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General introduction

Since the mid-20th century, the relationship between humans and machines are experiencing
a tremendous development. Electronic products and smart devices have become an extremely
important part of our daily life. The actual and coming tech boom makes and will make our life
so mush easier. Personal computers, smart phones, cameras, televisions and thousands of other
intelligent devices, all are operated by the silicon chips and integrated circuits inside. All the
developments nowadays in every single domain of our life including the economy, all kinds of
industries, energy production, transport, communication, medicine and many others have been
made possible mostly with the help of these powerful silicon chips. They allowed us to access
the nearby planets and explore the most distant galaxies in the large scale, and to discover the
smaller organisms ever and dive in the particles and atoms world in the downscale.

As we go down in size, there are a number of interesting opportunities coming up, plenty
of room, applications and possibilities at the bottom are not yet discovered, while the technol-
ogy of small devices is expanding fast. Micro-Electro-Mechanical Systems, or MEMS, is the
technology of miniaturized systems. It consists of micro-electro-mechanical elements that are
made using the techniques of microfabrication. An extremely large number of MEMS devices
are available in the market and many of them have demonstrated performances exceeding those
of their macroscale counterparts.

The accelerated research and development in the field of miniature systems and integrated
circuits introduced innovative products in our society and revealed the necessity to develop mi-
cromanipulators to handle microobjects, fabricate structures, assemble products, interact with a
patient, etc.. Two main elements are generally implemented in the design of a micromanipulator:

* A tool to make the final function. The tool can be a probe or a microgripper used for
handling an object, grasping, performing pick and place, pushing, pulling, positioning,
orienting, etc..

* A micropositioning system to position the tool or another substrate. This system must be
able to deliver displacement strokes with sub micrometer level accuracy, high precision
and repeatability.

Each of these elements has its own characteristics and constraints. As for the tool, scale
effect appears due to the miniaturization which is represented by the predominance of surface
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forces (adhesion forces ...) on the volume forces (gravity, weight ...) for small objects. Thus,
handling an object is more complicated due to the predominance of some forces (such as elec-
trostatic, Van der Waals, and capillary forces) which are negligible in traditional manipulation.

As for the micropositioning systems, several issues can be noted such as the limitation in
the fabrication process that constraints several aspects in the design (monolithic structure, multi
DoF, out of plane displacement, assembly, etc.), the need to make high precision and repeatable
systems, the need of sensors for precise positioning, the miniaturization, extending the range of
motion in the workspace, the integration in complicated environments, etc.. There are still few
work on the design of robotic carriers which are dedicated to the microworld.

Digital microrobotics is an emergent branch in micropositioning systems which avoids the
necessity of a feedback to control the position by placing the moving part in several stable posi-
tions defined in the design. This avoids the use of bulky sensors which increases the size of the
whole device, allows going further in miniaturization, simplifying the control and integrating the
device in more complicated environments. Digital microrobots consist generally of multistable
mechanisms with switching and holding functions.

For many years, the AS2M department of FEMTO-ST institute focuses in its research on the
design of robotic systems suitable for micromanipulation and micro-assembly. In this context,
digital microrobotics was recently a matter of concern in the laboratory and it was the topic
of two PhD theses made in prior years. Mr. Qiao Chen in his thesis (2010) has proposed a
bistable module that is based on the use of a buckled beam structure and U-shaped actuators.
Mr. Vincent Chalvet in a subsequent thesis (2013) has proposed a multistable microfabricated
digital microrobot DiMiBot, where a number of the bistable modules (those developed in the
thesis of Mr. Qiao Chen) are connected with an elastic structure to one end effector. The
structure of the DiMiBot allows its end effector to reach a number of discrete positions in a
square workspace distribution. The positions are non redundant with respect to the states of the
modules, and adding more positions in the workspace is made by adding extra bistable modules.

The works made in the actual thesis is a continuation of the previous works made in the
department on digital microrobotics. Based on past achievements, the thesis objectives focus
on improving the functioning of the DiMiBot, optimizing its design and improving its fabrica-
tion process, in order to make it more accurate, more controllable and smaller. To achieve these
goals, analytical studies were run for the main components in the DiMiBot (Buckled beam struc-
ture and U-shaped actuator) in order to explore their limits in terms of the miniaturization whilst
delivering the required performance. In addition, new structure of the DiMiBot was proposed
with multistable mechanisms that allow more positions in the workspace without adding more
elementary modules and increasing the size. This allows also to realize complex trajectories in
the workspace in an open loop control. These two limitations were the main drawbacks of the
previous DiMiBot. In addition, some changes were made in the fabrication process in order to
reduce the possibility of defects and getting proper structures. A new mechanism was proposed
and used in the new DiMiBot in order to compensate the fabrication tolerances and to improve
the accuracy of the discrete positions.

Challenges for a new generation of the DiMiBot are presented in Chapter [} The differ-
ent solutions found in literature to realize a digital system in terms of the switching, holding
and multistable mechanisms are then presented. The thesis objectives and working axes are
presented and the next chapters are introduced. Two working axes were followed in the the-
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sis: the first one concerns the analytical modeling and design of preshaped curved beam and
U-shaped actuator, which are the main components in the DiMiBot, the second axis concerns
the development and fabrication of a new generation of the DiMiBot with multistable modules.

Chapter [2 concerns the modeling and design of a preshaped curved beam. Analytical mod-
eling of the snapping forces and internal stresses are firstly investigated. The influence of the
material and dimensions on the behavior of the curved beam and its design and optimization are
investigated subsequently.

Chapter [3| concerns the modeling and design of the actuator. The problem is treated by a
sequence of two analytical models: electro-thermal and thermo-mechanical models. The influ-
ence of the different dimensions and electro-thermo-mechanical properties on the behavior of
the actuator and its design are investigated in a second stage.

The principle and design of a new generation of the DiMiBot is investigated in Chapter [4]
Only two multistable modules are used in the new DiMiBot instead of all the bistable modules
in the old generation. The design of the different components, each internal system in the
multistable module and the global structure of the module and the DiMiBot are presented.

Finally, the fabrication and experiments are presented in Chapter [5| All the difficulties
encountered and solutions provided in the fabrication and the experiments are detailed. Oper-
ational prototypes of the multistable module are fabricated and showed a proper functioning in
the experiments.






Chapter

Digital Microrobotics

Digital microrobotics and the digital microrobot ”DiMIBot” are presented in this
chapter including challenges for a new generation of the DiMiBot. A classification
of the solutions found in literature that allow realizing digital systems and imporov-
ing the DiMiBot is then presented. Finally, the thesis objectives and working axes
are presented and the next chapters are introduced.
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1.1 Introduction

Numerous are the technological devices in the market where the miniaturization is an objective.
This applies in many application areas, from the general public to the highly specialized prod-
ucts. The miniaturization of many products becomes more and more a pressing need and the
development in this regard is on the rise. The development in microsystems is based mainly
on adding extra functionalities in smaller space and on the development of microfabrication
techniques.

Having already proven their utility at the macroscale, robots also show their usefulness
when we approach the infinitely small. The way to the microworld is not that simple, designing
microrobots is not an easy task. MEMS devices and processes are non-standard, they are gen-
erally multidisciplinary and multiphysics. The materials and fabrication process are intricately
involved. Every product requires a different design, fabrication process, expertise and specific
knowledge in various domains simultaneously. Actually, it is not sufficient to miniaturize each
part of an existing robot, then assemble them to get a robot that is less than one or few millime-
ters in size. For example, engines of the macroscale are not suited to this scale, therefore other
MEMS-compatible actuation technologies are employed.

Taking the example of a microspectrometer which is an instrument to measure the wave-
length of light [28]]. Such an instrument is generally bulky, expensive and cannot be easily
ported outside of lab environments, while MEMS technology offers an excellent opportunity
for miniaturizing the spectrometer. An automated assembly of the microspectrometer compo-
nents is presented in and shown in Figure[I.1]

Needle

""‘-—-—-_.___* - f\’\ Jammer

Robot M3

(b)

FIGURE 1.1: Assembly platform for a microspectrometer (a), the assembled microspectrometer (b) [28].

Several miniaturized components (glass lenses, optical fibers, laser sources, and detectors
onto silicon fixtures and microactuators) are integrated in a single precision bench to form the
microspectrometer. Three micropositioning robots are used to move precisely the spectrometer,
a MEMS Jammer and a vacuum needle respectively. Three microscopes are used for controlling
the assembly process.
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The race for miniaturization has revealed the need to handle precisely some micrometer-
sized objects. To address this need, considerable advances in the microrobotic field are made
for generating displacement and manipulating objects at the microscale. Micromanipulators
were developed and used in many fields of microrobotics in order to handle an object, fabricate
a structure, assemble a product, operate with a patient, etc.. However the necessity of vision
and measurement systems to manipulate or assemble micro components remains a challenge to
overcome.

Mechanical positioning systems are back-bone systems behind every object manipulation
task. Numerous systems for the positioning with high precision at micrometric scale have been
developed and are available in the market.

The micropositioning systems work generally in closed loop control and consist of single
or multiple actuators, feedback sensors, mechanical platform, control unit and a power source
[65]). Figure shows a general schematic diagram of the functioning of a positioning system

with feedback.
Control signal Actiiators Motion transfer
I —_—
Desired Control Power Mechanical Output
task unit source structure task
*-‘
Feedback signal Output variables

FIGURE 1.2: Schematic diagram for the functioning of a positioning system with feedback.

The different components of the continuous positioning system perform their respective
functions to achieve positioning tasks in a well defined workspace. Actuators are the compo-
nents used to change the state of the system. The input energy is converted through the actuator
into motion, force or combination of both. In general, the actuators are able theoretically to
reach any position continuously in the workspace. However, continuous energy must be applied
to maintain any position.

The main technologies used in MEMS for the actuation are based mainly on thermal, elec-
trostatic, magnetic and smart material (piezoelectric material, shape memory alloy (SMA), elec-
troactive polymers (EAP), etc.) principles.

Sensors are the components that measure a physical quantity (output variable of the sys-
tem) and convert it into a feedback signal to be treated by the control unit. A large number
of microsensors have been proposed by MEMS developers for almost every possible sensing
modality including temperature, displacement, pressure, inertial forces, chemical species, mag-
netic fields, radiation, etc..

Micropositioning systems require measurement and vision systems, often bulky and expen-
sive, in order to perform accurate measurement of the position and orientation of the micro-
objects. However, most of these sensors provide limited information feedback (for example
interferometers measure the displacement only in one direction), forcing to use in a large num-
ber. Therefore, the need of one or several sensors is not compatible with the miniaturization of
the positionners and their integration in confined spaces. Besides, various problems are associ-
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ated with the use of sensors, such as nonlinearity, complex control law, continuous feeding and
servoing, complex connectivity, low signal to noise ratio, etc.. These problems vary with respect
to the type, technology, material and other properties of the sensor.

In addition to the high precision requirement, the integration of micromanipulation plat-
forms in reduced environments (such as scanning and transmission electron microscope) is a
recurring problem due to the complexity of the micropositioning systems.

It is often difficult to integrate the various components (sensors, power source, actuators,
etc.) into the micromanipulation platform, especially in confined spaces where the integration
of these components can be quite challenging. In the efforts to address this challenge, digital
concept in micropositioning is introduced couple of years ago 21, [136].

1.2 Digital microrobot

In the previous theses of Vincent Chalvet [12] and Qiao Chen [20], the works have led to the
development of a digital microrobot called ”"DiMiBot”. Prototypes of the DiMiBot were fab-
ricated, characterized and showed a good functioning in the experiments. However, this thesis
deals with and provides solutions for some challenging issues of concern for the DiMiBot. The
principle of digital microbotics and the DiMiBot are presented in this section. The challenges
and requirements for a new generation of the DiMiBot are then presented.

1.2.1 Digital microrobotics

Digital microrobotics is an emergent branch in micropositioning systems which consists in plac-
ing accurately the moving-part/end-effector of the system discretely without feedback. The dig-
ital concept avoids the use of sensors and measurement systems by adding a holding function
of the mobile part at several positions. Digital microrobots have a defined number of repeatable
states called “discrete positions”, while the positions in between are considered as unstable po-
sitions. Based on this definition, the positions of a mobile part can be classified with respect to
their level of stability as illustrated in Figure[1.3]

Unstable positions

FIGURE 1.3: Unstable, discrete, stable and maintained positions.
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The discrete position is a position in a state of equilibrium that does not change with time.
The stable position is a discrete position which tends to return to its initial state after a small
variation. These positions have a local minimum energy. The maintained position is a stable
position that retains its state in front of external disturbance, a force barrier (holding force) must
be exceeded before changing the state of the system. In contrast, the unstable position is a
position out of static equilibrium or tends to change its state after a very small variation (local
maximum energy). The different positions with respect to their stability level are presented in
Figure [1.4]using the example of the ball on a surface, only subject to gravity.

. Unstable position
Neutral position

e P

Maintained position

Stable position

FIGURE 1.4: Example of the ball on a surface in different positions.

The different positions of the ball represent the possible states of a position. Relatively to
the potential energy, the stable position is in a local minimum, while the unstable position in the
figure is in a local maximum. The maintained position is maintained using an external tool. The
neutral position is a discrete but not stable position. It keeps its new state after displacement.

Under these definitions, the mobile part of digital systems/microrobots passes through un-
stable positions during transition between a discrete position and the other. The mechanical
structure in these systems is generally a multistable mechanism. The transition between the
different stable states of the mechanism is satisfied by two main functions: switching and hold-
ing. Generally, the switching function is satisfied using continuous actuators that generate the
required force and displacement in the digital system.

The holding function allows maintaining the discrete positions in front of external loads
and disturbances. The holding can be ensured either by active or passive maintain. In active
maintain, the mechanism needs some external energy to keep its place, while it’s not the case in
passive maintain where the mechanism is inherently stable at each position without consuming
energy.

Figure [I.5] shows a general schematic diagram for the functioning of digital microrobots.
The input on the actuator serves for switching the mobile part of the multistable mechanism
between a discrete position and the other. Once the mobile part is placed in the desired position,
different holding methods are used in digital systems for the holding.

The digital concept has many advantages, it allows robust and repeatable positions without
measurement systems, simplifying the structure, the connectivity and the control, integrating
the microrobot in complicated environments, going further in miniaturization and avoiding the
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Digital microrobot

4 Multistable mechanism )
Switching function Holding function
Desired Continuous Holding Output
N —> —1—>
Position actuators methods Position
|
oo ! J

FIGURE 1.5: Schematic diagram for the functioning of a digital microrobot.

general problems of sensors in microstructures (size, connectivity, noise accuracy, control laws,
etc.). The different solutions used in literature to realize the switching function, the holding
function and the multistable mechanisms are presented later in this chapter.

Numerous applications are based on the digital concept, such as switches [109, 29], valves
[38], relays [39]], positioners [17, 11} [102], braille displays [93]], digital microrobots [13} 104}
103]], etc.. The design purpose in many of these applications is not necessarily to realize digital
robots, but they operate on the digital principle and can be classified as digital systems.

1.2.2 The DiMiBot

Vincent Chalvet [12] developed in his thesis the DiMiBot which consists of several bistable
modules in a symmetrical spatial distribution. The monolithic structure of the DiMiBot is an
essential characteristic in order to be compatible with the microfabrication technology. The
bistable modules used in the DiMiBot are the same developed in the thesis of Qiao Chen [20].
Each module switches its shuttle (moving part) between two maintained positions. The shuttles
of all the bistable modules are connected by beams and compliant hinges to the end effector.
Thereby, the end effector of the DiMiBot can be placed directly in the desired position by
switching the different modules to the corresponding states. The concept, design, advantages
and disadvantages of the DiMiBot are presented in the following.

Architecture of the DiMiBot The general architecture of the DiMiBot is presented in Figure
[1.6] The structure of the DiMiBot consists of connecting beams, hinges and bistable modules.
The beams are designated by the rectilinear lines, the hinges are designated by the small circles,
and the bistable modules are designated by the rectangular blocks. The nomenclature inside the
blocks (bl0O, bll..., brO, brl...) refers to the side and position of the module. The letters ’bl’
and ’br’ stand for left and right bistable modules respectively, while the number stands for the
position, it starts by O at the bottom and rises with the level of the module.

The hinges are used as connection between two components (beam-beam, beam-module and
beam-substrate) and enable a free rotation relatively between them. The structure in each side
is a series of horizontal and vertical curved beams in the form of a staircase structure. The two
staircase structures are symmetrically distributed between the left and the right of the DiMiBot.
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[bly 2| [Bry—s]

FIGURE 1.6: Schematic of the general structural architecture of the DiMiBot. [[I2].

A top head mechanism is placed at the top of the two staircase structures and consists of two
slanted beams. The top of the DiMiBot contains the end effector.

N bistable modules are placed symmetrically in each side of the DiMiBot. The shuttles of
these modules are connected to the free ends of the horizontal beams in each staircase structure.
All the modules have the same dimensions and generate the same displacement in a vertical
direction between two maintained positions. This parallel structure simplify the electrical con-
nectivity of all the bistable modules and relates all the moving parts separately from the modules
which is not possible in serial structures.

In the condition of small displacement hypothesis, the stroke of each bistable module is
divided by 2 at each level of the staircase structure, starting counting from the corresponding
staircase level. In this way, the smaller step of displacement at the top of the staircase structure
is the one caused by the switching of the first bistable module. The step caused by the switching
of the second bistable module is two times bigger, and so on, the variation due to the switching
of the module (M) is two times bigger than the variation due to the switching of the previous
module (M-1).

In this way, we obtain 2V discrete positions at the top of each staircase structure due to
the contribution of the N bistable modules. The discrete positions of the two structures are
combined through the top head mechanism to form a workspace with 2 x 2V discrete positions
at the end effector. In small displacement conditions, the displacement at the end effector of the
top head mechanism are in the same direction of the slanted beams of the mechanism. Thereby,
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if the two angles of the slanted beams are equivalent to 45°, the discrete positions form a square
workspace which is rotated 45°with respect to Xo Yy axes.

Design of the DiMiBot In terms of the mechanical structure, Figure[T.7]shows a CAD drawing
of the DiMiBot with four bistable modules. This drawing is for an operational prototype of the
DiMiBot which is fabricated and tested in the previous thesis. The overall size of the prototype
is 36mm x 24.5mm.

Compliant hinge

24.5 mm

Curved beam Shuttle Actuator

g

Bistable module

FIGURE 1.7: Drawing of the DiMiBot with four bistable modules with zooms on a bistable module, a
compliant hinge and the end effector.

The DiMiBot is fabricated on SOI wafers which consist of silicon device and handle layers
separated by a thin layer of buried oxide (S/0;). The active parts of the DiMiBot (bistable
modules, beams and hinges) are fabricated in the device layer, while the substrate contains the
three layers.

The bistable module consists of a bistable mechanism and actuators. The mechanism con-
sists of a pair of preshaped curved beams connected to the shuttle in the middle which makes
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a structural guidance of motion. The switching is made using four U-shaped electrothermal
actuators. Each pair of actuators is used to switch the bistable mechanism in a direction. The
shuttle can move between two stop blocks which are used to define the stroke and add holding
forces on the positions. The principle of the stop block is clarified later in the holding methods
section.

The hinge used in the structure is a compliant flexible hinge with a circular shape. In contrast
to other shapes of compliant hinges (rectangular, oval), in this shape, the rotation occurs around
a reduced area which is the closest solution which ensures similar behavior of an ideal hinge.
However, the stress is concentrated and more important in the reduced area compared to other
solutions where the stress is not concentrated and less important.

The connecting beams have a rectangular shape. The length of these beams is chosen to be
long enough to be able to consider a small displacement at the borders with respect to the length.
The width is wide enough, so that the beam is rigid and does not suffer from elastic deformation
during functioning.

A metal layer (aluminum) is deposited on the top of the device layer to supply the actuators
in the bistable modules. 24 metal lines are used to supply the bistable modules, 6 for each one.
Each actuator need to be supplied from two lines. In order to reduce the total number of metal
lines, one line is used in common between two nearby actuators in the two sides of the bistable
module. The metal lines are separated electrically from each other by etching the silicon layer
around until the buried oxide which is an electrical insulator. All the metal lines are related to
square pads at the bottom of the DiMiBot, which in turn, are connected to an external circuit
using wire bonding.

At the end effector, a rectangular shape is extruded as a probe to handle with micro-objects.
It is worth noting here that, in the previous and the actual theses on digital microrobotics, the
focus is on the realization of a digital micropositioning system, the final function of the end
effector is outside of the objectives. However, in future prospects, a specific design can be
developed for specific applications that require a digital positioning and a defined final function.

1.2.3 Advantages and challenges
1.2.3.1 Advantages

The DiMiBot has obvious and numerous advantages either in the concept or in the design. It
combines the advantages of the digital concept, passive maintain, compliant mechanism, mono-
lithic structure, and unlimited multistable mechanisms with elementary modules.

Each one of these features has its own advantages. The digital concept allows positioning in
robust and repeatable stable positions without need of measurement systems. This simplify the
structure, the connectivity and the control, avoids the general problems of sensors in microstruc-
tures (bulky size, accuracy, complicated control laws, etc.), makes the system insensitive to noise
and disturbances, and enables going further in miniaturization.

The stability of the discrete positions in the workspace of the DiMiBot returns to the stability
of the positions in each bistable module. These positions are passively maintained at rest with
the buckled beam structure of the bistable mechanism. This is an important feature since no
external energy is needed to keep the state of the system.
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The compliant structure of the DiMiBot exhibits many advantages such as increased preci-
sion and reliability, no friction, no backlash, reduced wear, and low manufacturing costs. The
use of silicon in the device layer exhibits also many advantages. The silicon has an almost
perfect elastic behavior with highly repeatable motion and without hysteresis and energy dissi-
pation, it has also a long lifetime with little fatigue. This material is widely exploited in MEMS
applications, its physical properties are well defined and the fabrication processes with silicon
are well developed.

In addition, The DiMiBot is a monolithic structure. On one hand, this feature simplify the
fabrication process and allows the fabrication in a large scale, on the other hand, it allows the
integration in complicated and compact environments.

The last feature is the unlimited principle of the used mechanism. The principle itself is an
advantage where additional positions can be added as required by simply adding more elemen-
tary modules. However, the obtained positions in the workspace are non redundant positions
where each position is equivalent to one set of states of the bistable modules. In this way, one
can switch to a desired position directly by switching the bistable modules to the corresponding
states.

1.2.3.2 Challenges for a new generation of the DiMiBot

In the other side, several limitations can be cited for the DiMiBot in the concept, design, fabri-
cation and functioning. Limitations of the DiMiBot are presented hereinafter, followed by the
challenges for a new generation.

The first limitation is that the DiMiBot is not able to reach all the positions in between in
the workspace. This is the feature that we lose when we turn to digital systems. The distance
between two adjacent positions is the resolution of the system. The resolution can be adjusted
with respect to the application.

Secondly, the transition between the discrete positions in the workspace is not always pos-
sible between the neighbor positions. This is due to the non redundant architecture of the DiMi-
Bot, where the switching of a bistable module produces 2’ steps (binary jump) in the workspace
in a direction, no other module is able to produce 2 steps in the same direction (i is a positive
integer). Thereby, the transition to the adjacent positions is not possible in all the cases in one
step, and long trajectories are mandatory sometimes to reach a near position, the realization of
specific trajectories becomes also complicated.

Another limitation is that the number of stable positions in the workspace is related to the
number of bistable modules. For higher number of stable positions, higher number of bistable
modules are needed. The use of more bistable modules increases the size of the DiMiBot,
increases the failure possibilities in the fabrication, adds 6 electrical input for each module, and
the structure of the DiMiBot becomes weaker.

Further, another limitation is that the realization of the digital systems and the DiMiBot
requires a high fabrication quality in order to ensure the accuracy. This is required to avoid the
important fabrication tolerances and step/stroke differences. Several runs of microfabrication in
the previous thesis were necessary to get functional robots. One prototype with four bistable
modules was fabricated successfully and showed a proper functioning during characterization.
The measured workspace of the fabricated prototype is shown in Figure[I.§]
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FIGURE 1.8: Workspace of the fabricated prototype of the DiMiBot.

