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Abstract

Composite Microstructures, Microactuators, and Sensors for Biologically Inspired

Micro Air Vehicles

by

Robert John Wood

Doctor of Philosophy in Electrical Engineering

University of California, Berkeley

Professor Ronald S. Fearing, Chair

Unique among all nature’s fliers, flying insects exhibit extreme maneuverability along with
the ability to navigate in constricted environments. Advances in microrobotics, electroac-
tive and composite materials, along with a greater understanding of the time-varying aero-
dynamic forces generated by insect wings have lead to the exploration of millimeter-scale
flapping-wing autonomous robotic insects. The micromechanical flying insect (MFI) project
has the goal of creating a flying insect capable of sustained autonomous flight. This work
describes the MFI project in detail with close attention to the design and construction of
a thorax and wing transmission system, high power density actuators, and the design and

construction of a class of biologically inspired sensors along with empirical results from each.
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Part 1

Introduction and Motivations



Chapter 1

Introduction

This work describes key points in the realization of an ultra small flying vehicle
called the Micromechanical Flying Insect (MFT). The MFT project has the goal of producing
an autonomous flying robotic insect the size of a housefly. An autonomous platform of
this size would produce unparalleled maneuverability, creating numerous applications. An
example of a recent version of the two wing MFI is shown in figure 1.1.

Biological insight is used for actuation, transmission, sensing, and control. To
assist in the design of the MFI it is necessary to establish an understanding of various insect
functions both from a performance aspect and from a need-based evolutionary stance. This
reverse engineering process often yields useful shortcuts toward similar performance merits
as observed in nature. Using this biomimetic approach, coupled with a new understanding
of the aerodynamics of insect flight, the necessary kinematic and dynamic parameters for
an insect-sized flying vehicle are realized.

Being modeled on flying insects places the MFI on a scale which is in between



Figure 1.1: Recent two wing version of the MFI.

traditional robotics and MEMS-based microrobotics approaches. Thus it is imperative that
a unique ‘kit of parts’ be established which recreates the performance of larger scale coun-
terparts. This is accomplished via a number of enabling technologies all based upon layered
laser-micromachined composite structures. Typical macro-scale robotics components such
as pin joints, electromagnetic motors, and translational joints would not be feasible at these
dimensions for reasons of friction scaling and efficiency. Also, traditional MEMS approaches
are either too restrictive in material selection and available geometry, or again exhibit sub-
optimal efficiency.

The overall theme for the inception of the wing drive is to create a system which
is inherently controllable and can effectively transmit the input mechanical power to the
wing, and thus to the air. This is done by first designing a transmission system capable

of the required kinematics, then optimizing all articulating members for high stiffness and



low mass. Tuning the thorax dynamic properties is given further emphasis since the wing
is driven at resonance (for reasons of efficiency). Beams which are too compliant can cause
a decrease in serial stiffness and perhaps lead to either nonlinearities in plant dynamics or
losses in the transmission. Links which are too heavy will cause the resonant frequency
to drop, decreasing the wing velocity (and thus drastically decreasing the work done on
the air). Thus it is of the utmost importance that all structural members be as stiff and
lightweight as possible. A novel thorax design incorporating composite materials will be
introduced and shown as an enabling technology for such a device at this scale.

Another key aspect of the MFI design is the creation of high power density actua-
tors. Such actuators are based upon electroactive materials and use a number of techniques
which allow the active materials to be driven very close to their strain limit. It will be shown
that these actuators exceed the performance of similar commercially available platforms by
orders of magnitude and can rival the performance of traditional electromagnetic motors.
Other important considerations that will arise are the losses inherent in each active and
passive member both for power delivery calculations and controllability.

Insects use a hierarchical sensor modality control architecture to traverse their
environment. With limited computation available, fixed-optics, and binary strain sensors,
insects are somehow able to exhibit extreme maneuverability in tight environments. Using
the same principles, a biomimetic sensor suite is constructed and verified, showing the
feasibility of recreating a simple insect-like control system.

