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ABSTRACT

This work presents the first reported single digital input bistable MEMS
mechanism. The bistable mechanism is an important building block for many MEMS.
Applications of bistable mechanisms to systems such as optical switches, microrelays and
motor transmissions, are discussed. Current literature contains examples of dual digital
input and single analog input bistable mechanisms; however, no singie digital input
bistable mechanisms are reported. This work develops the hysteresis spring as an
enabling mechanism to allow the creation of the first reported single digital input bistable
mechanism. The functionality of the hysteresis spring single digital input bistable
mechanism is described and an analytical model is developed. The analytical model is
shown to agree, within an acceptable range, with the results of finite element modeling.
However, the models are unable to verify the current work due to non-linearity in the
operation of the springs in the fabricated devices. Further work to verify the models has
been identified. Nevertheless, the proof of concept design has been fabricated and the

prescribed functionality has been shown experimentally.
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1 INTRODUCTION
Microelectromechanical systems (MEMS) are micron scale mechanisms that are
fabricated using the techniques developed for the microelectronics fabrication industry.
The shared roots of micromachining and microelectronics allow the integration of
mechanical and electronic components on the same substrate. This integration makes the

concept of “system on a chip” a reality.

For example, in the past, macro-sized accelerometers used to deploy automobile
airbags were bulky, expensive and physically separate from the control electronics. The
MEMS accelerometers now used in vehicles, integrate the acceleration sensor and control
electronics into a single chip. The MEMS accelerometers have a greatly reduced volume
and mass, and are less than one fifth [1] the cost of a traditional accelerometer. The
automotive industry is not the only sector benefiting from cost savings and performance
increase offered by MEMS devices. MEMS are also used extensively to build low-power
smart-sensors that are used in many fields such as medicine, chemical processing,

communications and defence.

MEMS are batch fabricated using integrated circuit fabrication techniques
developed for the electronics industry. Two basic types of micromachining are used to
fabricate MEMS: surface micromachining and bulk micromachining [2]. A combination
of surface and bulk micromachining is often used take advantage of the strengths of each

fabrication technique.

The first method, surface micromachining, is the process of building up a

mechanism by depositing layers of thin films on a substrate. The thin film is deposited
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and then patterned using photolithography, so that the unwanted portions of the thin film
can be etched away. Complex devices can be grown on top of a substrate, by repeating

this process of depositing, patterning and etching.

In comparison, bulk micromachining is the process of etching away material from
the substrate to produce a device. The substrate is first patterned using ph‘()tolithographic
techniques, after which, the unwanted portions of the substrate are etched away using
either isotropic or anisotropic etching methods [2]. By using different sequences of
isotropic and anisotropic etching along with patterning, complex devices can be produced

from a substrate.

This Master of Applied Science thesis will present my research into a surface

micromachined single digital input bistable mechanism.

1.1 Definition of a Bistable Mechanism

A true bistable mechanism is capable of maintaining one of two stable states, and
consumes energy only while toggling from one stable state to the other. A common
example of such a mechanism is a household light switch. The light switch is stable in
either the up or down position and it requires the user to input energy only when flicking
the switch. In other words, one does not have to hold the light switch on, as once you
have changed the switch’s state, the switch will stay in that state. Bistability can be

described intuitively through the “ball and hill” example [3] shown in Figure 1.1.




Tnstable State

Stable State 2

Stable State 1

Figure 1.1: Ball and Hill Example of Bistability !
The ball is. stable in states 1 and 2, meaning that if it is perturbed when in one of
these two positions the ball will roll back to its original position because the stable states
are the local point of lowest energy. In contrast, when the ball is at the top of the hill, an

unstable position, any perturbation will cause the ball to roll and settle in one of the stable

states.

To change the state of the ball from position 1 to 2 or vice versa the ball must be
actuated over an energy barrier (the hill). Keeping the ball in either stable state requires

no energy input and energy is expended only when switching between stable states.

" Figure by author, based on the cited work.



2 APPLICATIONS OF BISTABLE MECHANISMS
Although the applications of bistable mechanisms are important, this thesis only
explores the design of a bistable mechanism itself. However, to provide the reader with
an idea of the utility of bistable mechanisms, a description is given in this section of
selected applications of bistable mechanisms. The applications discussed are optical

switches, microrelays and motor transmissions.

2.1 Optical Switches

Several applications for bistable mechanisms exist in the area of optical
switching, such as protection switching and flexible optical add-drop muitiplexers. These
applications requife switches with low insertion loss, low cross talk and bistability, but do
not require high speed switching [4]. These criteria can be fulfilled by two main
categories of micromachined optical switches: the micromachine aligned fiber switch and

the deflection switch.

2.1.1 Micromachine Aligned Fiber Switches

Micromachine aligned fiber switches physically align optical fibers so that the
input fiber shines directly into the output fiber. The first reported design, by L.A. Field,
[5]et al., shown in Figure 2.1, used two large nickel thermal actuators to push a fiber back

and forth in a channel to align it with two output fibers.



Input Fiber Output Fibers

/ Input Fiber
Thermal Motion
Actuator

.4
Z *’ [
Sl Y
Front View N Input Fiber K

| < Thermal
Actuator

Figure 2.1: First Reported Micromachine Aligned 1x2 Fiber Optic Switch"
This design, while novel, does not enforce bistability or optimal fiber alignment.
Soon after this first design was reported, a similar design that used an electrostatically
actuated cantilever beam to align waveguides rather than fibers was reported [6]. The

waveguide design is illustrated in Figure 2.2.

" Figure by author, based on the cited work.



Top View
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)

Electrode
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Front View

Electrode Cantilever

Pair A Beam

Figure 2.2: Wave Guide Micromachine Aligned Fiber Optic Switch i

The waveguide design has the major disadvantage of not being bistable. To

improve on these two designs, the clamped micromachine aligned fiber optic switch was

designed by M. Hoffmann, et al [7-11]. The clamped design comes in several different

configurations summarized in Figure 2.3.

 Figure by author, based on the cited work.-



Output Fibers Output Fibers Fiber
T Loops

Buckling
Platform
with
V-Grooves
Coupled
U-Beam
Cantilever

b |

Tnput Fiber Input Fibers Output Fibers
Figure 2.3: Clamped Micromachine Aligned Fiber Optic Switch Configurations
a) 1x2 Switch b) 1x4 Switch c) 2x2 Switch ¥

To understand the basic functionality of the clamped micromachine aligned fiber
optic switch, the reader should examine the simple 1 x 2 switch. All other configurations
are merely simple extensions of the basic design. The principle of operation is shown in

Figure 2 4.

" Figure by author, based on the cited work.




Fixed Clamp

Movable Clamp

Clamp Closed Clamp Open Clamp Closed
State 1 For Switching State 2

Figure 2.4: Operating Principle of Clamped Micromachine Aligned Fiber Optic
Switch "

The input and output fibers are held in position with a clamp that consists of a
cantilevered platform that moves up and down to press the fibers against a fixed portion.
To switch between output fibers, the moving portion of the clamp is bent down to release
the input fiber and then the U-beam cantilevers, pictured in Figure 2.3, move the input
fiber to align with the second output fiber. The clamp then re-engages, holding the input
fiber in place so that the cantilever that moves the input fiber does not need to expend
power to hold the input fiber in place. To better align the input fiber to the output fiber,

the fibers are placed in v-shaped grooves called fiber guides.

The current method being used to actuate the input fiber in micromachine aligned
fiber optic switches, is through heat-based actuators that provide an angular
displacement. Because of this use of angular displacement, a slight angular mismatch

between the faces of the input and output fibers is created, which degrades the

¥ Figure by author, based on the cited work.




performance of the switch. The use of fiber guide v-grooves helps to limit this angular
mismatch, however, switching speed suffers as the angular mismatch between the input
fiber and groove increases the settling time of the fiber [11]. Performance of the device

could be improved if the input fiber is linearly actuated.

Using a linearly actuated bistable mechanism would address the angular mismatch
problems of the current method. As well, using a linearly actuated bistable mechanism
would lower the cost by eliminating the need for the fiber clamp, which requires the post

processing step of anodic bonding [2].

2.1.2  Deflection Switches
The deflection switch uses mirrors to deflect the light beam from one fiber to
another in order to achieve configurable optical transmission. Deflection switches are

categorized as either: digital [12-17] or analog [18-20].

The digital deflection switch consists of an array of mirrors that are either on or
off, deflecting or not deflecting the light beam respectively. Figure 2.5 depicts a digital

deflection optical switch where the mirrors are actuated in-plane to deflect the light beam.