However, the fabrication tolerances were important in the prototype. The bistable mod-
ules were designed to have a bistable distance of 25um between the two stop blocks, while the
measured displacement variates between 33.6 and 36.5um in the different modules. This indi-
cates a large excess of etching at the sidewalls of the device layer and a variation in the etching
conditions on the large surface of the DiMiBot.

At the workspace, there was also some differences in the displacement induced by each
module between the theoretical calculation and the measurements. These differences may return
to the simplifications taken in the calculation (small displacement hypothesis, rigid connecting
beams) and the fabrication tolerances.

The non holding of the end effector in front of external loads is another limitation of the
DiMiBot. In contrast to the positions of the bistable modules, the discrete positions in the
workspace are stable but not maintained. This is due to the elastic structure of the external
mechanisms formed by the connecting beams and the hinges.

The last limitation to be cited is in the design of the DiMiBot, where at the beginning of the
thesis, we were not able to define the miniaturization limits of the DiMiBot. The miniaturization
of the total structure is related to the minimal size of components that ensure the switching and
holding in each module. The main components are the curved beams and the actuators. It
lacks models, analytical or numerical, that describe the behavior of each component and shows
the influence of each dimension on their behaviors, which allows choosing the dimensions that
ensure the required performance and defining their limits of miniaturization.

In result, four main challenges can be cited for a new generation of the DiMiBot:

* Proposing new structures/mechanisms that allows generating complicated trajectories and
reducing the size of the DiMiBot.

* Proposing some structural solutions to reduce or compensate the fabrication tolerances
which influence the accuracy of the positions and steps.
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* Improving the fabrication process in order to avoid the difficulties encountered in the
previous thesis.

* Developing models for the curved beam and U-shaped actuator which are then used for
the dimensioning and defining miniaturization limits.

The works in the thesis have risen to and overcome these challenges and important results
were reached with respect to each challenge.

1.3 Solutions for digital systems

After presenting the digital microrobot, the purpose of this section is to present the solutions
found in literature to realize digital systems. Several classifications for the digital systems were
presented previously in [13, 21} (103} [104, [136] based on the number of discrete or stable posi-
tions, technology of the actuators, holding principles and applications.

However, a digital system is simply a multistable mechanism with switching and holding
functions. The main element in the switching is the actuator, different actuating technologies
which are compatible with MEMS and were used in digital systems are presented in the fol-
lowing. The different holding methods are presented afterwards. Finally, different approaches
to realize multistable mechanisms are introduced. Examples of digital systems which use the
different solutions for the switching, holding and mechanisms are cited in each paragraph.

1.3.1 Switching function

The first elementary function in digital systems is the switching of the mobile part between
discrete positions. To realize the switching function, a driving force is generated and exerted
on the mobile part using continuous actuators. In digital MEMS, electromagnetic, electrostatic,
electrothermal and smart materials principles are the most common physical principles used to
generate the switching. The different actuating technologies were extensively addressed in lit-
erature, a brief presentation of those used in digital systems is given hereinafter, while examples
of digital systems are only cited for each principle.

1.3.1.1 Electromagnetic principle

The electromagnetic actuation principle is characterized by the interaction between the magnetic
and the electrical phenomena, where the Lorentz force appears after charging electrically a
particle in the presence of a magnetic flux. The actuators realized with electromagnetic principle
generate the electromagnetic forces via three forms:

* Reluctance force [0, 66] [82] [83] [112] [138]]: where the mobile part tend to align with the
fixed part in order to minimize the magnetic circuit reluctance.

» Laplace force 31, [102] [104} [129., [133]]: which is a manifestation of the Lorentz force
acting on a current-carrying wire in a magnetic field.
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¢ Induction force [114]: which results from an interaction between induced currents (Fara-
day’s law) in a plane and a magnetic field.

The main advantages of these actuators, in general, include fast response, large force and dis-
placement, contactless actuation, simple design, low cost and suitability in harsh environment.
However, these actuators have a bulky size which is not compatible with the miniaturization.

1.3.1.2 Electrostatic principle

Electrostatic actuators [8, (15} 149, [70} [72] 195} 110, [125]] operate on the principle of Coulomb
attraction due to the application of a bias voltage between two plates (moving and fixed). Op-
posed charges appear at the opposed surfaces of the two plates and generate attractive force.
The electrostatic principle is used with several geometric configurations (simple parallel plate,
comb drive, curved electrode, etc.).

Electrostatic actuators provide contactless actuation, high positioning resolution and fast
response. They are characterized by the straightforward MEMS-compatible fabrication, and low
power consumption. The main drawback of these actuators is that the output force is inversely
nonlinearly related to the gap between the plates which limits the stroke.

1.3.1.3 Electrothermal principle

Electrothermal actuators [[12} 20, 23\ [79} 84, (107, [113]] operate on the principle of Joule heat-
ing and thermal expansion. The structure of the electrothermal actuator amplifies the thermal
expansion of its internal arms which is limited relatively. The most common designs of these
actuators include the bimorph, U-shaped and V-shaped actuators. The bimorph and U-shaped
actuators work on the principle of amplifying thermal expansion difference between a cold side
and hot side. The bimorph design consists of two or more dissimilar materials bonded together
and having various expansion coefficient, while the U-shaped actuator is a monolithic structure
made of various width-length-resistivity arms. In contrast, in the V-shaped actuator, a symmetric
expansion of two opposed arms is amplified in the orthogonal direction.

Due to their straightforward integration with standard MEMS based fabrication processes,
relatively smaller footprint, design simplicity, high force output, large range of displacement and
tolerance to working conditions (dust, moisture...), electrothermal actuators are suitable and ex-
tensively used for MEMS applications. However, their main drawbacks include the temperature
dependency, high working temperature, slow actuation and control difficulties.

1.3.1.4 Smart materials

Smart materials are characterized by the ability to change one or more properties (including me-
chanical, thermal, optical, or electromagnetic properties) in a predictable or controllable manner
in response to their environment. This change is reversible and can be repeated many times.
Among the available smart materials, piezoelectric materials and shape memory alloys have
been largely used for MEMS applications and for digital systems as well.

* Piezoelectric actuators [[10} 43| |88]]: where some materials have the ability to deform
in the presence of an electric field. These actuators provide several advantages, such as
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instant response, important output force, high energy conversion efficiency, while they
suffer from a nonlinear behavior (hysteresis, creep) and low displacement range.

* Shape Memory Alloy (SMA) [1, 5 48, 167, 74, [81}, 127, [136]:which is an alloy that
remembers its original shape due to an internal phase transformation and returns to its ini-
tial state when heated after deformation. SMA actuators have many remarkable features,
such as high power to weight ratio, sensing ability, low driving voltage, silent actuation,
lightweight, large force and displacement. In contrast, these actuators suffer from some
weak points, such as low energy efficiency, low response time, and non-linear behavior.

1.3.1.5 Synthesis

Common physical principles in literature used for the switching function including electromag-
netic, electrostatic, electrothermal, piezoelectric and SMA have been presented. For the electro-
magnetic principle, the main advantages include high speed, simple design and low cost. The
piezoelectric switching principle provides the advantages of instant response and high energy
conversion, while their main drawback is the small displacement capacity. The SMA actuators
are lightweight and provide large force and displacement. These technologies have been ignored
for the DiMiBot due to the complexity of their integration in a monolithic structure.

In the other side, the main advantage of electrostatic and electrothermal principles relatively
is their straightforward integration and compatibility with the standard MEMS based fabrica-
tion processes. The electrostatic switching principle provides contactless actuation but its main
drawbacks is the limited stroke and the need of a large footprint relatively to produce the de-
sired force. The electrothermal switching principle has the advantage to exhibit strong forces
and large displacement simultaneously with smaller footprint. Therefore, electrothermal actua-
tors were chosen in the old and the new DiMiBot. Otherwise, if faster microrobots are concerned
in the future, other technologies can be selected.

1.3.2 Holding function

The holding function is the second important function that characterizes digital systems. Thanks
to the holding method, the digital system holds the mobile part in discrete or stable positions.
Different holding principles can be found in literature, these principles are either active or pas-
sive. A classification for the most common principles, used in literature to realize the holding
function, is presented in Table

TABLE 1.1: Classification of holding principles.

Holding principles
Active holding Passive holding
* Continuous switching function | ¢ Passive locking actuator
* Active locking actuator * Permanent magnet
* Buckled beam structure
(constrained or uncontrained)
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Noting that a holding principle is a characteristic of the position and not of the digital system.
Thereby, it is possible that we find a digital system with a holding principle for a position and
another holding principle for another position. The active holding is outside of our interest for
the DiMiBot, therefore, their principles are described briefly in the following. Afterwards, the
passive holding principles are detailed with examples.

1.3.2.1 Active holding

Holding via continuous switching function The simplest way to realize the holding function
is to use the switching actuators for generating the holding force continuously during the holding
time [23| [29] 37 44, I53]]. The use of this holding principle reduces the number of needed
actuators in the system and is efficient for applications with temporary holding time or high
switching frequency.

Holding via active locking actuator The other principle in active holding is the active locking
actuator [32, 84} [117]. This holding principle is similar with the continuous switching function
principle while the main difference is that the holding force is provided from another actua-
tor. Generally, the reasons behind the use of another actuator for the holding in these systems
are generally for reducing the energy consumption of the switching actuator or improving the
holding force.

1.3.2.2 Passive holding

Holding via passive locking actuator Another category of the holding principles used in
digital systems is the use of an external locking actuator [26, 95]. In this category, the holding
function is ensured by employing a separate locking actuator that locks or unlocks the mobile
part at the discrete positions. This method requires energy while locking and unlocking the
mobile part, which is provided by an additional actuating mechanism, but no energy is consumed
once the mobile part is locked. This holding principle is illustrated with the example of the ball
on a surface as shown in Figure [[.9(a). The ball is latched in the positions B & C using an
external latch-lock mechanism.

Cochran et al. [26] have developed an optical switch based on electrothermal actuators for
the switching and the holding functions (Figure [I.9(b)). In the upper position of the slider, the
input fiber is aligned with the output fiber (close state), while no light passes through the output
fiber in the down position (open state). During the switching, the locking actuator is pulled
back, the slider is switched upward or downward between two discrete positions, after that, the
locking actuator is inserted in the groove to hold the slider position.
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FIGURE 1.9: Holding principle via passive locking actuator(a), optical switch using passive locking
actuator [26]] (b).
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Holding via permanent magnet Holding via permanent magnet is another passive holding
principle which is widely used in digital systems [5} 6] 1831
[138]]. The magnetic holding principle is based on the generation of a magnetic interaction force
between magnetic materials (mostly interaction between a permanent magnet and ferromagnetic
parts). The use of a permanent magnet ensures a passive holding of the mobile part in the
discrete positions where no external energy is needed. The main advantages of this holding
principle are the simple concept of the magnetic attraction and the easy of use in microsystems.

Figure [T.10] shows the principle of magnetic holding based on the example of the ball on a
surface. The material of the ball must be able to interact with the magnetic field of the permanent
magnet at the borders. The ball is positioned immediately in the discrete position (A or B) when
it is placed in the attraction zone of the permanent magnet. To switch the ball, the switching
force must be high enough to overcome the magnetic force offered by the permanent magnet,
and then, it should be capable to move the ball to the attraction zone of the second permanent
magnet.

FIGURE [.10: Holding principle via permanent magnet.

Petit et al. have presented a quadristable electromagnetic actuator based the Laplace
force (Figure [I.TT). A square moving permanent magnet (MPM) is placed in a square frame-
work, four fixed permanent magnet (FPM) with different polarization are placed around the
square framework for maintaining the MPM in one of the four corners. Two fixed electrical
coils are placed below for the switching function. Once a coil is energized, Laplace force ap-
pears and switch the MPM to another stable position.
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FIGURE 1.11: Top (a) and front view (b) of a quadristable system [104].

Holding via buckled beam structure Buckled beam structure is a component widely used
in MEMS as a simple bistable mechanism that combines the advantages of passive holding and
compliant mechanisms. The internal stress of the beam generated after deformation ensures
the bistability of the structure. Curved beams can be classified in three categories based on the
fabrication process [136]:

* Precompressed curved beams where the beam is fabricated rectilinear then it is com-
pressed [9, [10]].

* Prestressed curved beams where during fabrication, the beam is buckled due to residual
stress which is added by heating or oxidation [101]].

* Preshaped curved beams where the beam is directly fabricated at the first buckling shape
mode without residual stresses [[102,106]].

The mechanical behavior of the precompressed curved beam is symmetric between two
sides of buckling. However, the monolithic constraint in the microfabrication process and the
difficulty to set accurately the required buckling dimensions after fabrication make this solution
difficult to use in MEMS.

The prestressed curved beam makes the integration into a monolithic device easier, but the
residual stress is difficult to control by fabrication [136]. For the pre-shaped curved beam, de-
spite the fact that symmetry is lost and that bistability exists under some conditions, fabrication
and integration are simpler.

A solution used in literature to improve the symmetry property of preshaped curved beams
[62,1106] is to use a hinged preshaped curved beam structure. In this category, the thickness of a
part of the beam is kept very low as compared to the overall beam thickness. This part is usually
called the elastic hinge.
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One digital system is presented for each one of these configurations. Zaidi in his thesis
[136] have developed a bistable system based on the use of a precompressed curved beam as a
bistable mechanism and two SMA actuators for the switching (Figure [[.12{a)). The switching
is made by heating up the SMA actuator using a laser source. Charlot et al. have used the
electrostatic parallel plate configuration to realize a micromechanical memory (Figure [T.12|b)).
It consists of a prestressed beam nanowire placed between two adjacent electrodes. Binary data
are stored as the mechanical position of the beam.

SMA =2"

Curved-beam
with supports

Stable position n®l §

SMA “]"=—>
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FIGURE 1.12: Precompressed curved beam actuated using two SMA actuators [[I36] (a), prestressed
beam nanowire as micromechanical memory [[15] (D).

Liao et al. [[79]] have proposed a 2x2 MEMS optical switch with two bistable actuators. Each
bistable actuator consists of a pair of preshaped curved beams which are switched using two V-
shaped actuators as shown in Figure[I.13|a). Kwon et al. [[72] have proposed a bistable actuator
operated by electrostatic comb drive (Figure [I.13[b)). The mechanism is a pair of hinged pre-
shaped curved beams with two stable positions. Fingers of the comb drive are designed to
generate a switching force in the switching direction with respect to each stable position.
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FIGURE 1.13: 2x2 MEMS optical switch using preshaped curved beams [[79] (a), comb drive bistable
actuator using hinged preshaped curved beams [[72]] (D).
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The buckled beam structure is used mechanically in two forms: free or constrained. The free
structure consists generally of a single curved beam, while the constrained structure consists of
two or more curved beams that are connected in the middle by a shuttle which is the moving
part. This mechanical constraint serves for guiding a rectilinear displacement of the shuttle, it
prevents unsymmetrical buckling modes from occurring during displacement and improves the
bistability feature.

The principle of the buckled beam structure can be illustrated using the example of the ball
on a surface. Figure[I.14]shows this example on a path with two stable positions (A & B). These
two positions are at a local minimum of the potential energy. All the positions in between are
considered as unstable positions of the ball. The potential energy is equivalent to the height of
the ball, thereby, its evolution with the different positions seems like the path of the surface.
The driving force applied on the ball due to the gravity is equivalent to the first derivative of the
potential energy with respect to the position. Evolution of the driving force with respect to the
ball position on the path is also shown.
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FIGURE 1.14: The example of the ball on a surface in analogy with the buckled beam structure principle.
The driving force curve is shown in the bottom with respect to the ball position.

The stability of the positions A and B is more obvious in the driving force curve. It is char-
acterized by two features: The first one is that the driving force in these positions is equivalent
to zero, the second one is that if the ball moves locally in any direction, the driving force will
appear in the contrary direction. This is not the case in the upper position where the driving
force is equivalent to zero but it push out the ball following any minimal disturbance.

This is similar to the case of the buckled beam structure. The analogy between the two
cases is in the evolution form of the energy and the force after displacement/deformation. The
driving force in the case of the buckled beam structure is called ”snapping force”. The energy
in the case of the ball is the potential energy, while the energy in the buckled beam structure is
its internal deformation energy in the post-buckling phase where the beam deflects between the
two sides of buckling.
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Stop blocks

In result, the discrete positions of a buckled beam structure are considered as stable, but not
maintained positions. No holding force are applied on the moving part in these discrete posi-
tions. A solution used in the bistable module of the DiMiBot to add holding forces is the use of
stop blocs. Figure [I.15]shows the same example in Figure [I.T4] but with the use of stop blocs.
Two stop blocs are placed between the two initial stable sides of the path. The ball is then placed
in between, and its position is bounded between the two stop blocs.

C

Driving force
"

A

/ Position

1: Holding force at A
2: Holding force at B

FIGURE 1.15: The example of the ball on a surface with stop blocks.

The new discrete positions of the ball in the new configuration (C & D) are then the adjacent
positions to the stop blocks. These positions are maintained due to the presence of a holding
force which is equivalent to the driving force in these positions. These positions does not change
unless an external force is applied in the switching direction that is higher than the holding force.

Exactly the same principle is used in the buckled beam structure. Two stop blocs are used
in the bistable modules in the DiMiBot. Figure[I.16|shows a zoom on these stop blocs and their
configurations in three different states (as-fabricated, at position 1 and at position 2). In the
as-fabricated state, no residual stress or deformation energy is present, therefore, the shuttle is
only stable without holding forces.

Identically to the case of the ball which is placed between two stop blocks, the shuttle in the
case of the buckled beam structure must be placed between the two stop blocs after fabrication.
This operation is called activation” of the bistable module. In the activation phase, the stroke
is pushed manually to enter between the two stop blocs. Stop block 0 is simply a mechanical
stop which blocks the displacement in the second side of buckling at position 2.

However, the monolithic structure and in-plane displacement of the curved beam complicate
the design of stop block 1. Its design consists of triangular heads placed on horizontally flex-
ible structure. This design allows the displacement in a direction in order to insert the shuttle
inside its working stroke, and it blocks the displacement in the other direction which is the main
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FIGURE 1.16: Configurations of the stop blocs of the bistable module, in the DiMiBot, in three different
states: as-fabricated, at position 1 and at position 2.

function of the stop block. In this way, positions 1 and 2 of the shuttle can be considered as
maintained, and a holding force is added for each position.

1.3.2.3 Synthesis

The holding principles used in literature for digital systems including active and passive prin-
ciples have been presented. Active holding principles include “’continuous switching function”
and “active locking actuator”, while passive holding principles include passive locking actua-
tor”, ”permanent magnet” and “’buckled beam structure”. The active holding is useful for low
holding time applications and high switching frequency. The holding with a locking actuator
requires additional components to realize the holding. The magnetic holding function provides
a contactless holding function with no external energy, however, permanent magnets, ferromag-
netic materials or magnetic circuits have to be integrated. The buckled beam structure is based
on the deformation properties to realize the holding function in two stable positions. Stop blocks
can be used to add holding forces in each stable position of the buckled beam structure.

Hinged preshaped curved beams were used in the bistable module in the old generation of
the DiMiBot. However, we took the choice of using uniform preshaped curved beams in the new
structures for two reasons, firstly, the hinged structure create weak points at the elastic hinges
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which are susceptible to fail in the fabrication process, secondly, the symmetrical behavior can
be obtained by adjusting positions of stop blocks.

In addition, in the new generation of the DiMiBot, several internal systems are switched
temporally. The holding in these internal systems is made using continuous switching function
method in order to simplify the design and reduce the number of actuators.

1.3.3 Multistable mechanisms

A multistable mechanism has many stable force-balanced positions within its range of motion
which allows relying on the stable states to have confidence in the positions after switching
from one state to the other without need of sensors. The different solutions found in literature
to realize the multistable mechanisms can be classified in three main categories.

* Elementary multistable mechanism
* Assembly of elementary modules

 Stepping microactuators

The number of stable positions is limited in the first category (bistable, tristable quadristable,
etc.), while it is not limited (unlimited) in principle in the two other categories where more posi-
tions are added either by adding more elementary modules in the architecture of the mechanism
or by extending the range of motion of the moving part. Thereby, the number of stable positions
can be changed in each prototype with respect to the design requirements. Each category is
detailed with examples in the following.

1.3.3.1 Elementary multistable mechanism

The design of elementary multistable systems/mechanism is dedicated for switching between
limited number of stable positions. Most of the multistable digital systems found in literature
are from this category. Bistable systems are the most widespread [3} 22} 136,156,161, 185,102,107,
112} 1132} 1133} 135} [136 [137] (including the bistable module used in the DiMiBot). Tristable
[16} 118, 95, 1128, [139], quadristable [97, 50, 96, 103 104, [105] and pentastable designs [[17}
140]] are also investigated. Several examples of these mechanisms can be found in the previous
sections.

1.3.3.2 Assembly of elementary modules

Several applications can be cited that uses elementary digital systems in a large scale without
collaboration in their local specific task, including the braille display systems [86} [127]], optical
switch arrays [29, 163], mechanical memories array [[15, [125], etc.. However, the concerned ap-
plications in this category are the application where the elementary modules contribute together
to move one end effector.

Assembly of several digital actuators as elementary modules is a solution to add discrete
states to a digital system. In addition to the advantages of the digital concept, the advantage
of the elementary architecture is the ability to reach high number of stable positions by simply
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adding digital modules. In the other side, the main drawback in these systems is that for high
number of discrete positions, a large number of digital systems is needed. This increases the
size of the device, complicates its integration and connectivity, and increases the possibility of
failure in the fabrication process.

Macroscale At the macroscale, several designs of digital positioning systems with elementary
modules were proposed previously. These designs include the VGT (variable geometry trusses)
manipulator which allows reaching positions in a tridimensional workspace [120], the BRAID
(Binary Robotic Articulated Intelligent Device) where the different modules are connected in
series [[119]], and the digital robotic platform developed by Wang et al. [[130] which consists of
six elementary modules that are connected in parallel.

Microscale This concept is also used at the microscale where different designs with elemen-
tary modules were presented in literature. These designs include displacement tables [14} 104,
103]], multistable microrobots with elementary modules distributed in series [42]] and the DiMi-
Bot with elementary modules distributed in parallel [[12].

1.3.3.3 Stepping microactuators

The principle of stepping microactuators is based on making consecutive steps in order to reach a
desired position. The stepping principle is very close to the digital concept. However, the focus
in these designs is generally on the step realization, not on the holding in a defined discrete
position, which implies that, in contrast to digital actuators, sensors are always required for
repeatable and accurate positioning.

Microactuators based on the stepping motion have a potential to satisfy the contradictory
requirements for micropositioning. They allows realizing high-resolution positioners that fit in
a small volume and are able to produce large stroke and large force while using little power.
Various principles for making a step are developed in literature and used widely in commercial
products. A brief description and example for each principle is given in the following

Inchworm actuators Various designs and concepts for the inchworm actuation is presented
in literature [12, 35, 73 [77, (116, 35]. The most common design comprises three independently
driven actuators, two for latching (LA1 and LA2) and one for driving (DA) with six steps of
actuation. This is the case of the inchworm developed by Erismis et al. [35] and shown in

Figure

Stick-slip actuators The functioning of stick-slip actuator consists mainly of two steps (Fig-
ure[I.18](a)). In the first step, a slow deflection of a driving object moves the body of the device
along the actuation direction due to a static friction (stick effect). In the second step, a rapid
deflection slides the driving object towards its initial position (slip effect). The repetition of this
sequence allows unlimited strokes and submicrometric resolutions.

Based on this principle, Rakontondrabe et al. [[108]] have developed a 2-DoF stick-slip device
which moves around and along a tube (Figure [I.18]b)). The device consists of three microac-
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FIGURE 1.17: Functioning principle of an electrostatic inchworm actuator [33]. LAI and LA2 latch the
two shuttles (step 0), LAI unlatch the first shuttle (step 1), DA is activated which moves the first shuttle
ahead (step 2), LAl latch the first shuttle (step3), LA2 unlatch the second shuttle (step 4), finally, DA is
disactivated which moves the second shuttle ahead.

tuators assembled together, each one have a piezoelectric leg that is able to deflect in the four
directions, two of wich are used for the translation and two other are used for the rotation.

microactuators
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FIGURE 1.18: Functioning principle of stick-slip actuators (a), drawing of stick-slip device working
around and along a tube [[I08] (b).