The overall objective of this work is to create an entomologically inspired MAV

with the ability to generate sufficient lift while minimizing mass so as to allow the recreation



of flying insect maneuverability. While the final goal of the MFI project is to create an
autonomous flying insect, the figure of merit here is a step along this path; the development
of an insect sized structure capable of generating a lift-to-weight ratio of greater than unity

through the use of two flapping wings.

1.1 An Introduction to Micro Air Vehicles

The need for more encompassing surveillance and reconnaissance as well as search
and rescue operations in hazardous environments have motivated the recent advances in
micro air vehicles (MAVs). Micro air vehicles are generally defined as being small (< 30cm)
and lightweight (< 100g) though the range of devices which fit in to this broad category
can be of the order of a large bird to small flying insects. Such platforms can offer the
advantages of disposability, extreme agility in flight, and portability that emanate from their
small scale, high power-to-weight ratios, and inexpensive manufacturing that are inherent
with such low mass. Because of the small scale, many MAVs can be transported and
deployed with limited resources. Additional payload could include any number of sensing
technologies, which coupled with RF communications can produce mobile networks capable
of a wide variety of tasks.

The size of MAV platforms has interesting aerodynamic implications displayed in
part in Figure 1.2. As displayed in Figure 1.2, as the size of the flying body is reduced, the
Reynolds number decreases in a similar fashion. The Reynolds number is the ratio of the

fluid inertial forces to the fluid viscous forces and is defined as follows:

vLp
I

Re = (1.1)
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Figure 1.2: Reynolds number and mass for various flying bodies, demonstrating an inherent
aerodynamic relationship.

where v, L, p, and p are the mean fluid velocity, characteristic length, fluid density, and
fluid kinematic viscosity respectively. Thus smaller flying vehicles are less effected by the
fluid inertial forces and more influenced by viscous fluid forces. For an MAV the size of a
flying insect, the surrounding air feels more like a viscous fluid to its wings, and noteworthy
aerodynamic effects from this are involved. The Reynolds number indicates what fluid flow
near and around the airfoil is like: low Re implies laminar flow and high Re (> 2000)
indicates turbulent flow. Note that in order for a flying vehicle to remain in the same
flow regime as the size decreases, the Reynolds number must remain the same. Thus from
equation 1.1, to maintain the same aerodynamics as the size is reduced, the velocity of the
airfoil with respect to the surrounding fluid must increase.

One way of normalizing aircraft and flying animal airfoils irrespective of size or

flow conditions is to use the lift and drag coefficients. The lift and drag coefficients are



typically an empirical measurement and are defined as follows [30]:

ClLoy = —5a— (1.2)

where Fy;, py are the lift and drag forces and S is the characteristic area of the airfoil (most
often the planform wing area).

Micro air vehicles can be split into four categories: fixed wing, rotary wing, flapping
wing, and lighter-than-air. Examples of each these will be discussed in section 2, however
the benefits and drawbacks of each class of MAV will be discussed first here with respect
to the desired performance metrics.

Fixed wing MAVs have the obvious benefits of simple construction because of
minimal moving parts, possible passive stability, and the possible use of standard aerody-
namic modeling tools for analysis. However, as at the macro scale, fixed wing miniature
aircraft cannot hover and thus the maneuverability is limited by its flight speed and turn-
ing radius. Also, as discussed above, small vehicles need to fly faster than their larger
counterparts to generate the same lift. This creates problems in increasing the controller
bandwidth, decreasing the maneuverability, and putting harder constraints on the power
source to overcome drag.

At this point it is of use to introduce the concept of the D/R ratio as a figure
of merit for maneuverability. The maneuverability of a vehicle can be quantified by the
distance to the the nearest obstacle (‘D’) divided by the smallest possible turning radius
(‘R).

Rotary wing micro air vehicles have the capability of hovering and thus the D/R

ratio is very large. However, the airfoils still rely upon quasi-steady airflow and thus the



rotors are required to spin faster for the same reasons fixed wing micro air vehicles require
relatively high velocities. Also, rotary motors and gears at the micro scale can create further
complications due to the increased percentage of surface area exposed to frictional forces as
the size decreases.