Input
. -—
Torsion Fiber

Hinge

Mirror -——
Output
Fibers
off
Posttion

Position

Figure 2.5: An In-Plane Actuated 1x2 Digital Deflection Optical Switch

The 1x2 digital deflection switch depicted in Figure 2.5 shows the lower mirror
being on while the upper mirror is off. This configuration allows the light beam to be
deflected into the second output fiber. The second configuration shown with hash marks
shows the first mirror as on, causing the light beam to be deflected into the first output
fiber. In the digital deflection design, each mirror must have two different states; an on
state where the light beam is deflected to the target and an off state where the mirror must
not interfere with the light beam. For a simple 1x2 switch, the on and off states can be
achieved by rotating the mirror around a torsional joint in the plane so that the mirror
moves out of the light beam’s path. However, when the number of inputs to the switch
increase‘s, the mirrors must be actuated out of the plane so that they do not interfere with

other light beams. Figure 2.6 depicts a 4x4 Digital Deflection Optical Switch Array.
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Input Fibers

Input 1 =» Output 1
Input 2 =» Output 3
Input 3 == Output 4
Input 4 = Output 2

Output
Fibers

Down Up

Figure 2.6: A 4x4 Digital Deflection Optical Switch Array
For the 4x4 Digital Deflection Optical Switch Array, the mirrors that are off must
be actuated out of the plane so that they do not unintentionally block any optical paths.
Because each mirror can only be in one of two states, the digital deflection switch
requires MxN mirrors for an MxN switch. As a result of this relationship, the number of
mirrors required grows exponentially as the number of inputs increases (M is usually

equal to N). Larger numbers of active elements increases the likelihood of a failure and

lowers yield.

The second deflection design type is the analog deflection switch. The analog
deflection switch consists of one mirror for every input and output. The input mirror is

controlled in an analog manner to deflect the light beam to the chosen output mirror,

11




which in turn deflects the light beam into the output fiber. Figure 2.7 depicts the

operation of a 1x2 analog deflection switch.

Input Fiber Output Fibers

20N
W

3

Figure 2.7: A 1x2 Analog Deflection Optical Switch
In Figure 2.7, the configuration shown in solid grey illustrates how the input

mirror deflects the beam to the mirror for the first input, which in turn deflects the light
beam so that the beam strikes the first output fiber normal to fiber’s surface. The second
configuration, shown with hash marks, shows how the input mirror rotates to deflect the
beam to the second output mirror. Although this simple configuration uses more mirrors
than the digital equivalent, it allows each mirror to take on more than two possible states,
thus reducing the number of required mirrors for an MxN switch to M+N. This creates a
linear relationship between the number of mirrors required and the number of inputs (M
is usually equal to N). Because the relationship is linear as the number of inputs increase,

the number of mirrors required for a large analog design is much less than that of a digital

12




design. Figure 2.8 shows a 4x4 analog deflection optical switch, which requires only 8

mirrors instead of 16 for the corresponding digital design.

Input Fibers

Mirror

Input 1 =» Output 1
Input 2 = Output 3
Input 3 == Output 4
Input 4 = Output 2

Output Fibers

Figure 2.8: A 4x4 Analog Deflection Optical Switch
The decrease in required elements from the digital to analog design comes at the
cost of an increased control burden. The digital design requires only digital logic to
control the mirrors, where as the analog design requires each mirror to be able to take on
many different states. The trade-off of control complexity for number of mirrors must be

considered by the optical switch designer when choosing which design type to use.
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The bistable mechanism is only useful for very small sized deflection optical

switches. For larger switches, either a multistable mechanism or continuous power

consumption is required.

2.2 Relays

Mechanical relays are devices that use small currents or voltages to physically
connect or disconnect electrical contacts in order to complete or interrupt a circuit.
Bistable behaviour is preferred in a relay so that energy is not wasted while maintaining a
connection. Relays find many applications in MEMS and several different bistable
microrelays have been presented in the literature. A diverse set of design concepts have

been shown starting with a liquid metal design [21] as seen in Figure 2.9.

Actuation & Contact

Electrodes
T
Hg
ry T
s |I or Zround
nsulator Electrode
Substrate

Figure 2.9: Liquid Metal Relay "

The liquid metal relay uses electrostatics to actuate a droplet of mercury and make
an electrical contact. The bistable mechanism utilized in the liquid metal relay will be
discussed in more depth in section 3.2.3. Another relay reported in the literature uses the

thermal actuation of a two-sectioned cantilever to make and break an electrical contact

“ Figure by author, based on the cited work.
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[22]. This cantilever relay is illustrated in Figure 2.10 and the bistable operation is

discussed in detail in section 3.2.1.1.

Bimaterial Cantilever
Section 2

Bimaterial Cantilever

Section 1 \
e

Unlatched Open State

Latched Closed State

Figure 2.10: Two-Sectioned Cantilever Relay **
A third type of relay reported uses magnetic forces [23], and is illustrated in

Figure 2.11.

" Figure by author, based on the cited work.
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Figure 2.11: Magnetic Relay *™
The magnetic relay relies on both soft and hard magnetic materials to provide a

bistable contact. The bistable mechanism used in the magnetic relay will be discussed in

more detail in section 3.2.2.

The reported relays require large chip areas and none has a single digital input. A
scalable bistable mechanism with a single digital input could easily find application in

relay designs.

2.3 Micromotor Transmission

Motors are an important part of many MEMS designs. Often, due to the
fabrication process being utilized, the most practical type of motor to use is the
unidirectional motor called a pawl and ratchet. The pawl and ratchet motor can be

designed using only a single input, an example of which is illustrated in Figure 2.12.

" Figure by author, based on the cited work.
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Figure 2.12: Pawl and Ratchet Motor Designed at Simon Fraser University (SFU)™*
The simple functionality of this motor can be extended from a unidirectional
motor into bi-directional motor through the switching of gear trains. This extension can
be achieved by creating a motor transmission that can engage either a forward or reverse

gear train to the motor. Figure 2.13 shows such a transmission.

™ This SEM picture used with permission of the IMMR at Simon Fraser University www.sfu.ca/immr
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Gear Train 2

Figure 2.13: Model of MEMS Motor Transmission
As shown in the model, when the input gear is attached to output gear train 1, the
output gear rotates counter-clockwise; where as, when the input gear is attached to output
gear train 2, the output gear rotates clockwise. Thus, the output gear can be rotated in
either direction by switching the motor from one gear train to the other. Figure 2.14
shows a MEMS motor transmission that was designed at SFU. Note that the moving gear
in this design is not the motor gear but an intermediate gear. This was done to keep the

design of the actual motor as simple as possible.
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Figure 2.14: MEMS Motor Transmission Designed at SFU *
The use of a'single digital input bistable mechanism in MEMS motor
transmissions would allow for unidirectional pawl and ratchet motors to be extended to

bi-directional functionality at the cost of only one more input.

Micro-transmissions can also be used to extend the use of any micro motor by

- using gear train switching to allow a single motor to drive multiple devices. This
functional extension could be accomplished by not tying the gear trains to the same
output gear but to different output gears that drive separate devices. Thus, through the
use of gear train switching, a bistable mechanism could be used to allow a motor to drive

two separate devices saving both fabrication area and input pins.

* This SEM picture used with permission of the IMMR at Simon Fraser Untversity www sfu.ca/immr
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3 BISTABLE MECHANISMS IN THE LITERATURE
Several bistable mechanisms are reported in the literature, all of which can be
categorised into two basic types: compliance-based mechanisms and noncompliant

mechanisms.

The compliance-based mechanisms use a strategy of requiring a spring to be
compressed while transitioning between states, which creates an energy barrier between
states and results in a snapping motion. Energy is stored in the spring until the
mechanism is actuated beyond the threshold between states. Once the mechanism has
been actuated beyond the threshold, the energy in the spring is released, bringing the

mechanism into its second stable state.

The noncompliant mechanisms, in comparison use various strategies such as:
locking mechanisms, permanent magnetic fields and electrostatics to achieve bistable

behaviour.

3.1 Compliance-Based Mechanisms

3.1.1 Classic Compliance-Based Design

Brian Jenson, et al. reported a classic compliance-based bistable mechanism [24].

Their design is illustrated in Figure 3.1.
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Figure 3.1: Schematic of Classic Compliance-based Bistable Mechanism *
The operating principle of this design is most easily understood by examining its
rigid body model. The rigid body model for the classic compliance-based bistable

mechanism is depicted in Figure 3.2.

Figure 3.2: Rigid Body Model of Classic Compliance-based Device *

* Figure by author, based on the cited work.

Xii

Figure by author, based on the cited work.
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The rigid body model shown in Figure 3.2 can be mirrored to provide the layout
shown in Figure 3.1. The classic device operates as follows. As node 1 is forced
downward, node 2 is forced to the left because of the constraints that have been placed on
them. This motion stores energy in the spring k and creates the energy barrier between
the two states. Once node 1 is lower than node 2, the energy barrier has been overcome

and node 1 snaps into its second stable position indicated by the dashed lines.

One of the main constraints for the operation of this device is that the energy
required to compress the lateral spring must be greater than the energy stored in the
torsional springs at the nodes. If the torsional springs store more energy than is required
to compress the lateral spring, the device will not be stable in the lower state, because the
torsional springs would then have more energy than the barrier energy provided by the

lateral spring causing the device to snap back to its original stable state.

