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Abstract

Despite the prevalence of insect flight as a form of locomotion in nature, manmade
aerial systems have yet to match the aerial prowess of flying insects. Within a tiny
body volume, flying insects embody the capabilities to flap seemingly insubstantial
wings at very high frequencies and sustain beyond their own body weight in flight.
A precise authority over their wing motions enables them to respond to obstacles
and threats in flight with unrivaled speed and grace.

Motivated by a desire for comparably agile flying machines, research efforts in
the last decade have generated crucial developments for realizing an artificial instan-
tiation of insect flight. The need for tiny, high-efficiency mechanical components
has produced unconventional solutions for propulsion, actuation, and manufactur-
ing. Early vehicle designs proved to be flightworthy but were critically limited by
the inability to produce control torques in flight. In this thesis, we synthesize all
existing technologies for insect-scale manufacturing and actuation, and we introduce
a new vehicle design, the "dual actuator bee," to address the need for flight control.
Our work culminates in the first demonstration of controlled, hovering flight of an
insect-scale, flapping-wing robot.

As the ultimate goal for this research effort is the creation of fully autonomous
flying robots, these vehicles must sustain their own power sources and intelligence.
To that end, we explore the challenges of scaling flapping-wing flight to attain greater
lift forces. Using a scaling heuristic to determine key vehicle specifications, we de-

velop and successfully demonstrate a hover-capable vehicle design that possesses the
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requisite payload capacity for the full suite of components required for control auton-
omy. With this operational vehicle as a point of reference, we introduce an iterative
sizing procedure for specifying a vehicle design with payload capacity capable of
supporting power autonomy. In the development of these vehicles, the reliability of
their construction has been a substantial challenge. We present strategies for sys-
tematically addressing issues of vehicle construction. Together, this suite of results

demonstrates the feasibility of achieving artificial, insect-like flight.
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Chapter 1

Introduction

This work describes the suite of design and manufacturing innovations that led
to the first successful controlled flight demonstrations of a new micro air vehicle
(MAV). The vehicle was developed at Harvard University under the umbrella of the
Robobees project, a multidisciplinary collaboration of engineers, computer scientists,
and biologists to develop a coordinated swarm of robotic bees, called “Robobees.”
These Robobees would mimic the scale and aerial aptitude of real honeybees and are
envisioned to cooperate as swarms in executing complex tasks. Potential applications
include rapidly distributed environment sensing, search-and-rescue applications in
hazardous environments, and crop pollination for agriculture.

The key element of the Robobee as a concept is a highly miniaturized, maneu-
verable, and autonomous MAV that can approach the robust, versatile behaviors of
real flying insects. Conceptually, the MAV should capably fly, hover in place, and
maneuver. At the macroscale, fixed wing aircraft and rotorcraft (helicopters) have
well-understood aerodynamic and design principles. However, these air vehicle mor-
phologies cannot be directly miniaturized to the scale of insects without detrimenting
performance, stability, or practicality. At the scale of a few centimeters, aerodynamics
enter a laminar flow regime where the fluid viscosity becomes much more significant

(Reynolds numbers on the order of 1000) and invisid airflow assumptions that govern



CHAPTER 1. INTRODUCTION

much of macroscale air vehicle design principles do not apply. This motivates the
search for other methods of powering flight.

Flying insects are neither strictly fixed-wing nor rotary-wing aircrafts. They in-
stead use rapidly reciprocating airfoils (flapping wings) with high accelerations to
generate lift. As the flow structures created by this form of flight are at best periodic
and generally chaotic, steady airflow aerodynamic assumptions no longer apply and
unsteady aerodynamic analyses must be introduced. This greatly complicates the
aerodynamic theory of flapping wing flight. In the last half century, researchers have
gradually resolved the aeromechanics of insect flapping-wing flight through a combi-
nation of in vivo and in situ experiments. A growing body of work is approaching
a comprehensive understanding of flapping-wing flight mechanics and the unsteady
aerodynamics that govern it [4, 15, 29, 38, 43|. A compelling test of this understand-
ing is to apply it to the development of an artificial flapping-wing micro air vehicle

(FWMAYV) that can approach the performance of biological flyers.
1.1 Insect-scale flapping wing flight in brief

Flapping wing flight involves the complex, coordinated motions of wings. For the
work presented in this dissertation, we focus on a two-winged flapping-wing system.
This mimics the morphology of flies. Bees, which the Robobee vehicle is explicitly
modeled on, have four wings but the fore and hind wings are mechanically coupled
to operate similarly to two wings [18]. Each wing undergoes rotation about all three
degrees of rotational freedom [57|. The main mode of rotation is wing flapping, which
rotates the wing about its root along a nominally fixed stroke plane. It consists of
nominally symmetric upstroke and downstroke motions. The wing also undergoes
wing pitching, or rotation, about the major axis of the wing. This wing pitching

oscillates about a mean pitch angle, out of phase with the flapping motion. The third
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mean pitch angle

pitching

Figure 1.1: The three modes of rotation in flapping wing flight are labeled flapping,
pitching, and stroke plane deviation. The flapping mode rotates the wing at its root
about a vertical axis and is labeled by ¢. It consists of an upstroke and downstroke,
relative to the direction of nominal motion. The pitching mode rotates the wing
about its spanwise axis, oscillating around a mean pitch angle, and is designated 1.
The deviation mode rotates the wing out of its stroke plane, or plane of flapping, and
is designated 6.

mode of rotation is stroke plane deviation and consists of small motions of the wing
tip that occur out of plane with the stroke plane. These wing rotation modes are
illustrated in Figure 1.1. The wings are also compliant airfoils that twist and camber
as they move; this has significant effects on the aerodynamics [23]. Together, these
wing motions enables the wings alone to generate propulsive thrust forces and the
full gamut of control torques for flight maneuvers.

The aerodynamics of flapping wing flight are unsteady and time dependent, and
forces generated by a wing trajectory depend on the conditions of the previous cycle’s
trajectory. Inherent to their system dynamics because of their small scale, flapping
wing flying animals and vehicles are dynamically unstable and require active control to

remain stable in flight [44]. To generate control torques for stabilizing flight, flapping

wing flyers can tweak their nominal wing trajectories on a per-cycle basis. Because
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Figure 1.2: Examples of previous FWMAYV efforts. A) The CIA Insectothopter [8].
B) Aeronvironment’s Nanohummingbird [37]. C) DelFly II [13]. D) DelFly Micro
[12]. E) UC Berkeley Micromechanical Flying Insect [25]. F) Harvard Microrobotic
Fly [61].

of high flapping frequencies (upwards of 150Hz for bees and flies), small changes in
wing trajectories can quickly accumulate to produce body moments [28]. The flight
mechanics of flapping wing flight are further elaborated in Section 1.3. Flying insects
drive their wing flapping motion with large power muscles in the thorax while smaller

control muscles modulate deformations to the wing trajectory [18].

1.2 Prior work

Flapping-wing micro air vehicles at the scale of small birds and flying insects have
been in development for at least a half century. One of the earliest examples is the

CTA TInsectothopter from the 1970’s which was modeled after a dragonfly and powered
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by gasoline [8]. This device reportedly had a wingspan of 9 cm, mass of 1 g, and a
flight time of 60 seconds. However, it was severely limited by underdeveloped flight
control and was never applied in the field. More recent FWMAVs at a similar scale
include the Aeronvironment NanoHummingbird and Delft University’s Delfly, both of
which have well-developed mechanical systems and fully integrated power and control
systems. The Nanohummingbird has a 16.5 cm wingspan and weighs 19 g [37]. The
Delfly II has a 28 cm wingspan and weighs 16 g [13]. These examples are notable
because they were able to achieve stable hovering behavior, which is considerably
more difficult due to the lack of far stream velocity to augment lift generation. At the
scale of small birds, these robotic vehicles have sufficient payload capacity to carry
consumer-grade RC components and control electronics. A smaller Delfly micro was
also developed that has a 10 cm wingspan and weigh 3 g but could not hover [12].
In published literature on FWMAVs, few attempts have been made to construct a
vehicle with wingspan less than 10 cm to more closely approach the insect-scale. The
UC Berkeley Micromechanical Flying Insect (MFI) project first endeavored to create
an insect-scale FWMAV [25]. With a wingspan of 2.5 ¢m, the MFI had scale and
performance requirements that could not be met with commercially-available, off-the-
shelf components. The project would eventually contribute to the development of new

actuation and fabrication technologies that are still in use with current FWMAVs.

1.2.1 Fabrication innovations

The fabrication of insect-scale machines is a significant obstacle facing their devel-
opment. The mechanical components require feature sizes between micrometers and
centimeters—too large for silicon-based microelectromechanical systems (MEMS) and
too small for conventional machining and assembly methods. Decreased feature size

brings an increased dominance of surface forces, causing revolute joints or sliding



CHAPTER 1. INTRODUCTION

surfaces to become inefficient or infeasible [53, 59]|. Additionally, MEMS techniques,
although sufficiently precise, are time-consuming, constrain material choice, and limit
attainable geometries.

The Berkeley MFI project encountered these fabrication challenges which moti-
vated the development of a new design and fabrication methodology for these small-
scale, dynamic machines, called Smart Composite Microstructures (SCM), to address
this void in mesoscale manufacturing [59] (“mesoscale” refers to the scale regime be-
tween micrometers and centimeters). In SCM, different material layers are precision
micromachined, aligned, and laminated together in a monolithic, planar fashion. In
these multi-material laminate composites, flexible material can be exposed through
the rigid material layers to form flexure hinges in the planar structure. These planar-
fabricated flexure hinge mechanisms are manually assembled via folding to create
complex, dynamic 3D structures and mechanisms.

This planar design and manufacturing methodology was further refined into the
PC-MEMS process, which allowed for unprecedented design complexity and function-
ality in planar-fabricated structures |50|. A library of materials has been established
that are compatible with the PC-MEMS process, including a range of carbon fiber
composites, glass fiber composites, metals, ceramics, adhesive films, and polymer
films. These manufacturing innovations have been crucial to the development of new

FWMAVs, including the ones presented in this work.

1.2.2 The Harvard Microrobotic Fly

The work described in this dissertation is an immediate successor to the work on the
Harvard Microrobotic Fly (HMF)—a 3 ¢m wingspan, 60 mg FWMAV [61]—which
itself was a successor to the UC Berkeley Microrobotic Flying Insect (MFI). The MFI

project created a 25 mm wingspan and 100 mg M AV that was able to generate complex
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flapping wing kinematics with a fully actuated wing drive system [3]. However, a
demonstration of lift off was never achieved. The MFT project pioneered a crucial suite
of innovations for creating insect-scale FWMAVs, and leveraging those innovations,
the HMF demonstrated that manmade flight at the scale of insects is possible.

Among the innovations common to the MFT and HMF were piezoelectric ceramic
bimorph actuators [60]. Considerations on the energy density of various actuation
technologies eventually reduced the design space to induced-strain materials like
piezoelectric ceramic. Conventional electromagnetic motors, common to other small-
scale robotic devices, are inefficient at the mesoscale. As scale decreases, surface
area-to-volume ratio increases and rotating mechanisms experience greater friction
losses. With finite coil wire diameters, tiny electromagnetic motors approach the lim-
its of current density. Additionally, the required manufacturing tolerances for small
rotation joints become difficult to achieve. Developed specifically for mesoscale FW-
MAVs, the bimorph actuators featured a novel design to improve energy density over
similar commercially off-the-shelf (COTS) actuators [60].

Leveraging these actuators and the fabrication techniques introduced in Section
1.2.1, the two-winged HMF was able to generate sufficient thrust to offset its own
weight, while constrained to vertical guide wires. Key mechanical design features in-
cluded coupling the two wing drives to a single actuator and utilizing passive rotation
wing hinges to modulate wing pitching dynamics. These features greatly simplified
the vehicle design relative to the MFI, which had four actuators driving two wings,
and reduced vehicle mass substantially. The HMF had to sacrifice controllability with
one actuator driving two wings symmetrically, and this resulted in a vehicle incapable
of modulating body torques in flight. A mechanical redesign is necessary to attain

this ability.
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1.3 The need for controllability

The lack of controllability of the HMF motivates the investigation of a design that
incorporates flight control mechanisms. Flight control in insect flight is an extremely
rich topic, owing much to the fact that flying insects have the musculature for ad-
justing their wing motions on a cycle-by-cycle basis and rapid motor-sensory control
loops for active regulation of flight forces [18]. As with any air vehicle, a flying insect’s
flight mechanics can be described by three rotation axes defined relative to the body
frame: roll, pitch, and yaw. A variety of wing motions have been observed |4, 28, 43]
for flight control, but the complete map of wing motions to generated body torques
have not yet been fully characterized. Flying insects use their flapping wings as both
thrust generators and control surfaces.

Various FWMAVs have achieved body torque modulation, restricted to only the
use of two flapping wings and no additional control surfaces. The Aeronvironment
Nanohummingbird uses a combination of wing compliance modulation and wing pitch-
ing modulation and is able to generate torques about all three body axes in a decou-
pled manner [37]. In a parallel development to the mechanical design presented in
this work, Finio developed a modified design of the HMF which added two additional
actuators into the structure of the wing drive to modulate the wing transmission ratio
[27]. The design proved to be capable of controlled flight but exhibited significant
torque coupling. Ultimately it was too cumbersome to construct and sustain as a
FWMAYV platform for further study. Another modified design of the HMF added
two additional actuators and additional mechanisms to enable indirect wing pitching
modulation. This design demonstrated body torque generation but could not be con-
structed reliably enough to demonstrate controlled flight [52]. The work presented
here is a parallel development to these designs that also integrated controllability into

a similarly sized FWMAV.
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1.4 The need for manufacturability

It becomes clear that designing a FWMAYV with torque generation capability requires
additional mechanical complexity. This complexity must be supported by a suffi-
ciently capable fabrication process; otherwise, the complexity hinders easy, repeat-
able construction and reliable performance. The SCM fabrication process proved to
be capable of constructing a flightworthy FWMAYV in the HMF. The HMF design was
simple enough to produce with SCM, but the need for a controllable MAV motivated
more complex mechanical design. The PC-MEMS methodology was a direct response
to this need for greater fabrication precision and efficiency. But as will be discussed
in Chapter 5, trade-offs currently exist with the still-maturing fabrication process.
A conventional approach to fabrication and assembly, with the manual assembly of
discrete components, still plays a role in the construction of our FWMAVs.

Ideally, the vehicles would be constructed efficiently and reliably, have identical
performance, and essentially be interchangeable. But as long as manual assembly
is required, assembly errors can compromise these goals. Systematic analysis of the
vehicle assembly can drastically reduce the variability in vehicle construction and
bring FWMAYV designs closer to the reliability required for a sustainable research

platform.

1.5 The need for scalability

For these insect-scale FWMAVs to be autonomous, they must have the necessary
payload capacity to carry the electronics, sensors, and power source for control and
power autonomy. These components are in active, parallel development under the
Robobees project umbrella, as most COTS components cannot meet the demanding

weight and power specifications of an insect scale FWMAYV [31, 62, 35, 19]. The HMF
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could lift twice its own mass, but estimates of the payload package are three times
its payload capacity.

Studies on the scaling laws for FWMAVs remain preliminary; the bottleneck is
mainly due to the lack of a comprehensive model for the flapping-wing aerodynamics
and the limited number of working FWMAYV prototypes as reference points. In com-
parison, the aeronautics industry benefits from a century of experience with working
designs. In parallel with the developments on fabrication, actuation, and design fea-
sibility, previous vehicle scaling studies have used well-considered approximations for
the vehicle model |20, 58, 36]. The present work combines the latest modeling devel-
opments with known reference points from working FWMAV prototypes to provide

new insights into vehicle scaling for insect-scale FWMAVs.

1.6 Thesis contributions

This dissertation seeks to make Robobees a practical reality for supporting immediate
research efforts towards a fully autonomous insect-scale FWMAV and presents con-
vincing evidence for the feasibility of flying insect robots. It brings together the latest
developments in manufacturing for every mechanical component in the Robobee. It
also compiles the latest developments in system modeling to prescribe a vehicle de-
sign that is sized to support wireless, autonomous operation. The contributions are

as follows:
1. The practical instantiation of a vehicle design that is inherently controllable.

2. The practical instantiation of a vehicle design that is inherently manufacturable

and reproducible.

3. A vehicle sizing procedure to achieve a relevant range of payload capacities.

10
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4. Refined fabrication and assembly processes for repeatable manufacturing of

high-precision, flexure-based machines at the scale of microns to millimeters.

11



Chapter 2

The dual actuator bee design

As a culmination of nearly a decade of developments, including innovations in
custom actuators and micromanufacturing technologies, researchers were able to con-
struct the Harvard Microrobotic Fly (HMF)—a 60 mg insect-scale vehicle that uses
two flapping wings as its means to generate lift force [61]. However, due to the limita-
tions of the manufacturing technology at that time, the device only featured a single
actuator driving the flapping motion of two wings and was unable to generate body
torques for aerial steering. Altitude control experiments were performed on the vehi-
cle by constraining its motion to a single, vertical degree of freedom via guide wires
[45]. These previous studies proved the feasibility of insect-scale FWMAVs; however,
the lack of controlled body moments motivated the need for new designs.