Flapping wing micro air vehicles on the size scale of a bird have an advance ratio
on the order of unity and thus they take advantage of a combination of quasi-steady and
unsteady aerodynamics. However, of the current prototyped ornithopter micro air vehi-
cles, none have the ability to hover. Flapping wing MAVs which have the capability to
glide such as in butterflies (order Lepidoptera) and dragonflies (order Odonata) can be
passively stable. Motor efficiency for flapping wing MAVs can be increased by running at
mechanical resonance since the wing motion is in general periodic. Flapping wing micro air
vehicles of insect size will have a Reynolds number which is approximately in transitional
region between the laminar and turbulent flow ranges. As such, insects utilize a number of
aerodynamic mechanisms, both steady and unsteady as will be described in section 1.2.

Although lighter-than-air MAVs can hover without expending power, they are
generally too large (on the order of 1m) and thus cannot traverse the regions of interest for
this study and will not be considered further.

The MFI will be initially based entirely upon typical two wing flying insects. A
typical blowfly (Calliphora erythrocephala) has a wing span of approximately 25mm and a
mass of 100mg. Thus, the scale of the MFI is smaller than any current micro air vehicle
platform. The recreation of insect flight capabilities will also place the MFI as the most

maneuverable MAV platform in existence.



1.2 Biological Motivations

The inspiration for the micromechanical flying insect project comes from the func-
tionality and morphology of flying insects of the order Diptera. Such insects have evolved
into efficient fliers through the evolution of two wings with three degrees of freedom (DOF)
each. The MFI is based upon the parameters of the blowfly Calliphora which can be
summarized in Table 1.1. Dipteran wings have 3 degrees of freedom: flapping, pronation
and supination (henceforth rotation about the wing longitudinal axis), and stroke plane
deviation. It has been suggested in [92] that the out-of-plane motion does not contribute
significantly to the insect lift generation (though it may have a significant effect on maneu-

verability). Thus the MFT wings will need only two DOFs.

Table 1.1: Parameters for the blowfly Calliphora.

’ Parameter Notation ‘ Value ‘ Units
Actuator mass Mq 50 mg
Actuator power P, 10-20 mW

Actuator power density Dp 200-400 | EWkg™!
Wing power P, 5 mW
Wing span lw 11 mm
Wing inertia Jw 20 mg - mm?
Quality factor Q 1-3 —
Wing beat frequency fo 150 Hz
Flapping amplitude A +60 °
Rotation amplitude A, +45 °
mass m 100 mg

Recent breakthroughs have given insight into the method of insect flight [27, 33].
Previous studies in insect flight using steady state aerodynamic analysis have predicted
insufficient lift force required for flight given the insect’s body mass. To determine the origin

of the actual lift forces, a large dynamically scaled model of two Drosophila melanogaster
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wings were created by Dickinson [27]. Each of these wings is capable of the same 3DOF
motion as the actual insect’s wings. Obtaining the same Reynolds numbers for both real
insect flight and a scaled simulation assures that the proper ratio between viscous and
inertial air forces on the wings, giving a true account of the force coefficients and thus the
forces seen by the insect during flight. For this dynamically scaled model with a wing span
of 25¢m, the wings are immersed in a tank with two tons of mineral oil and flap at low
frequency (< 1Hz). A high speed, 3-dimensional imaging system then records video images
of a Drosophila in various free flight situations. These recorded sequences are then explored
off line to extract the insect’s wing kinematics. These kinematics are then played back
through Robofly and the forces and moments acting on the wings are recorded through
the use of force sensors at the proximal end each scale model wing while a particle image
velocimetry (PIV) system records the wing vorticity at various times during the stroke by
illuminating air bubbles infused in the mineral oil.