Friction-inertia actuators The functioning of these actuators (Figure [I.19(a)) is very close
in concept to stick-slip actuators. The operation cycle consists of two steps, in the first step, a
slow expansion of active material (actuator) drags the inertial mass to be moved relative to the
ground. The slow motion ensures the adhesion of the main object with the ground. In the second
step, a fast contraction accelerate the inertial mass towards the main object. Thereby, an inertial
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force appears in the reverse direction and pushes the whole body a step forward. An example of
a XY 6 microrobot [94] based on the friction-inertia principle is presented in Figure [T.19(b).

Active Inertial
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- Piezo A expansion  icontraction _ AX
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A AT ST R A 4 G — a ln :
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1] o
IRy EEE
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FIGURE 1.19: Principle of friction-inertia actuators (a), a friction-inertia microrobot [[94] (b).

Ultrasonic actuators An ultrasonic actuator uses the inverse piezoelectric effect to obtain
oscillation in an elastic body (stator) at one of its resonant frequencies in the form of either sta-
tionary or traveling waves. These waves are transmitted in conjunction with a smooth frictional
contact to the moving part. The working principle of these actuators is shown in Figure[T.20{a).
An example of a XY drive [30] that works on the ultrasonic principle is shown in Figure[I.20(b).

fixed frame -__

‘half-ellipse
piezo 1 < piezo2
piezo 4 > piezo 3

Elliptical Traveling wave
motion on driving surface Z

(a) - (b)

FIGURE 1.20: Principle of ultrasonic actuators [63)] (a), XY drive which uses ultrasonic principle [30]
(b).

1.3.3.4 Synthesis

A classification of the different solutions found in literature to realize the multistable mecha-
nisms was presented in this section. Bistable, tristable, quadristable and pentastable mecha-
nisms were presented as elementary multistable mechanisms, while the unlimited mechanisms
are realized generally in two ways: either using several elementary digital modules or using the
stepping principles. The old generation of the DiMiBot uses elementary digital modules in a
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spatial distribution. However, the stepping principle shows important advantages that may over-
come some limitations of the old DiMiBot. New multistable systems for the DiMiBot which
combine the advantages of the digital concept and stepping microactuators are proposed in the
thesis as clarified in the next section.

1.4 Thesis objectives and working axes

In the previous sections, digital microrobotics and the DiMiBot were presented, including chal-
lenges for a new generation of the DiMiBot. The different solutions to realize discrete position-
ing were also presented, which allows sorting the alternatives that may improve the functioning
of the DiMiBot. The objectives and working axes of the thesis are presented in this section. The
following chapters of the thesis are subsequently introduced.

The global context of the thesis is to continue the previous works made in the laboratory on
digital microrobotics with the objectives of making the DiMiBot more accurate, more control-
lable and smaller.

* More accurate by improving the fabrication process and providing solutions to compen-
sate the fabrication tolerances and to improve the reliability.

* More controllable by proposing new architecture of the DiMiBot that allows generating
complex trajectories without feedback in the workspace.

* Smaller by proposing new architectures that enable more positions with a smaller space
and by optimizing the structure of the different components and defining their miniatur-
ization limits.

In order to achieve these objectives, two working axes were followed in the thesis. The first
one is by optimizing the structure of the main components in the DiMiBot, the second one is by
proposing novel architectures for the DiMiBot.

The purpose of the first axis is to answer an important question which was proposed at the
early stages: How far can we go in the miniaturization of the DiMiBot with keeping the same
characteristics at the workspace?

Therefore, we launched a comprehensive study on the optimization of the main components
in the DiMiBot: the curved beams and the actuators. The design of the other components
(connecting beams, hinges, etc.) is simple and already treated in the previous thesis.

Two ways are possible to make this study: either numerically or analytically. The analytical
path was preferred for several reasons. The numerical optimization provides the dimensions for
a specific design while the analytical modeling shows clearly the influence of each dimension
on the behavior of the curved beam/actuator and allows choosing the optimal dimensions that
ensure the desired outputs and characteristics. In addition, analytical modeling and design of
the curved beams and U-shaped actuators is a general need for MEMS due to the few works that
cover these issues in literature. The design of these structures is still paying the price for the
lack of physical intuition by resorting to FEM modeling. That’s why the focus in the works was
on the modeling and design in a general case, while the optimization of the components in the
DiMiBot is simply an application.
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The second working axis is to propose new architectures that improve the performance of
the DiMiBot. A new idea was proposed during the thesis which consists in replacing all the
bistable modules in a side of the DiMiBot by only one multistable stepper module. This does
not cancel the need for the first working axis since the curved beams and bistable modules are
also used in the multistable module.

The use of multistable modules in the DiMiBot has many advantages. Its principle is a
combination between the bistable module and the stepping microactuators. It combines the ad-
vantages of stepping actuation in the sense of generating an infinite number of positions simply
by extending the range of motion but with accuracy in the positioning and it keeps most of the
advantages of the previous DiMiBot structure. Further, it makes the system more compact, it
allows generating complex trajectories in the workspace and agrees with the objectives of the
thesis to make the DiMiBot more accurate, more controllable and smaller.

The second working axis contains several parts which have been treated in turns in the
thesis, starting with the principle, the design, the fabrication (including layouts, process and
realization), and ending with the connectivity and characterization. Loops of improvements
were made in and between these parts which allowed obtaining operational prototypes at the
end.

1.4.1 First axis: Analytical design optimization

Preshaped curved beam

In a previous analytical model presented by Qiu et al. [106l], analytical solution of the
snapping force in the postbuckling phase was provided with an approximation of neglecting
high modes of buckling, this model was approved by experiments. However, no studies were
found in literature for calculating evolution of the internal stress during deflection between two
sides of buckling.

In Chapter 2] modeling of the snapping forces and internal stresses is presented with con-
sidering high modes of buckling. A comparison of the results with FEM simulations shows that
the consideration of high modes of buckling in the calculation of the snapping forces is slightly
more accurate while the calculation of stress without high modes does not correspond to FEM
results.

After that, design and optimization of the curved beam are investigated in the second part
of the chapter based on the analytical expressions obtained in the modeling. The influence
of the beam dimensions and material properties on the mechanical behavior of the beam is
clarified. A design method is provided subsequently that define the optimal dimensions of the
beam that provide the desired snapping force and stroke of deflection while respecting the design
specifications and limitations. Limits of miniaturization are investigated finally.

Electrothermal U-shaped actuator

The modeling of the electrothermal U-shaped actuator is treated by a sequence of two analytical
models: electro-thermal and thermo-mechanical. The first one concerns the computation of the
evolution of the thermal distribution in the actuator, while the second one allows computing the
displacement resulting from the thermal distribution.
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No exact analytical solutions were found in literature for the electrothermal problem in the
case of U-shaped actuators. In Chapter [3] an exact solution of the electrothermal problem is
presented using a novel calculation method. The comparison of the results between the elec-
trothermal modeling and FEM simulations shows to be in excellent agreement.

Afterwards, a thermomechanical model is presented which output the displacement of the
actuator with respect to the thermal distribution (obtained from the previous model), and the ex-
ternal loads on the actuator. The combination of the two models allows getting the displacement
in function of the electrical input and external loads. A comparison of the displacement results
with the FEM simulations and experiments showed a similar behavior with slight differences
which are acceptable.

After that, the influence of the different dimensions and electro-thermo-mechanical proper-
ties of the material on the electrical, thermal and mechanical behavior of the actuator is inves-
tigated based on the analytical models. A design method is presented subsequently to choose
optimal actuator dimensions that provide desired outputs in terms of displacement and carried
loads.

1.4.2 Second axis: DiMiBot with multistable modules

The focus here is on the development and fabrication of a new generation of the DiMiBot with
multistable modules as shown in Figure [[.21] The principle of the new multistable module is
based on the use of an unlimited multistable mechanism based on the stepping principle. The
moving part of each module can be placed in several stable positions on a rectilinear axis. The
moving part of the two modules are connected to the end effector using the same top head
mechanism as in the old DiMiBot in order to form a square workspace.

FIGURE 1.21: Architecture of the DiMiBot with multistable modules.

The advantage of this module with respect to the other stepping microactuators presented
previously is that the positions are defined accurately and maintained at rest in front of external
loads and disturbances. Thereby, the multistable module combines simultaneously the advan-
tages of the digital concept and stepping microactuators.

This new configuration of the DiMiBot helps to overcome several disadvantages that were
presented in the old configuration with bistable modules. The first advantage is that only two
elementary modules are used with unlimited positions that can be added by extending the range
of motion. This allows obtaining more positions and going further in miniaturization simulta-
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neously, and avoids the drawbacks related to the large size of the DiMiBot, such as lowering
the failure possibilities in the fabrication process, limiting the number of metal lines for the
electrical connectivity and solidifying the structure.

Further, the transition in one side of the DiMiBot with multistable modules is made incre-
mentally step by step and not by binary steps. This means that the transition in the workspace
of the DiMiBot is now between the adjacent positions. This means also that the DiMiBot is able
to realize any complex trajectory with an open loop control.

In the other side, an accurate positioning mechanism was designed and used in the multi-
stable module in order to ensure accurate maintained positions. The novel idea in this mech-
anism is the compensation of fabrication tolerances by playing on the excess/shortage in the
width of the openings and patterns of the device layer obtained in the fabrication. As the case
of stop blocks, this mechanism is used around the shuttle of a pair of preshaped curved beams
in the multistable module. It places the shuttle between two discrete positions which are ac-
curately defined by compensation of the fabrication tolerances. This adds also holding forces
on the stable positions which improves the positioning robustness in front of external loads and
disturbances.

However, The binary feature of the bistable DiMiBot is not a feature of the new structure.
The positions in the workspace are reached by incremental stepping and no absolute states of
the modules are assigned to each position. The positions in this case are determined relatively
to the first initial position by counting the steps made to reach the current state.

The principle and the design of the multistable module is presented in Chapter 4] The
stepping principle is based on a specific sequence of bistable displacement and opening normally
closed latch arms in a part and closing other normally open latch arms in the other part. The
design of the internal systems in the module, the global structure of the module and the DiMiBot
are subsequently presented.

In Chapter [5] the fabrication process, difficulties encountered and different runs are pre-
sented. The fabrication was made in the clean room MIMENTO of the institute Femto-st. Major
changes were made in the fabrication process and layouts with respect to the previous thesis in
order to obtain more proper, more accurate and more homogeneous structures and to reduce
the failure possibilities in the fabrication as possible. Finally, the experiments on some fabri-
cated tests and operational prototypes of the multistable module are presented. The experiments
showed a proper functioning of the stepping principle and accurate positioning on prototypes of
multistable modules. All the difficulties encountered and solutions provided in the fabrication
and the experiments are detailed.

1.5 Conclusion

After introducing digital microrobotics and the old generation of the DiMiBot, challenges for a
new generation were presented in the first part. These challenges include proposing new struc-
tures/mechanisms of the DiMiBot that reduce the size, allows complex trajectories and improve
the accuracy. Also, the challenges include improving the fabrication process and developing
models for designing the main components in the DiMiBot.
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Solutions found in literature, that allow realizing the switching and holding functions and
the multistable mechanisms of a digital system, are then classified. This classification shows the
possibilities that can be adopted for improving the concept and functioning of the DiMiBot. In
this context, the reasons behind choosing the solutions used in the DiMiBot are clarified.

Finally, the thesis objectives and working axes are presented and the next chapters are intro-
duced. Two working axes were followed in parallel in the thesis. The first one is the analytical
modeling and design of preshaped curved beam and U-shaped actuator. We have succeeded
in the development of these models and the definition of design methods with respect to gen-
eral design requirements, limitations and desired outputs. The contribution is original in the
literature and the design methods are useful for MEMS applications. The second axis focus on
the development of a new generation of the DiMiBot with multistable modules. Also, we have
succeeded, after following all the steps, in fabricating operational prototypes. The following
chapters deal with the works in these two axes as shown in Figure[T.22]

| DiMiBot |

LFirst axis:

[Analytical design optimization ]

»>Chapter 2:

Preshaped curved beam

- Snapping force modeling

- Stress modeling

- Influence of dimensions and properties
- Design method

- Miniaturization limits

> Chapter 3:

U-shaped actuator

- Electrothermal modeling

- Thermomechanical modeling

- Influence of dimensions and properties
- Design method

LSecond axis:
[DiMiBot with multistable modules

> Chapter 4:

Multistable module and DiMiBot
- Principle of the module

- Design of the internal systems

- Global design of the module

- Design of the multistable DiMiBot

> Chapter 5:

Fabrication and experiments

- Fabrication process

- Technological aspects in the fabrication
- Force measurement experiments.

- Experiments on U-shaped actuators

- Experiments on multistable modules

FIGURE 1.22: Woking axes and the following chapters of the thesis.
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Curved beam bistable mechanism

This chapter deals with the modeling, stress analysis and design of a preshaped
curved beam. In a first stage, the presented modeling develops further the snapping
force solution and bistability conditions without and with including high modes of
buckling. In a second stage, we develop the analytical solution of the stresses in-
side the beam during deflection between the two sides of buckling. The analytical
expressions obtained in the modeling and stress analysis define the mechanical be-
havior of the curved beam during deflection and include the effects of high modes of
buckling. The analytical results are then compared with FEM simulations and have
shown to be in excellent agreement. The results show the importance of high modes
of buckling in the calculation of stresses and snapping force. In the final stage, de-
sign and optimization of the curved beam are investigated based on the analytical
expressions obtained in the modeling. Design elements are provided in order to
achieve the best integration of the curved beam in a complete microstructure.
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2.1 Introduction

Few works are found in literature that cover the modeling, stress analysis and design of a pre-
shaped curved beam. Modeling of the precompressed curved beam was more investigated.
Based on Lagrangian approach, Vangbo et al. [[126] carried out one of the first studies on pre-
compressed curved beams that takes compressibility into account for small deformations. The
obtained expressions consider high modes of buckling. Self buckling behavior of microbeams
in response to resistive heating was investigated by Chiao et al. [25]. Emam and Nayfeh ex-
amine in their studies [33} 92] the vibration and dynamics of postbuckling configurations of a
precompressed beam. Cazottes in his thesis [[10] has studied the bistability of a precompressed
beam when it is actuated either by force or by moment. Elastica models for static and dynamic
analysis with solutions and experiments are investigated by Camescasse in his thesis [9]. Chen
et al. [[19]] showed the importance of extensible elastica theory in the modeling of a curved beam.

As for the case of preshaped curved beam, Qiu et al. in [106]] have calculated analytically
the snapping forces by neglecting high modes of buckling and they provide an approximation
of the solution with high modes for high values of the initial height-to-thickness ratio. They
noticed a bifurcation of solutions and appearance of some buckling modes when the axial stress
exceeds some limits. This will be explained in details in the chapter. Their analytical results
were approved by FEM simulations and experiments. In the other side, Park et al. [[102] have
presented analytical modeling of a preshaped curved beam when it is actuated by Laplace force
distributed throughout the beam. The load-displacement curve was calculated analytically with-
out high modes and numerically with high modes of buckling and was compared with experi-
ments. However, this study does not notice any bifurcation of solutions (i.e. several cases of
solution) depending on the stress state.

However, as far as we know, no studies are found in literature for calculating evolution of
the internal stress in the post-buckling phase. Calculation of the stress is important in order to
define the limits on dimensions that must be respected in the design to avoid exceeding the stress
limit in the curve beam during deflection.

In this chapter, snapping forces and internal stress in the post-buckling phase were calculated
analytically with and without high modes of buckling. FEM simulation showed the importance
of considering high modes of buckling in the calculation. Afterwards, variation of the preshaped
curved beam behavior with respect to different dimensions and material properties were studied,
and a design method is presented based on the analytical expressions that allows optimizing the
dimensions with respect to the design requirements and limitations. Miniaturization limits are
investigated finally.

In Section[2.2] the buckling model and its general solution are presented. The model, in this
section, is based on the formalism implemented by Qiu et al. in [106] including three major
points : normalization of the variables, superposition of the buckling modes and calculation of
the mode constants by minimizing the variation of the total energy.

In Section [2.3] solution of the snapping forces without considering high modes of buckling
is recalled. The solution with considering high modes of buckling is then developed. The
analytical expressions obtained with high modes implicitly include the effects of all modes of
buckling on the curved beam behavior.
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In Section [2.4] existence and margin of bistability are discussed with respect to the snapping
force solution.

In Section [2.5] the internal stresses in the curved beam are investigated with and without
considering high modes of buckling. The calculated stress expressions show evolution of their
maximum value during deflection. Knowing the stress state in the curved beam is important for
optimizing its dimensions under elastic or failure limits.

In Section[2.6 the analytical results with and without high modes of buckling are compared
with FEM simulations. This comparison shows the importance of considering high modes of
buckling in the modeling of the curved beam behavior.

Finally, in Section the influence of the dimensions and material properties on the main
elements of the design are investigated and a design method is proposed in order to obtain the
optimal dimensions with respect to the design requirements.

2.2 Buckling of a beam

2.2.1 Buckling model

Buckling a beam is defined as a sudden deformation which occurs when the excess of com-
pression energy stored in the beam is converted into bending energy. In other words, transverse
deflection occurs when the compressive force P exceeds a critical value Fy, the beam enters in
the first buckling mode (Figure [2.T)).

FIGURE 2.1: Buckling of a beam before and after a critical axial compression.

The postbuckling configuration of the beam can be considered as a compliant mechanism
that shows bistability. The buckled beam shows stability of its position at two possible configu-
rations which are distributed symmetrically in the two buckling sides (Figure [2.2).

FIGURE 2.2: Transition between the two stable positions of a buckled beam as a result of a lateral force
applied in the middle of the beam.
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In most cases, and in our case, the action is a lateral force applied at the middle of the beam.
Otherwise, the action can be also a force applied in different points [9], an electromagnetic field
[102], an electrostatic field [69, [122] or moments applied in determined locations on the beam
[LO, [118].

There are two possible approaches to deal with the post-buckling problem, based on static
and dynamic models. In dynamic modeling, there are two types of modes, buckling modes
that depend on the axial stress and resonance modes that depend on the system frequency. In
contrast, since it does not consider the time, static modeling exhibits only buckling modes.

Generally, the resonance frequency of a curved beam is higher while reducing the beam
dimensions. MEMS devices generally range in size from 20um to few millimeters. Thus, the
dynamic behavior of the curved beams is considered to be quasistatic in our application and
only the static modeling is investigated in our study. An interest to dynamic modeling can be
referred to studies in [9, 110, 33,92, [122].

The curved beams used in our systems are preshaped (Section [I.3.2.2). One preshaped
curved beam has the following characteristics as presented in Figure[2.3} axial force P, thickness
t, depth b, span [, deflection d, beam shape w(x), initial height of buckling 4 and the applied
lateral force at the middle f.

initial shape —__

; ‘W{\] [ ‘P- : ....... ——
A deflected shape -~ ¢ T

x=0 x=1/2 x=I

FIGURE 2.3: Clamped-clamped curved bistable beam at the initial position and after deflection.

The deflection d is defined as the lateral deflection in the middle with respect to the initial

configuration:
_(1 l

where w(x) is the initial beam shape.

Since the height / is generally very small compared to the span / of the beam, the hypothesis
of small deformations is taken. The length s of the beam is then calculated with respect to the
slope dw/dx with considering the small deformation hypothesis.

! dw\ 2 17! /dw\?
= [ 41+ ~l4 = i 22
s /0 +<dx> dx l+2/0 (dx> dx (2.2)

The axial force P which is the resultant of the axial stress over the section area is calculated
using Hook’s law:

P—Ebt (S;s> 2.3)

where s is the initial length, and bf is the section area.
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2.2.2 Buckling equation

A beam in bending has a radius of curvature R that can be variable throughout the beam length.
The curvature indicates the presence of two zones of strains, contraction and expansion within
the thickness section which are the results of compression and traction stresses respectively.
These two zones are separated by a neutral line where there are no strain. By convention,
traction is positive and compression is negative.

Contraction

Expansion =

FIGURE 2.4: A beam in bending (a), bending stress distribution along the thickness and bending moment
in a section (b) forces and moments equilibrium in a section of a buckled beam(c).

In Figure 2.4]a, the distance between arc lines throughout the thickness and the neutral line
is equivalent to z. The length of the arc lines variates with z, so the bending strain Sy, is equivalent
to:

(R—(R—2z))d0 z
Sy = == 24
’ Rd6 R 9
The radius of curvature R is equivalent to:
3
Ly (2
dx
R = 2.5
Zn (2.5)
dx>

Taking account of small deformations, the slope ‘;—;V is relatively negligible. Moreover, ac-
cording to elastic theory, the stress 7" of an elastic material is proportional to the strain S, with
respect to Young’s modulus E:

Z d’w
T:ESb:EE :EZ@

As shown in Figure 2.4]b, the bending moment M around the neutral line is the average of

the bending stress T multiplied by the distance z:

(2.6)
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dZw

M:—/TmWF>£1 2.7)

dx?
where I = [[ z2dydz is the quadratic moment.

However, based on the forces and moments equilibrium equations, Timoshenko in his fa-
mous book [124] developed the buckling equation of a beam. The forces and moments acting
on buckled beam cross section including the shear force V, axial force P and bending moment M
are shown in Figure[2.4]c. Applying the force and moment equilibrium, we obtain the following
equations:

i}
dx
(2.8)
M dw
V=—-—-P—
dx dx
Combining (2.7) and (2.8)), the buckling equation is obtained:
d? d*w d?w
— | El—% | +P—5 =0 2.9
dx? ( dx? > dx? 29)

Generally, the material is the same and sections do not change their shapes in the beam, E
and / are constants:
d*w d’w
El— +P— =0 2.10
dx* dx? ( )
The general solution of (2.10) has the following form:

w(x) = Cj sinkx + Cycoskx + C3x + C4 2.11)

where k = 4/ %, and Cy, C,, C3 and C4 are constants.

The boundaries in our case are constrained in terms of the displacement w(x =0& x=1) =0
and the rotation ‘%(x =0 & x=1) =0. Applying the boundary conditions, the constants C,
C,, C3 and Cy4 are determined with respect to N where the values of N are obtained from the
following equation:

N N N
sin 3 <tan 77 2> =0 (2.12)
where N = 4/ %112 is the normalized axial force.

The trigonometric equation in (2.12)) has infinity of solutions which justifies the modal na-
ture of the final solution:

w(x) =Y aw;j(x) (2.13)
j=1



42 Chapter 2

The term a; in 1' is the j'* constant mode which reflects the contribution of each mode
in the total solution, and w;(x) is the j buckling shape mode:

wi=1 —cosNﬁ }j: 135..

sz(j+1)7f (214)
wj:1—2§—coij%+2S1?V7ﬁ j=246 .
Nj =2.867,4.927,6.947,8.957... Y

where N is the j’h mode of normalized axial forces ( j’h solution of N).

Mode 3 Mode 1

R

ﬂﬂﬂﬂﬂ

FIGURE 2.5: The first three buckling shape modes

The length s in (2.2) is then recalculated using (2.14)):

o a2N2
s=1+) L7 (2.15)
=

2.2.3 Bifurcation of solutions

Equation (2.13) is the general solution of the problem. Qiu et al. in [106] have calculated
the constants a; by minimizing the variation of the total energy u,. The variational principle
stipulates that a system is in equilibrium when every variation in one of its parameters will
create tendency to increase its level of energy. Thus, the variation of the normalized total energy
must respect the following condition:

§(u) >0 (2.16)

The total energy u;, in this case, is the sum of the bending, compression and actuation energy.
Bending energy uy is the result of the deformation of the beam during deflection, compression
energy u is the result of the axial force in the curved beam after deflection, and actuation energy
uy is the result of the lateral force f.

The bending energy starts evolution from the initial position. The variation of the bending

energy is equivalent to:
Lidw dPw)’
o / — —— ] dx 2.17
0 <dx2 dx2> ( )

The variation of the compression energy is equivalent to:

El

8(uy) =

8(us) = —PS(s) (2.18)
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The variation of the actuation energy is equivalent to:

S(up) = —f£8(d) (2.19)

In order to simplify the solution and the presentation, the following parameters are normal-
ized as follows:

X=T W0 =) W= = T aw) 20)

The applied force, deflection, length and energy are also normalized:

—_— = —; S:—; =
Elh h h2 "7 EIR?