Note that this device requires two distinct inputs to allow actuation between
states. Further, the distance between stable states is quite minimal in relation to the

footprint of the entire device.

3.1.2 Centrally Clamped Parallel-Beam
J. Qui, et al. designed the next device depicted in Figure 3.3 [25]. This device is a

clamped parallel-beam snapping bistable mechanism.
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Figure 3.3: Centrally Clamped Parallel-Beam Bistable Mechanism

The device is fabricated in its first stable state. To reach a second stable state the
clamped beam is actuated at the center of the beam until its switching threshold has been
exceeded, at which point the beam snaps through into its second stable state. The central
clamp is essential to the operation of this device as it allows only the first and third
deflection modes to occur. The second and third deflection modes both lower the energy
barrier between stable states, the second mode lowers the energy barrier to a greater
degree than the third mode. The result is that if the second mode is allowed to occur in

this type of device, bistable behavior is not achievable.

This device, as reported, has the disadvantage of being 3 mm long and almost 0.5
mm deep. A second disadvantage of this device is that it requires actuation in two

different directions to switch between stable states. To transition from the first state to

xiii

Figure by author, based on the cited work.
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the second state the clamped beam must be actuated towards the second state. To return

to the first state, the clamped beam must be actuated towards the first state.

J. Qiu, et al., having designed a bistable mechanism, chose to utilize their
mechanism as the main design block of a microrelay [26]. Their microrelay design is

depicted in Figure 3.4.

Thermal
Actuator

Centrally Clamped
Parallel-Beam

Electrical Contacts
Figure 3.4: Microrelay Utilizing the Centrally Clamped Parallel-Beam Bistable
Mechanism ™
To create a microrelay J Qiu, et al. used the centrally clamped parallel-beam as
the main design block, attached actuation to one side of the parallel beam and a contact
bar to the other side. The device is fabricated in an off state and is switched between

states using thermal actuators.

Xiv

Figure by author, based on the cited work.
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This relay is a good example of how a bistable mechanism is a mechanical
building block that can be combined with other basic blocks such as actuators and

contacts to create a useful device.

3.1.3 Snapping Actuator

The snapping actuator design by H. Matoba, et al. [27] uses the same principles as
all of the compliance-based bistable mechanisms; however, the actuation is integrated
with the body of the mechanism. As shown in Figure 3.5, this device has three inputs:
one input to actuate from the first stable state to the second stable state; a second input for
the reverse process; and a third input to lower tension in the spring that creates the energy

barrier between states.

Side View

Top View

Device Up ;
State ;

Figure 3.5: Schematic of Snapping Actuator and Timing Diagram *

“ Figure by author, based on the cited work.
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In this design, actuation between states is achieved through the use of differential
heating. When the actuator is in the up state, heating the upper polysilicon U-shaped
cantilever causes the top layer to expand, which causes the device as a whole to want to
curl downward. When the force created by the differential heating exceeds the force
being applied by the tension spring, the energy barrier has been overcome and the
actuator snaps into the down state. The device can then be returned to an up state by

heating the lower polysilicon layer.

This device has the advantage of integrating the actuation of the device into the
device itself. As well, this device was reported at a minimum size of 40 yum, which is
cjuite good in comparison with other reported devices. However, this device delivers out
of plane displacement and requires a non-standard fabrication process, thus limiting its

uses for surface micromachining.

3.1.4 Young Mechanism

The last bistable mechanism in the compliance-based category is the Young
mechanism developed at Brigham Young University by B. Jenson, et al [28]. Figure 3.6
shows the two stable states of two different Young mechanisms. A Young mechanism
has two rotational joints, two compliant segments and resembles a four bar mechanism.
Its bistable behavior is derived in the same way as the other compliance-based designs.
As the Young mechanism is rotated about its hubs, the compliant segments store energy.
The energy stored in the compliant segments at the second stable state is less than the
energy stored in the compliant segments at some threshold between stable states, which

creates an energy barrier between stable states.
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Mechanism 1

Mechanism 2

Rotational
Hub

Figure 3.6: Two Examples of a Young Mechanism’s Stable States ™'
As with all of the compliance-based designs, the Young mechanism has the
disadvantage of requiring two inputs for actuation between the stable states. The Young
mechanism has the added disadvantage of using rotational hubs, which increase the

minimum size and lowers the reliability of the device.

! Figure by author, based on the cited work.
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3.2 Non-Compliant Mechanisms

3.2.1 Latching
3.2.1.1 Multimorph Cantilever

The first noncompliant design discussed is the two-segment multimorph

cantilever designed by Xi-Qing Sun, et al. [22].

A bimorph cantilever consists of two layers with different thermal expansion
coefficients, which cause the cantilever to bend when heated. The two-segment
multimorph cantilever, an extension of the bimorph concept, integrates two bimorph
cantilevers into a single cantilever allowing for a more complex motion of the cantilever
tip.

To achieve bistable behavior, this design utilizes the ability to control the
displacement of the multimorph cantilever’s tip. The tip of the cantilever is fashioned
into a hook shape and an opposing hook shape is fabricated on the substrate. By using the
two inputs to control the position of the cantilever tip, the opposing hooks can be caused

to latch. Figure 3.7 shows the motion of the multimorph cantilever as it switches states.
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Figure 3.7: Functional View of Two-Segment Multimorph Cantilever
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When not latched in the on state, the tip of the multimorph cantilever sits above
the surface of the substrate and is not in contact with the substrate hook. This
configuration is due to the residual stresses imparted during fabrication and is controlled

through the choices of bimorph materials, process parameters and structural layout.

il Bigure by author, based on the cited work.
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The multimorph cantilever was developed specifically for application as a micro
relay. This cantilever has the advantage of including the actuators into the structure of
the mechanism, but like the compliance-based mechanisms, it requires two separate
inputs for operation. Unfortunately the device uses a non-standard fabrication process

and has a large footprint measuring 860pum x 100um.

3.2.1.2 Extension Ladder Bistable Mechanism

The second latching design to be discussed is the extension ladder bistable
mechanism. The first version of this mechanism was designed for my undergraduate
thesis [29, 30]. This design, shown in Figure 3.8, is based on the latching mechanism of

an extension ladder.
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Figure 3.8: Extension Ladder Bistable Mechanism *"*

This design is actuated in-plane. The first stable state is the fabricated state
depicted in Figure 3.8 as the grey structure. The second stable state occurs when the hook

and rung are latched, which is depicted as the hash-marked structures in Figure 3.8.

Two thresholds govern the operation of the extension ladder bistable mechanism.

The mechanism will enter the second stable state if the rung is actuated beyond the first

il Figure by author, based on the cited work.
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threshold, but not beyond the second threshold. The mechanism enters the first stable
state if the rung is either not actuated beyond the first threshold, or if it is actuated beyond
the second threshold. Normal operation, depicted in Figure 3.9, involves actuating the
rung beyond the first threshold to latch the mechanism in its second stable state. The
rung is then actuated beyond the second threshold to unlatch the mechanism and return it
to its original stable state. Actuating the rung from the first stable state past the second

threshold would result in the mechanism undergoing no change of state.

ha
ot

Latched

Rotational
Jomt

Unlatched
State

Y

Unlatching

Figure 3.9: Latching and Unlatching Motion of the Extension Ladder Bistable
Mechanism

The extension ladder bistable mechanism has the advantage of requiring only a
single analog input. As well, the extension ladder design can be made into a multistable

mechanism by adding additional rungs. Although adding rungs will increase the number
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of thresholds, which obviously complicates the control of the input, adding the rungs

extends the design to be multistable without increasing the number of inputs required.

One of the disadvantages of the extension ladder design is the use of a rotational
joint for the hook. Rotational joints increase the minimum size of the design and are less
reliable than a compliant joint. Therefore, further work was undertaken to design an
extension ladder based mechanism that approximates the function of a rotational joint
with a compliant joint. The basic layout for the compliant extension ladder based design

is shown in Figure 3.10.

|- --Start Point

Torsional
Spring

+--Threshold 1

-Threshold 2

‘ Actuation

Figure 3.10: Compliant Extension Ladder Based Bistable Mechanism
The thresholds depicted in Figure 3.10 lie at the intersection of the line that traces
the movement of the leftmost edge of the rung and the arcs that trace the motion of the

two rightmost points of the hook. These thresholds function the same way as for the
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design with a rotational joint. Normal operation of the compliant extension ladder based

bistable mechanism is depicted in Figure 3.11.