The measured forces and moments can be used to directly calculate the lift and
drag force coefficients (via equation 1.2) for the Drosophila and other flying insects of similar
size, but more importantly, they give a real time estimate of the actual lift and drag that
the insect sees during flight. During hovering, for example, steady state blade element
analysis predicts approximately one half of the lift force required to keep the insect in the
air [33]. The complete analysis performed over the entire wing stoke shows three distinct
lift generation modes collectively termed the unsteady aerodynamics [27]. During hovering
flight the wings undergo a large wing stroke of roughly constant velocity and angle of attack,

a quick rotation or wing flip, then a stroke reversal. The first mode of lift generation occurs
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Figure 1.3: End on view of mean wing chord through one complete wing stroke (wing
positions all have approximately equal temporal spacing). [l.e and t.e are the leading and
trailing edges respectively.

during the constant angle of attack portions of the wing stroke is termed delayed stall and
is analogous to steady state aerodynamics. The second mode occurs during the wing flip
and is termed the rotational lift. The last is achieved during the stroke reversal when the
wake from the previous stroke is collected or captured, thus called wake capture. Figure 1.3
shows the detail of a typical insect wing stroke seen at the chord, again only considering
flapping and rotation. The first mode of insect lift generation is derived from steady state
aerodynamics. The kinematics of the wing during this mode consist of a nearly constant
velocity and constant angle of attack. The typical angle of attack in this region is very
high relative to traditional airfoils. A commercial jet operating at cruising speeds will stall
at only a few degrees angle of attack due to unbound leading edge vortex growth and

subsequent shedding. Initially it was thought that an insect is able to maintain a very high
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angle of attack by continuously shedding its vortex along the span wise axis during the
stroke. However it was shown by Birch et. al. that the mechanism for controlling vortex
growth is associated with the downward flow of tip vortices [25]. Also, the Wagner effect
causes the vortex not to stabilize until approximately 7-8 chord lengths are traveled [30].
Thus the leading edge vortex is not allowed to grow unstably, high angles of attack are
achieved, and large lift is generated.

The second mode of insect lift generation is called rotational lift and occurs at the
end of the wing stroke when there is a rapid wing rotation or wing flip (see Figure 1.3).
This mode of lift generation arises from enhances wing circulation from the rotating wing
analogous to that of a spinning baseball [27]. Also, the insect has control over when the
flip begins and ends during the wing stroke. Thus it can modulate the magnitude of the
lift generated by the rotation as well as the moments generated which contribute to both
pitch and roll body torques.

The third and final mode of lift generation derives from captured fluid from pre-
vious half strokes. There is a pocket of trapped fluid traveling behind the wing during each
wing half stroke. After the rapid rotation and stroke reversal, this fluid is traveling in the
opposite direction of the wing, doubling the effective wing velocity with respect to this fluid.
This is seen as spikes in lift generation at the stroke reversals (see [27]).

These three combined unsteady aerodynamic effects yield an average lift to weight
ratio of approximately 2 for a Drosophila or Calliphora. Ancillary benefits of this mode of
lift generation are the relatively simple creation of body torques on a stroke-by-stroke basis.

Wing motion is achieved by the dorsolongitudinal and dorsoventral indirect flight muscles
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acting to displace the notum with respect to the rest of the thorax (in a similar way as
the MFT flight muscles displace sections of the thorax with respect to the exoskeleton)
[30]. Insects can control the timing of wing flips, relative bilateral wing stroke amplitudes,
and flip duration for each stroke via flight musculature acting directly on the pleural wing
process [37].

Despite limited computational power, flying insects exhibit excellent capabilities
in traversing their environments. This is due not only to excellent maneuverability, but a
set of simple, yet effective inertial and photoreceptive sensors. Ancient insect of this order
had four wings, much like the present day dragon flies (order Odonata). Flies of the order
Diptera evolved such that their hind wings did not perform any aerodynamic function, but
instead serve as gyroscopic devices [59]. These devices have the characteristics of very high
sensitivity at high angular rates [60]. Along with the halteres of insects of the order Diptera,
photoreceptive sensors called the ocelli and the compound eye can be used for angular and
linear velocity estimation, horizon detection, orientation estimation, and obstacle avoidance
[71].