3 3
S d sl U u;l 2.21)

The variation of the normalized total energy has then the following form:

2 4 j=59.13... 2

N4 — N2N?
—L 1) 9A3
s 267( : ) ,

j=234,67...

N — N2N? N N* — N2N?
aU;) = (HAl — +2F> A1+ ) | LA +2F |04
(2.22)

Minimizing energy variation in (2.22)) in order to satisfy (2.16) brings out bifurcation of
solutions. The bifurcation is based on the value of the axial stress inside the curved beam.

In fact, the behavior of the beam is decomposed by the compression ability. When N < N,,
the beam is in a compressible phase and N is able to be increased, the modes 2,3,4,6,7,8,10...
do not appear, and the terms A; for j = 2,3,4,6,7,8,10... are equivalent to zero. At N = N,
the system enters in the incompressible phase where no more axial stress N or extra length S
is allowed. Mode 2 is the manner used by the system to stop evolution of the axial stress and
length contraction. A, appears with the other constants A; (j = 1,5,9,13...) in a way that S and
N remain constants. Furthermore, N is not able to exceed N, unless the mode 2 is constrained.
So, for j =2,3,4,6,7,8,10... :

Mode 2 is unconstrained N <N,
_J Mode 2 is constrained N <N;
Aj= 0 N <N, (2.23)

A appear N =N;

The other terms A}, for j =1,5,9,13..., are calculated by setting to zero the variation of the
total energy:

1 N? 4F
A= L N 2.24
T 2NN T N2 (N2 - NR) (229
Aj= W for j =5,9,13... (2.25)
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The normalized deflection A can be recalculated from (3.50) and (2.21)) in function of the
mode constants as follows:
A=1-2 Y A4 (2.26)
J=1,59...

Idem, the normalized axial stress N in function of the mode constants can be concluded from

(2.2) and (2.21) as follows:

VN e A
12Q2_E_,; 4

1

(2.27)

where Q is the height-to-thickness ratio Q = h/t.

Usually, in the case of a preshaped curved beam, a simple one curved beam shows bista-
bility only for high values of Q. The bistability, in this case, is highly asymmetric between the
two sides of buckling. However, it is possible to mechanically prevent asymmetrical bending
relatively to the middle of the beam and consequently preventing mode 2 from occurring.

Connecting two beams by a shuttle, as shown in Figure 2.6 can eliminate mode 2 and all
asymetrical modes. In this case, mode 2 is canceled into calculation, the force is doubled with
the same displacement and the normalized axial stress N can increase to the new critical value
N;.

1_—::]% + Foree

FIGURE 2.6: Transition between the two stable positions of two curved beams connected in the middle,
mode 3 appears during transition.

Based on the above, we can distinguish three kinds of solutions. The first kind is when the
curved beam is in the compressible phase:

F=F
N> mode 2 is not constrained
N { N3 mode 2 is constrained (2.28)
A; #0; j=150913...
The second kind is when N reaches N, without mechanical constraints:
F=F
N=N, (2.29)
A;#0;  j=1259,13..
The third kind is when mode 2 is constrained and N reaches N3 :
F=F
N=N3 (2.30)

A;£0;  j=1359,13...
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In our applications, curved beams are used at least as a couple of two curved beams con-
nected in the middle in order to improve the bistability, guide the displacement and avoid rota-
tion. The calculation steps in the rest are shown only for the first and third kinds of solutions.
The results for the second kind are similar in calculation to those of the third kind.

2.3 Snapping force

2.3.1 Without high modes of buckling

Evolution of the normalized snapping force F and axial stress N in (2.28), (2.29) and (2.30)
during deflection A are calculated by introducing the values of the mode constants A ; presented
in and in the A and N equations.

Qiu et al. in [106] have calculated the snapping force taking an approximation of neglecting
high modes of buckling (mode 5 and above). In this case, the calculation is highly simplified
where no infinite sum have to be calculated. Solution for the normalized axial stress is obtained
by introducing A obtained from in 2.27):

N? =31°Q%(—A% +24) (2.31)
Solution of the snapping force F; for the first kind is obtained from (2.26)) and (2.27):
402
F1:3ﬂ2QA<A—;+ i-&) <A—;— i-é) (2.32)
For the third kind, the solution is obtained by setting N = N3:
= 6%4(2 —A) (2.33)

Equation (2.33)) exhibits a perfect linear interaction between force and displacement in the third
kind of solution.

The third mode of buckling only appears for Q > /(16/3) as can be concluded from (2.
Also, F; has three zeros only for Q > /(16/3) as can be concluded Flgure
shows evolution of the snapping force F during deflection A for Q < /(16/ 3) (16/ 3)
and Q > 1/ (16/3) respectively.

As shown in Figure for O > 1/(16/3), the third mode of buckling appears during de-
flection and the evolution of the snapping force becomes linear with deflection. The snapping
force is equivalent to zero at Azero1, Azero2, Azero3- (Arop,Frop) are the coordinates where the third
mode of buckling appears in the first side of buckling. (Apy,Fpor) are the coordinates where the
third mode of buckling appears in the second side of buckling. (A.,4,F.,s) are the coordinates
where the deflection is at the end, after that, the axial stress is oriented towards traction.

The values of A1, Azero2, Azeros, Atop, Apots Aends EO[)? Fyor> Feng in Figure can be

concluded from (2.31)), (2.32) and (2.33):
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FIGURE 2.7: Snapping force solutions without considering high modes of buckling for Q < 1/(16/3), Q

= /(16/3) and Q > /(16/3) respectively.

4 3 1 4
Azeros = 0 g E + \/E} AendaFend — {2’471:4}
(2.34)
16 e 16
AtopApor = 14 [ 1= 302 Fiop:Fpor = 6T (3 Fqyfl- 3Q2>

2.3.2 Considering high modes of buckling

In this section, we develop the solution of the snapping forces taking into account the high modes
of buckling. The first step is to calculate the infinite sums in (2.26) and (2.27). Introducing

equations (2.24) and (2.23) in (2.26) and (2.27), the two infinite sums become:

1 N?
125’9 Aj= SN N2+4F Sum; (2.35)
J=

1 N3(Nj — 16F)

ZA2N2 =7 vy 16F? - Sum; (2.36)
where Sum; and Sum, have the following forms:
j—i50. Nj (N> —Nj) j=159.. N2 (NZ—N]?) (2.37)
Imposing j = 4k+ 1, Sum; can be then decomposed in two infinite sums:
d d 1
Sum; = 2N2 Z 2k—|—1 Z(,) k172 (gr)z] (2.38)
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The first sum in (2.38) is equal to:

2

— 1 T
—_— = 2.39
Lo s (239
The second sum can be concluded from the following equation [111]:
T - 4x
mtan(=x) =) ——>— (2.40)
2 ,;;) (2k+1)2—x2
Then, Sum, is equal to:
1 [N N
=—|-=- — 241
Sum; e [4 tan( 1 )] (2.41)
Introducing (2.41)) in (2.26)), a new equation is derived:
N3 N?
F = —A 242
¥ —tan® <N2—47r2 ) (2.42)
In addition, Sum2 can be obtained by deriving Sum; with respect to N:
a(s
((;jv”“) = 2N - Sum; (2.43)
Then, Sum, is equivalent to:
3 tan(Y)  tan?(Y)
Sumy = 1-— 4 2.44
T At N 3 (49

Introducing (2.44) in (2.27), the following equation is obtained for the first kind of solution:

3 tan’y  tanf®) 472 N?  7’N*(N?-—8xn?)
oy - B Pt — L =0 (245)
16N 3 7 (N2 —4n2) 120 4(N? —4n2?)

Equations and are the characteristic equations that allow defining the relations
between F', N and A.

For the first kind of solution, the problem can be solved by numerical method. The idea is
to change N in (2.43)) from O to the point where there are no real solutions. Then, 2 values of F
are obtained for each value of N. Then, introducing these values in , the relations N — A
and F — A are obtained.

Figure [2.8| shows evolution of N in function of A for different values of Q. Shapes of the
curved beam during snapping between two sides of buckling are shown in Figure[2.8] with first,
second and third kinds of solution. Noting that the normalized axial stress N is equivalent to 0
at (A=0,F =0) and at (A = 20/7% F = 3840/7°). The normalized displacement at the end
of deflection is close to 2, but not exactly as it is for the precompressed curved beam where the
mechanical behavior is symmetric between two sides of buckling.

Figure 2.§]illustrates the values of Q providing the transitions between the first, second and
third kinds of solution with considering high modes of buckling. In the first kind of solution, the
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FIGURE 2.8: Evolution of the normalized axial stress N in the first kind of solution in function of Q ratio.
N is constant in the second and third kinds of solution. The shape of the curved beam in the first, second
and third case.

maximum value of N that can be reached during snapping increases with increasing the value
of Q. N exceeds N only for:

>\ ———— ~1.16 2.46
0> p (2.46)

Noting that at N = Ny, the normalized force has a unique value F = 27*.
On the other side, the third kind of solution is simpler. Making N constant at N3 = 47, the
third kind simplify the previous equations. Evolution of the force can be then directly concluded

from (2:42):
4
F; = 641° <3 — A) (2.47)

Figure 2.9] shows evolution of the snapping force F in function of A for different values of
Q with constraining mode 2 and considering high modes of buckling.

F

800, top

——- Q115

0 05 1 15 2

FIGURE 2.9: Evolution of the normalized applied force F for the curved beam for different Q values
when mode 2 is constrained.
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The mode constant A3 which appears in the third kind of solution is obtained by recalculating
(2.45)) without canceling A3, then introducing (2.42)) in the new equation:
3 14 1 20 1
A= AN A —— — — — 248
=T Topt T s T e 302 (2.48)
Noting that the sign of Az changes with the direction of deflection.
In light of the equation of A3, the third mode cannot appear unless Q respects the following

condition:
[ 16272
>y ——— 2314 2.49
Q= 272 +32 ( )

Further, A, Ay (Figure @) which are the exact positions where the third mode appears,
and F,p, Fp, Which are the value of F at these positions can be concluded from and

(2.48) respectively:

28 2w |1 16 1
AropBror = 57 + ERIN + 2 @

8 2r |1 16 1)

(2.50)
Fiop:For = 647 ( R T

277 3\l6  81m2 Q2

Equation [2.50f shows the analytical expressions of the coordinates of the main snapping
points. These expressions show clearly the influence of the different parameters on the snapping
force behavior. The influence of these parameters will be investigated in Section[2.7]

2.4 Bistability conditions

Physically, the curves in Figure 2.9 represent the amount of the lateral force produced by the
beam in the center point after deflection. In this context, the bistability that we look for is
provided by the negative portions of F' produced by the beam that will push to the other buckling
side.

As we can conclude from Figure the value of the snapping force is not symmetric
between two sides of buckling. This comes from the bending energy which starts its evolution
from the as-fabricated initial shape.

The shift-up of the curves in Figure [2.9] affects the bistability behavior. Mechanical con-
ditions must be considered in order to involve bistability, while the greater margin of stability
remains in the first side of buckling.

In the other side, canceling F' in @I) for the first kind of solution, three values of N are
obtained. Putting these values in (2.42), three values of A are obtained:

3 1 4
A=<0,-%4/-—— 2.51
(o2 %) oo
We conclude from (2.5T)) and Figure [2.9] that the beam exhibits two stable positions, only

/16
forQ >4/ 3 ~2.31.
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Moreover, when Q > V6245 F is equivalent to zero in one position in the third solution
domain. The new values of A where F is equal to zero are equivalent to:

43 1 4
A=0-24 [~—— 2.52
{ 33717 3Q2} (2.52)

The stable positions are the points where F is equivalent to zero and the beam tends to return
to its position after a small displacement. Thus, the second A is unstable position because every
variation of its state will create a tendency to move away. The first and last A values in (2.52)

are the two stable positions:
3 1 4
A=<{0,= —-——— 2.53
{,2+,/4 3Q2} (2.53)

Unlike the first case where high modes of buckling are canceled in the calculation, the beam

exhibits the bistability without the third mode of buckling for 4/ ? < Q< V6.
In the other side, the A positions which cancel F for the second kind of solution are:

31 4
A_{O,1.96,2+ 4—3Q2} (2.54)

A curved beam where the second mode of buckling is not constrained will never show
bistability unless Q > 5.65. This value is obtained in the second kind of solution which can be
calculated using the same calculation method of the third kind of solution. The bistability in this
case is very limited and no important force is obtained in the second side of buckling.

Table [2;1'] summarizes the conditions on Q in order to reach N;, N>, N3 and the bistability
features. The normalized axial stress N inside the curved beam reaches N; during deflection
between the two sides of buckling only for Q > 1.16 and reaches N, for Q > 1.65. In the other
side, N reaches N3 for Q > 2.31 when mode 2 is constrained. The bistability exists only for
O > 5.65 when mode 2 isn’t constrained and for Q > 2.31 when mode 2 is constrained.

TABLE 2.1: Conditions on Q in order to reach mode 1, mode 2, mode 3 and the bistability feature for the
preshaped curved beam.

Mode 2 Mode 2
unconstrained constrained
Mode 1 0>1.16 0>1.16
Mode 2 0>1.65 does not appear
Mode 3 does not appear 0>23l1
Bistability 0>5.65 0>23l1

2.5 Stress State

Axial and bending stresses are calculated in this section with and without considering high
modes of buckling. This allows obtaining the evolution of the maximal total stress inside the
curved beam during deflection.
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2.5.1 Without high modes of buckling

Stresses inside the beam are decomposed into axial and bending stresses. Axial stress is constant
along the beam and has a maximum when the deflection is around the middle while bending
stress changes along the beam sections and increases as far as the deflection is closer to the
other side. Further, axial stress p is equivalent to:

E* ,
= 2.55
P="1p (2.55)
The bending stress 7' given in (2.6)) starts evolution from the initial shape, 7' becomes:
dw  d*w
T=Ez| ———~ 2.56
< dx?>  dx? ) ( )

The approximation of neglecting high modes of buckling simplifies the calculation [106].
The following equations summarize the first and third solution kinds with eliminating high
modes. For the first kind of solution:

3nQ? 5 4
F = Al A" =3A4+2+ —
1 2 < +2+ 3Q2>
N? =312 Q*(—A* +2A) (2.57)
1-A
W(X)ZA]W](X); A] :T

For the third kind of solution:

4
F3 = 67T4(§ —A)
N=N;
W(X) =AW (X) +A3W3(X)
A 16

_1_ A2 1 2
A1—2,A3——16<A —2A—|—3Q2>

For the first kind of solution, axial stress is simply concluded from (2.55)) and (2.57):

Eth
_ n2l—2%(—A2 N (2.59)

Also, bending stress is obtained using (2.56)) and (2.57):

2n%E
7 27k
12

(2.58)

Acos 27:; (2.60)

The same for the third kind of solution, axial and bending stresses are calculated from (2.53)),

(2.56) and (2.58):
_ pEh 4

2 30

2n’Ezh 16
T = % (Acos 27% — 2\/—A2 +2A— 3Q200$47T);> (2.62)

2.61)
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The total stress inside the beam is simply the sum of the axial and bending stresses. How-
ever, analyzing and (2.62), the extremums of the bending stress are noticed at the mid-
point x = é and at boundaries x = {0,/} when the first kind of solution is present and only at the
midpoint when mode 3 appears. Also, the stress is maximized when z is at the limits z = |5].
Putting these values in the stress equations, the absolute value of the maximal total stress during
deflection can be written as follows, for the first kind of solution:

od = anszh (—fﬁ + (1 + g) A) (2.63)

And for the third kind of solution:

Eth 16 4
A 2

Analyzing the last two equations, we notice the presence of 3 different forms of evolution
curves for the maximal stress during deflection, as shown in Figure [2.10

A
G'-n axr

.....
e
-

FIGURE 2.10: Evolution of the maximal stress in the beam during deflection depending on Q.

The first form of stress is when only the first kind of solution exists. The second form is
when the third kind of solution appears during deflection. The third form is when the maximal
stress point is higher in the third kind of solution domain.

The first form exists for Q < \/1;6 ~22.31, while the third one appears for Q > 24/ % —4/5~
2.36. The second form of stress exists between the last two values of Q. Noting that there is a
small difference between the last two values of Q, which means that the second form of stress
is a rare case.

The maximal stress point in the first two forms is at A=2 when Q <2 andatA=1+2/0Q
when Q > 2.

Then, for Q < 2, the maximal stress O;,,x is equivalent to:

Eth
Omax = 27[le (265)

When Q is between [2;2.36], Gjuqy is equivalent to:
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Eth 1 0
2

In the third form, the maximal stress point is at:

1 16
A=14+—4/1—— (2.67)
V5 307
Then, for Q > 2.36, G, is equivalent to:
Eth 4 16
_ .2
omax_nlz<1+3Q+f5 1—3Q2> (2.68)

Noting that the maximum of G, in the last form is for Q = 16/ /3. However, based on the
previous equations, Oy, is ranging between:

Eth 2 0<?2
O = ”sz < [2;2.01] 0 € [2;2.36] (2.69)
[2.01;3.31] Q € [2.36;09]

These values of 0,4, in (2.69) are calculated when A is ranging between 0 and 2. Al-
though, the end of deflection can be considered at the second stable position that corresponds to
a transversal displacement A lower than 2. In this case, the new range of 0,4, is as follows:

(2.70)

2Eth [1.93;1.97] Q€ [2.31;2.34]
Omax =" —5— -
2\ [1.97:3.31] Q€ [2.34;]

2.5.2 Considering high modes of buckling

In the other side, the problem with high modes is complex and hard to handle without ap-
proximations. Difficulty lies in the fact that the maximal stress point is difficult to determine
analytically.

Axial stress remains the same, while bending stress changes with the consideration
of high modes. Bending stress in this case is concluded by introducing (2.14) into (2.13) and

(2.13)) into (2.56):
2Ezh . 2 .
T=r - 2c0827X — Y Aj(j+1)*cos(j+1)nX (2.71)
j

The index j in the previous equation refers to j = 1,5,9... for the first kind of solution, and
to j =1,3,5,9... for the third kind of solution.

Drawing equations with changing AN, and Q variables along the beam shows that the
midpoint at x = é is a local maximum point, and in some cases, the global maximum will
not remain at the midpoint but rather a point beside it. However, there are no big difference

between stress values at the local and global maximum points. An approximation to suppose
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the midpoint as the global maximum point is taken. The infinite sum in (2.71] can be calculated
by referring to the second sum in (2.38). Then, the maximal total stress for the first kind of
solution is concluded:

2 2772 2 2 N

NA t T°N“Q N 5 N tan 7

, :E(f) N A 4 2.72
Oma ) |V T TV e\ v 4 (% —tan®) @72

4

The maximum of the stress in the first kind of solution is at the final point. Noting that
the final point where N is equivalent to zero is at A = 20/ when considering high modes of
buckling. Then, introducing these values in (2.72)), the maximal stress becomes:

\2 240
Onar = E (i) x50 2.73)

Idem for the third kind of solution, the maximal total stress can be obtained by setting the

value of N and taking into account the constant A3:

2 42 _
he=E ()45 14010\ /N + B2 - B @79

O,

The maximum of the third solution of stress is remarked at A = 28/27. Introducing this A
value in (2.74)), we obtain the total maximum stress for the third solution of stress:

t\24n? 64 12
omax_E(i) 3<1+Q+Q 277T2+2—Q2> (2.75)

We should note here that the global maximum point is at x = [ /2 when the deflection A is at
the two specific positions taken in (2.73)) and (2.75). Then, in this context, (2.73)) and (2.75) are
exact.

Based on the above, the maximal stress with considering high modes of buckling is ranging
between:

Eth . .
2.{ 2.46 0<2419 (2.76)

Omax = "5 [2.46,3.41] Q€ [2.419,00]
Noting that the maximum for the maximal stress in the third kind of solution is for Q =
136 ~8.345

64~ 0.979.

Figure|2.11{shows evolution of the maximal stress inside the curved beam during deflection
in 3 cases. The first case is for Q = 2 where the third mode doesn’t appear during deflection, the
second case is for Q = 2.4 where the third mode appears but the maximal stress value remains
in the first solution domain and the third case is for Q = 3 where the maximal stress value is in
the third solution domain.
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FIGURE 2.11: Evolution of the maximal total stress during deflection for Q =2, Q =2.4 and Q = 3.

2.6 FEM simulations and comparison

The results obtained in the previous sections for the snapping force and stresses, with and with-
out neglecting high modes of buckling, are compared in this section with FEM simulations that
are made using ANSYS.

Simulations are made on a mechanism of two curved beams connected in the middle in
order to prevent unsymmetrical buckling modes from occurring. In theory, the snapping force f
will be doubled with the number of beams while the deflection d and stresses inside the beam
remain the same.

A comparison between the snapping force theory with and without high modes of buckling
and the FEM simulation of a silicon curved beam with Smm length, 20um thickness, 10mm
depth, 80um height and a Young’s modulus of 169 GPa is presented in Figure

D5 fiM) =
T
i s
oa- b S
{ oy
f‘ / ?%\ ANSYS simulation
0.3t _,'/; ‘.'-\_\ ==-Theory (without high modes)
{ R
{ i

02+ %

'
Theary (with high modes)
o1 —,{a( f

o
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FIGURE 2.12: Comparison of the snapping-force behavior during deflection between theory and FEM
simulation.

Curves in Figure[2.12]show a good agreement between the presented theory and FEM simu-
lation. The presented theory with high modes is more similar to the simulation while the theory
without high modes shows some differences.
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The presented modeling with high modes of buckling allows obtaining the expressions of the
different values of Q and the main snapping points (A;op,Frop,Apor»Fhor) that include the effects
of all modes of buckling. In the example given in Figure [2.12] the relative difference between
the negligence and the consideration of high modes of buckling for the values of the snapping
points (Avop, Frop, Abors Fpor) is equivalent to (38.53%,2.93%,2.32%,1.39%) respectively.

The quite large error on the A;,, parameter could be a problem for the design of a bistable
system. Reminding that the bistable system, as we assume , is composed of a preshaped curved
beam bistable mechanism and actuators for switching between both stable positions. The snap-
ping points in terms of displacements and forces respectively define the stroke and the force that
the actuators have to provide. Thus, the accurate knowledge of the relations between the snap-
ping points and the preshaped curved beam dimensions is very important in order to achieve the
best integration of the complete bistable system.

In the other side, Figure shows a comparison of the evolution of the maximal stresses,
between the theory with and without high modes of buckling and FEM simulation on a curved
beam with the same dimensions and properties.

400
350 Gmax{mpaj

3001
250 -

00+ i —ANSYS simulation

i i =+Theory {withoLt high modes)
(i Theory {with high modes)

sor /

d(pm)
1
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FIGURE 2.13: Comparison between the maximal stress value during deflection between theory ans FEM
simulation.

The importance of high modes of buckling is more obvious in the calculation of stresses.
As shown in Figure neglecting high modes makes a significant difference between the
calculated stress and the simulation. Differences appear in the shape of the stress curves and in
the highest stress point position.

Figure [2.14] shows the evolution of the maximal bending stress in the two cases, with and
without high modes of buckling.

Comparing the results in Figure 2.13] and [2.14] we conclude that the bending stress has the
main contribution in the total stress value. The bending and total stress curves have almost
the same shape. Then, the contribution of high modes of buckling is more important in the
calculation of the bending stresses.

In the first kind of solution, the axial stress evolves after deflection from the two sides of
buckling to the middle (Figure [2.8), while the maximal bending stress is higher when the curved
beam is far away from its initial position (Figure parts AB & CD).
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FIGURE 2.14: Comparison between the bending maximal stress value during deflection with and without
high modes of buckling.

In the third kind of solution, the axial stress is constant along the beam (Figure [2.8)), while
the bending stress has a maximum around the middle of deflection (Figure [2.14] part BC).

Calculating internal stresses in the curved beam is important for design purposes, particu-
larly for miniaturization and for determining the design limits under elastic and/or failure limits.
The accurate determination of the relation between the beam dimensions and the stress state
allows identifying the limits of miniaturization and avoiding the fracture of a miniature curved
beam.