Unlatched

Torsional

Spring Latched

Figure 3.11: Latching and Unlatching Motion of the Compliant Extension Ladder
Bistable Mechanism

The complaint version of the extension ladder bistable mechanism is ongoing
work of the author. However, the extension ladder bistable mechanism was unable to

fulfil the original intent of creating a single digital input bistable mechanism.
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3.2.2 Magnetic Bistable Mechanism
The magnetic bistable mechanism designed by M. Ruan, et al. [23] uses a
combination of soft and hard magnetic materials to achieve bistable functionality. Figure

3.12 illustrates the design of the magnetic bistable mechanism.

t Soft Magnetic

/ M aterial

Figure 3.12: Schematic of Magnetic Bistable Mechanism **

The soft magnetic material used in this design was a NiFe permalloy. A planar
coil is used to actuate the cantilever between stable states. This design operates on the
principle that the soft magnetic cantilever will try to align itself with the magnetic field.
Figure 3.13 describes how this tendency of the cantilever to align itself to the permanent

magnetic field is used to achieve two separate torques.

X Figure by author, based on the cited work.
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Figure 3.13: Operating Principle of Magnetic Bistable Mechanism

The soft magnetic cantilever will try to align itseif to the permanent magnetic
field by rotating the shortest angular distance. When 0 is less than 90°, the cantilever
undergoes a clockwise torque to bring it in line with the permanent field. A clockwise
torque pushes the cantilever away from the surface of the substrate, opening an electrical
circuit, which results in an off state. When 0 is greater than 90°, the cantilever undergoes
a counter-clockwise torque to bring it in line with the permanent field. A counter-
clockwise torque pushes the cantilever towards the surface of the substrate, completing
an electrical connection. Because the alignment is to a permanent magnetic field, each of
these two states is stable. To switch between the two states the coil is energized with a

pulse of current causing the magnetic field to momentarily switch directions.
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The magnetic mechanism has the advantage of only requiring one input to
operate, however, the disadvantages are that: the input is analog, the device utilises a

non-standard fabrication process and the footprint of this device is 1000um x 600 um.

3.2.3 Liquid Metal Electrostatic Switch
L. Latorre, ct al. designed the liquid metal electrostatic switch [21] consisting of a
droplet of mercury that is electrostatically actuated to complete an electrical circuit. The

schematic for the liquid metal electrostatic switch is given in Figure 3.14.

Actuation & Contact

Electrodes
.""'_""\\
Hg
= +
Ground
Insutator Electrode
Substrate

Figure 3.14: Liquid Metal Electrostatic Switch ™
This switch is operated by applying a large voltage between one of the contact
electrodes and the ground electrode. Electrostatic attraction then causes the mercury
droplet to move until it completes the circuit between the contact and ground electrodes,

where it stays in position because of surface tension.

Although this switch is simple and can be made quite small, it requires voltages

that range from 100 to 400 volts to actuate the liquid metal droplet. As well, this switch

™ Figure by author, based on the cited work.
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is limited in application to relays as the output is electrical only and cannot be

mechanically coupled to other mechanisms.

3.3 Performance Measures

I propose two different performance measures of bistable mechanisms beyond
basic bistable functionality. They are the ratio of displacement to actuation and the ratio
of displacement to area. These measures of performance will be used as objective criteria

for the evaluation of the presented designs.

3.3.1 Displacement/Actuation Ratio

The displacement/actuation ratio is a measure of the distance between the two
stable states normalized to the distance that the device must be actuated to switch states.
This measure is unitless and scaling independent, meaning for a given device, this
measure stays constant as the device is scaled for different applications. Figure 3.15
llustrates the displacement/actuation ratio using the extension ladder based bistable

mechanism that was described in section 3.2.1.2.
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Figure 3.15: Illustration of the Displacement/Actuation Ratio
The purpose of this performance measure is to provide a measure of the overshoot
required when switching states. This measure also gives an indication of what kind of

actuation method will be needed for a given displacement.

3.3.2 Displacement/Area Ratio

The displacement/area ratio is a measure of the distance between the two stable
states normalized to the area that the device takes up on the substrate. This measure has
the units of m™ and is scaling dependent. As a result, this measure will degrade as a
device is scaled larger and should only be used to evaluate designs that provide the same
displacement. Figure 3.16 illustrates the displacement/area ratio using the extension

ladder based bistable mechanism.
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Figure 3.16: Illustration of the Displacement/Area Ratio
The goal of a bistable mechanism is to provide a physical displacement between
stable states. This measure gives an indication of how efficiently a design meets this goal
with respect to the design area used. A design that can accomplish the same goal and
uses less area will be less expensive to produce. Table 3.1 summarizes the various

bistable mechanisms and some of their properties.
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4 THE HYSTERESIS SPRING BISTABLE MECHANISM

The hysteresis spring bistable mechanism utilizes the clamping and unclamping of
a spring’s anchor to introduce hysteresis to the movement of a latch. The hysteresis
spring allows for the creation of a bistable mechanism that has a single digital input. In
order to understand the function of the hysteresis spring bistable mechanism, a
description of the hysteresis spring will be given first followed by a functional
description of the entire device. An analytical model of the hysteresis spring bistable
mechanism will be developed in order to more fully understand the effect of the various
design parameters. Modelling will also be approached using the finite element method
and the results presented. Devices fabricated using the PolyMUMPS technology were
tested and the results will be discussed. To complete the discussion of the hysteresis

spring bistable mechanism, the models and fabrication results will be compared.

4.1 The Hysteresis Spring Element

The hysteresis spring is a regular spring, which has a switchable ground instead of

being directly anchored to ground. Figure 4.1 shows a simple hysteresis spring.
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Figure 4.1: Simple Hysteresis Spring
To illustrate the operation of a hysteresis spring, consider the force exerted by the
spring on the point P in the following scenario. An actuator attached to point p has a force
displacement relationship as follows:

F =k (2-x)

Equation 4.1

Where k; is the spring constant of the hysteresis spring. If the ground for the
spring and the actuator are turned on then point P will move in the X direction and settle
in a new equilibrium position (X = 1) where the force from the actuator and spring
balance. If point P is then latched into this new equilibrium position and the actuator and
spring ground are turned off, then the spring will relax and no force will exist in either

direction on P. Now, if the spring ground and actuator are turned back on, P will reach a
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new equilibrium point at X = 1.5. Figure 4.2 shows a graphical representation of how the

two equilibrium points are reached in this example.
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Figure 4.2: Hysteresis Spring Example
The hysteresis spring has in this example succeeded in creating hysteresis in the
movement of point P. When the actuator and ground are both engaged the resulting
equilibrium point is dependent on the previous state of the device, and thus memory has

been introduced into this system

The hysteresis spring requires two items to operate in the manner required for a
single digital input bistable mechanism; a switchable ground and some form of latch to
hold the output in the equilibrium position. If, no switchable ground exists, the output
point P will always follow the same path for a given actuation, making the goal of

producing a single digital input bistable mechanism impossible. A latch to hold the
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output in the equilibrium position is required because, without some form of latch to hold
the output point’s position, when the actuation is removed the mechanism will return to
its original or fabrication state. The memory retention property of the hysteresis spring
will be rendered useless if the mechanism is always being actuated from the same

position, as the state being remembered will never change.

The hysteresis spring utilized in the bistable mechanism design is acting in-plane
and is creating hysteresis in a two dimensional movement. Taking the two dimensional
movement into account requires a more complex model than that of a single axial spring,
because the spring used will undergo both compression and torque. To deal with these
two different effects, modelling the spring as two different springs, one axial spring and
one torsional spring, is beneficial. Figure 4.3 shows the model of the hysteresis spring

acting in two dimensions.

A
Y
Switchable
Ground N
»X
Torsional

Spring /

Axial P
Spring

A A
( Xpo, Ypo)

Figure 4.3: Model of Hysteresis Spring Acting in Two Dimensions
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The model of the hysteresis spring is discussed in detail in section 4.3.

4.2 Functional Description

The hysteresis spring bistable mechanism utilizes the clamping and unclamping of
a spring’s anchor to introduce hysteresis to the movement of a latch. The hysteresis
spring bistable mechanism has two stable positions: the unlatched (as fabricated) position

and the latched position.

The most simplified version of the hysteresis sf)ring ignores the affect of rotation
on the performance of the hysteresis spring. This simplification allows for a more
intuitive understanding of the operation of the hysteresis spring bistable mechanism. The
basic layout of a hysteresis spring bistable mechanism and the corresponding simple

model is given in Figure 4.4.

KHysteresis

Actuation
ADirection
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Ground
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KRo d
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Basic Layout Simple Model

Figure 4.4: Basic Layout and Simple Model of the Hysteresis Spring Bistable
Mechanism '
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In a transition from unlatched to latched states, the hysteresis spring is anchored
by the switchable ground, causing lateral movement and the hook to latch. When
transitioning from latched to unlatched states, the hysteresis spring is allowed to relax
which results in a lesser lateral force when it is again engaged. This allowed the hook to
miss the catch. Figure 4.5 shows a simplified set of the forces acting on the hook as it

reaches a displacement near the latched state.