It has been hypothesized that insects use different subsets of their sensors for
different flight modes [72, 24]. Example flight modes could be hover, fly straight, saccade
left, etc. For each of these modes, one or more sensor is used for stabilization or obstacle
avoidance, depending upon the bandwidth of the sensors and the desired motion. For
example in straight flight, insects may use ocelli for stabilization with respect to the horizon
while observing optic flow with their eyes for obstacle avoidance. As soon as an optic flow

threshold is reached (i.e. an object is rapidly approaching the image plane), a saccade
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is triggered [37]. During the saccade, the haltere is used to stabilize the turn since the
angular velocities experienced by the fly can be much too large for optic flow mediated
turns (> 1000°s~! [60]). After a fixed time has elapsed, the fly will switch back to straight
flight and the sequence begins again.

Creating an autonomous flying robotic insect presents many challenges to the
engineer. However, evolution has many millions of years to come up with many solutions to
these problems. The knowledge of the workings of these biological mechanisms forms the

basis for the design of a two-wing flying robotic insect.

1.3 An Introduction to the Micromechanical Flying Insect

The evolution of the MFI obviously does not have the luxury of millions of years,
but also does not have the availability of any off-the-shelf (OTS) components for use in
the construction. To achieve the wing beat parameters described in section 1.2 using the
technologies available from current micro air vehicles described in section 1.1 would not
be possible since the MFI is working on a difficult and scarcely explored size scale. Micro
air vehicles with dimensions of a few tens of centimeters can utilize commercial off the
shelf (COTS) micro motors such as ultrasonic or small electromagnetic (for example the
91mg Faulhaber micro brushless DC motor). At the scale of the MFI, such motor power
densities drop off rapidly and gears or bearings exhibit friction problems. For microrobots
on the scale of a millimeter, high force, small displacement combdrive motors are available
in MEMS processes. However, joints such as hinges or flexures are very brittle and not

typically capable of large deflections. Thus all components of the MFI must be invented or
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Figure 1.4: Drawing of the MFI showing relevant areas of discussion.

adapted from other technologies.

The MFT is split up into four distinct mechanical components: the thorax, wings,
actuators, and airframe. A drawing of the MFI showing these four constituent compo-
nents is shown in Figure 1.4. The actuators are analogous to the direct and indirect flight
musculature of Dipteran insects [29]. The MFI thorax consists of a mechanical amplifier
and a differential mechanism which is connected ultimately to a wing. The airframe is a
tensegrity-based exoskeleton which serves as a mechanical ground for all the drive compo-
nents. The MFI mechanical design and fabrication techniques are described in detail in
chapters 3 and 4.

The flight muscles of the MFI are piezoelectric bending actuators. With respect
to the MFI application, this class of actuators has small displacements and relatively large

generative forces. In order to drive the wings through large angles, a mechanical amplifier
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is used. Instead of gears and rotary joints, a planar parallel flexure-based mechanism (four
bar) is used. This accepts a rotary input and yields an amplified rotary output. To generate
the rotary input, a slider-crank mechanism is used to transform the approximately linear
motion of the actuators to a rotation at the input of the four bar. For each wing, two
actuators, four bars, and slider-cranks are symmetrically opposed. The outputs of the two
four bars are mapped through a spherical parallel differential mechanism (five bar) such
that in-phase rotations yield flapping while out-of-phase rotations cause rotation about the
span wise wing axis. A slider-crank mechanism is used to transform the approximately
linear motion of the actuators to a rotation at the input of the four bar. For each wing, two
actuators, four bars, and slider-cranks are symmetrically opposed. The outputs of the two
four bars are mapped through a spherical parallel differential mechanism (five bar) such that
in-phase rotations yield flapping while out-of-phase rotations cause rotation about the span
wise wing axis. The dual four bar, slider-cranks, and differential are collectively termed the
thorax.

In addition to the mechanical transmission and actuation, a class of biologically
inspired sensors has been designed and demonstrated which exhibit advantages over existing
commercial sensors. The proposed control of the MFI relies on these biomimetic sensors
for state estimation such as angular position and angular velocity. Chapter 5 describes a
biomimetic gyroscope (halteres), angular position sensors (ocelli), and an optic flow sensor
for angular and linear velocity estimates.