2.7 Design and optimization

Evolution of the snapping forces and the internal stresses during deflection between two sides of
buckling and the bistability aspects was investigated in the previous sections. Analytical models
were presented and showed a good agreement with FEM simulations. The analytical expressions
show the influence of all the parameters and dimensions on the behavior of the curved beam.

In this section, the design of the preshaped curved beam is investigated based on the ana-
Iytical elements provided in the modeling. Generally, several criteria can be considered in the
design. In our approach, we aim to define the optimal dimensions that allows obtaining a defined
force and stroke of displacement.

The miniaturization is considered as well in the design where the dimensions have two
main limitations in terms of the fabrication and strength limits. Concerning the fabrication
limits, a minimal feature size or a maximal aspect ratio are generally defined with respect to
the fabrication process. Concerning the strength limits, the dimensions are limited in terms of
the stress where shorter length of the curved beam, higher height or wider thickness leads to
important stresses that may lead to the failure.

Some other specifications can be defined in a design such as defining previously a dimension
or the presence of stop blocks in the possible margin of displacement or define a symmetrical
behavior between the two sides of buckling. The stop blocks are used to define the stroke and
to add holding forces on each stable side [12].
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In the following, in a first part, the influence of the different dimensions and properties on the
main parameters that define the behavior of the curved beam is investigated. These parameters
are the internal stress, the strength limits, the snapping force and the stroke of displacement.

The influence is presented for the stress in terms of its maximal value. A strength criterion
S is defined in terms of the different dimensions and properties, which must remain lower than
1 to avoid exceeding the stress limit. As for the snapping force, the influence is presented on its
top value. The distance between the two stable positions is considered as an image of the stroke.
However, the influence of the dimensions and properties, that is visualized on a specific point
for calculation purposes, is the same or very similar to the general behavior of the concerned
parameter.

After that, a design method is proposed and presented step by step in order to define the
dimensions that allows obtaining a defined force and displacement. As specifications, stop
blocks are used to define the stroke, an equal holding force is desired at the two stable positions
and the miniaturization is concerned.

The final part concerns the miniaturization limits and evolutions of the important parameters
and maximal/minimal dimensions at the strength limits.

The elements provided in this section constitute a basis for the design of the curved beam and
provide a clear view on how optimizing the dimensions in order to get the desired performance
while still respecting the limitations and specifications.

2.7.1 Influence of the dimensions and properties on the mechanical behavior

The influence of the different dimensions (b, ¢, h, [ and Q) and material properties (E, O.i;) on
the main parameters that define the mechanical behavior of the curved beam (stress, strength
limits, snapping force, stroke) is investigated in this part.

Evolution of the different parameters is visualized in terms of Q = h/t, since the presentation
with Q allows summarizing the influence of all the dimensions and properties in one curve. As
shown in the previous sections, Q is an internal parameter that defines the general behavior of
the curved beam including the snapping force, bistability aspects and stress state. However, the
value of Q is not necessarily a parameter that must be strictly defined in a design. That’s why in
the design part, Q is not considered.

2.7.1.1 Stresses and strength limits

Strength limits are defined as the limits on the curved beam dimensions where the internal
stresses remain in an acceptable margin. Designing above these dimensions leads to exceeding
the critical limits of the stress ..

As we conclude from the stress equations and (2.75)), the maximal stress value is
related proportionally to the Young’s modulus, inversely proportional to the square of the span
and is dependent of the ratio Q according to f1(Q) and f>(Q) as follows:

%:E(Z)zfl(@ —E <};)2fz(Q) @.77)

where f1(Q) and f>(Q) have the following forms:
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200 0 <2419
po) =1 IQ(ZQ) (2.78)

f(Q)= { 4 <1+Q+Q %+2—é—%) 0> 2.419
Changing the thickness ¢ has two contradictory influences in two parts of the equation of
Omax- By increasing the thickness, 0., increases proportionally to the square of the thickness
in a part. In the other side, Q is inversely proportional to the thickness. Thus, 0,,,, decreases
inversely proportional to f(Q) by increasing the thickness.

In addition, changing the height 4 has two contradictory influences in two parts of the equa-
tion of o,,,, which increases proportionally to the square of the height in a part and decreases
according to f>(Q) in the other part by increasing the height.

Figure [2.13|shows evolution of the maximal stress value in the curved beam with respect to
the critical ratio Q according to f1(Q) (left axis) and to f>(Q) (right axis). The importance of
Figure[2.13]is that it allows determining directly the maximal stress reached in the curved beam
for all dimensions and it shows the influence of variating each beam dimension on the maximal
stress value.
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FIGURE 2.15: Evolution of the maximal stress in function of the critical ratio Q according to f1(Q) (blue
curve left axis) and to f>(Q) (green curve right axis).

For constant values of Q, the thickness and the height can be changed simultaneously in a
proportional way while f;(Q) and f,(Q) remain constant. This means that G,,,, evolves propor-
tionally to the square of the thickness or the height for constant values of Q.

In the design, an important requirement is that the maximum value of the internal stress G,
must remain under a critical limit ©,,;;.

Omax < Ocrit (279)
The critical limit o, can be determined according to the design preferences, it can be the
yield strength, the fatigue limit, the fracture limit, etc.. Introducing ([2.77) in (Z.79) leads to the
following condition that can be written in two forms:
1 h 1

i 2.80
AR A7) (250

t
K1i<
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where K| = /E /O is a material constant.

Based on (2.80), Figures and show evolution of the conditions on Kz /I and K h/1
respectively with respect to Q. The gray parts include the dimensions where stresses remain
acceptable during deflection.
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FIGURE 2.16: Evolution of the condition on Kt /1 with respect to Q.
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FIGURE 2.17: Evolution of the condition on Kih/l with respect to Q.

The results are shown for Q > 2.31 where the curved beam shows bistability. Figures [2.16]
and are explicit and allow choosing the curved beam dimensions under the strength limits
and identifying the miniaturization limits of dimensions.

A strength criterion S can be defined in light of (2.80). The strength criterion S is dependent
of the beam dimensions and material properties, it must be less than one in order to respect the

stress limits. . "
S=K1Z\/f1(Q)=K17\/f2(Q)S1 (2.81)

In the gray parts of Figures [2.16] and the strength criterion S is less than one S < 1.
The lines that limit the gray parts represent the dimensions and parameters at the strength limits
S=1

The strength criterion S is dependent of the material and the three dimensions ¢, & and /.
Regarding the material properties, S is lower when the material is tougher (o, ') and/or
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more flexible (£ ™). The span / is the main dimension in terms of size. Miniaturizing / leads
to higher values of the internal stresses and to reduce the security margin before reaching the
strength limits.

In terms of miniaturization, the thickness ¢ is generally limited due to the microfabrication
limitations (feature size, aspect ratio, etc.). Increasing the value of the thickness has two con-
tradictory influences on the strength criterion S. In this case, S increases proportionally to the
thickness in a part while it decreases according to /fi in the other part.

Idem, changing the height has two contradictory influences. By increasing the height, S
increases proportionally to the height in a part while it decreases proportionally to \/f> in the
other part.

2.7.1.2 Snapping force, bistable distance and summary of the parameters influences

The relation between the snapping force f and its normalized value F is given in (2.21). The
expressions of the normalized snapping force F are given in (2.43)), (2.42) and (2.47). In order to
define a standard of comparison, we suggest that the force criterion that can be used to evaluate
the snapping force f is its top value f;,, (Figure . The expression of f,, is given in the
following equation:

ftop =

125 fror =5 51 2T 9 ¢ 6tsim )= B Q)

Ebh* (44872 3273 |1 16 1 Ebh*
=73 Tt oo\ e TeiE 2| = 5 49
l 810 903 \/ 6  81x2 Q l

Based on (2.82), Figure shows evolution of f;,, according to f3(Q) (left axis) and to
f4(Q) (right axis). As can be concluded, the snapping forces are related proportionally to the

Young’s modulus and to the depth and inversely proportional to the cube of the span. As for
the thickness, f;,, increases proportionally to the fourth power of the thickness in a part while
it decreases according to f3 in the other part. For the height, f;,, increases proportionally to the
fourth power of the height in a part while it decreases with respect to f4 in the other part. For
constant values of Q, f3 and f; are constants and changing ¢ and 4 has only the fourth power
influence on the value of f;,).

Another important element in the design is the distance between the two stable positions.
This distance is equivalent to the stroke of deviation when there are no applied forces at the sta-
ble positions. The normalized bistable distance Ay, is equivalent to the second stable position
in (2.53). Noting that the bistable distance dya, = h - Agqp-

Eb’h Ebi* (4487r2 2 1 16 1) Ebr*

(2.82)

3 1 4
Astab =-+

Figure [2.19| shows evolution of the bistable distance Ay, in function of Q. The bistable
distance evolves from Ay, = 1.5 when the bistability appear (for Q = 1/(16/3)) and tend to
Agap = 2 by increasing the value of Q.
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FIGURE 2.18: Evolution of the top of the snapping forces fop with respect to Q according to f3(Q) (blue
curve left axis) and to f4(Q) (green curve right axis).
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FIGURE 2.19: Evolution of the distance between the two stable positions with respect to Q.

Noting that the stroke of deflection can be defined also by the use of stop blocks which allow
defining a stop position in each side of buckling [20]. The importance of stop blocks is that they
allow controlling the stroke precisely without being constrained by the dimensions of the beam
and adding a clamping force at the rest positions in order to stabilize the curved beam against
undesired noise and vibrations.

Consequently, it is noticed that changing Q has an influence on the snapping force (Figure
2.18)) and the bistable distance (Figure[2.19). In order to obtain an overview of these two criteria
simultaneously, Figure @ shows evolution of f;,, in front of the bistable distance Ay,

Based on the above, the internal stress, strength criterion, snapping force and stroke of
deflection are dependent of the material properties and of the beam dimensions. Table [2.2]
summarizes the effect of changing these properties and dimensions on Gy, S, fiop and dgap.

The arrow * means that the concerned characteristic in the column increases when increas-
ing the dimension or property in the row. The arrow “\, means that it evolves in the reverse
direction. The power index means that the concerned characteristic evolves proportionally to
the index power (1/2,1,2,3,4) of the dimension or property. Noting that evolution of strength
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FIGURE 2.20: Evolution of fiop in front of the bistable distance Agqp.

TABLE 2.2: Influence of the material properties and the curved beam dimensions on the top of the
snapping force fop, the strength criterion S, the maximal stress Oy and the stroke of deflection dy .

Dimensions Omax S Jtop dgap
E ! S M —
Ocrit - \% —_ —
b — — e —
i \‘2 \‘1 \3 _
t (Q constant) 2 P 4 \/
h (Q constant) 2 P 4 e
Q (¢ constant) | 7 (fi) A (VD) S(B) | Ay S Fig2.19)
Q (h constant) N (f2) N W) N (fy) /" (Fig.[2.19
i~(1/Q | 2N [ NG NS . (Fig. 2.19
h 2N (NS UR) [ Y N | T 7 Fig Ra9)

limits with the different parameters shown in Table [2.2]refers to the curves evolution in Figures
and

2.7.2 Curved beam design

In a design generally, designers are seeking to determine a set of dimensions which allows
providing the desired performance with a set of specifications and limitations. In this part, the
design of a preshaped curved beam is investigated. A design method is presented and seeks
to determine the range of dimensions which allows defining two stable positions with a desired
holding force at each position and stroke of displacement (the stroke is equivalent to the distance
between the two stable positions). The same characteristics of the old bistable module are
targeted in terms of the stroke and holding forces (stroke=30um, holding force=0.5mN) [12].
Noting that the design is made with considering that the curved beam is connected with
other similar curved beams in the middle by a shuttle in order to avoid unsymmetrical buckling
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and guide the displacement. In the other side, the value of the holding force is considered in the
design for one curved beam.

Two main limitations are considered in the design, fabrication limit and stress limit. A
minimal feature size is allowed in the fabrication process while the stress must not exceed its
limit during deflection.

A set of specifications is chosen to be considered in the design, the material and the depth
are the same as in our wafers (Chapter [3)), the miniaturization of the different dimensions is
concerned and the stable positions are defined using stop blocks.

As for the stop blocks, other specifications are defined relatively. A symmetrical snapping
force behavior between the two stable sides is concerned, the stable positions are held with the
same holding force value, and the distance between the initial position and the first stop block
must be higher than a defined distance.

The design method, limitations and specifications are summarized in the block diagram in

Figure 2.21]

Specifications:
- Material and width
- Miniaturization
- Stop block : ¢ - Symmetrical behavior
$ { - Same holding force

- distance to the first stop block
Design Method |—— pimensions

T

Limitations:
- Fabrication limit
- Stress limit

Force — »

Stroke —>

FIGURE 2.21: Block diagram representing the design method.

The specifications and limitations may vary between a design and the other and each one
leads to a condition on the dimensions or the material properties.

In the following, each specification and limitation is presented with its corresponding con-
dition. The field of possibilities for the dimensions reduces with each condition which leads in a
final stage to define the field of possibilities for the dimensions that allows reaching the desired
performance with respecting the limitations and specifications.

2.7.2.1 Specifications

As just mentioned, several specifications are chosen to be considered in the design, concerning
the material, the depth, the miniaturization and the stop blocks.

As for the material, often, it is chosen regarding the fabrication process or defined in the
design specifications. In our case, the material is the silicon (E = 169GPa, 6.y = 0.5GPa)
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which is a common material widely used in MEMS and has many important properties that are
clarified in Chapter 3]

However, the parameters that are related to the material are the Young’s modulus E and the
stress limit O,. In terms of the stress, materials with higher o, /E ratio lead to lower values
of the strength criterion S and more important margin of dimensions. In terms of the snapping
force, materials with higher values of E generate more important forces.

Concerning the depth, this dimension is defined to be equivalent to the thickness of the
device layer in our SOI wafers b = 100um (Chapter [5). Otherwise, the depth has only an
influence on the value of the snapping force produced by the beam. Thus, this dimension can be
used to adjust the value of the forces in cases that is not defined previously.

In addition, the miniaturization is concerned. After, defining the field of possibilities for the
dimensions, the smallest possible dimensions are selected.

In the other side, stop blocks are used to define the stable positions. Their relative specifica-
tions are defined in the following.

2.7.2.2 Stop blocks

Stop blocks were used in the previous design of the bistable module developed by Qiao Chen
in his thesis [20], and subsequently in the bistable modules of the bistable DiMiBot [[12]]. The
stop blocks are placed in the two stable sides of the curved beam and have two main functions,
defining the two stable positions and adding holding force at each stable position.

In this chapter, we are not interested to the design of the stop blocks but to their functions.
Figure 2.22] shows the main snapping points that are used in the design of the curved beams.
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FIGURE 2.22: Important snapping points for the design of curved beams in the bistable module.

After fabrication, in an activation phase, the curved beam is pushed beyond the first stop
block, after that, the position of the curved beam is bounded between the two stop blocks. The
positions of the 2 stop blocks in the snapping curves is at the distances d,; and dy, while the red
line between them is the evolution of the snapping forces along the stroke of deflection. In these
conditions, the stable positions are at the stop blocks while the holding force is equivalent to the
snapping force at the stop blocks.
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The stroke d; is the distance between the two stop blocks (d; = dyp — dy1). The positions
of the stop blocks (at ds; and dyy) are chosen symmetrically between the positive and negative
sides of the snapping forces (with respect to d,, = 4h/3).

4 d,
dsl =-h——
32 (2.84)
do = 2ns %
s2 — 3 2

In this context, the value of the holding force f;, at the stop blocks can be defined using

2:21). 2.47) and 2.84).

£ = 872 Ebd,t?
SN E

Considering that the snapping forces must remain linear during deflection, the maximal
stroke that can be defined is when the second stable position dy; is at dp,, the first stable position
ds1 18 at dg1p in this case (dgmax = dpor — ds1m). The maximal stroke dg;,q, is then expressed as
follows:

(2.85)

16 4rc 1 16 1
dvm =——h+—h/- - -5 2.86
s 7"t 3 6 82 02 (2.86)
In light of the above, the stroke d; is limited by the value of dy;..:
ds < dsmax (2.87)

The condition in the last equation leads to a condition on the height /# with respect to the
thickness ¢ and the stroke d,.

2d 4 27
h > hagmax = F - \/< + > d? + 61> (2.88)

nt  8m?

Another specification for the stop blocks is related to the position of the first stop block.
The distance ds; must be higher than a distance dsi,,;, = 45um at least for feasibility reasons
(minimal distance for activating stop blocks). This leads to the following condition:

dsl > dxlmin (289)

Introducing the expression of ds; in the last condition leads to another condition on the
height i with respect to d; and ds i

3 3
h > hdslmin = st]min + gds (290)

2.7.2.3 Limitations

Two main limitations are considered in the design, the fabrication limit and the stress limit. As
for the fabrication limit, a minimal feature size of 10um is allowed in the fabrication process.
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Besides, as the thickness is normally the smallest dimension, this leads to a condition on the
thickness that must be equivalent or higher than ¢,,;,, = 10um.

t> Tmin (291)

Concerning the stress limit, as explained previously, the strength criterion S which is defined
in function of the dimensions and material properties must be lower than 1 in order to respect
the stress limit.

S<1 (2.92)

The expression of S is dependent of 7, 4, [, O and the material properties. The ratio Q can
be expressed in function of t and & while the expression of [ is determined from (2.85) to adjust
the value of the holding force:

; 87712 Ebd;
3 fa
Replacing the expressions of Q and / in (2.92)) leads to the following condition on & with

respect to thickness ¢ and the other parameters that are already defined.

2\ 2
) 1o

(2.94)

=t

(2.93)

[

2
t 3 (8w*Ebd;\* 64 3 (872Ebd
h<hg=——r 1—< S>+ 24— 1—< >
1+ 55 4w\ 3 Kify ( 277:2)( 4n2 \ 3 Kify

2.7.2.4 Defining the dimensions

The dimensions that remain to define are the thickness #, the height /4 and the span /. A field of
possibilities for r and 4 is defined with respect to the previous defined conditions:

t> Lmin
h > hdsmax
h > hdslmin
h < hg

(2.95)

Figure shows the field of possibilities for the value of the thickness and the height con-
cluded from the previous conditions. These dimensions allow reaching the desired performance
and respecting limitations and specifications.

As the miniaturization is concerned, the smallest possible values of ¢ and A are selected.
Smaller values of the thickness lead to miniaturizing the span / of the beam as can be concluded
from (2.93)).

The values of ¢, & and [ are then equivalent to r = 10um, h = 45um and [ = 4.5mm respec-
tively. In result, the position of the first stop block is at dg; = 45um and of the second stop block
is at dyp = 75um while the holding force is equivalent to f;, = 0.483mN .

In result, all the dimensions are obtained. These dimensions are defined based on the desired
stroke, holding force, the specifications and the limitations.
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FIGURE 2.23: Field of possibilities for the value of the thickness and the height that is concluded from
the conditions extracted from the specifications and limitations. The possible dimensions are in the white
part.

The design methods are proposed for a design with some specific constraints, these con-
straints vary from one design to another. The same methodology can be adopted for other
designs with other limitations and specifications, where the corresponding conditions must be
extracted firstly and the range dimensions and the material are defined subsequently. The design
method can be changed to suit each design requirement based on the design elements provided
hereinbefore in the chapter.

2.7.3 Limits of the miniaturization

So how much can we reduce the size of the curved beam?
This question was asked at the beginning of the thesis, and it was one of the reasons behind the
works on the pre-shaped curved beam presented in this chapter.

As far as the miniaturization is concerned, we find that the design is limited by the dimen-
sion of the thickness + which must remain higher than the minimal feature size allowed by the
fabrication process.

In the other side, the dimensions must be chosen under the strength limits. A maximal
thickness is allowed before exceeding the stress limit, this maximum can be concluded from
(2.80) as follows:

Ocrit 1

e =W\ "B 1 (0)

The maximal thickness is then only dependent of the span /, the ratio Q and the material
properties E and o,;. Choosing a length [ = 1mm, and the silicon as material, the maximal
thickness can be concluded from (2.96)) for the different values of Q.

Table[2.3]shows, for different Q ratios, the maximal thickness #,,,, allowed before reaching a
stress limit of o, = 0.5GPa for a 1mm span 100um depth silicon curved beam (E = 169GPa).

(2.96)



2.7 Design and optimization 69

In addition, the maximal height £, the main distances that may define the stroke (d;op, dpor,
dgap and dgpqy) and the main snapping force values (f;,, and fj,) are also calculated in the
table.

The values of the different dimensions and parameters in Table can be recalculated for
other dimensions of / and b and other material properties (E and ©,,;) by simply multiplying
them by the values of the new dimension with respect to the old one as follows.

For the thickness, the height and the distances, the values must be multiplied by:

new [ \/ 169GPa new O,

1mm new £ 0.5GPa

For the forces, the values must be multiplied by:

new [ new b 169GPa (new Gm-,)Z
Imm 100um new E \ 0.5GPa

Thereafter, we can define directly the limits of miniaturization of the curved beam. We have
an upper limit for the thickness ¢ due to the strength limit and a lower limit due to fabrication
constraints. On this basis, we can change the length of the beam to determine the minimal
possible length /,,;, at which the maximal thickness imposed by the stress is equivalent to the
minimal feature size allowed by the fabrication.

The values of Ay, diops dpors dstabs Asmaxs> foor» and fiop in the table are calculated from the
following expressions obtained in the chapter:

ax — thax (297&)
28 271 |1 16 1
op — Mmax A A - 2
diop = h (27 +8m2 ) (2.97b)
dpor = < , / et ) (2.97¢)
dor—n (34 L4 (2.97d)
stab — max 2 4 3Q2 .
16 4r |1 16 1
dsmax - hmax - . - ——= 2.97
( 2773 \6 T Rim Q2> (2.97¢)
Ebt3 h o2, 1 44872 3213 1 16 1
lim f,,, = ———max M p L — Zcritp) - ——— | 97
M ror =3 o =" Pl ( 51 279 Qs aim ) &
Ebt3 h o2, 1 44872 3273 1 16 1
1~ ; max maxF of = crit bl _ _ _ 297
oo == T = g Mgy ( 51 27 0 Y6 s Q2> (2978)

The parameters were presented with respect to the values of Q in order to simplify the
calculation. We notice that #,,,, decreases for higher values of Q which means that the minimal
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TABLE 2.3: Evolution of tmax, Mmaxs drops Abots Astabs Asmaxs foor, and fiop at the strength limits for constant
values of | = 1mm, b = 100um, E = 169GPa and o,y = 0.5GPa. The values in the table can be recalcu-
lated directly for other constant dimensions and materials by multiplying them by the amount mentioned
below the columns.

| 1 = 1mm, b = 100um, E = 169GPa, G.,;y = 0.5GPa

‘ 0 ‘ tmax (fm) ‘ Poax (pUm) ‘ drop(pm) ‘ dpor (1m) ‘ ditab(Hm) ‘ dymax(Hm) ‘ Joor (mN) ‘ Jrop(mN)

2.5 6.76 16.91 11.75 23.32 28.6 1.55 0.21 2.97
2.8 6.04 16.92 8.93 26.16 30.16 7.21 0.71 2.67
3.1 5.59 17.34 7.54 28.42 31.79 10.6 0.83 2.42
34 5.26 17.88 6.69 30.4 33.38 13.11 0.85 2.22
3.7 4.99 18.47 6.11 322 34.92 15.14 0.84 2.05
4 4.77 19.08 5.7 33.87 36.41 16.86 0.81 1.9
4.3 4.58 19.69 54 35.43 37.84 18.36 0.78 1.78
4.6 4.41 20.3 5.18 36.92 39.22 19.72 0.75 1.67
4.9 4.26 20.89 5 38.33 40.56 20.95 0.72 1.58
5.2 4.13 21.49 4.87 39.69 41.85 22.09 0.69 1.49
5.5 4.01 22.07 4.77 41 43.11 23.15 0.66 1.42
5.8 3.9 22.64 4.69 42.26 44.34 24.15 0.64 1.35
6.1 3.8 23.2 4.63 4348 45.53 25.1 0.61 1.29
6.4 3.71 23.75 4.59 44.66 46.69 26 0.59 1.23
6.7 3.62 24.29 4.56 45.81 47.83 26.86 0.57 1.18
7 3.55 24.82 4.54 46.93 48.94 27.68 0.55 1.13
7.3 3.47 25.34 4.53 48.02 50.02 28.48 0.53 1.09
7.6 34 25.85 4.53 49.09 51.09 29.24 0.51 1.05
7.9 3.34 26.35 4.53 50.13 52.13 29.98 0.5 1.01
8.2 3.27 26.85 4.53 51.15 53.15 30.7 0.48 0.98
8.5 3.22 27.33 4.55 52.15 54.15 314 0.46 0.94
8.8 3.16 27.81 4.56 53.12 55.14 32.08 0.45 0.91
9.1 3.11 28.28 4.58 54.09 56.11 32.75 0.44 0.89
94 3.06 28.75 4.6 55.03 57.06 33.39 0.42 0.86
9.7 3.01 29.21 4.62 55.95 57.99 34.02 0.41 0.83
10 2.97 29.66 4.65 56.86 58.91 34.64 0.4 0.81
For other values of /, b, E and o,,;;, we have just to multiply by:
l
e \/169GPa o 16ocmn 1O
1mm E 0.5GPa T E <O.SGPa)
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length, allowed before exceeding the stress limits, is higher for high values of Q. In the other
side, the values of £,,,, and the different distances d;op, dpor, dsiap and dgpay increase when the
value of t,,,, decreases. As for the snapping force, it is lower for high values of Q while fj,,
tends to be equivalent to f;,,/2.