Biologists have studied the free flight maneuvers of fruit flies in great detail and
have observed a variety of wing kinematics correlated with aerial turning behavior.
Studies have observed turns produced mainly by changes in wing stroke amplitude
and adjustments of the stroke plane [28, 29]. Other studies have proposed wing
pitch angle modulation as a key method for fruit flies to induce sharp turns [4]. At
present, the relationships between wing kinematics and control forces and moments
are not fully understood. However, there appears to be a rich variety of possible wing

kinematics, even to generate torques about a single body axis, such as yaw [16]. This

12



CHAPTER 2. THE DUAL ACTUATOR BEE DESIGN

Figure 2.1: The dual actuator bee FWMAV design next to a US penny for scale.
Landing gear struts are not attached.
flexibility may be advantageous for engineers designing a maneuverable vehicle.
From the perspective of vehicle engineering, each flapping wing can be viewed
as a thrust force source with a thrust vector nominally pointing downward. With
two wings on a FWMAV | differential adjustments between these two thrust vectors
can induce body torques. Differential modulation can be accomplished in a number
of ways. In an early attempt at a controllable vehicle design, the HMF design was
augmented with control actuators—a smaller actuator integrated into each wing drive
that can modulate the mechanical amplification ratio and thus the stroke amplitude
[27].  This design configuration, with three actuators total—two control and one
power—was inspired by the thoracic mechanics in insects of the order Diptera, which
separate power and control muscles [18]|. Controlled flight was demonstrated, though

the vehicle design was difficult to construct and was not refined into a practical vehicle

13



CHAPTER 2. THE DUAL ACTUATOR BEE DESIGN

platform for further testing.

Demonstrating a different method of differential thrust modulation, the vehicle
design presented in this dissertation uses two power actuators with each actuator
independently driving a single wing, illustrated in figures 2.1 and 2.2. The actuation
scheme and control strategy exhibited in this “dual actuator bee” design has been
explored theoretically by Doman et al. [17] (as well as demonstrated by Hines et al.
for a larger scale flapper [33]). Doman demonstrated in simulation that two actuators
could generate the required body torques and forces to provide sufficient control
authority for six degree-of-freedom control—theoretically, the vehicle can be fully
actuated. This two-actuator control scheme was designated the split-cycle, constant-
period frequency modulation technique. The dual actuator bee design presented here
is essentially the physical instantiation of that control scheme.

This chapter describes the design and fabrication of the dual actuator bee and
provides basic models to predict the force and torque capabilities of the vehicle with
this actuation scheme. The successful construction of this device was enabled by an
early instantiation of the PC-MEMS laminate composite fabrication process |56, 50].
Experiments are conducted to measure the body forces and torques that can be
generated by the vehicle for a variety of control input signals. It is shown that the
dual actuator bee is capable of generating all three body torques and thrust in excess
of body mass.

In addition, the dual actuator bee was integrated with an offboard flight controller
setup and has demonstrated tethered but unconstrained stable hovering and basic
controlled flight maneuvers. The result validates a sufficient suite of innovations for

achieving artificial, insect-like flight.

14



CHAPTER 2. THE DUAL ACTUATOR BEE DESIGN

Figure 2.2: The two wings of the vehicle can be controlled independently. In the
left image, only the left wing is actuated. In the right image, only the right wing is
actuated.

2.1 Design

The original HMF design serves as a design basis for the dual actuator bee. Tt
demonstrated that a vehicle with the specific combination of wings, actuators, mass,
operating frequency, and transmission ratio, along with the construction methods
and materials used, could generate sufficient thrust force to lift off. Both the HMF
and the dual actuator bee use similar manufacturing technology for their mechanical
components. The transmission mechanism is constructed from kinematic chains of
rigid links and flexure joints as detailed in Chapter 5. The actuators are piezoelectric
ceramic bimorph actuators. A relevant detail for the following discussion is that the
actuators are oscillating, bending cantilever beams with output taken at the distal
end.

The dual actuator bee design takes the HMF design and conceptually splits the
vehicle in half—the actuator is split into two separate actuators of equal base width
and the two wings are decoupled and independently driven by each actuator. The
geometry of each dual actuator is such that the base width is half that of the HMF
actuator (3.5 mm to 1.75 mm), but the actuator is optimized for energy density
as detailed in [60] and retains an isosceles trapezoidal shape. Based on geometry
of piezoelectric ceramic material alone, the total mass of the two, dual actuators is

estimated to be 22% more than the single HMF actuator.
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CHAPTER 2. THE DUAL ACTUATOR BEE DESIGN

The single HMF actuator had sufficient power density to drive the load of two
wings with appropriate wing trajectory and thrust generated. The design basis of
the dual actuator design is that half of that single actuator should exhibit half of
the force output to drive the load of a single wing, allowing a two-winged vehicle to
achieve the same system performance. Approximating the flapping wing drives as
linear, second-order systems, halving the actuator would result in halving the system
stiffness k. A single wing would have half the inertia and damping of two wings.
Transmission dynamic effects are assumed to be negligible. Resonant frequency is
calculated as w, = \/k;/—m Consequently, the resonant frequency of a single dual
actuator wing drive should be similar to the two-wing drive. Assuming the mass
of the other vehicle components can be made similar or less, the dual actuator bee
should be able to attain a similar lift-to-weight ratio as the original HMF and have
control authority over in-flight degrees of freedom.

The primary mechanical design challenge for the dual actuator bee is to robustly
support two, kinematically decoupled wing drive mechanisms with an airframe that
is stiff and low mass. A key design choice involved the orientation of the actuators
with respect to the motion of the wings. The straightforward choice would be to
place the two actuators side by side with actuator tip motion in the dorsalventral
direction, similar to the HMF. Instead, we took the opportunity to capitalize on the
symmetry of the vehicle and cancel out the effect of each actuator’s oscillating inertia
by orienting the actuators to face each other, shown in figure 2.3. The actuators’
tip trajectories are now in the lateral direction. If the actuators are oscillating in
phase and with similar amplitude, the body torques due to their inertia should cancel
out, assuming the actuators are well-grounded to the same rigid member. Oscillating
actuator inertia has never been formally noted as a nuisance in these vehicles, but such

body oscillations have the potential to decrease the effective wing stroke amplitude.
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Transmissions
= 2X

Actuators
; 2X

Figure 2.3: Convention used to define the three body rotation axes. The insert
highlights the use of two actuators and two wing drives in the vehicle.
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Figure 2.4: Piezoelectric ceramic actuator bending profile indicating tip displacements
and angles. The actuators can be approximated as a rotary motion source with a fixed
center of rotation. A mismatch between the expected and actual (best approximation)
center of rotation up to 1.5 mm has a negligible effect (maximum 1 pym tip offset, <
1 pm angular offset). (Beam deflection not to scale).

This configuration of actuators mitigates that possibility.

Another key insight in the mechanism design is to remove the slider crank from
the transmission, reducing vehicle mass and volume. In the HMF, the slider crank
converts the nominally rotary motion of the bimorph bending actuators to the linear
motion that drives the planar four-bars of the transmission. That design was fixated
on the actuator tip displacement, which is to first-order a purely prismatic motion,
for small bending deflections. Rotary displacement is a second-order effect, as is the
axial displacement of the tip. The actuator of the HMF exhibits a 600 ym peak-to-
peak tip displacement. Large deflection beam bending theory predicts a 7um axial
displacement at the extremes of the tip trajectory.

In the dual actuator bee design, we do not fixate on the tip of the actuator but
instead consider the actuator bending profile as a whole. Here, it is more appropriate

to approximate the actuator as a purely rotary displacement source with a fixed center

of rotation. We empirically determined that the approximate center of rotation of the
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-« W

All axes intersect at the
approximate actuator
center of rotation

Figure 2.5: Spherical four-bar illustration. All transmission joint rotation axes in-
tersect at an approximate, fixed center of rotation of the actuator. One four-bar for
each actuator.

actuator output is 8 mm from the tip, with a variation of 1.5 mm between actuators.
The precision of these measurements is not a major concern. Even if the mismatch
between the expected and the actual center of rotation was 1.5mm at the extreme,
the axial divergence of the actuator tip from the pure circular arc is on the order of
1 pm at maximum tip deflection, as illustrated in figure 2.4. This axial displacement
can be tolerated and absorbed by the off-axis compliance of the flexure joints in the
transmission.

Using the actuator as a rotary displacement source, we designed a transmission
mechanism that consists of a spherical four-bar, with all joint rotation axes inter-
secting at a single point to coincide with the approximate center of rotation of the

actuator, illustrated in figure 2.5. The transmission ratio is designed to match the
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value in the original HMF. The actuator mates with the transmission along the edge
of the last 3 mm of its length.

It is important to consider the requirements for energy efficiency when operating
the vehicle; as highlighted in [61], operating at the resonant frequency of the system
will enable maximum power efficiency. In the case of the dual actuator bee, there are
two, potentially different resonant frequencies—one for each wing drive. It is in our
best interest to have the two resonant frequencies coincide, both for energy efficiency

and symmetry of mechanical operation. This can be affected by fabrication reliability.

2.2 Fabrication

Only with recent developments in the fabrication and assembly methods has this
vehicle design been rendered practical to construct. Advances in composite laminate
mechanical design and fabrication have given us confidence in reliably producing
mechanical components. The actuator fabrication process has developed extensively
since the HMF, and we can now produce actuators with more consistent performance.
However, fabrication inconsistencies are easily introduced in the manual assembly
of the components. Fabrication and assembly of mesoscale machines is presented
in greater detail in Chapter 5. Here, we present our early attempts at achieving
consistent fabrication results.

The dual actuator bee design is particularly sensitive to the symmetry of the
two halves of the vehicle; small asymmetries can significantly affect basic operation.
Once the mechanism has been assembled, the parameters of the input control signals
are modulated to achieve perfectly symmetric operation and reliably flight behavior.
However, those parameters can only be tuned to a certain extent established by

the initial fabrication precision. Additionally, the control signals cannot influence the
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natural frequency of the system; fabrication quality dictates the mechanical properties
of the vehicle. It is therefore imperative to have both halves of the dual actuator bee
fabricated precisely and symmetrically.

The fabrication of the transmission linkage benefits from an assembly scaffold—a
concept introduced in the PC-MEMS process [50]. The essential idea is that aux-
iliary, sacrificial mechanisms can be fabricated simultaneously around the intended
mechanism for the sole purpose of removing degrees of freedom and assisting in pre-
cision assembly. In a demonstration of the process’s potential, an entire FWMAV
vehicle was assembled by activation of a single degree of freedom. This assembly
approach is elegant but time consuming to design. The dual actuator bee takes a
hybrid approach by using assembly scaffolds to assist in folding up the transmission
mechanism only and relegating the other fabrication steps to manual manipulation
and assembly. Other techniques employed in the precision fabrication of the mechan-
ical components include extensive use of tabs and slots for mechanical alignment and
custom alignment fixtures for assembly accuracy, seen in figure 2.6.

The production of the piezoelectric ceramic bimorph actuators is now much more
repeatable. Prior art involved manually stacking individual material layers and plac-
ing aligned stacks into an opaque, vacuum-bagged setup with little assurance of re-
taining component alignment during part conveyance [60]. The new process uses a
heated weight press and pin alignment system, borrowing techniques from printed
circuit board fabrication, to achieve very consistent results. The piezoelectric (PZT-
5H, Piezo Systems) and alumina ceramic elements, used for the actuator extension,
are cut out separately as pick-and-place components. These ceramics elements are
laser machined from 5 mil thick plates of bulk material. Layers of 5 mil Garolite,
fiberglass-reinforced epoxy laminate, are machined with features and clips to main-

tain the alighment of the smaller ceramic elements. This Garolite layer, along with
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laminate with
heat and

pressur

manual folding
assembly

P laser cut to release

(a)

glue + laser cut to
release

Figure 2.6: Fabrication innovations used in the dual actuator bee. (A) Piezoelectric
actuator fabrication starts with mechanical alignment of components using alignment
fixtures. Heat and pressure laminates the parts together. The epoxy resin in the
carbon fiber middle layer serves as the adhesive. Laser cutting releases the actuator
from the surrounding material. (B) Transmission fabrication involves an auxiliary,
assembly scaffold to assist in precision folding. Manually fold, glue and laser cut to
release. (C) Assembly of parts involves custom fixtures for precision alignment.
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the other constituent layers, has identical alignment pin holes to maintain inter-layer
alignment during the heat and pressure bonding process. The actuators are char-
acterized for free displacement performance prior to laser cut and release from the
composite laminate. These fabrication techniques developed for the dual actuator

bee design are illustrated in figure 2.6A.

2.3 Modeling

Researchers have noted that two-winged insects, such as the fruit fly, rely on modulat-
ing their wings’ angle of attack to perform flight maneuvers |4, 28]. While they utilize
power muscles to maintain high-frequency wing flapping, they have a separate set of
muscles used to modulate wing rotation about three axes [18]. In contrast, the dual
actuator bee design has only two actuators and can only modulate wing flapping mo-
tion about a single axis. However, owing to the operation of the actuators, there are
a variety of adjustments to the single degree of freedom, including flapping frequency,
amplitude, bias of the mean stroke angle (wing bias), and asymmetry between up and
down strokes in a single cycle (“split cycle”). In this manner, wing angle-of-attack is
modulated indirectly, via passive rotation of the wing, due to dynamic interactions
with the air. Passive rotation of the wings was a design choice carried over from the
HMF and has been shown to be a viable solution for mimicking insect flight [57].
The basic model below illustrates how the dual actuator vehicle design can generate
thrust and achieve roll, pitch, and yaw body torques.

First, a linearized model is used to predict the natural frequency of the system,
which will influence the operating frequency of the FWMAV. The derivation of the
linearized system model is detailed in Finio [26]. Gain G of the system is defined by

the 2"? order transfer function relating input voltage V to output wing displacement
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Table 2.1: Physical parameters of the dual actuator bee

‘ Parameter ‘ Symbol ‘ Value ‘ Units ‘
Actuator mass Mg 25 mg
Wing inertia Jo 45.3 | mg mm”™2
Transmission ratio T 3.333 | rad/mm
Radius to center of pressure Tep 10.1 mm
Aerodynamic damping b 2.03 uNs/m
Actuator stiffness kq 300 N/m
Transmission stiffness ky 5.09 | uNm/rad
Equivalent mass Meq 528 mg
Equivalent damping beg 0.228 Ns/m
Equivalent spring constant keq 356 N/m

X, as a function of frequency w.

A

- - 2.1
Tea G+ bog(G0) T (2.)

o[-

The equivalent mass, damping, and stiffness are lumped parameters, dependent on
various physical parameters of the system which can be found in table 2.1. Equivalent
mass M4, as seen by the actuator, is dependent on the transmission ratio 7', actuator
mass mg, and wing inertia Jy. Dampingb., is dependent on 7', the wing’s radius of
the center of pressure r.,, and aerodynamic damping b. Stiffness k., is dependent
on T, actuator stiffness k,, and transmission stiffness k;. The constant factor A is
the proportion between input voltage V' and output actuator force, dependent on
physical parameters of the actuator. Based on this model and the values in table 2.1,
the damped natural frequency was calculated to be 104 Hz.

The input voltage signal controlling each piezoelectric actuator is a sinusoid char-
acterized by amplitudeV,,,,, offset V¢, and a variable x that defines the split cycle
asymmetry (figure 2.7). For the pair of actuators per vehicle, V,,, is the average
of the two input signal amplitudes. Assuming the two signal amplitudes vary sym-

metrically about V,,, with variation V¢, one actuator is driven with an amplitude
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Vamp = Vavg + Vair and the other actuator is driven with amplitude Vi, = Vipg — Vair.
The input signals are varied along V.4, Vair, Vors, and &, to generate thrust and three
torques on the vehicle. Equation 2.2 describes how these parameters influence wing

displacement angle ¢, in radians:

¢ = VorsG(0)
cos(4:) 0<t<rk- I

+VampG (W) (2.2)
cos(—;)(tl_f:)) ko2 t< 2

All forces exerted on the vehicle are assumed to come from the lift and drag forces
on the wings. These forces are proportional to the square of the wing velocity ngQ,
as well as drag and lift coefficients C'p and C7, dependent on the angle of attack «
[57]. To linearize the complex relationship between « and gi), « is treated as constant
throughout the wing cycle, and equal to the angle of attack of the HMF, oy = 45°.
Because the frequency of wing flapping is much higher than the frequency of the body
dynamics, the lift and drag forces can be treated as time averaged over the stroke

period P = 1/f = 27 /w (equation 2.3).

1 [f 1
Fp, = F/ dFy, = 2pBCL (WG(@)Vamp)” (2.3)
0

pis air density and [ is a constant representing the specifics of the wing planform
geometry.

Thrust Fypuse is the sum of both wings’ mean lift force magnitudes (equation 2.4).
Roll torque 7,y is the difference in mean lift force magnitude between the two wings.

Recall the lift force is a function of Vg, = Vapg £ Vaig.
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Roll Torque Signal
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Figure 2.7: Examples of signals that would be used to generate body torques on the
FWMAV. The signals shown would activate: (A) roll torque by varying Vyir (Vaiy =
10), (B) pitch torque by varying Vs (V,orr = 20), and (C) yaw torque by varying
(k = 0.3).
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Ehrust = FL,left + FL,right
1
= 5/0561 (WG(W))* (V2, + Vi) (2.4)
Troll = Tep (FL,left - FL,Mght)
= 1eppBCL (WG (w))? (VavgVais) (2.5)

Pitch torque 7y is caused by the combined lift force vector of both wings offset
from the vehicle center of mass in the foreaft direction. This offset is caused by a
bias in the wing’s mean stroke angle @,can (toward the front or back of the vehicle),

which is proportional to V, ;¢ of the input signal.

Tpitch — rcpSin(QSmean) (FL,left + FL,right)

~ Tcp‘/offG(O)Fthrust (26)

for small ¢,,ean.