Finally, the actuators, thoraxes, wings, and airframe are assembled together to

form the complete mechanical body of the MFI as described in chapter 6. Along with this
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mechanical integration, the wings are driven with biomimetic kinematics and a liftoff test

is performed.
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Chapter 2

Previous Work

There has been a great deal of interest in unmanned air vehicles (UAVs) and more
specifically micro air vehicles (MAVs or AVs) recently. In general, although not exclusively,
such work is focused upon the use of fixed or rotary wings.

AeroVironment developed the “Black Widow”, a six inch fixed wing MAV with
DARPA support. This MAV has a range of 1.8km flying for 30min, though the maneuver-
ability is limited due to a 14ms~! flight speed.

Researchers at Didel and EPFL [62], and Drexel University (Closed Quarter Aerial
Robotics [44]), have created a class of indoor slow flyers capable of extremely slow flight
and thus impressive maneuverability in closed environments. Such fixed wing MAVs are as
light as 6¢g and can operate in rooms the size of small gymnasiums as slow as 1ms™!.

A team at Stanford University headed by Ilan Kroo attempted to create a quad-

rotor MAV the size of a quarter called the Mesicopter. This consisted of four rotors mounted

to a fuselage housing a battery and controller. Prototypes of the Mesicopter showed the
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ability to generate thrust, but also displayed the inherent instability of such structures at
the small scale.

Epson corporation has produced a counter-rotating blade miniature autonomous
helicopter. This MAV is powered by ultrasonic motors, weighs 12.3¢g, and has a flight time
of 3min. Similar to Epson’s MAV, a more traditional style rotocraft was constructed in
2003 by a Belgian hobbyist Alexander Van de Rostyne. This is a remote controlled 6.9¢
helicopter constructed mainly from composite weaves and carbon tubes.

It is understood that as the size of the UAV becomes smaller, the Reynolds number
becomes smaller, thus fixed wings become less efficient for lift production because of the need
for increased speed. Flapping or rotating airfoils solve this problem by increasing the speed
of the wings relative to the surrounding fluid. Goldfarb [17, 41] noted this as the motivation
for his piezoelectrically actuated flapping wing MAV prototype. This MAV attempted to
mimic the functionality of a dragon fly using resonant, piezoelectrically actuated wings.
Two wings were actuated by a single drive actuator at the system resonance. The wings
were tuned such that bilateral wings had identical flapping resonances, but slightly different
rotational resonances [16]. In this way, roll torques could be generated via slight variations
in the drive frequency such that one wing achieved larger rotation amplitudes.

Robert Michelson at Georgia Tech is leading an “Entomopter” project geared at
creating a multimodal aerial robot [57] using reciprocating chemical muscles to power the
100g 4DOF flapping wing device.

At team at the California Institute of Technology in collaboration with researchers

at the University of California at Los Angeles and AeroVironment has created a biologically
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inspired ornithopter dubbed the Microbat [68, 67]. Using the principles of birds and flying
mammals, the microbat generates reciprocating wing motions through an electromagnetic
drive and is capable of remote control for a few minute span.

Under the leadership of Sunil Agrawwal at the University of Delaware another
ornithopter has been created and has also demonstrated stable flight [6].

Thus there has been significant work on the creation of MAVs and microrobotcs in
general, however the underlying mechanisms and principles are quite diverse. Researchers
at the University of California at Berkeley have used polysilicon hinges and panels to create
rigid links and flexible joints [106] for a solar powered crawling microrobot [105, 47]. Another
walking microrobot was constructed using thermally actuated hinges as legs [31]. On a larger
scale, Goldfarb [38] actuated vibrating legs with piezoelectric materials to create a hopping
microrobot. With respect to the MFI project, Shimada discussed a semi-automatic desktop
microassembly plant, Fearing described the initial wing drive of the MFI [35], Yan further
described the prototyping methods used [103], Avadhanula [3] and Wood [96] described
initial composite process and the dynamic tuning of each member.