2.8 Conclusion

In conclusion, analytical modeling and stress analysis of the postbuckling behavior of a pre-
shaped curved beam were presented in this chapter. The snapping force solution was inves-
tigated without and with high modes of buckling. Bistability conditions were subsequently
deduced from the snapping force solution. An analytical model was then developed (with and
without high modes of buckling), which describes the internal stress evolution during deflec-
tion. The presented modeling showed a good agreement with FEM simulations and revealed the
importance of considering high modes of buckling in the modeling in contrast to the previous
works in literature. After that, design and optimization of the curved beam was investigated
based on the analytical expressions obtained in the modeling. The influence of the different
dimensions and properties on the mechanical behavior was firstly presented, a design method
was then presented that allows choosing the dimensions and providing the desired performance,
the limit of miniaturization for the curved beam was discussed in the final part. Originality
of the works made in this chapter lies in considering high modes of buckling in the modeling,
stress analysis which is useful for the design, investigating the impact of the dimensions and
material properties on the beam behavior, proposing a design method and finally investigating
the miniaturization limits.

The other main component in the DiMiBot and in the multistable module is the U-shaped
electrothermal actuator. The modeling and design of this actuator are investigated in details in
Chapter[3]






Chapter

U-shaped electrothermal actuators

This chapter deals with the modeling of the electro-thermo-mechanical behavior of
a U-shaped electrothermal actuator. The problem is treated by a sequence of two
analytical models: electro-thermal and thermo-mechanical. The first one concerns
the computation of the evolution of the thermal distribution in the actuator, while
the second one allows computing the displacement resulting from the thermal dis-
tribution. The electrothermal model provides an exact solution of the hybrid PDEs
that describe the electrothermal behavior in the three arms of the actuator. The
relation between the displacement and the thermal distribution is then provided in
the thermo-mechanical model. FEM simulations and experiments are run on doped
silicon actuators. The analytical models show a good agreement with the results
of the FEM simulations and experiments in terms of the thermal distribution and
the displacement. The influence of the different dimensions and electro-thermo-
mechanical properties on the electrical, thermal and mechanical behavior of the
actuator is then investigated based on the analytical models. The analytical expres-
sions provide very important key tools for the design and optimization of U-shaped
actuators.
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3.1 Introduction

The U-shaped electrothermal actuator known as the Guckel [47], U-beam, folded or pseudobi-
morph actuator is well known and widespread in MEMS. Many advantages can be cited with
respect to other kinds of actuators [[115].

Its high output force with a wide range of displacement, the repeatability and long life time
[68]], the small footprint and simple design, the tolerance to working conditions (dust, mois-
ture...), the monolithic structure and the compliance with standard MEMS-based fabrication
processes, all of those are advantages that make the U-shaped actuator an attractive solution in
a wide variety of MEMS applications (Microgrippers [75} [131]], stepper motors [27], microma-
nipulator [90], nanopositioner [24], bistable module [59], the DiMiBot [13]], etc.).

The U-shaped actuator is fabricated with a monolithic single material. It consists of three
connected lineshaped beams (hot arm, cold arm and flexure), in a folded configuration as can be
seen in Figure (3.I). The electrothermal heating of different arms with variable sections leads
to non-equivalent expansions between two sides of the folded actuator. The slight expansion of
those arms is amplified by the structure to generate a considerable displacement at the tip of the
actuator.

Anchors Hot arm
t'/,-'l ,Ir
==
1
Flexure
Cold arm

FIGURE 3.1: U-shaped electrothermal micoractuator.

This design is being widely exploited during the last two decades especially in MEMS due
to its obvious advantages which pushed research towards ameliorating the design and the per-
formance of the actuator.

Modeling the behavior of the actuator is a diverse task since it is an interaction of several
domains: electro-thermal heating, heat exchange and thermal distribution, thermo-elastic ex-
pansion and structural behavior. The problem of electrothermal actuators is usually treated by
a sequence of two models: electro-thermal and thermo-mechanical. The first one concerns the
computation of temperature distribution along the actuator as a result of Joule heating, while the
second one allows computing the displacement at the actuator’s tip resulting from the thermal
distribution.

Analytical models for the U-shaped actuator are generally one dimensional and include sim-
plifying assumptions. For example, it is difficult to include nonlinear terms such as temperature-
dependent properties (electrical conductivity, thermal conductivity, thermal expansion coeffi-
cient, specific heat, resistivity). These simplifications led to some deviation between the analyt-
ical and experimental results in previous works [4, 54, [57]].

Numerous electrothermal [[54, 57,171,189, 91]] and thermomechanical [54, /57,89, 91]] models
have been presented in previous works on the U-shaped actuator.
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In the other side, experiments and simulations on the actuator showed a dynamic behav-
ior/displacement which is related to the dynamic of the temperature distribution while the elas-
tic response is quasistatic relatively. Therefore, dynamic electrothermal model and static ther-
momechanical models are needed. Few studies [40, 152, 155, [75} 189, [121]] are found that have
addressed the dynamic response of the U-shaped actuator.

As far as we know, no exact analytical solution of the transient electrothermal response of
the actuator was found in literature. In the case of a simple beam, solving the electrothermal
equation revolves around the recognition of a Fourier series form of the general solution after
introducing boundary and initial conditions. This is not the case for the U-shaped actuator.

The difficulty in the case of the actuator lies in the fact that the arms are differently heated,
and temperature evolution in each arm is described by an equation. This leads to a general
solution in the form of a hybrid function with three sub-functions, each one concerns one arm
of the actuator. In result, the hybrid function cannot be recognized as a Fourier series, and no
solution can be obtained with this method.

An analytical formulation of the steady state and transient solutions of the electrothermal
response of a line-shape microstructure is presented in [80]. For the U-shaped actuator case,
the steady state solution was investigated in [S8]]. As for the transient solution, the problem was
solved numerically in [89] using Laplace transformation. The dynamic response of the actuator
for a sine wave electrical input is investigated experimentally in [55, [121]]. Lerch et al. [75]],
Geisberger et al. [40] and Henneken et al. [52] have investigated the transient behavior of their
U-shaped devices with a pulse electrical input. An overshoot of displacement of the actuator is
reported in their experiments which is similar to the findings of our experiments. In their works,
a normal speed camera is used where the sampling rate is too low and the dynamic behavior is
not analyzed in details.

An exact analytical solution of the electrothermal problem of the actuator is presented in
this chapter using a novel calculation method that allows presenting an integrable function by a
hybrid function, where sub-functions consist of infinite sum of sines and cosines. Expression of
the temperature final solution is an infinite sum of periodic functions where all the parameters
are determined. This analytical expression describes evolution of the temperature distribution
inside the actuator in response to an electrical input.

As for the thermo-mechanical model, in previous works, several approaches were consid-
ered to estimate the displacement at the tip using mainly the length thermal expansion in each
arm. The difference of enthalpy approach was used in [91], Castiglianos theory approach as
in [55] and Euler-Bernoulli equation was derived to estimate the displacement in [34]. As in
the validated model [57] where the virtual works method was used, in our proposed model we
calculate the displacement using the same method but we have chosen not to make any of the
simplifications done previously (such as the same width between hot arm and flexure or the
consideration of axial stresses) in order to obtain a solution of a more general case with regard
to the actuator dimensions. In addition, the effect of the external loads on the displacement is
also considered in the calculation.

The importance of the new models (electrothermal and thermomechanical), lies not only in
the estimation of the displacement and temperature distribution; but to its capability of showing
the effects of different parameters and dimensions on the response, a key tool for the design and
optimization.
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In Section [3.2] the electrothermal model and solutions are investigated, as we begin by
recalling the calculation method of the electrothermal response for a lineshaped structure, the
calculation method is developed and the actuator’s electrothermal new solution is obtained.

In Section[3.3] the thermomechanical model is investigated. The displacement expression is
obtained in this section as a result of the Joule heating and external loads.

In Section [3.4] the analytical solutions are discussed and compared to FEM modeling and
experimental results. The dynamic behavior is analyzed and the evolution of the physical aspects
in the actuator (temperature distribution, arms expansions, deformation, etc.) during displace-
ment is clarified.

In Section [3.4] the influence of the different dimensions and properties on the performance
the actuator is analyzed providing very important key tools for the design and optimization of
U-shaped actuators.

3.2 Electrothermal model

3.2.1 Electrothermal equation

At microscale, the heat transfer mechanisms have some differences from macroscales [64,[100].
Conduction is dominant on the free convection [[100] while radiation showed a negligible in-
fluence in several studies [54} 57, [71]. Conduction should be treated as the only mode of heat
transfer in the lack of forced convection [[100]. Furthermore, the temperature is considered to be
uniform in the cross section for microactuators [24, 154].

In our model, convection and radiation effects are neglected in the electrothermal part and
a one dimensional simplification is considered. The electrothermal partial differential equation
(PDE) that describes the temperature 7" behavior in terms of the space dimension x and the time
t is as follows:

oT 9°T
C,— =J>? K,—— 3.1
pg: density in %
Cp: specific heat in g7
J: electrical current density in %

po: electrical resistivity in £2.m
. PR w
Kj: thermal conductivity in
The term on the left of (3.1)) represents the density of heat added due to thermal variation.
The first term on the right represents the heat generation by Joule effect, the one next concerns
the conduction between sections.

3.2.2 Lineshaped beam electrothermal response

In this section, the calculation method for the electrothermal response in the case of a lineshaped
microbeam is recalled. A schema for the lineshaped beam is shown in Figure
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FIGURE 3.2: Schema of lineshaped microbeam.

Considering a constant temperature at the borders that is equivalent to the ambient temper-
ature 7., and an initial temperature distribution as follows:

T(04) =T T(lt)=T. T(x0)=Ty(x) (3.2)

Normally, after a long cooling time, the initial temperature distribution 7'(x,0) is equivalent
to the ambient temperature 7... Introducing the boundary conditions in (3.I)), the steady state
temperature in the lineshaped beam has the following distribution:

Jpo 5 J*po

lim T =Tx(x) =— — T .
lim (x,1) (x) Zpr + 2K, Ix+ (3.3)

In order to obtain the transient solution, the temperature is decomposed in two parts:
T (x,t) = u(x)+v(x,t) (3.4)

where u(x) is the steady state solution u(x) = T(x).
This decomposition allows assigning to zero the boundary conditions of v(x,r). The bound-
ary and initial conditions for v(x,t) are then as follows:

v(0,6) =0 v(lt)=0 v(x,0)=To(x)— Ty(x) (3.5)

Introducing (3.4) in the electrothermal equation (3.1)), the PDE of v(x,r) can be written as
follows:

2%y 1 dv

where o, = de—g is the thermal diffusivity.
P

Using the method of separation of variables (Fourier method), v(x,t) can be decomposed in
two functions with separated variables:

v(xt) =X (x)I(z) (3.7)

Introducing the separated functions (3.7) in the PDE (3.6)) allows obtaining the PDEs of I'(7)
and X (x):
ar
5+ oy A°T =0
8£X N
dx?

(3.8)
A2X =0
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where A is a positive non-zero constant assigned to X (x) and I'(¢).
The general solutions of I'(¢) and X (x) have the following forms:

()= oA’
{ X (x) = asin(Ax) + bcos(Ax) (3.9

where a, b and A are the unknowns.

Introducing the boundary conditions, we conclude that the unknowns have infinity of solu-
tions with a periodic form: a = a,, b = b, and A = A, where n is a positive integer. In result,
according to the superposition principle:

oo

v(xt) =Y Xy (x)Tu(7) (3.10)

n=1
where X,, and I',, are equivalent to X and I respectively for a = a,,, b = b, and A = A,,.
For the boundary conditions in the constants b, and A, are equivalent to: b, =0, A, =
nm/l. Afterwards, the transient solution of the temperature has the following form:
a,n*n?

> -
T(xt) = Tys(x)+ Y aysin (?x) e I (3.11)
n=1

Introducing the initial temperature condition, we recognize a Fourier series form, enabling
to determine the expression of a,,.

a,; —

~I N

I
T
/m@—a@m@%@ (3.12)
0
Thereby, all the unknowns are determined and the solution is obtained.

3.2.3 Actuator electrothermal response

In this section, the exact solution of the electrothermal equations in the case of a U-shaped
actuator is obtained. The system is modeled using three electrothermal PDEs that are continuous
in temperature and heat flux density, one for each arm of the actuator.

The actuator is considered unfolded in order to match the one dimension 1D hypothesis.
Coordinates and dimensions of the actuator are shown in Fig. [3.3]

The temperature distribution 7 (x,t) in the case of the actuator is a hybrid function with three
sub-functions that represent the temperature in each of the three arms.

Th(xt) x€05]
T(xt)=< T.(xt) x€ll;b] (3.13)
Tf(x,t) X € [12;13]

where the indexes 4, ¢ and f refer to the hot arm, cold arm and flexure respectively.
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Cold arm

@b
Hot arm

Wi Flexure

=1y Ip J_'r_.

I

I3

FIGURE 3.3: Unfolded actuator

In order to simplify the presentation of the model, the index k refers to the three different

arms as follows:
equation,_, x € [0;/;]

{equation; } =< equation,_. x € [I1;1] (3.14)
equation—, x € [l;13]

Three different equations allow defining the electrothermal behavior of each arm taking in
consideration the thermal exchanges in all three as follows:

T, 10T J}
9k _ L 9k JiPo (3.15)
x> o, dt K,
The steady state temperature solution has the following distribution in all three arms:
J
Tias (6) = — 2202 4 x4 iy (3.16)
2K p

where d,1, dip, dc1, deo, dyy and dy are constants.

In addition to the boundary conditions at both ends of the actuator, there are also continu-
ity conditions between adjacent arms in temperature and heat flux density. The boundary and
continuity conditions are as follows:

Th(O,l‘) =T Tf(l3,t) =T,
Ti(lt) = T(It)  An% (I ) = Ac%E (1 ) (3.17)
To(byt) = Ty(lt) AcZd(by) = ArSE ()
where Aj,, A and Ay are the arms section areas.
Considering the boundary and continuity conditions allows determining the values of dj

and dj; in (3.16).

As for the transient solution, as in the lineshaped beam case, the temperature solution is a
sum of the steady state solution and a sum of separated variables functions as follows:

{ T ()C t Tkss + Z an 1—‘kn } (3.18)
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The general solutions of I'y,(7) and Xj,(x) have the following forms:

Fkn(t) _ ef(xplnzt
Xin (X) = agp sin(Ayx) + by, cos(A,x) (3.19)
= Cpp sin(k,,x + (Pkn)

Introducing the boundary and continuity conditions in (3.17) allows obtaining the following
conditions on Xj,,:

X1 (0) =0 Xa(l3) =0
Xn(h) = Xen(h) - 43252 (Ih) = A5 (1) (3.20)
Xen(b) =Xpa(l2) Ac ‘95(;" (b) =Ay a;(){,, (L)

Applying the conditions in on X;,, allows obtaining the equation of A, and defining the

relation between ay,, and the other constants. The relations between ay,, and the other constants
are as follows:

bj =0
b — (1 - %) $in(Anly) cos(Anly)
o — sin®(Anly) + 32 c08% (Anlp)

fn 8 ‘ 3.21
bin — 4 an(,15) @:21)

ain — cos(Anl,) (ﬁ—; cos(Aulr) cos(Anly) + sin(Auly) sin(A,l ))

Ahn

+sin(Ayl.) <’2—’; sin(Anlp) cos(Auly) — f;—; cos(Anly) sin(A, 1 ))

Noting that the lengths have different indexes in order to reduce the expressions inside the sine
and cosine functions as possible.
Besides, the equation of A, concluded from (3.20)) is as follows:

ApAccos(Ayly) cos(Anle) sin(A,lr)+
ApA g cos(Ayly) sin(Ale) cos(Anly)+
AcAgsin(Ayly) cos(Anle) cos(Ayly)—
AZsin(A,ly) sin(Aule) sin(Aulf) = 0
Unlike the case of a lineshaped beam, the trigonometric equation doesn’t allow ob-
taining a simple analytical form of 4,,. The values of 4, for the actuator must be then calculated
numerically from (3.22).
Yet, a kind of periodicity for the values of A4, is noticed. If the total length of the arms can
be written as a positive integer after scaling, then Ak, is the Kjth solution of A,,:

(3.22)

K
P (3.23)
I3
K; is a least common multiple between lengths of arms:
LCM(ly,lz) LCM(I.,lz) LCM(l¢,l
h c f
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Accordingly, the solutions of A, are periodic as follows:

A'K]‘H’l = A’Kl + An (325)

In our case, I3 = 2I;, then the first part in (3.24)) is equivalent to 2 and K; is always an even
number. In this case, Ag,» = (Ki7)

o0 is also a solution of A,. The first K; solutions of A, are also
symmetric as follows:

Aki—n = Mg, — M (3.26)

Therefore, it is sufficient to calculate only the first A, for A, < % the other A,, are obtained

by symmetry and periodicity.
Returning to the modeling, the second representation of X, (x) in (3.19) with Cy,, A4, and
@, 1s adopted in order to present the developed solution hereinafter:

P —tan™! (%) agn > 0
Cin = \/ %n +bkn Okn = _1 nb (3.27)
T —tan (ﬁ) a <0

The values of @, can be concluded from (3.21) and (3.27). The relations of C.,, Cy, with
respect to Cy,, are as follows:

Chn=la

Cin | hn‘f‘ﬁsinz(knlh)—kcosz()tnlh)

Cin — +(%—1) sin(Aly) cos(Anly) ‘ (3.28)
Cen _|agn 1

Chn aTmcos(l,,b,)

Among the 7 unknown constants in (3.19), A, is obtained from (3.22) and all others are de-
fined according to only one constant Cy,, (3.28). This constant can be calculated by introducing
the initial distribution of temperature:

{ i Crn SIn(Apx + Qp) = Tiy (x) — T, (x)} (3.29)

n=1

The recognition of a Fourier series form allows calculating the unknown constants in the
case of a lineshaped beam. Fourier series allows representing any integrable function by an
infinite sum of sine waves. The sine waves are periodic on a determined range while the sine
and cosine constants are continuous throughout the period.

These conditions are satisfied in the case of the lineshaped beam, while the hybrid and
aperiodic nature of the temperature distribution along the actuator prevents the application of
the same principle for calculating the constants of the actuator electrothermal response.

A solution for the unknown constant in (3.29) is presented in the following using a novel
calculation method to present an integrable function by a sum of hybrid sine and cosine func-
tions. In order to calculate the values of the constants Gy, C¢, Cr, @, @ and @y that corre-
spond to A, = A, we multiply the first row in by CpAjsin(Ax + @), the second row by
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C.A¢sin(Ax+ @.) and the third row by C¢A sin(Ax+ @) and integrate the result over the length
of the actuator:

B o

I Y {CinCrAg sin(Apx + @) sin(Ax + @) } dx
o (3.30)
= Of {CrAk (Tiy (x) — T, (x)) sin(Ax + @) } dx

Noting that:

l3
J {equation, } dx =
0

I I I (3.31)
(j; equation;_,dx + lf equation,_.dx + lf equation_ rdx
1 2

The first side in (3.30) can be decomposed in two parts:

l3eo

f Y {CkanAk sin(k,,x—}— q)kn) sin(?tx + (pk)}dx
0 n=1

/
— [ % {CCirsin(Dx+ @un) sin(Ax+ o)} dx (3.32)
0 A

l;
+ f {C2Asin®(Ax+ @) } dx
0

Considering boundary and continuity conditions allows canceling the first part of (3.32)) for

An # A

I
/ Y {CinCixsin(Apx + i) sin(Ax+ )} dx = 0 (3.33)
0 Muh

Considering boundary and continuity conditions, the other part of (3.32) is equivalent to:
I3
CiAysin®(A dx = S Ay +CC A+ Al 3.34
{CiArsin®*(Ax+ i) } x = S (CyAnly + CeAcle + CyArly) (3.34)
0

Introducing (3.32)), (3.33)) and (3:34), equation (3.30) becomes:

I3
JACKAK (Tiy (x) = T, (x)) sin(Ax + @) } dx
0

= %(C}%Ahlh -+ CgAClc + C%Aflf) .

(3.35)

Applying integration by parts two times to the first part in (3.35) and considering boundary
and continuity conditions, the first part in (3.35) becomes:

;f (G (T (5) — To () sin(Ax -+ 90} dx

5 (3.36)

5 / {CkAk{j’—; (T, (x) — Ty, (x)) sin(Ax + ;) } dx



84 Chapter 3

Equations (3.35)) or/and (3.36) allow defining the value of the unknown constants for a de-
termined initial temperature distribution. In the case of an initial uniform distribution of tem-

perature, dx2 (Tko( ) — Ti,. (x)) is equivalent to:

d? I’p
{ om0 =~} 6.7

The integral in (3.35)) is then equivalent to:

I3

/ (CiAw (T () — Tr, (x)) sin(Ax + @)} dx

0
po Ch 1 1
= 13K, [_Ah cos(@y) + CrAj cos(Al; + @p) <A/21 _A§> (3.38)
+CeAccos(Al+¢c) S —l—gcos(ll + ¢r)
ce 2+ Qc A% A]% Af 3+ Qr

where [ is the electrical current.
Combining (3.35) and (3.38) allows obtaining the value of the unknown constant C; with
respect to the actuator dimensions, material properties and the corresponding A, ¢, and Cy:

C, = 2Ipo
As C
MK,,(ZHZCQ‘( 2)2 4 5 ( f))
1 1 1
[—Az cos(@y) +cos(Al; + @p) <Az - A2> (3.39)
A C, 1 1 1 Cy
+A—hc—hcos (Al + @) (A% - A}) +AhAfC—cos(7Llo, +or)

Consequently, the solution of the electrothermal problem is obtained. The expression of the
temperature with respect to time ¢ and position x in the case of the actuator is as follows:

{Tk (x,t) = Thss (x) + Z Cin sin(lnx + (P/m)eapl’%t} (3.40)
n=1

The steady state temperature distribution T (x) is obtained in . The values of A, are
calculated from and the corresponding constants Cy, and ¢y, are obtained in (3.27)),
and (3.39).

The obtained expression allows obtaining directly the evolution of the temperature
distribution inside U-shaped actuators with determined dimensions and material properties. In
addition, this expression allows identifying the influence of all dimensions and parameters on
the evolution of the temperature distribution inside the actuator.
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3.3 Thermo-mechanical model

In this section, the displacement at the tip of the actuator is calculated based on the superposition
and virtual work principles. The displacement is seen as an image of the evolution of the thermal
distribution inside the actuator. The mechanical inertia of the micro-actuator is neglected due to
its high natural frequency.