Yaw torque 7,4, is achieved through a difference in the drag force between the
wings’ upstroke and downstroke. This is accomplished when the upstroke velocity
is different than the downstroke velocity; larger drag forces occur during the quicker
stroke. Ty4, is dependent on k, denoting the fraction of the cycle period that is
occupied by the upstroke; x = 0.5 indicates a pure sinusoid. The mean drag force of

each wing is determined by integrating the drag force over the stroke period:
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Figure 2.8: The dual actuator bee mounted on a custom dual-axis force-torque sensor.
Measuring all three body torques requires remounting in different orientations. Here,
the vehicle is mounted for roll torque measurements.

FD,left = _FD,M'ght

1 kP P
= F |:/ FD,upstrok:e - / FD,downstroke:| (27)
0 kP

Tyaw = Toep (FD,left - FD,M’ght) = 2"ﬂcpjTD,left
1 L (1—2
grcppﬁCD (WG(W)V:me) (m) (28>

2.4 Early experimental results

The first completed dual actuator bee weighed 70 mg, comparable with the legacy
60 mg HMF|61]. The vehicle was mounted on a custom dual-axis force-torque sensor
consisting of a stiff cantilever beam and two capacitive sensors, shown in figure 2.8.
This sensor can measure a single axis of torque and a single force perpendicular to the

torque axis. To measure torque generation in three directions, the vehicle had to be
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remounted in different orientations. The resonant frequencies of the two wing drives
on the vehicle were empirically determined to be approximately 95 Hz and 105 Hz.
For each experiment, a 100 Hz signal (the average resonant frequency between the
two wing drives) parameterized by Vi,g, Viir, Vors, and k was input into the vehicle
via a power tether for one second, and instantaneous force and torque were recorded
at a sample rate of 10 kHz. The force and torque were averaged over the one second
in order to obtain the measured force and torque.

To measure thrust and roll torque, the input signal’s V,,, was discretely varied
from 85V to 105V while the Vy; was discretely varied from -10V to 10V. When
measuring pitch torque, V, ¢ was varied from -20V to 20V, and when measuring yaw
torque, k was varied from 0.3 to 0.7.

Because fabrication variability can affect system properties, G was determined
empirically by observing wing displacement at the operating frequency. This value
was used in the models to predict thrust and torques.

To account for misalignments in mounting to the experimental setup and unavoid-
able fabrication asymmetries in the vehicle when collecting torque measurements, the
measured torque was broken down into the activated torque 7,., the offset of the
vehicle’s center of mass from the torque sensor’s rotation axis r,,;s times the thrust
Fiprust, and a torque offset 7y due to differences in wing performance. 7,,;s and 7y were
calculated via a linear fit of all data taken when the torques’ dominant input variable

(Vaig, Vogg, k) was inactive. The measured torque data was adjusted accordingly.

Tmeasured = Tact + TmisFthrust + To (29)

Figure 2.9 compares the measured thrust to the thrust expected by the model as

a function of V,,4. Thrust shows a positive correlation with V,,,, with a maximum

vg>

measured thrust of 1.36 mN, approximately twice the force necessary for the 70 mg
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Figure 2.9: Measured and calculated thrust as a function of the average signal am-
plitude V,,,. The thrust was observed with input amplitude differences between the

wings Vgi¢ of -10V, 0V, and 10V.
vehicle to hover. Contrary to the model, the increase in measured thrust as Vg
varies is much more pronounced. This was due to a fabrication error in the test
vehicle that resulted in one of the wings performing better than the other in terms of
force generation. Thus, a Vy; that favored the better performing wing cause the net
thrust of the vehicle to increase.

Figure 2.10 shows the three measured torques at three different values of V4. In
each case, the measured torque is plotted with the model’s predicted torque. Each
torque exhibits a positive correlation with the corresponding signal variable. We see
that for roll torque 7., the model is underestimating the torque generated. It also
appears that the 7,,; range has a marked decrease for the high V,,, value. The pitch
torque T, appears to match well with the model, except at the extreme values of
Vors. All of these discrepancies between the model and the experimental data for roll
and pitch torques seem to indicate that there is a breakdown in the linearity of the

system as the wing drives reach the limits of their motion. This could be attributed
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Figure 2.10: Measured and calculated torques as a function of their corresponding
signal variable. Each torque was observed when V,,, was 85V, 95V, and 105V. (A-C)
Roll torque 7,4 is shown as a function of Vg . (D-F) Pitch torque 7., is shown as
a function of V,ss. (G-I) Yaw torque 7,4, is shown as a function of Kying-
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to kinematic nonlinearity in the transmission four-bar or to the linearization error in
the system model.

In the yaw torque 7,4, case, the model is consistently underestimating the torque
generated, indicating a lack of fidelity in the modeling. The experimental data
also indicates a nonlinear relationship between the wing trajectory kng and output
Tyaw—the increase in torque magnitude tapers off for extreme x’s. The asymmetry
of the wing stroke, Kying, did not match the asymmetry of the input signal, defined
by k. The input & value of 0.3 resulted in the equivalent wing output Ky, value of
0.467. Similarly, a k = 0.7, which mirrors the assymmetry of k = 0.3, resulted in
Kwing = 0.533. The system appears to be resisting deviations away from a sine wave,
a characteristic of resonant mechanical systems. It is possible that x is too simple
a parameterization to define split cycle flapping, and a different parameterization is
required to output the desired wing trajectories.

Concerning the magnitude of the body torques generated, the vehicle is on par
with flight performance of fruit flies. Fruit flies have been observed to make 90°
turns in less than 50 ms about their major inertial axis|28]. In the dual actuator
bee vehicle design, that corresponds to the roll axis. With a maximum measured roll
torque of 3mN - mm and an estimated maximum body inertia of 1.0322g - mm?, the
vehicle should be able to perform a 90° turn in 23 ms, by accelerating for 45° and
decelerating for 45°. Body drag due to angular velocity is not taken into account, but

the performance is of the same order of magnitude as fruit flies.

2.5 Controlled flight

After the initial validation of body torque generation ability, as presented in Section

2.4, more dual actuator bee prototypes were developed, and their fabrication and
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Figure 2.11: Five individual dual actuator bees are shown alongside a U.S. penny for
scale, demonstrating the repeatability of the fabrication process.

assembly procedures were refined, as described in Chapter 5. The refinements to the
design have allowed for multiple vehicle prototypes to be constructed and operational
for numerous experiments. Figure 2.11 showcases the repeatability of the fabrication
process.

Active modulation of thrust force and three body torques permits the robot to
be controllable in unconstrained flight. The wing motions to generate body torques
are described in Figure 2.12. To achieve stable flight, we must implement an active
flight controller because, similar to flying insects, the dynamics of our insect-scale
vehicle are fast and unstable [5]. Sensing and controller computation are performed
off-board, and power and control signals are sent to the robot via a wire tether.

To sense the state of the robotic fly, we operate the robot in a virtual volume
defined by an external array of motion-capture cameras; position and orientation
are estimated by observing retroreflective tracking markers mounted on the robot,
illustrated in Figure 2.13. Taking into account the sampling frequency of the motion-

capture system (500 Hz), the latency of the computation, and the phase shift caused
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Figure 2.12: A) Body axes definitions of the dual actuator bee. The approximation
center of mass location is identified. B) Roll torque is generated by flapping one wing
with larger stroke amplitude than the other, inducing differential thrust forces. C)
Pitch torque is generated by moving the mean stroke angle of both wings forward or
backward to offset the thrust vector away from the center of mass. D) To generate
yaw torques, the robot influences wing drag forces by cyclically modulating stroke
velocity in a "split-cycle" scheme. A difference in stroke velocity between upstroke
and downstroke results in a net drag force per stroke cycle—the higher velocity half-
stroke (black arrow) produces greater drag force. By modulating magnitude and
direction of this mean drag force on both wings, yaw torque is generated. The black
and grey arrows correspond to arrows in E. E) The effect of stroke velocity on a wing’s
drag force. Black lines indicate the wings’ position and pitch angle at temporally
equidistant points within the stroke cycle. The red arrows indicate the instantaneous
drag force on the wing.
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by the electromechanical dynamics of the actuators, we estimated the total latency of
the robotic fly’s sensorimotor system to be approximately 12 ms. This proved to be
sufficiently high-bandwidth for the fast rotational dynamics of our insect-sized vehicle
and is comparable to the 10 ms latency measured in the neuromotor reflexes of fruit
flies [49].

Greater details on the flight controller can be found in [5]. The flight controller
design consists of three distinct modules controlling body attitude, lateral position,
and altitude and is subject to the constraints of the mechanical system; the stroke
planes of the wings, and thus the direction of their time-averaged thrust vectors,
essentially remain fixed with respect to the robot’s body axis. To stay aloft, the robot
must maintain a nominally upright orientation via stabilizing body torques such that
its net thrust vector compensates for gravity. To induce lateral forces, the robot
must reorient the body so that the net thrust vector takes on a lateral component.
The control law consists of a proportional term that accounts for the error from a
reference orientation and a derivative term that opposes angular velocity—providing
rotational damping. The lateral position controller module operates by calculating
the necessary reference orientation for the body attitude controller module to produce
the appropriate lateral force component.

The altitude controller does not rely on information about body attitude; it is
based on a linearization of the robot’s dynamics at hover and assumes the system
is always at an upright orientation. This decoupling of the controller allows for
reduced constraints on the more sensitive attitude and lateral position controllers.
In practice, the robot effectively maintains altitude because the body attitude does
not deviate significantly from the nominal upright orientation even when generating
compensatory lateral forces.

In flight tests, the robotic fly demonstrated stable hovering about a fixed point,
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Figure 2.13: Controlled takeoff and hovering of the dual actuator bee. A) Select
frames from a flight video shows the dual actuator bee ascending to the hovering
setpoint (white dot) and maintaining the setpoint position for over 9 seconds. B)
Infrared motion tracking cameras observe the position of retroreflective markers at-
tached to the vehicle in order to estimate its position and orientation in space. State
information is sent to a host computer which computes the required control signals
to stabilize the flight trajectory and sends them to the vehicle via a wire tether. C)
Three-dimensional reconstruction of a hovering flight trajectory. Hovering setpoint
was 10 cm above ground. Line color gradient indicates distance from the target point,
with red indicating closer proximity.
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as depicted in Figure 2.13, with position errors on the order of one body length
around the target position, sustaining flights for longer than 20 seconds without
ever approaching a crash. It also demonstrated lateral flight maneuvers, alternating

between two fixed points in space by a switch of the target lateral position.

2.6 Concluding remarks

The dual actuator bee design became the first insect-scale flying robot to achieve
controlled, hovering flight. This was accomplished by a combination of flightworthy
mechanical design, a robust actuation scheme for flight control, and well-considered
fabrication and assembly methods. Its development was greatly informed by the Har-
vard Microrobotic Fly, which validated the vehicle morphology, construction methods
and materials that could produce a flight-capable, insect-scale vehicle. The dual actu-
ator bee demonstrates that a similarly-sized vehicle can be constructed and outfitted
with more complex mechanical design. It retains flightworthiness while contributing
the ability to generate body torques and thus enabling the vehicle to stabilize its
flight. The effectiveness of this design for body torque control was demonstrated by
the implementation of a closed-loop flight controller.

Experimental characterizations of the vehicle’s force and torque capabilities were
also carried out but should be considered preliminary. More refinement to the vehicle
characterization setup is required. With the current sensor configuration, interfacing
the vehicle to the sensor setup is difficult and prone to misalignment or damage to
the vehicle. Reorienting the vehicle to measure torques about the three body axes is
inconvenient and necessitates a 3-axis torque sensor for this scale, or a better method
of detaching and reattaching the vehicle to the setup. Once an improved sensing setup

is developed, the force and torque performance limits of the vehicle design should be
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identified. This will provide useful information for more aggressive flight controllers
and facilitate research efforts towards an optimized vehicle mechanical design.

Flight experiments highlighted the importance of fabrication precision and relia-
bility as an enabling factor for this FWMAYV morphology. Because the vehicle design
features two decoupled wing drives, and because the dynamics are fast and unstable,
vehicle mechanical symmetry is critical. Chapter 5 presents further refinements to
the manufacturing of the dual actuator bee design and provides details on a system-
atic fabrication and assembly analysis. The manufacturing insights gleaned from the
dual actuator bee development can greatly inform and contribute to the successful
development of future insect-scale FWMAVs.

A combination of flightworthiness and manufacturability enables the dual actuator
bee to be a versatile research testbed for insect-scale FWMAV research. The vehi-
cle design has provided a crucial platform for the development of flight controllers
and sensors and has flown with a variety of payloads including an ocelli light sensor
[31], IMU [30, 32|, proximity sensor, magnetic wall attachments [6], and electrostatic
adhesives. It has flown in controlled wind gusts and even demonstrated swimming
underwater. However, the dual actuator bee was not designed to carry large payloads.
Eventually, the parallel developments on various electronics, sensors, and auxiliary
components will converge on a suitable electronics package for control and power au-
tonomy, one with a greater weight than the lifting capabilities of the dual actuator
bee. A new vehicle with more payload capacity will be required in order to carry a

full electronics and sensors suite and is the subject of the next chapter.
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Chapter 3

Scaling up for control autonomy

The dual actuator bee design described in Chapter 2 has demonstrated the ability
to generate both sufficient thrust to lift its own weight and body torques for flight
stabilization. With the addition of a closed loop flight controller, the vehicle suc-
cessfully demonstrated controlled hovering and basic flight maneuvers. The vehicle
design has become a crucial research platform in developing flight controllers [7] and
sensor suites for insect-scale, flapping-wing micro air vehicles. Sensors that have been
implemented on the flying robot include an ocelli (light sensing array), gyroscope,
and magnetometer [31, 30, 32].

However, the dual actuator bee has critical limitations as a research platform.
A limited payload capacity prevents it from carrying the complete suite of requisite
sensors, control and power electronics, and power source necessary for power and
control autonomy. Instead, the operation of the vehicle requires a wire tether for
power and control signal input. Flight control relies on offboard motion capture for
sensory feedback of vehicle dynamics, instead of onboard sensors. And due to a
coupling of thrust and torque production, when the vehicle is loaded near its payload
capacity limits, control authority is severely reduced.

To create a fully autonomous insect-scale flying robot, a vehicle with more thrust

force is required. In this chapter, we explore and demonstrate the feasibility of scaling
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2 cm

&

Figure 3.1: The prototype robotic flying insect shown here has a wingspan of 5.5 cm
and a mass of 380 mg when fully loaded. It has spars extending off the airframe that
act as a roll cage to protect the wings from crash damage. Motion tracking markers
for control are also attached to these spars.

up the established vehicle design to increase its thrust force capability. The system
design space for this novel class of flapping-wing micro air vehicle is high-dimensional
and complex. To simplify the design problem, we use a scaling heuristic that relies
on maintaining properties of the dual actuator bee. We target the specific payload
requirements necessary for control autonomy and develop a mechanical design for the
scaled vehicle that is well-suited for electronics integration, utilizing the latest fabri-

7 and

cation methods. We construct a 265 mg flying vehicle, which we call “BigBee,
demonstrate a 115 mg payload capacity, sufficient for supporting control-autonomous
flight with recently-developed, miniaturized electronic components. The new flight
result demonstrates feasibility of scaling the established vehicle design and contributes

an additional operational reference point for optimization studies towards a fully au-

tonomous insect-scale flying robot.
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3.1 System design

This chapter explores the design and fabrication challenges of scaling an established
micro air vehicle design that employs flapping wings, mimicking real flying insects.
The scaling laws for flapping-wing micro air vehicles have been explored in theory [20,
58] and have provided key relationships between certain vehicle design parameters.
However, while they can capture scaling trends, the theoretical models have not
been used to generate quantitative specifications for practical vehicle design. Due
to lack of fidelity in the modeling, particularly the aerodynamics, accuracy relies on
fitting to scale-specific experimental measurements and have questionable accuracy for
generating design specifications at other scales [57|. There is little practical guidance
for designing and constructing flapping wing air vehicles at the insect scale.

Full system-level optimization of flapping wing air vehicles is a complex, high-
dimensional problem with significant interdependence between various design param-
eters. Considering the aerodynamics of flapping wing flight alone, thrust force produc-
tion from a single flapping wing predominantly relies on two degrees of freedom—wing
flapping and wing pitch rotation [28]. While the aerodynamics are time dependent
and unsteady, cycle-averaged, quasi-steady approximations can be used [21]. Force
production is dependent on flapping frequency, stroke amplitude, wing pitching am-
plitude, stroke-to-pitching phasing, and wing geometry—itself parameterized by wing
length, wing aspect ratio, and moments of area ([57, 14, 22]). The scaling laws for
flapping-wing aerodynamics and system dynamics, in addition to power efficiency con-
siderations [35], need to be reconciled simultaneously in order to identify an optimal
design for a high-performance air vehicle.

To accelerate development towards a more payload-capable vehicle, we present a
design heuristic that essentially scales the dual actuator bee vehicle design. By hold-

ing constant many properties of an already flightworthy and operational vehicle, we
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restrict the scaling analysis to a few key parameters, simplifying the design problem.

3.1.1 Design goals

The key design specification for this research effort is the payload capacity of the
vehicle. We must estimate the target payload requirements of the vehicle. Table
3.1 lists the minimum known set of electronic components needed for autonomous
flight control, as of this writing, and the mass of each component. Noticeably missing
from Table 3.1 is an onboard battery for powering the robotic vehicle. For the sake
of near-term research progress, our working goal is control autonomy—mnot power
autonomy—and assume that electrical power will still be fed to the robot through
a wire tether. A more directed effort to reduce battery mass and increase battery
energy density is needed prior to adding its mass contribution to the robot’s payload.

