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Summary

Flapping wing actuation using resonant compliant mechanisms
An insect-inspired design

This thesis describes the analysis and design of the wing actuation mechanism
for an insect inspired flapping-wing MAV Micro Air Vehicle. Insects are among
nature’s most nimble flyers and are an abundant source of inspiration for the
development of flapping-wing MAVs. The human endeavor to design and realize
flapping wing flight at insect scales has increased in recent years. The focus of
this thesis is on the exploitation and application of resonant principles to achieve
insect-like wing movement patterns. The insect thorax-wing system is in essence
a tuned resonant system. Insects exploit resonance to reduce the energy required
to realize the wing flapping motion and achieve large amplitude wing motion
by resonant amplitude amplification. The application of resonant principles in
a flapping-wing MAV is intended to achieve the same aspects. The insect wing
movement can be divided into two parts; The first is the flapping motion and
the second is the wing rotation or pitching motion. The research in this thesis
is divided along these lines. The flapping-wing MAV body, which facilitates the
flapping motion is designed separately but parallel to the wings, which facilitate
the pitching motion.

In order to achieve resonance a significantly flexible structure has to be in-
corporated into the design of the flapping-wing MAV thorax. Various options are
reviewed and an option based on the use of bending is chosen. The elastic struc-
ture used for the body of the flapping-wing MAV is a ring-type structure. Using
the ring in this setting gives many options for both wing attachment and actuator
placement. The ring is coupled to the wings by a compliant amplification mecha-
nism which transforms and amplifies the ring deflection into the large wing root
rotation required for the wing flapping motion. The development of the struc-
tures follows a two-step approach. The first step is the selection of four prototypes
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ii SUMMARY

used for determining the viability of the structures and proposed analysis meth-
ods, multi-body dynamics models and finite element models. The second set of
structures is geared towards application level detailing and as such more empha-
sis is placed on reducing weight. After initial sizing, the structures are analyzed
by finite elements (eigenvalue and transient analysis). Based on the analysis, the
structures have been built, realized and tested. It appeared that the structures are
capable of sustaining large amplitude flapping motion in a resonant manner.

The division of the design of the structure allows for independent analysis of
the wings. In insects, the wing pitching motion, which is of paramount impor-
tance for efficient lift production, is predominantly passive in origin. An engi-
neering equivalent requires the presence of a tunable elastic structure in the wing
root to facilitate the passive wing pitching motion. A solution to this problem has
been found by adding a simple elastic element in an existing, commonly used,
wing design. The elastic element in the wing root is tuned by using a coupled
quasi-steady aerodynamic and multi-body dynamics model. The reference used
for the tuning is a simplified version of the wing kinematics portrayed by hawk-
moths. The wings are realized and tested experimentally to see whether the wings
reflect the performance found in the analysis.

The ring-shaped thorax structure is combined with the wings to test reso-
nant performance of the assembled structure. A test setup is built to quantify
lift production. Lift is tested by suspending the prototype on a flexible beam and
measuring changes in deflection when the model is actuated. Significant lift is
produced using the current prototype, in the order of the weight of the structure
without the actuator. Kinematic patterns present during resonant actuation show
correct timing of wing rotation.

The present developments have led to greater insight in the exploitation of
resonance for driving wings in flapping-wing MAVs. Ring-type structures are a
valid starting point and yield promising results. Further developments lie in the
selection and tuning of actuators and the incorporation of control possibilities in
the design.

Caspar Bolsman
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Chapter 1
Introduction

1.1 Motivation

The use of unmanned aerial reconnaissance drones has dramatically increased in
recent years due to technology advancement in many fields: GPS systems, ad-
vancement in computational power, unsteady aerodynamics and battery technol-
ogy, among others. Miniaturization in many fields, e.g., electronics, sensors and
actuators, has allowed smaller aerial platforms to become feasible. It is here that
a great challenge and opportunity lie, namely indoor aerial reconnaissance. In fic-
tion different cases exist in which these type of platforms are being used. One of
the most notable example is Dan Brown’s novel “Deception Point” [23] in which a
weaponized insect-scale flapping wing platform is used for both surveillance and
attack.

There exist many real life cases in which small aerial sensor platforms, ca-
pable of slow moving and hovering flight, would provide a huge benefit over
terrestrial platforms or remote sensing capabilities. Imagine the following case
from a search and rescue perspective. In the aftermath of an earthquake there
will be many damaged buildings of which the structural integrity is questionable
such that entry by rescue services will only be performed when it is certain that
human lives are in danger inside. Now, imagine first entering the building with a
small aerial platform capable of sensing life signs and maneuvering in the indoor
environment. The information provided by such an aerial drone would be invalu-
able to the search and rescue workers to make a decision to enter the building
and attempt to rescue the victims inside. This case stresses an immediate benefit
of having such a platform. There are many other cases, in less life threatening
circumstances, where an aerial sensor platform would provide useful informa-
tion. Operating in clouds, the platforms can map concentrations of chemicals or
temperature distribution including gradient information in indoor environments

1



2 INTRODUCTION 1.3

which may prove to be invaluable information. The ability to perch would intro-
duce methods of self distribution and thereby making distribution of small sensor
nodes in a three-dimensional environment possible.

The possible uses for a hovering micro aerial vehicle are numerous, as can be
seen from small selection of examples. Both the search and rescue and remote
sensing/sensor cloud cases are highly inspirational and the field, although many
large contributions have been made, is still in its infancy.

1.2 Micro Air Vehicles

The term Micro Air Vehicle (MAV) is a further development of the term Unmanned
Aerial Vehicle (UAV) used for larger flying platforms, which are commonly de-
ployed on the battlefield and are starting to trickle into every day surveillance
such as traffic monitoring. The term micro is defined relative to normal aircraft
and may be misleading when looking at technologies like MEMS. MAVs are at
least an order smaller than UAVs, the United States Defense Advanced Research
Projects Agency (DARPA) has defined the MAV as any flying vehicle which is lim-
ited to 150 mm or smaller in any linear dimension (wingspan, length).

Traditionally, UAVs are fixed-wing or rotary-wing aircraft. These wing config-
urations are used also at the MAV scale. Many projects exist that develop fixed-
wing MAVs. Especially the battery and propulsion technology can be obtained
with relative ease. The aerodynamics and corresponding wing structure of fixed-
wing MAVs are being heavily researched. Large additions to this field have been
made by research groups at universities around the world. Rotary-wing aircraft
are also used often but mainly at larger scales, often based on radio-controlled
helicopters and quad rotors. A notable exception is the Mesicopter project, see
[90], which aimed at the development of centimeter-sized rotary-wing aircraft at
Stanford University.

A small subset of the MAVs are the flapping wing flyers. Inspired by nature’s
flyers, these flyers try to benefit from the possibilities of flapping wing flight.

1.3 The Atalanta Project

The context for the developments within this thesis is the Atalanta project, which
aims at the development of a flapping-wing MAV. The requirements set for the
total project are that the flapping-wing MAV should eventually be able to:

• fly autonomously

• Hover and fly slowly

• Communicate with others and a base station

• Manage power storage
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• Provide payload capacity

• Be adaptable for many situations

The Atalanta project includes development on different fields required for con-
forming to the requirements set in the list above. One major line in these devel-
opments is low power usage. At small scales management of power usage is very
important, due to a generally limited ability to store energy onboard. The second,
equally important, issue in this development is the aim for low mass. A reduction
of the vehicle mass will make hovering flight less energetically demanding as well
as provide more room for payload.

The intended dimension of the vehicle is 100 mm wingspan and maximum ve-
hicle mass is set to 4 g. The work described in this thesis covers the development
of the wing actuation mechanism for the Atalanta flapping-wing MAV. The tar-
geted dimensions are feasible by making use of conventional technologies, such
as: gears, links and electric motors, see, for example [59, 60, 74, 84]. These
dimensions are also the starting point for other technologies, such as: linear ac-
tuators and compliant mechanisms, see, for example [29, 33, 34, 144], which are
more relevant when moving to even smaller dimensions.

The focus is on the development of a structure which provides the ability to
hover. More specifically, hovering flight should be the basic flying state. Hover-
ing is the worst case scenario from an energy perspective, since no additional lift
is created by induced flow by forward movement [40, 50]. In insects and hov-
ering birds the ability exists to reconfigure the wing movement and wing stroke
plane orientation to facilitate the change between hovering and forward flight.
Although possible mechanically, this is not aimed for in the current project.

1.4 Inspiration from Nature

Flight in nature exists in many forms, from gliding squirrels to flying fish. How-
ever, powered flight is predominantly the realm of bats, insects and birds. The
size range covered by flight in nature is huge from the smallest flying insect, 0.25
mm wingspan and 20–30 µg body mass for a small parasitic wasp, to the largest
flying birds which sport wingspans up to 3.65 m (wandering albatross) and 21 kg
body mass (Great Bustard). The range in which the humans have achieved pow-
ered flight is equally impressive, starting at aircraft like the Airbus A380 which
has a 79.75 m wingspan and 560 103kg maximum take-off weight [2], ranging
down to the smallest radio-controlled MAVs with 67.3 mm wingspan and 0.495 g
vehicle mass [85].

Humans have historically always been interested in the flight capabilities of
birds and insects, see, for example Lilienthal [83]. The development of flapping
wing vehicles integrates human fascination for flight with ongoing miniaturiza-
tion of technical designs. Understanding of the aerodynamics of insect flight has
evolved over the years and the phrase ‘The laws of aerodynamics prove that the
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Figure 1.1: Examples of powered flight in nature: The birds, mammals and insects.

bumblebees are incapable of flight ’is of disputable origin as is proven by bumble-
bees everyday, from [88].

When looking at nature as an inspiration for the development of MAVs, and
in general for bio-inspired design, one has to take care that direct copying of
concepts found in nature will probably not lead to feasible designs, see Michelson
and Naqvi [92]. The problem lies in finding the balance between the engineering
implementation and the concepts extracted from nature.

1.5 Background

1.5.1 Why flapping flight?

The implementation of flapping flight at the smaller scales, and especially insect
scales, is inherently more difficult than fixed-wing and rotary-wing implementa-
tions. Then, why is it so interesting to strive for insect sized flapping-wing MAVs?
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This question can be answered from many perspectives. Firstly, the factor flying
speed. Very small fixed-wing aircraft need high speeds to stay airborne, i.e., the
required induced flow over the wings needs to be high for sufficient lift produc-
tion. These high speeds limit indoor usage due to short reaction times needed for
the control. The second reason for flapping wing flight is the question of energy
usage. The energy required for a hovering insect to stay aloft scales favorably with
the dimensions and corresponding mass of the insect, see Ellington [49]. There-
fore, when moving to smaller scales hovering, and slow moving flight becomes
increasingly interesting. The ability to hover also exists in rotary-wing aircraft as
well as some fixed-wing aircraft. This ability, or at least the ability of very slow
flight, is of paramount importance for indoor applications.

More mechanically oriented issues result from the need for control. Rotary
wing aircraft require additional rotors for control. Fixed-wing aircraft rely on
control surfaces for control. Insects and birds combine control and propulsion in
their flapping wing system. Other important factors include the reduced acoustic
signature generated by flapping wing flight, as compared to helicopters. Very
important is the engineering challenge that lies in the development of a flapping-
wing MAV, and all the developments needed in supporting technologies to achieve
the goal of lift-off.

1.5.2 Why insects?

The most obvious reason to look at insects is their ability to hover. Other ani-
mals such as birds and bats are also capable of true hovering flight. The most
notable example of a true hovering bird is the Hummingbird. Hovering flight, as
performed by hummingbirds and bats, is based on the same aerodynamic mecha-
nisms that larger insects use to achieve hovering flight, see Muijres et al. [95] and
Warrick et al. [131]. Scaling is important, the interesting size range for flapping-
wing MAVs lies more towards that of insects than that of birds or bats. The
developments in the context of this thesis are of such a scale that they are in the
range of small birds and bats. However, in the long run, downsizing is more feasi-
ble when the principles by which developments are inspired are more suitable for
smaller scales. Insects are therefore chosen of the prime sources of inspiration.

Mechanical in origin and no less important for the development of flapping-
wing MAVs, is the system that drives the wings. In insects and birds muscles
drive the wings. In insects the whole thorax structure functions as a spring and
combined with the wings essentially forms a tuned mass-spring-damper system,
see [62, 132]. This is possible due to certain elastic proteins in insects, which are
absent in birds and bats, making resonance possible and efficient in insects.

The wings of insects are mechanically seen very interesting structures. Unlike
the wings of birds, insect wings are predominantly passive structures. Bird wings
can be actively deformed during flight because of muscles and joints present in
the wing. These adaptations allow changing wingspan and wing shape during
flight. The absence of active elements in the wing makes insects more suitable
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for inspiration of flapping-wing MAV wings, due to lower complexity involved.
Therefore focus will be on insect wings.

The insects are thoroughly studied by many sciences. Focus here is on the
insect flight mechanism and the supporting structures. In nature the basic design
for all flying insects is approximately the same. (With the note that two thorax
designs exist, see Section 2.2.1.) These two thoraxes differ in the muscle wing
coupling system, which can be either direct or indirect. These two thorax de-
signs are the result of evolutionary differentiation and have led to various flight
envelopes suitable for different needs, for example, long travel flight or aerial
predation.

1.5.3 Approach

In the development of micro air vehicles two approaches are common. The first
is the top–down approach in which an already flying platform is scaled down to
reach smaller and smaller scales. The emphasis in this approach is on the ability
to fly. The second approach, adhered to in this project, is the bottom–up ap-
proach in which a new concept is designed and developed as a basis for a flying
platform. The obvious drawback of this last approach is the unavailability of a fly-
ing platform for the development of other disciplines in the Atalanta project such
as control methods and sensors technology among others. It may lead, however,
to novel applications due to legacy free designs.

1.6 Objective

Following the course set by the overall intentions of the Atalanta program and
the motivation for the use of flapping wings presented in preceding sections, this
section states the objective and scope of the research presented in this thesis.

1.6.1 Aim

The aim of this research is the development of a wing actuation mechanism for
a flapping-wing MAV. This objective is motivated by the developments needed
within the Atalanta project to obtain a flying structure. The wing actuation mech-
anism should preferably be based on principles extracted from research on in-
sects. The development of the wings is an integral part of the wing actuation
mechanism.

1.6.2 Scope

The scope of this work is the development of prototypes which show the feasibility
of the chosen direction and allow the analysis of the design choices. It is not the
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intention to have a fully controllable platform capable of sustained hovering flight
and forward flight as is accomplished by, for example, the Delfly [31].

The second limitation is the use of a test bench setup. The prototype will
not be able to achieve free flight. The prototype will therefore be fixed to the
world by external means of stabilization. While this inherently limits the claims
about performance to which can be measured in the test bench it also provides a
controlled method for testing performance on specific issues of the design.

Furthermore, for the analysis of the performance of the prototype a set of
wings is needed to test lift production. In order to provide an analysis of the
flapping-wing MAV the wings are included as an integral part of the design and
as such are treated in the development of the flapping mechanism.

1.7 Thesis structure and overview

This thesis is built up in four phases: The first phase consist of a review of in-
sects and flapping-wing MAV research. The intention is to gain insight into the
workings of hovering insects and a review of current flapping-wing MAV research.
The corresponding chapters are Chapter 2 on insects and Chapter 3 on flapping-
wing MAVs. The information gathered in these chapters is used to set up the
second phase of this thesis: the framework for the analysis and development of
the wing actuation mechanism. Conceptual ideas for the development of the wing
actuation mechanism are presented in Chapter 4. The results of this chapter are
the starting point of a bifurcation in the structure of this thesis. The body and
the wings are reviewed and analyzed in two separate chapters, Chapter 5 which
covers the wing actuation mechanism and Chapter 6 which covers the develop-
ment of the wings. The third phase covers the integration of the wing and body
as developed in the previous chapters, this is presented in Chapter 7 which also
presents the test methods used to evaluate the prototypes. Finally, conclusions,
recommendations and outlook are given in Chapter 8. The structure of the thesis
is visualized in Figure 1.2.
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Figure 1.2: Graphical overview of the structure of this thesis.



Chapter 2
Insects

2.1 Introduction

As stated in the Chapter 1, flying insects provide the source of inspiration for the
development of the flapping-wing MAV in this project. Insects in their many forms
are among the most nimble flyers in nature. Their aerial performance will prob-
ably not be duplicated in the near future by manmade flying craft. For example
the common fly, who is capable of landing upside down or successfully evading
a fly swatter. Birds and other flyers in nature are less interesting as a source of
inspiration. This aspect is size related. For larger MAVs or flapping-wing MAVs,
i.e., larger than 0.15 m wingspan, birds are a great source of inspiration. This can
be explained by the higher flying speeds in birds which induces greater lift. For
hovering capabilities, flapping wing setups are less suitable at larger scales due to
wing root loading. The specific power required flight limits the maximum size at
which an animal can sustain hovering flight, see Ellington [48].

When looking at insects as inspiration, it is necessary to place bounds around
the area studied. Within the present setting, the mechanical development of the
wing actuation mechanism, two aspects are of prime interest. First, the insect
thorax, which constitutes the power source and wing driving mechanism. Second
,the wings which are an integral part of the flight mechanism in insects. In essence
these structural elements form the chain which conveys the mechanical energy,
which is generated in the muscles, via the thorax structures to the wings where
eventually lift is produced. The mechanical aspects of insect flight studied in this
chapter include the interfaces with bounding realms. Namely, physiology on the
one side, in the form of muscles and nerve control and aerodynamics, in the form
of fluid–structure interaction, on the other.

This chapter provides an overview of insect physiology, with a focus on the
flying apparatus including the insect thorax structure, wing root, the wings and

9
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Figure 2.1: A typical flying insect (or-
der Diptera), showing the high-level
division of the anatomy into the head,
thorax and abdomen. For the develop-
ments within this thesis focus is on the
thorax as it contains the mechanical
aspects of the insect flight apparatus. Head Thorax Abdomen

muscles. An analysis of insect wing kinematics follows to identify wing patterns
suitable for flapping-wing MAV flight. The mechanical functioning of the thorax-
wing system is analyzed in order to extract information on efficiency and resonant
behavior. This will eventually provide information on how to extract valuable
lessons from nature to develop the wing actuation mechanism for a flapping-wing
MAV.

2.2 Insect anatomy

A short introduction is given here to the physiology of insects. The intention is
to clarify the different parts of the insect that are important for flying. For more
extensive views on insect physiology the reader is directed to one of the many
textbooks on insect anatomy, see, for example Snodgrass [116], Chapman [26]
or Blum [15]. The insect consists of three body parts: the head, thorax and
abdomen, indicated in Figure 2.1. The head serves as carrier of the brain and
sensors for perception of the larger neighborhood of the insect, for example, vi-
sion, olfactory and auditive information. Other sensors include tactile sensors and
sensors in the form of hairs all over the body and the wings which are sensitive to
air speed and direction for local air velocity information. The function of a gyro-
scope and feedback of wing movement is done by the halteres in Dipterans, see,
for example Hengstenberg [66], which will be discussed in Section 2.5.1. The
abdomen houses the reproductive organs, breathing apparatus and most of the
digestive systems. The thorax is the structure of interest here. It houses the wing
actuation mechanism including: drive muscles, control muscles and the wing-root
joint which are the attachment points of the wings.
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2.2.1 Insect thorax structure

The thorax drives the movement of the wings. The wing kinematics are at the
basis of efficient lift production. The thorax couples the muscles to the wings in
an elastic fashion. From an engineering viewpoint the wing-thorax structure is
a compliant amplification mechanism. Two different thorax designs exist which
differ in the way the wings are driven: namely, direct and indirect. In the di-
rectly driven case, the drive muscles are directly connected to the wing root. In
the indirect case the drive muscles are connected to the thorax and the thorax
deformation drives the wing via the wing root.

Direct-drive mechanism

The direct mechanism is for instance present in Mayflies (order Ephemeroptera)
with reduced or absent rear wings and the dragonflies and damselflies (order
Odonata) which are true four-winged insects. Because the muscles drive the
wings directly, the left, right and possible fore and hind wings can have differ-
ent flapping frequencies and amplitudes, allowing a very large range of force
production and therefore large aerial agility. All species of Odonata are, not sur-
prisingly, aerial predators. A schematic representation of the direct-drive mecha-
nism is given in Figure 2.2. The direct-drive insects generally exhibit lower wing
beat frequencies than those with an indirect-drive mechanism, see Brodsky [22].

Figure 2.2: Schematic representation of the direct-drive insect thorax. Wing down position
shown on the left, wing up position shown on the right. One side of the thorax is shown,
direct-drive insects are capable of driving each wing independent. Actuated muscles shown in
red.
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Figure 2.3: The thorax of an insect of the order Diptera which has the indirect-drive mecha-
nism. The two orthogonally placed main muscle groups can be clearly seen. Based on Snod-
grass [116].

The stroke amplitude is generally lower than direct-drive insects. Hovering capa-
bilities are present in direct-drive insects. However, larger types cannot sustain
hovering due to thermoregulation problems.

Indirect-drive mechanism

The indirect-drive mechanism is a defining feature of all members of the infraclass
Neoptera. Notable members are the true flies (Order Diptera), butterflies (Order
Lepidoptera), bees (Order Hymenoptera) and grasshoppers (Order Orthoptera).
A typical indirect-drive thorax is shown in Figure 2.3 The deformation of the
thorax is governed by the two muscle groups. A dorsal group deforms the tho-
rax front to back mainly by bending the dorsal surface of the thorax which is
known as the notum, causing a downward movement of the wing. A second
group which is attached to the notum pulls the notum down when activated, as
a result the wings move upward. The elastic properties of the thorax and mus-
cles combined with the inertial properties of the wings and the thorax box form a
tuned mass-spring-damper system. The two extreme positions of this movement
can be seen in Figures 2.4 and 2.5. The indirect-drive insects generally exhibit
higher wing-beat frequencies when compared to direct-drive frequencies [22]. A
large stroke amplitude is usually present in the indirect-drive mechanisms, e.g.
up to 125◦for the Hawkmoth Manduca Secta [135]. Many species of insects ex-
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Figure 2.4: Schematic representation of the indirect-drive insect thorax. Wing down position
shown on the left, wing up position shown on the right. The orientation of the cut plane
through the thorax is indicated by the gray plane on the lower left. Actuated muscles shown
in red.

Figure 2.5: Schematic representation of the indirect-drive insect thorax. The two extreme
positions are shown. The orientation of the cut plane through the thorax is indicated by the
gray plane on the lower left. Actuated muscles shown in red.
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ploiting the indirect-drive mechanism have the possibility to hover for extended
periods of time.

The resonant properties which are described for the indirect-drive thorax are
most interesting for application in flapping-wing MAVs. They may help to reduce
the energy expenditure required for wing movement while also offering large
stroke amplitudes through resonant stroke amplification. It is due to this reason
that the present focus on the insects is shifted towards the indirect-drive insects.

The wing root

The wing root, shown in Figure 2.3, is the structure that connects the thorax to
the wings. The wing root is a multi-degree-of-freedom joint. The structure con-
sists of a conglomerate of sclerites. These sclerites are connected by ligaments
to each other and to the thorax. Control muscles are also attached to the wing
root sclerites and by activation of these muscles the joint can be reconfigured on
a wingbeat-to-wingbeat basis, see Dickinson and Tu [37]. This reconfiguration of
the joint can influence parameters such as joint stiffness, transmission ratio and
movement range for control purposes. These control methods do not drastically
change the wing kinematics and control forces are mostly generated by influ-
encing the finesses of aerodynamic flight force production. The control muscles
are very small compared to the power muscles and therefore do not contribute
significant power to the flight motion.

Since the insect wing-root-joint is very complex joints the innervation of the
control muscles has been studied extensively, see, for example, Lehmann [80] and
Balint and Dickinson [8]. Other studies have covered the wing root joint motions
on structural level, see, for example, Miyake [94].

Muscles

As mentioned in Section 2.2.1 insects which have an indirect-drive thorax, for
example members of the orders Diptera and Hymenoptera, have a distinction be-
tween muscles for control and muscles for power generation. Besides obvious
differences in size, there exists a more fundamental difference between the two
muscle types: synchronous and asynchronous muscle. Both types are innervated
by nerves but they differ in their response. Synchronous muscles contract when
activated by the nerve, the amount of contraction is guided by the intensity of
the signal. This is similar to mammalian muscle. Asynchronous muscles are ac-
tivated and kept active by the nerve after which their contractions are guided by
the strain levels present in, for example, the thorax structure, see Dickinson and
Tu [37] and Josepson et al. [70]. This means that when the muscle is in use it
contracts only when a certain strain level is reached. In an antagonistic setup
this will result in a harmonic motion of the driven body part. The setup used
in most indirect-drive insects is suitable to exploit the strain actuation in such a
way that the two orthogonal muscle groups actuate each other in a cyclic fashion
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due to elastic coupling between the muscle groups via the thorax structure, see
Figures 2.3, 2.4 and 2.5.

The properties in the insect flight muscles which are of interest for flapping-
wing MAV research are the power density, efficiency and strain. The power
density is very interesting for comparison against possible actuator technologies
which are candidate for the actuation of the flapping-wing MAV. The specific
power output of insect muscles varies significantly. Typical numbers are 30–
110 W kg−1[39]. The efficiency of insect muscles is interesting in this setting
of designing a flapping-wing MAV. Generally, insect muscles do not show high
efficiency. However, excess heat cannot be seen as lost within insects because
it adds to heating of the animal which is ectothermal. The analysis of strain in
insect muscles showed that the main drive muscles show very small strain, in the
order of 2–5% for asynchronous muscle types which is remarkable for muscle tis-
sues. Insect muscle is extremely stiff relatively seen, so that small strains allow
for storage of significant amounts of elastic energy, particularly if compared to the
maximum kinetic energy of the moving thorax–wing system, see Ellington [47].

2.2.2 Wings

To indicate the intricate design of insect wings, an introduction to their anatomy
is given here. The wings are, as seen from an engineering viewpoint, a structure
which consists of load bearing members (longitudinal veins), crossbeams (cross-
veins) and spanning between the veins and cross-veins is a sheet (membrane) as
can be seen on a conceptual level in Figure 2.6. On a higher level, insect wings
may be seen as flat plates, however, when zooming in the wings show a corru-
gated structure in chordwise direction, see Rees [107] and Wootton [142]. This
corrugation greatly enhances bending stiffness of the wing. While the corruga-
tion enhances the bending stiffness, the torsion stiffness may still be quite low,
see Ennos [53], which is useful since passive wing torsion is an effective method
to increase angle of attack. In this manner local angle of attack may be better
suited to accommodate the increasing airspeed when moving towards the wing
tip, similar to the twist present in the blade of a propeller.

Being passive structures, the wings are driven at the base where they con-
nect to the thorax through the wing joint. The wing loading depends on their
kinematics as well as their three-dimensional shape, see Daniel and Combes [30].
The deformation of the wing is the result of the inertia and aerodynamic loads. As
mechanically and aerodynamically loaded structures, the wings form the coupling
between the muscles, which generate mechanical energy, and the aerodynamics,
in which energy is dissipated, see Wootton et al. [143]. The wings constitute the
major part of the effective inertia of the moving thorax-wing system.

Elastic elements, in the form of the protein resilin, are present in many wings
at key locations and are used to tailor the deformation patterns in loaded condi-
tion, see Haas et al. [63]. The deformable nature of insect wings is very intricate
because they must conform to many different requirements, e.g., stiffness require-
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MembraneCross-veinLongitudinal VeinWing-root

Figure 2.6: Schematic view of an insect wing, Showing basic parts: Longitudinal veins, cross-
veins and the membrane. The wing root is indicated and serves as the attachment point to the
insect thorax. Based on work by Chapman [26].

ments, deployability and visual signs for species recognition and genetic fitness
for mate selection.

2.3 Resonance in insects

The resonant properties that indirect-drive insects exhibit help to reduce the in-
ertial cost of wing movement. In the thorax-wing system the wings form the
dominant part of the equivalent inertia. When an elastic element is introduced
the muscle forces required to move the wing can, depending on the properties of
the system, be reduced significantly. Smaller muscle forces imply smaller muscles
and thus lower power usage. The insect thorax-wing system can then be seen as
a tuned mass-spring-damper system. The mass is dominated by the inertia of the
wings. The spring function is a combination of the elastic thorax shell, and the
muscle properties, see Section 2.2.1. The aerodynamic loading on the wings can
be seen as the damping force.

The resonant properties of the insect thorax have been subject of investiga-
tion for a long time. Greenewalt [62] stated, based on observations, that the
wing-beat frequency does not change during varying flight conditions. To achieve
resonance, an efficient spring has to be present. In insects the spring function is
taken care of by the protein resilin, see Weis-Fogh [132], which shows very low
hysteresis and can store energy efficiently. Weis-Fogh [133] showed that most in-
sects have an elastic system to reduce energetic cost of wing movement. He also
stated that, although specific proteins for elastic storage are available in birds,
they are probably not used due to high damping specifically at flapping frequen-
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cies. Dickinson and Lighton [36] show the energetic benefits of elastic storage
and that above a certain value no further benefits are expected. This means that,
depending on the ratio between inertial and aerodynamic loading on the wing
an optimum value for the elastic storage may be found and that above a cer-
tain value improved elastic storage methods do not improve the efficiency of the
system. Alexander [3] elaborated further on the topic of elastic storage and in-
troduced coupling with muscle mechanics. When looking at flapping-wing MAVs
an engineering equivalent has to be found for resilin to serve as the elastic unit
when applying resonance in flapping-wing MAVs.

In order to exploit the resonant properties, the wing-beat frequency must be
within certain bounds for optimum usage of resonant amplitude amplification.
This frequency is determined by the inertia and stiffness properties of the thorax–
wing system. The aerodynamic loading, which is dissipative, does not signifi-
cantly influence the resonant frequency. The origin of this is the ratio between
aerodynamic and inertia effects in the thorax-wing system, which can be up to
10, see, for example, Combes and Daniel [28] and Ennos [55]. Ellington [49]
calculated the Q-factor, defined as the ratio between the total energy in the res-
onator and the energy dissipated per cycle, for various insects. The factor can in
the order of 6.5, 10 and 19 for the fruit fly, hawk moth and bumblebee, respec-
tively. Ellington remarked that these values are impressive for biological struc-
tures and that they indicate that the resonant response of these structures will,
when driven outside the natural frequency, very rapidly fall effectively reducing
the wing sweeping amplitude.