Generally, the natural frequency of a structure is higher as far as the miniaturization is con-
cerned. Taking the example of a beam, the equation that governs its dynamic is the Euler-
Bernoulli equation.

d*y d*yp
E L, —— Ap,——— =0 3.41

bbdx4 +tPAr— 3 (3.41)
where E} is the Young’s modulus, I, = bbt /12 is the second moment of area, by, is the depth, #,
is the thickness, yj, is the deflection, x;, is the position, p;, is the density, A, = bt} is the section
area and ¢ is the time.

The general solution of (3.41)) shows that the natural frequency f} of the beam is equivalent

to:
1 B, |Eply Ey fb
i piad 3.42
fo=5g 2\ ppas 47r 3py 12 (342)

where [, is the length of the beam and f3, is a constant that can be determined in function of the
boundary conditions.

As shown in || , the natural frequency is proportional to the ratio f;, / lﬁ. However, scaling
the beam means that the ratio #, /1, is constant, which leads to conclude that the natural frequency
of the beam is inversely proportional to its length. Generalizing this result, the natural frequency
of a structure is inversely proportional to its characteristic length. Thus, the natural frequency is
more important in microstructures.

In addition, simulations and experiments showed that the natural frequency of the actuator
is of several KHz, which implies that the structural dynamic response is much faster than the
electrothermal dynamic response. Thus, the mechanical inertia is considered to be quasi-static
in our model.

The structure of the actuator allows amplifying the thermal expansion difference between
two sides of the actuator. In the other side, thermal expansion in a beam evolves due to a
temperature rise with respect to the following equation:

1
£ = / o (T (x1) — To) dx (3.43)
0

where Al is the length expansion and « is the thermal expansion coefficient.

Figure shows distribution of the surface forces N and bending moments M}, in the actu-
ator anchored at the flexure after applying virtual unit forces and moment at the free border of
the hot arm and at the tip of the actuator.

The efforts X, Y and M in Figure [3.4] are the efforts needed to cancel vertical and horizontal
displacements and rotation at the free border of the hot arm after an action.
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FIGURE 3.4: Distribution of the surface forces N and bending moments M, in the actuator when it is
anchored at the flexure end and free in the other side after applying virtual unit forces and moment at the
free border of the hot arm, (a), (b) and (c), and at the tip of the actuator (d).

In our case, two different types of actions are applied on the actuator, the first one concerns
the thermal expansion of the different arms due to Joule heating while the other one concerns
the mechanical load that must be handled by the actuator. The load is represented by a vertical
force F at the tip of the actuator in the reverse direction of displacement (Figure [3.4). In result,
the anchor efforts X, Y and M consist of two parts, one is for the thermal expansion and the
other is for the load:

X =XA+XF
Y=Y\+Yr (3.44)
M = Mx+Mp

The efforts Xa, Yo and My are the efforts produced by the support of the hot arm after
expansion. These efforts are calculated as follows:

Oxx Oxy Oxm XA A
Oorx Ory Oym YA | = 0 (3.45)
Omx Omy Omm My 0

where A denotes the arms expansion difference between hot and cold sides: A = Al, —Al. —Aly.
The displacements and rotations after applying unit forces and moments Oxy,Oxy... are
obtained by applying the virtual works principle with respect to the following equation:

!

NN, MM,

5 :/ d 3.46

12 <EA + El, > x (3.46)
0
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O12: Displacement or rotation in the direction of the virtual unit effort 1 after applying the real
effort 2.
Nj: Surface forces with the virtual effort.
N,: Surface forces with the real effort.
M;: Bending moments with the virtual effort.
M,: Bending moments with the real effort.
I, = %: Second moment of area of section with respect to the midline.
E: Young’s modulus.
Based on (3.46)), expressions of § coefficients in are as follows:

&l g7l 28’ +3gwi(g+'F)

5XX -
M ¢, _th
+Esf *Es. T Es,
Bop-5 a2 B
Syy=-—t— 4 L 8h o ko 8 (3.47b)

" 3Ely ' 3El, ' El, 3El, ES,

l f le 8 Iy
Sy = — 3.47
MM = Er; T EL, T EL, | Ely, (O-47¢)

g &'(F-13) n &l + lugwn

Syy = Oyyx = (3.47d)
2ElL; 2EI, 2El,,
! 1!
gly  g'l.  g(g+wn)
Oxm = Omx = =+ + (3.47¢)
Ely = El, 2El,
12 12— I 2
=Gy =gl ALy S 3.47
Ormt = Ouy 2EL; " 2EL. | El, @ 2EL, (347D
Given that:
g: Gap width

¢': Distance between hot arm and flexure mid-lines; g’ = g + “*3"*

g": Distance between hot and cold arm mid-lines; g” = g + “2*

In the other side, U-shaped actuators work generally with loads in MEMS. The efforts X,
Yr and MF are the anchor efforts produced to face displacements and rotation resulting from the
applied load:

Oxx Oxy Oxm Xr OxF
Oorx Oyy Ovm Yp | =—| &Fr |F (3.48)
Omx Omy Omm MFr Sur

where 8xr, Oyr and Oy are the displacements and rotations at the free border of the hot arm
after applying a unit load F = 1.

The terms Oxr, Oyr and Oy are equivalent to —Jx s, —8y s and — 8y ¢ respectively. In the
other side, Oy, Oy r and Oy s are equivalent to the vertical displacement at the tip of the actuator
after applying a unit effort on the free border X,Y and M = 1 respectively:
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8 f 8 h f
Sxp = Ily— L b4 L 3.49
X Elyf<hf 2>+Elyc<2 hf+2> (3.4%2)
1 (Wl 1 1 (B Wk B
S — _t o R 3.49b
" ElLy ( > 3)TEL\6 2 73 (3.496)
1 17 1 (7 12
Sy = Inly— 2 bl + L 3.49
My Elyf(hf 2>+E1yc<2 nrt s (3.49)

Calculation of the anchor efforts (Xa, YA and My in (3.45)) and (Xr, Yr and M in (3.48))
allows computing the displacement d at the tip of the actuator after applying the Joule heating
and the load F:

d:X5xf+Y5yf+M5Mf—}—F6Ff (3.50)

The term O s corresponds to the displacement at the tip of the actuator (clamped-free) after
applying a unit force F' = 1 (Figure(3.4):

1 [} 1 /B
= — | —llly— L e
Oy Ezyf< e 3>+E1y6< 3)

Analyzing the analytical expression of the displacement d in (3.50)) shows that the displace-
ment is directly proportional to the arms expansion difference and the load:

(3.51)

d =K A+ K)F (3.52)
where K; and K, are calculated as follows
Oxx Oyx Omx - 5Xf
Ki=(1 0 0)| v &y Our Sy s (3.53a)
Oxm Ovm Omm Omf
Sex Srx dux \ [ Sxs
Ky=(6xs &y Sus )| Ov Oy Suy Sr | +6s (3.53b)
Oxm Oym  Omm Omy

3.4 Simulations, Experiments and discussion

The analytical models in this section are compared with FE simulations and experiments and
the evolution of the physical aspects (such as the temperature distribution and displacement) is
discussed.

Modeling, simulations and experiments are run on a doped silicon U-shaped actuator with
the dimensions in Figure[3.5] These dimensions are the same used later for the actuators in the
new digital microrobot.
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FIGURE 3.5: Dimensions for the U-shaped actuator in the modeling, simulations and experiments.

Most of the physical properties of doped silicon are dependent on the temperature and the
doping concentration. The thermal conductivity K, of silicon decreases with temperature [43].
It also decreases for thin layers and for high impurity concentration [3]]. The specific heat C;, of
silicon increases with temperature [99]]. The electrical resistivity pg of silicon is also thermally
dependent, its evolution with doping concentration and temperature is clarified in [78].

A simplifying assumption considering a constant value for these properties is taken. This
hypothesis allowed using the analytical solution of the electrothermal model to simulate the
temperature distribution in the actuator.

In the other side, the expansion coefficient ¢ is considered to be thermally dependent in the
analytical calculation (3.43) and FEM simulations. This consideration was taken into account
because of the large variation of the expansion coefficient of silicon with temperature (from
2.568um/(m-K) at 300K to 4.258um/(m- K) at 1000K). Yokada et al. in [98]] have defined an
equation for the thermal expansion coefficient of silicon with respect to temperature:

o =106 (3.725 (1 _ e*5~88'10’3<T*124>) 45.548. 10’4T> (3.54)

The physical properties used in the modeling and simulations have the following values: Ty =
298.15 K, py = 2330 kg/m>,C, =712 J /K - kg, K, = 149 W /m - K, py = 0.265 Qmm.

3.4.1 Electrothermal response

Introducing these dimensions and properties in the electrothermal model allows calcu-
lating the temperature values at each point in the actuator with respect to time. Figure [3.6]
shows evolution of the temperature distribution after applying a voltage difference of 15V at
the anchors. The temperature distributions in Figure [3.6]is obtained directly from the analytical
solution in (3.40).

Figure[3.7|shows the profile of the temperature distribution in the actuator at several instants
between 0 and 1s. Analyzing Figures[3.6]and[3.7] different evolution rates of the temperature are
observed in the three arms of the actuator. Figure[3.8|shows evolution of the average temperature
of the hot arm, cold arm and flexure with respect to time.

Due to the lower width, the local Joule heating is higher in the flexure at the beginning. Thus,
the initial temperature evolution is faster in the flexure, than in the hot and cold arms respec-
tively. However, the temperature evolution rate of the flexure is limited by the cold temperature
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FIGURE 3.6: Evolution of the temperature distribution in the actuator obtained from the analytical solu-
tion after applying 15V voltage at the anchors.
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FIGURE 3.7: Temperature profiles in the actuator obtained analytically at 0, 2, 10, 20, 40, 70, 150, 250,
500 and 1000ms after applying 15V.

of the anchor and the cold arm and its evolution rate starts to slow down (zoom in Fig. [3.8)
consequently. From the beginning, the temperature in the hot arm grows rapidly and despite a
larger width than the flexure arm, the temperature in the hot arm becomes quickly higher. After
around 100 ms, the temperature in the hot arm is closer to the steady state and its evolution rate
becomes highly reduced whereas the temperatures in the cold and the flexure arms continue to
rise until their steady state.

In result, the evolution rate of the temperature in the hot arm is higher than the cold side

(cold and flexure arms) at the beginning while it is slower while getting closer to the steady
state.
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FIGURE 3.8: Evolution of the average temperature with time in the three arms of the actuator after
applying 15V voltage.

A 3D FEM modeling is made using ANSYS and allows simulating the thermal distribution
and the structural deformation of the actuator after applying electrical voltage. The element
used in the simulation SOLID226 is selected to allow a thermal-electric-structural analysis.
Convection and radiation are neglected and the physical properties and boundary conditions are
the same as in the analytical modeling.

Evolution of the average temperature in the hot arm is considered as a comparison parameter
of the electrothermal response between the analytical solution and FEM simulation. Figure 3.9
shows a comparison between the average temperature in the hot arm obtained from the analytical
model and ANSYS for two applied voltages (15 and 18V).

1000~

—15v analytical

Temperature (K)
g

---15v ANSYS
600 —18v analytical
+-18v ANSYS
500
400
300
0 100 200 300 400 500 600 700 80O 900 1000

Time (ms)

FIGURE 3.9: Comparison between the analytical model and ANSYS for the evolution of the average
temperature in the hot arm.
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Figure 3.9 shows a very good agreement between the presented electrothermal solution and
FEM simulations. The temperature distribution in the 3D FEM simulation is remarked to be
homogeneous in the cross section along each arm while it is slightly non-homogeneous at the
borders. This validates the one-dimensional simplifying assumption used in the electrothermal
analytical model.

3.4.2 Mechanical response

In addition to FEM simulations, experiments are made on microfabricated actuators in order
to validate the electro-thermo-mechanical models and coupling. The actuators are fabricated
using the fabrication process explained later in Chapter [5] Displacement of the actuators in the
experiments after applying voltages are recorded using a high speed camera. The experimental
setup is explained in Chapter 3]

The shape of the actuator after fabrication is shown in Figure [3.10] The active parts of the
actuator are realized in the device layer while the handle layer serves as a support of the whole
device. The intermediate SiO, layer is an electrical insulator, it allows separating the anchor
pads electrically.

— Gold layer
——— Si device layer

iz layer
. The actuator is
Si Handle layer in the device layer

FIGURE 3.10: Layers of the microfabricated actuator.

The displacement of the actuator after applying the different voltages is recorded on videos,
and is then measured using Phantom cine viewer software. Figure [3.1T]a shows the top of
a fabricated U-shaped actuator in the experiments, where the actuator is in the rest position
where no electrical input is applied. Figure [3.T1}b shows the actuator during displacement after
applying electricity. The displacement is then measured with respect to the reference position
defined at rest.

FIGURE 3.11: Shape of the actuator at the rest position (a) and during displacement (b) in the videos.
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Figure [3.12] shows the displacement curves of the actuator with respect to time obtained
from the analytical models, FEM simulations and experiments. Displacement curves are shown
for two applied voltages (15V and 18V).
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FIGURE 3.12: Comparison between the analytical model, ANSYS and experiments for the displacement
curves at the tip of the actuator.

Figure [3.12]shows an important overshoot of displacement of the actuator before reaching a
steady state position. The transient shape of displacement is due to the variation of the evolution
rate of temperature distribution on the two sides of the actuator as shown in Figure [3.6] and
B8

Furthermore, the thermal expansion in each side is related to the temperature distribution
(3:43) and the displacement is an image of the expansion difference (3.52). Figure [3.13| shows
evolution of the thermal expansion calculated analytically in each arm, in the cold side (cold
arm & flexure) of the actuator and the expansion difference between hot and cold sides.

As shown in Figure[3.13] the expansion difference has the same overshoot behavior as the
displacement which implies that the dynamic behavior is related to the temperature evolution
and not to the mechanical part.

In the other side, Figure[3.12showed slight differences between the curves of the analytical
models, simulations and experiments. The displacement curves of the analytical models and
the FEM simulations have the same shapes but with a small shift between the two theoretical
curves (less than 15%). Consequently, as there’s a good agreement in terms of the electrother-
mal response as shown in Figure [3.9] and as the displacement is equivalent to the expansion
difference (Figure [3.13) which is an image of the temperature distribution, then the difference
in the calculated displacement returns mostly to the thermo-mechanical model.

This difference may return to the negligence of the shear force and the one dimensional
simplification in the analytical calculation. The different arms in the actuator are considered as
lines and there is an uncertainty in the calculation particularly at the connection between arms.
In addition, the slightest difference in the electrothermal model is amplified in the displacement
calculation due to the amplifying effect of the structure.

In the other side, there is a difference in the shape of the displacement curves between the
calculated and experimental results as shown in Figure [3.12] Experiments show a less signif-
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FIGURE 3.13: Thermal expansion of the hot, cold and flexure arms, cold side and expansion difference
between both sides of the actuator after applying a voltage of 15V.

icant difference between the overshoot and the final position. This difference may exist due
to the assumptions taken in the calculation (negligence of convection and radiation, boundary
conditions etc.), the uncertainty in the physical properties and the thermal dependence of the
physical properties of silicon especially in the steady state where the actuator is overheated.

In result, the analytical models presented in this paper show a good agreement with the re-
sults of the FEM simulations and experiments. An almost perfect agreement is noted in terms of
the transient electrothermal response between the analytical solution and FE simulation despite
the 1D simplification of the analytical model.

Less agreement is noted in the calculated displacement. A small shift between the displace-
ment curves is noted with the FEM simulation results and a slight difference in the shape of
these curves is noted with the experimental results.

Originality of the electrothermal analytical model is that it provides an exact solution of the
hybrid PDEs that describe the electrothermal behavior of the three arms of the actuator. The
calculation method can be extended to any number of connected hybrid PDEs and evidently for
other defined boundary conditions. The cooling cycle can be modeled also using the analytical
modeling by canceling the Joule heating term in the electrothermal equation and introducing the
final temperature distribution in the heating cycle as the initial temperature distribution in the
cooling cycle.

The presented modeling opens up important perspectives in terms of the modeling, design
and optimization of the actuator. For the modeling, several development axes are possible such
as the modeling of the cooling cycle, free and charged displacements with external forces, con-
sideration of phenomena neglected in the present approach (convection or radiation, different
boundary conditions, temperature dependence of the properties, etc).
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3.5 Design and optimization

The dynamic behavior of the U-shaped actuator was investigated in the previous sections. An-
alytical models was presented which relate the electrical input and the applied load to the dis-
placement passing by the temperature distribution. These models was validated by comparing it
with the FEM simulations and experiments. The obtained expressions show clearly the influence
of the different dimensions and properties on the electrothermal behavior and the displacement
of the actuator. These expressions can be used for the design and the dimensioning of the U-
shaped actuator.

The purpose of this section is to provide key elements for the design of the U-shaped ac-
tuator based on the analytical models. Firstly, the maximal voltage that can be applied on the
actuator is calculated based on the maximal temperature allowed to be reached. After that, a new
formulation of the dimensions is adopted in order to present more clearly their influence and the
characteristic curve of the actuator. The influence of the different properties and dimensions
on the performance of the actuator is then clarified. Finally, a design method is proposed that
ensures obtaining the desired performance of the actuator in terms of the force and displacement.

3.5.1 Maximal voltage

As it has been recognized that the displacement of the actuator is related to the temperature
distribution, the higher is the temperature, the higher is the displacement. However, the tem-
perature in the actuator must not exceed a maximal limit that is defined with respect to the
material. Otherwise, high temperature leads to a degradation of the material properties, a plastic
deformation of the actuator, fracture at the weak points, etc..

Introducing the boundary and continuity conditions in the steady state temperature
expressions , the different constants dj1, dj2, dc1, de2, dpy and dy are determined and the
steady state temperature distribution is obtained. These expressions show clearly the influence
of the different parameters on the temperature distributions (including the dimensions, voltage,
resistivity and conductivity).

Analyzing these expressions, an important conclusion is noticed. The maximal temperature
Tnax reached in the steady state for an applied voltage is independent of the actuator dimensions.
The expression of T, is as follows:

VZ
8p()K p
In contrast, position of the maximal temperature point at the steady state x;,, is dependent
only on the actuator dimensions. This point exists generally in the hot arm while it’s possible

to exist in the cold arm in some extreme cases. The expression of x,, in the two cases is as
follows:

Tnax = Tea + (3.55)

o An(le 1 Lol
= — — | — _ _ — < —
Tmax =55 (AC Wy A, A S A,
Acf b 1o L\ L e 1
¢ <_ h 4+ f> A 4+ h

=1, +=¢ h
maxr = thF 7 Ar AT Ay

(3.56)

A Ac Ay
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Based on the above, the maximal temperature expression allows defining a limitation V,,,
on the voltages, where V,,,, is the maximal voltage allowed before reaching the maximal tem-
perature 7.

Vinax = /890K (Tynax — T-) (3.57)

The value of V,,,, must be respected in the cases where the actuator is powered on for long
time and the feeding time may exceed the response time.

In the other side, the feeding time is related to the task requirement and the responsiveness
and capacity of the actuator. An optimal feeding time is when the actuator can do the task in the
time between the start of feeding and the peak of displacement. In this case, the actuator can
output a maximum of performance without overheating the different arms. During this time, the
temperature has not yet reached its maximum, thus, we can increase the voltage above the limits
imposed at the steady state. This allows reaching higher performance of the actuator.

3.5.2 Characteristic curve of the actuator

Improvement of the performance of the actuator is related to the improvement of its output,
which is expressed in terms of the displacement in the models. The expression of the displace-
ment is developed in the following in order to extract the characteristic curve of the actuator and
to show clearly the influence of the different dimensions and properties on the performance of
the actuator.

The expression of the displacement is given in (3.52). The constants K; and K, can be
expressed using another formulation which allows separating the general length / and width w
of the arms from the ratios of widths and length c, f, ¥ and a. The different lengths and widths
in this case have the following values:

=1 l.=(01—-a)l I=a-l

Wh=w We=cw wr=fw g=yw (3.58)
Considering the new variables, the displacement can be expressed as follows:
! 1B
d=—KA———KF 3.59
w T Ebwd 2 (3-59)
where K| and K} are dependent only on a, ¢, y and f. K| and K}, are obtained as follows:
-1
Sx  Opx  Oux 5?,(.7‘
Ki = ( 100 ) 5)/(Y ,Y 5]{/IY 61//]" (3.60a)
Om  Srm Oum S s
-1
Sx  Orx  Oux 5?,(.7‘

Ky=—12( 8 & Oy )| Sy Sy Sy &, | 128z,  (3.60b)

Su  Sym Sum Ou s



3.5 Design and optimization 97

The different terms &’ in (S%x> Oyys Otyars Oky---) are equivalent to the terms & (Sxx,
Oyy, Omm, Oxy...) in (3.47), (3.49) and (3.51). The terms &' are related only to the ratios a, ¢, ¥
and f. Some terms are neglected in the 8’ expressions due to the relative difference between the
length and the width.

Syx = (Hzi}?f)za (1+2}’—:;3)2(1—a) 1szr 11;ca+11§ G0t
5, 3a;3 N 13—63613 +% (3.61b)
5A’4M—Jf3+lc_3a+1 (3.61c)
Oxy = ! +24};j3— e + c +2Y—Z;)(1 —) (3.61d)
5, = (H_Zvjf) (14‘27‘2*‘;)(1—‘1) (3.61¢)
5, 261;3 N 12—63612 +% (3.61f)
5, = (1 +2y+4];)3(2a a?) N (1+2Y:;)(1 —a)? (3.61g)
5, — 3a26;32a3 L1 3gi 3+ 24° (3.61h)
61y — 2612;;!2 N (12—;)2 (3.61i)
5, —3a(l3}3a) —a (13—;)3 (3.61j)

Equation (3.59) shows that the displacement is related linearly to the two actions: arms
expansion difference A and applied load F. In the other side, the different arms expansion Alj,
Al and Aly are calculated by introducing the temperature expressions (3.40) in the expansion

equation (3.43).

Al(t) = Alps — Z % (cos(Auls + @pn) — cos(@p)) e eyt (3.62a)
n=1 ”

Ale(f) = Alygs — 0t Z ) — coS(Anly + Pen)) e~ %0t (3.62b)

Al (t) = Algys — ot Z % (coS(Anls + @) — cOS(Anls + @py)) €~ %P (3.62¢)

}’l

Noting that ¢ is considered to be constant in the calculation in order to simplify the problem.

The terms Aljg, Alegg and Alygs correspond to the length expansions of the different arms
at the steady state. They are obtained by introducing the steady state temperature expressions
in the expansion equation (3.43).
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aV?l cf Bac+cf +3f(1—a))

hss = 2 (3.63a)
12p0Kp,  (ac+cf+ f(1—a))
2 g2 3 2\(1 _ )2 2601 —
Al — oVl f*(1—a)’+3(acf+cf*)(l1—a) ;{—6ac f(1—a) (3.63b)
12poK), (ac+cf+ f(1—a))
2 2
Aljyy — aV<l a*c(ac+3fc+3f(1—a)) (3.63¢)

12p0Kp,  (ac+cf + f(1 —a))2

In result, the arms expansion difference consists of a steady state part and a transient part:

A(f) = Ay + A (1) (3.64)

The transient part A,(¢) is equivalent to:

A =a Y [f{’ (cos((p;m) 0+ %)cos(lnll + <p,m)))

n=1 ¢

(3.65)
Crn A _
+ )Lf <cos(/lnl3 + @)+ (A7f —1)cos(Auly + (an))):| o~ Wit
The steady state part Ay, is equivalent to:
Ay = -2 iKky? (3.66)
PoLp

where K} is only dependent on a, ¢, and f and is equivalent to:

K — @(f =) =3(@ —a)(f+cf)(f—e) +3f — f° (3.67)
3 12(ac+cf + f(1—a))® |

Introducing (3.64) in the displacement equation (3.59), the displacement consists also of a
transient part and steady state part:

d(t) = dys+d (1) (3.68)

The transient part of the displacement d,(¢) is equivalent to:

l
di(t) = —k’lAt (1) (3.69)
w
The steady state displacement d;, is equivalent to:
o 2 13
dgs = —KK\V?— — —_KiF 3.70
U poK, w13 Ebw3 2 (3.70)

Equations (3.68)), (3.69) and (3.70) show that the displacement is transient in response of a
voltage step, while the impact of the force is quasistatic if static forces are applied.