In addition to the electronics’ static payload contribution, we look toward the
component mass fractions of the dual actuator bee for further design direction. Rele-
vant numbers for this discussion from the previous design are listed in Table 3.2. We
hypothesize that a larger scale vehicle would have similar actuator mass fractions,
extrapolating from observations on flying insects that found muscle mass fraction to
be the best indicator of thrust-to-weight ratio [41]. The dual actuator bee has a
payload capacity in controlled flight of about 35 mg [30], on top of a 80 mg unloaded
body mass. Based on the 100 mg known total payload needed for control autonomy
from Table 3.1, we size a vehicle with at least 3x the payload capacity of the dual
actuator bee in order to carry it, or 105 mg. We scale the target body mass similarly
by 3x to 240 mg, for a total loaded robot mass of 345 mg. Of the 240 mg body mass,

5/8 would be actuator mass, or 150 mg, and 3/8 would be mechanism and structure
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mass, or 90 mg.

Additionally, the dual actuator bee design has a coupling between thrust force
and body torque production. The piezoelectric bimorph cantilever actuators used
to power the flapping wings practically operate within voltage bounds from 0-300V,
constrained by the ceramic material’s strain limits. Within those bounds, a sinu-
soidal driving signal of varying amplitude and offset can operate. Signal amplitude
modulates wing stroke amplitude and thus thrust magnitude. Signal offset modulates
the mean wing stroke angle and is used to generate pitch torque in the vehicle by
moving the thrust vector fore-aft relative to the vehicle center of mass. If the thrust
needed to lift the vehicle is very large, signal amplitudes will increase until maxing
out the 300V range. Near this operating point, achievable signal offsets become very
limited, which will limit the pitch torque production ability and consequently the
flight stability and control authority of the vehicle. Therefore, the maximum thrust
output of the vehicle should not be used to calculate the payload capacity; else, the
fully loaded vehicle would be unable to produce body pitch torques.

The dual actuator bee had a thrust-to-weight ratio of 1.2 when loaded and hover-
ing. Mimicking this, the required maximum thrust force from the BigBee is 1.2x 345 =
414 mg, which is about 3x the maximum measured thrust force from the dual actu-

ator bee. The design goals for BigBee are listed in Table 3.2.

3.1.2 Scaling heuristic

The dual actuator bee design has two flapping wings, each wing independently driven
with a separate piezoelectric linear actuator. A four-bar linkage acts as a transmis-
sion to amplify the actuator input and produce wing flapping motion. Two separately
driven wings enable the vehicle to generate body torques, which is crucial for stabi-

lizing and maneuvering in flight.
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To expedite the scaling analysis, we hold constant all key design parameters except
the wing length and the flapping frequency. We designate Rg.,. as the wing length
scaling factor and fs.qe as the flapping frequency scaling factor, scaled relative to the
dual actuator bee parameters. To preserve the wing kinematics of the dual actuator
bee design, we preserve its transmission ratio of 7' = 3.28 rad /mm and the actuators’
unloaded input displacement amplitude to 6 = 0.85 mm. For the wing shape, we use
the wing morphology from the experiments of [14], with a second wing shape moment
75 = 0.55 (as defined by |22] as the second moment of area normalized by wing area)
and an aspect ratio of 3. This wing shape was found to be an improvement in lift-
to-drag ratio over that of the dual actuator bee. Rg.y. will scale the wing planform
dimensions uniformly.

Aerodynamic forces stemming from flapping wings can be estimated with the blade
element method, as described in [58|, which assumes aerodynamic force is proportional
to local dynamic pressure on the wing. Dividing the flapping wing into chordwise
blade elements, the aerodynamic force (either lift or drag) on a single element can be

described as:

Furo = 59 (67) Cucra(0) 8 (3.1)

where p is the air density; Cge,, is the aerodynamic force coefficient—a function of
instantaneous wing angle of attack o and wing geometry; S is the area of the blade
element; and (gbr) solves for the local velocity of the wing element—it is the product
of wing stroke angular velocity ¢ and local radius r. Total instantaneous force on the
wing is found by radial integration over the wing’s length R. As we are holding wing
kinematics and wing geometry constant, Eq.3.1 indicates that the aerodynamic force

scale factor Fiero scate Will scale with Rgeqre and fscqre as:
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Faero,scale X R4 - f2 (32)

scale scale

As the actuators are driving the flapping wings, the required blocked force from
the actuators Fj to produce a thrust force W was approximated by Eq.14 of [58],
reproduced here:

Fb =W-—="- TT’;pR (33)

where 52/6; is the lift-to-drag ratio, 7' is the transmission ratio, and rc, is non-
dimensional wing center of pressure radius. As we are fixing the wing kinematics and
wing geometry in this analysis, these parameters are constants. Actuator stiffness
kae is the ratio of blocked force F, to unloaded actuator displacement §: ko = £5/s.
Actuator displacement is fixed and thus k. is proportional to F,. Combining with
Eq. 3.3, the scaling relationship between the actuator stiffness scale factor kuet scates

thrust force scale factor W ue, and Rgeqe is:

kact,scale X Wscale ' Rscale (34)

Wing inertia is related to the wing morphology. Assuming wing shape does not

change, if the wing planform is parameterized by R.q. and the wing area dimensions

4

scale uniformly with Ry, then wing inertia I,;,, should scale with R ;..

However,
for this design exploration, not all wing dimensions are scaled uniformly. A wing
consists of a thin structural frame overlaid with a wing membrane, and most of the
wing’s mass is attributed to the frame. Scaling the frame spar widths uniformly with
the wing planform adds wing inertia without contributing significant stiffness. Thus,
the wing spar widths are fixed as the wing planform area is scaled. Fixing the wing

shape, we use CAD modeling to empirically determine how wing inertia scales with

Ryeqre- We determined the scaling law through manual fitting of a power function and

47



CHAPTER 3. SCALING UP FOR CONTROL AUTONOMY

found it to be:

[wing X R3.7 (35)

scale

To determine the wing length and flapping frequency of the scaled vehicle, we
apply two constraints in the system modeling. First, the vehicle must generate the
target thrust force. Second, the vehicle’s flapping-wing system should be operating
at its natural frequency. From the analyses performed in [26]|, we know that this
form of flapping-wing mechanism driven with piezoelectric linear actuators can be
approximated as a harmonic oscillator. Consequently, there is a distinct natural
frequency at which wing stroke amplitudes, and therefore mechanical energy transfer,
is greatest. Approximating the system as a harmonic oscillator provides an expression,
shown in Eq.3.6, for the system’s natural frequency w,. This relationship assumes
that the actuators are the primary contributors of system stiffness k., and that the

wings are the primary contributors of system inertia Iyg.

kact

Iwing

(3.6)

Wy =

Consequently, combining Eq.3.4 and Eq.3.5 with Eq.3.6 results in the following
scaling relationship between the natural frequency scale factor wy, scate; Wiseate, and

Rscale:

Whscale X W2, - R_ 13 (3.7)

scale scale

To meet both of our design constraints, we equate fy.qe With wy, scare and Wieqie Wwith

Faero,scale .

Figure 3.2 shows curves for Eq.3.2 and Eq.3.7 with Fero scate = Wicate = 3% the

magnitude of the dual actuator bee, plotted over the fi.ue VS. Rgcae Space. Any
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operating point along the aerodynamic scaling curve from Eq.3.2 should theoretically
produce the requisite thrust force, establishing a candidate target wing length and
flapping frequency. The curve for the natural frequency scaling suggests that the
system natural frequency as estimated in Eq.3.7 scales slower than the target flapping
frequency.

We can interpret these curves as an upper and lower bound on our design space.
Limited by wing inertia and wing structural limits, we cannot simply increase the
flapping frequency of the dual actuator bee to attain greater thrust force. An alter-
native is to increase wing length (and thus wing inertia) and flap at a lower frequency.
As illustrated in Figure 3.2, aerodynamic scaling dictates a wing length 1.3 longer to
ensure a flapping frequency scaling of less than 1. Natural frequency scaling suggests
a wing length 1.5 longer to ensure the same.

Weighing in our intuition on structural limits of our current wing fabrication meth-
ods, we choose a wing length scaling of 1.7x as a starting point for exploration into
scaled vehicle fabrication. With 1.7x longer wings, a 0.6x lower flapping frequency
is sufficient to generate the target thrust force; a 0.85x lower natural frequency is
also predicted. We anticipate the actual operating frequency of the BigBee will fall
in between these predictions. Table 3.2 lists the target design parameters for the

BigBee.

3.2 Vehicle fabrication

We utilize our latest fabrication methods to construct the prescribed vehicle design.
In determining our methods, we are reconciling the need for high-performance com-
ponents with the efficiency of their production. To effectively support further system

experimentation, we are interested in producing on the order of 10 vehicles. Ide-
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Figure 3.2: Scaling trends between flapping frequency and wing length. One is derived
from aerodynamic modeling to ensure 3x the thrust force output (Eq.3.2), and the
other is the predicted system natural frequency under 3x the aerodynamic loading

(Eq.3.7).

ally, the vehicles should be identical in properties and performance. Prior experience
suggests this is very difficult to achieve, but as methods continue to be refined, we
gradually approach this ideal. More detail on this topic can be found in Chapter 5.
The mechanical system can be divided into separate components, each with distinct

manufacturing considerations.

3.2.1 Wings

The wings are fabricated in batches as thin polyester film laminated over a monolithic,
laser-machined carbon fiber frame, a method identical to what was used for the dual
actuator bee. They should be lightweight, stiff, resilient to aerodynamic loading, and
efficient to reproduce. The wing shape is fixed as described in Section 3.1.2.
Because the BigBee will generate more thrust force, the wings will experience
greater aerodynamic loading. As a simple approximation, if we are using the 1.7x
longer wings to generate 3x more aerodynamic force, this translates to 5.1x greater

bending moment at the wing base due to aerodynamic loading. In this initial effort, we
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increased the wing frame’s carbon fiber beam thickness by 50%, increasing the bending
stiffness by 3.4x. Experiments indicate that the wings are stiff enough to withstand
the aerodynamic loading without bending. However, without further characterization
studies, we are not certain to what extent the new wings are sufficiently robust. To
prevent wing damage during operation, we add a roll cage consisting of thin carbon

fiber spars that prevent the wings from hitting the ground, as seen in Figure 3.1.

3.2.2 Actuators

The piezoelectric ceramic bimorph actuators used in BigBee are based on the design
from [60]. Improvements to the manufacturing and performance of these actuators
are presented in [34| and represent the state-of-the-art. A few additions were made to
the actuators used in this vehicle design. We use non-conductive fiber glass “bridges”
instead of conductive carbon fiber bridges to decrease the chance that damage to the
electrically-insulating parylene coating will cause an electrical short. We also add
discrete flex circuit components to the actuators, so that the electrical interface to
them can extend below the base of the vehicle and make the electrical wiring task
easier (see Figure 3.3).

We use the actuator model from [60] to determine the geometry of the new ac-
tuators. Because the transmission and actuator displacement properties are fixed,
the increased wing loading (Section 3.2.1) directly translates to a 5.1x larger blocked
force requirement for the actuators. Actuator blocked force is proportional to the
nominal actuator width |60]. To meet the greater force requirements, the new actu-
ators are larger: the piezoelectric ceramic layer is 8.332 mm in length and 8.606 mm
in base width. Figure 3.3 illustrates the actuators’ design and implementation in the

vehicle.
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A)
B) L

Flex circuit 2X per actuator

\ Piezoelgetric ceramic 2X
— —] «— Carbon fiber

/

Solder pads ) )
Fiberglass “bridges” 4X ‘Alumina ceramic 4X

Figure 3.3: A) Wiring of the vehicle’s piezoelectric bimorph actuators is performed
manually. Discrete flex circuit elements are implemented on the actuators to extend
the electrical contacts below the vehicle and facilitate manual electrical interfacing.
B) The actuators are layered composite beams of piezoelectric ceramic (PZT-5H),
alumina ceramic for the base and tip, and carbon fiber for the central elastic layer
[34]. Fiberglass "bridges" reinforce the four ceramic material interfaces. Flex circuits
with accessible solder pads are attached to electrically interface with the actuators.
Actuator not shown to scale.
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3.2.3 Transmission

The transmission is a four-bar linkage that converts the motion of the actuator tip
to flapping wing motion. Kinematically, this requires a conversion of the rotational
tip motion of the bimorph actuators to the rotational motion of the flapping wings.
This was realized with a spherical four-bar mechanism in the dual actuator bee design
[40]. However, construction of the dual actuator bee transmission required a delicate
manual folding and assembly procedure that was vulnerable to human error. It was
also not clear that a spherical four-bar was needed, given the very limited bimorph
actuator tip rotation; the total rotational deflection of the actuator tips is <5° and the
lengthwise tip displacement is negligible (<7 pm). Thus, motivated by the difficulty
of the manual folding procedure, we now rely on the layered, pop-up manufacturing
method from [50] to produce the four-bar mechanism; this outputs a fully assembled
transmission as a 5 rigid-layer, laminated structure with no manual assembly steps.
Figure 3.4B illustrates the operation and construction of the transmission linkage. We
have empirically found that this planar four-bar mechanism can perform its motion-
conversion role without noticeably detrimenting the system dynamics. The off-axis
compliance of the flexure hinges in the mechanism is able to absorb the twist angle
from the slight rotations of the actuator tips. As described in Section 3.1.2, the
transmission ratio remains the same as that of the dual actuator bee.

Similar to the dual actuator bee, the wings are attached to the transmissions
through an elastically-deforming, passive rotation hinge in series, which provides the
unactuated wing pitch degree-of-freedom. Wing pitching motion is passively mod-
ulated by the interaction of aerodynamic forces with the wing’s inertia and elastic
hinge stiffness. The passive rotation hinge is shown in Figure 3.4A. They are fabri-
cated separately from the transmissions and wings to allow for interchangeability of

parts and to support experimentation of wing mechanics.
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Figure 3.4: Construction details for the robotic flying insect. A) Assembly of compo-
nents that make up the vehicle. B) The transmission converts the nominally linear
actuator tip motion to a rotational flapping motion. It is constructed with laminated
layers of rigid carbon fiber composite and flexible polyimide film and consists of five
rigid layers. C) The airframe is a rectangular thin-walled tube structure, designed for
efficient bending and torsional resistance. Similarly with the transmission, it consists
of five rigid layers of carbon fiber composite and can be fabricated simultaneously with
the transmission. The design is a pop-up structure for ease of assembly. Polyimide
film membrane (colored yellow) stretches across the broad faces—a semi-monocoque
airframe. D) Extensibility for electronic integration. The electronic components will
populate a flex circuit board that resides in the central plane of the vehicle, es-
tablishing a straightforward method for packaging the components and achieving a
balanced mass distribution in the vehicle. The IMU can be designed to coincide with
the vehicle’s center of mass. E) Extensibility for scaling optimizations. The airframe
dimensions can be easily modified to accomodate any actuator size around this scale
regime.
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3.2.4 Airframe

The airframe is the vehicle’s mechanical ground structure. It must rigidly ground
the actuators and transmissions and resist bend- and twist-loading with minimal
deformation, while also remaining lightweight. To address these design constraints, we
use a hollow beam construction to increase structural efficiency. The materials used
are carbon fiber and Kapton polyimide film. This composite structure is constructed
using the pop-up manufacturing method [50] and can also be produced as a 5 rigid-
layer laminate, simultaneously with the transmissions.

As the BigBee is explicitly designed for electronics integration, the airframe is
designed as two halves with the hull space in between to house the electronics payload.
Each half consists of an airframe, actuator, transmission, and wing, and the two halves
are mirror images of each other. These two halves are rigidly coupled together with
additional coupler beams.

The design must be extensible for electronics integration, based on known place-
ment needs for certain electronic components. Some electronic components require
specific orientations and placement on the vehicle structure, as described in Table
3.1. In particular, the IMU benefits from being placed at the vehicle’s center of mass
to reduce translational vibration [30]. To account for a range of possible component
placements, simplify the component packaging problem, and reduce structural mass,
we envision placing all electronic components on a single, planar flex circuit. This flex
circuit resides in the midplane of the vehicle. Knowing the vehicle structure’s center
of mass and the mass distribution of the populated flex circuit, we can design the
flex circuit such that the IMU coincides with the center mass of the fully assembled
vehicle. Figure 3.4D illustrates this concept.

The airframe secures the actuator base at two points. This simple mounting

scheme and the design of the airframe can be easily adjusted to support a range of
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actuator sizes (see Figure 3.4E).

3.3 Results

We were able to perform a controlled hovering flight with a 115 mg dummy payload
onboard. We use the experimental setup presented in Chapter 2, which relies on
an array of external motion tracking cameras (Vicon, Oxford, UK) to observe the
vehicle’s position and attitude in flight. This real time tracking is used with a closed-
loop flight controller implemented on an offboard desktop computer and adjusted for
the new vehicle’s properties, to calculate appropriate control inputs for specified flight
behavior. Power and control signals are fed to the vehicle through a wire tether. This
wire tether has been shown to have a negligible effect on the flight dynamics of the
vehicle [31].

The BigBee was able to lift off and maintain a stationary hover about a setpoint
with minimal deviations in position and attitude, thus achieving the design goal of
105 mg payload capacity. The natural frequency of the flapping mechanism was
experimentally determined to be 70 Hz—within the predicted range from Section
3.1.2. Using a custom-built capacitive force sensor, we measured a maximum thrust
force of 450 mg. The properties of the completed vehicle are summarized in Table

3.2. An image of the hovering flight is shown in Figure 3.5.

3.4 Conclusion

The controlled flight demonstration confirms that the BigBee can be control au-
tonomous, based on the mass estimates of the required electronic components. Our
measured maximum thrust force exceeds what is required to lift and control the vehi-

cle. We consider these results to be preliminary. More characterization of the vehicle
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Figure 3.5: Stationary hovering flight of the 265 mg robot with a 115 mg payload—380
mg total. The robot hovered 10 cm above the ground for 4 seconds. Strobed positions
of the flight ascent are shown.

design is required, including stress testing for the true maximum thrust force.