FActuation
FHysteresis
FHyst Y
h
FHySt X FROd
FReturn

Figure 4.5: Simplified Force Diagram for State Transition.
Based on these forces, three conditions must be satisfied for the state transition’s

successful completion. The first condition is the actuation condition given in Equation

4.2.

F 4 > F sy FRemm Equation 4.2 Actuation Condition

ctuation y.

This condition indicates that the actuation force must be capable of overcoming

the spring forces so that it can move the hook up to the catch.
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The second condition is the latching condition, which is required for a successful

transition from unlatched to latched states.

F HystX > F Rod Equation 4.3 Latching Condition
This condition indicates that the force of the hysteresis spring must be greater

than the spring force created by the deformation of the rod in order to allow the hook to

move to the right and latch.

The third condition is the unlatching condition, which is required for a successful

transition from latched to unlatched states.

F HystX <F Rodx Equation 4.4 Unlatching Condition

This condition indicates that the force of the hysteresis spring must be less than
the spring force created by the deformation of the rod. This condition allows the hook to

move to the left and unlatch.

Clearly, based on these conditions, memory must exist in the system so that,
depending on the current state, a larger or smaller lateral force is provided. This memory

is provided through the use of the hysteresis spring.

The movement of the hook during the latching and unlatching movements is

shown in Figure 4.6.
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Figure 4.6: Latching and Unlatching of the Hook and Catch
In Figure 4.6, the solid arrows show the movement of the hook when power is

applied, whereas the dotted arrows show the movement of the hook once power has been

removed.

Two separate actuators are required to operate the mechanism: one to clamp the
spring, creating the switchable ground and one o pull the rod in the Y-direction, bringing
the hook up to the level of the catch. For the mechanism to latch, the hysteresis spring
must be engaged for enough of the Y-direction travel to provide sufficient lateral force to
allow latching. If this device were operated using two inputs, the clamp would first be
engaged and then the mechanism would be actuated in the Y-direction. Sequential
actuation ensures that the lateral force provided by the hysteresis spring would be

maximized, as the lateral force is proportional to the movement in the Y-direction.
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However the purpose of this thesis is to develop a single digital input bistable
mechanism. To achieve this purpose the two actuators must be connected to the same
digital input signal and be actuated simultaneously. For simultaneous actuation to
operate the device correctly, the clamp has to engage before the Y-direction actuation
reaches its maximum value so that the hysteresis spring provides lateral force. The
solution is to have the clamp actuator engage the clamp well before the actuator has
reached full deflection. For example, if a thermal actuator having a maximum deflection
of 8um at 5 volts was used for the clamping mechanism, the clamp should be designed to
engage at a small deflection such as 2um. This design would allow the hysteresis spring

to be engaged for 75% of the actuation in the Y-direction.

The actuations are performed through directly coupled actuators. The fabricated
design uses probes to provide the actuation, however, the function of the hysteresis spring
bistable mechanism is independent of the actuation method. Any actuator that can

provide the required actuation characteristics can be utilized.

4.3 Analytical Model

The purpose of the analytical model is to provide a tool for basic design. The
model should be able to predict the equilibrium displacement of the hook in the X-
direction for a given Y displacement and set of design parameters. This model will altow
the designer to determine the range of design parameters that are able to achieve their
goal of a bistable mechanism meeting a state displacement criterion. For example, the
proof of concept designs required an X displacement of 6pm at a Y displacement of
25um to allow for latching. The model can be used to predict the design parameters

required to provide 6um of X displacement for the given Y displacement.
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4.3.1 A Simple Model
The initial analytical model considered did not take rotational effects into account.

The simple model used is depicted in Figure 4.7.

— KHysteresis

Switchable Y Skder
Ground )

Hook
KRod

g KReturn

AAILANN

Figure 4.7: Simple Model of Hysteresis Spring Design

The goal of the modelling of this device is to find the motion of the tip of the
hook in the X direction as a function of the motion in the Y direction as well as the
various spring constants. Knowing the motion of the tip of the hook allows for correct

placement of the catch.

As stated, this simple model does not take rotation into account, resulting in the
assumption that the hysteresis spring is at 45° throughout operation. This assumption

leads to Equation 4.5.

i

ystY —KHyst Y : Equation 4.5
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The force the in the Y-direction is directly proportional to the hysteresis spring

constant in a negative direction. Also following from the 45° assumption is Equation 4.6.

nystX - _nyle Equation 4.6

Equation 4.6 states that force produced by the hysteresis spring in the X-direction
is equal in magnitude to the force produced in the Y-direction. The other force acting in
the X-direction comes from the deformation of the rod. Equation 4.7 gives the

relationship for the force produced in the X-direction by the deformation of the rod.

f, Rod K Rod * Equation 4.7

The equilibrium X position of the hook is determined whenever the summation of
the forces in the X-direction is zero. This equilibrium position is described in Equation

4.8.

/ Rod +/ HysiX — 0 Equation 4.8

If Equation 4.6 and Equation 4.7 are combined with Equation 4.8 and rearranged,
the result is the relationship between the X and Y displacements. Equation 4.9 describes
the motion of the tip of the hook in the X direction as a function of the motion in the Y

direction and the various spring constants.

KHyst Y
X = —K__ Equation 4.9
Rod

This simple model, while useful for determining order of magnitude values for
displacement and force, does not provide values that match with finite element modelling
or the fabricated devices (Section 5.2). These discrepancies are due to the assumptions
made in the generation of the simple model. As a result, a second model was developed

that included rotational motion.
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4.3.2 Rotational Model

Because the simple model was found not to agree with the Finite Element
Analysis and fabricated results, the rotational model was developed to correct the
deficiencies. The rotational model represents the hysteresis spring as a combination of a
rotational spring and separate axial spring rather than just a simple axial spring. Figure

4.8 depicts the rotational model with some of the variables used in the analysis.

Y Torsional

/ Spring
X

B\

Actuation

Switchable ,** Direction

Ground

Ground

Figure 4.8: Rotational Model for the Hysteresis Spring Bistable Mechanism
The first set of forces considered in the analysis are the forces relating to the
hysteresis spring. Because the hysteresis spring has been modelled as separate axial and

torsional springs, the forces in the axial and the tangential directions are determined in
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terms of the variables that describe the hysteresis spring. Equation 4.10 gives the

relationship between the spring’s axial force and the spring’s change in length.

nystAxial - (L - I") KHystAxial Equation 4.10
Where: L is the initial rest length of the hysteresis spring from the center of
rotation to the attachment point with the hook; r is the variable length of the hysteresis

spring from the center of rotation to the attachment point with the hook; and Kgysiaxiat 18

the spring constant of the axial portion of the hysteresis spring.

Equation 4.11 gives relationship between the spring’s tangential force and the

torque generated by the torsional spring.

f HystRotational ~— 7 Equation 4.11

. Where: 1 is the torque generated by torsional spring; and r is as defined in

Equation 4.10.

The torque is proportional to the angular change of the hysteresis spring as

described in Equation 4.12.

t= BHystRotational (6 N 60) Equation 4.12

Where: B is the torsional spring constant; 6 is the angle between the negative Y-

axis and the axis of the hysteresis spring; and 6, is the initial value of 6 (45°).

Equation 4.10 and Equation 4.11 give the axial and tangential force relationships
in polar coordinates. The final solution should be in rectangular coordinates form,
therefore, Equation 4.13 and Equation 4.14 express the components of the axial and

tangential forces in the X and Y directions respectively.
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nystX = Sln( e )fHVSfoial ”' COS( e )f[—bzisotational Equation 4.13

fH stY COS( 0 )nystAxlaZ Sln( 6 )nystRotatzonaZ Equation 4.14

The next set of forces described are those that are the result of the other springs in
the model. Equation 4.15 describes the force displacement relationship that results from

the deformation of the rod.

f Rod — KRod X Equation 4.15

Where: Kgqq is the spring constant of the deformable portion of the rod; and X,
is the displacement of the hook in the X-direction referenced from the as fabricated rest

position of the hook.

Equation 4 16 describes the force displacement relationship for the returning

spring.

f Return — Return Yhat Equation 4.16

Where: Kgewm 18 the spring constant of the returning spring; and Yy is the
displacement of the hook in the Y-direction referenced from the as-fabricated rest

position of the hook.

The equilibrium X position of the hook is reached whenever the summation of the

forces in the X-direction is zero. This equilibrium is described in Equation 4.17.

fRod +nystX =0 : Equation 4.17

When Equation 4.13 and Equation 4.15 are substituted into Equation 4.17, the

resulting equation has five variables as shown in Equation 4.18:X, Y, Xy, 0 and 1.
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T
COS(e ) BHystRotatianal (9 - Z) Equation
S =8O (L= 1) Ky i = , = Kroi Xra 4.18

However, Xy, 6 and r are determined as functions of X and Y. Equation 4.19

through Equation 4.21 describes Xpa, 6 and r in terms of X and Y respectively.