The presence of resonance in insects in the wing–thorax system has impli-
cations for the obtainable wing kinematics. The main flapping motion will be
harmonic. Besides this, the aforementioned frequency band of the system is very
small. Assuming that the steady-state motion of the insect corresponds to hover-
ing or forward flight, the control moments needed for stability or direction control
have to be the results from changes in kinematics by means of reconfiguring the
wing root as described in Section 2.2.1. These changes will be restricted to varia-
tions of the harmonic motion. The description of kinematics of the insect will be
presented in the following section.

2.4 Kinematics

Kinematics cannot be seen separate from the aerodynamics of the wing. The
fluid–structure coupling between the wing and the air and the subtleties in in-
sect wing aerodynamic load generation make insect flight possible. The approach
followed here is that the analysis of the structure or insect is studied from a me-
chanical perspective. Therefore wing kinematics are treated before aerodynamics.

The insect wing movement can be split in two separate parts: a rigid body
motion and an elastic deformation. The rigid body motion consists of three rota-
tions facilitated by the wing-root joint. The elastic deformation consists mostly of
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torsional deformation and bending, however the magnitude of the elastic defor-
mation is small compared to the rigid body movement. In smaller insects elastic
deformation is increasingly smaller due to increased relative stiffness by scaling
effects. For small insects, this leads to the conclusion that the wing movement
can be accurately described on a global level by only rigid body rotations. There-
fore, the rigid body rotations will be described first and the bending and torsion
in Section 2.4.2

2.4.1 Rigid body description

As mentioned in Section 2.4 the insect wing movement can be described by three
angles. The main flapping or sweeping motion, which is the most characteristic
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Figure 2.7: The wing as a rigid body defined by three angles. The main sweeping angle is
given by φ, the wing pitching motion is described by η and the out of plane motion is defined
by angle θ. The partial circle swept by the wing is bounded by the maximum sweeping angle
of the wing, indicated by ϕ.
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motion of the wing, makes the wing trace a plane which is approximately hori-
zontal for most hovering insects. The main flapping motion is the result of the
resonant motion and as such is described by a harmonic motion.

The main flapping motion is indicated by φ in Figure 2.7. The stroke plane
swept by this motion generally has a constant angle with the insect body, see
Żbikowski [147]. The area swept by the wing is indicated by the circle segment
in Figure 2.7 and is bounded by the maximum wing sweeping angle ϕ. The
second motion, the wing rotation or wing pitching, is defined as the rotation of
the wing about its radial axis. The pitching angle is defined in Figure 2.7 by the
angle η. This motion, together with direction induced flow, defines the angle of
attack of the wing. The wing pitching is generally a motion close a pure sinus.
The frequency of the pitching motion is always the same as the main flapping
motion. Generally, a phase shift exists between the two. A defining characteristic
of the wing pitching motion is that the phase shift with respect to the sweeping
motion is such that the same wing edge always remains the leading edge. The
last motion is the out of plane motion or heaving motion which describes the
deviations from the stroke plane, defined by the angle θ in Figure 2.7.

A typical wing stroke cycle can be roughly divided in four phases. The first are
the up and downstroke. In these phases the wing moves with respect to the body
with approximately constant wing rotation. The remaining two phases are the
two stroke reversals, called supination after the downstroke and pronation after
the upstroke. The wings rotate around an axis typically located 25–50% from the
wings leading edge. These rotational phases typically last 10–20% of the total
stroke cycle time, see Ellington [44].

Since it is difficult to visualize the wing motion in three dimensions, a two
dimensional representation will be used here. This representation is constructed
by using a two-dimensional projection of the movement of the wing chord located
at the center of pressure of a typical insect wing, see Birch and Dickinson [14]. A
typical symmetric movement of the chordwise slice of wing is shown in Figure 2.8,
in which the phase delay between sweeping and pitching can be clearly seen. Note
that no heaving motion is present. In most insects there is heaving, if heaving is
present the wing tips describe a trajectory that is out of the main flapping plane
and has the shape of a banana or figure eight, see Ellington [42] as is shown in
Figures 2.9 and 2.10.

The description presented here is simplified. The purpose is to inform the
reader of the general characteristics of insect-wing kinematics. This description
is by no means exhaustive and covers only the flight mode of the wings. It is
known that insect wings are folded when in the chrysalis stage and that most
insects are able to fold their wing backwards and park them along their abdomen.
These motions are not reviewed here and focus is on the sweeping, pitching and
heaving motion. An extensive description of insect wing kinematics can be found
in Dudley [39].
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Figure 2.8: Typical movement of a
chordwise slice of insect-wing. Note
the large amplitude of the wing pitch-
ing and absence of the feathering
motion. The upstroke and down-
stroke are plotted vertically separated
to avoid unclarity due to overlay. Up-
stroke indicated in blue, downstroke
in red and leading edge by a circle.
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Figure 2.9: Addition of a simple
heaving motion which results in a
banana-type motion of the leading
edge, present in the Hawkmoths, for
example. Upstroke indicated in blue,
downstroke in red and leading edge by
a circle.
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Figure 2.10: Figure-of-eight wing tip
motion present in some insects. Up-
stroke indicated in blue, downstroke
in red and leading edge by a circle.
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Passive pitching

As described, the origin of wing sweeping motion can be found in the resonant
state of the thorax–wing system. The origin of wing pitching has been the subject
of argument among biologists; is the pitching motion passive or active? Analysis
of the insect thorax suggests that the control muscles are too small to generate
the required power for wing pitching. However, pitching could be the result of
a smart wing-root hinge configuration. The second option is passive pitching
controlled by inertial and aerodynamic loads. Norberg [97] found that the mass
distribution in Dragonfly wings generates a wing pitching moment during the
acceleration phases of the wing sweeping motion. Ennos [52] found that the
torsional compliance of the wing root joint is high. This low compliance combined
with pitching moments generated by stroke reversal allows the wings to pitch
passively, see Ennos [54, 55]. Bergou et al. [11] reviewed the energy balance
of the wing motion and concluded that there is sufficient energy available for
passive wing pitching indicating that control muscles do not need to do any work
for wing pitching. The general consensus among biologists and engineers is that
during steady-state flying or hovering wing pitching is passive. However, when
the insect performs extreme maneuvers indications are that the reconfiguration
of the wing joint is such that wing pitching is at least partially actively controlled.

2.4.2 Bending and torsion

The rigid body description as presented in the previous section provides an expla-
nation of the major part of insect wing movement. Bending and torsion, however,
do play a role in the insect wing kinematics. However, for the majority of applica-
tions within the current work the current rigid body description suffices. For both
the aerodynamic description and kinematic description of the insect-wing.

In Section 2.2.2 a description of insect wing anatomy is given. The application
of loads on the wings, both inertial an aerodynamic, results in wing deformation
during the flapping motion. The shape of the wing can have significant influence
on the production of aerodynamic loads as is shown by Daniel and Combes [30].
Combes and Daniel [28] show that bending is present in flapping insect-wings
and mostly the result of inertial loading.

While bending is present in insect-wings, the aspect of torsion is more im-
portant. Torsion and more specifically the timing of torsion deformation during
the wing stroke can directly influence the local wing pitching angle and, conse-
quently, the local angle of attack. Ennos [53] discusses the magnitude of wing
torsion and proposes structural explanations for the tailored torsional compliance
in insect wings. Bergou et al. [11] show that the loading on Dragonfly wings dur-
ing flapping is such that a torsional wave is introduced which induces increasing
torsion from wing-base to wing-tip and thereby better adjust the local angle of
attack. The angle of attack is more optimal due to increased structural velocities
at the wing tip, as is the case in, for example, windmills for electricity production.
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As mentioned earlier in this work, scaling effects effectively reduce the effects of
bending and torsion when moving to smaller scales.

2.5 Aerodynamics

This section gives an introduction to the aerodynamics of flapping wing flight.
Flapping flight by insects is characterized by unsteady incompressible flow at in-
termediate Reynolds (Re) numbers. The Re number range within which flying
insects have been studied is large. To quantify this: for large insects the Re lies
between 5000 and 10000. The smallest flying insects have Re numbers which
can go as low as 10, see Ellington [49]. At the small scales the viscous forces
become more pronounced and as such extremely small insects appear to paddle
more than fly. The range is large due to the large variance in the body mass of
flying insects, which ranges from 20–30 µg to 2–3 g.

In order to generate enough lift for flapping-wing MAV flight a comprehensive
understanding of aerodynamics concerning flapping flight is paramount. The pro-
duction of lift and thrust follows from the complex interaction between the com-
pliant wings, wing kinematics and the aerodynamics. This system is a complex
example of fluid–structure interaction. There are serious challenges in unraveling
the underlying principles of insect flight. Aerodynamic theory is well developed
for larger scales and can be applied at insect scale with the incorporation of ef-
fects that are present at these smaller scales and, consequently, lower velocities.
The flapping wing induces unsteady flow with a cyclic nature.

The production of lift and drag in insects is based on three mechanisms:

The Leading Edge Vortex The Leading Edge Vortex (LEV) is the most important
aerodynamic effect in insect flight, a typical LEV can be seen in Figure 2.11.
Due to this LEV the flapping insect wing produces far more lift than can
be explained using normal airfoil theory. Experiments, both numerical and
experimental showed that when a wing moves through air, a large vortex
starts at the leading edge of the wing and forms on top of the wing. The
rotation in this vortex is very high. The associated high velocity creates a
patch of low pressure on the wing surface facilitating lift production. This
vortex grows in size during wing flap and after some chord lengths releases
from the wing and removing the low pressure field and thus lift. Ellington
et al. [51] showed that the leading edge vortex is stable in insect flight.
This is due to span wise flow which takes energy out of the vortex, thus,
controlling its growth and delaying stall. Usherwood and Ellington [124]
showed that the LEV is a stable phenomenon for a large range of flying
insects.

Rotational circulation Dickinson et al. [35], found a force pattern that could not
be explained even when the LEV was taken into account. They suggested
that the rotation and especially the rotational speed of the wing contributed
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Leading edge
Leading Edge Vortex (LEV)

Figure 2.11: Schematic two-
dimensional representation of a
LEV on a translating wing. Stabilizing
three-dimensional effects cannot be seen
in this figure. The LEV increases local
flow velocities over the trailing wing
surface which leads to an increase in lift
production.

to extra lift. Later experiments, experimental and numerical, see Fry et al.
[58] and Ramamurti and Sandberg [105], showed that this rotational aero-
dynamics have significant influence on force production by flapping wings
in insects. The rotational circulation effect is only present during phases
where the rotational or pitching velocities are large, that is, during stroke
reversal. Thus, by varying the wing rotation timing and rotation speed,
causing advancements or delays in the wing kinematic pattern, the wing
forces can be varied. The force will increase when the rotation is advanced
and decreased when the rotation is delayed. It was shown that changes
in rotation timing come with an increase in power usage, suggesting that
these measures are only used for control purposes. This agrees with the
observations made by Ramamurti and Sandberg [105].

Wake capture Wake capture is the effect where flapping wings interact with the
vortex that was shed at the end of the previous stroke. This creates large
load peaks at the beginning of the new stroke. This increase in lift is caused
by the increase in fluid flow by the capture of the previous vortex, this was
the explanation by Dickinson et al. [35]. The wake capture effect is most
pronounced during stroke reversal and not during the period of relatively
low pitching velocities during mid stroke. Another group suggested that the
force peaks can be accounted for by the very high acceleration in this phase
of the wing stroke, see Sun and Tang [120].

Two other effects are present in insects but are not directly responsible for lift
production. The first is the effect known as added mass or virtual mass. The
virtual mass can be seen as a region of influence where the air around the wing
moves with the wing and thereby contributes to the effective inertia of the wing.
The added mass can be of the same order of magnitude as the mass of the wing
itself. These properties are very important when constructing quasi steady state
models of the wing aerodynamics. Estimates for added mass can be found in Sane
and Dickinson [109], Dudley [39] and Ellington [43].
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Another effect present in insect flight is a very specialistic effect known as:
clap and fling. This effect was first described by Weis-Fogh [134]. The effect
consists of expanding the wing sweeping angle so far that the wings touch at the
end of the upstroke above the body of the insect. When that downstroke starts
the wings are rolled open in order to jump start the LEV. Since the formation of
the LEV is independent of wing size, jump starting might be beneficial for very
small insects which have a very small wing stroke in absolute sense. Questions
still exist if this property has been properly interpreted. Sane [108] suggests that
the wing touching is to maximize the wing sweeping stroke.

There exist great differences in the flight mechanisms of insects. For example,
two or four wings, ability to hover, flight for predation or transportation. Re-
cent investigations into the current state of understanding of insect flight have
been presented by Sane [108] in 2003. Of prime interest for the understanding
of insect flight is the modeling of the aerodynamics. The aerodynamic modeling
of insects is supported by both experiments and simulations, which are both im-
portant to complete the understanding. In order to understand control strategies
and maneuvers of insects, simple models may prove invaluable. Sane and Dick-
inson [109] cover a subject treated by many researchers, namely the existence
and validation of a quasi-steady aerodynamic model for insect flight as proposed
by Ellington in 1984 [42]. More work based on experimental studies on insects
in both free and tethered flight has been performed by Usherwood and Ellington
[124] on Hawkmoth wings. Later, Usherwood and Ellington [125] worked on a
variety of wings actuated in a rotational fashion. Dragonfly flight has also been
extensively studied, especially on the subjects of: power usage, wing kinematics
and steady-state loads, see Wakeling and Ellington [128, 129, 130]. The current
qualitative review of insect aerodynamics covers only a small subset of available
research on insect aerodynamics. The mentioned subjects, experiments and sim-
ulation, are extensively covered for a large range of insects by both biologists and
engineers alike. A very extensive overview of the field of insect aerodynamical
modeling is not intended here and can be found in, for example, Ansari et al. [6].

2.5.1 Control

The subject of control in insects is very interesting. The aerodynamic features dis-
played by even the tiniest insect are remarkable. As demonstrated by the previous
sections, the aerodynamics of insect flapping wings are far from trivial. Due to the
unsteady effects in the aerodynamics even very small changes in wing kinematics
may induce large changes in aerodynamic load production. In order to control the
aerodynamics, insects make adjustments to the kinematics of the wings. In order
to accomplish this, insects may control the power muscles, control muscles, wing
root joint, wings, kinematics and aerodynamics. Four-winged insects introduce
more challenges from a control standpoint due to wing-wing interaction. For two
winged insects the possibilities for control are the increase in stroke amplitude,
changes in stroke plane and changes in wing rotation timing.
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Fry et al. [58] showed for the common fruit fly what is needed to make a
90◦ turn. It turned out that the control measures taken by the fly are very subtle
changes in kinematics. Lehmann [80] provided an extensive overview on the
control of flight forces in flying insects. Insects manipulate the LEV, rotational
circulation and wake capture by very small perturbations in the wing kinematics.
Since insects are very small, the scaling of inertia properties is in their favor with
respect to making them agile.

2.6 Concluding remarks

The lessons which can be learned from insects can be used as a major source of
inspiration for the development of effective flapping-wing MAVs designs. For this
conclusion the source of inspiration is split into three subjects: the body or thorax
of the flapping-wing MAV, the wing transmission system and the wings.

The thorax of the flapping-wing MAV can make use of the resonant princi-
ples which are present in insects. The goal is, as it is in insects, the reduction of
energetic impact of wing movement. Besides this reduction, the resonant amplifi-
cation of the wing sweeping motion can be used to obtain a large wing sweeping
stroke. When this principle is used, care has to be taken that besides the obvious
benefits, the same drawbacks are also introduced. The wing sweeping frequency
becomes bounded by high sensitivity to changes in drive frequency. In order to
realize this mechanical equivalent, an elastic element has to be used to store
the kinetic energy. In insects a large part of the thorax structure participates in
the resonant thorax–wing system. A mechanical equivalent should strive for the
same, namely, a very high degree of integration.

The wings need to be driven by the thorax. In the insect thorax and, conse-
quently, also a resonance based flapping-wing MAV thorax, the thorax deforma-
tion has to be transformed and amplified into a large sweeping motion at the wing
base. In insects this property is integrated into the thorax-wing-root combination.
The insect thorax and wing root together form a fully compliant system capable
of generating complex kinematics. The compliant nature of this structure allows
for low losses due to the absence of friction. While the most obvious motion
in insect-wings is the sweeping motion, wing pitching also finds its origin in the
wing-root. To accomplish the same features in a flapping-wing MAV thorax would
be amendable but requires very high degree of integration. The challenges lie in
the objective to integrate a compliant amplification mechanism with a passive
wing pitching mechanism in an integrated fashion.

The wing is the place where the lift is produced. It will pose a significant
challenge to design a mechanical equivalent of the insect wing. The subtleties in
the tuned compliance, in both the wing-root and wing itself, of the insect wing
are impressive. The lesson that should be learned from aerodynamics in flapping
insects is that the wing pitching kinematics may be of passive origin, thereby
reducing the need for a complex pitching mechanism. In the ideal case the correct
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timing and amplitude of wing pitching will have to be obtained by a combination
of a highly compliant wing root with a wing which is able to support a beneficial
torsional wave to augment lift production. In this sense the system has to be
designed in a highly integrated fashion, combining wing and wing root. The
complex veined and corrugated structure of insect wings allow for a large degree
of tuning of the compliance.

Lessons can be learned from why insects are such successful flyers. The engi-
neer has to learn as much as possible from nature in order to make a successful
attempt at producing a flapping-wing MAV. Direct copy of insect design is, how-
ever, not feasible due to the building blocks available to the engineer. Summariz-
ing the above leads the engineer to be bio-inspired but not focused on biomimetic
designs, as is also noted by Michelson and Naqvi [92].



Chapter 3
Flapping Wing MAVs

3.1 Introduction

The development of flapping-wing MAVs in general is based on either bird or in-
sect flight. Several projects exist which are inspired by the aforementioned flight
in nature. Historically, flapping-wing MAVs have been based on bird-like flight
focusing on forward flight. Recently, interest has shifted towards miniaturization
and thus, inspiration can then be found in small birds and insects. Especially
hovering and slow moving flight is of interest for possible indoor usage of the
flapping-wing MAV. Developments in actuator and battery technology have also
widened the scope to smaller flapping-wing MAVs. Also recent advances in the
understanding of aerodynamic principles of flapping wing flight have spurred re-
newed interest in flapping-wing MAVs.

In order to create an overview of the field of current projects and develop-
ments, an analysis of the currently running and past projects is given in this chap-
ter. The intention of this overview is twofold, first to see what is being done in the
field and, secondly, to extract ideas and good practice similar to the analysis of
insects. The second part of this chapter is to set up a framework in which lessons
and inspiration from insects and the various flapping-wing MAV projects are re-
viewed. The developments and lessons from this chapter and Chapter 2 will be
used to design the actuation mechanism on a conceptual level in Chapter 4.

The review of the field is done in a structure similar to the analysis of the in-
sect flight apparatus in Chapter 2. Thus, first an overview is given of the different
projects, and how they achieve wing actuation. Subsequently, different aspects of
the flapping-wing MAV implementations are reviewed, such as: actuation tech-
nology, wing technology, manufacturing techniques and control possibilities.

27
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3.2 Projects

From a mechanical point of view, the wing actuation mechanism is the key com-
ponent in the flapping-wing MAV. Consequently, there has been a large amount
of research into the understanding and the functioning, on a biological level,
and analysis and design on an engineering implementation level. Different levels
can be identified at which research is aimed; for example, showcasing actuator
technologies, exploring possibilities of wing kinematics and developing airframes
amongst others. In this sense the projects described show a differentiation in their
intentions and are treated here as such.

3.2.1 Overview of projects

In this section an overview is presented of projects performed around the world,
in academia and private research groups, to develop a flapping-wing MAV. A se-
lection has been made on the intention of the project. Either the development of
a mechanism to drive wings in a kinematically correct manner or the intention to
achieve lift-off. Projects are included that provide either a prototype of lesser or
similar dimensions, as intended in this project, or an interesting mechanism.

3.2.2 The Lipca powered flapping-wing MAV

The developments within the Lipca powered flapping-wing MAV project [13] aim
at two aspects. First, the application of smart actuator technology, see, for ex-
ample Yoon et al. [146] and Lee et al. [79] and, second, the development of a
wing actuation mechanism based on the new actuator technology. The actuator
is a lightweight composite actuator based on a PZT piezoelectric ceramic as the
active material, developed by the same group. This actuator, i.e. a designated
lightweight piezo-composite curved actuator (LIPCA), uses lightweight materials

Figure 3.1: Piezo powered (LIPCA actu-
ator) flapping-wing MAV by Syaifuddin
et al. [121]. Mechanical amplification by
means of a four-bar linkage. Passive wing
pitching by freely pitching augmented by
rigid pitch limiters. Picture by Nguyen
et al. [96]. Copyright: SAGE Publica-
tions, reprinted with permission.



3.2 PROJECTS 29

to make a bimorph setup to create large deflections needed for efficient usage in
a flapping-wing MAV.

The second aspect is the development of a wing actuation mechanism for a
forward flying MAV, see Syaifuddin et al. [121] and Nguyen et al. [96]. The
mechanism is based on a four-bar linkage which is used to transform and amplify
the linear deflection of the LIPCA actuator to drive the sweeping motion of the
wing. The wing pitching degree-of-freedom uses mechanical limiters to limit the
movement range, pitching moments are generated by inertial and aerodynamic
loads during stroke reversal. The current setup exploits resonance to amplify mo-
tion. The LIPCA actuator doubles as the elastic storage element. The mechanism
is shown in Figure 3.1.

3.2.3 The MFI project

The Berkeley Micromechanical Flying Insect (MFI) project, aims at the develop-
ment of a 0.1 g, 25 mm wingspan flapping-wing MAV. The project started in
1998. In 2003 a lift force of 500 µN has been produced by a single wing on a test
stand. Since 2003, work has been centered on reducing weight, increasing actu-
ator power density, increasing air frame strength, and improving wing control of
a real prototype, see Wood et al. [139, 140]. The MFI is shown in Figure 3.2.

The wing actuation mechanism is based on two parallel four-bar mechanisms.
The two four-bar mechanisms are used to control wing base rotation and function
as mechanical amplifiers for the small movement range exhibited by the piezo ac-
tuators used for actuation. Using the two compliant parallel mechanisms, the
wing pitching can be controlled actively by the phase difference in rotation be-
tween the two. The piezo bimorph can also be integrated as part of the four bar
mechanism, as is done in the realization of the prototype in Deng et al. [34]. The
mechanisms exploits resonance by using the piezo actuators as the elastic storage
element and to a lesser extent also the compliant links.

Figure 3.2: The Berkeley MFI, a piezo ac-
tuator powered flapping-wing MAV. The
MFI is based on two parallel four-bar
mechanisms which provide the capability
to actively control wing pitching move-
ment. Image from [91]. Copyright: The
Biomimetic Millisystems Lab, UC Berkeley,
United States, reprinted with permission.
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Figure 3.3: The Harvard fly [138],
a piezo actuator powered flapping-wing
MAV. The Harvard fly is based on a four-
bar mechanism to transform and amplify
the piezo actuator deflection into a large
wing sweeping movement. Wing pitching
is accomplished by passive means . This is
currently the smallest flapping-wing MAV
capable of achieving tethered lift-off. Note
the dimensions with reference to the hand.
Image by Wood from [138]. Copyright:
IEEE Publications, reprinted with permis-
sion.

3.2.4 The Harvard fly

The Harvard fly [65] aims at the development of insect-scale flapping-wing MAVs.
This project uses the manufacturing techniques and actuator technology as de-
veloped within the MFI project, see Section 3.2.3. The structure is based on a
compliant mechanism which amplifies actuator movement and transforms it to
the large rotations needed at the wing base. The structure is very small and light:
30 mm wing span and 60 µg.

The actuator is a PZT bimorph actuator with high specific energy density, see
Wood et al. [141]. The mechanism is essentially a one degree-of-freedom sys-
tem, based on a four-bar linkage. The wing pitching motion is passive in origin
and provided by a wing pitching hinge with has tuned stiffness. The maximum
pitching deflection is limited by end stops. The mechanism functions as a tuned
resonator in order to minimize energy expenditure, see Wood [137]. The mech-
anism is capable of producing enough lift to propel itself upward along guide
wires [138], it is the first linear actuator based mechanism capable of doing so.
The realized structure is shown in Figure 3.3.

3.2.5 Clapping wing MAV of insect size

The clapping wing MAV project [73] aims at the development of a flapping-wing
MAV based on a four-winged setup. The design uses an DC-motor which drives a
reduction gearbox which in turn drives the wings which are placed in a cross-type
setup, see Kawamura et al. [72]. The last step in the wing actuation is a linkage
based four-bar mechanism. The wing setup is very similar to the precursors of
the Delfly [32]. The prototype is capable of free flight using a tail with control
surfaces. The wingspan of this prototype is 100 mmwith a corresponding mass
of 2.3 g. The wings employ the clap and fling mechanism as described by Weis-
Fogh [134] to jump start the leading edge vortex for efficient lift production. The
prototype can be seen in Figure 3.4.
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Figure 3.4: Flapping wing prototype by
Kawamura et al. [72] capable of con-
trolled free flight. The wings are driven
by a DC-motor via a gearbox and a four-
bar linkage system. The four-winged pro-
totype exploits the clap and fling mecha-
nism described by Weis-Fogh [134]. Im-
age by Kawamura et al. from [72]. Copy-
right: Springer Science and Business Me-
dia, reprinted with permission.

3.2.6 Caltech Microbat

The Caltech microbat [74] is a MAV presented and developed before the year
2000 and refined since. The Microbat is a two-winged flapping-wing MAV. Its
wing kinematics are more bird-like than insect-like and are aimed at forward
flight. It has successfully flown. The wings are actuated by an DC-motor and
a gear box driving a four-bar mechanism. In the current prototype there is no
control over wing pitching and local angle of attack is due to wing membrane
deformation. There are options for control over the wing bending pattern by the
design of the wings which are based on titanium MEMS technology, see Pornsin-
Sirirak et al. [104]. The Microbat is shown in Figure 3.5. Control is accomplished
by means of a tail section with control surfaces. The mechanism does currently
not offer possibilities for exploiting resonance.

3.2.7 Vanderbilt University

The Vanderbilt flapping-wing MAV is based on a resonating system excited by one
or multiple piezo actuators, see Cox et al. [29]. The piezo actuators are coupled
to the wings by means of a compliant four-bar or five-bar mechanism. There is
control over the amplitude of the wing flap for both the left and right wing. This

Figure 3.5: The Caltech Microbat [74],
a flapping-wing MAV capable of free
flight driven by a DC-motor. Image by
M. T. Keennon from [74]. Copyright:
M. T. Keennon, AeroVironment Inc, Mon-
rovia, CA, United States, reprinted with
permission.
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Figure 3.6: The Vanderbilt flapping-wing
MAV [29], resonance is exploited in such
a way that the drive frequency can be used
for control purposes. This is done by intro-
ducing a difference between the resonance
frequency for the left and the right wing.
Image by Cox et al. from [29]. Copyright:
SAGE Publications, reprinted with permis-
sion.

is accomplished by designing the structure such that the left and right wing have
slightly different resonant frequencies, a change in drive frequency will therefore
result in a different response amplitude for the left and right wing. A drawback
will be the non-optimal amplification factor during symmetric flapping. Aero-
dynamically efficient wings are implemented and tuned to allow passive wing
rotation. The prototype is depicted in Figure 3.6. There are no flying prototypes
due to two reasons: The fact that the wing technology was suboptimal and the
piezo actuator used was unable to convey sufficient energy into the structure for
creating a large wing sweeping motion.

3.2.8 Georgia Tech Entomopter

The Entomopter project, see Michelson and Reece [93], is based on a chemical
muscle which produces linear actuation strain. The mechanism between wing-
base and actuator is not disclosed. The wing configuration is a four-winged setup.
The wings are placed in two sets of rigid wings at the front and back of the
flapping-wing MAV. The wings are actuated by a torsion mode induced in the
body by the chemical muscle. Current prototypes of the chemical muscle are
slow and heavy but future incarnations may exhibit large possibilities due to the
inherent high energy density in chemical fuels.

3.2.9 Delfly Micro

The Delfly project [32] within the Delft University of Technology aims at the re-
alization of free flying flapping-wing MAVs. The Delfly Micro is the result of
two miniaturization steps of a single design. Two previous versions, namely the
Delfly I and Delfly II [32], have successfully preformed controlled flight and in-
spired the creation of the Delfly Micro.

The Delfly Micro has 100 mm wingspan and 3 g vehicle mass. The Delfly
Micro is currently the only flapping-wing MAV of this size and mass which has a
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Figure 3.7: The Delfly Micro [32]: a
100 mm wingspan four-winged flapping-
wing MAV capable of controlled free flight.
Notable is that it is capable to carry func-
tional payload in the form of a camera.
Photo courtesy of B. Remes. Copyright:
Delfly.nl, reprinted with permission.

video camera and is fully controllable by radio. The power is generated by a DC-
motor while the control is accomplished via a tail section. Very small brushless
motors are under development. The electric motor drives the four wings via a gear
reduction and a linkage system. The system does not function as a resonator. The
setup is capable to provide a clap and fling motion on one side of the stroke as
described by Weis-Fogh [134] for very small insects. Wing pitching is obtained
by tailored stiffness of spar reinforced membrane wings. The Delfly is depicted in
Figure 3.7. The Delfly micro is like its predecessors capable of slow moving and
near hovering flight.