Our current vehicle fabrication methods are adequately repeatable though assem-
bly errors and variability are still introduced. This is inconvenient, as the flight con-
troller gains need to be specifically tuned for individual vehicles. Alignment fixtures
and additional pop-up, auto-aligning design features may enable more repeatable as-
sembly. This topic is further investigated in Chapter 5. Mechanisms for mechanical
trimming could be implemented in the vehicle design itself. Further improvements
to the mechanical design include refined wing design and more systematic airframe
structural design.

In Table 3.2, we see that the total unloaded robot mass and actuator mass fraction
was greater than the scaling target. This may indicate that our actuators are over-
sized for the target payload capacity and could account for the greater-than-predicted
thrust forces. The larger thrust force is also likely attributed to the change in wing
shape from the dual actuator bee. More experiments can be performed to isolate the
effects of these factors.

Modeling uncertainty likely exists in the system dynamics relation in Eq.3.6. The
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wing inertia relation in Eq.3.5 does not account for added mass contribution from
the acceleration of surrounding air. This is a significant inertial component [21]
but not straightforward to introduce into the scaling heuristic. Our heuristic also
ignores aerodynamic damping because of the difficulty in assigning a fixed damping
coefficient for constantly accelerating flapping-wings. The system dynamics study
in [26] highlighted the use of the damped resonant frequency for better predicting
system behavior. Chapter 4 will present efforts to remove some of these modeling
uncertainties.

Nevertheless, experiments have verified that the aerodynamic modeling based on
the quasi-steady blade element method can robustly capture scaling trends [57, 14].
This analysis is further simplified by maintaining previously-verified wing kinematics.
Thus, the scaling heuristic relies on the aerodynamic analysis for vehicle scaling while
the natural frequency analysis provides an indication of how the system behavior
would change at larger scales. A full system optimization of the vehicle system would
include more detailed modeling and scaling trends derived from first-principles in
order to prescribe an optimized vehicle design.

At conception, this vehicle was intended for electronics integration, and this has
significantly influenced the structural design. The payload capacity as-is provides
utility for the realization of control autonomy in insect-scale flying robots. We have
demonstrated how the established dual actuator bee vehicle design can be successfully
scaled and fabricated using our current methods. A more-developed modeling and
optimization effort can further refine the design and will leave the integration of an
onboard power source as the last major research hurdle toward control and power

autonomous operation of robotic flying insects.
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Chapter 4

Vehicle sizing for power autonomy

Our initial effort to scale the dual actuator bee design and attain greater payload
capacity has resulted in a flightworthy vehicle with enough thrust force to support
control autonomy. This vehicle—referred to as the BigBee—utilized a simple scaling
heuristic for FWMAVs and is shown in Figure 4.1. BigBee demonstrated controllable
flight when fully loaded with a dummy payload and provides crucial information as a
working vehicle design in facilitating vehicle sizing and design optimization. Here, we
present a vehicle sizing procedure that relies on specifications from BigBee to improve
our initial estimates of the vehicle parameters and refine our modeling predictions.
We prescribe the design of an insect-scale FWMAYV that will enable control and power

autonomy.
4.1 An iterative approach to vehicle sizing

In scaling FWMAVs, we look to aircraft design processes for inspiration. Aircraft
design processes rely on the use of data and specifications derived from previous
vehicle designs [48]. Many decades of developments and best practices, along with
many classes of aircraft, exist for design reference. In comparison, data from exist-
ing insect-scale FWMAVs is sparse. Despite this, previous studies exist on system

modeling and design optimization of insect-scale FWMAVs. Karpelson presented a
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Figure 4.1: The BigBee vehicle design has sufficient payload capacity to support elec-
tronics integration for control autonomy. However, the design needs to be optimized
to enable power autonomy.

system-level analysis that leveraged early models of vehicle components, with a focus
on flight energetics and power autonomy [36]. The study included the integration
of mechanical and electrical subsystems and illustrated the feasibility of creating a
power autonomous vehicle. Whitney presented a conceptual design analysis for sizing
FWMAVs and derived scaling relationships between key vehicle parameters, based
solely on approximate models for the aerodynamics and system dynamics [58]. The
study highlighted the key parameters that affect flight performance, investigating
flight endurance, speed, and range. These studies avoid a practical vehicle design
prescription; only conceptual design feasibility is presented.

The system modeling and vehicle sizing procedure presented here incorporates
the latest design and manufacturing developments. In particular, the PC-MEMS
fabrication methodology enables unprecedented precision in the fabrication of the
vehicle’s mechanical components [50]. Actuators can be produced more reliably and

with improved performance. This has enabled more accurate models of the actuation
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mechanics [34]. The culmination of these developments has resulted in repeatable,
practical flight demonstrations of insect-scale FWMAVs, as described in Chapters 2
and 3. Access to existing, working vehicles distinguishes this vehicle sizing study
from previous efforts; by integrating established, functional design specifications, this
study is closer to prescribing a practical vehicle design than any previous effort. Once
a working design is constructed and characterized, its specifications can be used to
improve modeling accuracy, and the sizing procedure iteratively approaches a vehicle
design that best meets the performance requirements.

This experimental approach is taken instead of developing a detailed, full vehicle
system model because of the many uncertainties in the system modeling; in particu-
lar, the aerodynamics of flapping-wing flight are still not well-understood and difficult
to model precisely. The usual aerodynamic treatment for flapping-wing flight involves
the blade-element method for aerodynamic force calculation, used in propeller blade
design analysis [20]. The blade-element method, which calculates aerodynamic forces
by integrating local pressure conditions over the whole wing, ignores spanwise flow
components and any time-dependent effects. The accuracy of this approximation re-
lies significantly on aerodynamic force coefficients, which are heavily dependent on
wing design and scale. Frequently, this is determined by fitting the aerodynamic
model to experiments [15]. Wing design for flapping wing flight is an active area of
research, encompassing wing structural properties and wing shape. Biological studies
have observed the wings of insects and their multitude of shapes, sizes, and prop-
erties [42, 9, 10, 11]. However, functional relationships between the various wing
design parameters and aerodynamic force production have not been fully character-
ized. Aerodynamic force is also closely related to the wing kinematics. Among other
modeling uncertainties discussed below, the accuracy of the aerodynamic force model

for flapping-wings significantly affects the system dynamics model and is essential to
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the vehicle sizing procedure.

4.2 Payload estimate

Our vehicle sizing procedure is explicitly directed toward achieving power autonomy.
As the starting point, we will determine the maximum required thrust force from the
vehicle in order to achieve the desired flight performance. This initial estimate for
the thrust force will be maintained for the entire procedure.

The sizing procedure relies significantly on the vehicle design and operating charac-
teristics of BigBee. BigBee was designed to provide control autonomy and approaches
the scale of a power autonomous vehicle. We will use BigBee’s mass characteristics as
an initial estimate for the component masses in the final vehicle design. The actuator
and battery are likely to dominate the overall vehicle mass. BigBee provides a initial
estimate of the actuator mass, listed in Table 4.1. Our initial estimate of battery
mass will simply equate actuator mass, as previous modeling results have prescribed
a battery mass similar to the actuator mass for maximizing flight endurance [58]. Our
estimated values are then 265 mg for the unloaded vehicle mass (derived from BigBee
properties), 100 mg for the electronics payload (see Chapter 3), and approximately
200 mg for the battery mass. We will overestimate the total vehicle mass to account
for modeling uncertainty, giving a final target mass of 600 mg. Thus, the thrust target

for the power-autonomous vehicle is 600 mg, or 5.89 mN.

4.3 Aerodynamic modeling

The aerodynamic force model for flapping-wing flight depends on wing kinematics and
wing design. Past wing designs have been shown to provide sufficient aerodynamic

performance [61, 14]. We fix the wing shape in the following analysis to match that
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Figure 4.2: Key flapping-wing kinematic angles are labeled. Flapping stroke angle is
¢ and wing pitch angle is ¢). Also shown are the ideal, sinusoidal wing kinematics,

with the 90° phase offset between ¢ and 1, used in this analysis.
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of the BigBee. This fixes the wing’s aspect ratio, leading edge and trailing edge shape
profiles, as well as the radial moments of area. We parameterize the wing size solely
with the wing length variable R, which will uniformly scale the wing profile area.

Proper wing kinematics are critical to effective force generation. Controlling the
wing kinematics is complicated by the use of an underactuated wing drive with pas-
sive rotation hinges. The aerodynamic force generation is sensitive to the phasing
between flapping and pitching motion and to the time evolution of the wing angle
of attack over the stroke cycle. Tuning the stiffness of the passive rotation hinge
will simultaneously alter both the flapping amplitude and pitching dynamics. The
hinge must be compliant enough to reach the desired maximum hinge pitch angle, but
stiff enough to maintain proper phasing between pitching and flapping trajectories.
Proper phasing is critical to achieving high thrust force [14].

To simplify the modeling, we use ideal wing kinematics that reflect the kinematics
observed in BigBee. From results of BigBee, this entails a 100° wing stroke amplitude
Omaz, Peak-to-peak, and a 60° wing pitch angle 1., at the mid-stroke position where
maximum wing velocity occurs during the stroke cycle. We assume the flapping and
pitching dynamics are sinusoidal with a 90° phase offset. Figure 4.2 illustrates these
wing kinematics.

With the known wing kinematics and wing design, we can estimate the aero-
dynamic forces generated by the wing using the blade-element method. This is a
quasi-steady analysis that has been shown to capture the scaling relations between
wing design and operating parameters and the resultant aerodynamic forces [57]. We
make use of characterization results of the BigBee to inform our aerodynamic model,
as the BigBee flapping wing system is the approximate scale of a power autonomous
vehicle design. The model is fitted to force measurement data from BigBee with a

fitting coefficient. Equation 4.1 describes the form of the aerodynamic model used in
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the force calculations:

P * 1/2p¢2 % Clero * Sa(R)

4.1
Tres (4.1)

where F,.,, is the time-averaged aerodynamic force calculated over the flapping period
T't1ap, p 1s the density of air, ¢ is flapping angular velocity, Clero is the aerodynamic
force coefficient (lift or drag) based on previous studies of flapping wing aerodynamics
[15], and Sj4 is the wing profile area term than encompasses the specific details of the
wing design and is a function of wing length R. ~ is the fitting parameter used to fit
the model to the BigBee experimental force measurements.

With a maximum thrust target, a fixed wing design, prescribed wing kinematics,
and experimentally obtained aerodynamic force coefficients from a comparably-sized
vehicle, we can calculate the aerodynamic forces over the space of two key wing system
parameters: wing length R and flapping frequency f. The analysis range for these
parameters are chosen based on intuition about construction feasibility around the
BigBee operating point. Figure 4.3 illustrates this analysis step. From this analysis,
we obtain a set of possible vehicle wing length and flapping frequency (R, f) pairs
that can generate the target thrust force. We restrict our sizing analysis to this set
of parameter pairs.

We can also observe how the Reynolds number of the vehicle scales with the

parameter space, using the following equation:

Re = — (4.2)

where u is the mean translational velocity of the wing tip, ¢ is the mean chord length
of the wing, and v is the kinematic viscosity of air. The mean translational velocity

is u = 20 fR where ® is the wing stroke amplitude, fixed at 100° in this analysis,

65



CHAPTER 4. VEHICLE SIZING FOR POWER AUTONOMY

=)
E
Q
<
=]
k7]
=3
£
%,
%
%
%
160
140
~
<
= 120
o
c
[
=]
03' 100
2
s 80
Q
& (
60
40 . . . . . .
0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03
wing length (m)

3600

w
o
a
o

w
a
=]
o

Reynolds number

3450

3400 . . . . . .
0.016 0.018 0.02 0.022 0.024 0.026 0.028 0.03

wing length (m)

Figure 4.3: A) Thrust force generated by the flapping wing drives, calculated over
the space of wing lengths and flapping frequencies in a vehicle design range around
the BigBee operating point. The black curve that corresponds to 600 mg—the thrust
target—defines a series of possible wing length-flapping frequency pairs (R, f) for the
vehicle design. B) Wing length and flapping frequency (R, f) are coupled in this
analysis. The red dot indicates the design point of BigBee. C) Reynolds number
increases with wing length as an inverse-quadratic function.
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and the mean chord length for the BigBee wing shape is ¢ = %R. In Figure 4.3C, we
note that despite the decreasing flapping frequency with wing length, the Reynolds
number increases with wing length. Values are in the range of 3400 to 3600. The
Reynolds number for BigBee was calculated to be 3000 and not shown in the plot

range.

4.4 System model

We constrain our sizing analysis to the set of (R, f) pairs which define wing kinematics
capable of generating the target thrust. The system will be designed to ensure that
the wing kinematics can be achieved, while maximizing the system’s power efficiency.
In particular, the piezoelectric actuators must be appropriately sized. Actuator sizing
contains tradeoffs that affect the system dynamics. Large actuators will increase force
output but also increase system stiffness. The actuators can be optimized for energy
density independent of the whole vehicle, but optimizing for vehicle electrical-to-
mechanical power efficiency requires incorporating the wing drives and the electronic
subsystems into the analysis. Seen from the actuator, the vehicle system can be
modeled as a harmonic oscillator, with stiffness, damping, and inertia. Thus, we can
use a one-dimensional, lumped parameter linear system model, similar to previous
modeling studies |26, 58].

The transmission ratio is an important system variable that affects the mapping
of forces from the wings to the actuator. In this analysis, we also iterate over a range
of fabrication-feasible transmission ratios. For this analysis, the transmission can
be modeled as a simple lever mechanism, with an effort arm length L3 and output

arm length R.,, which corresponds to the wing’s aerodynamic center of pressure—a
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function of wing length R. The transmission ratio is defined as:

(4.3)

4.4.1 Damping

Damping in the system is dominated by the aerodynamic drag force on the wings.
Aerodynamic drag force is calculated in the same manner as the lift force, with a
change in coefficient. Damping also exists in the flexure hinges of the transmission, but
it is negligible compared to the aerodynamic drag on the wings; its force contribution
is estimated to be two orders of magnitude less than the aerodynamic drag.

Drag on a flapping wing with a passive rotation hinge is highly dependent on the
hinge rotation dynamics. To the first order, wing drag is a function of the instan-
taneous angle of attack. To simplify the system model for linear system analyses,
we linearize about the midstroke position when wing velocity, and thus drag force, is
maximum. From our previous aerodynamic modeling, we have prescribed the angle of
attack at this point to be 60°. This linearization about the midstroke point has been
used in previous system modeling studies [26], though for a smaller prescribed angle
of attack (45°). As Figure 4.4 illustrates, the linearized drag prediction consistently
underestimates the modeled, nonlinear drag force. To compensate, we add a scaling
factor such that the linearized drag force consistently equals or overestimates drag
force throughout the stroke cycle. The equivalent, linear damping coefficient in the

system is labeled b,.

4.4.2 Inertia

The inertia of the system is dominated by the wing inertia and the mass of entrained

air. From estimates of the BigBee properties, wing inertia as seen by the actuator
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Figure 4.4: Comparing the modeled, nonlinear aerodynamic drag force to the lin-
earized system’s drag force, we see a persistent underestimate in the linearized drag
force. To compensate, we add a 1.2x factor to ensure the linearized drag force equates
or overestimates the nonlinear drag.

is two orders of magnitude greater than the actuator’s inertia. The wing design and
wing fabrication process both affect the wing’s inertia. For a flat plate wing that
scales uniformly in the plane, wing inertia scales to the fourth power of the wing
length. However, practical fabrication considerations constrain the design to use a
minimum spar width for manufacturability and structural strength. Because wing
manufacturing for this vehicle scale was stabilized in the development of the BigBee,
it is convenient to derive a more accurate scaling relationship for the wing inertia.
We use CAD modeling to take into consideration the non-uniform scaling of the wing
spars. Including recent changes to wing manufacturing, the wing inertia scales with

wing length R to the power of 3.26. The exact expression for wing inertia is:

Mauing = 0.0163 - R**0 + 4.2052 (4.4)
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Added mass from accelerating the entrained air around the wing also contributes
to the wing inertia component. An approximation for the added mass effect is given
in |57]. Its contribution is 25% of the total system inertia as seen by the actuator.
The expression for added mass used in this analysis is:

™

0 pER G, am (4.5)

Mam =

where ¢ is the mean wing chord length, ¢ is the flapping angular acceleration, and
fzz’am is the non-dimensional wing inertia and a function of wing geometry. Added
mass is a function of angular acceleration and changes over the wing stroke cycle.
[ts maximum occurs at the ends of the wing stroke when angular acceleration is

greatest. We use this maximum value in our calculations of the linear system inertia.