L
Xy =% = Tj Equation 4.19
x
0 = arctan| - ; Equation 4.20
y = y2 + x2 Equation 4.21

When Equation 4.19 through Equation 4.21 are substituted into Equation 4.18,
the force in the X-direction is expressed as a function of X and Y as well as the physical

constants of the system, as shown in Equation 4.22.

x)_ T
P x (L — m) KHystAxial B Y I3HysrRoz.‘az‘ional( arctan( y} 4 }
Xdir S x? y*+x?

-K

Aol

Equation
4.22

Because only the equilibrium X displacement is of interest, the solutions to

consider are those that yield Fxg;;= 0.

4.3.2.1 Parameter Plots

In the equation resulting from Fxq;; = 0, analytically isolating the X varjable and
considering the affects of the various design parameters on the X displacement, is
difficult. As aresult, plots utilizing numerical methods were made around a center

design at three different Y displacements. These plots are intended to show the affect of
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each design parameter on the X displacement, so that a designer can predict which design

parameters should be changed to provide a desired change in X displacement. The values

of the various design parameters for this center design are summarized in Table 4.1.

Table 4.1: Design Parameters For Center Design

Design Parameter

Center Value

BHystRotational
KHystAxial

KRod
L

1.11267 x 10®° N-m-rad”!
4.79846 N-m’!
1.80267 N-m™

150 pm

The X displacement as a function of Y displacement is nearly linear around the

center value. A numerical plot of this relationship is illustrated in Figure 4.9.
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Figure 4.9: Plot of Xyat ¢ Yhae Relationship Around the Center Design Value



From Figure 4.9, the expected motion of the unimpeded hook is linear with

respect to Y displacement.

Varying the design parameters changes the slope of the Xya oc Yy relationship.
In order to see the trends around the center design, Figure 4.10 through Figure 4.13 show

plots of the Xp, displacement versus design parameter values around the center design.
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The center design was chosen to provide an X displacement that is approximately
half the Y displacement. The slope of the X versus Y displacement relationship is
changeable using the gradient information in these graphs to determine which design
parameters should be changed and in which direction they should be changed.
Alternatively, design optimization is accomplished numerically using a cost functional.

This problem of optimal design is an area into which further work could be undertaken.

4.4 Finite Element Model

Finite Element Analysis, or FEA, is a numerical technique for finding the
response of a device to stimulus. FEA takes a complex geometry for which an analytical
solution is difficult to find or does not exist and approximates the geometry with small

segments called elements. In the two dimensional case, these elements are triangles or
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quadrilaterals, which are easily solvable. The stimulus is then applied to the
approximated geometry and the phenomenon of interest is calculated over the simple

elements.

FEA 1s most useful for cases where a closed form solution is not easily
determined. While an approximate closed form solution to the movement of the
hysteresis spring bistable mechanism is attainable by simplification of the model (see
section 4.3), a true closed form expression cannot be easily found because all portions of
the switch are compliant, not just the portions designed as springs. The inability to
determine a complete closed form expression makes the hysteresis spring bistable

mechanism a good candidate for FEA.

4.4.1 Geometric Model

To generate the geometric model for analysis, the design layouts were converted
to the ANSYS Neutral Format ((ANF). In order to simplify the analysis, the structure
was altered to be two-dimensional and the pad and the ring that are used to actuate the
mechanism were removed. This simplification was performed before the layout
conversion. One of the layouts used for the hysteresis spring bistable mechanism is

shown in Figure 4.14 before any modifications were undertaken.
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Figure 4.14: Hysteresis Spring Bistable Mechanism Layout
In the conversion to two dimensions, only the POLY'1 layer of the design was
converted because it contains the relevant structures of the design. The rest of the layers
contain connections to the substrate that anchor portions of the device and staples to
constrain vertical movement of the device. All of these structural functions, lost in the

conversion, can be modelled using boundary conditions.

The removal of the pad and ring require the assumption that they can be modelled
using boundary conditions. In this design, the pad and ring are present only to introduce

displacement boundary conditions on the ends of the two rods and can be replaced by any

62




actuators that produce the same displacement boundary conditions. Therefore, the pad

and ring are good candidates to be removed and replaced with just boundary conditions.

Software developed by Robert (Bobby) Johnstone was used to perform the layout
conversion. This software is web accessible at the following website:

http://www.sfu.ca/~rjohnsto/layout2layout.html. The “layout2layout” software performs

a raw conversion of one layout format to another. This software saves a considerable
amount of work by removing the need to redefine the geometries using ANSYS’

preprocessor.

Figure 4.15 shows the final ANSYS model geometry for the hysteresis spring

design shown in Figure 4.14.
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Figure 4.15: ANSYS Model of the Hysteresis Spring Bistable Mechanism

4.4.2 Assumptions

The geometric simplifications made in the conversion of the layout to an ANSYS
friendly format are only a part of the simplifications made in the analysis. Further
assumptions were made and used to simplify the analysis of the finite element model.

These assumptions are summarized in
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Table 4.2: Assumptions of FEA Simplification

Assumptions

Reality

Interactions only in-plane

Actuator pulls in only the Y-direction

Anchors are stationary and act only in-
plane

Staples constrain non-spring portion of rod
to movement in only the Y-direction

Out-of-plane buckling can occur

An actuator pair could pull in only the Y-
direction but using a wafer probe to pull
the ring will cause some movement in the
X and Z-directions.

Anchors will apply some out-of-plane
torque to the structure.

The staple has some play, allowing some
small movement in the X-direction. Also,
the non-spring portion of the rod can
undergo a torque with the staple acting as a
pivot point.

4.4.3 Convergence

In general FEA will produce an answer for any conditions, however that answer is

not necessarily correct. If not enough elements are used, then the program will not be

able to correctly represent the underlying problem. As aresult, a convergence test must

be undertaken to determine if the answer being provided is correct to the precision

required. To undertake the convergence test, the accuracy of the element model (mesh)

must be increased through refinement and the solutions compared. This process is

repeated until the desired precision remains constant.

There are three different methods of refining a finite element model: H-type, P-

type and R-type refinement. H-type refinement, is performed by increasing the number

of nodes used. P-type refinement, is performed by increasing the order of the equations




used for approximating the solution. And R-type refinement, is performed by rearranging

the nodes to have a higher density in areas of high solution gradient

Elements are made of a set number of nodes, so the effect of H-type refinement is
to increase the number of elements, P-type refinement increases the number of nodes
used per element and R-type refinement makes the elements in the areas of high solution

gradient smaller and those in the areas of low solution gradient larger.

In the convergence study of the hysteresis spring bistable mechanism all three
forms of refinement were used to a certain extent. H-type refinement was the main mode
of refinement used in the convergence study. ‘Each step in the study decreased the
spacing between nodes. The highest order shell element appropriate for this type of study
was used, starting at the highest level P-type refinement. The smart mesher was used to
mesh the layout (place the nodes), which uses a predictive style of R-type refinement that
increases the density of the mesh in narrow areas where stresses are more likely to

concentrate.

Table 4.3 shows the results of the convergence test at three different Y

displacements.
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Table 4.3: Data From the Convergence Test

% Difference
Refinement Level X (um) From 0.5um
@Y =5um

Smart size level 6 3.17397 0.14
Smart size level 1 (finest) 3.18417 0.46
Edge Size 2 3.15953 -0.31
Edge Size 1n 3.16617 -0.10
Edge Size 0.5u 3.16943 0

@Y =10um
Smart size level 6 6.67251 0.20
Smart size level 1 (finest) 6.69324 0.51
Edge Size 2 6.64047 -0.27
Edge Size 1pn 6.65254 -0.097
Edge Size 0.5u 6.65902 0

@Y =15um
Smart size level 6 10.0883 0.1
Smart size level 1 (finest) 10.1137 0.37
Edge Size 2u 10.0431 -0.32
Edge Size 1pn 10.0641 -0.12
Edge Size 0.5u 10.0763 0

As summarized in Table 4.3, the percent difference between the highest density
mesh (Edge Size 0.5p) and the lowest density mesh (Smart size level 6) is less than one
percent. This change translates to one or more extra digits of accuracy; however, this
increase in the level of accuracy in the solution comes at a great cost: approximately 16
times more elements make up the highest density mesh than make up the lowest density
mesh. As a result of this increase, the solution time for the highest density mesh was in
the order of 90 minutes, where as the solution time for the lowest density mesh was
approximately one minute. Because the accuracy difference in the mesh densities is so
low in comparison to the error in the input parameters (= ~6 % for Young’s Modulus),
the lowest density mesh was used for analysis of the different designs in order to save

time.
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4.4.4 Models Tested

Ten different layouts were converted to ANSYS models and analysed. Three of
the ten layouts were included in the proof of concept chip. The other seven H-spring
layouts were only modelled. The H-spring layouts are méant to show the effects of
changing the strength of the hysteresis spring, the strength of the rod spring and the
length of the arm between the hook and the center of rotation for the hysteresis spring.