3.2.10 FW-MAV

The flapping-wing MAV project in the group of Agrawal at Delaware University fo-
cuses on the creation of a flapping-wing MAV powered by an DC-motor [89]. The
intention of the project is to develop a hovering flapping-wing MAV. The current
project includes mechanisms for correct reproduction of insect wing kinematics
in the form of precursors, see Banala and Agrawal [9] and parallel development
in the form of more advanced mechanisms, see McIntosh et al. [87]. The cen-
ter of the development is the flapping-wing MAV described in Khan and Agrawal
[75, 76]. The mechanism is based on gears and links to accomplish the main wing
sweeping motion. In order to exploit resonance, to reduce of the energetic cost
of wing movement, springs are added to the mechanism. The springs are tuned
to provide optimal reduction of energy usage of the mechanism while flapping at
the intended frequency is performed. This addition of springs to a non-compliant
linkage system to exploit resonance is a very interesting concept. Another very
interesting property of the system is the incorporation of a tuned passive wing-
pitching system.
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a) b)

Figure 3.8: The mechanisms proposed and realized by Galinski and Żbikowski in order to
accurately reproduce insect wing kinematics: a) The Geneva wheel based mechanism. [60].
Image by Galinski and Żbikowski from [60]. Copyright: Elsevier Ltd., reprinted with per-
mission. b) The mechanism based on a double spherical scotch yoke [59]. Note that these
mechanisms are able to reproduce insect-wing kinematics although only a single actuator is
used. Image by Galinski and Żbikowski from [59]. Copyright: The Royal Society publishing,
reprinted with permission.

3.2.11 Projects for reproducing kinematics

There exists a large interest in the development of flapping wing mechanisms to
accurately reproduce insect-wing kinematics for testing purposes, both for biolog-
ical sciences or as a test bed for flapping-wing MAV wing design. These projects
are not intended to create lift-off immediately, but serve other purposes, such as:
measurements of lift production, testing different wing designs, testing effects of
kinematics on lift production and testing of various wing actuation mechanisms.
Although not intended for lift production, these projects might function as inspi-
ration for the design of prototypes that do produce lift. It is therefore that a short
review of these projects is included.

Cranfield University

Galinski and Żbikowski [1] focus on the correct reproduction of insect wing kine-
matics. As described in Section 2.4, this movement consists of the wing sweep-
ing motion, the wing pitching motion and a small out of plane motion or wing
heaving. The latter introduces a banana or figure eight shape to the wing tip tra-
jectory. Galinski and Żbikowski present two wing actuation mechanisms, which
are not able or intended to fly. The first mechanism presented by Galinski and
Żbikowski [59] is based on a double spherical scotch yoke, which provides the
wing sweeping motion as well as the possibility for a banana or figure-of-eight
type movement. A Geneva wheel provides the wing pitching.

The second is a mechanism which is based on the combination of a typical
four-bar mechanism (Watt’s linkage) and a Geneva wheel [60]. The Watt’s linkage
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Figure 3.9: The wing actuation mecha-
nism developed by Banala and Agrawal
[9]. The mechanism is based on a 5-
bar linkage and offers the possibility to
drive wing sweeping and pitching using a
single actuator. Depending on configura-
tion the trajectory of the wing tip can cho-
sen to show figure-of-eight or banana type
motion. Image by Banala and Agrawal
from [9]. Copyright: ASME publications,
reprinted with permission.

provides the wing stroke and heaving motion. The Geneva wheel provides the
wing pitching motion. The mechanism is shown in Figure 3.8a. Both mechanisms
are mostly intended for study of forces on the wings and realization of insect
wing kinematics. However, possibilities are proposed towards miniaturization
and weight optimization of the mechanisms.

Delaware University

Banala and Agrawal [9] present a wing actuation mechanism which is able to
produce wing sweeping and pitching kinematics. The mechanism is based on a
compound configuration of a four-bar and a five-bar mechanism, see Figure 3.9.
The four-bar mechanism is used to generate the wing sweeping motion, the cou-
pled five-bar mechanism is used to introduce the wing pitching motion. The
mechanism is driven via the four-bar mechanism using a single actuator.

By optimizing the two mechanisms the wing trajectory can be made to closely
resemble a reference kinematics, for example, that of the Hawkmoth. By tuning
the mechanism a figure-of-eight or banana type heaving motion can be obtained.
The mechanism is intended for proof-of-concept purposes and currently no steps
are suggested towards in-flight application.

NASA Langley Research Center

The test-setup presented by Raney and Slominski [106] is based on two elec-
tromechanical shakers which drive two hummingbird-inspired wings. By means
of these two shakers the wings can be driven in a sinusoidal fashion. Phase dif-
ference in the driving signals can be used to introduce various wing tip kinematic
patterns. Wing pitching is obtained by passive means. The interesting part of this
setup is that it is essentially a compliant mechanism, driven by linear actuators. In
this sense it is very similar to the insect thorax and bird wing actuation structure.
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The French aerospace laboratories (ONERA)

Giraudo and Osmont [61] present a simple wing actuation test-bed inspired by
the on the insect-thorax. The structure is an intermediate step towards the appli-
cation of elastic storage in flapping-wing MAVs. The mechanism is based on an
elastic shell-type structure similar in topology to the insect thorax. To facilitate
resonance, elastic energy is stored in a U-type shell and upper shell which closes
the structure. The top of the shell is prestressed by the sidewalls, this induced
a curved shape. The dynamic behavior is analyzed and shows unstable behavior
due to the prestressed top plate. The top plate has two stable positions. Pas-
sively pitching wings are proposed and analyzed independent of the structure.
The realized test best shows large amplitude wing sweeping motion.

3.2.12 Comparison of actuation mechanisms

In this section a comparison is made between the different actuation mechanism
concepts. Taken into account are the following aspects which serve as the expla-
nation of the columns in Table 3.1. The columns of the Table provide information
on the projects described in Sections 3.2.1–3.2.10

For some properties, assumptions have been made since data/papers did not
provide enough clarity.

Complexity The complexity of the structure is indicated in this term. In most
prototypes the complexity is inherent to the mechanism. However, in some
cases the complexity of the actuator is dominant.

Source of complexity As mentioned this can be either the mechanism itself or
the actuator technology.

Number of joints The number of joints present in the prototype. These can be
compliant joints, hinges, bearings and other connections. The number of
joints can be seen as an indicator of mechanism complexity.

Actuator type The type of actuator technology used.

Flapping frequency The flapping frequency of the wings when operated at the
steady state motion, either hovering or forward flight. In this case <20 Hz
means low frequency, >=20 Hz and <50 Hz is medium frequency and ev-
erything >=50 Hz is considered to be high flapping frequency. The flapping
frequency is heavily size dependent.

Flapping angle The deflection angle of the wing sweeping motion.

Control The implementation of control, either by influencing the wing kinemat-
ics or by adding a tail with control surfaces.
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Wing rotation The character of the control over the wing pitching motion. This
can be done actively by actuators or passively by a combination of inertial
and aerodynamic loading.

Resonance Does the mechanism exploit resonance to reduce the cost of wing
movement. This can only be accomplished by incorporating elastic elements
into the design of the prototype.

Scaling Since miniaturization is a major factor in the design of flapping-wing
MAVs this column indicates if the design used leaves room for scaling down
the design. This can be hindered by: actuator technology or mechanism
technology.

Hovering Is the prototype capable of producing wing kinematics that allow it
to hover. Hovering flight is, when looking from an energy perspective, the
most demanding task for a flapping-wing MAV.

Flight Has the prototype been used in real flight experiments. That is, does it
generate enough lift to sustain its own mass.

Wingspan The wingspan gives an indication of the dimensions of the flapping-
wing MAV for comparison purposes.

Publication The most relevant publication on the project covering the mechan-
ics.

Year The year of this publication.

From this comparison, and the description of the mechanisms, it can be clearly
seen that the different groups are following different paths. For example, the
Harvard group has its focus on the attaining real flight and miniaturization. Other
groups specialize in a certain type of actuator, for example, Georgia tech, which
introduces other challenges.

Especially the complexity of some of these projects seems to be a major prob-
lem in producing enough lift for sustained flight, either forward or hovering. This
can be seen when looking at the number of joints in the prototype and the flight
success of the model. Other sources of complexity also introduce large problems,
for example the chemical muscle in the Entomopter project. It should be noted
that the complexity comparison is unfair when looking at the piezo driven proto-
types, the control electronics are not included in this comparison but do add to
the total complexity of the systems.

3.2.13 Wings

The wings are an integral and very important part of the flapping-wing MAV.
Depending on usage, the loading conditions vary quite significantly. Intended
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flapping frequencies influence loading conditions. The type of wing structure is
dependent on the design. The size range is also quite large which introduces
scaling issues.

Various methods exist to manufacture wings for flapping-wing MAVs. Perhaps
the most common method of constructing wings for flapping-wing MAVs is the
method of spanning a membrane by stiff rod type structures. The membrane is
usually a biaxially stretched high strength Mylar film. The stiffening structures are
usually unidirectional carbon rods of various cross sections. Wings constructed in
this way are not only used for flapping-wing MAVs but also for non-flapping MAVs.
Usually they have excellent strength-to-weight ratio, the projects which use these
or related type of wings are discussed in Sections 3.2.1–3.2.10. Depending on the
chosen method of realization, wings constructed this way can be very insect like.

Other methods for constructing wings usually rely on using a membrane and
a stiffening structure which represents a vein like structure. For example, the
wing presented by Pornsin-Sirirak et al. [102] in which a titanium skeleton is
etched using MEMS techniques and combined with a parylene film. In this way
it is possible to produce arched spars and more accurately control wing stiffness.
A second method is the usage of electrospinning for depositing the membrane
of flapping-wing MAV wings. The method is presented by Pawlowski et al. [99],
using this method properties such as: thickness, local stiffness and surface tension
can be controlled. Both these methods are very interesting when the design of
the flapping-wing MAV includes accurate aerodynamic modeling for optimization
of lift production and mass reduction. Lentink et al. [82] present a method for
manufacturing corrugated wings for flapping-wing MAVs. These wings follow a
design which is based on a real insect wing. The insect wing is scanned using
a μCT scanner, the resulting data is converted into a FE model. The resulting
FE model is then used to tailor the wing for a set of loading conditions present
during hovering flight, both aerodynamic and inertial loads. The manufacturing
technique allows for the addition of a corrugated structure to be able to carefully
tune compliance, in accordance to real insects wings, see, for example Wootton
et al. [143].

The currently available wing technologies are suitable for the current insect-
sized flapping-wing MAVs, however, improvements can be expected when the
more advanced manufacturing techniques such as described in this section are
used. Especially, the tuning of wing pitching compliance will allow for improve-
ments. Incorporation of fluid–structure interaction modeling may be used to ac-
curately tailor the wing.

3.3 Actuators

This section deals with actuator technology applicable to flapping-wing MAVs.
Many different actuator technologies exist today and a subset has already been
used in flapping-wing MAVs, see Section 3.2. This implies a preselection of tech-
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nologies which are applicable to the design of a flapping-wing MAV, either for
powering the wing stroke or for control purposes. These possible applications
can be directly related to the synchronous and asynchronous muscle types in the
insect thorax, see Section 2.2.1. To be more precise in technical terms there might
be a need for powerful fast actuators, the equivalent of asynchronous muscle, as
well as slower less powerful actuators, equivalent of synchronous muscle, which
control wing configurations but not necessarily on a wingbeat-to-wingbeat basis.

3.3.1 Actuators types

The possible actuator technologies, potentially suitable to be used as the wing
sweeping motion actuator, both linear and rotational, are:

• Piezoelectric actuators (crystalline and polymer)

• ElectroActive Polymer actuators (EAP) which may be subdivided in:

– Dielectric EAPs

– Ionic EAPs

• Electromagnetic actuators which may be subdivided in:

– Linear actuators

– Rotational actuators

• Shape Memory Alloy actuators (SMAs)

The actuator types will be reviewed on a more detailed level per type in the fol-
lowing sections. Focus is here on the actuator for the flapping motion. Actuators
for control are currently not separately reviewed. Several actuator types can be
used for both main actuation as well as control purposes.

Piezoelectric actuators

There has been extensive research on piezoelectric actuators. Applications in-
clude audio drivers and sonar transducers. Due to the trend of miniaturization
and the availability of manufacturing techniques, piezoelectrics have been used as
actuators for micro devices. One major disadvantage has been that the maximum
actuation strain is very small. Solutions have been found in the usage of bi- or
unimorphs to increase movement as well as other mechanical amplification struc-
tures. Examples can be found in Hall et al. [64] who covered bimorphs, Wood
et al. [141] and Sitti et al. [114] also covered bimorphs and more specifically op-
timized them for low mass applications. Larger amplitude piezo actuators have
been developed by Lee et al. [79] in the form of the LIPCA actuator. Piezoactua-
tors have been used for micro air vehicle applications, see the projects described
in Sections 3.2.1–3.2.10 and the overview provided by Table 3.1. Application
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in flapping-wing MAVs is complex due to medium to high voltages needed for
actuation, and the corresponding need for high voltage electronics.

EAP actuators

Bar-Cohen provides a very extensive overview on Electro Active Polymer (EAP)
actuators in his textbook [10]. The book covers many aspects of EAP actuators
and includes the chemical basis and physical principles as well as the mechanical
properties relevant for real applications. EAPs and more specifically the dielectric
EAPs which rely on electrostrictive or electrostatic properties of the material for
their functioning, seem very promising for application inflapping-wing MAV ap-
plications. Their properties include high specific power, high strains and to some
degree a large freedom in topology. They have a major drawback, which is shared
with piezoelectric actuators, namely the high electric field required for actuation.
Typically in the order of 1 V/µm.

Ionic EAPs, see, for example Shaninpoor [112], rely on an electrophoresis
process for the displacement of ions inside the polymer to achieve actuation.
The movement of charge induces a different configuration in the polymers chains
thereby freeing energy to do work. This change requires the actuator to be im-
mersed in a medium which is capable of facilitating such a change. This immer-
sion can be integrated very effectively in the design of the actuator. Ionic EAPs do
not rely on electric field strength for actuation but on low potential. Typically in
the order of 1–2 V. Ionic EAPs may produce large forces and strains but have a
slow actuation response which may impair functioning in high frequency applica-
tions. EAPs have been proposed for usage in flapping-wing MAVs and prototypes
have been built, see, for example Park et al. [98] and Pelrine et al. [100].

Electromagnetic actuators

Electromagnetic actuators, either in rotational or linear form, have been avail-
able for a long time. Rotational electric motors have been the actuator of choice
for most MAV and flapping-wing MAV applications for a large scale range. The
smaller vehicle applications are possible due to the fact that very small electric
motors are available, usually DC-motors. The technology is relatively well devel-
oped and easy to access. Small rotational parts, i.e. gears, cams and bearings, can
be bought off-the-shelf or easily manufactured. The same is true for electronics
needed for control. One major drawback of mechanical origin is that rotational
electric motors require some sort of conversion from rotational to translational
when driving a reciprocating system such as flapping wings. Although this is a
drawback when looking at mechanism complexity, the corresponding decoupling
between actuator frequency and flapping frequency allows for increased energy
density of the actuator.

The use of linear electric motors for driving flapping-wing MAVs wings has
not been described in literature. Linear electric motors come in two types. First,
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a type that employs a coil and piece of magnetically conductive compound which
produces a magnetic field when an electrical current is passed through. The metal
is movable and can be used for actuation, known as a solenoid type actuator. The
actuation principle is based on the minimization of the potential energy in the
magnetic field. The other type is the voice-coil, of which the basics are that of a
Lorentz force actuator. The application of these technologies for the actuation of
control surfaces is widely used including the field of flapping-wing MAVs.

SMA actuators

SMAs are one of the promising technologies for application in flapping-wing
MAVs. The actuation principle is the fact that these metals can regain their initial
shape by heating after an initial pseudo-elastic deformation. These properties are
usually due to a temperature-dependent austenite/martensite phase transforma-
tion. To make an actuator, the SMA metal has to be combined with a spring to
make a reciprocating system or in an antagonistic setup to make a two way actu-
ator. An introduction to SMA actuators is given in Büttgenbach et al. [25]. SMAs
show very high power densities but the actuation is slow and might not be appli-
cable for higher frequency applications. SMAs are currently used in flapping-wing
MAVs applications, see Friend et al. [57], which covers SMA actuation integrated
in the wing and Bunget and Seelecke [24] who present bat-inspired SMA driven
wings.

3.3.2 Actuator selection criteria

In order to choose one actuator technology or another, the actuators have to
be checked if they live up to the boundary conditions which are imposed by a
flapping-wing MAV. The design of the flapping-wing MAV is highly influenced by
the choice of actuator. More realistic is that the actuator choice is an intrinsic part
of the development and design of the flapping mechanism, this is illustrated by
the variety of designs based on different actuator technologies in Section 3.2.

The most stringent demand on the actuator is the specific power. This re-
quirement is imposed by the mass objective of the overall flying structure. In
general, linear actuator technologies have a frequency dependence. Therefore,
energy density in linear actuators is limited due to one-to-one coupling between
flapping and actuator cycles in this setting of flapping-wing MAVs. The obtainable
actuation frequencies are thus a requirement for the actuator. The actuator must
be able to function in a regime that is needed for the flapping-wing MAV.

Some control over actuator force, position or velocity has to be possible within
the setting of flapping-wing MAVs. This requirement for control measures is
highly dependent on the intended design of the flapping-wing MAV. Control at
actuator level will be covered in Section 3.3.3 but is mentioned here in order to
be able to give an overview.
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Typical attainable actuation strain, both in type and magnitude are important.
This importance follows from the complexity of the support structures needed
to apply the actuator in a flapping-wing MAV. Since wing sweeping motions are
inherently of large amplitude, a small actuation strain requires the presence of
a resonant or mechanical amplification system. Properties of the actuators are
given in Table 3.2, which covers the mentioned: energy density, typical actuation
frequency, actuation strain, control complexity and support structure complexity.

The information for this table has been derived from the information pub-
lished by Kornbluh et al. [77] and Langelaar [78]. Note that the energy densities
seem low for technologies that are typically listed as high performance, this is due
to the previously mentioned frequency dependent output power seen from this
low frequency setting. The efficiency is part of the table, however this is the effi-
ciency of the only the active mass of the actuator. Supporting control electronics
are not included and have a negative effect on efficiency. For the piezoactuators,
electromagnetic actuators and SMA actuators this data is accurate and based on
real-life applications. For the EAPs this data has been based on laboratory test and
might prove to be different in actual applications. However, since EAPs are not at
a well-developed level, improvements may be expected in the coming years.

3.3.3 Actuator control

The actuators mentioned above rely on the usage of electric power for actua-
tion. Electric power is at this moment the most convenient option for usage in
flapping-wing MAVs, as compared to, for example, chemical energy. When rely-
ing on electric power for actuation, the control of the actuator technologies has
to be accomplished by the addition of a control circuit. For most flapping-wing
MAV implementations control has to be implemented at actuator level to invoke
control at system level. For example, amplitude and frequency in linear actuators

Table 3.2: Comparison of different actuator technologies suitable for application in flapping-
wing MAVs. Based on aspects which are important for application in the setting of flapping-
wing MAVs. Typical mammalian and insect muscle types are included for comparative pur-
poses.

Actuator Energy dens. strain frequency Efficiency Control Support
[J/g] % [Hz] [%] complexity complexity

Piezoactuators 0.13 ∼1 High High Low Low
Dielectric EAP 1–4 1–10 High High Medium Low
Ionic EAP 0.001 2 Low Low High High
E. motor rot. 0.005 – High Med Low High
E. motor lin. 0.003 50 High Med Low Low
SMA 15 1–8 Low Low High Low
Muscle mammal 0.07 40-50 Low Low – –
Muscle insect 0.10 ∼5 Med Low – –
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or frequency in rotational actuators. An overview of control options of diverse
actuators is given in Karpelson et al. [71].

The control electronics must be used in all cases to regulate the available
power and convert it to the control signal that controls the actuator. The system
needed will be described here per actuator technology. The actual electronics are
not considered here, nor are the sensors. Only the type of response is elaborated
upon. The actuators will be reviewed here in the same order as listed above on
Page 40 in which the control complexity is also included. The control assumption
used here is that there is the need to control the force and position of the actuator.

Piezoelectric actuators

Piezoactuators rely on an applied potential to function. For a typical actuator
voltages are in the 100–200 V range depending on thickness of the active material
layer and intended actuation strain. Piezoactive materials can be controlled by the
applied voltage. The response to this voltage is approximately linear with very
little hysteresis, as long as the actuation strain is well within the elastic limit of
the material. The linear behavior is very interesting for control, however control
options are complicated due to high voltages involved. If the actuator is blocked,
the blocked force increases linear with applied voltage, which is more important
for control purposes. Examples of control using piezo actuators has been shown
by, for example, Wood et al. [141] for a piezo bending actuator and Hall et al.
[64] for a combined piezo/electrostrictive monomorph actuator, respectively.

EAP actuators

The two EAP actuator varieties require different methods of control. To start
with dielectric EAPs: The dielectric properties are in principle linear. However,
the material may exhibit geometrically nonlinear properties which contribute to
nonlinear terms in the voltage/displacement or voltage/force responses. If the
actuator response is approximately linear without any significant hysteresis, the
control model can be simple. However, if the material behaves nonlinear, due
to, for example, the mentioned geometrically nonlinear effects or hysteresis, the
control must be based on more complex models. This is shown by Du et al.
[38] who employ a Newton method for control of an electrostrictive actuator
which also shows piezo and dielectric responses. A revised method is presented
by Hu et al. [69]. Ionic EAPs require more elaborate control strategies. The
magnitude of the activation is time dependent due to ion transport mechanisms
that must lead to a new equilibrium state after a voltage increase or decrease.
These time dependent effects introduce the need for elaborate control strategies
when positioning is required. This has been described by Shaninpoor [112] in
2003.
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Electromagnetic actuators

Electric motors, rotational and linear, can usually be controlled by simple means
when high precision is not a requirement, such as MAV applications. Both elec-
tromagnetic actuator types and their control possibilities have been very well de-
veloped due to the historically wide range of applications. The electric rotational
motor, in the form of a DC-motor, is very simple to control. In most flapping-wing
MAV applications only control over rotational speed is required. When looking at
brushless technologies, control is more complex. Linear electromagnetic actuators
are more difficult to control since they show reciprocating movement and require
some degree of control over positioning. The response can however be linearized
for simple control. It is possible to use the drive coil as sensor for feedback. For
both linear and rotational technologies, implementation of control electronics is
straightforward due to the low voltages involved.

SMA actuators

SMAs show significant hysteresis in their material properties. The phase change
in SMAs, on which SMA actuation is based, introduces significant nonlinearity.
SMAs need either complex control or control schemes which employ neural net-
works, fuzzy logic and genetic algorithms, see, for example [117]. The main focus
of many articles is position control. Velocity control is not mentioned since the
main focus is on applications where velocity is of lesser importance, for example,
surgical instruments. The more complex control types require a learning period
to adjust the controller to the nonlinearities of the system.

The other extreme for SMAs is very simple control. Since it can be very hard
to control the phase transformation, it is better to accept this as such and use
the SMAs as an actuator with an on and off setting. In this case control is very
simple and has been used historically for lots of applications such as "muscle
wire" (NiTiNol) in radio controlled aircraft which do not employ control and rely
on an on-off binary setting. In order to apply this type of control, the design of
the structure plays an increasingly dominant role for efficient application of SMA
actuators.

3.3.4 Feasibility

Due to a number of issues, not all mentioned actuator technologies are equally
feasible. Implementation effort for the application of a specific actuator technol-
ogy depends on the size of the intended flapping-wing MAV. Scaling laws drive
the frequency of flapping up when moving to smaller scales. This favors all forms
of linear actuators due to increase in actuator power density. While favorable for
the actuator itself, the required miniaturization of control electronics introduces
new challenges.
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Looking at specific aspects that may hinder implementation, per actuator tech-
nology a few major issues come forward. One major drawback of dielectric EAPs
and piezos is the required significant voltage to operate. This voltage is not readily
available on flapping-wing MAVs and requires highly miniaturized high-voltage
electronics which are currently of similar weight as the actuator. As can be seen
from the projects reviewed in Section 3.2.1 no flapping-wing MAVs exist today
which are piezo powered and have onboard electronics. EAPs can in general not
be found outside of laboratory environments. Although very promising it seems
unlikely that they will be available at a level applicable for flapping-wing MAVs
like current electromagnetic and piezo actuators within the near future. This
does not mean that any research in to their application in flapping-wing MAVs is
pointless. When the required electronics become available, their promised prop-
erties will make them very attractive for flapping-wing MAV applications. Ro-
tational electric motors are feasible for current and future, even smaller scale,
flapping-wing MAVs. Their application in a resonant setting is less suitable due to
mechanical issues. Although, elegant gear-based partially resonant mechanisms
are possible. Fully compliant structures are more feasible at insect-scales making
the required gears less suitable. Linear electromagnetic actuators are currently
available but may be hindered by low specific power density. Currently available
actuators are not designed for specific power density. So custom designs may
bring improvements. Both linear and rotational technologies are low voltage, al-
lowing for light weight control electronics. SMA actuator technologies are not
able to reach the high flapping frequencies of smaller scale flapping-wing MAVs.
They may be suited for control purposes.

3.4 Control

This section is included to give insight into control possibilities for controlling a
flapping-wing MAV. Since control has to be implemented from the initial design
phase to avoid less elegant and heavy solutions it is reviewed here. The control of
a flapping-wing MAV can be based on the control of insects. Insect control, both
for stability and heading, is based on adjustment of wing kinematics and body
orientation. Insects possess a very high degree of aerial agility, a flapping-wing
MAV does not need to have the same degree flight performance, since their re-
quirements allow them to function successfully at a lower degree of aerial agility.
Therefore, control measures can be implemented which are based on smaller con-
trol signals. A restriction is placed on the type of control; the focus is on control
integrated in the motion of the flapping wings. Other options, such as the addition
of a tail section, are less suitable for hovering applications and are not included.

This section assumes that the main wing sweeping motion is a steady-state
motion, which corresponds to hovering flight. In addition, most smaller scale
flapping-wing MAVs rely on resonant principles and, consequently, significant
changes in flapping frequency are not feasible, since they will have detrimen-
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cprcpl

CM

Figure 3.10: Steady-state hovering.
Area swept by wing motion is indicated,
view is from the top. flapping-wing MAV
orientation indicated by the small inset.
Effective centers of pressure and center of
mass are indicated.

cprcpl

CM

Figure 3.11: Increased wing sweeping
stroke, frequency kept constant, resulting
in increase in lift. Increased stroke an-
gle indicated in dark grey. Decrease also
possible. Effective centers of pressure and
center of mass are indicated.

tal effect on flapping amplitude, see Ellington [49]. When limited to a single
wing sweeping frequency different control options exist. In order to maneuver in
3-dimensional space a minimum of set of control possibilities is required.

Starting from steady state hovering flight, which is defined as the reference
condition, a number of control possibilities can be proposed. The reference condi-
tion is further defined as being a symmetric flapping motion with horizontal flap-
ping plane of a hypothetical 2-winged flapping-wing MAV, shown in Figure 3.10
from [20]. In the current view the wing pitching kinematics are assumed to be
passively controlled and that control is accomplished solely by influencing wing
sweeping kinematics. The first option for control is the possibility of increasing
or decreasing the stroke of the wing sweeping motion. In this manner the lift
production can be increased and decreased, resulting in an altitude change.

Figure 3.10 represents the steady state hovering situation, the center of mass
(CM) and the effective centers of pressure for left and right wing are indicated
(cpr and cpl). In Figure 3.11 an increase in wing sweeping amplitude can be seen,
resulting in an increased amount of lift it can be seen that the center position of
the resonator for the left and right wing do not shift. A decrease in wing sweeping
amplitude is possible, resulting in a decrease in lift production. This can be used
to vary the operational flying height of the flapping-wing MAV. If this operation is
performed in a nonsymmetric manner a rolling torque will be the result, offering
possibility to obtain left-light control.

The second option is a shift of the center position of the wing sweeping mo-
tion. This change shifts the position of the effective centers of pressure of the
left and right wing which leads to a backwards pitching moment due to the shift
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cprcpl

CM

Figure 3.12: Shifted center position of
the wing sweeping movement. Outline
of the initial wing positions is indicated
by dotted lines. The resulting backwards
pitching moment can be used to obtain
backwards flight. Reverse and nonsym-
metric actions are possible. Effective cen-
ters of pressure and center of mass are in-
dicated.

relative to the center-of-mass, seen in Figure 3.12. This shift introduces a pitching
torque which may be exploited for obtaining a forward motion. The same shift
backwards leads to a forward pitching moment and consequently may be used for
obtaining backwards motion. This can be done asymmetrically to explore other
control options.

The two methods described, including all nonsymmetric possibilities, yield a
set of controls that are sufficient to control the flapping-wing MAV in both alti-
tude and attitude. The only challenge that remains is the yawing motion, since
it requires some sort of rowing motion by the wings. Under the current assump-
tions of passively pitching wings obtaining a yawing torque is not possible. As an
alternative a combination of the motions above can be used to make a banked
turn. As mentioned before, a flapping-wing MAV with these controls will not be
as agile as an insect which do have active control of the wing rotation. The inclu-
sion of active wing rotation is not necessary for controlled flight but probably will
be needed if there is a request for very high agility.

3.4.1 Control in wings

A very specific method for implementing control is influencing the airflow around
the wing. Using this method it is possible to gain a high degree of control due to
direct influence on the efficiency and magnitude of lift and drag production. In or-
der to implement this type of control options are required for controlling aspects
such as: local wing compliance, curvature, surface roughness and membrane per-
meability. The possibility of influencing one of these properties, in combination
with the methods described above, gives a very elaborate set of controls for a
flapping-wing MAV, removing any need for a tail section.

Various options for control in wings have been reviewed in literature, see, for
example, Pornsin-Sirirak et al. [103, 103] and Ho et al. [67] who discussed the
usage of implementing electrostatic MEMS vent holes in the wing membrane. If
unactuated the vents are open allowing free flow through the membrane. When
actuated the vents close, stopping flow through the membrane. In this way there
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is active real-time position dependent control over the pressure difference be-
tween the trailing and leading surface of the wings and thus significantly influenc-
ing aerodynamic performance. In order to successfully control the aerodynamic
loads a direct measurement is very valuable. An approach based on the direct
measurement of the lift force during flapping flight, by integrating sensors in the
wing, has been proposed by Yang et al. [145]. In order to implement this solution
a wing membrane is constructed from a PVDF (Polyvinylidene fluoride)-Parylene
composite. The PVDF functions as a sensor and is applied by means of a MEMS
process. The piezoelectric properties of PVDF are used to identify the local load-
ing condition. Using this type of sensors, the wing driving can be controlled in
real-time for optimal lift production and the implementation of control.