The equivalent, linear inertia coefficient of the system is then:

Meg = Muing + maz (M) (4.6)

4.4.3 Stiffness

The lumped system stiffness k., consists of the transmission and actuator stiffness
contributions:

keq = ktrans + kact (47)

Transmission stiffness ky..,s consists of the flexure hinge joint stiffnesses, in addition
to stiffness resulting from off-axis deformations of the flexure hinges. Off-axis defor-
mation of the flexure joints is caused by the inherent kinematic mismatch between
the transmission—a planar linkage—and the out-of-plane rotational displacement of
the actuators. This design choice eliminates an additional slider crank linkage and

reduces mechanical complexity. However, it also introduces significant modeling dif-
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ficulty due to the large deformations and coupling of the deformation modes. The
stiffness resulting from off-axis deformations accounts for a substantial portion of the
transmission stiffness; in the worst case, only 25% of the stiffness can be attributed
to rotational bending stiffness calculated from simple beam theory. Thus, we exper-
imentally measure this stiffness in a representative BigBee and use this nominally
fixed value in our vehicle sizing analysis.

This approximation of the transmission stiffness is valid as long as the transmis-
sion design does not change. Varying the transmission ratio will likely have an effect
on the stiffness, but without a mechanics model of the transmission, it is difficult to
predict the relationship. More experiments need to be performed to determine the
relationship between the transmission ratio and stiffness, for this particular transmis-
sion design.

The actuator stiffness k. is a function of actuator geometry and can be expressed
as the ratio of the actuator’s blocked force F, to free displacement §: ky; = Fp,/d. To
determine the actuator stiffness, we can assume the system is operating at a frequency
wy where the system’s amplification factor M is greatest [47| (expression is shown
in Equation 4.8). This can effectively be considered the resonant frequency of the
system. If the prescribed wing kinematics are achieved at this frequency, the required
force to drive the system is minimized, due to the cancellation of inertial and elastic
forces, and the actuator can be minimally-sized. Coinciding the flapping frequency f
with the resonant frequency wy, = 27 f, and with known system inertia me,, system
damping b.,, and transmission stiffness k4,5, Wwe can determine the actuator stiffness

kact:

Wrr = Wy 1-— 2C2 (48)
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Figure 4.5: Blocked force calculated over the parameter space of wing length and
transmission geometry.

where ( is the damping ratio and w, is the natural frequency. Substituting Equation

4.7 into 4.8 and solving for k.., we obtain:

b:
kaCt = Megq (w?\/[ + 2mq2 ) - ktrans (49)

€q

4.5 Actuator sizing

With the approximate system model linearized about the position of maximum stroke
velocity, as described in Section 4.4.1, we can sum the inertial, damping, and spring
force components to determine the force magnitude required from the actuator. We
can calculate the blocked force required from the actuator, over the set of (R, f)
pairs and over a range of transmission geometries L3, by using Equation 4.10, which

describes the amplitude of a harmonic input forcing function to a harmonic oscillator

[47]:

Fy = /(A (kg = meg - ) + (A by - w)? (4.10)
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Figure 4.6: For a particular design point (R = 24 mm, f = 83 Hz), the force required
from the actuator to maintain the prescribed wing kinematics increases as flapping
frequency deviates from the resonant frequency wy,, as calculated from Equation 4.10.
The red dot indicates the resonant frequency wy; of the system.
A is the displacement of the actuator necessary for the system to achieve the pre-
scribed wing kinematics. ke,, meq, and be, are the equivalent stiffness, inertia, and
damping terms, respectively, as seen by the actuator output. Figure 4.5 shows the
blocked force calculated over the prescribed parameter space. The system stiffness
assumes the system is operating at the resonant frequency wy; , at which point the
actuator force can be minimized. Deviations from w); will require more force from
the actuator to maintain the desired stroke amplitude. Figure 4.6 illustrates how the
blocked force requirement increases as the flapping frequency deviates from wy; .
We can also determine the free displacement of the actuator § needed to ensure
the actuator stiffness matches the system model estimate, using the relation k,; =
F,/6. This free displacement is compared to the actuator displacement A required to
generate the prescribed wing kinematics. Actuator performance is constrained by the
strain limit of the piezoelectric ceramic material. Experiments have indicated that the
strain limit is reached slightly beyond the actuator’s free displacement. However, as

the strain limit is approached, the fatigue life of the actuator decreases. For now, we
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Figure 4.7: Free displacement § of the actuator optimized for energy-density, calcu-
lated over the parameter space of wing length and transmission geometry. The solid
black line indicates the constraint where 6 matches A, the actuator displacement re-
quired to achieve the prescribed wing kinematics. It serves to indicate a constraint on
the design space: ¢ values below this line indicate that the prescribed wing kinematics
will deflect the actuator beyond its 9, possibly reducing actuator lifetime.

will remain conservative and assume the prescribed actuator displacement matches
the actuator’s free displacement, illustrated in Figure 4.7. This defines a constraint
on the parameter space.

With the blocked force and the free displacement, we utilize a mechanics model
and optimization routine to optimize the actuator geometry for maximum energy
density, presented in [60]. Specific design constraints are present for this vehicle sizing
analysis: The vehicle design does not make use of the actuator tip extensions for the
purpose of improving energy density, and the operating voltage signal of the actuators
is set to be 230V. As described in Chapter 3, the actuators are constrained by the
piezoelectric ceramic’s mechanical strain limits, which dictate a 300V electric field
maximum. Driving with 230V signal amplitudes allows 35V voltage margins available
for vehicle pitch torque control. With these modeling constraints, the blocked force

and free displacement values fully define an actuator geometry, which in turn allows

us to estimate the actuator mass, illustrated in Figure 4.8.
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Figure 4.8: Estimated actuator mass over the parameter space. The solid black line
indicates bound in the optimization space established by the actuator strain limit, as
illustrated in Figure 4.7.

4.6 Power efficiency

The mechanical power requirement of the actuators, for a prescribed operating point,
can be estimated as:

1
Pmech = §Fb5w (411)

The electrical power requirements have also been modeled, from recent develop-
ments in custom power electronics [39]. The model encompasses the effects of the
boost converter, wing driver circuit, actuator power, and energy recovery schemes
and is a refinement of the earlier work on milligram-scale power electronics from [35].
The salient scaling relationship for the electrical power consumption can be described
as:

1
Pec = §CV2f (4.12)

where C' is the capacitance of one PZT plate, f is the operating frequency, and V' is
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the maximum voltage applied to the actuator.

As an initial estimate, we use the measured capacitance of the BigBee actuators,
which is 13 nF for a 42 mm? actuator profile area. We linearly scale with area around
this data point to obtain good estimates of the capacitance for near-sized actuators.
Figure 4.9 illustrates the trends in Pech, Preee, and power efficiency Pmeen/p,.. over
the range of (R, f) pairs and transmission ratios. The plot indicates that power
efficiency improves with smaller wings and higher flapping frequencies. Equation 4.12
indicates that electrical power consumption scales proportionally with frequency and
capacitance. Our analysis indicates that for the set of (R, f) pairs which achieve the
target thrust output, the actuator capacitance scales more rapidly than the flapping
frequency and dominates the power consumption calculations. Thus, though smaller
wings need to flap faster, increasing mechanical power consumption, smaller actuators

have lower capacitance and lower overall electrical power consumption rates.

4.7 Flight endurance

With our power efficiency estimates, we can speculate on the flight time of the vehicle
design if we have an approximate model for battery energy capacity as a function of
mass and discharge rates. Potential battery technologies with high energy densities
are in active development. Candidate technologies include micro fuel cells and novel-
structured lithium-ion batteries [24, 51]. However, for near-term integration of a
battery for power autonomy, we can use commercially-available lithium-ion batteries
which are available in sizes small enough to be integrated on the vehicle. Battery sup-
plier Powerstream.com carries rechargeable, ultra low-weight lithium-ion batteries,
with the smallest weighing 330 mg at a capacity of 8 mAh. We can use this example

data point to create an approximate battery capacity scaling model that fits near the
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Figure 4.9: A) Mechanical and B) electrical power requirements over the parameter
space. C) Electrical-to-mechanical efficiency of the vehicle.
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final vehicle design scale. The model is complicated by the capacity derating property
inherent to battery chemistries. At higher discharge rates, battery capacity decreases.
Based on data points from supplier spec sheets, we approximate the derating trend

as the inverse of the C-rate [46]:

rated capacity

4.1
Crate ( 3)

Eyr = ef fective energy capacity =

For the specific battery chosen in the final, integrated vehicle, its derating trend must
be experimentally verified to obtain a more accurate model.

We can calculate the payload capacity available for the battery by subtracting the
actuator mass and structural mass from the target thrust value. With approximations
for electrical power requirements, battery capacity, and battery mass my, we can

calculate flight time ¢; as:

b — Ebatt
f o Pejec
Vbatt

(4.14)

where Vjq is the rated voltage of the battery, nominally 3.7V.

The plots indicate a trend of greater power efficiency with smaller, faster flapping
wings. Mechanical limits on the actuator provide bounds for the optimization. The
actuator strain limits place an upper constraint on actuator deflection, as discussed
in Section 4.5. Wing structural limits can provide another constraint, as described
below. For our chosen simulation range, which was chosen based on proximity to the
BigBee operating point, the estimated flight time is on the order of 10-20 seconds, as
shown in Figure 4.10. We consider this to be a very rough estimate, which can be

refined once we identify the specific battery technology for integration.
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Figure 4.10: Estimated flight time over the parameter space. The solid black line
indicates the bound in the optimization space established by the actuator strain
limit, as illustrated in Figure 4.7.

4.8 The effect of mechanical limits on wings

The wings also have mechanical limits that constrain the vehicle design space. At a
minimum, the wings must withstand the aerodynamic drag loading without mechan-
ical failure. They must also have enough rigidity to maintain the flat plate approxi-
mation. The maximum bending moment occurs at the wing base and increases with
increasing flapping frequency and wing area. Equation 4.15 is used to estimate the

bending moment:

R
1 .
M(r) = / §PCN¢2T25A(T —r')dr’ (4.15)
0
Cy =Cp - sina+ Cp, - cosa (4.16)

where r is the radial distance from the wing root and Cy is the aerodynamic normal
force coefficient on the wing, as a function of the lift C';, and drag Cp coefficients and

angle-of-attack .. The 13 scaling relation dominates the bending moment calculation
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Figure 4.11: Bending moment at the wing root, as calculated from Equation 4.15, for
the set of (R, f) pairs in the sizing analysis.

and penalizes larger wings. For the set of (R, f) pairs in this analysis, the bending
moment at the wing root is illustrated in Figure 4.11.

Experiments have shown that the wing design and manufacturing methods used
in the construction of BigBee have generated sufficiently rigid wings at its particular
scale. If the manufacturing methods remains the same, as wings increase in size,
the increasing bending moments during operation will gradually compromise the flat

plate approximation of the wing.

4.9 Vehicle sizing design prescription and discussion

With a thrust target of 600 mg, the sizing procedure prescribes a vehicle with the
specifications listed in Table 4.1. Battery mass is the difference between the thrust
target and the sum of the actuator and payload masses and is assumed to consume
all remaining payload capacity after electronics and structural payload masses. Note
that the wing length value is distinct from that of Table 3.2 because it is measured

from wing planform root, not flapping rotation axis. This vehicle design prescription
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Table 4.1: Vehicle design prescription for power autonomy.

Vehicle parameter BigBee value Power Units
autonomous
vehicle value
Wing length 24.1 24 mm
Flapping frequency 70 83.5 Hz
Actuator mass 196 135 mg
Static payload mass (electronics 170 170 mg
+ structural)
Thrust target >450 600 mg
Battery mass >84 295 mg
Vehicle mass without battery 366 305 mg
Actuator length 8.332 8.567 mm
Actuator (base) width 8.606 6.199 min
Transmission link length Lj 300 300 pm

is presumed to be capable of power autonomy and feasible to construct in the near-
term.

It is important to discuss our confidence in this sizing procedure and resulting
design prescription. The scaling trends identified in the modeling, particularly for
actuator mass (Figure 4.8) and power efficiency (Figure 4.9), indicate that smaller
wings flapping faster are more desirable for ensuring greater payload capacity and
flight time. Mechanical limits to the actuators constrain the sizing procedure from
prescribing ever-smaller wings, indicated in Figure 4.7. This boundary is not a hard
constraint and only indicative of decreasing actuator fatigue life. Additional experi-
mental characterization of this failure mode is required to determine the extent beyond
this boundary where actuator lifetime is intolerably compromised.

With the boundary cutting across the parameter space, additional constraints are
required to identify an optimal design point. We can improve confidence for the
design prescription by maintaining BigBee specifications, as the aerodynamic model
was fitted to the BigBee wing geometry. We maintain the BigBee wing geometry

at 24 mm in length. Large deviations from the BigBee wing geometry would likely

81



CHAPTER 4. VEHICLE SIZING FOR POWER AUTONOMY

reduce the accuracy of the model, as the model is naive to changes in the unsteady
aerodynamic factors and Reynolds number.

We also maintain the BigBee transmission geometry Lj, with a length of 300
pm. Throughout the sizing analysis, we studied the scaling trends with respect to
transmission link length L3. In practice however, this transmission geometry is dif-
ficult to precisely and reliably reproduce with current fabrication methods. Also,
the transmission stiffness is not modeled and only empirically determined from the
BigBee design, limiting its accuracy for much of the design space. Maintaining the
transmission geometry L3 moves the prescribed design off of the constraint boundary
defined by actuator mechanical limits (Figure 4.7). If the initial construction of the
prescribed design results in actuator failure or failure to achieve the prescribed wing
kinematics, we would be compelled to modify the transmission design or the man-
ufacturing methods such that precision adjustment of this transmission geometry is
possible.

Our sizing procedure relies on a single operating frequency, derived from a linear
systems analysis, where the actuator is specifically designed to drive the system in
achieving the prescribed wing kinematics. The linearized system analysis of a sim-
ilar vehicle morphology was demonstrated to adequately approximate the system’s
primary resonance to within 5% [26]. However, as illustrated in Figure 4.6, such an
error would result in an underpowered actuator for the system loading. The overesti-
mate in the equivalent damping coefficient from Section 4.4.1 may mitigate this risk.
Nevertheless, the mechanical system is markedly nonlinear, particularly because of
the passive rotation hinge dynamics which in turn affect the aerodynamic drag pre-
dictions. A nonlinear, full system model would depend in large part on integrating
the full equations of motion for the passive rotation hinge, coupled with the variety of

aerodynamic force components that govern the rotation dynamics. Efforts to develop
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this model are underway and rely on large experimental data sets for model fitting.

4.10 Conclusion

The vehicle sizing procedure presented here mirrors aircraft design processes in its
iterative approach. The BigBee specifications provide accurate estimates for various
vehicle component properties, such as the airframe structural mass, transmission stiff-
ness, actuator stiffness and capacitance, as well as wing design, in order to inform the
system model. Prescribed wing kinematic specifications, informed by BigBee opera-
tion, were paramount in surmounting the uncertainties in the aerodynamic modeling
of flapping wing flight. The sizing procedure centers on a defined target thrust that
encapsulates the vehicle’s performance goal of power autonomy. All other vehicle
parameters, such as flapping frequency or wing span, are then incidental. Because
the procedure relies on iterating to refine the vehicle and validate the modeling as-
sumptions, more prototypes must be constructed. As of this writing, this effort is
underway.

This vehicle design process does not yet integrate considerations on flight control
performance. As our understanding and models of FWMAYV vehicle design improve,
we can transition from simply attaining lift-off and stationary hover to task-specific
design optimization, accounting for other metrics such as flight endurance, speed, and

maneuverability.
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Chapter 5

Mesoscale manufacturing and
assembly

At the scale of insects and insect-scale FWMAVs, the challenge of constructing
dynamic, mechanical machines has motivated the development of new fabrication and
assembly methods. The scale of interest extends from microns to centimeters, known
as the “mesoscale.” Within this scale regime, it is extremely inefficient and impractical
for conventional fabrication and assembly methods to construct mesoscale mechanical
structures. Conventional machining technologies such as milling, lathing, or drilling
typically have dimensional tolerances on the order of tens microns, too coarse to con-
sistently reproduce designed features of similar scale. Conventional assembly methods
require manipulating, aligning, and assembling independently-fabricated components
and usually joining them with discrete fasteners. Moving elements must incorporate
pin joints, which usually consist of discrete pins aligned into holes. Again, the tol-
erances of conventional machining make it difficult to ensure low loss and precise,
low-backlash joints without meticulous manual efforts to ensure perfect fit of parts.
Assembly requires a skilled artisan or very specialized machinery, specifically designed
for certain components. In general, conventional fabrication and assembly methods
are unsustainable for research and development pace of mesoscale machines.

Micro-Electromechanical Systems (MEMS) fabrication processes are sufficiently
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precise but also not ideal for mesoscale machine construction. MEMS processes ma-
chine components through etching action and are applicable to a limited library of
materials. The compatibility of certain etching processes and materials must be care-
fully considered and accounted for. Machining feature sizes are excellent, but the
processes are time-consuming, typically rely on toxic chemicals and processes, and
are not economical for machining geometries beyond millimeters.