Figure 4.16 gives an example layout for each of the two main design types that were

modelled.

a) b)

Figure 4.16: a) Proof of Concept Design Using Serpentine Hysteresis Springs
b) Modelled design using H Style Hysteresis Spring
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The main difference between these two designs is the type of springs used. The
proof of concept design uses a serpentine spring for the hysteresis spring and a pair of
cantilever springs for the lateral rod spring. In comparison, the set of 7 “modelled only”
designs use an H-Style spring for the hysteresis spring and a folded spring for the lateral
rod spring. The H-spring shown in Figure 4.17 is designed to be significantly stiffer

axially than the serpentine spring, while maintaining a low rotational stiffness.

H Length

- "

Figure 4.17: H Spring
The axial compliance of a folded spring (inverse of stiffness) is directly
proportional to the length of the bars that are parallel to the axis and directly proportional
to the cube of the length of the bars that are perpendicular to the axis. Thus, if one
desires an axially stiff spring, as much of the spring’s length as possible should be made

parallel to the spring’s axis.

The rotational compliance of a folded spring is directly proportional to the
unfolded length of the spring. Thus, to get a larger rotational compliance, or low

rotational stiffness, one must add length to the spring.

A straight cantilever has the highest ratio of axial stiffness to rotational stiffness

possible because all of its length is parallel to the axis; however, folded springs use chip
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space more efficiently than a straight cantilever. Of the folded spring designs, the H-
spring has the highest ratio of axial stiffness to rotational stiffness where as the serpentine
spring has the lowest. As a result, in future revisions of the design the H-spring will be
the spring of choice. This advantage of the H-spring over the serpentine spring is the

reason the H-spring was chosen for most of the modelling.

Using a folded spring for the rod spring in the new designs was done to increase
the efficiency of the space used in the design. The folding of the spring decreases the
stiffness of the rod spring with a minimal penalty on the off axis stiffness and chip area

used.

4.4.5 Boundary Conditions

Boundary conditions are how the designer interacts with the finite element model.
The boundary conditions create a set of constraints and stimuli that represent how the
finite element model interacts with its environment. The first boundary conditions that
are attached to the model are the constraints that represent the anchoring of the springs.
A boundary condition that enforces no displacement in any direction is applied to the

lines that make up the anchor for the returning spring, as shown in Figure 4.18.
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Figure 4.18: Representation of Anchor Boundary Conditions in ANSYS
Because the hysteresis spring is clamped during the actuation phase of operation,
a boundary condition equivalent to that of an anchor on the clamped end of the spring is

necessary. This zero displacement boundary condition is depicted in Figure 4.19.
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Figure 4.19: Representation of Clamped Anchor Boundary Condition in ANSYS
While the staple anchors are included in the geometric model for visual reference,

they are not included in the analysis so as to avoid contact analysis. Contact analysis
seeks to model the interactions of parts as they come into contact with each other.
Contact analysis is highly non-linear and requires significantly larger solution times. As
well, contact analysis can result in an analysis being unable to mathematically converge,
which provides unusable solutions. Thus, to avoid the difficulties presented by contact
analysis, the staples are represented by a constraint that allows the non-spring portions of
the rod to move in only the Y direction. This constraint is essentially modelling the

staples as an ideal sliding joint. The staple constraints are depicted in Figure 4.20.
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Figure 4.20: Representation of Staple Constraints in ANSYS

One of the assumptions made to simplify the analysis was to prohibit out-of-plane
interactions. While some out of plane buckling and torsion occurs in MEMS devices,
such out of plane interactions were not considered in this analysis. Removing out of
plane interactions was accomplished though the use of a boundary condition on every
node that set displacement in the Z direction to zero. Ignoring out of plane interactions
had two benefits with respect to the analysis. Firstly, this simplification reduced the
solution time by removing one degree of freedom from every node. Secondly, the
simplification made the analysis more mathematically stable. Without the boundary
condition removing displacement in the Z direction, the large Y displacement cases

would not mathematically converge.
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The final boundary condition to add is the condition representing actuation.
Displacement boundary conditions of Spum, 10um and 15pum, were applied to the end of
the rod where the actuation block would be added. The placement of the actuation

boundary condition is illustrated in Figure 4.21.

1 ANSYS|

BREAS
DEC 3
TYPE NUM 13215

Boundary
Condition

Figure 4.21: Representation of Actuation Boundary Condition in ANSYS
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5 RESULTS AND DISCUSSION

5.1 Fabrication Results
A proof of concept design was designed and fabricated using the polyMUMPS®

process. This three layer polysilicon process was provided free of charge though the
Canadian Microelectronics Corporation (CMC) as a grant. The provision of 0.5 mm x 0.5
mm in chip space was invaluable to this work. The basic layout of the fabricated devices

is shown in Figure 5.1,

Figure 5.1: Basic Layout of the Hysteresis Bistable Mechanism
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The pad and ring were designed to anchor the hysteresis spring and actuate the

rod.

The hook and latch were made double thickness in order to improve the reliability
of the contact between the two. When contacting parts are made single thickness, the
likelihood that the parts will slip past each other due to out of plane movement is
increased. Although the staples are theoretically meant to constrain out of plane
movement, practically a nominal play of 2.0um can occur before the staple can constrain
out of plane movement. Because a single thickness layer is nominally 2.0um, the
likelihood of two single thickness parts contacting solidly is lower than two double
thickness parts, which have a nominal thickness of 3.5pum. Figure 5.2 shows a Scanning

Electron Micrograph (SEM) of a double thickness hook and latch.
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Figure 5.2: SEM of a Double Thickness Hook and Latch

The springs chosen for the proof of concept design were serpentine springs.
Unfortunately, these springs were chosen using the simple model that, after further
analysis, turned out to be quite inaccurate. As a result, springs operated outside of their
linear region, which resulted in more lateral movement than predicted by the improved
rotational model. This extra lateral movement was beneficial as the original simple
model overestimated the lateral movement. If the springs had not left linear operation,
enough lateral movement to allow latching would not have been present. As a result of
the non-linear operation of the springs, the fabricated devices operate as described in

section 4.2. Figure 5.3 shows an SEM of the devices as fabricated.
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Figure 5.3: SEM of a Complete Device

Figure 5.4 shows an optical photograph of a functioning device in its unlatched

and latched states.
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Figure 5.4: Optical Photograph of Unlatched and Latched States

Appendix 7.1 includes the frames of a movie showing a functioning device.

5.2 Comparison of Models and Results

The first comparison made is between the rotational analytical model and the
finite element model. This comparison will verify if the two modelling methods agree
with each other. The next comparison is between the two modelling methods and the
results of fabrication. This comparison will verify if the two modelling methods agree

with reality.

5.2.1 Comparison of Models

The H-spring style layout was used to compare the rotational analytical model and
the finite element model. The serpentine spring style layout was also tested and those
results are presented in section 5.2.2. The values of the three design parameters were

permuted around a center value of: H-spring length 50pum, L length of 150um and a Rod

spring length of 25um.
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The H-spring length parameter changes both the Kystaxial and Prystrotational because
even though the model separates the hysteresis spring into two different springs, the
reality is that one spring is present and the rotational and axial spring constants are

related by the spring design chosen. Figure 5.5 shows how the H-spring length parameter

relates to the layout of an H-spring.

-

H Length

Figure 5.5: H-spring Length Parameter
The L parameter is the L described in the analytical model. That is, L is the initial
rest length of the hysteresis spring from the center of rotation to the attachment point with
the hook. This length includes the rod that connects the H-spring to the attachment point

with the hook.

The rod spring length changes the value of Kgoq only. Figure 5.6 shows how the

R-spring length parameter relates to the layout of the rod springs.
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Figure 5.6: Rod Spring Length Parameter

Two rod springs are present in the layouts: one above the hook and one below.

Both of these rod springs have the same R length parameter.

The case names contain the values of the three design parameters used in that
case. For example, the center casé 1s H50L150R25, the H50 indicates that an H length
parameter of 50um was used, the ’L‘150 indicates that an L length parameter of 150um
was used and the R25 indicates that an R length parameter of 25um was used. Table 5.1

gives a list of the cases that were modeled both analytically and though FEA.

Table 5.1: Cases Considered in Model Comparison

| L R
Case Name H i_ength Length | Length
MM | ) | (um)
H50L150R25 50 150 25
H25L150R25 25 150 25
H75L150R25 75 150 25
H50L100R25 50 100 25
H50L200R25 50 200 25
H50L150R20 50 150 20
H50L150R30 50 150 30

The studied cases permute each parameter around the center case of

H50L150R25. The first parameter permuted is the H-spring length. Table 5.2 gives the
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values of the X displacement for a given H-spring length parameter at three different Y

displacements.