3.5 Functional mechanism requirements

An overview of current and recent projects aimed at the realization of a flapping-
wing MAV is presented in this chapter. Various related subjects are also reviewed,
such as actuator technology applicable to flapping-wing MAVs, methods of imple-
menting control and constructional principles for flapping-wing MAV wings. This
review forms part of the inspirational basis on which the current flapping-wing
MAV wing actuation mechanism is seated. The other significant part is extracted
from the review of insect anatomy as presented in Chapter 2.

The different projects which are reviewed show a large variance in their in-
tended goals. The starting points of the different projects are also very different
since they originate from very different groups, for example, micromechanical,
biological, aerospace or space exploration. The run time of the projects, available
financial means and experience of the people involved varies greatly. Taking this
into account, all flapping-wing MAVs described above have unique and interesting
traits which make them interesting as a source of inspiration.

On a higher level, the correlation between complexity of the mechanism, ex-
pressed in the number of mechanical links, bearings, hinges and the like, and the
success, expressed in successful flight, is undeniable. The aim for low mechanical
complexity is not a certified route to success but in general a sound idea due to
associated coupling between mass and complexity. The usage of rotational elec-
tric motors forces the design of the flapping-wing MAV, in general, towards more
standard solutions. Other solutions, more overtly leaning on insect inspiration,
employ the usage of linear actuator technologies and compliant mechanisms.

The integration of resonant principles, i.e. the incorporation of elastic ele-
ments in the structure, is used in many projects. The manner in which this is
done varies significantly. From a highly integrated system, in which the actuator
doubles as the elastic element, to a modular approach, in which tuned springs
are added to a preexisting mechanism, both have their merits. The intention of
the integration of an elastic element can be significantly different. Either for res-
onant amplitude amplification, reduction of inertial cost of wing movement or
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a combination of the two. Resonance is particularly interesting in the setting of
compliant mechanisms and linear actuators because the combination of the two
is well suited implementation in flapping-wing MAVs.

The application of a tail section with control surfaces is commonly used in
flapping-wing MAVs. When looking at hovering flight a tail section is less inter-
esting due to the flow required for useful control forces. The added mass of the
tail section can be removed by looking for control options with a higher degree
of integration. Influencing the resonant state of the flapping-wing MAV offers
large possibilities while maintaining a high level of integration. The addition of
integrated control has to be done in the early stages of the design process. Other
options of control which use actuators in the wings are very promising but are not
at application level at the moment.

The selection of the subset of electric powered actuators is a justifiable choice
at this moment, based on intended size range and technology development level.
The use of linear actuator technologies is almost required when looking at the
usage of resonant principles. Choice of actuator is guided by factors as: ease of
use and specific power density. For smaller flapping-wing MAVs piezo technolo-
gies are the only feasible option, when larger flapping-wing MAVs are reviewed
options are extended to include linear electromagnetic actuators. In summary,
the choice of actuator should be based on a system view of the actuator and the
accompanying control system. This choice is of course restricted by the design of
the flapping wing mechanism.

In conclusion, a good option for the design of the wing flapping mechanism is
a low complexity compliant mechanism powered by a linear actuator technology.
In order to exploit resonance, inspired by insects, an elastic element should be
included. Options for control should be thought of and taken into account from
the initial design of the mechanism. Wings can be based on current technologies
but can be replaced by more advanced designs at a later stage.



Chapter 4
Conceptual flapping-wing
MAV thorax design

4.1 Introduction

The development of the wing action mechanism is the base for the entire flight
apparatus of the flapping-wing MAV currently under development. The analysis
of both insects in Chapter 2 and current flapping-wing MAVs projects in Chapter 3
has led to a set of functional requirements for the wing actuation mechanism. In
essence this mechanism, referred to as thorax in analogy with insect anatomy,
is the basis for the flapping-wing MAV and as such the first step in the develop-
ment. In this chapter focus is purely on the thorax structure itself, wings are not
reviewed and assumed given. The division between thorax and wings is artificial
and introduced to be able to compartmentalize the development of the functional
parts of the flight mechanism. In fact, wings are an integral part of the wing
actuation mechanism, especially when the structure has to exploit resonance.

Based on the functional analysis of insects and flapping-wing MAVs projects,
the thorax has to function as a structure for elastic energy storage. The storage of
elastic energy is intended to introduce a resonant state to the mechanisms. This
allows for a reduction of energy required for driving the wings in aerodynamically
efficient patterns, as described in Chapter 2 and 3 for insects and flapping-wing
MAVs, respectively. In order to couple the wings to the elastic storage unit, an
amplitude amplification mechanisms is required. This mechanism can be accom-
plished in many forms and is an internal part of the thorax development.

This chapter covers the selection of the elastic storage modes and their imple-
mentation within the developments of the thorax at a conceptual level. A number
of solutions is presented to convert motion of the elastic storage unit to the large
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rotation needed to drive the wing base. These solutions are based on the use of
compliant mechanisms.

4.2 Energy storage

The application of resonance in the wing actuation mechanism for a flapping-
wing MAV is based on the storage of potential energy in a deformable structure,
i.e. the elastic deformation of an amount of material. Four properties are of
importance for how the energy storage is accomplished: The material used, the
volume of material, the deformation mode and amount of deformation.

4.2.1 Deformation mode

The deformation mode used to store potential energy has large influence on the
design of the thorax structure. Many different structures can be designed to store
mechanical energy. The deformation modes which can be used are compression,
tension, bending, torsion and shear of a material which can store energy effi-
ciently, meaning high energy density, see Figure 4.1. Note that extension, com-
pression and bending are essentially the same but are mentioned separately since
their application may lead to very different designs. Combinations of deformation
modes are possible, the combinations are not reviewed here but may prove to be
interesting for more advanced designs and may be exploited for control purposes,
especially nonlinear coupling effects between the modes might be of interest.

a) b) c) d) e)

Figure 4.1: Modes of deformation usable for potential energy storage in flapping-wing MAVs,
from left to right: a) compression, b) Extension, c) bending, d) torsion and e) shearing.

In order to classify these modes from the perspective of application in flapping-
wing MAVs, they are reviewed in an application matrix, see Table 4.1. The table
is based on the assumption that a specific amount of energy needs to be stored
using a generic material. This assumption is intended to clarify possibilities of
the modes, but not to give direction towards possible application methods. The
amount of energy storage represents the maximum value obtained during reso-
nant excitation. Constrained by the flapping-wing MAV setting, the columns in
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Table 4.1: Comparison of different deformation modes for application in flapping-wing MAVs.
Based on the use of a generic linear elastic material loaded up to the elastic limit for a fixed
amount of energy storage.

Deformation mode Loads involved Support structure Notes

Compression High Heavy Buckling
Extension High Heavy
Bending Low Light
Torsion Low Light
Shearing High Heavy

Table 4.1 can be explained as follows: First, the loads involved to store the re-
quired amount of energy. These loads are highest for tension and compression
and moderate for bending, torsion and shearing, depending on material and con-
figuration of the design. The need for support structures can best be explained
by means of an example: When a helical spring configuration is chosen it needs
to be embedded in a structure to be able to use it. It is this need for surrounding
structures that complicates application of some of the modes. The information
in Table 4.1 should not be seen in a black and white view but more like a set of
guidelines which can be used to review elastic storage possibilities.

The application of the deformation modes as posed above, leads to the con-
clusion that compression and extension are less suited for application in flapping-
wing MAVs. This conclusion cannot be posed with large certainty of general ap-
plication to resonance based flapping-wing MAVs. This is due to the fact that
designs can be devised which do not, or only to a certain extent, rely on extensive
support structures. The choice of materials also influences the applicability of the
deformation modes. Low Young’s modulus materials are applicable in extension
and compression, as can be seen in the insect thorax in the form of the drive mus-
cles. However, for technically feasible materials the forces for these deformation
modes are generally too high.

Application of technically feasible materials will introduce constraints due to
factors such as manufacturing. The material needs to be connected in some way
to the rest of the structure and the materials need to offer possibilities to do this.
Morphology may be a factor. For some materials certain morphologies cannot be
reached either due to material properties or manufacturing possibilities.

4.2.2 Material choice

The choice of the material which is used to store energy, is very important. This
choice is subject to an important objective which is imposed on the top level of
the design, namely the overall mass of the structure. While posed separately here,
the material choice is highly coupled with the previous section. However, the
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Table 4.2: Specific energy storage of various materials

Material Youngs Strength Density specific energy
modulus [MPa] [kg/m3] storage

[GPa] [kJ/kg]

Spring steela 210 2100 7850 2.65
UD Carbonb 145 2100 1500 20.25
Nylon(PA-6)c 2.5 50 1100 2.30
Resilind 0.002 4 1000 8.00
References: aMatbase [86]; bvan Dijk Pultrusion Products [127]; cMatbase
[86]; dShewry et al. [113].

selection of suitable materials for energy storage in the setting of flapping-wing
MAVs the material choice is reviewed separately here. The mass objective imposes
bounds on material selection, which is the maximization of the performance index
M or specific energy storage, from Ashby [7]:

M =
σ2
f

ρE
(4.1)

In which σf , ρ and E are the strength, Young’s modulus and density of the ma-
terial, respectively. Since this chapter has the intention to portray and explain
the basic conceptual design, there is no need to perform a material selection.
However, to give an indication of suitable materials a list of materials is given in
Table 4.2. This table shows that natural materials exist which have high specific
energy density, especially the protein resilin, and therefore are efficient materials
for elastic energy storage in resonant mechanisms. In fact, resilin is present in
the insect thorax and the wings. Note that carbon fiber materials are suitable for
application in flapping-wing MAVs. Indeed for these materials application in ex-
tension or compression involve high loads. Application in compression may lead
to buckling type behavior which may require design adaptations.

The actual volume of elastic material used depends on the amount of required
elastic energy storage. This value is restricted by the elastic limit of the material,
which can differ significantly for different materials. Thus the ratio between the
specific energy storage and the elastic limit determines how effective the material
can be used. This is true for the pure material but the true effectiveness is reduced
by the need and presence of support structures.

4.3 Towards an actuation mechanism

The generation of concepts for the first actuation mechanisms for the flapping-
wing MAV currently under development relies on inspiration obtained from the
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insects as discussed in 2 as well as other flapping-wing MAV projects reviewed in
Chapters 3. The ideas and inspiration obtained there are supported by knowledge
on materials and elastic storage concepts reviewed earlier in this chapter.

In order to put boundaries on the design space a few choices have been made.
These choices reflect the knowledge obtained from studying both nature and the
man-made flapping-wing MAVs. Four main aspects influence the design and pro-
vide design directions.

Simplicity Based on the fact that simpler designs seem to be more successful, see
Table 3.1, it seems that low complexity designs are usually of low mass and
therefore provide better chances of lift-off.

Resonance The design has to be based on resonant principles. The design has
to fully exploit resonance for maximum reduction of the power expenditure
in accelerating and decelerating the wings. The resonance will be used to
drive the wing sweeping motion of the wing, the main stroke as described
in Section 2.4.

Passive wing pitching Mostly inspired by methods of wing pitching in insects,
see Chapter 2, the choice has been made to employ passive wing pitching
in the design. This is a trade-off between aerodynamic efficiency and a low
mass structure. Although actively pitched wings are able to produce more
lift, the increase in mechanism complexity leads to an overall increase in
mass.

Distilling the most important aspects from this list leads to the conclusion that
the overall nature of the wing actuation mechanism has to be of a compliant na-
ture. The use of compliant structures allows for a large design space of resonant
mechanisms. The exploitation of resonance is less straightforward in traditional
gear-driven flapping-wing MAVs. A second aspect, which will become more im-
portant in the future, is the ability to scale down the structure. The absence of
gears, bearings and other traditional mechanism construction elements ensures
that the design may be scaled down effectively. In addition, the usage of linear
actuator technologies are better suited to drive a mechanism which relies on com-
pliant principles, these actuators are better suited for actuation at small scales.

4.4 Concepts

The concepts covered in this section provide an introduction on how to store
energy in simple structures. Preferably the structures are self-contained, self-
containedness is defined as the property of a structure that is able to perform the
intended task without the need for support structures. In the ideal case the elastic
storage unit should consist entirely out of elastic storage material. This implies,
among others, that the elastic unit needs to be self supporting and, for example,
be able to guide the intended motion of actuator without exterior means.
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These structures are the basis for the resonant structure and will as such be
extended and augmented by other structures which include the compliant mech-
anism used to drive the wing.

4.4.1 Spring like structures

As discussed in Section 4.2.1, bending and torsion are the most probable candi-
dates for storing elastic energy in this setting of flapping-wing MAVs. A very sim-
ple self-contained version of the use of bending for energy storage is a ring-type
structure. This structure, and variations on this concept, will be seen as the basic
structure for the wing actuation mechanism. Under the term variations, deriva-
tions of the ring should be considered, for example, ellipsoids and half rings.
The application of the ring can be seen as the equivalent of a self stabilizing coil
spring.

The ring is by no means the only method to use bending but the elegance lies
in the fact that the free-vibration modes of the ring can be exploited without the
need for support structures. The elegance of the ring is especially pronounced
for opposing attachment points which may be placed on the ring and can be
used to attach linear actuators and compliant wing driving mechanisms exploiting
reciprocal motion. By varying different aspects, such as: material and geometry,
the usage of bending can be tailored for to suit a large number of different designs.
For clarification purposes the most simple application of the ring is shown in
Figure 4.2 in which attachment points for, for example, an actuator are shown.

Figure 4.2: A simple application of a ring as a spring, attachment points indicated by arrows,
inward and outward deformations can be seen. Various attachment points can be used for both
the wings and the actuator, which need not necessarily be at the same position.

4.4.2 Coupling

When focusing on the use of a ring as the basic structure, choices can be made
in the coupling of the wing. Two choices can be made [20]. The first is a soft
coupling, the second is a stiff coupling by means of a mechanism. In the first
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case the wing is driven as a part of the resonating structure and needs to be of
material that is able to store elastic energy. The second option is the use of a
direct coupling between ring deformation and wing deflection. The wings can
then be rigid in bending direction, deformation by torsion can still be significant
in the sense of passive wing pitching as discussed in Chapter 2.

In both settings the wings function as a significant source of the equivalent
inertia of the resonant system. At this stage it is assumed that the wing rotation
can be accomplished by passive means so that only the flapping movement of the
wing has to be driven by the thorax structure. The first method of transferring
energy from thorax to the wing is to apply a soft coupling to the wing and have
this system resonating, see Figure 4.3. The second is to apply a deterministic
method of wing coupling, which is to say that the wing position is dictated by the
deformation of the ring which is part of the flapping-wing MAV thorax structure,
see Figure 4.4. In these figures a dividing line has been drawn to separate the
parts internal of the thorax and external of the thorax, i.e., the wing. The wing
has its own inertia indicated mw, the equivalent inertia of the moving body parts is
indicated by mt. The thorax stiffness is lumped in the generalized thorax stiffness
kt. The wing bending stiffness is lumped in kw. The input and output are given
by the actuator and aerodynamic force, Fact and Faero, respectively. Note that the
soft coupling introduces one more degree of freedom.

kt

kw

Fact
Faero

Thorax Wing

mt

mw

Figure 4.3: Wings as an integral part of
the compliant structure, wing bending is
exploited for amplitude amplification.

kt

Fact
Faero

Thorax Wing

mt

mw

Figure 4.4: Direct wing coupling, defor-
mation is the result of the ring deforma-
tion and one-to-one wing coupling.

4.5 Concepts

A number of different concepts are presented. These are all based on the ring
type structure which seems most promising for various reasons as discussed in
Section 4.4.1. First the basic structures are introduced which will be used to
study effectiveness of these building blocks for usage in the current flapping-wing
MAV. The focus in this section is on the development of basic concepts and their
usability in the wing actuation mechanism for flapping-wing MAVs. Emphasis is
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on the ability to function in a setting in which the wings and elastic storage unit
are driven as part of a resonant system.

4.5.1 Simple ring based structures

The first is a structure which has softly coupled wings. The wings and ring func-
tion as a resonator which is aimed at maximum deflection of the wings using
resonance, see Figure 4.6, this structure is one of the simplest possible extensions
of the ring to include wings, depicted in Figure 4.5. This structure follows the

Figure 4.5: The ring used as the basis for
the conceptual structures.

Figure 4.6: Simple compliant extension
of the ring to include wings, the wings are
deformable part of the structure.

wing coupling strategy which can be seen in Figure 4.3. Note that, the analogy in
this case is not fully clear, since the structure is not discrete but fully compliant.
The structure can be tuned to make sure that the resonance frequency which cor-
responds to the main wing sweeping motion is exactly at the frequency which is
to be determined most efficient for flapping the wings.

When taking the coupling strategy depicted in Figure 4.4 as a basis, an exten-
sion of the ring is depicted in Figure 4.7. This simple extension of the previous
model introduces struts which couple the deformations of the ring to movement
of the wings. The introduction of the two struts introduces the change from a
distributed wing hinge to a localized one at the root. This structure is inspired
by the resonant structure of Cox et al. [29]. The result is a two winged design
which uses the ring as a self-supporting spring. This structure can, due to elastic
hinges, be used for larger amplitude deflections. An extension of this structure
is the extension to four wings, see Figure 4.8, which can be used to obtain a
more favorable orientation of the flapping plane for hovering applications. This
extension is based on a mirroring of the wing driving mechanism. These basic
structures form the basics of the wing actuation mechanisms which are to be de-
veloped for driving the wings of the flapping-wing MAV.
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Figure 4.7: Ring based structure using
two struts to transform and amplify ring
deformation to wing root rotation.

Figure 4.8: Extension of the two winged
concept allowing for a more favorable hor-
izontal flapping plane.

4.6 Review of concepts

The conceptual ideas posed in Section 4.5.1 have to be analyzed in order to judge
their applicability for usage as the flapping-wing MAV thorax. They have to con-
form to various criteria, for example, the requirement on the overall project is
that the flapping-wing MAV should have the ability to hover. As mentioned in
Chapter 2 this does not necessarily require a horizontal flapping plane, there-
fore two winged concepts are not excluded. The set of models described in
Section 4.5.1 is an inspiration for the set of structures proposed in this section.

4.6.1 Comparison of mechanisms

To objectively review the different concepts they are placed in a tabular form to
compare different aspects. First, the most simple model proposed in Figure 4.6
can be seen in Table 4.3 designated Concept 0. In this table the resting, wings
up and wings down positions are depicted reduced to their functional basics.
The ring is given as a cross section at the attachment point of the wings. The
current model depicts a typical coupling between wing and ring. A phase shift of π
degrees is equally valid because the structure will still reach maximum deflection
at the same time.

The proposed structures, which are based on the usage of a compliant mech-
anisms using compliant hinges, are given in Table 4.4. In this table Concepts 1
and 2 are introduced in Section 4.5.1. Concept 3 is a simplification of Concept
2 by a reduction of the number of struts. Concepts 4 and 5 do not rely of the
usage of struts but introduce the usage of two or more rings to drive the wings,
in which Concept 5 is an extension of Concept 4 with two more wings and one
ring. The table depicts the simplest functional form of the concepts. The concepts
are shown in resting condition and in the wings up and down configurations. The
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Table 4.3: Overview of Concept 0 which is a compliant structure to transform and amplify
ring deformation to a wing deflection. Wings are indicated in red, ring cross section in black
connected by dotted lines. Resting, wings up and wings down position are shown.

Concept Initial Wings up Wings down

0

rings are given as a cross section. All the proposed mechanisms are planar in
origin.

Table 4.4 shows the designs on a conceptual level but does not introduce
criteria for rating the mechanisms. The final choice will be made by comparing
aspects from manufacturing, analysis and convenience. These aspects will be
covered in Chapter 5. Table 4.5 gives criteria which can be used to compare the
different mechanisms. The number of wings, rings, number of compliant hinges
and possible Degrees of freedom are listed. The degrees of freedom are listed
because of later possibilities of control.

4.7 Extended concepts

A myriad of possibilities exist to combine a set of wings with rings used for elastic
energy storage. The ideas posted above are used as candidates for the design of
the resonant base for the wing actuation mechanism. Five possible designs are in-
troduced which are all candidates for the final design. Concept 0 is excluded here
because it is not based on compliant mechanisms for amplitude amplification. In
this section an overview is given on how these mechanisms may look when used
to construct a flapping-wing MAV. For this purpose dummy wings are included.

4.7.1 Overview of concepts

The first concept, Concept 1, consists of two wings and one ring. The wings are
connected by six elastic hinges using a compliant mechanism. The wings flap
in the vertical plane depending on orientation of center of mass, see Figure 4.9.
This setup has one degree of freedom which might eventually be used for control
purposes.

Concept 2 consists of four wings which and one ring. The wings are connected
using 12 elastic hinges, as mentioned before an extension of Concept 1. the wings
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Table 4.4: Overview of the different concepts which use a compliant mechanism to transform
and amplify ring deformation to a wing root rotation. Wings are indicated in red, links
in black and compliant hinges in grey. The cross section of the rings are indicated by the
black parts connected by the dotted lines. The initial, wings up and wings down positions
are shown. Concept 1 is two-winged setup simply exploiting ring motion. Concept 2 is an
extension of Concept 1 by mirroring the wing configuration. Concept 3 is a simplification of
Concept 2 by removing two struts, thereby adding a degree of freedom. Concepts 4 and 5 use
multiple ring and a phase difference in ring motion to drive the wings.

Concept Initial Wings up Wings down

1

2

3

4

5
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Table 4.5: Comparison of the different concepts based on the amount of wings, representing
the orientation of the flapping plane, the number of rings required, the minimum number of
compliant hinges, the degrees of freedom in the system and the minimum number of actuators
required to drive the system.

Concept Wings Rings 	 hinges DoF Min. 	 actuators

1 2 1 6 1 1
2 4 1 12 1 1
3 4 1 8 2 1
4 4 2 4 2 2
5 2 3 8 3 3

flap in the horizontal plane, see Figure 4.10. The setup has one degree of freedom
which can be used for control purposes.

The third concept is a simplification of the four-winged setup described in
Section 4.5.1. It consists of four wings connected to one ring, see Figure 4.11.
The simplification is in the number of struts. Resulting in a reduction of the
number of compliant hinges. The number of degrees of freedom is increased to
two, expanding control possibilities.

The fourth concept is based on two rings, see Figure 4.12. Two wings which
flap in the horizontal plane are compliantly connected to two rings. The number
of degrees of freedom in the system two. A phase difference in ring motion may
be exploited for control purposes.

The last concept is based on Concept 4 but employs three rings driving four
wings. No struts are used, control can be implemented by using different ampli-
tude actuation for the different rings, see Figure 4.13. Consequently, it has three
degrees of freedom.

4.8 Concluding remarks

The conceptual ideas presented in this chapter cover various structures which
may be used as the resonant mechanism for driving the wings in the flapping-
wing MAV. The inspiration for these mechanisms comes from nature. A direct
translation from insect thorax to engineering equivalent is not possible or desired,
because technical solutions follow different guidelines and use different materials
rather than biological structures. The inspiration from insects is therefore used by
distilling valuable guidelines for engineering implementation. This means that at
a high level principles are set for overall functioning but local implementation is
purely engineering based.

The ring has been proposed to function as the main elastic energy storage unit.
By no means is the ring the only structure viable for usage in this manner but it
does offer some very specific benefits. First, it can be used as a self-supporting
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Figure 4.9: Artist impression of
Concept 1. The structure is based
on amplification of the ring motion
by means of a compliant mecha-
nism to drive the wings.

Figure 4.10: Artist impression of
Concept 2. The structure is an ex-
tension of Concept 1 by mirroring
the wing setup. A more favorable,
horizontal wing sweeping plane is
thus obtained.

Figure 4.11: Artist impression of
Concept 3. Concept 3 is based on
Concept 2 and shares the same wing
orientation. Simplification is ob-
tained by removing two struts and
relocating attachment points of oth-
ers.

Figure 4.12: Artist impression of
Concept 4. Two wings and two rings
with a horizontal flapping plane.
The use of two rings allows for con-
trol of the structure by the possibil-
ity of introducing a phase shift be-
tween the rings.

Figure 4.13: Artist impression of
Concept 5. Extension of Concept 4
to allow for the use of four wings.
Three rings are used to store elastic
energy.
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compliant structure. Second, being self contained it offers a multitude of configu-
rations in which the rings can be combined with a compliant mechanism to drive
the wings.

Based on the ring, five concepts have been introduced, all of which are candi-
dates for being used as the resonant base for the wing actuation mechanism. The
essence of the mechanisms is the combination of one or multiple rings, for elastic
energy storage, and compliant mechanisms, to transform and amplify the linear
motion of the ring, into a large wing sweeping motion. The design and analysis
of the wing will be covered in Chapter 6.

The requirements for the current developments of the wing actuation mecha-
nism for the flapping-wing MAV mentioned in Section 4.3 are geared towards the
implementation of resonant principles while maintaining a very simple design.
The wing design is effectively decoupled from the thorax design by placing the
passive wing pitching mechanism in the wing or wing root. The current, essen-
tially planar, mechanisms comply with all the described boundary conditions. The
design specification and detailing of these concepts will be covered in Chapter 5,
in which a selection will be made for the most feasible concepts. The chosen
concept will be realized and tested.



Chapter 5
Analysis

5.1 Introduction

The concept of exploiting resonance for the actuation of the wings in a flapping-
wing MAV has led to various concepts. These concepts, as proposed in Chapter 4,
are all based on a combination of a ring and a compliant mechanism. The ring
functions as the elastic energy storage unit while the compliant mechanism is
used to transform and amplify the ring deformation to a large rotation. The basic
setups have been proposed on a conceptual level. Consequently, they have to be
analyzed in more detail before they will be utilized in a prototype. The analysis in-
cludes sizing of prototype, choice of materials and development knowledge. This
analysis includes the kinematic and dynamic analysis of the structures. Clearly,
such a study may lead to improvements of the concept designs as well.

The analysis of the design is performed in two steps. The first step in the
design is the development of a basic modeling approach, which is used to gain
knowledge on the working principles of the designs [16]. This is basically an
exploratory search to gain insight into the possibilities of the currently proposed
resonating structures. In addition knowledge on the manufacturing techniques
required to realize the proposed concept will be generated, as well as exploring
the wealth of materials available and needed for realizing the flapping-wing MAV
wing actuation mechanism. The basic modeling strategy is also used for the se-
lection and validation of analysis techniques for the design. The second step is
the development of a detailed design of the flapping-wing MAV wing actuation
mechanism. This includes the application of analysis tools to characterize and
optimize the design [18].

Three different tools are used to characterize and support the design of the
flapping-wing MAV thorax. Kinematic analysis is used for obtaining correct di-
mensions and estimates for the achievable movement range. Dynamic analysis,
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in the form of rigid body dynamic models, is used to review the resonant state and
corresponding movement patterns of the mechanism as well as determination of
dimensions. Finally, Finite Element (FE) models are used to gain more detailed
insight in the eigenfrequencies and transient behavior of the mechanisms. The
initial design is analyzed by all three mentioned analysis tools. The detailed de-
sign is not analyzed by rigid body models since this step does not add to the
understanding of the functioning. The structure of this chapter follows the path
of increasing complexity in both analysis and design.

The wings are included in this chapter as rigid bodies that constitute a moving
mass and include a damping factor. Detailed information on the aerodynamics,
such as the efficiency of lift production, is not taken into account. This means
that for the analysis of the resonant and transient behavior of the structure only
the wing drag is taken into account. The structural, kinetic and morphological re-
quirements on the wing follow from the results of this chapter and are used as the
basis for the next chapter, i.e., Chapter 6 which covers the analysis and design of
the wings. There exists an inherent coupling between this chapter and Chapter 6
described by the fluid–structure interaction which is the basis for correct func-
tioning of the flapping-wing MAV actuation mechanism. This interaction implies
that, although separately analyzed, the design choices made, in either the wing
or the thorax, will influence the other and thus result in changes of the behavior
of the overall structure. It is for this reason that the wings, in simplified form,
must be incorporated in the analysis of the flapping-wing MAV thorax.

5.2 Choice of concepts

The various concepts presented and conceptually analyzed in Chapter 4 are all
possible candidates for the wing actuation mechanism. The concepts offer pos-
sibilities for wing actuation and vary in different aspects. In order to make a
selection of those to be tested, some concepts can be excluded beforehand. The
criteria for these exclusions are based firstly on aspects concerning actuation, and
secondly stability requirements posed by later application as a flying platform.

For convenience, the emphasis is placed on concepts which require only a
single actuator. Since simplicity is paramount for this stage of the design, which
is at proof-of-principle level, multi-actuator concepts are not reviewed. The two
concepts which rely on the use of multiple actuators, see Section 4.7.1, Concepts
4 and 5, are thus excluded. In future applications, when more emphasis is placed
on possibilities concerning control, these concepts are very promising and should
be reviewed extensively.

When looking at the flapping-wing MAV, from a system perspective, an overall
requirement is the need for low complexity and power usage. A simple manner of
reducing control requirements is by employing a certain level of passive stability
into the design. This can be done by positioning the center of gravity significantly
below the effective working point of the lift force in order to exploit pendulum
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stability. Another option is the use of four wings which, in combination with the
above mentioned positioning of the center of gravity, allows for increased levels of
passive stability. These four wings should then be positioned at four corners of the
design. Although passive stability can be obtained by making use of a two-winged
setup, see, for example [138], the correct positioning of the center of gravity is
far easier when using four-winged concepts. Based on these criteria Concepts
2–5 are usable. However, in order to gain insight in functioning, the two-winged
concepts are included in the current analysis because of their low complexity.

In summary, the concepts which will be reviewed in this early design stage are
Concepts 0–3. These concepts were reviewed on a conceptual level in Section 4.5.

5.3 Resonance in flapping-wing MAVs

As described in Chapter 2, the insect thorax exhibits resonance during steady
state flight or hovering and this helps to reduce the mechanical power required
for wing movement. This property is partially or fully exploited in different ex-
isting flapping-wing MAVs as described in Chapter 3. Exploitation of resonance
seems very promising to reduce power usage within the wing actuation mecha-
nism currently under development. To support the claim of efficient power usage
by exploiting resonance a simple but useful approach is presented here.