In considering solutions to fabrication at the mesoscale for FWMAVSs, the prop-
erties of flexure hinges are advantageous. A flexure hinge is an elastically-deforming
strip of material with localized deformations that can be approximated as occuring
along a single axis of rotation. Flexure hinges in general have low backlash and
practically no friction losses or need for lubrication. They can be created simply by
removing material in a localized region to increase stress concentration and thus lo-
calize deformation when under stress. A sheet of material can have multiple flexure
hinges simultaneously fabricated. This is similar to creating folds in a sheet of paper
by scoring or perforating lines. From a flat sheet, three dimensional structures can
be created by folding along flexure hinges, bringing material out of plane. Joints can
be fixed or remain dynamic, though they cannot exhibit continuous rotation. Rigid
members linked with flexure hinges create a kinematic chain and can be used to cre-
ate dynamic mechanisms. The use of flexure hinges can be a sufficiently-precise and

economical method for mesoscale-EWMAV construction.
5.1 Laminate-based manufacturing

The scale of the FWMAVs we are developing is uneconomical for MEMS processes
as well as conventional fabrication and assembly techniques. Instead, we can utilize
the planar fabrication of flexure hinges to construct our structures and mechanisms

at this scale. In the case of a FWMAV, it is imperative that the structures and
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Figure 5.1: Illustration of the PC-MEMS fabrication process. A single linkage sub-
laminate consists of rigid material layers (grey) adhered to flexible polymer layers
(orange) with adhesive (blue). The rigid layers and adhesive are patterned with fea-
tures to expose the flexible layer in the laminated composite, creating flexure hinge
joints. Multi-layer linkage laminates are also possible. Flexure joints locations can be
coordinated with other linkage planes to form complex mechanisms. Static structural
layers can also be introduced to form geometries by layering.

mechanisms be constructed from very lightweight and stiff materials. The properties
of carbon fiber and glass fiber composites become very attractive for constituting the
rigid members. At the same time, it is desirable for the mechanisms’ dynamic flexure
hinges to exhibit large range of motion while also repeatibly, elastically deforming
with high fatigue life. Polymers films can meet these requirements. These consider-
ations motivated the development of the Smart Composite Microstructures (SCM)
fabrication process, which constructs dynamic flexure hinge mechanisms in planar
composite laminates [59]. Layers of rigid material (predominantly carbon fiber com-
posite laminates in FWMAVs) are laser micromachined with slits. Polymer film is
sandwiched and laminated in between two rigid material layers. Wherever the slits
in the rigid layers expose polymer film, a flexure hinge is created.

The SCM process played an important role in the development of the first flight-

worthy FWMAYV prototypes. The process was further developed into the PC-MEMS

86



CHAPTER 5. MESOSCALE MANUFACTURING AND ASSEMBLY

fabrication methodology, so named because of its inspiration from printed circuit
board (PCB) manufacturing techniques [56, 50]. The basic flexure hinge composite
laminate of the SCM process can be propogated with more layers to create multi-
layered linkage laminates, as illustrated in Figure 5.1. Adhering additional rigid
material layers can further reinforce rigid members or build up static structural ge-
ometry. The use of additional, flexible material layers can create additional, parallel
planes of flexures. Features on each linkage ’sublaminate’ can be coordinated with
linkage sublaminates above and below it, to construct exceedingly complex flexure
hinge mechanisms. Multiple degrees of freedom in the mechanism can be coupled
such that the displacement of multiple flexure hinges occur with a single assembly
input. This facilitates assembly of complex mechanisms. An illustrative example of
the complexity achievable with this design and assembly methodology is shown in
Figure 5.2.

This PC-MEMS fabrication process is very amenable to the mechanism scale of
interest and the construction materials appropriate for our FWMAVs. The thick-
nesses of commercially-available material sheets range from a few microns up to a
millimeter. Micromachining technologies, such as lithographic chemical etching, laser
machining, and stamping are well-developed to handle thin planes of material while
accurately reproducing micron-to-millimeter scale feature sizes. Capable sheet adhe-
sives, designed for the PCB industry, can bond a wide assortment of materials. The
development of insect-scale mechanisms has benefitted from the development of these
composite-laminate fabrication methods. In a demonstration that encapsulates the
utility of the PC-MEMS process, an actuated FWMAYV prototype with high mechan-
ical complexity was successfully fabricated with the PC-MEMS process, presented in
[50], and was designed to be assembled with a single degree of freedom. PC-MEMS

has the potential to accelerate the mass-production of complex mechanical devices,
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Figure 5.2: A 1:900 scale model of the 1903 Wright Flyer was constructed using
the PC-MEMS process. A) Fifteen material layers are used, consisting of carbon
fiber laminate (CF), Dupont FR1500 sheet adhesive (A), and polyimide film (PI).
The laminated structure consists of a series of four-bar linkages, allowing the Wright
Flyer to be assembled by unfolding the structure. B) SEM image of the unopened
Wright Flyer laminate. C) A fully assembled Wright Flyer is shown with a US quarter
for scale. The final structure has a 14 mm wing span, with 18 vertical struts each
with a 100 ym diameter.
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with minimal specialized assembly tools, equipment, or other overhead.

5.1.1 Trade-offs

At this early stage in development of the PC-MEMS fabrication methodology, there
are trade-offs when compared to conventional construction at the mesoscale. The
PC-MEMS process removes post-fabrication assembly overhead, as described above,
but adds design and fabrication overhead. Mechanism design with the PC-MEMS
methodology is unintuitive and tedious without an algorithmic understanding of the
design processes, which could be mediated by computer-assisted design tools |2|. The
design complexity can compound quickly with additional linkage sublaminates that
need to coordinate with the kinematics and material usage of other sublaminates to
avoid mechanical interference in the final structure. Design features are also needed to
ensure manufacturability of the laminate structure. Design tools are in development
and are gradually reaching a mature state [1].

The PC-MEMS process also introduces challenges in the fabrication phase. With-
out a developed, semi-automated pipeline for the machining, processing, and handling
of materials, such as in the PCB manufacturing industry, constructing a complex lam-
inate with many layers requires significant manual labor on the part of a researcher.
Machining (laser machining/etching is common) is mostly automated but handling
and processing of the delicate machined components is tedious and prone to user
handling error. Because the PC-MEMS process encourages monolithic construction,
the introduction of a single error in a constituent layer can render the entire laminate
assembly inoperable.

In contrast, conventional construction approaches are more error-tolerant. Con-
ventional approaches are characterized by manual assembly of discretely fabricated

components. Specific to the mesoscale, discrete components are machined directly
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from the appropriate bulk material and then manually manipulated and assembled
into structures with tweezers under microscopes. This is very much akin to me-
chanical watch-making. Part design is much more straightforward than the intricate
PC-MEMS multi-layer design process. Because the assembly process is manual, errors
can be corrected as they appear. Components with errors can be discarded indepen-
dently of the rest of the assembly, redesigned, and reintroduced to the assembly.

The conventional fabrication and assembly process can also be beneficial to the
device from a functional standpoint, relative to the PC-MEMS methodology. The de-
sign of a complex, self-assembling PC-MEMS device tends to introduce more material
and mechanism mass into the system than would otherwise be needed to construct
it via a conventional assembly approach. In a context where system mass reduction
is critical, non-functional mass is highly undesirable. The PC-MEMS device needs
to introduce mechanisms that make it compatible with features required for the self-
assembly process. These features become superfluous to the device’s operation once
it is fully assembled.

The downsides to the conventional construction approach are that they can be
tedious, imprecise, and difficult to scale for large numbers. The quality and perfor-
mance of a mechanism depends greatly on the precision of the individual assembler
constructing it.

As many mesoscale devices are still confined to a research laboratory setting, on
the order of ten prototypes is desirable to support research efforts. The scale of these
mesoscale devices is still feasible for manual hand manipulation and assembly. In the
development of the Robobee as a research prototype and platform, we have found
that a combination of the two fabrication approaches is most economical. PC-MEMS
is applied to construct individual components where it is convenient and can result

in improved fabrication precision. For other features, conventional construction is
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sufficient to support research iteration pace. Thus, the trade-offs between PC-MEMS

and conventional construction methods must be reconciled for specific cases.

5.2 The specific needs of the Robobee

The results of the dual actuator bee development, described in Chapter 2, reveal the
need for precision assembly. Until the PC-MEMS design and fabrication pipeline has
matured, conventional fabrication and manual assembly steps remain a part of the
development process. Early attempts to achieve the required precision resulted in
flightworthy devices but were inconsistent [40]. Among mesoscale FWMAV devices
in development, the dual actuator design in particular requires precision assembly.
The two wing drives of the vehicle are completely decoupled. Because the FWMAYV is
operating at high frequencies, its dynamics are very susceptable to small perturbations
in the mechanical symmetry of the vehicle. Additionally, as we operate the wing
drives at resonance, any mismatch in the mechanical assemblies will result in different
dynamics for each wing. When the trajectory of one wing differs from the other, the
vehicle dynamics respond drastically.

Imperfect assembly compromises the vehicle’s controllability. A crucial component
of the trajectory is the resting position of the wing drive, which defines the average
position of the flapping wing and thus the thrust vector position. The specifics of
the mechanical design make this resting position dictated entirely by the success of
the assembly procedure. Unintended locked-in stress during the assembly is released
by a deflection of the resting position away from ideal, shown in Figure 5.3C, and
is very difficult to account for post-assembly. As described in Section 3.1.1, the
actuators operate within voltage bounds from 0-300V, constrained by the ceramic

material’s strain limits. If the resting position of the wing drive is off from ideal, a
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Figure 5.3: A) Exploded assembly of one side of the dual actuator bee, identifying
the various parts. B) The fully assembled vehicle body. C) Top-vew of the assembly.
If locked-in stress is present in the wing drive assembly, the resting position of the
wing will be off-center, resulting in pitch torque bias in the vehicle. ¢y, is the wing
bias angle.
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Figure 5.4: Manual manipulation and assembly of the Robobee using tweezers. Here,
a wing is being attached to the body.

persistent driving signal offset can counteract it, but this will remove control authority
by prematurely bringing the driving signal closer to the limits of the voltage range.
If it is far from ideal, vehicle pitch control is compromised in one direction.

Our FWMAYV developments have also revealed the benefits of modularity for re-
search and development purposes. Ideally, the Robobees would be so simple to pro-
duce as to be easily replaced by another. In practice, the Robobees are difficult
to construct, and each vehicle performs differently due to inconsistencies in manual
assembly. Certain components are significantly more prone to failure than others,
namely the wings and wing hinges. In addition, the wings and hinges can greatly
influence the aerodynamic efficiency of the FWMAYV and are in active development.
It is convenient to preserve a meticulously constructed vehicle body and simply re-
place the wings and hinges as they fail or as better designs are discovered. Figure
5.4 illustrates this process. Though far more convenient than making an entire new
Robobee, the replacement process is also a non-trivial assembly problem.

There are degrees of wear to the wings that may not necessitate complete removal
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of a wing but are still significant enough to affect the FWMAVs flight performance.
When small deformations are accrued in the wing membrane or the wing frame, they
can lead to cyclical asymmetry in wing pitching dynamics that result in non-zero,
time-averaged drag forces on a wing. This leads to persistent body moments that
the vehicle may be unable to compensate for with available control inputs. However,
a manual adjustment to the mechanical structure could alleviate the accrued wing
asymmetry. This mechanical “tuning” ability can be designed into the vehicle. A
different FWMAYV design could alleviate this sensitivity to wing asymmetry, such as
by active control of the wing rotation dynamics [52]. Alternatively, fabrication and
assembly processes could be streamlined to the extent that Robobees are identical in

performance and replaceable on a whole-vehicle basis.

5.3 Design-for-assembly analysis

Conventional fabrication and assembly approaches are economical for building small
quantities of Robobee prototypes but face challenges in attaining the precision and re-
peatability of PC-MEMS automated assembly techniques. Ideally, we could generate
vehicle fabrication and assembly procedures that can be unambiguously interpreted
and allow for reliable vehicle construction and performance regardless of the researcher
constructing it. For larger scale mechanical systems, such as cars and airplanes, De-
sign for Assembly (DFA) analysis is an established design process for analysing and
refining the assemblies of mass-produced devices with complex assemblies [55]. The
goal of this analysis is to enable top-down assembly design from function to geometry.
That is, based on the function of a multi-part device, coordinate the design of the
components and the assembly such that they achieve the intended function reliably.

A well designed assembly can compensate for variations in part manufacturing that
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would otherwise accrue in the assembled device and reduce device yield. These same
design principles can be applied to the mesoscale. The work on the Robobee has taken
inspiration from a particular line of DFA research compiled by D.E. Whitney [54].
The DFA research field is expansive and covers a variety of topics relevant to mass-
production. The most straightforward application of this analysis is for statically
determinate assemblies. These are assemblies that do not contain internal stresses
resulting from geometric conditions at any stage in their assembly. It is clear which
parts determine the location of any particular part.

A relevant and immediately applicable aspect of this DFA analysis for use with
mesoscale manufacturing is the datum flow chain (DFC) [54]. A datum flow chain is a
diagram that represents the interconnections of various parts involved in an assembly
and the assembly procedure, or sequence. It can be used to analyze the degree to
which an assembly can reliably achieve its goal and provide guidance on diagnosing
and solving problems if they exist. In a DFC, individual parts are represented by
nodes, and their interconnections are represented by lines between nodes. An example
DFC is illustrated for a simple, one-dimensional assembly in Figure 5.5. Four distinct
lines are used to distinguish the interconnections, or joints:

A doubleline will indicate a “key characteristic” (KC). This is a critical geometric
relation that the assembly must achieve in order for the device to function properly.
The key characteristics are determined first in the design process for any assembly.

A single solid line with an arrow indicates a “mate.” This is a joint that estab-
lishes, or “locates,” full constraint of position and orientation between two parts. This
relation is directional, in that the arrow points toward the part that is located by the
other part. A node in the DFC diagram is designated a root or datum origin from
which arrows emanate. These arrows cannot cycle back to the root node or the func-

tional success of the assembly will be ambiguous. A closed loop of arrows would mean
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Figure 5.5: Example assembly and datum flow chain (DFC) diagram, from [55]. A
one-dimensional assembly of three parts is considered. The key characteristic (KC)
is the distance between parts A and C, identified by double lines in the DFC. Instead
of simply attaching (or mating) parts A, B, and C sequentially, B and C are designed
to have a contact joint. The first assembly step is to mate A and B. Then a fixture F
is used to ensure A and C are the correct distance apart. The contact between B and
C is then fixed. With this assembly design, manufacturing variations in A, B, or C
are absorbed by the contact joint. Fixture F, if reused, allows the assembly process
to consistently achieve the key characteristic.

a part locates itself. For statically determinate assemblies, a part cannot be mated
to the datum chain until the datum part is fully constrained and located.

A dashed line indicates a “contact.” This is a joint that does not constrain position
or orientation between two parts. There is no directionality, as the parts do not
locate each other until the contact becomes fixed and thus a mate. Contact joints
are critical for absorbing the geometric variation that accrues in any assembly. As
a rule for statically determinate assemblies, contacts cannot be fixed until the two
participating parts have been fully located and constrained.

A dashed arrow line indicates a partial mate. This joint does establish constraint
on a subset of the six possible degrees of freedom in a joint.

The datum flow chain thus contains information about how the various parts in

an assembly join to form the final device. Temporary parts called “fixtures” can also
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be introduced to the assembly when it is not possible for the assembly proper to
repeatably locate each part. By focusing on the key characteristics and following the
stated rules for fixing mates and contacts, a statically determinate assembly can be
formed that will allow the device to reliably achieve its function. Other considerations
in the design of an effective DFC include trying to decouple the key characteristics
such that achieving one does not invalidate others. Lastly, situations can occur where
a DFC is physically impossible or impractical to achieve, such as when certain fixtures
or parts are inaccessible. In these situations, designer intuition will decide how to

prioritize key characteristics or to transition to a less reliable but more practical DFC.

5.4 Design-for-assembly analysis applied to the Robobee

The Robobee vehicle body consists of three major components: the transmission, air-
frame, and actuator. These components are manufactured separately using different
processes and have distinct manufacturing variability. The fabrication processes for
all of these components are inherently planar and could be integrated into a single
PC-MEMS assembly. While this could ease assembly and improve assembly yield
rates, it adds considerable design and fabrication complexity and is not convenient
for making design adjustments during this early phase of vehicle development.

The actuators are a laminated composite of piezoelectric ceramic, alumina ce-
ramic, and resin-preimpregnated carbon fiber composite plates, as described in Chap-
ter 2. The manufacturing process in its current form requires specific heat and pres-
sure curing profiles for the resin that bonds the laminate, distinct from the processes
for fabricating the other components. Significant manual processing and precharac-
terization occurs before the parts are ready for integration. As shown in the Figure

5.6, the variability in actuator free displacement is significant, as much as nearly 10%
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Figure 5.6: BigBee actuator fabrication data from 17 individual actuators, showing
variations in peak-to-peak free displacement of up to 150 um. Dashed line represents
the mean free displacement of 840 um.

of the average free displacement. Selective assembly takes place to match actuators
pairs with similar performance for integration.

The transmissions are fabricated via the PC-MEMS process and require no manual
assembly steps. Three flexure hinge joints are fabricated simultaneously on parallel
planes, as described in Figure 5.7. The part variation is not noticeable, highlighting
a key benefit of the PC-MEMS.

The airframe is constructed via conventional part machining and assembly. Sep-
arate components are machined out of stock carbon fiber composite laminate and
manually assembled together. Features are designed into the components to assist
with the assembly process, as illustrated in Figure 5.8. The airframe’s geometry
was simple enough to construct reliably with manual assembly and did not warrant
the introduction of the design complexity and fabrication overhead from PC-MEMS;,
although the structure is very amenable to the PC-MEMS process and consists of
multiple planar elements. The transmission and airframe could be designed as a sin-
gle PC-MEMS component, but this would remove a degree of freedom between the
transmission and airframe. As will be described below, this is detrimental to achiev-

ing the ideal angle between the wing and body plane, the key characteristic of the
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Figure 5.7: A) The transmission mechanism is instantiated with the PC-MEMS pro-
cess. B) Two linkage sublaminates and one structural spacer layer forms the linkage,
consisting of three flexure hinges. The thickness of the spacer layer dictates the Ls
link length. The modular attachment slot for the wing hinge is constructed from
the layers as well. C and D) Assembly fixture (grey) for the transmission linkage
component. A separately fabricated component is slotted into the transmission to

immobilize the flexure hinges during the assembly process.