Figure [3.14] shows evolution of the force-displacement characteristic curve of the U-shaped
actuator at several instants after applying a constant voltage.
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FIGURE 3.14: Evolution of the characteristic curves of the actuator at several instants after applying a
constant voltage.

The term F; in Figure[3.14]corresponds to the blocking force of the actuator at zero displace-
ment while d;; is the free displacement at t = #;. For the other terms of the free displacement,
H <t <tz <ty <ts <tg<lwas shown in the dynamic displacement curve.

From the modeling perspective, the output of the actuator is the displacement while the load
is an input to the system beside the applied voltages. Due to the elastic structure of the actuator,
the applied load generates a reverse displacement of the actuator according to its mechanical
stiffness. In the cases where the elastic properties are not related to the temperature, the stiffness
is related only to the Young’s modulus and actuator dimensions. This conclusion is justified in
the expression of the stiffness in (3.70) in the direction of the applied load (E %%).

This conclusion is verified also in Figure [3.14] where the blocking force remélins constant
during the transient phase. The dynamic of the actuator is related only to the dynamic of the
temperature distribution in the different arms while the structure has an amplifying effect for the
displacement and the stiffness is related only to the structure.

3.5.3 Influence of the parameters on the actuator’s performance

The free displacement dy,.. and the blocking force Fj,q at the steady state are the two main
characteristics of the actuator’s performance. According to (3.70), d .. and Fy;oc are equivalent
to:

g = O Ly 3.71)
free—pOKpW 1R3 .
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Figure [3.15] shows the characteristic curve of the actuator at the steady state including the
blocking force and free displacement expressions.

v? (3.72)

F block =

F
Cfb b W K:{(“;VE
poK, 1 K
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FIGURE 3.15: The characteristic curve of the actuator at the steady state including the blocking force
and free displacement expressions.

The expressions of dy.. and Fyjoq show clearly the influence of the different parameters
on the actuator’s performance. These parameters can be classified in 4 categories depending on
their nature: electrical voltage (V'), material properties (@, po, K, and E ), general dimensions
(b, I and w) and the dimension ratios (a, ¢, Y and f).

In the following, the influence of each parameter on the main characteristics of the actuator
(dfree and Fpjoc) in the steady state is investigated.

In the other side, the main parameters characterizing the transient solution are the value of
the displacement at the peak during overshoot of displacement d,¢q, the time needed to reach
the peak 7). and the time needed to reach the steady state 7y Noting that, according to our
simulations, the dimensions that optimize the steady state performance are not necessary the
same that optimize the transient performance.

Regarding the complexity of the transient solution, the values of the transient parameters
are obtained only numerically for a well defined dimensions and properties. Thus, the influence
of the different parameters on the transient performance is not investigated in this chapter. This
work is left for future developments.

3.5.3.1 Voltage and material properties

Returning to d e, and Fj;,c €xpressions, the voltage V, the thermal expansion coefficient , the
resistivity po and the conductivity K, affect d .. and Fj;oc in an equivalent way while the other
parameters affect dye. and F, differently.

The output of the actuator is related proportionally to the thermal expansion coefficient «.
Thus, materials with higher o will have a better performance.
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Idem, the output of the actuator is related proportionally to the square of the voltage and
inversely proportional to the resistivity and conductivity. In contrast, this doesn’t mean that the
actuator has a better performance for lower resistivity and conductivity because the maximal
allowable voltage V. is proportional to the root square of py and K, as shown in (3.57). In
result, the performance is the same for variable values of py and K, while the variation is in the
voltage margin.

The Young’s modulus E and the depth b have only an influence on the value of the blocking
force. Higher Young’s modulus for the material and depth for the actuator allow a higher pro-
portionally blocking force. Noting that for high values of the Young’s modulus E, the internal
stresses are higher and the failure limits can be early reached.

3.5.3.2 General dimensions

The general length / and width w have an inverse influence on d., and Fp;,c values. The free
displacement d., is proportional to the square of / and inversely proportional to w while the
blocking force Fy;,¢ is proportional to the square of w and inversely proportional to /.

Figure [3.16 shows the influence of changing the general dimensions of the actuator (/, w,
and b) on the characteristic curves. Noting that when changing [ and w with the same ratio, the
characteristic curve evolves in parallel with the same ratio.

ds = k*d; (b) ds = d;

F
Fi = 1\'2!‘] Fr=KF|

F “ wy = Kw, Fy lh = Kljuy = Kuy

d

@ & &=Ka

FIGURE 3.16: Influence of changing the general dimensions on the characteristic curve of the actuator:
including the general length [ (a), the depth b (b), the general width w (c) and | and w simultaneously
with the same ratio of changing (d).

Furthermore, relating the influence of the general length / on the free displacement and on
the response time, we note that the two are proportional to the square of /. That means that
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for higher length, the displacement is higher and the response time is higher but the speed of
displacement is the same.
In the other side, one remark can be noted for the response time. As shown in (3.63), the
transient solution is an infinite sum of exponentials with a time constant 7, equivalent to:
1

= 3.73
T W (3.73)

Further, analyzing the A, equation (3.22), we conclude that A, is inversely proportional to
the general length [ and is related to the dimension ratios a, ¢ and f. Thus, the time response
of the actuator is proportional to the square of the general length / and inversely proportional to
the thermal diffusivity a,. Physically, this means that the actuator is slower for higher length
dimensions while it is faster for materials with higher thermal diffusivity.

3.5.3.3 Dimensions ratios

The last parameters that affect the actuator’s performance are the dimension ratios. The influ-
ence of the dimension ratios is represented by K7, é, Kg in dyree and Fjyoq €xpressions. The
free displacement evolves with respect to K{Kj and the blocking force evolves with respect to
K{K}/K}. The ratio y is not considered hereinafter in order to simplify the problem (y is set to
Zero).

The dependency of K|, K} and K} on three parameters (a, ¢ and f) makes difficult the
representation of the state of KK} and K|Kj}/K}, in a single plot. In the following, 3 plots are
presented showing evolution of the free displacement (or KjK3) with respect to the dimension
ratios a, ¢ and f, each plot represents the evolution K| K} with respect to two dimension ratios
for a constant value of the third one. Figures(3.17] [3.18|and 3.19| show evolution of K| K} for a
constant ratio f = 1, a = 0.1 and ¢ = 10 respectively.

FIGURE 3.17: Evolution of K{K} with respect to ¢ and a for a constant ratio f = 1.

Figures [3.17)and [3.18] show that the free displacement is always higher for higher ¢ values.
This conclusion is logical since higher width of the cold arm with respect to that of the hot arm
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FIGURE 3.18: Evolution of K| K} with respect to ¢ and f for a constant ratio a = 0.1.

FIGURE 3.19: Evolution of KK} with respect to a and f for a constant ratio ¢ = 10.

implies that the cold side of the actuator is less heated and the length expansion becomes higher
in the hot arm.

Figures[3.17] 3.18]and [3.19] show that for each value of ¢, there are some determined values
of a and/or f that maximize the displacement. This maximum is represented by the red line in
the three figures. The red line in Figure represents the maximum of KK} for f =1, the
line in Figure [3.18| represents the maximum for @ = 0.1 while the line in Figure [3.19 represents
the maximum with respect to @ and f simultaneously for ¢ = 10.

Figure 320 shows the values of ¢ and f that allow reaching the maximum of displacement
for different values of c. The curves of Figure [3.20| correspond to the projection for the red line
in Figure [3.19)on the a — f plane but for different values of c.

As shown in Figure[3.20] the curves are nearly similar where a slight difference is remarked
between the curves for the different values of c. These curves constitute a key element for
optimizing the design of the actuator in order to obtain a maximal free displacement at the
steady state. These dimensions are called the max-free dimensions in the following.
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FIGURE 3.20: Values of the ratios f and a maximizing the free displacement dy,. for different values of
c ratio.

However, the values of the free displacement at the max-free dimensions are not the same
for the different values of c¢. Figure shows evolution of KK} at the max-free dimensions
for different values of c. The curves are visualized with respect to a while the value of the
corresponding f is concluded from the max dimensions.

FIGURE 3.21: Evolution of K| K}, at the max-free dimensions for different values of ¢ and with respect to
a.

Two conclusions can be extracted from Figure 3.21] The first one is that the free displace-
ment is higher for higher values of ¢ which confirms the previous conclusion from Figures [3.17]
and[3.18]

The second conclusion is that the free displacement is higher for lower values of a and f
consequently. This means that the free displacement is higher when the length and width of
the flexure have the smallest possible values. However, the reduction of the flexure dimensions
increase the possibility of failure at the flexure due to the fragility with too small dimensions.



3.5 Design and optimization 105

In the other side, the blocking force is related proportionally to K{K}/K}. Idem, 3 plots are
presented hereinafter that show evolution of the blocking force (or K{K}/K}) with respect to
the dimension ratios a, ¢ and f. Figures [3.22] [3.23|and [3.24] show evolution of K|K}/K} for a
constant ratio f = 1, a = 0.1 and ¢ = 10 respectively.
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FIGURE 3.23: Evolution of K{K3/K}, with respect to ¢ and f for a constant ratio a = 0.1.

Analyzing these figures, we conclude that the blocking force is more important for higher
values of ¢ as shown in Figures [3.22] and [3.23] for higher values of f as shown in Figures [3.23
and [3.24] and for lower values of a as shown in Figures [3.22] and [3.24] This implies that the
stiffness at the tip of the actuator is more important when the flexure is shorter and wider.

In result, d .. and fpjoc are more important when the cold arm is wider and the flexure is
shorter. In contrast, the width of the flexure has an inverse influence on the blocking force and
free displacement: d.. is more important for lower flexure width while f,c« is more important
for higher flexure width.
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FIGURE 3.24: Evolution of K{K} / K}, with respect to a and f for a constant ratio ¢ = 10.

Table 3.1 summarizes the influence of the different parameters and dimensions of the actu-
ator on its performance at the steady state. The arrows  and \, and the power index have the
same significance as in Table[2.2]

TABLE 3.1: Influence of the different parameters and dimensions of the actuator on its performance at
the steady state.

dfree Fpiock
E — A
a /\1 /\1
Po N N
Kp \1 \1
A /(2 /\2
b — M
1 /\2 \‘1
w a,c&f N s
l+w | are constants s e
l+w+b e s
c /" Fig.[3.17/&[3.18| | 7 Fig.[3.22|&[3.23
a . Fig. [3.22| & [3.24
f max Fig. |3.20 > Fiﬁ. 3.3 & .24
(a & f) max Fig. [3.20| \ Fig.[3.21]

3.5.4 Design methodology of the actuator

General key elements for the design of the actuator are presented in the following. These ele-
ments allow choosing the various dimensions and providing the desired performance. An un-
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certainty range must be taken on the obtained dimensions due to the uncertainty in the mate-
rial properties and their thermal dependency. After that, a design methodology is presented to
choose the dimensions of the actuator in the multistable module (Chapter @).

The function of the actuator is to provide the desired force and displacement. These two
properties define the performance of the actuator. The design must ensure that the actuator is
able to output the needed force and the desired displacement d; at a defined instant 7;. As the
effect of the load F is considered in the expression of the displacement d ((3.68) and (3.70)),
the design condition can be expressed as follows:

d>d, (3.74)

This design condition is visualized in Figure in terms of the characteristic curves. The
characteristic curve after t = r; must be above the desired performance.

F

load F

d

dlCtd dd dld

FIGURE 3.25: Characteristic curves of the actuator before and after t = t;. The loaded displacement
after t = t; must be more important than the desired displacement d.

Putting the expression of the displacement at a defined instant in the last equation (3.74)
leads to a condition on the different parameters and dimensions that allow obtaining the desired
force and displacement. The instant at which the actuator must output the desired performance
vary between a system and the other with respect to the specific task. In our design, we consider
that the actuator must provide the desired properties at the steady state.

dss > dy (375)

As explained before, the actuator output higher performance before reaching the steady state
without overheating the different arms. Afterwards, if the task needs a feeding time less than
the time before reaching the steady state, the design can be calculated on the basis of a higher
performance in terms of the arms expansion difference and the maximal voltages as clarified in

Figure
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FIGURE 3.26: The maximal performance that can be reached in terms of the displacement. When the
output is considered at the steady state, the voltage that can be applied is lower and the performance
is less important. When the output is considered at the peak of the overshoot, the maximal allowable
voltage is higher due to the lower temperature and the performance is more important.

Until now, the design in the transient phase relies on the complex expressions of the temper-
ature and displacement obtained in the modeling. The design in the transient phase constitutes
a part of the future works.

However, despite that the influence of the different parameters and the design are investi-
gated only in the steady state, the performance at the steady state gives a very good idea about
the performance of the actuator and its evolution in the transient phase.

Returning to the design, the output of the actuator is dependent of the electrical input. The
maximal performance at the steady state is reached when the maximal voltage V. is applied
. The maximal voltage V,,,, is defined with respect to the maximal temperature A7},
allowed to be reached. The design is investigated when V., is applied in order to reduce the
parameters, in this case, the expression of d is as follows:

I? P
dgs = SaEkllkgATmM ~ Zow? K,F (3.76)
where AT ux = Tnax — Too-

Introducing the expression of dg; in (3.75) leads to the following condition:

5 80Uk Ky AT g e KiF

w Ebw?

The last equation is very important in terms of the design. It allows defining some constraints

on the dimensions, after which, the actuator is able to output the desired force and displacement.

It allows also defining the expression of the length that maximizes the output. In order to clarify
the problem, Figure [3.27|shows evolution of (ds; — dy) in terms of the length.

The expression of (dys — dy) is a 3" degree polynomial function in terms of the length [.

It has 2 extremums at / = 0 and [ = [,,,4,. The mathematical expression (ds; — dy) leads to two

l —d;>0 (3.77)
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FIGURE 3.27: Evolution of (dgs — dg) with respect to the length 1.

cases in terms of its evolution as shown in Figure If the general width w is smaller than
Wmin, then, whatever is the length, the actuator is not able to output the desired performance. In
the other case, if w is higher than w,,;,, the actuator can reach the desired performance if / is
between [, and [, where /] and [, are the positive zeros of (dys — dj;). In result, the general width
w must be always higher than wy,;,:

W 2 Wiin (378)

The expression of wy,;;, is as follows:

3 12
3 VK /1 F4
23 d (3.79)

min = R A Ty KK, \ 4 E2D2

The length /; is the minimal length after which the actuator output the desired performance.
As clarified in the previous section, the free displacement evolves with respect to the square of
the length while the blocking force is inversely proportional to the length. That’s why evolution
of the curve after / = [; is concave where the free displacement increases but the stiffness in
front of the load decreases. After [ = 5, the stiffness is too small to handle the external load.
The output of the actuator is then maximal when [ is equivalent to /... The expression of [,
is as follows:
16 » K{K% AT gy

Lnax = —Ebow

3 K, F (3.80)
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In the design, the length / must be equivalent or around /,,,,. The expression of the displace-
ment when [ = [,,,,,, 1s as follows:

2048 , 5 JKPKP AT}, ;5
ssmax — 77 E°b Kéz Frréaxw (3.81)

The design in the following is based on (3.81)), the dimensions and the material must be
chosen in order to maximize the value of dgy,., as possible. Noting that there is another param-
eter, that must be always observed in any design, which is the stress limits. The stress evolution
in the actuator is not studied in the thesis, this work is left for the perspectives. However, the
stress evolution can be calculated numerically with FEM simulations. Generally, in cases that
the stress exceeds its limits during functioning, higher widths in the weakest points must be
chosen.

As for the material, as mentioned before, it can be chosen regarding the fabrication process
or defined in the design specifications. In our case, we use the silicon as mentioned before.
However, the parameters that are related to the material in the expression of dsgax are the
Young’s modulus E, thermal expansion coefficient & and the maximal allowable temperature
Trnax- A better material for the actuator is when the value of E 20‘3ATm3ax is more important.

In terms of the dimensions, dsgqx €volves proportionally to the square of the depth b and
to the cube of the general width w. As for the dimensions ratios (a, f, ¢ and 7), in contrast
to the free displacement (3.71)), the charged displacement must be maximized with respect to
(KPK3 /K5F) when the length is equivalent to gy

In light of the above, a design methodology is given in the following as example on the
actuators of system 1 in the multistable module shown in Chapter @ The needed force and
displacement for these actuators are equivalent to d; = 73um and F = 2.2mN.

Regarding the complexity of (KK}’ /K}?) and its dependency of 4 parameters, the design
is made in two steps: in the first step, constant values of a, f, ¢ and Yy are chosen which allows
defining an initial value of K{3K§3 /K52 and choosing a width w above w,;,. In the second step,
the dimension ratios can be changed in order to optimize the output.

Choosing arbitrarily the following dimension ratios: a = 0.1, f =1, c =10 and Y= 1. The
value of K i3K§3 / Kg is then equivalent to 4.9286 - 107>, The other parameters in the expression
of dgsmax are chosen as follows: b = 100um (equivalent to the thickness of the device layer in the
wafer, Chapter , E = 169GPa, AT, = 650K and average value of o = 3.728 - 10~ ®um/(m -
K) (o average is calculated from ). Putting these values in (3.79), the value of wy,;, is
equivalent to:

Winin = 28.8Um (3.82)

The value of w is set at 30um. In the following, the other dimensions are chosen in order to
reach the minimal actuator length allowing reaching the desired performance.

As shown in , the length that maximizes the displacement is proportional to KK} /K}.
This quantity is inversely proportional to f as clarified in the previous section. Thus, the width
of the flexure is chosen at the minimum possible in order to reduce the length of the actuator. In
the other side, the flexure and the connexion between hot and cold arms are the weakest points



3.5 Design and optimization 111

in the actuator due to the high stress with the presence of the heat. Thus, the width of the flexure
is limited at wy = 20um in order to avoid the failure, the value of f is then equivalent to 2/3.

On the other hand, the gap width g is equivalent to 20um which is the width of the openings
in our fabrication process, & is then equivalent to 2/3. Concerning the value of ¢, in a first
moment, we can choose an arbitrary value of ¢ = 20.

The only dimension that remains is the ratio a. Figure @] shows evolution of dgg;,. and
Inax With respect to a. The values of dggq, and I, are calculated with all the dimensions and
parameters defined previously and an arbitrary value of ¢ = 20.

320 8

240- 6
g la =
160+ 42
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% 0.05 0.1 0.15 02 025 03
F i

FIGURE 3.28: Evolution of dggmay (left column) and Ly (right column) with respect to a. These values
are calculated for ¢ = 20.

The length I, shows to be higher with low values of a. The value of dgy,, decreases
after a maximum at low values of a. Our goal is to reach the desired performance (which
is revealed in terms of the displacement in Figure |3.28) with the lowest length possible. Let
define a desired displacement d; = 80um (Higher than 73 um as a security margin). This allows
obtaining the value of the corresponding a, from the curve of dg,, and of the corresponding
length [;. Calling these points (ay, dg, l;) the desired points.

In the following, the desired points are recalculated for different values of ¢. Figure [3.29
shows evolution of the desired length /; with respect to ¢ allowing obtaining a desired displace-
ment d; = 80um.

The evolution of ; with respect to ¢ shows to have a minimum around ¢ = 11. The value
of the corresponding ratio a, is around 0.055 and of the corresponding length is around /; =
4.33um. In light of the above, the length of the flexure is chosen to be equivalent to 240um.

In result, all the dimensions of the actuator are obtained (w;, = 30um, w, = 330um, wy =
20um, g = 20um, I, = 4.33mm, I. = 3.93mm, Iy = 0.24mm). In summary, the design method
consists of several steps, defining initial dimension ratios allowed choosing a width above the
minimal width. After that the gap width was defined with respect to the fabrication process and
the flexure width was minimized as possible in order to reduce the length of the actuator. After
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FIGURE 3.29: Evolution of the desired length l; with respect to ¢ allowing obtaining a desired displace-
ment dg = 80um.

that, scanning the values of the length with respect to a and c allowed defining the minimal value
of the length and the corresponding a and c that allows reaching the desired performance.

3.6 Conclusion

The modeling and design of the U-shaped actuator were investigated in this chapter. An exact
solution was presented for the electrothermal PDEs in the case of the actuator. The displacement
was then calculated by a thermomechanical model with respect to the temperature distribution
obtained from the electrothermal model and an external load. The two models showed a good
agreement with FEM simulations and experiments.

The design of the actuator was investigated subsequently. The impact of the different dimen-
sions and properties on the actuator behavior was studied. A design method was then proposed
that allows choosing and optimizing the dimensions that ensure reaching a required performance
at the steady state in terms of the force and displacement.

The studies in this chapter and Chapter [2]provide key elements for understanding the behav-
ior and improving the design of the main components (curved beams and U-shaped actuators)
in the DiMiBot and the multistable module which are presented in the next chapter.

Noting that the dimensions of the actuator obtained in this section are not the same in the
multistable module since this work was made at a late stage of the thesis. The length of the
actuator and its “steady state” capacity is lower in the multistable module since the actuator
is designed to provide the desired performance near to the overshoot as clarified previously in
the chapter. The perspectives for the works on the U-shaped actuator are cited later in the final
conclusion of the thesis.
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Multistable module and DiMiBot

In this chapter, the principle and the design of a novel multistable module are pre-
sented. The multistable module has a monolithic and compliant structure and al-
lows switching its moving part between several stable positions linearly in a one
dimensional direction back and forth. The number of stable positions can be in-
creased by increasing the range of displacement of the moving part. Transition is
made by an upward or downward step to one of the nearest two stable positions.
Upward and downward steps are made by a specific sequence of moving and open-
ing normally closed latch arms and closing other normally open latch arms. An
accurate positioning mechanism is used in order to ensure accurate steps and to
compensate the fabrication tolerances.

The design of the different components and each system in the multistable module is
presented in this chapter. The design of the global structure of a multistable module
is then presented. Finally, the design of the multistable DiMiBot, which consists of
two multistable modules, is presented.
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4.1 Introduction

A new generation of the DiMiBot is proposed and developed in the thesis. The new DiMiBot
consists of two multistable modules instead of the bistable modules in the old design. In this
chapter, the principle and design of the multistable module and the DiMiBot are presented. The
advantages of the multistable module and the importance of using it in the new DiMiBot were
clarified previously in Chapter Figure shows a drawing of the new generation of the
DiMiBot.

FIGURE 4.1: Drawing of the new generation of the DiMiBot.

The structure of the new DiMiBot is more compact. It consists of the top head mechanism
as in the previous DiMiBot, and one multistable module in each side. Gold is used instead of
aluminum for the electrical connectivity due to a fabrication purpose which is presented later in
Chapter[3]

The multistable module used in the DiMiBot allows switching its moving part between
several stable positions in a straight line back and forth. It consists of three systems with two
latches and the moving part. At least, one of the two latches holds the moving part at rest and
during functioning. The first latch is normally closed, it holds the moving part at rest and during
switching, while the second latch is normally open and it holds the moving part temporary
during switching. The holding is ensured by interconnecting some teeth between the latches
and the moving part.

The displacement of the moving part is guided with a couple of curved beams. The stepping
is performed by a sequence of moving, opening and/or closing the latches with and without the
moving part. Changing the sequence order allows making either upward or downward steps of
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the moving part. Figure [4.2] shows a drawing of the different systems and components in the
multistable module.
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FIGURE 4.2: A drawing of the different systems and components in the multistable module..

Each system in the multistable module allows switching the latches between two states (up-
down or close-open). The first system (S;) is a bistable system that allows switching accurately
the latch of system 2 between two stable positions. The accuracy is ensured using an accurate
positioning mechanism which compensates the fabrication tolerances. The second system is a
set of two U-shaped actuators that allow opening a latch from the two sides simultaneously. The
third system consists also of two U-shaped actuators in order to close another latch from the two
sides simultaneously.

The principle of the multistable module, the design of the different systems, the design of
the multistable module and of the new DiMiBot are presented in the following sections.

In Section[4.2] the mechanism principle of the multistable module and the different steps to
make upward and downward steps of the moving part are presented.

In Section [4.3] the fabrication tolerances are presented and discussed before presenting the
principle of an accurate p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>