Table 5.2: Comparison of H Length Permutation Results At Three Different Y

Displacements
Case FEA Result Analytical Result % Difference
Y @ 5um
H25L150R25  3.174E-06 3.482E-06 -9.71
H50L150R25  2.679E-06 2.771E-06 -342
H75L150R25  2.211E-06 2.299E-06 -3.94
Y @ 10um
H25L150R25  6.673E-06 6.793E-06 -1.80
H50L150R25  5.247E-06 5.456E-06 -3.97
H75L150R25  4.192E-06 4.552E-06 -8.60
Y @ 15um
H25L150R25  1.009E-05 9.926E-06 1.61
H50L150R25  7.945E-06 8.041E-06 -1.21
H75L150R25  5.132E-06 6.747E-06 -31.48

The next parameter permuted is the L length. Table 5.3 gives the values of the X

displacement for a given L length parameter at three different Y displacements.

Table 5.3: Comparison of L. Length Permutation Results At Three Different Y

Displacements
Case FEA Result  Analytical Result % Difference
Y @ 5um
H50L100R25  2.632E-06 2.697E-06 -2.48
H50L150R25  2.679E-06 2.771E-06 -3.42
H50L200R25  2.953E-06 2.800E-06 5.18
Y @ 10pm
H50L100R25  5.257E-06 5.266E-06 -0.16
H50L150R25  5.247E-06 5.456E-06 -3.97
H50L200R25 5.516E-06 5.537E-06 -0.38
Y @ 15um
H50L100R25  7.670E-06 7.679E-06 -0.12
H50L150R25  7.945E-06 8.041E-06 -1.21
H50L200R25  8.066E-06 8.202E-06 -1.68

The last parameter permuted is the rod spring length. Table 5.4 gives the values
of the X displacement for a given rod spring length parameter at three different Y

displacements.
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Table 5.4: Comparison of R Length Permutation Results At Three Different Y

Displacements
Case FEA Result Analytical Result % Difference
Y @ 5um
H50L150R20  2.066E-06 1.988E-06 3.77
H50L150R25 2.679E-06 2.771E-06 -3.42
H50L150R30  3.154E-06 3.350E-06 -6.23
Y @ 10um
H50L150R20  4.208E-06 3.951E-06 6.11
H50L150R25  5.247E-06 5.456E-06 -3.97
H50L150R30  6.270E-06 6.547E-06 -4.42
Y @15um
H50L150R20 5.674E-06 5.877E-06 -3.57
H50L150R25  7.945E-06 8.041E-06 -1.21
H50L150R30  9.403E-06 9.583E-06 19

The data in Table 5.2 through Table 5.4 indicates that the analytical model and the
finite element models agree within £10% with the exception of case H75L.150R25 in
Table 5.2, which had a percent difference of -31.48% at a Y displacement of 15um.
However, the finite element modeling was done using large displacement effects, which
are non-linear changes in the parameters of an object when its geometric shape is “greatly
changed”. In the case of this study, these large displacement effects manifest themselves
as non-linear spring constants. When a cantilever beam tip deflects ~10% of the beam’s
length, then non-linear effects begin to become significant. The analytical model
assumes that all the springs are linear therefore to determine if this outlier was caused by
the non-linear effects, the case H75L150R25 was put through FEA with the large
displacement effects turned off. This new FEA result was within -1.98% of the analytical

solution.

A few sources of error contribute to the differences between the analytical models
and the finite element models. One major source of error is that the analytical model

does not take into account the large displacement effects, as seen in case H75L150R25.
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A second possible source of error is in the calculation of the spring constants for the
analytical model. A third possible source of error is the simplifying assumptions made in

the development of the analytical model.

As long as large displacement effects are avoided the analytical model agrees
within £10% of the finite element models. Also note that a great deal of overhead work
must be undertaken when performing FEA. Although the solution time for each FEA
was in the order of a few minutes, the actual simulation required approximately an hour
in order to create the geometric model, import the model to ANSYS®, mesh the model
and attach boundary conditions. The analytical model took less than a minute to run all
of the cases. Because the analytical model is solved within seconds rather than the hour
required for a finite element model, the analytical model could be used as a screening

method to determine which permutations are worth modeling using FEA.

The analytical model could have great use as a tool for first approximations. The
analytical model should be further developed to identify the main sources of error in
order to minimize the errors, or, at least have a better idea of which calculations are likely

to be error prone.

5.2.2 Models versus Reality

To compare the fabricated results to the two models, three of the layouts were
converted into ANSYS® format. The proof of concept design only permuted the
hysteresis spring and the return spring strengths. Because the return spring does not
affect the relationship between Y and X displacements, only the three hysteresis spring

permutations were considered. The serpentine springs used in the design all had the same
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bar length of 40um and the spring constant was permuted by changing the numbers of

bars ganged together. The three cases had 5, 10 and 15 bars respectively.

Before comparing the models to the fabrication results, the two modeling
techniques were again compared to determine if they still agree with each other when
using a different spring type. The results of the analytical and finite element models are

given in Table 5.5.

Table 5.5: Comparison of Bar Number Permutation Results At Three Different Y

Displacements
Case FEA Result  Analytical Result % Difference
Y @ 5pm

N=5 7.147E-07 6.805E-07 4,78
N=10 4.266E-07 3.752E-07 12.04
N=15 2.956E-07 2.590E-07 12.40
! Y @ 10um
N=5 1.441E-06 1.369E-06 5.03
N =10 8.677E-07 7.561E-07 12.86
N=15 6.030E-07 5.223E-07 13.39

‘ Y @ 15um
N=5 2.169E-06 2.062E-06 4.91
N=10 1.309E-06 1.142E-06 12.76
N=15 8.871E-07 7.892E-07 11.04

The results in Table 5.5 show the difference between the two modeling methods
growing to ~12%. This may be due to the accuracy of the spring constant calculations, as

the calculations for the H-spring and serpentine spring are different.

These proof of concept layouts were designed only to work. Because they were
not designed for verifying the models, acquiring accurate measurements with our
available test set-ups was impossible. However, using pictures taken during the

verification of the device’s functionality, an estimate of the X displacement at a Y
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displacement of 25um was possible. The values obtained, as well as the predictions of the

analytical model, are summarized in Table 5.6.

Table 5.6: Fabrication Results Compared to Analytical Results

Case Fabrication Analytical Result % Difference
Result
Y @ 25um
N=5 ~12 3.5 70
N=10 ~7 1.9 72
N=15 ~6 1.3 78

As summarized in Table 5.6, the fabrication results and the analytical results do
not agree. The proof of concept layouts required 4um of X displacement at 25um of Y
displacement in order to latch. The analytical model predicts that none of the designs
should have worked, but they all did. The main reason for this disparity between results
and prediction is that the springs used deformed too much and the bars came into contact
with each other. When the bars came into contact with each other, the spring acted like a
solid lump, not a spring, and a jump discontinuity in the spring constant occurred.
Neither the analytical model nor the finite element model used could take this contact

into account. Thus, they provide a prediction of performance that is incorrect.

While the results of the contact cannot be handled using the current finite element
model, the contact can be predicted as the spring can be clearly seen to pass through

itself, as shown in Figure 5.7.
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Figure 5.7: Spring Bars Interfering With Each Other
Including contact in the finite element model is possible, however, adding contact
analysis to the springs would be even more complex than adding it for the latch. See

section 4.4.5 for further discussion of contact analysis in finite element modeling.

Even if the hysteresis spring does not contact itself, error in the prediction may |
occur because of the simplifying assumptions made in the development of the models.
One such assumption, likely to affect the predictions, is that the staple is not perfect in
confining the rod in the X direction. Horizontal play in the staple would manifest itself
as constant offset in the X direction, as the rod spring will not engage until the staple
confines the rod. Unfortunately, such improvements to the model are not possible with

the current layouts. In fact, the current fabricated devices are not sufficient to verify the
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validity of or improve the models, because the fabricated devices were not designed to be
used for verification of the models. The devices were designed only to prove the
functional concept. Thus, while the models seem to agree with each other, further work
is needed to truly verify both of the models through further comparison with each other
and through the design of a new set of layouts, created with the verification of the models

as the prime objective.
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6 CONCLUSION

A bistable mechanism is an important building block for many MEMS
applications. This thesis has presented the first reported single digital input bistable
MEMS mechanism. This work developed the hysteresis spring as an enabling
mechanism to allow the creation of the first reported single digital input bistable
mechanism. The functionality of the hysteresis spring single digital input bistable
mechanism has been described in detail. As well, a model of the latching functionality
was developed using analytical techniques. The analytical model agreed within an
acceptable range of the results of finite element modeling when the springs operate in
their linear region. However, the proof of concept design was fabricated and the devices

demonstrated the prescribed functionality.

Further work should be undertaken to fine-tune the models and verify their
agreement with the experimental results. To this end, a set of designs that match the
modeled cases should be fabricated and their performance be compared to the results of
finite element analysis. Further work should also be undertaken to determine the best
actuators to be used for both actuation in the Y direction and clamping of the hysteresis
spring’s anchor. Enhanced actuation would allow switching speed and reliability studies

to be performed.
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