Once the assembly is

fixed, the fixture is removed. This fixture is labeled fixture F1 in Figure 5.9A. The
links of the transmission are also labeled for reference in Figure 5.10A.
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Figure 5.8: The airframe for the dual actuator bee is constructed from multiple, rigid
carbon fiber laminate components, machined separately. It is assembled manually,
with slots, tabs, and locking features to assist.

Robobee assembly.

As separate parts, the actuator, transmission, and airframe must be manually
assembled and fixed with adhesive (commonly liquid cyanoacrylate glue). Liquid
adhesive is used because discrete fasteners are inconvenient to work with at this scale.
Assembly errors are easy to introduce, difficult to observe, and difficult compensate for
because of the small scale. Tweezers and microscopes are necessary but have limited
force- and visual feedback. The most prevalent and insidious assembly error is the
locked-in stress from overconstraining the actuator as it is fixed to the airframe. The
locked-in stress is released by deforming the most compliant joint in the kinematic

chain. In this case, the compliant transmission hinges will deflect from their ideal
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resting positions, as illustrated in Figure 5.3C. Without a reliable assembly design,
many trials and iterations are needed to acquire the understanding and intuition for
a specific assembly procedure.

DFA analysis can improve the assembly’s reliability. In applying the DFA analysis
to the Robobee, we must identify the key characteristics of the system. Our initial
designs of the dual actuator bee focused on creating a visually symmetric system.
The two wings were designed to be at the same level and strictly outstretched per-
pendicular to the body axis. The transmission would mate to the airframe rigidly to
produce this characteristic. We considered this to be a straightforward and inevitable
design constraint, considering the obvious need for symmetry in the system. But our
subsequent system characterizations and flight tests, while successful, indicated that
the resting wing angle was the most significant contributor to the successful opera-
tion of a vehicle. Few constructed prototypes with the early assembly design could
perform reliably. It was clear that the resting angle was the critical key characteristic
of the vehicle.

It was also discovered over the course of our flight experiments that the mechan-
ical grounding of the actuators to the airframe was critical to vehicle operation. If
the ground joint was compliant, it would absorb output energy from actuator that
would otherwise be used to drive the wing. The actuator is attached to the airframe
with epoxy adhesive. To achieve a rigid joint, the actuator base must be in close
contact with the attachment surface to minimize the bond line. This is a second key
characteristic for the dual actuator bee design.

Figure 5.10A represents all parts in the assembly as nodes in a DFC. Note that the
wing resting angle key characteristic is KC1 and stretches between the airframe and
transmission link L3. Despite being fabricated as a single part, the transmission is

represented as separate links, identified in Figure 5.7. This consideration is important
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Figure 5.9: Multiview orthographic projections for one wing drive of the dual actuator
bee, for reference with Figure 5.10. The key characteristics (KC) are indicated. KC1
is a slip plane between the transmission link .4 and the airframe. KC2 is the contact
between the actuator base and the airframe. Assembly fixtures are also indicated.
Fixture F1 (blue) is the transmission fixture from Figure 5.7. Fixture F2 (red) is a
force pressing the transmission and airframe together. Fixture F3 (green) is a force
pressing the actuator and airframe together. The actions of F2 and F3 must be
restricted to very specific directions of constraint. Body coordinates are also shown.
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Figure 5.10: Datum flow chain (DFC) diagrams for the dual actuator bee assembly.
A) The complete DFC for the dual actuator bee. Between each node, six degrees of
freedom (dof) are present, relative to the body coordinates as indicated in Figure 5.9.
05, 0,,0. are rotations about the indicated axes. The key characteristics KC1 and
KC2 encompass a subset of possible dofs, indicated in the parentheses. Dashed lines
represent contact joints. Dashed arrow lines represent partially constrained mates.
Solid arrow lines represent fully constrained mates. The transmission links are defined
in Figure 5.7. B) A modified DFC for the dual actuator bee. The transmission and
fixture F1 are lumped into a single component. The dofs constrained by the fixtures
F2 and F3 are explicitly shown.
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for flexure hinge mechanisms. Strictly speaking, each link is not fully constrained to
the neighboring links and forms partially constrained mates with each other. How-
ever, the relative motion between these links is undesirable during assembly. The
immobilization of the flexure hinges during assembly is also a key characteristic for
the DFA analysis, though not illustrated for simplicity. To restrict motion, a tem-
porary fixture should be implemented and removed once the transmission is fixed,
illustrated in Figure 5.7.

This consideration for immobilizing flexure hinges is generalizable to other assem-
bly designs that need to integrate dynamic flexure hinge mechanisms into assemblies.
Fixtures must be present and effective in restricting link motion until the assembly
is complete. Otherwise, flexure hinge compliance during assembly can undermine the
repeatability of the assembly process. The design and implementation of fixtures is
challenging, particularly for small scale devices. Fixtures can be in close proximity
with joints that need to be fixed with liquid adhesives. Parasitic seepage of adhesive
onto fixtures will prevent their removal. Escape directions for the removal of the
fixture must also be considered. The fixture should be substantial enough to main-
tain the key relations but avoid complicating the assembly handling, such as blocking
access to critical assembly features.

The DFC diagram in Figure 5.10A contains many partial mates, and it is unclear
whether the key characteristics are achieved. Because both key characteristics share
the airframe, it is not straightforward to achieve both simultaneously. For exam-
ple, if fixture F3 fully constrains the actuator to the airframe and fulfills the key
characteristic KC2, the transmission contact joint to the airframe is also fully con-
strained, regardless of whether it achieved KC1. Instead of either fixtures F2 or F3
fully constraining assembly nodes, we must analyze the assembly for the individual

dofs. The same assembly is described by the modified DFC diagram in Figure 5.10B.
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For visual simplicity, the diagram lumps the various transmission links into a single
node because fixture F1 fully constrains them. The DFC explicitly stipulates the dofs
that each fixture constrains. By following the chain of mates for each dof, we see that
except for 0, the dofs in each key characteristic are achieved by the assembly without
overconstraint. The fixtures are designed to constrain a non-overlapping set of dofs.

The exception is ¢, which is constrained by both F2 and F3. The current version
of the assembly design retains this potential issue because the current assembly and
fixture design has given satisfactory results with an acceptable degree of assembly
ease. In the future, if the final assembly repeatedly exhibits unacceptable locked-in
stress, the designer can focus attention on addressing this dof.

With assembly design, a multitude of situations can arise. Implementing fixtures
is a versatile initial strategy. By experimenting with the assembly, some fixtures
may be deemed too inconvenient to construct or use. Situations can arise where
key characteristics are coupled and cannot be simultaneously achieved. It may be
necessary to compromise on certain key characteristics based on where variation is
tolerable.

Mesoscale assembly has a distinct feature over macroscale assembly in that the
fixtures are typically small and inexpensive. In comparison, fixtures for airplanes
and cars are very expensive to create and maintain [54]. The main difficulty in
implementing mesoscale assembly design is that a fair amount of intuition about the
specific micromanipulation tasks is required to assess the “convenience” or practicality

of certain assembly strategies.

5.4.1 BigBee considerations

The BigBee vehicle design uses larger actuators which output more force for the

system. The maximum force output is 5.1 times larger than in the dual actuator
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B)

Section A-A

Figure 5.11: A) Exploded view of one BigBee half. The same vehicle components are
present as in the dual actuator bee in Figure 5.3A. B) Fully assembled BigBee half.
C) Side view. The actuator base is grounded to the airframe via clips that surround
the actuator base at two points. D) Front view and section view. Construction of the
BigBee is essentially the same as the dual actuator bee.

bee, as described in Chapter 3. A stronger mechanical ground must be established
between the actuator base and the airframe. The mass of the structure must also be
minimized. We modified the attachment scheme on the airframe by loosely wrapping
around the actuator base at two points. This constrains the actuator base in two dofs,
as illustrated in the DFC diagrams for the BigBee design (Figure5.12). Additional

reinforcements to the airframe-actuator clips are added after the main assembly is

fixed.

106



CHAPTER 5. MESOSCALE MANUFACTURING AND ASSEMBLY

A)
transmlssmn
Llo ---- 0—
actuator
..
(z0 ‘
Rz .
® sirframe
B) transmission + F1
[ )
actuator / h Ve\
:' \
\
~ B[
] — \
\\ I ?
. t|le F2(x,0 .6)
ra \\ : < »
J& \ 1 /
2z J o\ | ,/
A \
‘\ 1 //
(N} "
® Jirframe

Figure 5.12: DFC diagrams for BigBee. A) The full DFC for BigBee. As shown
in Figure 5.11, the actuator base is loosely captured by clips on the airframe. This
restricts its motions in 2 dofs: z and 6,. The assembly no longer requires the second
KC2 or F3 from the dual actuator bee assembly (Figure 5.10) to ensure good ground-
ing of the actuator base. KC1 and F2 remain the same. B) Simplified DFC diagram
lumping the transmission and F1 into one node.
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5.5 Post-assembly vehicle modifications

The adhesive used in our mesoscale assemblies is typically cyanoacrylate adhesive. It
is versatile and can be softened at elevated temperatures. These nonpermanent bonds
can allow for replacement of accessible components, such as the wings, wing hinges,
or one half of the BigBee. In practice, this task is difficult and requires substantial
manual skill to perform. But the option to preserve or modify the functionality of a
vehicle by replacing components is a useful one for supporting research efforts.

In Section 5.2, we mentioned the need for mechanical vehicle tuning when the flight
controller is unable to compensate for persistent torques in the assembled vehicle.
We have explored two methods for introducing tunable degrees of freedom into the
vehicle designs, for vehicle yaw and pitch tuning. Persistent yaw torque bias can
be attributed to wing or wing hinge damage, which cause the cyclic wing pitching
dynamics to become asymmetric. To counter this, we can bias the wing hinge resting
pitch angle such that the cyclic pitching dynamics are closer to symmetry. We adjust
this post-assembly by introducing a secondary flexure hinge parallel to the wing hinge.
This flexure hinge can be fixed at the necessary pitch bias angle with glue. If needed,
the glue can be softened and rehardened to allow for adjustment of the resting pitch
angle. Figure 5.13 illustrates this concept.

Pitch torque bias is the result of the vehicle’s net thrust vector not aligning with
the vehicle’s center of mass. We can offset mass on the vehicle to move the center of
mass, though this is not an elegant solution and is difficult to perform consistently
without dedicated mechanical features. We can also move the thrust vector relative to
the center of mass by changing the resting angle of the wings, though this is difficult.
With the BigBee design, the two separate halves of the robot can be rotated relative
to each other. We implemented a sliding contact joint between the two vehicle halves

that restricts motion to a single rotational degree of freedom, as illustrated in Figure
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. . nominal altered pitch
A) fixed pitch-biasing B) operation bias angle
flexure hinge - )

passive rotation__—~
flexure hinge

glued fixed

Figure 5.13: Detail on the BigBee wing hinge from Figure 5.11. A) A second parallel
flexure hinge (green) can be added to allow for tuning of the resting pitch angle
(orange). B) Side view illustrating the effect of biasing the fixed flexure hinge.

5.14. Once that contact is fixed, other rigid members are attached to reinforce the
assembly. These are examples of mechanical designs for post-assembly vehicle tuning.

Other designs are possible; they must consider the trade-off between the convenience

of post-assembly tuning and the added mass of additional mechanical features.

5.6 Concluding remarks

Mesoscale manufacturing of mechanical structures and mechanisms has been acceler-
ated by the innovation of multi-layer, composite flexure-hinge fabrication techniques.
This is best instantiated in the PC-MEMS methodology, which has been applied to
create unprecedented mechanical complexity at the mesoscale. But the lack of a ma-
ture design and fabrication pipeline hinders its application for research laboratory use.
The manual assembly, which relies on the skilled use of tweezers and other specialized
tools, remains a substantial component of the manufacturing process. Construction
consistency is difficult because of limited force feedback and visual feedback. How-
ever, it is possible to consistently hand-construct mesoscale mechanical devices by

systematic analysis and design of the mechanical assembly. This analysis is directly
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airframe coupler w/
/ rotational dof

Figure 5.14: Two BigBee halves can be coupled with a rotational degree of freedom
(dof) to allow for tuning of the resting wing angle. By rotating the relative resting
angles forward, the wing’s thrust vectors are placed fore-aft to the vehicle center of
mass, creating a pitching moment on the vehicle. The coupler angle can be adjusted
post-assembly via heat-softening the adhesive. Not shown are additional coupler
beams to strengthen the coupled airframe structure.
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adapted from the Design-for-Assembly analysis process for macroscale systems. A
unique consideration for flexure hinge mechanisms is needed to fix the links of the
kinematic chains during assembly by implementing fixtures.

The dual actuator design of the Robobee is especially susceptible to manual as-
sembly errors because it is underactuated and cannot actively correct for mechanical
inconsistencies. By careful consideration of the vehicle’s functional needs, we have
drastically improved the reliability of the manually assembled vehicles. It is difficult
to quantify the improvement in construction ease and reliability without extensive
data collected on construction times and resulting vehicle performance. Over the
course of two years, over 20 dual actuator bee prototypes have been constructed by
various researchers and approximately half have exhibited flight performance suffi-
cient for supporting further experimentation. During this period, the manufacturing
processes evolved into what is currently presented here. It remains to be seen if the
current iteration of the vehicle assembly design is sufficiently assessible and reliable

for the next generation of researchers.
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Chapter 6

Conclusions and future work

The major contribution of this dissertation is in convincingly demonstrating the
feasibility of insect-scale flying vehicles. The dual actuator bee vehicle design became
the first flapping-wing, insect-scale air vehicle to demonstrate controlled flight. Tts
creation encompassed developments in mechanical design, manufacturing, and flight
control. Basic characterizations have shown the vehicle to be capable of sufficient
torque generation. The unequivocal evidence for its capabilities were shown in closed-
loop control experiments where, in conjunction with developed closed-loop controllers,
it was able to maintain stability and achieve aggressive flight maneuvers.

Sensors and electronics still need to be integrated on the vehicle to enable au-
tonomous flight. Early research efforts on integrating these components have used
the vehicle design as an experimental platform. However, as the initial vehicle design
did not have the payload capacity to carry more than one experimental component
at a time, a new vehicle design was required to sustain development toward an inte-
grated, autonomous flying vehicle.

The method for accomplishing this design goal was two-fold: First, a rough ap-
proximation of the scaled vehicle was sized and constructed. This "BigBee" design
proved to be capable of payload capacities exceeding what was required for control

autonomy. The second step involved a system modeling and optimization procedure
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that relies on empirical measurements from BigBee experiments to support modeling
accuracy for various uncertainties in FWMAYV system. The results of the vehicle siz-
ing effort was a design prescription that approaches the needs of a power-autonomous
vehicle.

Vehicle development at this miniature scale has been crucially supported by sig-
nificant advances in manufacturing techniques. The work in this dissertation coin-
cided with the development of PC-MEMS: a versatile fabrication paradigm relying on
composite laminate construction techniques. PC-MEMS was developed as a direct
response to the fabrication intricacies of constructing insect-scale FWMAVs. Fab-
rication intricacies specific to the dual actuator design spurred systematic analyses
on assembly design for mesoscale machines. Borrowing heavily from DFA analyses
of macroscale vehicles, the fabrication and assembly procedures for FWMAVs were
refined to reliably produce prototypes. This understanding of manufacturing at the
mesoscale will ensure that mesoscale machine designs can reliably achieve their desired
functionality.

For future work, an immediate next step is to construct the prescribed design and
verify its capabilities to generate the target thrust force. The sensors and electronic
components necessary for control autonomy can then be packaged and integrated into
the body of the robot. The BigBee vehicle was designed to facilitate this integration
step and is built in two separate halves to ensure mass-symmetric placement of the
payload.

In parallel, it is desirable to characterize the flight envelope of the vehicle. The
vehicle sizing effort presented here only considers vehicle requirements for ensuring
power autonomy. However, other performance metrics, relevant to particular “mis-
sions” (using the aerospace industry term), will likely influence the optimal vehicle

design. For example, flight speed will likely constrain maximum wing size and aerial
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maneuverability will dictate the required torque capabilities of the vehicle. Under-
standing the design features needed to achieve these vehicle requirements will require
more flight testing in tandem with improved force measurements and modeling of
whole-vehicle dynamics.

The system modeling awaits more refined modeling of the aerodynamics and its
effect on the wing dynamics. The passive rotation hinge adds complexity to the anal-
ysis because its dynamics are closely tied to the aerodynamics of the wings. A more
detailed model of the wing kinematics and its relation to the aerodynamics will be
critical for establishing a robust vehicle optimization procedure. Recent experiments
and analyses have made progress on identifying this model.

Finally, the vehicle design has performance limitations, most prominently in gener-
ating yaw torques. Based on the dual actuator design morphology, a new mechanical
design has been proposed that can more effectively modulate yaw torques [52]; re-
cent results have verified its improved controllability. Its mechanical complexity is
significantly greater than the basic dual actuator bee design, and it remains to be de-
termined if the increased vehicle performance will justify the increased construction
complexity.

What is clear from the work presented in this dissertation is that insect-scale FW-
MAVs are feasible. The manufacturing techniques, previously a significant obstacle
toward development, have been sufficiently refined and can reliably produce flight-
worthy vehicles. The fabrication procedures defined here are sufficient for producing
prototype quantities to support laboratory developments. Once a vehicle design op-
timized for particular flight tasks has been established, a very directed effort will be
required to achieve mass production. PC-MEMS provides a very feasible avenue for
accomplishing this. It will be an exciting and inevitable direction to take for the

ongoing development of insect-scale FWMAVs.
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