of the material, and / and [ are
the moment of inertia and the length of the small-length flexural
pivots, respectively.
By substituting Eq. (1) into Eq. (3), the force-deflection (F to d)
relationship of the end-effector is given by

As fabricated position

; hird stable position

Fig. 2 A tristable mechanism illustrated in its three stable equilibrium positions, including
its as-fabricated (left), second stable (middle), and third stable (right) positions
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Table 1

Design parameterss (see Figs. 3 and 5)

Parameter Device A Device B Device C Device D
End-effector E 24%10° Pa  24Xx10° Pa 12X 10! Pa 1.65x 10! Pa
L 41.5 mm 43.6 mm 88 um 50 pum
1 9 mm 9.5 mm 100 pum 180 um
h 6.2 mm 10 mm 25 um 3.5 pum
w 0.5 mm 0.75 mm 1.5 um 3 um
N, 2 1 2 1
Bistable mechanism H 6.2 mm 12.4 mm 25 pm 3.5 pum
L, 14 mm 14 mm 57.3 pum 57.3 pum
0, 0 deg 0 deg 6.6 deg 6.6 deg
wy 1 mm 1 mm 3 pm 3 pm
L, 9 mm 9.5 mm 126.3 um 126.3 um
0, 14 deg 14 deg 5.6 deg 5.6 deg
Wy 5.2 mm 5.2 mm 8 um 8 um
Ly 14 mm 14 mm 75.7 pm 75.7 pm
0, 0 deg 0 deg 6.4 deg 6.4 deg
w; 1 mm 1 mm 3 um 3 um
d 4 Demonstration Devices
4N, K arccos|:1 - ] L . . . )
F 2(L+1) (5) The feasibility of this fully compliant tristable mechanism con-

VA(L+1Dd-d*

By using Eq. (5), the force-deflection characteristics of the end-
effector of device A (the corresponding parameters are given in
Table 1) in Fig. 1 is achieved. The change in force is small over
the range of the input deflection. Figure 4 compares the force-
deflection characteristics of the end-effector (shown as a dashed
line) with the output-force-deflection characteristics of the
bistable mechanism (the solid curve), which is achieved using
nonlinear finite element analysis. F¢ is the maximum output force
and F is the force required to switch the device past its unstable
equilibrium point [8]. For a design to exhibit multistability, F¢
must be larger than the force needed to hold the end-effector at
position “C.” If this condition is satisfied, then there is an inter-
section point of the bistable mechanism and end-effector force-
deflection curves. This intersection, labeled as position “B” in Fig.
4, is a stable equilibrium position. Because the geometry is sym-
metric, there is another stable equilibrium position when the end-
effector moves in the opposite direction. These two positions plus
the as-fabricated position result in three stable equilibrium posi-
tions and the device is tristable.

Force (N)
|

-2

-3

-4 ——— Bistable Mechanism| |
= = = End-effector
_5 I I I L 1
0 0.002 0.004 0.006 0.008 0.01 0.012
d (m)

Fig. 4 Force-deflection curves of device A
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figuration was conclusively demonstrated by the physical proto-
type devices. Four designs were selected to represent a wide range
of sizes, materials, and fabrication methods. The first two devices
are macroscale devices and were machined from polypropylene.
These two devices were selected because the first mechanism (de-
vice A) has an end-effector motion within the plane of fabrication,
while the other device (device B) has an end-effector motion out
of the plane of fabrication (and thus it is a lamina emergent
mechanism [23]) and results in different loads on the bistable
portion. Devices C and D are microscale devices and are fabri-
cated from different materials using different processes. These
demonstrate device feasibility in environments highly constrained
by fabrication and material limitations.

Figures 3 and 5 and Table 1 give the design parameters of the
devices. The out-of-plane thickness of the end-effector is & and
the width of the flexible segments is w. The in-plane parameters of
the bistable mechanism portion of the microdevices are similar to
those in Ref. [24] and are the results of extensive research in
bistable micromechanisms. The constraints on the macrodevices
allow L; and L3 to be symmetric, thus simplifying their design.
The values for E for devices A, B, and D are based on extensive
laboratory experience with the materials and are consistent with
published ranges. Device C is constructed from a new material
and the reported value of E is an estimate based on preliminary
work [25].

4.1 Device A. Device A, as shown in Fig. 6, is a macroscale
planar tristable mechanism fabricated from polypropylene. Figure
6(a) shows the first stable equilibrium, or as-fabricated position.
The second stable equilibrium position is shown in Fig. 6(b). Fig-
ure 6(c) shows the third stable equilibrium position. As expected,
the second and third positions are symmetric about the first posi-
tions. The model successfully predicted the tristable behavior and

L3 H = Out-of-plane Thickness

Fig. 5 Dimensions of bistable mechanism employed in the
test devices
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Fig. 6 Planar tristable mechanism: (a) fabricated, or first, (b)
second, and (c) third stable equilibrium positions

made a reasonable prediction for the location of the stable equi-
librium positions. The predicted (as shown in Fig. 4) and mea-
sured values for the stable equilibrium positions are listed in Table
2. The deflections were measured using calipers.