An abstraction of the thorax-wing system is shown in Figure 5.1. In its simplest

k

φ, φ̇, φ̈

mw

mb

Mact

Fd

L

Body wing

Figure 5.1: Schematic representation of the insect/flapping-wing MAV wing actuation mech-
anism. The system is reviewed as being single degree of freedom represented by the wing
sweeping angle. Separation between wing and body is indicated by the dashed line. Within
this model study, the body is assumed significantly heavier than the wing which, body motions
are therefore neglected.
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form, the insect thorax or proposed flapping mechanism for the flapping-wing
MAV system can be described as a one-dimensional damped system. The single
degree of freedom, φ, corresponds to the sweeping angle of the wings as depicted
in Figure 5.1. In this simplification the moving mass is lumped in a wing mass and
the thorax stiffness collected in the torsion spring. Wing and thorax are separated
by a dashed line to indicate the relevant masses of the insect or flapping-wing
MAV.

The properties of this representation of the insect flight system can be de-
scribed by the following properties: mw and mb denote the generalized inertia
properties of the wings and body, respectively. In general the body does not show
significant movement and is assumed stationary here, based on the large differ-
ence in mass between mw and mb and symmetric wing orientations. The spring
constant k reflects the generalized stiffness properties of the system. Inertia I rep-
resents the equivalent inertia of the system and includes all wings present. The
length L is used to include a measure of size of the system. This length is used to
position the attachment point of the aerodynamic forces. The attachment point
has a fixed ratio to the wingspan. The aerodynamic drag on the wing is applied to
the system by a velocity dependent force on the aerodynamic center of pressure
and is depicted in Figure 5.1 by Fd. The actuation is applied as a torque at the
wing root, designated Mact. The lift force, Fl, is assumed to be orthogonal to the
wing velocity at all times and depends solely on the angular wing velocity and
acts on the same position as Fd. The question is, based on this simple represen-
tation, which factors allow for a low mass, efficient system? The objective is to
minimize both the mass and power delivered by the actuator.

The basis for the approach is the one-dimensional equation of motion describ-
ing the system:

Iφ̈+ kφ = Mact(φ̇)−Md(φ̇). (5.1)

In order to include the external forces a simplified expression for lift and drag is
required. The expressions for the drag torque and lift force are crudely approxi-
mated by

Md = Cd,cL
3φ̇2 φ̇√

φ̇2

(5.2)

and
Fl = Cl,cL

2φ̇2. (5.3)

In which the drag force is viewed as a torque on the wing root using the charac-
teristic length of the insect or flapping-wing MAV. Note that the drag force always
opposes the velocity. These are simplified expressions and subsequently do not
capture the finesses in lift and drag production by insect or flapping-wing MAV
wings precisely, therefore Cd,c and Cl,c are not dimensionless here. The coeffi-
cients are defined as Cd,c =

1
2CDSρ and Cl,c =

1
2CLSρ, in which CD and CL are

the dimensionless lift and drag coefficients, S is a measure of wing surface area
and ρ is the density of air. However, for the simplified review of the system here
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they are adequate. A harmonic forced motion is assumed, φ = A sinωt, based
on simple harmonic wing sweeping motions observed in insects. The cycle time
T is related to ω by T = 2π/ω. Maximum amplitude A is restricted by the wing
setup of the insect or flapping-wing MAV. The required actuator torque can then
be written as:

Mact = (k −mwL
2ω2)A sinωt+ Cd,cL

3A2ω2[ 12 cos 2ωt+
1
2 ]sgn(cosωt). (5.4)

In this description of the actuator torque two contributions can be distinguished.
The first term is the torque required to overcome wing inertia. The second term
is the torque required to overcome wing drag. Now we use the definition of the
natural frequency, ω2

0 = k
mwL2 , to highlight the importance of resonance:

Mact = AmwL
2(ω2

0 − ω2) sinωt+ Cd,cL
3A2ω2[ 12 cos 2ωt+

1
2 ]sgn(cosωt). (5.5)

So far there is no link to the lift force required to keep the system hovering. Since
hovering is one of the most energy demanding states it is used in this model
study. In order to incorporate the minimum average lift requirements imposed
by vehicle mass a constraint on lift generation has to be defined. Starting from
average lift:

F̄l =
1

T

∫ t+T

t

Fl dt, (5.6)

which, using Equation (5.3), results in the expression

F̄l =
1
2Cl,cL

2A2ω2. (5.7)

And can be used to introduce a minimum lift constraint to the system. For a given
average lift generation we have the design requirement:

Aω =

√
F̄l

1
2Cl,cL2

. (5.8)

As mentioned, flapping amplitude A is fixed by the design and thus the only
parameters which can change are the wing size and flapping frequency. The min-
imum average lift required to sustain hovering flight is determined by the total
mass of the vehicle, body and wing, given by:

F̄l = mtotg, (5.9)

in which g is the gravitational acceleration and mtot = mb +mw. Equations (5.8)
and Equation (5.9) are substituted in Equation (5.5) in order to gain the following
expression for the actuator torque:

Mact = AmwL
2(ω2

0−ω2) sinωt+2
Cd,c

Cl,c
L(mtot)g[

1
2 cos 2ωt+

1
2 ]sgn(cosωt) (5.10)
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It can be noted that a phase shift exist between the damping force and inertia
forces. The lift coefficient for flapping wings is significantly larger than the drag
coefficient. The ratio between the two is typically in the range 0.1 ≤ CD

CL
≤ 0.25,

see Ellington [46]. This ratio only describes efficiency of lift production and does
not influence conclusions which can be drawn from this system.

When looking at Equation (5.10) a number of aspects come forward. These
aspects are generally valid for flapping-wing MAVs without making very large
assumptions with respect to scaling and frequencies. These aspects are:

• The first aspect which can be noticed, when looking at the first term, is
that driving the system outside the natural frequency will require a larger
actuation torque. When looking at this setting of flapping-wing MAVs, a
larger actuation torque requires a more powerful and heavier actuator. The
addition of mass is undesirable and should be avoided. From this view
exploitation of resonance is desirable.

• The aerodynamic force requirements are determined by the overall mass of
the system. There is no obvious way to reduce energy expenditure here,
besides the reduction of overall system mass.

• The ratio between inertial and aerodynamic forces can be used to tune the
amount of resonant amplitude amplification of the system. As well as to
tune the sensitivity of the system to frequency changes.

• A special case exists when the aerodynamic forces, the second term, are sig-
nificantly larger than the inertial forces. This can come forward in flapping-
wing MAVs which have extremely light weight wings, or wings which are
large and slow moving compared to the overall mass of the structure. When
this is true exploiting resonance does not yield significant energy reduction.

• These conclusions are valid for wing motions which are not purely sinu-
soidal. A wave form which is not sinusoidal will introduce extra terms but
the minimum in actuator force remains close to the resonant frequency,
slightly shifted depending on magnitude of the damping.

In summary; the flapping-wing MAV thorax should be driven in resonant fre-
quency of the system. The total system should be designed such that the resonant
frequency is optimal for the aerodynamics of lift generation and that the overall
mass of the system is low.

5.4 Initial design

Based on the ring concept, various options exist to mount the wings. As the de-
formation of the ring is small when compared to deflections of the wing, the way
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in which the wings are kinematically connected to the ring determines the am-
plitude amplification which can be reached. Two different connections can be
distinguished: the connection can be very compliant, implying the wings can be
seen as a deforming part of the resonating structure and thereby provide ampli-
tude amplification. Or as a compliant mechanism, in which comparatively rigid
structures are coupled by elastic hinges, implying the structure uses mechanical
amplification to provide amplitude amplification, both have been discussed in
Section 4.4.2.

In this section, four concepts are studied to explore the possibilities of the
application of ring type resonators in flapping-wing MAV flight. These structures
are studied first numerically, later they are realized and tested. The four concepts
are explained in Section 5.4.2.

5.4.1 Materials

In order to be able to quantify the dynamic behavior of the concepts a selection
of materials has to be made which will be used to build prototypes. In this ex-
ploratory phase, mass is not of major concern since focus is on the performance
evaluation of resonant principles, not on absolute performance. The selection
of the materials which is used to create the prototypes that are to be tested is
based on various criteria which vary for the different parts of the design. For
example the ring, the material has to have excellent elastic properties and low
hysteresis. Besides specific criteria for the individual parts the materials should
be readily available and relatively easy to use since multiple prototypes have to
be made. The material types used in the realization of the prototypes are equal
for all concepts in this section.

The materials for the thorax include: spring steel for the ring and the elastic

Table 5.1: Materials used to realize the initial concepts. The material used are selected
based on functional requirements, such as specific energy storage, not strictly on mass based
requirements. Note that the table describes the cross sectional properties of the material. This
due to the fact that various lengths will be used for the different designs.

Material Part Width Thickness Young’s Density
[mm] [mm] modulus [kg m−3]

[GPa]

Spring steel Ring 12.5 0.05 210 7850

Hinges 2 0.05 210 7850

UD carbon Struts 2 0.4 145 1500

wingspar 2 0.4 145 1500

PET Wingmembrane ∼12 0.1 2-4 1100
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hinges. Spring steel is also used for the wings in Concept 0. Unidirectional carbon
is used for the rods for the struts. The materials are listed in Table 5.1 which
shows thicknesses, widths and physical aspects. Most parts, except for the wing
membrane, are strip based. For realization shorter pieces will be used.

Wings

In order to include some form of aerodynamic damping in the experiments the
prototypes are equipped with very simple wings. These wings serve no other func-
tion than to act as surfaces on which an aerodynamic drag force acts. As such, the
wings do not possess the possibility to express a pitching motion and therefore
cannot generate lift. In a later stage the wings should be replaced by aerody-
namically efficient wings in order to produce lift. The wings are constructed from
a relatively stiff Polyethylene TerephThalate (PET) membrane which is partially
supported by a length of unidirectional carbon fiber spar as listed in Table 5.1.

Actuation

The actuation of the model during tests will be performed by a solenoid actu-
ator. This type of actuator possesses low specific power density, see Table 3.2.
Expected actuation frequencies between 20-40Hz are feasible using solenoid type
actuators. Since solenoid actuators are usually very powerful, maximum actua-
tion force is limited by the structure not the actuator. The chosen actuator is a
small COTS pull-type solenoid actuator, Dialight BLP Ltd. type 45-120-610-620,
typically actuated on 12V. The actuator is used slightly beyond specified stroke
length by extending the stroke to 6 mm.

5.4.2 Kinematic and dynamic analysis

Rigid body modeling

The analysis of both the kinematic and dynamic behavior is based on a two-
dimensional multi-body representation. This analysis is chosen based on the as-
sumption that, while elastic hinges are used, their effects are very local and thus
rigid body theory may be used, known as pseudo rigid-body assumption. The
elastic hinges are implemented using equivalent elastic models based on pseudo
rigid-body theory from Howell [68]. The chosen approach for the dynamic analy-
sis is Newton-Euler with constraints. The equations of motion are derived by mak-
ing use of the principle of virtual power while the constraints are incorporated in
to the virtual power balance by using Lagrange multipliers, see van der Linde and
Schwab [126]. The resulting system of Differential Algebraic Equations (DAEs)
is integrated over time by making use of the fourth-order Runge-Kutta method
with fixed time step. In order compensate for drift a constraint projection step is
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used to stabilize the results, see Eich-Soellner and Führer [41]. The models are
numerically analyzed in the Matlab� environment.

Overview of concepts

The basic conceptual structures are presented and discussed in Chapter 4. The
concepts are discusses here on a functional level to explain if the modeling strat-
egy is appropriate for each concept.

Concept 0 The first design is the simplest possible extension of the ring to in-
clude flapping wings. The wings are included as a deformable part of the res-
onator in the form of a bending beam, which is rigidly coupled to the ring at
the center position. The main mode of amplitude amplification is the bending
of the wings. This feature is not found in insects but still interesting to test as
an engineering solution. The structure is driven by a linear actuator inside the
ring, which is coupled to the ring in such a way that its direction of actuation
is perpendicular to the wingspan. The multi-body equivalent model is shown in
Figure 5.2. Note that in this case wing bending deformation is lumped into the
torsional spring at the wing base.

Concept 1 The second design exploits a compliant mechanism for mechanical
amplification. The wings are elastically connected to a side of the ring. Struts are
in place, which connect the opposite side of the ring to the wing. By these means
the linear motion of the ring is converted into a large rotation at the wing base.
The wing connection setup is inspired by the work done by Cox et al. [29]. All
compliant connections are flexure hinges. The actuator is connected in the same
manner as described in Section 5.2. The main mode of amplitude amplification is
now carried by the compliant mechanism, note that the wings do not store elastic
energy in this design, as they are modeled as being rigid. This design is better
suited for a pseudo-rigid-body representation then Concept 0, see Figure 5.3.

Concept 2 The third design is, in essence, an extension of the second concept.
The number of wings is doubled to four. A major benefit of this setup is the
positioning of the wings. Their stroke plane, as compared to the center of mass,
is far better suited to support hovering flight. The struts now interfere with each
other, meaning that the realization has to include a small offset. The pseudo-
rigid-body representation is shown in Figure 5.4.

Concept 3 The fourth design is a simplification of the third, that is, two struts
have been removed. The side of the remaining struts which was coupled to the
ring is now coupled to the wing at the same position as the other side. This is
primarily for weight reduction. The benefits with respect to the orientation of the
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Figure 5.2: Rigid-body model for Concept 0
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Figure 5.3: Rigid-body model for Concept 1
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Figure 5.4: Rigid-body model for Concept 2
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stroke plane are also valid for this setup. The pseudo-rigid-body representation is
depicted in Figure 5.5.

Dimensioning

The first step is the kinematic analysis of the models. Setting up the multibody
model involves the creation of constraint equations. These constraint equations
can be used for performing kinematic analysis. As mentioned before this is an
explorative setting, accuracy is therefore of lesser importance. The kinematic
requirements are used to size the initial designs mostly based on the dimensions
and stroke of the actuator. In this way the length of the links and ring diameter
have been determined. These dimensions determine the amplification factor of
the mechanism. The maximum stroke of the concepts is kinematically restricted.
The mechanism proposed for the two winged models is restricted to 120◦. The
usage four wings in the same plane restricts the maximum stroke to 90◦Ṫhe usable
actuator stroke is 6 mm. The actuator determines the dimensions of the ring since
it has to be placed inside, for all models a diameter of 28 mm. To create a large
safety margin, and to avoid overloading the structure, the current amplification
ratio is chosen conservatively. Focus is on obtaining a resonant state while large
amplitude wing sweeping motions will be obtained in more advanced models.

Based on these input constraints, the mechanism dimensions which give the
correct, but conservative, amplification ratio are given in Table 5.2. These val-
ues have been determined by a non automated analysis process of the constraint
equations set up for the multibody dynamic analysis. The definitions of these di-

Table 5.2: Dimensioning of initial designs. Lengths are with reference to the pseudo rigid-
body models described in Section 5.4.2.

Concept L1 L2 L3 L4 L5
[mm] [mm] [mm] [mm] [mm]

0 28 10 50 - -
1 28 10 50 13.5 6.75
2 28 8.5 50 12.5 6.75
3 28 7.5 50 10 -

mensions can be found in Figures 5.2–5.5. The dimensions of the model are based
strictly on idealized assumptions with respect to the kinematics and function as a
basis for the dynamic analysis which includes material densities and stiffnesses.

Dynamic analysis

After the initial scaling of the concepts has been completed, the dynamic behavior
of the models has to be studied. In order to get some insight in real-live behavior



5.4 INITIAL DESIGN 77

both actuation and aerodynamic damping have to be included, whereas the lift
components are not included. The lift, and effectively also the drag, are depen-
dent on the wing kinematics. Since the analysis is currently two dimensional, only
the drag part of the aerodynamics is included in the form of a viscous damping
force on the wing in the center of mass. This drag force is determined such that
it the energy expenditure corresponds to the drag force generated by a generic
wing of the same size. The force is determined from the aerodynamic model pre-
sented by Deng et al. [34] and is applied such that at mid stroke, when velocities
are highest, it gives the most accurate results. This approach is well suited for
the current exploratory setting and used by Tantanawat and Kota [122], among
others.

The actuation is implemented by applying a sinusoidal force at the intended
position of the actuator. The multi-body representation of the four models is
depicted in Figures 5.2–5.5 in which the attachment positions of the actuation
and aerodynamic forces can be seen. Besides the aforementioned assumptions
with respect to actuation and aerodynamics, there have been assumptions on the
representation of the mass and stiffness properties of the ring and hinges. The
mass distribution of the ring is assumed lumped in two bodies for all models.
The force of the actuator acts on these bodies and the mass of the actuator is
also lumped here. The actuator mass is much larger than the mass of the ring
indicating that the simple interpolation function chosen to lump the mass of the
ring has a small influence on the results.

The elastic behavior of the ring is assumed to be linear in the deformation
range imposed by the maximum stroke of the actuator. Stiffening effects will
occur if the ring is deformed too extensively, resulting in an increased resonant
frequency for very large amplitude resonance. To increase predictability of the
system nonlinear stiffening effects are avoided by limiting ring deformation. The
equivalent spring constant of the ring is determined by the ring diameter, width
and thickness as well as the material. The equivalent ring stiffness of the currently
used steel ring is 206 N/m for linear deformations.

The torsional spring constant for the flexure hinges is determined by inspect-
ing the pseudo rigid-body equivalent [68]. In this manner the equivalent tor-
sional spring constant is determined for all flexure hinges. The hinges used share
the same length and as such share the same equivalent spring constant which
can then be used in the rigid body analysis. The equivalent spring constant is
1.1×10-3 Nm/rad.

The path followed is to first determine the resonant frequency. This frequency
is determined in an unactuated fashion. The frequency which is determined is
then used as the driving frequency in the model which is actuated. The actuation
force is adjusted such that the amplitude of the wings then corresponds to the
desired value.
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a) b)

Figure 5.6: FE-models of Concept 0, see a), and Concept 1, see b). The models consist of beam
elements. The local cross-sectional areas and colors have been used to indicate materials used
for the different parts.

a) b)

Figure 5.7: FE-models of Concept 2, see a), and Concept 3, see b). The models consist of beam
elements. The local cross-sectional areas and colors have been used to indicate materials used
for the different parts.

Finite element modeling

In order to study, in a more accurate manner, the behavior of the different con-
cepts a FE-modeling procedure is used. The FE-analysis is performed to gain
insight in how the designs, found by the multibody analysis, react to large ampli-
tude resonance. The FE-models are parameterized to be able to easily implement
parameter changes. Parameters from the multi-body analysis are thus easily im-
plemented. As described earlier, the structures are composed of strips and struts
and elastic hinges. Two options exist for modeling these structures, shell and
beam elements. Since focus is on speed and flexibility in the analysis the choice
for the simplest version is made. Thus, beams are chosen to discretize the struc-
tures. Beams are well suited for representing the bending aspects of the antic-
ipated deformations, and although shells are the obvious choice for the wings,
as no wing deformation of the wing membrane has to be modeled beams are
also a valid choice for the wings. The concepts are modeled using a commercial
FE-code, namely Ansys�.

The FE analysis has two stages: First a modal analysis is performed to find the
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eigenfrequencies of the designs, more specifically the eigenfrequency of interest,
which at this time, is the one that corresponds to hovering flight. The frequen-
cies so determined are used as the actuation frequency in a nonlinear transient
analysis to simulate the responses due to the actuation at resonance. Two factors
exist which influence the resonant response when deflections become large. First,
geometrically nonlinear behavior, especially of the ring in case of large deforma-
tions, and second, the magnitude of the damping which, when the value is large,
influences the resonant behavior. The value of the damping is chosen such that
the energy expenditure corresponds to that of a typical aerodynamic loading case.

The damping is implemented by applying rotational viscous dampers at the
wing root, this assumption is valid for Concepts 1, 2 and 3, which have relatively
stiff wings. For Concept 0 linear dampers have been used which attach to the
aerodynamic center of pressure, which is a reasonable assumption for small and
intermediate wing deflections. As in the multi-body analysis, the damping value
is chosen such that it represents the drag force of the aerodynamics. Actuation
is implemented by applying sinusoidal force on the intended position of the ac-
tuator, similar to the multi-body analysis. The force of actuation is adjusted such
that the flapping angles obtained are equal to those used as input for the kine-
matic analysis, see Section 5.4.2. Boundary conditions are applied such that they
represent the conditions in free flight. The models are fixed in lateral, vertical
and rotational directions at the actuator attachment points and free in the flap-
ping plane. No net movement will result because the actuator force is applied
symmetrically. The material properties and topology used in the FE models rep-
resents the real material properties and topology, which are later used to realize
the structures.

The FE-models for all concepts are shown in Figures 5.6 and 5.7. The results
of the analysis are given in Table 5.3 on Page 85.

5.4.3 Realization

In order to review the value of the predictive capabilities of modeling methods
presented and to view how the concepts perform, prototype structures have been
built and tested in a laboratory setup. The first part is the realization of the
models. The materials that are used to build the models are listed in Table 5.1.
The construction principles are discussed in this section.

The main part of the designs is the ring. The ring is constructed from spring
steel starting from a strip of material. The ring is formed by using spot welds to
attach the ends to each other. The resulting ring has a small overlapping section.
The hinges are formed by cutting the required sections from spring steel sheet.
These sections are bent into shape and spot welded to the ring. The struts are
attached to the hinges by cyanoacrylate glue. This glue is again used in the man-
ufacture of the wings in which the PET sheet is attached to the main wing spar.
The actuator is placed inside the rings by attaching the endpoints to the ring by
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Figure 5.8: Concept 0: Two winged design, amplitude amplification by resonance of compli-
ant structure. Wings are part of the system used to store potential energy.

Figure 5.9: Concept 1: Two winged design, amplitude amplification based on a compliant
mechanism.
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Figure 5.10: Concept 2: Four winged design, extension of Concept 1. Horizontal flapping
plane.

Figure 5.11: Concept 3: Four winged design, simplification of Concept 2. Horizontal flapping
plane.
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small circular rubber pieces. These pieces have negligible mass as compared to
the rest of the structure. The models are shown in Figures 5.8–5.11.

5.4.4 Experiments

The prototypes are tested in an experimental test setup. In this setup the proto-
types are suspended from the power leads in order to make photographs of the
actuated models. The suspension is such that the prototypes are able to resonate
freely but not move in horizontal or vertical direction, see Figure 5.12. The model
is placed in front of a wall on which a grid is placed to allow for making judg-
ment on basis of photographs. Visual inspection is used to estimate the maximum

Figure 5.12: Test setup to review resonant frequency and wing sweeping amplitude, show-
ing suspended model and camera. The model is suspended from the power leads, significant
movement is not expected due to the absence of lift production.

deflection of the wings to search for resonance. This process is supported and
guided by results from the numerical modeling. As in the numerical modeling,
only the eigenfrequency that corresponds to flapping flight is of interest, this is
not necessarily the first eigenfrequency. Photographs are made using a shutter
time which is significantly larger than the cycle time at resonance. Amplitudes
can be obtained from the photographs.

The results of the numerical modeling, finite element and multi-body dynam-
ics, and the testing of the prototypes are all important for the review of the de-
signs. Early indications from results of Concept 0 indicate that this concept is not
able to convey enough power from the actuator to the wings while maintaining
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Figure 5.13: Concept 1: FE-model show-
ing showing the resonant mode. Initial
configuration shown.

Figure 5.14: Concept 1: Realized model
showing the resonant mode.

Figure 5.15: Concept 2: FE-model show-
ing showing the resonant mode. Initial
configuration shown.

Figure 5.16: Concept 2: Realized model
showing the resonant mode.

Figure 5.17: Concept 3: FE-model show-
ing showing first resonant mode. Initial
configuration shown.

Figure 5.18: Concept 3: Realized model
showing the resonant mode.
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a large amplitude wing stroke. The predicted eigenfrequencies are low, using the
current actuation and realization, the model could not produce large deflections.
We will therefore focus on Concepts 1, 2 and 3.

The results of the transient analysis in the FE-models shows that the concepts
are able to produce large deflections while being actuated at resonance. The
deflections of the models are shown in Figure 5.13–5.17, superimposed on the
undeformed configuration.

Using the described laboratory setup, the models can be measured. The de-
signs are actuated at their resonant frequency. This frequency has been previously
found by sweeping through the expected range around the intended eigenfre-
quency from the FE-analysis. Photographs of the concepts, actuated at resonance,
are shown in Figure 5.14, 5.16 and 5.18, for Concepts 1, 2 and 3, respectively.

Both the results from the numerical modeling and the realized designs are
encouraging for the use of rings as the main energy storage in flapping-wing
MAVs. There are differences between the FE-models and the laboratory tests.
First, large deflections are easily obtained by the FE-models. For the laboratory
tests it proved more difficult to obtain large amplitude amplification. Second, the
eigenfrequencies from the FE-models and the test are given in Table 5.3, which
shows the difference between the two. Large differences exist, but these results
still show for the predictive value of the FE-modeling. These differences arise
from both modeling errors and errors in the realization.

Concept 1 should be studied more to investigate other configurations and pa-
rameters which might improve performance. Aim here is at hovering flight, which
makes this design less suitable. The positioning of the wings makes it difficult to
have a horizontal flapping plane. This problem does not exist for Concept 2 and
3. The configuration with four wings is well suited for a hovering platform. Both
designs are able to function with large amplitude deflections. The differences in
strut topology makes their functioning different. When general dimensions are
the same, then the wings in Concept 3 move half that of those in Concept 2 with
identical ring deformation. They are both usable when dimensions, of hinges
and struts and their attachment points are further optimized. FE simulations
have shown that Concept 3 has eigenmodes around the main flapping eigenmode
which might be interesting for control purposes, this feature is open for further
study. However, at this point in the design having two adjacent eigenfrequencies
might have negative influence, due to mode switching issues.

5.5 Discussion initial design

It can be concluded that both the multi-body approach and the FE approach, are
suited for the analysis and pre-design of the structures studied here. Depending
on the type of information required, a choice between the two has to be made.
The multi-body approach is more suited for parameter estimations. Its strength
is in the low number of degrees of freedom and thus computational efficiency.
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Table 5.3: Comparison of the numerical test and results from the laboratory testing

Frequency FE-model Frequency Test Difference
[Hz] [Hz] [%]

Concept 1 22.58 26±0.5 15
Concept 2 21.88 28±0.5 28
Concept 3 26.26 24±0.5 9

The nonlinear transient FE-analysis is well suited for analysis of compliance and
compliant structures for resonant systems.

As can be seen from the results, there is a mismatch between computational
and tested eigenfrequencies. This is predominantly caused by the manufactur-
ing tolerances, which are very high in the current prototyping setting. This is
especially true for the flexure hinges.

The representation of free flight conditions in the numerical model does more
accurately represent real free flight conditions than the suspension in the labo-
ratory tests. The lead wires, which are relatively stiff compared to the involved
forces, introduce disturbances in the mass and stiffness distribution of the system.
For further testing, more compliant and lightweight, mounting methods have to
be introduced. To get better correspondence the FE-models should be expended
to include the suspension.

The use of solenoids is well suited for the current exploratory setting. Off-
the-shelf actuators carry much excess mass and the low specific power of electro-
magnetic actuators in general, is not suited for low mass applications such as in
flapping-wing MAVs. For real flight at this scale custom electromagnetic actua-
tors could provide enough power. When scaling down the engineer should look
at other actuator technologies due to less favorable scaling of electromagnetic
actuators.

The wings used currently are too stiff to be deformed by the applied aerody-
namic forces. In order to produce lift wings have to be attached, which have a
tailored stiffness. In larger insects, i.e. with a size comparable with the present
design, there is considerable torsional deformation of the wings. Bending of the
wing in chord direction or along the span is small. In insects a large part of
wing rotation has its source in the compliance of the wing joint. In flapping-wing
MAVs a similar system has to be introduced, a combination of wing torsion and
compliant hinge at the wing root.
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5.6 Detailed design

Following the initial design exploration in the previous section and building on
these results a framework is set for a more advanced design. This design is aimed
at a more advanced version of the flapping-wing MAV wing actuation mecha-
nism. The constructional principles used are, although with different materials
and small adjustments, comparable to the initial design. A stricter selection has
been made towards the actual application and less towards unbounded design
domain exploration. Bounded by these restrictions the two-winged designs are
excluded, predominantly due to difficulties in obtaining the required hovering
state. Two four-winged concepts will be analyzed and the design specified.

First an overview of mechanism topology is given and the overall dimensions
are determined via a kinematic analysis. The required materials are determined
next. The required wing stiffness is then determined in order to specify the total
design. The resulting design is then analyzed using FE-analysis. The chosen
design will be realized and analyzed in a test setup.

5.6.1 Mechanism topology

A set of suitable compliant mechanical amplification mechanisms has been pro-
posed to function in cooperation with the ring. These mechanisms can be used to
tune the system by altering the transmission ratio between linear motion at the
ring and the rotational motion at the wing base. Two four-winged mechanisms
which fulfill this task, shown in Figure 5.19, have been analyzed in the initial
design stage. Both mechanisms consist of a system of struts to transfer linear
motion to one side of the ring. The first system uses has effectively twice the am-
plification ratio compared to the second. Both mechanisms imply a four winged
setup to ensure symmetry of the wings with respect to the center of mass. All four
wings flap in the horizontal plane, to ensure that the steady state flapping motion
corresponds to a hovering state. The analysis of the transmission mechanism is
done by defining the transmission ratio in analogy with a gear ratio, see [137]:

T =
φ

u
(5.11)

Here φ is the output angle at the wing base in rad and u is the input which is
obtained from the deflection of the ring in m, see Figure 5.19 for definitions. The
mechanism is analyzed using a kinematic description which gives input-output re-
lationship dependent on parameters L1 and L2, which are defined as the effective
centers of the compliant links based on pseudo-rigid body assumptions for com-
pliant hinges, see [68]. This analysis is less rigorous than the kinematic analysis
used in Section 5.4 but since more focus is on FE-modeling it is sufficient for ob-
taining initial values for the mechanism dimensions. The analysis is the same for
both systems except that Concept 2 uses the ring deflection two times, which ef-
fectively doubles the transmission ratio compared to Concept 3. This assumption
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Figure 5.19: Overview of Concepts 2 and 3. Dimensions required to determine the amplifica-
tion ratio are indicated.

is based on the relatively shallow angle of the struts in Concept 2 and justified in
this design setting. The input–output relationship is given by:

ϕ = arcsin

(
2u+ L2√
L2
1 + L2

2

)
− arcsin

(
L2√

L2
1 + L2

2

)
(5.12)

For design purposes only L1 is of influence on the transmission ratio for the whole
system, under the assumption that L2 is sufficiently small, effectively half the
length of the compliant link. This is due to two reasons: The first is the required
symmetric input-output relationship to ensure smooth resonant properties. The
second is the loading conditions for the link corresponding to length L2, which
are partly in compression and therefore might induce buckling if L2 is chosen
to large. A safe length for the link is 1 mm which gives L2 a value of 0.5 mm.
The value of L1 has to be chosen such that the output has a peak-to-peak value
of around 90◦, which is close to the morphological constraint imposed by using
four wings in one plane using the current setup. The input is constrained by
the maximum stroke of the actuator, in this case ∼6 mm which was determined
earlier. Using these parameters an average transmission ratio of 260 rad/m would
be required for concept 2 and 540 rad/m for Concept 3. The current choice of
parameters yields an approximately constant amplification factor over the stroke.