There have been numerous models presented for the mechanics of rectangular
piezoelectric transducers. DeVoe [23] presented a model for MEMS cantilever actuators
considering multiple passive layers. Smits [77, 78] and Weinberg [93] described in detail a
one-dimensional analysis of piezoelectric bending actuator performance using energy meth-
ods. More specific to this work, Wang [87] modeled a bimorph with a central passive layer
and the effects thereof. For microrobotics applications, Sitti [76] described the design of

millimeter scale bending actuators. For greater generality, laminate plate theory is used in



21

chapter 3 to describe the interaction between the external and internal forces and moments
with the layer stresses and strains as in [98, 99].

Other than modeling, there have been a number of novel construction techniques
for piezoelectric bending actuators. Goo [42] and Yoon [108] have described the construction
and performance of a lightweight piezocomposite curved actuator (LIPCA), Wise [94], Li
[53], and Wang [88] have characterized the performance of reduced and internally biased
oxide wafer (RAINBOW) and thin unimorph driver (THUNDER) actuators.

There have also been a myriad of biomimetic sensor work suitable for such plat-
forms. Wood described force sensors [97] mounted along electro-active actuator surfaces
analogous to campaniform sensilla in insect wings and legs. Chahl [12] created a horizon
detection sensor similar to insect ocelli. Barrows [8] described an optical flow sensor suitable
for obstacle avoidance and navigation for highly maneuverable MAVs. It is hypothesized
that the algorithms used in such a sensor are similar to those used by insects to process their
visual data with high temporal resolution and low spatial resolution. Simple and efficient
versions of these sensors along with additional sensor platforms will be discussed in Chapter

5.

2.1 Contributions

This work brings benefits to the fields of microrobotics, robotics in general, mate-

rial science, electrical and mechanical engineering through the following contributions:

1. The development of a laminate plate theory model for bending transducers encom-

passing any number or orientation of layers, intrinsic and extrinsic geometry, and
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excitations.

. The demonstration of an optimal bending actuator design using this model displaying
the usefulness of the model and the exemplary performance of actuators with respect

to the state of the art.

. The creation of a process to utilize composite materials into articulating and statically
determinate microrobotic structures and the demonstration of the benefits relative to

previous methods.

. The development and demonstration of a class of biomimetic sensors for use in low

mass, low power mobile platforms.

. The overall integration of actuators and thorax into an MAV platform capable of

generating a thrust to weight of greater than unity.
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Chapter 3

Composite Microactuators

The flight muscles of flying insects pull either indirectly (dorsolongitudinal and
dorsoventral muscles) or directly (subalar and basalar) on a wing drive transmission to power
the wings [30]. This is true also for the MFI wing muscles. The MFI actuators are essentially
a force source. They pull (or push) upon either the wing directly, or indirectly through a
transmission system. Such a transmission system is necessary to tailor the kinematic and
dynamic properties of the MFI wing to the requirements and is described in chapter 4. The
MFI must have two wings, each with two DOFs for a total of four independent DOF. Thus
the MFT requires four actuators. This chapter describes in detail the requirements, design,
fabrication, and results of these actuators along with a comparison to other published and
commercial piezoelectric bending actuators.

First it is of use to note the motivations behind the choice of actuator morphology.
It has already been stated that rotary micromotors would be too inefficient due to higher

friction as the size decreases. The rotary motor which is the closest to fitting the needs of
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Table 3.1: Active material parameters.

Materialt ‘ PZT-5H ‘ PVDF ‘ PMN ‘ Terfenol-D ‘ Nitinol? ‘ Units ‘

Description piezo- piezo | electro- | magneto- SMA
ceramic film | strictive | strictive
Max. Strain 0.3 0.07 0.1 0.2 8.0 %
Modulus 62 2 65 30 41 GPa
Density 7800 1780 7800 9250 6500 kgm =3
Energy Density 36 0.28 4.17 6.48 20000 | Jkg !

from Mide (www.mide.com) and empirical measurements

2data form www.nitinol.com

the MFI is the Faulhaber 0206 drive system. This motor has an output power of 60mW and
a mass of 91mg. Very high shaft speeds and relatively low torques would require this motor
to have a gearing system that would further reduce the power density below the acceptable
range for the MFI. Thus a frictionless alternative would be ide