4.2 Device B. Figure 7 shows device B, which is a lamina
emergent tristable mechanism fabricated from polypropylene.
Lamina emergent mechanisms are compliant mechanisms manu-
factured from sheet goods with motion out of the plane of manu-
facture [23]. The lamina emergent tristable mechanism, providing
two stable equilibrium positions out of the plane of manufacture,
was tested and demonstrated to have tristable behavior, as shown
in Figs. 7(b) and 7(c). Figure 8 compares the force-deflection
characteristics of the lamina emergent mechanisms (LEM) end-
effector (dashed line) with the output-force-deflection characteris-
tics of the bistable mechanism (solid curve). The predicted and
measured values for the stable equilibrium positions are listed in
Table 3, as measured using calipers.

4.3 Device C. To demonstrate applicability in the microre-
gime, a planar tristable micromechanism (device C) was fabri-
cated using a process that uses carbon nanotubes (CNTs) in a
silicon matrix [26,25]. The mechanism was fabricated by pattern-
ing an alumina diffusion layer and an iron seed layer in the de-
sired shape of the tristable mechanism. A carbon nanotube ‘“for-
est” was then grown in a furnace to a height of about 25 um.
Polycrystalline silicon was deposited in a low-pressure chemical
vapor deposition (LPCVD) process. The LPCVD silicon coated

Table 2 The predicted and measured values (0.1 mm) for the
stable equilibrium positions of device A

Predicted d Measured d Predicted a Measured a

Ist stable position 0 0 0 0
2nd stable position  10.5 mm 10.1 mm 22.4 mm 22.8 mm
3rd stable position  10.5 mm 102 mm —224 mm —22.9 mm

(2) (b) (©)

Fig. 7 Lamina emergent tristable mechanism: (a) fabricated,
or first, (b) second, and (c) third stable equilibrium positions
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Fig. 8 Force-deflection curves of device B

the nanotubes and joined them together into a solid composite
material. Finally, the moveable parts of the mechanism were re-
leased by dissolving the underlying layers using wet chemical
etchants. The result is a free-standing MEMS structure with high
out-of-plane thickness (about 25 um) compared with in-plane
width (a minimum of 1.5 wm). Other work has proposed using
CNTs as flexible segments in nanocompliant mechanisms [27],
but the present work differs in that it uses many CNTs in a com-
posite material to create a micro mechanism. A picture of a device
using an optical microscope is shown in Fig. 9. Two of the three
stable positions are illustrated, with the third being symmetric
with the second position, as described in other devices. The resi-
due in the image is debris from the release process.

4.4 Device D. A tristable mechanism was fabricated using a
surface micromachining process and polycrystalline silicon (Poly-
MUMPs [28]). Figure 10 shows the SEM images of a tristable
device in its second and third stable equilibrium positions, with its
as-fabricated state taken with an optical microscope shown as an
inset. The nominal dimensions of the micromechanism are listed
in Table 3. A scanning electron microscope was used to measure

Table 3 The predicted and measured values (= 0.1 mm) for
the stable equilibrium positions of device B (note that a is
along the z-axis for device B)

Predicted d Measured d Predicted a Measured a

Ist stable position 0 0 0 0
2nd stable position  10.5 mm 10.2 mm 23.0 mm 23.5 mm
3rd stable position  10.5 mm 102 mm  —23.0mm —23.4 mm

- -

Fig. 9 A tristable micromechanism made using a carbon
nanotube-based fabrication process

Transactions of the ASME
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Fig. 10 Scanning electron micrographs of the tristable micromechanism
fabricated from polycrystalline silicon. The inset optical image shows the
device in its undeflected state and the other two images demonstrate the
second and third stable equilibrium positions.

the width of the 3 um legs, showing that the final leg width was
2.87 pm. The end-effector stiffness resulted in forces that tended
to cause the bistable mechanism to have motion out of the plane.
This parasitic motion has been observed in similar mechanisms
[24]. The motion can be reduced by physical constraints, such as
using a higher layer of polysilicon to cap the shuttle out-of-plane
motion, or microprobes which used in this testing.

5 Conclusion

This paper has described a new tristable mechanism configura-
tion and has demonstrated its feasibility via four different physical
instantiations, representing designs covering a range of size re-
gimes, fabrication processes, and materials. Models were devel-
oped for device design and the results compared favorably with
model predictions. The paper results are intended to facilitate de-
vice implementation by providing a straightforward description of
the device mechanics, demonstrating an approach for device de-
sign, and showing feasibility in various situations.

All the designs demonstrated in this paper are symmetric. Nev-
ertheless, selecting nonsymmetric designs can result in nonsym-
metric placement of equilibrium positions. This nonsymmetry can
be achieved by causing the direction of motion of the end-effector
to be nonorthogonal to the bistable mechanism’s motion. The
force characteristics would also be affected; each direction could
be tailored to specific force-deflection characteristics, which may
benefit some applications. The bistable mechanisms incorporated
into the tristable mechanisms above can be replaced by any kind
of bistable mechanism that provides linear motion, such as those
found in Refs. [7,8].
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