The values of L1 that give a transmission ratio such that output angle cor-
responds to the required values, using Equation (5.12), are given in Table 5.4.
These values are later used in the modeling and realization of the structures.
As can be seen from Figure 5.20 there is approximately a factor two difference
between the two mechanisms using optimized link lengths, which was to be ex-
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Table 5.4: Dimensions which yield the required amplification ratio for the mechanisms. The
factor of two difference is explained by the similarities in mechanism topology.

L1[mm] L2 [mm]

Concept 2 4.5 0.5
Concept 3 2.2 0.5

pected from the mechanism topology. The input–output relationship for both
mechanisms is linear for a large part of the stroke. Towards the end, especially
at the positive side, it can be seen that the relationship becomes nonlinear. This
implies that when deflections become large, nonlinearity in the input-output rela-
tionship might degrade the sinusoidal motion of the wing sweep. This sinusoidal
motion is important to ensure symmetric aerodynamic force generation. It is as-
sumed that for the current setting this is a safe starting point. In a later stage the
coupling behavior could be used to tune wing kinematics. This issue is open for
further investigation. In several insects the wing sweeping motion was found to
be close to sinusoidal, which is one of the early indications that the insect thorax
functions as a resonator.

5.6.2 Materials

The overall topology of the design is known. Therefore the material selection is
placed at the beginning of the design. The materials used for the detailed design
are chosen based on experience with the initial models described earlier in this
chapter. Other criteria include an overall reduction of mass. Naturally different
criteria are in place for the different parts. For example the hinges, which should

Table 5.5: Materials used for realization of the detailed design.

Material Part Width Thickness Young’s Density
[mm] [mm] modulus [kg/m3]

[GPa]

Spring steela Hinges 2 0.03 210 7850

Unidirectional Ring 1 3 0.13 145 1500

carbon fiberb Ring 2 2 0.13 145 1500

Ring 3 2 0.1 145 1500

Struts 2 0.4 145 1500

Polystyrenea Wingmounting 2 2 2-4 1100
References: aMatbase [86]; bvan Dijk Pultrusion Products [127].
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Figure 5.20: Transfer functions of the two mechanisms relating input to output and amplifi-
cation factor.

be as light as possible while retaining enough lateral stiffness. The struts should
be as light as possible but must be able to resist compressive loading. The ring is
perhaps the most interesting part since it is a larger factor in the overall behavior
of the system. Multiple rings may be used to obtain the required stiffness. The
material for the ring is based on the criteria discussed in Section 4.2.2. The
materials used are listed in Table 5.5.

5.6.3 Wings

The wings that will be used to generate lift in a later phase have a large influ-
ence on the effective mass properties of the system. They especially influence the
resonant frequency because the wings are the structures that have the highest ve-
locities and accelerations. As such, the inertial properties of the wings have to be
used here in order to reach appropriate ring stiffness to obtain desired resonant
frequencies.
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Table 5.6: Wing inertia properties

Wing m[kg] Iwingroot [kg m2]

Initial 6.599×10-5 4.947×10-8

Adjusted 6.664×10-5 4.945×10-8

The mass properties are dependent on the design of the wing. The detailed
design of the wings is discussed in Chapter 6. This design will be adjusted to
optimize lift generation. The proposed design does not significantly change the
inertial properties of the wing. As such the inertial properties of the baseline wing
can be used here safely to analyze the thorax structure. The design of the wing is
given in Figure 6.2. The moments of inertia of the wing with respect to the wing
root are given in Table 5.6 for the initial and adjusted wing design, respectively.
The values in this table are obtained using the Solidworks R© CAD software. Since
they are almost identical, other factors have more influence. Therefore the value
of 4.947×10-8 kg m2 can be safely used in design equations.

5.6.4 Ring sizing

Using the wings described above, the actuator described in Section 5.4.1 and the
dimensions determined in Section 5.6.1, the remaining factor of significant influ-
ence on the resonant frequency is the ring stiffness. An estimate of the required
ring stiffness can be obtained by using the definition of the resonant frequency
in which the whole system is seen as a single degree of freedom rotational sys-
tem. In order to do so, the components which exhibit only linear movement are
incorporated by making use of the transmission ratio determined in Section 5.6.1
to find their rotational equivalent. Besides the stiffness contribution of the ring,
the hinges also add effective stiffness and have to be incorporated since they ex-
perience the same rotation as the wing itself. Note that besides the transmission
factor of the mechanisms, the analysis is the same for concepts 2 and 3 and the
resulting ring stiffness is also equal.

The desired resonant frequency lies in the range of 25–30 Hz, which is based
on the experience from the realization of the initial models. A higher frequency
will lead to more lift production but will also induce higher loading on the struc-
ture and may lead to premature failure.

The required ring stiffness is obtained by making use of:

f =
1

2π

√
Ie
ke

. (5.13)

In which Ie and ke are the equivalent moment of inertia and torsional stiffness
representing the whole structure. In Tables 5.7 and 5.8 the contributions to
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Table 5.7: Contributions to the equivalent inertia properties of the system

Part Mass Moment of Quantity Equivalent
[kg] Inertia inertia

[kg m2] [kg m2]

Actuator 1 0.9×10-3 1 1.2×10-8

Actuator 2 6.3×10-3 1 1.2×10-8

Wing 6.6×10-5 4.9×10-8 4 2.0×10-7

Miscellaneous 0.5×10-3 8 7.4×10-9

Table 5.8: Contributions to the equivalent stiffness properties of the system

Part linear torsion Quantity Equivalent
stiffness stiffness stiffness
[N/m] [Nm/rad] [Nm/rad]

Hinge 7.0×10-5 8 5.6×10-5

Ring 400 1 5.9×10-3

the resonant system of the individual parts are given. The following parts con-
tribute to the equivalent moment of inertia: the two parts of the actuator (scaled
by their relative motion based on mass), the wings and miscellaneous parts of
the structure, which have very low impact due to low mass and relatively small
movements. These contributions are made to the stiffness: the hinges and the
ring In the Table 5.8 a ring stiffness of 400 N/m is included which leads, using
Equation (5.13), to a resonant frequency of 26.7 Hz and may be seen as a good
baseline for the design. The actuator used is the same as used for the initial
design, see Section 5.4.1.

Two system properties need further attention (Table 5.7 and Table 5.8). First,
the equivalent inertia is dominated by the wings. This means changes in wing
moment of inertia will be most effective in influencing the resonant frequency.
Second, the equivalent stiffness is dominated by the contributions made by the
ring and consequently changes here are most effective.

The effects of added mass have not been taken into account. Added mass
would effectively increase the effective mass and thereby decrease resonant fre-
quencies. The effect of added mass on a slice of wing is given by [39]:

dm =
πρ

4
c(r)2 dr (5.14)

in which ρ is the density of air and r is the spanwise coordinate. The chord length
of an insect wing, along the radius, can be described by a half-ellipse [12, 134]:

c(r) =
4c̄

π

√
1− r2

R2
. (5.15)
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in which c̄ and R are the mean chord and length of one wing respectively. This
description can be used to express the added mass in terms of the moment of
inertia with respect to a rotation around the wing base [137]:

Iair =

∫∫∫
V

r2dm =
πρ

4

R∫
0

c(r)2x2 dr. (5.16)

Combining yields:

Iair =
8

15

c̄2

π
R2. (5.17)

The proposed wings cannot be described by a smooth function as Equation (5.15),
a simple numerical approach to this integral leads to a moment of inertia for the
current wings of 7.65×10-9kg m2. When this value is compared to the moment of
inertia of the structural part of the wing, as listed in Table 5.7, it can be seen that
the added mass contribution is approximately 5–10 times smaller. This property
will not be taken into account in the following analysis but a general lowering
of resonant frequencies is expected. As an example the value for Hawkmoth
wings is given here for comparison. The morphological data is obtained from [12,
135, 136]. Using the values, ρ=1.2041 kg/m3, c̄=18.26 mm and R=51.9 mm,
the moment of inertia of the added mass effect is 9.53×10-9kg m2 for one wing.
Hawkmoth wings are comparable in size to the wings proposed for use in this
flapping-wing MAV, see Section 5.6.3. However, due to the significantly larger
surface the added mass is also significantly larger.

In Table 5.5 various options are listed of materials which can be used for the
ring. These materials are in fact all the same carbon fiber composite but the
cross-sectional area and corresponding area moment of inertia vary. A selection
has to be made on which combination of ring materials yields an overall stiffness
close to the 400 N/m that was determined earlier. The diameter of the ring is
assumed fixed at 28 mm due to restrictions imposed by actuator placement. The
ring combination options which are possible are presented in Table 5.9. We se-

Table 5.9: Ring combinations which yield the required stiffness values.

Ring Number Effective
Material of rings stiffness [N/m]

1 2 381.1
2 3 381.1
3 7 403.4

lected the combination of two rings of 3 mm × 0.13 mm cross section, based on
the use of two rings to obtain the required stiffness. In order to make the re-
quired 28 mm diameter rings, a length of the material is taken of which the ends
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are glued together with a 4 mm overlap. Besides local stiffening effects due to
the overlap two factors are of relevance for the application of the ring. First: the
stress state introduced by making the ring from a straight strip is purely a moment
and therefore hardly influences the eigenfrequencies of the system. Secondly: the
dependence of the effective linear spring constant of the magnitude of ring defor-
mation. Because the ring deformation is substantial, i.e. a inward and outward
3 mm deflection relative to a 28 mm ring, the effective spring constant will prob-
ably not be constant over this range due to geometrically nonlinear effects. The
result of these geometrically nonlinear effects is that the effective stiffness of the
ring will experience a stiffening effect both on the inward and outward deflec-
tion. This effect will be more pronounced on the outward deflection since the
ring will start to behave more like the limit case. In the limit case the ring is fully
extended and the effective ring stiffness is equal to the extensional stiffness of the
rod which is used to make the ring.

5.6.5 Detailed design

The two rings, which function in parallel, are connected by a unidirectional car-
bon fiber crossbar of 0.4 mm ×2 mm cross section. The mechanical amplification
mechanism is made from unidirectional carbon fiber struts, with 0.4 mm ×2 mm
cross section and compliant hinges, which are made from 0.03 mm thick, 2 mm
wide spring steel. The wing attachment point is a triangular piece of polystyrene
which is also used to attach the compliant hinges. Due to previous peeling prob-
lems in the glue connection between the spring steel and other parts, the need
arose to secure these connections using nylon bond wires. The structures with
both the two rings, the amplification mechanism but without actuator are shown
in Figures 5.21 and 5.21. It should be noted that the wings which are shown
in these figures include the passive wing pitching mechanism which will be de-
scribed in Chapter 6.

5.6.6 Finite element modeling

In order to evaluate the performance of the detailed designed structures they
are modeled using finite element analysis. To get insight in the performance of
the actuated structures most aspects of later realization are incorporated in the
models. The actuator is included by two point masses and the actuation forces.
Two rings are used with an offset, as determined in the previous section, primarily
to fit the desired stiffness values while the spacing allows for simple actuator
placement. The analysis is performed in two steps. First an eigenvalue analysis
is performed to estimate the eigenfrequency of the structures, confirming correct
stiffness values. These eigenfrequencies are then used as the driving frequency
in the second step of the analysis, a transient analysis. In order to simulate more
realistic conditions, dampers are attached to the wings to simulate aerodynamic
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Figure 5.21: Detailed design for Concept 2
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Figure 5.22: Detailed design for Concept 3
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Figure 5.23: FE-model of Concept 2 showing minimum and maximum deflections. The dif-
ferent parts are indicated by the different colors.

Figure 5.24: FE-model of Concept 3 showing minimum and maximum deflections. The dif-
ferent parts are indicated by the different colors.

loading. The damping value has been estimated using quasi-steady aerodynamic
models [12]. Actuation force is adjusted to match performance of the chosen
actuator.

The calculated eigenfrequencies are ∼27 Hz for Concept 2, which is shown in
Figure 5.21, and ∼29 Hz for Concept 3, shown in Figure 5.22. These eigenfre-
quencies are later used to evaluate the performance of the realized models. An
interesting observation is that the main flapping motion is not the lowest eigen-
frequency in Concept 3. This could be expected based on the degrees of freedom
of the model, which shows a mode which has the same equivalent moving mass
but less equivalent stiffness.

Damping is large in these models due to aerodynamic loading. The calculated
eigenfrequencies used to drive the structures in the second step might therefore
not correspond perfectly to the large amplitude resonant frequency. The transient
analysis is started by applying a sinusoidal force which represents the actuator.
The magnitude of this force is adjusted such that the structure reaches the re-
quired amplitude. A soft start is implemented to avoid convergence issues. The
large amplitude deflections can be seen in Figures 5.23 and 5.24. The stiffness
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of the structure is mainly determined by the two rings. The compliant links add
stiffness but this is minor compared to the ring stiffness. The aerodynamic load-
ing is only the drag part; incorporating lift forces will add mechanical loads to the
model. How these out of plane loads will influence performance will have to be
studied.

The mass of the ring has very little effect on the eigenfrequency of the struc-
ture. The moment of inertia of the wings is the largest factor in the effective mass
of the system. Yet, due to actuator mass the assumption for insects that almost
all the effective mass of the resonant system is in the wings does not hold for this
design. Therefore, both changes in actuator and wing mass will have effects on
the resonant frequency. When driven in the large amplitude resonant state the
nonlinear stiffening of the equivalent stiffness of the ring is observed numerically.
Although present, the effects are currently small.

5.7 Realization and testing

The intent of this section is to present the realization of the models and show re-
sults of the testing of the kinematic requirements. Only if the required deflection
is reached, can the aerodynamically efficient wings be effectively driven. First a
notice on which concepts are to be realized and tested experimentally, the mech-
anism dimensions which are necessary to realize Concept 3 are very difficult to
realize using the current manufacturing process and materials. The glue con-
nections will fail prematurely when actuated at the resonant frequency due to
peeling. This is based on the experience obtained with the previous models and
prototype structures. These facts lead to the conclusion that realizing Concept
3 will not lead to successful prototypes, and so only Concept 2 is realized and
tested. This limitation does not impair the validity of this study. The possibility of
generating lift by exploiting the resonant state of a compliant mechanism can be
fully explored by looking only at Concept 2.

5.7.1 Realization of the detailed design

The realization of Concept 2 is conform the description and sizing of the parts
above. In general all glue connections are realized by using medium fill power
Cyanoacrylate. The actuator remains unchanged with respect to the initial mod-
els. In order to ensure longevity of the glue connection between the spring steel
and other parts, the need arose to secure these connections using nylon bond
wires. The completed structure is shown in Figure 5.25, a zoom in on the ampli-
fication mechanism and the actuator is shown in Figure 5.26
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Figure 5.25: The center of Concept 2 ready
for testing, including actuator, power leads
and wings.

Figure 5.26: Zoom of the thorax area of Concept 2.
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5.7.2 Testing of wing deflection

The realized mechanism is tested for two aspects: first, the resonant frequency
of the structure and second, the wing sweeping deflection at resonance. The test
setup used to test the structure consists of a signal generator and an amplifier to
drive the actuator. For visual inspection a second signal generator is used which
triggers a strobe light. Resonance is determined by visual inspection augmented
by the strobe light. The prototypes are suspended just above the table surface
and a camera is positioned such that one wing can be photographed using long a
shutter time.

The first aspect tested is the resonant frequency. The frequency at which the
wing deflection was largest for constant signal amplitude was 28±0.5 Hz. This
frequency is close to the predicted frequency of 27 Hz. The second aspect tested
is the wing sweeping deflection at resonance. The obtained value for deflection
angle at peak of resonance is close to 68±4◦, as is designated by φ in Figure 5.27.

φ

Figure 5.27: Movement range of one wing when driven in resonance. The movement range is
indicated by φ and corresponds to the wing sweeping motion. The extend of the wing sweeping
motion is outlined for determining the amplitude.
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The wing edges are outlined for clarification purposes.

5.8 Concluding remarks

Rings are a very suitable structure to function as the elastic storage unit in a
resonance based flapping-wing MAV. Exploiting deformation of the ring combined
with a compliant stroke amplification mechanism in a resonant fashion leads to
very positive results concerning wing actuation. Significant stroke angles can be
obtained while the frequency is close to the predicted frequency. This indicates
that the chosen modeling strategy can be used for further studies in which lift
generation is included. The materials and constructional principles used in the
realization of the prototypes are very suitable for this type of construction. It
allows for rapid assembly of the prototypes but is limited in precision. Further
prototypes will also be constructed in this fashion.

The dummy wings used in this study will be replaced by aerodynamically ef-
ficient wings. The current structure will then be used to generate lift. Objective
is that wing pitching can be obtained in a compliant passive fashion to maintain
the compliant nature of the design. The current actuator has a low specific power
density value, in order to increase chances of lift-off an actuator has to be de-
signed which suits the requirements better. Concept 3, which was not tested, can
be used for control purposes due to the extra degrees of freedom present, which
may prove very promising in the future when free flying control of the structures
is required. Concept 3 can, using a multi degree of freedom actuator, be used for
control by means of influencing the resonant state to introduce asymmetry in the
lift production.





Chapter 6
Wings and wing hinge

6.1 Introduction

The wings are a very important part of the flapping-wing MAV. Perhaps even the
most crucial since lift production, and therefore lift-off and flight performance,
are dictated by the wings. The wings form the interface between the mechanical
and aerodynamical domain. This fluid–structure coupling has to enable efficient
lift production in the resonant setting of the development of the current flapping-
wing MAV. The wing kinematics dictate the production of lift by enabling the
different aerodynamic mechanisms present in insect scale flight as described in
Section 2.5. Focus here is on the correct reproduction of insect wing kinematics.

Following from studies which focus on insect anatomy, power usage and wing
kinematics, for an overview see Chapter 2, it was found that insects rely on a com-
bination of active and passive means to generate the wing kinematics required for
efficient flight. The main sweeping motion is the result of resonant motion in the
thorax–wing system, it is via this motion that power is conveyed into the wing.
This sweeping motion is the driver for the lift production, whereas the wing pitch-
ing motion determines the actual lift production. Both timing and amplitude of
the pitching motion have significant effect on lift production. The pitching motion
of the wing is accomplished by passive means in the steady state flying motion,
as indicated by recent findings, see Bergou et al. [11], and therefore dependent
on the state of the insect wing root joint and the main sweeping motion.

In order to achieve wing pitching by passive means there has to be a correct
balance in the loads on the wing. In insects the wing root joint functions as an
elastic hinge with tunable stiffness, which, together with the inertial and aero-
dynamic loading, makes it possible for the wing to follow an aerodynamically
efficient kinematic pattern when driven in a resonant fashion. In a simplified
view, the wing root functions as a torsion spring which is only coupled with the

101
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pitching degree of freedom of the wing. The origin of the heaving motion lies
in the complexity of the wing root joint. The currently proposed wing actuation
mechanism does not offer this degree of freedom, therefore for simplicity the
wing heaving motion is currently not reviewed.

The intention of this chapter is to review and analyze options for the appli-
cation of this elegant method of achieving correct wing pitching kinematics in a
passive manner, based on developments presented in Bolsman et al. [17]. The
design of the wing has to be done in combination with the design of the ring-
based resonant structure, which will drive the wings of the flapping-wing MAV
developed and analyzed in Chapters 4 and 5. Many wing designs exist which find
application in the setting of flapping-wing MAVs, reviewed in Section 3.2.13. An
engineering implementation of the tuned wing pitching hinge has to be designed.
Many types of elastic hinges exist but only a subset is applicable for integration
in the wings of flapping-wing MAVs. The application of an elastic hinge within
the setting of flapping-wing MAVs imposes boundary conditions and constraints
from the preexisting thorax design. The constraints are both on kinematic re-
quirements, which follow from the resonant wing sweeping motion, as well as
the overall mass of the design.

The approach followed in this chapter is based on reviewing options for the
application of an elastic hinge in or at the base of the wing. Augmented by the
choice of the wing design itself. A preliminary design is chosen and analyzed
for the performance and applicability within the current setting. This analysis
is based on the choice and usage of an aerodynamic model for determination
of the aerodynamic loading on the wing. Coupled to the aerodynamic model is
a dynamics model which will be used to represent the motion and state of the
wing. The wing sweeping input used originates from analysis of the ring-based
structure, see Chapter 5. After the properties of the elastic hinge are determined
and optimized, the wing design is realized and tested for performance before
integration with the flapping-wing MAV thorax design proposed in Chapters 4
and 5. The resulting wings with tuned elastic properties are implemented with
the design of the resonant base in Chapter 7.

6.2 Kinematics

The kinematics of insect wings have been qualitatively described in Section 2.4.
In this chapter a quantitative measure of insect wing kinematics is required to be
able to implement a modeling strategy which will be used for optimizing wing
pitching stiffness. The description used in this chapter is based on the assumption
that the wing will behave approximately as a rigid body.

The kinematic setting within which the wing is to function is subject to two
restrictions from two different origins. The first of which originates from the
thorax system which forms the basis of the resonant thorax wing system. The
resulting flapping kinematics are now used as boundary condition for the wing
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development. These kinematics consist of the flapping frequency, wing sweep-
ing amplitude and shape of the motion, i.e., sinusoidal. The second condition is
based on the implementation of a method of passive wing pitching. This choice
has been proposed in Chapter 4. The currently proposed wing actuation mecha-
nisms provide an essentially planar motion. Therefore, the motion of the wing is
restricted at the wing root to sweeping and pitching. Heaving motion of the wing
can, in this setting, only be the result of deformations of the wing itself, which
depends on the wing design that is to be implemented.

6.2.1 Kinematic description

The kinematic description used here is based on the description used by Berman
and Wang [12]. The version used here is simplified due to restrictions imposed by
usage of the wing within the proposed resonant setting. For clarification purposes
the three angles which determine the wing state are given in Figure 6.1.

The three angles which describe the wing are φ, θ and η for the wing sweep-
ing, wing heaving and wing pitching, respectively. The description of the wing

x

y

z

φ

η

θ

Figure 6.1: The wing orientation, defined by three angles. Respectively, the wing sweeping
motion, designated φ, the wing heaving motion θ and the wing pitching motion defined by η.
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kinematic can be best be described and understood when referring to the cans-
in-series approach as proposed by Schwab and Meijaard [110]. The wing sweep-
ing motion, φ, consists of a rotation around the z-axis. The heaving, θ, is then
described by a rotation around the rotated y-axis. Wing pitching, η, is finally
described by a third rotation around the main spar of the wing.

The kinematics are based on harmonic description of both the wing pitching
and wing sweeping. For the sweeping this assumption is valid due to the reso-
nant origin, for the pitching motion this is a starting assumption. This assumes
that wing motions are symmetric for the up- and downstroke. Wing heaving
description is included to make the current approach suitable for future studies
which may include this motion. Due to the previously mentioned restrictions, the
wing heaving motion amplitude is always zero in the present description. The
kinematic description is simplified from [12] to include only the sinusoidal part
and becomes:

φ(t) = φm sin(2πft), (6.1)

θ(t) = θm cos(2πNft+Φθ) + θ0, (6.2)

η(t) = ηm sin(2πft+Φη) + η0. (6.3)

In which φm, θm and ηm are the amplitude of the three wing motions. Φθ and
Φη are used to describe the phase shift of heaving and pitching with respect to
the sweeping motion. θ0 and η0 are used to describe initial offsets in the motion
and are not used here due to the assumption of symmetric flapping. N refers to
the parameter which determines the nature of the heaving motion. N = 1 yields
a banana type motion, see Figure 2.9 while N = 2 adds an extra heaving cycle
which results in a figure-of-eight type motion, see Figure 2.9. The absence of the
heaving motion results in basic sinusoidal kinematics given by Figure 2.8.

6.3 Wing design

Wings currently used in flapping-wing MAVs usually rely on deformation of a
membrane like structure to achieve wing pitching deflections. Generally, these
type of wings do not provide enough compliance in pitching direction to exhibit
insect like wing kinematics. Generally, a more flexible design is needed to be
able to more accurately reproduce the wing kinematics as they are exhibited by
insects. This flexibility can be obtained by introducing an extra flexible element
in the root of the wing. With this modification it should be possible to obtain, in
a passive manner, the simplified insect wing kinematics for lift production.

The introduction of compliance in the wing root of the flapping-wing MAV
can be achieved in at least two ways: First, the elastic tailoring of the entire wing
to reach a design that is similar to that of insects, see, for example Combes and
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Rigid Connection Elastic element

a) b)

Figure 6.2: a) The basic wing design. b) The modified design which includes an elastic
element at the wing root.

Daniel [27] and Wootton et al. [143]. This can be accomplished by designing
a structure which effectively decouples the wing bending and torsion. This de-
sign will allow for considerable torsional deformation during flapping, thereby
reaching the large pitching deflections needed for lift generation. Second, the
introduction of an elastic element close to or in the wing root, which introduces
flexibility in pitching direction while not greatly influencing bending stiffness of
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Figure 6.3: Planform of the wing, indicated are 10 strips used for the calculation of the quasi-
steady aerodynamic loads as well as the geometric centers of the chordwise strips on which the
loads are applied, indicated in red.
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the wing, see, for example Wood [137]. The second option is used here because
it allows for the simple construction principles commonly used in flapping-wing
MAVs, for example, carbon fiber spars which span a PET membrane, as described
in Section 3.2.13.

Two methods of introducing a localized passive degree of freedom for wing
pitching can be distinguished. The first is the combination of an elastic hinge
with hard or soft deflection limiters which are used to constrain the maximum
pitching deflection of the wing during the entire stroke. In this method the wing
hinge compliance is to be such that the wing will be deflected by the combination
of inertial and aerodynamic loading. The wing hinge should be tuned such that
the eigenfrequency of the wing pitching motion is significantly lower than the
flapping frequency. The second method consists of just the elastic hinge without
limiters. The hinge acts as an elastic element, which allows for pitching move-
ment and limits deflections by the balance between inertial, aerodynamic and
elastic loads. In this approach the hinge stiffness has to be carefully tuned.

The option without deflection limiters is used here. Although both options
provide equally valid solutions for achieving passive wing pitching, the absence
of deflection limiters leads to a more smooth motion which is desirable in the
current resonant setting. Even at this small scale the deflection limiters might
introduce high loads due to contact which might require sturdier, heavier imple-
mentation. Besides the expected sturdier implementation, the deflection limiters
also introduce extra mass.

Many types of compliant hinges exist which are more or less suitable for us-
age in this large displacement setting, see, for example, Trease et al. [123], who
provide an overview of large displacement compliant hinges. The proposed de-
sign of the wing with a flexible element is based on a design commonly used
in flapping-wing MAVs and is chosen mainly for simplicity. The flexible element
is incorporated by adding a piece of spring steel which provides both the hinge
action and the elastic properties needed to tailor the total wing pitching stiffness.

The original design and the design with the added flexible hinge element are
shown in Figure 6.2. The design consists of a 1 mm x 0.4 mm cross section unidi-
rectional carbon main and base spar. The membrane is spanned by two 0.28 mm
diameter unidirectional carbon spars. The membrane is 5 µm thick PET sheet.
The dimensions of the spring steel hinge are determined by the tuning process
described in this chapter. The incorporation of the hinge does not alter the mass
of the wing significantly. The planform of the wing is based on that of the Hum-
mingbird and is common among flapping-wing MAVs. The span of one wing is
50 mm and its maximum chord length is 20 mm, primarily determined and con-
straint by the overall design requirements of the resonant wing actuation mech-
anism. Other wings planforms may be used as long as the inertia with respect
to the wing root remains constant, which may indicate a different combination
of length, chord and mass distribution. The detailed wing planform is shown in
Figure 6.3.
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6.4 Modeling

In order to analyze the proposed design and, in a later stage implement an opti-
mization procedure, a modeling strategy has to be chosen. The selection process
of suitable models relies heavily on the requirement of simplicity. The current
level of the design process favors adaptability and quickness over accuracy. This
is supported by the amount of unknowns in the current design setting as well as
the state of the art in aerodynamic models available for the analysis of flapping
wing flight.

For successful modeling of the wing two physical domains need to be coupled,
the structural domain and the fluid domain which constitutes the moving envi-
ronment of the wing. Since the wing is assumed to be rigid it can be modeled
simply. For the model which is to be determined to obtain the aerodynamic loads
more options exist, and the choice herein will have to be made. The choices made
in the modeling procedures are partially based on the subsequent implementation
of an optimization procedure.

In this section focus is on the selection of the aerodynamic and mechanical
models which will be used for the tuning of the wing pitching hinge. The aerody-
namic model will be selected based on a review of possible models. The mechan-
ical model selection is more straightforward due to rigid body assumptions.

6.4.1 Mechanical model

In order to analyze and optimize the hinge stiffness the wing is modeled as a
single rigid body in the Simmechanics environment which is part of the Math-
works Simulink R© environment. The choice for a single rigid body is based on
the assumption that all the wing pitching is due to hinge action and that wing
deformations do not contribute to pitching. The inertia properties and center of
mass of the wing are obtained from a CAD package, in this case Dassault Sys-
tèmes Solidworks R©. The aerodynamic loads are implemented by user-defined
functions, which relate the current state of the wing (positions, velocities) to the
aerodynamic loading condition and will be applied as mechanical loads on the
wing. The mechanical model for the wing including the elastic element is given
in Figure 6.4.

Since the chosen wing implementation is not infinitely stiff, membrane defor-
mation will also lead to effective pitching deformation. The current assumption
that the dominant share of the wing pitching deflection originates in the spring
steel hinge is used to justify the usage of rigid body description of the wing. In
order to fully integrate the wing deformation, the rigid body description should,
in a later stage, be replaced by a model that incorporates elastic deformation of
the wing, e.g., by making use of multiple rigid bodies or FE models.
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Figure 6.4: Schematic mechanical
equivalent of the wing design shown
in Figure 6.2b, the torsion spring
is the equivalent of the elastic el-
ement proposed to obtain passive
wing pitching. Inertia and mass
properties are obtained using from
CAD package. Resting position of the
wing is the support spar parallel to
the z-axis, torsion spring is shown in
deformed position. x

y

z

k

I,m

6.4.2 Aerodynamic models

In order to be able to implement the current wing design, the aerodynamic load-
ing condition has to be determined during the flapping cycle. A number of differ-
ent methods exist in literature, which have all been used in the setting of analysis
of flapping-wing propulsion. The usage of the models has mainly been focused
on the analysis of flight of insects and small birds but can be used equally valid
for design and analysis of flapping flight in MAVs.

The existing aerodynamic models vary largely in their type of approach, in-
tended range of validity and accuracy. A list of current aerodynamic modeling
methods is given here, ordered by accuracy: Reynolds averaged Navier-Stokes
methods, unsteady methods, panel methods, quasi-steady methods and steady-
state methods. This classification and overview are based mainly on Ansari et al.
[6]. In the following paragraphs a short overview is given on the listed methods.

The application of Reynolds averaged Navier-Stokes (RANS) methods is pop-
ular for modeling the important flow structures in insect flight, see, for example,
Sun and Tang [119] and Ramamurti and Sandberg [105]. The discretization of
the fluid domain involved in the application of these methods is very cumbersome.
The flow is inherently unstable and vortical which makes solving the equations
difficult. The inherently large wing movements involved in small scale flapping
flight require a method that is able to handle large mesh deformations, see, for
example, Bos [21]. The wings are usually assumed to be rigid with simplified
geometry to ease mesh requirements. The implementation of a compliant wing
requires the implementation of an efficient fluid–structure coupling. Conclud-
ing, these methods are able to give accurate results but computational effort and
implementation issues make these methods very time consuming.
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Unsteady methods is a broad term used by Ansari et al. [6] to give a classifi-
cation to a group of method which focus on unsteady aerodynamics. The aspects
of the flow around the wings on which these models focus are the two flow sepa-
rations at the leading and trailing edge and the wake. The twin separations have
to conform to the Kutta-Joukowski condition. The most current and advanced
method in this class is the method proposed by Ansari et al. [6] and is in essence
the combination of a couple of preexisting unsteady aerodynamic models. Two
quasi-steady components, free stream and unsteady motion, and two unsteady
components, the leading edge vortex and the trailing-edge wake. The method is
two dimensional in origin and total loads on the wing are obtained by integration
over the span width. The method has been shown to provide accurate results on
both flow structure shape and intensity as well as aerodynamic loads on the wing.

The aerodynamic modeling methods known as the panel methods, are based
on a non-viscous flow assumption. Panel methods rely on dividing the wing sur-
face in a two-dimensional or three-dimensional description in a series of uncurved
panels. The panels can be considered as boundary elements, these element are
then combined with vortex sheets which are placed on each panel. A boundary
condition, Kutta-condition, is then imposed on the total circulation of the summed
vortex sheets. These type of methods are usually not able to model viscous drag,
vortices and flow separation which are important in insect flight. Panel methods
are efficient since only the surface of the wing needs to be meshed. Large mo-
tions pose no problem and wing wake effects are automatically included. Panel
methods have been used for analysis of insect flight by, for example, Smith et al.
[115]. Wing flexibility can be easily integrated.

Quasi-steady methods use momentum description to model the aerodynamic
forces on a moving object in a fluid. These methods are now rarely used but have
led to the methods described as the empirically corrected quasi-steady methods.
The quasi-steady and empirically corrected quasi-steady methods rely on the same
aerodynamic assumptions but their lift and drag coefficient functions are usually
obtained from different sources. Empirically corrected quasi-steady methods rely
on fitting data of kinematically scaled wings in test setups, for example, Sane
and Dickinson [109]. In these methods the resulting loads are usable but no in-
formation on flow structures is available. These methods are two dimensional
but usually the blade element theory is used to obtain a quasi three-dimensional
model. Implementation of these methods is very fast but loads may not be very
accurate. The lift and drag coefficients are obtained from measurements, their
validity range is therefore limited by these measurements. Usage of these models
outside this range requires extrapolation of the measurement data. Many imple-
mentations of these models exist for different applications, for example, falling
plates [5].

Steady-state methods are the simplest methods used in the description of flap-
ping wing flight. These methods are directly based on momentum jet theory
used for helicopters or propellers. The methods are usable for calculating energy
requirements for hovering flight. The benefit is that this can be done without
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detailed knowledge on wing kinematics and flow structures involved. This is also
the major drawback since obtaining knowledge on local wing loading conditions
is essential in designing a wing. Ellington [45] proposed the usage of the insect
wing sweeping disk to include the effects of wing stroke amplitude and flapping
frequency.

The different models are included in Table 6.1 and compared on the factors
which are important for usage in this setting of preliminary wing design. These
factors are:

• The accuracy of the model

• The computational effort required for one flapping cycle, this is very rele-
vant when optimization is to be performed.

• The implementation effort of the model has to correspond to the intended
usage, again adaptability and quickness are more important than accuracy.

• In order to include future possibilities of the effects of wing deformation
the model has to be able to be used for the effects of using a non-rigid wing
description.

Based on the comparison of the models the choice has been made to imple-
ment a quasi-steady aerodynamic model with empirical corrections. It is the cur-
rent view that the quasi-steady models provide the best balance between accuracy
and quick adaptability. The current application will involve an optimization strat-
egy which will require many analyses of the wing movement, even with very few
design parameters. In a later stage a more detailed structural design of the wing

Table 6.1: Comparison of the different aerodynamic models suitable for implementation in
the setting of flapping wings.

Model Accuracy Comp.
Effort

Implement.
effort

Non-
rigid
wing

Reynolds averaged
Navier-Stokes

High Large High Yes

Unsteady
methods

High Large High Yes

Panel
methods

Medium Medium High Yes

Quasi-steady
methods

Medium Small Medium Yes

Steady-state
methods

low Small Low No
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might require an aerodynamic modeling method which is better able to provide
local aerodynamic loading conditions. The choice for the quasi-steady model re-
quires a selection from different implementations of this type of models provides
by several authors in literature.

The empirically corrected quasi-steady method presented by Sane and Dick-
inson [109] is corrected using measurements on the Robofly [35] and can accu-
rately predict the unsteady additions to the aerodynamic forces. This research
was focused on the fruitfly Drosophila melanogaster and is therefore less suitable
for application in the current size range for the flapping-wing MAV that is under
development. This model has been used in the development of the control setting
for the MFI, see Section 3.2.3 and Deng et al. [34].

Another well developed quasi-steady model has first been developed for two
dimensional analysis of free falling paper, see Pesavento and Wang [101]. The
model was later adapted for use in a flapping wing setting: first, to find energy
minimizing kinematics for hovering insect flight, see Berman and Wang [12], and
second, more important for this work, the passive wing pitch reversal in insect
flight [11]. Especially [12] includes a review of the performance of the model
in comparison to a CFD solution, see Sun and Du [118], who show that the
model is suitable for application to analyze hawkmoth-size wings. The current
implementation of the flapping-wing MAV is based on wings that share similar
kinematics and dimensions with hawkmoths. It is therefore that this model is
chosen in the current setting.

6.4.3 Quasi-steady model

The quasi-steady model used is a two-dimensional model used for flapping wings
by making use of blade element theory. This results in a three-dimensional model
used to determine the loads and torques on the entire wing. The loads on the
wing are obtained dividing the wing into a set of infinitesimal chordwise strips.
As a consequence there is no span wise component of the flow, this drawback
is, however, reduced by using the semi-empirically corrections for lift and drag
coefficients.

The infinitesimal loads and torque on a strip of the wing, with infinitesimal
width dr in span-wise direction are calculated using the quasi-steady theory. A
typical wing strip is depicted in Figure 6.5a, which shows the strip at distance
r from the wing root. The surface in which the slice moves is used as the two-
dimensional space for the quasi-steady model. It can be seen that the strip is in
fact curved which is neglected here and in most quasi-steady approaches. The
surface in which the strip is defined is commonly used to depict the movement of
the wing in two dimensions.

In this two-dimensional space the loads and torques on the wing strip are
defined in Figure 6.5b. Length l defines the geometric center of the wing strip with
respect to the leading edge of the wing, in this setting the leading edge always
corresponds to the main spar of the wing, see Figure 6.2b. The wing coordinate
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Figure 6.5: a) Surface used for mapping three dimensions to two dimensions for wing move-
ment and implementation of the quasi-steady model. b) Local coordinate system of the wing
strip, showing the loads and torque on the infinitesimal strip acting in the geometric center
of the wing strip. Axes are indicated by subscript s to differentiate from the wing coordinate
system.

system is defined by the coordinate system xs–ys which is the equivalent of the
surface in Figure 6.5a used for mapping the two-dimensional movement of the
wing strips. In this analog it should be noted that in the analysis of the current
design the leading edge will always be in the x–y plane due to the absence of out
of plane motion of the wing.

In order to apply the quasi-steady model, the velocities and accelerations of
the geometric center of the wing strip are required. The framework setup by
Berman and Wang is used as a guideline. The current framework differs in the
sense that the geometric center of the wing is offset by a length l, see Figure 6.5.
This length introduces an extra velocity component normal to the wing. In the
current wing design the position of the leading edge is described by φ(t), θ(t) and
η(t). The position of a typical point on the leading edge is then given by⎡

⎣xy
z

⎤
⎦ = R(φ)R(θ)R(η)

⎡
⎣r0
0

⎤
⎦ , (6.4)

in which the rotation matrices are defined as:

Rφ =

⎡
⎣cosφ − sinφ 0
sinφ cosφ 0
0 0 1

⎤
⎦ ,R(θ) =

⎡
⎣cos θ 0 − sin θ

0 1 0
sin θ 0 cos θ

⎤
⎦ ,

R(η) =

⎡
⎣1 0 0
0 cos η − sin η
0 sin η cos η

⎤
⎦ (6.5)
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The velocities of this point at distance r from the origin are then given by [110]:⎡
⎣vxvy
vz

⎤
⎦ =

[
Ṙ(φ)R(θ)R(η) +R(φ)Ṙ(θ)R(η) +R(φ)R(θ)Ṙ(η)

] ⎡⎣r0
0

⎤
⎦ , (6.6)

The velocities in the co-rotating coordinate system positioned at the wing leading
edge are then given by, using subscript addition le. This coordinate system is an
intermediate step towards the two-dimensional wing coordinate system.⎡

⎣vx,levy,le
vz,le

⎤
⎦ = RT(φ)RT(θ)RT(η)

⎡
⎣vxvy
vz

⎤
⎦ . (6.7)

Since there is no spanwise velocity, the first term of this vector is zero. The
resulting velocities in the two-dimensional coordinate system co-rotating with the
leading edge of the wing, x

′
le–y

′
le , are given by:

[
vx′

le

vy′
le

]
=

⎡
⎣ r

(
cos θφ̇ cos η + sin ηθ̇

)
−r
(
sin ηφ̇ cos θ − cos ηθ̇

)
⎤
⎦ . (6.8)

The velocities in the geometric center fixed co-rotating coordinate system can be
determined by the added term due to shifted pitching axis of the wing:

[
vx′

vy′

]
=

⎡
⎣ r

(
cos θφ̇ cos η + sin ηθ̇

)
−r
(
sin ηφ̇ cos θ − cos ηθ̇

)
+ lη̇

⎤
⎦ . (6.9)

While the velocities can be obtained in this manner the accelerations are not
as straightforward from a mechanical viewpoint. The origin of the quasi-steady
aerodynamic models lies in the work by Sedov [111]. This introduces a change
in approach for the accelerations. The mechanical definition of the accelerations
would be to take Equation (6.6) and take the time derivative. In this setting
the required accelerations are obtained by looking at the time derivatives of the
velocities in Equation (6.9). This in order to satisfy requirements imposed by
using added mass as done in this model. The accelerations are then given by:

[
ax′

ay′

]
=

⎡
⎣ r

[(
φ̈ cos θ + θ̇

(
η̇ − φ̇ sin θ

))
cos η +

(
θ̈ − η̇φ̇ cos θ

)
sin η

]
r
[(

θ̇
(
η̇ − φ̇ sin θ

)
− φ̈ cos θ

)
sin η +

(
θ̈ − η̇φ̇ cos θ

)
cos η

]
+ lη̈

⎤
⎦ .

(6.10)
The expressions Equation (6.9) and (6.10) are used to couple the mechanical
model described in Section 6.4.1 to the quasi-steady aerodynamic model here.
These quantities are easily accessible in the mechanical modeling setting used
here.
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The quasi-steady model is then defined as follows: The infinitesimal loads
on the geometric center of an infinitesimal strip of wing are defined in the two-
dimensional space from Figure 6.5b. The forces and torques reviewed are due to
aerodynamic loads only. Berman and Wang [12] include the infinitesimal mass of
the slice, in this approach inertia properties are treated separately in the mechan-
ical model described in Section 6.4.1. Starting from the loads on the wing slice:

dFx′ =
[
m22vy′ η̇ − ρΓvy′ −m11ax′

]
dr − dF ν

x′ , (6.11)

dFy′ =
[
−m11vx′ η̇ + ρΓvx′ −m11ay′

]
dr − dF ν

y′ . (6.12)

In these expressions the first term corresponds to the added mass, see Section 2.5,
of the wing which is treated as real mass. The second term corresponds to the
circulation around the wing and is related to the density of the air. The third term
is strictly the inertial force which corresponds to the acceleration of the added
mass of the wing. The last term is a dissipative term based on viscous loads.
Torques on the infinitesimal wing slice are obtained from:

dτη =
[
(m11 −m22)vx′vy′ − Iaη̈

]
dr − dτν . (6.13)

In this equation the first two terms are due to added mass effects. The last term
is due to viscous forces induced by wing rotation.

The circulation, which is required to determine the loads on the infinitesimal
slice of wing in Equations (6.11) and (6.12), is determined by:

Γ = −1

2
CT c(r)|v| sin 2α+

1

2
CRc

2(r)η̇. (6.14)

In which CT , CR are the translational and rotational coefficients, c(r) is the chord
length at distance r from the origin and α is the angle of attack.

The dissipative terms required for Equations (6.11) and (6.12) are given by:

dF ν
x′ =

1

2
ρc(r)

[
CD(0) cos2 α+ CD(π/2) sin2 α

] |v|vx′ dr, (6.15)

dF ν
y′ =

1

2
ρc(r)

[
CD(0) cos2 α+ CD(π/2) sin2 α

] |v|vy′ dr. (6.16)

In which CD is the drag coefficient and ρ is the density of the air. The coefficients
used in Equations (6.14),(6.15) and (6.15) are experimentally obtained and con-
stitute correction factors required for improved accuracy of the model. The last
dissipative term is only influenced by rotational motion of the wing and flapping
frequency and given by

dτν =
1

16
πρc4(r) [μ1f + μ2|η̇|] η̇dr. (6.17)
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The dimensionless viscosity coefficients used are given by μ1 and μ2 and the flap-
ping frequency by f . The added mass terms also required for Equations (6.11),
(6.12) and (6.13), are based on the assumption that the wing is modeled as a
very thin ellipsoid, this assumption is commonly used in quasi-steady models.
The added mass terms are then given by defined by:

m11 =
1

4
πρb2, (6.18)

m22 =
1

4
πρc2(r), (6.19)

and
Ia =

1

128
πρ[c2(r) + b2]. (6.20)

Which are purely determined by the geometry of the wing slice.
The model is implemented by assigning 10 equally spaced strips of constant

width in span wise direction over the wing, see Figure 6.3. On these strips the
aerodynamic loads are calculated. Velocities and accelerations of the geometric
center of the wing, needed above for the calculation of the aerodynamic forces,
are obtained from the mechanical model.

6.4.4 Implementation

Both the mechanical and aerodynamical model are implemented in the Math-
works Simmechanics environment. The combined model is solved for a given
time period using fixed time steps. The Simmechanics implementation is coupled
to the Matlab workspace to be able to control the kinematic input by scripts or
implement an optimization procedure. The current implementation allows for
easy implementation of different wing geometries and input kinematics.

6.4.5 Validation

In order to use the described quasi-steady aerodynamic model the current imple-
mentation has to be checked for validity. Since the model will be used to test
wings of proprietary design, a benchmark case has to be selected to objectively
judge performance. The current implementation is compared to the implementa-
tion by Berman and Wang [12]. The wing designs that will be tested are very close
to Hawkmoth wings from both a kinematic and morphological perspective. It is
therefore that the model parameters can be used for the proposed wing designs.

The test case uses the morphological and kinematic data from a Hawkmoth
from Willmott and Ellington [135, 136]. Berman and Wang used the kinemat-
ics from Sun and Du [118] and compared with the same study, which is based on
solving the Reynolds averaged Navier-Stokes equations. The current implementa-
tion will be tested using the same set of morphological and kinematic parameters.
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The test case consists of three parts: The morphology of the wing, i.e., the plan-
form, the aerodynamic parameters and the kinematic pattern.

The wing morphology is described by a simple elliptic description [12], based
on the ellipsoidal description given by Weis-Fogh [134]. This description relies on
two parameters: c̄ and R, i.e. average chord length and wing length, respectively.
Based on these parameters the wing chord is defined as a function of the wing
length:

c(r) =
4c̄

π

√
1− r2

R2
(6.21)

The morphological parameter values used are identical to those used by [12] for
the Hawkmoth case, in which c̄ is 18.26 mm and R is equal to 51.9 mm.

The aerodynamic parameters used are based on Hawkmoth measurements.
The values used are: CT and CD from [12] obtained from Usherwood and Elling-
ton [124] valued CT = 1.678, CD(0) and CD(π/2) are 0.07 an 3.06, respectively.
CR is set to be equal to π, obtained from Andersen et al. [5]. Viscous torque pa-
rameters μ1 and μ2 are taken to be 0.2, from Andersen et al. [4]. Density of air ρ
is 1.29 kg m−3.

The kinematic parameters used are based on the simplified kinematic descrip-
tion of the wing movement given by Equations 6.1, 6.2 and 6.3. The parameters
are f=26.3 Hz, φm=1.05 rad, θm=0 rad, ηm=0.55 rad, θ0=0 rad, η0=0 rad,
Φθ=0 rad and Φη=-0.29 rad. The usage of simplified kinematics, especially in
the description of the wing pitching timing, will introduce some discrepancies
between this implementation and the reference model.

The lift production of the model is taken as the reference. The average lift pro-
duction is compared. The lift produced by the model by Berman and Wang [12]
is 9.26×10-3 N, the lift produced by the current implementation is 9.26×10-3 N.
It can be seen that there are small discrepancies between the current implementa-
tion and the reference implementation by Berman and Wang [12]. Discrepancies
are explained by the usage of a smaller number of wing strips and the afore men-
tioned simplification in the wing kinematics description.

6.5 Optimization

The wing design with the addition of the compliant element has to generate lift in
a passive manner. In order to do so, it has to be able to reproduce a desired wing
pitching motion when the only input is the wing sweeping motion. The wing
sweeping motion is the driving output of the resonant wing–thorax system. To
have a set point for the required wing pitching output, a desirable wing kinematic
description has to be defined which is to be used as the reference.

In order to tune the passive hinge a reference motion has to be defined. The
kinematic description presented in Section 6.2 is used. In this selection a number
of kinematic parameters are predefined, namely, the frequency and wing sweep-
ing amplitude which are the resultant of the analysis the wing-thorax resonant
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system in Section 6.2. The parameters concerning heaving motion of the wing
are constricted to zero by the thorax design. Since symmetric flapping is assumed,
the pitching offset is zero. The remaining parameters are the wing pitching am-
plitude and wing pitching phase shift. Thus, two values have to be determined to
fully define the reference motion.

Since the goal of this study is to determine the possibility to tune an elastic
wing to exploit passive wing pitching for reproducing wing kinematics, a con-
servative starting point for pitching kinematics has to be chosen. Inspiration for
these values lies in insects of similar size and experimental experience with the
wing design. The amplitude of the wing pitching motion has been chosen to be
45◦, this value is larger than for Hawkmoths but considered a safe value in the
current setting and not uncommon among insects. The pitching phase shift is
chosen to be -0.5π rad and is considered a conservative value when looking at
Hawkmoth kinematics. As an overview, the kinematic values which shall be used
as the reference are given in Table 6.2.

Table 6.2: Kinematic parameters which are used as the reference model. The proposed wing
design should be tuned such that they represent these kinematics while relying on the exploita-
tion of passive wing pitching. The motivation of these values lies in the previously developed
resonant structure and partially in insect wing kinematics.

Parameter Value

f[Hz] 27
φm[rad] 0.66
θm[rad] 0
ηm[rad] 0.25π
θ0[rad] 0
η0[rad] 0
Φθ[rad] 0
Φη[rad] -0.5π
N 1

6.5.1 Approach

In order to be able to passively reproduce the desired wing kinematics an elastic
element was introduced, see Figure 6.4. The only degree of freedom of this system
is the pitching motion. The other kinematic properties, η and θ, are fully defined.
The pitching motion is determined by the inertial- and aerodynamic loads and the
torque introduced by the rotational spring which represents the elastic element.
The properties of this spring have to be determined and these properties are the
only tunable parameters of this system.

The spring torque required to sustain the dynamic equilibrium of the wing
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pitching motion is not known. Consequently, a spring is defined which includes
both a linear and nonlinear component to be able to cover a wide range of possible
rotation-torque relationships. The spring which provides the pitching restoring
torque is taken as:

k = k1η + k2η
3. (6.22)

This spring shows symmetric behavior around the centered position. This is sup-
ported by the assumption of a symmetric pitching motion. The two spring con-
stants are the tunable parameters of the system. A flowchart of the approach used
to determine optimal wing pitching hinge stiffness is given in Figure 6.6

The process described in this flowchart is centered around the coupled me-
chanical and aerodynamical models. The tunable mechanical model has one
degree of freedom, namely, the wing pitching. The wing sweeping and heav-
ing motion are fully described. The input parameters are the spring constants
which determine the spring constant of the spring, k1 and k2. The objective is to
minimize the difference between the desired pitching kinematics, ηref , and the
pitching kinematics obtained from the simulation, η.

The comparison of the wing pitching motion has to be done over time. To
obtain accurate results, i.e., reduce the influence of startup effect, the model sim-
ulation time is set to 0.2 s, significantly longer than the flapping cycle time. The
tunable model is given an initial pitching deflection, equal to desired mid-stroke
value, again to reduce calculation time. Many options exist to compare the de-
sired and simulated pitching kinematics. A simple approach is used here based
on expressing the pitching motion as a vector over time, designated ηcycle, and
defined as ηT

cycle = [ηtn , ηtn+1 , . . . , ηtn+T ]. The norm of the difference between the
two pitching vectors is used as the objective. The flapping cycle used for compar-
ison is taken at the end of the simulation time to exclude startup effects. This can
be expressed as follows depending only on parameters k1 and k2:

f(k1, k2) =
||ηref,cycle − ηcycle(k1, k2)||

nT
(6.23)

The objective is scaled with the number of time steps in one flapping cycle, nT , in
order to be able to compare results with different time steps and flapping frequen-
cies. The spring constants, k1 and k2 have to be bounded to exclude unfeasible
solutions and speed up the tuning process.

6.5.2 Tuning

Initial investigation has shown that the problem is subject to local minima and
therefore considerable effort has been put into finding bounds within which the
optimal value for the spring constants can be found. This initial exploration of
the domain has brought forward that very valuable results can be obtained while
looking only at k1 and keeping k2 zero. The initial values of k1 between which
an optimal value can be found, are in the stiffness range 1.0×10-4 Nm/rad to
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5.0×10-4 Nm/rad. Outside this range the model quickly loses convergent proper-
ties. As an example, the response for two different starting conditions are shown
in Figure 6.7 for 1.5×10-4 Nm/rad and 4.0×10-4 Nm/rad. It can be seen that for
the lower value, there is significant overshoot of the pitching deflection. For the
higher value the deflection is too small, indicating too rigid a wing hinge. In both
cases startup irregularities can be seen.

Reference
motion

Wing
morphology

Mechanical
model

Quasi-steady
aerodynamic
model

Initial
spring constant

(φ, θ, η)ref

(φ, θ)ref

ηref η

k1, k2

η = ηref?

yes

no

Optimal
spring constant

up
da

te
k
1
,k

2

Figure 6.6: Flowchart used to tune the spring which provides the restoring torque required
to obtain passive pitching. The goal is to accurately reproduce the reference wing motion.
The center of the flowchart is the coupled mechanical–aerodynamical model. In this setting
the only output of this model which is used is the pitching motion. This pitching motion
is compared to the desired pitching motion. Spring constants k1 and k2 are the tunable
parameters. Inputs are the desired wing kinematics and wing morphology.
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Figure 6.7: Wing pitching response for 2 different hinge stiffness values, 1.5×10-4 Nm/rad
and 4.0×10-4 Nm/rad as compared to desired wing pitching response of the reference.
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Figure 6.9: Reference and system wing pitching response for the optimized stiffness value of
2.38×10-4 Nm/rad. The optimized model shows a good fit, most discrepancies are found in
the maximum positions.

The objective function is plotted in Figure 6.8 for the spring constant range
indicated above. The optimum can be determined by visual means but a line-
search procedure is implemented which allows for an automated procedure in
case of small changes in kinematics or wing morphology. The optimum stiffness
value is determined at 2.38×10-4 Nm/rad. The wing pitching response for the
optimum value of the wing hinge stiffness is shown in Figure 6.9 and compared
to the reference pitching response. The value found is now ready to be tested for
performance, real wings will have to be manufactured and tested in a test setup
to experimentally check the results. The will be done in the next section.

6.6 Realization and Testing

The optimized value for the wing hinge has to be implemented in the proposed
wing design. The elastic element is essentially a compliant hinge and effective
stiffness can therefore be approximated by [68]:

khinge = EI/lhinge (6.24)

In which E, I and lhinge are the Young’s modulus, second moment of area and
length of the hinge, respectively. Using the proposed spring steel sheet, 0.03 mm
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Figure 6.10: The realized wing, showing the elastic element positioned near the wing root,
mounted in the clamp for actuation in the test setup.

DC motor

Camera position 1

Camera position 2

Wing and clamp

Stroke adjustment

Figure 6.11: Test setup used to independently test the wings. Linkage system is used to
transform the DC motor output to a sinusoidal wing sweeping motion. Various sweeping
amplitudes can be chosen as well as actuation frequency. Two camera positions are indicated:
1. To review pitching behavior and 2. to capture mid-stroke pitching motion.
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thickness, and choosing a link length of 3.5 mm leads to a link width of 1.8 mm.
The rest of the wing is constructed using materials and dimensions as described
in Section 6.3. The completed wing is shown in Figure 6.10.

Before the wings are attached to the resonant mechanism they are tested in
an experimental setup. This setup uses a DC motor to drive a mechanism that
converts rotation into reciprocal wing motion found at the wing root. The mech-
anisms is adjusted such that the wing sweeping range corresponds to the range
obtained using the resonant mechanism. Only wing sweeping is actuated. Ac-
tuation frequencies are obtained by means of an encoder present on the electric
motor. The test setup is shown in Figure 6.11. This setup does not provide an
exact simple harmonic motion. The harmonic motion provided is close enough to
simple harmonic for the intended purpose.

Wing movements are captured on video using a camera augmented by a strobe
light to visualize the motion, exploiting the harmonic nature of the movement
to slow down the motion. Two different camera positions are used, shown in
Figure 6.11, the first position is chosen such that the entire flapping motions
can be captured by positioning the camera such that the wing sweeping can be
caught. Using this setup the dynamic response of the wing can be classified. The
second position is chosen such that the pitching deflection at the center of the
sweeping stroke can be imaged. This is done by placing the camera such that
the viewing direction is coincident with the main spar of the wing during wing
sweeping stroke.

6.6.1 Testing

The wing is tested using the described setup and settings imposed by later usage
as part of the resonant mechanism, i.e. a flapping frequency of 27 Hz and wing
sweeping motion with an amplitude of ∼37.5◦. A sequence of one wing flap is
shown in Figure 6.13.

The mid stroke wing deflections on both sides of the wing sweeping stroke are
shown in Figure 6.12. Analysis has shown that the real wing deflection at the base
does not reach the intended 45◦ at the base of the wing, it is more close to 37±2◦

on both the upstroke and downstroke, shown by η in Figure 6.12a and b. Small
differences exist between the up and downstroke, as can be seen in Figure 6.12.
Part of the explanation for this phenomenon is the construction of the wing, which
has a mass distribution which is not symmetric with respect to the membrane.
The test setup drive mechanism introduces an asymmetry in the wing sweeping
motion and might therefore also be a factor in the asymmetry of the wing pitching.
Further along the wing, towards the tip, considerable increased rotation indicates
that the rigid plate assumption taken during modeling is questionable at the least.
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η

η

a) b)

Figure 6.12: Mid-stroke pitching deflections for the upstroke in a) and the downstroke in b).
Pitching deflection indicated by η.

6.7 Concluding remarks

The proposed solution of adding an elastic element to an existing wing design
for flapping-wing MAV wings has the possibility of offering a very simple modi-
fication which makes it possible to achieve passive wing rotation. The tailoring
of the stiffness of the elastic element can be accomplished using currently avail-
able quasi-steady aerodynamic models. The tailored wings are able to accurately
reproduce insect wing kinematics when wing sweeping input is a harmonic signal.

Discrepancies exist between predicted and realized response and can be par-
tially explained by to manufacturing tolerances. The currently used quasi-steady
model might not capture the complete behavior of the wing due to membrane de-
formations. Consequently, fine tuning of the wing stiffness has to be done based
on experimental techniques, e.g., optimization using a design of experiments ap-
proach.

The predicted wing pitching deflections are not reached by elastic hinge action
alone. Membrane deflections are present and increase total deflections increas-
ingly towards the tip of the wing. The combination of these two effects leads
to more beneficial effective pitching deflections towards the wing tip. Further
tailoring of the wing stiffness can be expanded by including a simplified model
of the membrane stiffness which can be tuned for aerodynamic efficiency by a
modification of the current setting.

The wings and tuned wing pitching hinge will be coupled to the resonant ring
type structure analyzed in Chapter 7. When combined, this system should provide
efficient lift production by means of accurate reproduction of insect wing motion,
both in sweeping and pitching. Further weight reduction of the other parts of
the system: ring, wing coupling mechanism and actuator should lead to a system
capable of producing lift in the same order as the total mass.

The current wing shape is a starting point, inspired by other flapping-wing
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Figure 6.13: Sequence of consecutive steps of the wing flapping motion for one flapping cycle,
clearly showing passive wing pitching
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MAV designs. Improvements in the lift production can be expected by tuning the
shape of the wing. The usage of a localized hinge to accomplish passive wing
pitching leads to an accurate reproduction of wing motion. Improvements, in
aerodynamic efficiency, are expected when a more insect inspired design route is
chosen, for example, the introduction of a bending torsion coupling.



Chapter 7
Integration and experiments

7.1 Introduction

The focus of this chapter is on the integration and testing of the different aspects
of the flapping-wing MAV. The different resonant thorax concepts, which were
proposed on a conceptual level in Chapter 4 and analyzed and preselected in
Chapter 5, need to be combined with the wings which were analyzed and tuned
in Chapter 6. The resulting combination of a resonant base and passively pitching
wings needs to be realized and tested to evaluate performance and to provide
recommendations for improvements. The first step towards testing is the inte-
gration of the wings and thorax structure [19] in to prototype structures. These
prototypes should conform to the most basic requirement on the flapping-wing
MAV, namely the striving for low mass structures.

In order to thoroughly evaluate the performance of the prototype it is neces-
sary to look at specific aspects. Many different performance metrics can be used
to judge performance of the prototypes. In fact the simplest performance index
would be the successful lift-off of the prototype. However, due to the usage of an
actuator with low specific power density, stable flight or even unstable lift-off are
not to be expected. Therefore, a more structured method of testing performance
should be used.

The first aspect to be tested is the production of lift. The amount of lift is a
valuable index for performance of the prototype. A suitable test setup should be
able to provide information on the amount of lift which is produced. The sec-
ond aspect is the correct reproduction of intended motion in the resonant state,
consisting of: wing movement angles and flapping frequency. With these two as-
pects known performance of the prototype can be judged in order to gain insight
into options for performance improvement. One possible manner of the mea-
surement of kinematic patterns requires the possibility to have a series of images

127
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or videos which can be analyzed. These images or the videos can be obtained
by various means. Options include: visualization by means of a high speed video
camera, making pictures using a conventional camera using a short exposure time
or slowing the visible motion of the prototype down by optical means exploiting
the harmonic nature of the movement.

This chapter discusses the manufacture of the prototypes, the aspects of the
prototype that are to be tested and the design of the test bed. The two aforemen-
tioned aspects are tested; lift production and reproduction of motion, leading to
a review of the overall performance of the design.

7.2 Realization

The integration of the resonant base and the passively pitching wings consists of
combining the designs of the two individually analyzed parts. In the detailed
analysis of the concepts non lift producing wings were already included (see
Section 5.6). The newly designed wings (see Chapter 6) share the same attach-
ment points as the non lift producing wings and can therefore be easily combined
with the resonant base.

The materials and manufacturing methods, as well as dimensions, used for the
design have been described in Section 5.7 for the thorax and Section 6.6 for the
wings, respectively. The detailed design consisting of the resonant thorax and the
passively pitching wings is shown in Figure 7.1. The different parts are indicated
by numbers. The mass of the prototype without actuator is approximately 0.6 g.
The realized prototype, including actuator, is depicted in Figure 7.2.

7.3 Design of experiments

The performance of the prototype is judged based on two separate aspects. The
first aspect is the correct reproduction of the intended wing motion. The second
aspect is the lift production. Both aspects of the design, the generation of correct
wing motion and the generation of lift, require the model to be driven at reso-
nance. This is accomplished using a frequency generator and signal amplifier to
drive the solenoid actuator. Resonance is observed by visual means.

7.3.1 Test setups

The measurement of lift generation of the prototype requires a setup which is ca-
pable of measuring the lift force while the prototype is driven at resonance. Since
the signal wires, which are used for suspending the prototype, are connected to
the actuator, they are inherently coupled to the resonant motion of the prototype.
Consequently, the intended test setup has to be able to identify the lift from the to-
tal signal either by filtering or mechanical isolation. Focus is on simplicity of the
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Figure 7.1: The detailed design. The different materials have been indicated by the colors
shown in the legend. The parts are, in numerical order: 1) The ring, one of two used for
elastic energy storage. 2) Strut, part of the amplification mechanism. 3) Elastic hinge, part
of the amplification mechanism. 4) Wing hinge. 5) Wing main spar. 6) Wing membrane.
7) Wing stiffening spars. 8) Crossbar to couple the rings. 9) Secondary wing spar.

measurement while retaining the required accuracy. Since multiple prototypes
might be tested, adaptability of the test setup is favored.

7.3.2 Test setup design

The first measurement setup is intended for the imaging of motion patterns: The
movement of the structure is measured by suspending the model and using the
strobe light to slow down the visible movement. This allows the visualization
of the model in a range of motion from standstill, with the strobe light exactly
at resonance frequency, or in a slow moving fashion when the strobe light is at
a frequency near the resonance frequency. The choice for this method is made
based on the aim for simplicity. Using this setup the movement of the prototype
can be checked visually in real-time which is a huge benefit in this experimental
stage. A consumer camera is used for obtaining video material, still images are
used to review the motion. The suspension of the model is done in the test setup
described below which is also used for lift measurements, the setup is shown in
Figure 7.3 in which the camera, with top view on the model, can be seen.

The aspect of the test setup is designed to measure the lift produced is treated
next. This aspect has been effectively integrated with the options for the review
of motion. The requirements of simplicity and isolation of the vibration of the
model have been fulfilled by selecting a fully mechanical measurement setup.
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This is accomplished by suspending the model from a thin cantilever beam and
using deflection changes to measure lift production, see Figure 7.3. Fenelon and
Furukawa [56] used a similar setup to test their wing setup. The cantilever beam
setup is suitable for the force range from 0 N to the weight of the structure in-
cluding the actuator, which is the range for which the calibration has taken place.
The beam is calibrated beforehand to a sensitivity of 1.25±0.1×10-3N/mm in the
intended range of measurement and behavior of the setup is linear in the ex-
pected lift force production range. Changes in beam deflection can be directly
related to lift production. The setup has been tested and effectively isolated lift
forces from vibration influences. This is due to two causes: First is the mechan-
ical filtering introduced by suspending the model from curved power leads, and
secondly the mechanical filtering introduced by the eigenfrequencies of the test
setup combined with the model. Intended actuation frequencies are far higher
than the eigenfrequencies of the test setup and consequently do not lead to sig-
nificant vibration.

The integrated design of the test setup allows the imaging of motion patterns
and the measurement of lift forces to be done using one setup. The benefits of
this are that a model can be tested for both aspects in a relatively short period.
The tuning of the resonant frequency has to be done once.

Figure 7.2: The realized design including the actuator. Passive wing pitching provisions can
be seen at the root of the wing.
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Figure 7.3: Test setup for lift production based on a simple cantilever beam. The power
leads are used to suspend the model, these leads effectively decouple the beam from vibrational
influences of the prototype. Lift measurement setup is integrated with camera for reviewing
wing motion. Integrated setup allows for efficient time usage.

7.4 Experiments

7.4.1 Review of motion

The review of the kinematics is based on analysis of a sequence of pictures. The
movement can be seen in Figure 7.4 in a sequence that shows one flapping cycle.
It can be clearly seen that large amplitude wing sweeping is accomplished, com-
parable to the experiments with the resonant thorax with non-functional wings
(see Section 5.6.5). Wing sweeping deflections are in the order of 65–70◦. The
resonant frequency was found to be 27±0.5 Hz which is identical to the earlier
resonant experiments mentioned above. An analysis of the pitching angle with re-
spect to the sweeping angle shows that the wing pitching movement follows the
kinematic pattern found when testing a single wing in the wing testing setup (see
Section 6.6). This pattern closely corresponds to the simple kinematic pattern
commonly used to describe insect-wing kinematics, i.e., harmonic wing sweeping
and harmonic wing pitching with phase shift with respect to the sweeping.

It can be clearly seen that the wing pitching deflection is not purely the result
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of wing hinge action, but also partially due to deformations of the wing mem-
brane. It can be seen that the lower right wing exhibits different behavior when
compared to the other wings. This wing has been produced in a different batch us-
ing slightly different methods. Although this influences lift production negatively
it does not significantly influence the resonant behavior of the total structure.

7.4.2 Test of lift production

The lift production for one wing will be, based on numerical calculations in
Chapter 6, in the order of 2.32×10-3N to 5.70×10-3N for one wing. Beforehand it
is known that with this value lift-off is not expected as the weight of the actuator
prohibits this.

The prototype structure is actuated and driven in its resonant state, which is
very close to the previously described 27 Hz for this prototype. The input to the
solenoid is a sinusoidal signal with 12 V amplitude. Care has to be taken that
the solenoid contracts for both the positive and negative part of the sinusoidal
signal. Vibration of the cantilever induced by the resonant prototype is negligi-
ble compared to deflection changes induced by lift production. The prototype
induces a 7±0.5 mm deflection of the beam, corresponding to a lift production of
8.75±0.5×10-3N or approximately 0.9±0.05 g.

7.4.3 Wing performance

In order to give an indication of the wing performance, a rough estimate of the
mean lift coefficient has to be calculated. Since the intended flight mode re-
searched here is hovering flight, the analysis is straightforward. The mean lift
coefficient is reviewed at the radius of gyration of the wing. In insects this corre-
sponds to approximately half the wing radius, see [43, 81, 134], and is defined
by

Rg =

√√√√√ 1

S

R∫
0

r2c(r) dr, (7.1)

in which S is the surface area of a single wing, R is the radius of the wing and
c(r) is the chord at distance r from the wing root. For the current wings a slightly
different approach has to be used. This is due to the fact that the wing root has
an offset which originates in the topology of the amplification mechanism, see
Figure 5.19 on Page 87. The area radius of gyration is determined by

Rg =

√
I

S
, (7.2)

in which I is the second moment of area with respect to the axis of rotation of the
wing. Using the current wing, as described in Section 6.3, Rg is approximately
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Figure 7.4: Sequence of figures representing one flapping cycle, resonant frequency of 27 Hz,
65–70◦wing sweeping angle. Passive wing pitching can be clearly seen, phase shift with respect
to the wing sweeping motion can be clearly seen.
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30 mm. The velocity definition used for the mean lift coefficient estimate is the
mean of the velocity squared at Rg. This is obtained by integrating the simple
harmonic wing motion and given by

ū = 1
2

√
2RgAω. (7.3)

A and ω are the flapping amplitude and angular frequency, respectively. The mean
lift coefficient is then defined as

C̄L =
2L

ρū2A
, (7.4)

where L and ρ are the lift force for one wing and the density of air. Using the
measured frequency, lift generation for one wing, L, and flapping amplitude:
27 Hz, 2.19×10-3N and 0.57 rad, yields a mean lift coefficient of 0.95. Note that
this value is very sensitive to the measured values of the flapping amplitude and
flapping frequency. For comparative reasons the lift coefficient of the hawkmoth
Manduca sexta is given here. Using the measured values of the wing kinematics
during hovering flight, obtained from Willmott and Ellington [135], yields and
mean lift coefficient of 1.38.

7.4.4 Review of performance

The wing motion patterns produced by the prototype when actuated in resonance
look very similar to the patterns produced by an individual wing in a test setup.
Uncertainty in the produced motion patterns has different sources listed below:

• The manufacturing techniques used to build the models. Especially local er-
rors in mass and membrane tension might influence motion patterns signifi-
cantly. Sensitivities with respect to errors in mass distribution are, however,
not analyzed.

• Mechanical assumptions introduce differences between predicted and ob-
served kinematics. In the modeling and testing the wing base is assumed to
be rigid. The wing base in the prototype is, due to the compliant nature of
the structure, not rigid and will therefore allow movements not present in
the modeling.

• Aerodynamic modeling assumptions introduce differences between mea-
sured and predicted lift values. In the modeling the wing is assumed rigid.
Observed membrane deformations are significant.

The lift production of the prototype is significantly smaller when compared to
results of the quasi-steady aerodynamic model. This can be partially explained by
the previously mentioned manufacturing inaccuracies. A factor is the limitation
of the chosen aerodynamic modeling strategy. Quasi-steady models are known to
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possess limited accuracy. The choice of modeling the wing as a rigid plate does
not have a large influence mechanically but due to the finesses of lift producing
mechanisms in insect flight small deviations in wing kinematics may have a large
effect on lift production. A large factor in the creation of lift is the wing pitching
angle. The mid stroke pitching angle of the wing base, shown in Figure 6.12 on
Page 124 for the individually tested wings, is low for efficient lift production. A
rough estimate of the pitching angle during resonant excitation of the completed
structure, based on review of Figure 7.4, indicates that the maximum pitching
angle at the base is between 30–35◦. For efficient lift production a mid-stroke
pitching angle should be higher, in the order of 45–50◦ as it is in the hawkmoth.

7.5 Concluding remarks

The current structure is capable of reproducing insect-like wing motion in a reso-
nant setting. The current thorax structure implementation, based on a ring-type
resonant structure, is able to produce the large amplitude wing sweeping motion.
The wings, which include a tuned hinge for passive wing pitching motion, add
the pitching motion to the wing sweeping. The combination can be seen as a
successful step towards more optimized design.

Improvements of the structure may be expected in the following areas: Wing
kinematics, wing planform and actuator technology. The lift production is larger
than the mass of the structure, however, the current actuator is far too heavy to
achieve lift-off. When using a different actuator technology, which has a higher
specific power density, lift-off may be within reach. The wing sweeping amplitude
can be enlarged to values just above 90◦. Higher values are restricted by the
structure. The current simplified pitching motion shows the feasibility of creating
complex motions using passive system and is a starting point for more intricate
patterns to improve lift production values. Maximum wing pitching angles can
be increased using the current design, while this may not lead to lift-off the mean
lift coefficient can be increased.

The current wing technology uses spars which are over dimensioned. This
means that, while keeping the current wing inertia, effective area can be in-
creased. In this way larger, more optimal wings, may be added to the existing
thorax structure. The reference wing motion can be tuned further. Especially the
pitching motion has been chosen for simplicity. More intricate movement patterns
may be obtained by adding nonlinear springs and optimizing for lift production
not a reference kinematics. The fastest manner to do this is to use the elegant
combination of numerical models and experimental testing. It is the current view
of the author that lift force generation could be improved by a factor of two using
only newly designed and optimized wings.





Chapter 8
Conclusions and
Recommendations

8.1 Conclusions

The structure of the conclusions in this thesis has been based on the major de-
velopments which form the basis of the current wing actuation mechanism. The
conclusions in this chapter will be presented in the same ordering as the chapters.
The topics are: The exploitation of resonance in flapping-wing MAVs, the use of
compliant structures to facilitate wing actuation in flapping-wing MAVs, the use
of ring-based elastic structures to facilitate resonance and the exploitation of pas-
sive wing pitching. These topics are pillars supporting the development of the
wing actuation mechanism which was the central aim of this project. The overall
project dictates a high degree of integration of the individual aspects. This, while
separately reviewed here, was a guiding principle for all developments within the
current design setting.

8.1.1 Resonance in flapping-wing MAVs

Perhaps the most essential aspect in the development of flapping-wing MAVs is
the focus on simplicity. Since the setting of the current work is that of mechanics,
the aspects of simplicity must be seen within this mechanically oriented setting.
The inspiration for micro scale flapping wing flight originates in the fascination
with and study of insects. While insects are mechanically seen very intricate and
complex structures, see Chapter 2, the analysis of current flapping-wing MAV
projects in Chapter 3 has brought forward that the designs that excel in mechan-
ical simplicity are those that have most success of achieving flight.
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The mechanical complexity of the insect flight mechanism can be overlooked
when reviewing the design principles on a higher level. A number of lessons can
be learned from insects and, consequently, be used in the design and analysis of
flapping-wing MAV designs. Looking solely at the structural and dynamic aspects
of the insect thorax-wing system, it can be concluded that the resonant princi-
ples employed by insects to obtain large wing sweeping angles can be given an
interpretation within the flapping-wing MAV setting.

The benefits of implementing resonance to achieve the wing sweeping motion
can be summarized in the following aspects which, in essence, constitute the
design guidelines for the flapping-wing MAV wing actuation mechanism currently
under design:

• The exploitation of resonance allows for a reduced energy signature for the
wing sweeping motion. This reduction is realized by the fact that the mech-
anism is designed such that the sweeping motion is coupled to an energy
storage structure. Thus, the wings are decelerated by storing energy in the
structure which is retrieved to accelerate the wings leading to a harmonic
wing sweeping motion. A minimum in energy expenditure can be found
when the driving frequency is close- or equal to the resonant frequency of
the structure.

• The subject of amplitude amplification is highly coupled to the first aspect.
It should be noted, however, that the current view on amplitude amplifica-
tion is seated on the assumption the wing actuation mechanism is compliant
in origin and is not kinematically restricted to a certain wing sweeping mo-
tion. Amplitude amplification can be exploited to increase the stroke angle
of the wing sweeping motion, this increase allows for generation of larger
aerodynamic forces and thereby increases useful lift production.

• A less powerful actuator is required to achieve a certain wing sweeping
amplitude when resonance is exploited, as compared to a system which does
not exhibit resonant properties. This implies reduced actuator requirements
which can be directly translated into an actuator of smaller mass. When
looking at the overall requirements for the wing actuation mechanism a
smaller mass means higher chances of lift-off or increased payload capacity.

These three points constitute the intention to base the current wing actuation
mechanism design around the exploitation of resonant principles. The choice of
implementation has to conform to the requirements of simplicity that span all
aspects of the design.

The implementation of resonance does limit the design in certain aspects. The
first of which is the wing driving frequency. Depending on the quality factor of the
resonant system a change in drive frequency will have detrimental effects on the
wing sweeping amplitude. Therefore, this change limits control options. Other
methods which rely on influencing the resonant state are available for control
purposes.
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8.1.2 Compliant wing actuation

The implementation of resonant principles can be accomplished in a plethora of
different manners. Perhaps the most obvious candidate for implementing these
principles are compliant structures. Compliant structures, either in the form of
compliant mechanisms or fully compliant structures, lend themselves in a natural
way for the incorporation of resonant principles. The use of compliant structures
implies a move away from standard flapping-wing MAV manufacturing techniques
and requires a search for other techniques which can be found in other research
areas.

While the exploitation of resonance comes in a natural way when employing
compliant structures, another equally important factor exists. While the current
design has dimensions which are easily reachable using current manufacturing
principles, future developments will point towards the direction of miniaturiza-
tion. It is this factor that makes developing expertise on the use of compliant
structures for wing actuation mechanisms a viable direction, since compliant
structures are far better suited for realizing mechanisms at a very small scale.

Both compliant mechanism- and compliant structure based wing actuation
mechanisms have been proposed in Chapter 4. The intention of both these designs
is to make certain that the first eigenmode of the structure coincides with the wing
sweeping motion. Within the current design setting, compliant mechanisms based
structures are more promising. The fully compliant structures introduce large
difficulties when imposing design requirements on the wing sweeping amplitude.

The choice to base the design on a compliant mechanism introduces, implicitly,
the choice for a linear actuator technology, which is inherently more suited to
drive a resonant compliant structure. While the focus in this work is not on
actuator selection and development, general requirements are imposed by the
framework of low mass and simplicity. Many linear actuator technologies exist
today. However, those immediately suited to apply in the current setting will
have to be developed.

8.1.3 Ring-based compliant structures

The developments of the resonant compliant wing actuation mechanism require
the selection of two structural components as presented in Chapter 4. The first
is the structure used for storage of potential energy. This structure can be seen
as the heart of the structure. The second component is the compliant mechanism
which is used to transform and amplify the deformation of the elastic storage unit
into the large sweeping motion at the wing root. The integration of these two
parts is in essence the equivalent of the flapping-wing MAV thorax. It should be
noted here that the sought after insect wing kinematics are split into the sweep-
ing motion and pitching motion, in the current developments this division lies
between the thorax structure and the wing. The thorax therefore provides only
the sweeping motion.
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The selection of an elastic storage unit is based on the exclusion and selec-
tion of the deformation mode. Bending has been found to be most suited for
this setting due to the lower loads involved. Besides elastic storage levels an-
other requirement is present. Namely, the requirement to be self contained. This
implies that the elastic storage unit should not rely on external means of stabi-
lization and support but instead provide these intrinsically. A ring-type structure
has been found to meet these requirements. The ring essentially functions as a
self-stabilized equivalent of a coil spring. Ring sizing has been performed based
on material selection, required amount of elastic storage and selected operating
range.

The deflections associated with the chosen ring-type structure are small and
translational. A compliant mechanism is presented which transforms and ampli-
fies this motion into the wing sweeping motion. The restriction to only the wing
sweeping motion allowed for the use of a planar four-bar mechanism. The re-
quired amplification factor is determined by kinematic analysis of the structure
and requirements imposed on input and output. In the realization phase the
mechanisms are built using materials that are selected based on performance in
this low mass setting.

Chapter 5 presents the analysis of the combination and the specification of var-
ious two- and four-winged designs. These designs have been realized and tested,
the measured performance closely matches predicted behavior. Two series of pro-
totypes are presented: the first is to test predictive qualities of the chosen analysis
techniques and evaluate possibilities of the compliant mechanism–ring combina-
tion. The second series is geared towards more detailed design and focus is on
rigorous materials selection. The structures show that sufficient wing sweeping
amplitude and flapping frequency can be obtained using the current combination
of ring and compliant mechanism.

Four-winged structures are most promising since they allow for beneficial po-
sitioning of the center of mass. The current realization and actuator techniques
restrict the possible mechanism design to Concept 2 which is the combination of
a ring-type structure with two compliant mechanisms driving four wings. In the
current realization the mechanism has one degree of freedom.

8.1.4 Passive wing pitching

Chapter 6 demonstrates the design and analysis of the wings. The decoupling of
the wing sweeping and pitching motion requires provisions to obtain the latter
in the wing. Based on the analysis of insect-wing motion presented in literature,
the choice has been made to strive for passive wing pitching motion. The wing
pitching motion of insects is passive in origin and therefore allows for further mass
reduction of the wing actuation mechanism by removing the need for pitching
actuators.

The wings are based on the modification of an existing design. The modi-
fication encompasses the addition of an elastic element in the wing root which
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constitutes a compliant hinge for the wing pitching motion. The tuning of this
elastic element requires the selection of a suitable aerodynamical and mechanical
modeling strategy. The mechanical model is straightforward while the selection
of the aerodynamical model is more involved. Based on the qualitative compar-
ison of various models the selection has been made to use a quasi-steady model
with empirical corrections.

A tuning procedure has been proposed to fit the dynamic response of the
model to a prescribed reference motion obtained from the design and analysis
of the wing actuation mechanism. The results show that a simple linear spring
can be used to accurately represent the intended pitching motion. The realization
and testing of the wings is done separate from the wing actuation mechanism. It
has been shown that the current passively pitching wing design can be made to
accurately reproduce a reference pitching motion.

The modeling assumptions have been based on a rigid wing. Experiments
have shown that, although small compared to total pitching motion, membrane
deformations are present and have currently not been modeled. The influence of
these deformations is beneficial since they increase effective pitching towards the
wing tip.

8.1.5 Overall conclusion

The research presented in this thesis illustrates the possibilities of introducing
lessons learned from studying insects to design and realization of wing actuation
mechanisms for flapping-wing MAVs. The chapters present design and analysis
of various parts required for the realization of the total structure. Modeling tech-
niques chosen to analyze the design choices have been kept simple intentionally
to allow for fast analysis and reanalysis after design changes. This aim for sim-
plicity resounds throughout this thesis.

The culmination of the design is found in Chapter 7 in which all the con-
stituents are combined to from the prototype structure, the ring-based structure
as proposed in Chapter 4 and analyzed in Chapter 5 and the wings analyzed in
Chapter 6. The resulting prototype structure produces significant lift when driven
in the resonant state, while showing significant wing sweeping and kinematically
correct pitching motion. While the lift produced is significantly larger than the
mass of the structure, the heavy actuator prevents lift-off.

The exploitation of resonance in no way restricts the envelope of possible wing
motions. In fact the chosen design allows for large possible range of flapping
frequencies and wing sweeping motions. It is expected that future developments
wining the Atalanta program can make valuable use of the developments within
this thesis.
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8.2 Recommendations

Although this thesis is aimed at the mechanical development of an insect-inspired
wing actuation mechanism, there are still numerous topics that could be ex-
plored. The developments in the subjects required to fulfill the main objective
have brought forward many options for improvements. These options for im-
provement are presented here. Besides the topics directly related to the devel-
opments in this thesis, the Atalanta project is aimed at the development of the
total autonomous flying platform. Looking from the mechanical developments
presented here a number of suggestions can be done for fields which are not di-
rectly included but closely related. These suggestions are also included in this
section.

8.2.1 Wings

The currently developed wings have proven to be very promising. The current
wings, while easy to manufacture, still have a large potential for improving per-
formance. When looking for even higher performance a more complex wing de-
sign has to be used. Various options have been reviewed in Section 3.2.13 and
these are guiding in exploring the expanded design space. Perhaps and even more
important step in the design and optimization of new wings is the selection of an
accurate but fast and elegant method for analysis and tuning. The selection of the
analysis method will have to be based on the possibility to include a tunable me-
chanical model as well as an accurate aerodynamical model. New selection pro-
cess has to be done because new wing designs require more detailed knowledge
on localized aerodynamical loading conditions and the corresponding mechanical
response. The aim should be to find a wing structure that is able to facilitate the
passive wing pitching motion as well as an increasing twist in spanwise direction.

8.2.2 Actuators

The currently used actuator is of the COTS type, while very powerful and there-
fore feasible for the current setting, future developments require another actuator
technology. The search for a weight optimized actuator should include a thorough
review of actuator technologies. This review should not share the current limi-
tation to electric actuation technologies but should be extended to include all
types. Especially actuators based on the combination of chemical energy includ-
ing a thermal cycle seem particularly promising in this setting of resonant motion.

When restricted to the electrical actuators a huge step can be made. The
flapping-wing MAV setting is inherently of low accuracy when compared to set-
tings for which actuators are commonly developed. This focus on accuracy has
led to actuators which usually have a very low power density. When focusing on
electromagnetic actuators large improvements can be expected when the design
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of the actuator is optimized for power density. This implicitly assumes develop-
ments for a flapping-wing MAV of similar dimensions. When looking at decreasing
scales piezo actuators seem more promising despite the high voltage drawback.

8.2.3 Integration

The current state of integration could be improved. The exploratory nature of
this thesis has favored manufacturing solutions based on off-the-shelf materials.
In order to perform a weight optimization of the structure, various individual
components could be integrated into fewer components. Besides a possible re-
duction in vehicle weight the assembly process is simplified by a reduction of part
numbers. When continuing the current exploratory setting, rapid prototyping
techniques could be used to simplify the design and realization cycle.

In the current flapping wing prototype, the actuator is not highly integrated
with the structure. In future developments the co-design of the resonant structure
and actuator may lead to concepts in which the actuator is heavily integrated in
both the structural as well as the control aspects of the wing actuation mechanism.
An example of total integration would be to make the rings of an active material.

8.2.4 Control

Various options for control have been mentioned throughout this thesis. The cur-
rent resonant setting can be exploited to explore methods for control. Many of
these options have been mentioned in Section 3.4 and the proposed options can
be explored. For this setting an extension of the concepts to four-winged applica-
tions will have to be made. The actuator requirements necessary to facilitate the
exploitation of resonant modes for control have to be included in the design and
development of the actuator.

Other control options have been proposed for integration in the wings. These
options suggest including valves in the wing to influence the local aerodynamic
loading condition. Making the wing permeable inherently reduces aerodynamic
efficiency. Another option would be to include mechanisms to locally influence
the stiffness of the wing membrane. Due to the fluid–structure coupling this could
be an elegant method for obtaining control moments.

8.2.5 High level control

While control systems in insects are very complex valuable lessons can be learned
from their functioning. Stabilization control in, for example, Diptera is based on
a local control loop coupling the halteres and the wings. In flapping-wing MAVs,
flapping and non flapping, however, this simplicity is usually not present. MAVs
usually carry large amounts of CPU power which imply a large burden on the
available energy. Large improvements can be made, from an energy perspective,
when stabilization methods are inspired by the methods used by insects.
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Samenvatting

Vleugelactuatie gebaseerd op resonerende compliante mecha-
nismen
Een op insecten geïnspireerd ontwerp

Dit proefschrift beschrijft het ontwerp en de analyse van het vleugelactuatiemech-
anisme voor een op insecten geïnspireerd micro vliegtuig met flappende vleugels.
In de natuur behoren insecten tot de meest capabele vliegers en daardoor vor-
men zij een grote bron van inspiratie. De menselijke inspanning om flappende
vliegtuigen op insectenschaal te realiseren heeft de laatste jaren een grote ont-
wikkeling doorgemaakt. De focus van dit proefschrift ligt op het toepassen van
resonante principes voor het verkrijgen van insect-achtige vleugelbewegingspa-
tronen. Het vleugel–thorax systeem van insecten is in feite een resonant systeem.
Insecten gebruiken de resonante aspecten van dit systeem voor het verminderen
van de energie die nodig is voor het in stand houden van de vleugelbeweging
evenals voor het vergroten van de vleugelslag door resonante amplificatie. De
toepassing van resonante principes in micro flappendevleugelvliegtuigen is be-
doeld om de zelfde aspecten uit te buiten. De vleugelbeweging van insecten
kan in twee delen worden opgedeeld, het eerste deel is de flap beweging, het
tweede deel is de vleugelrotatie. Het onderzoek in dit proefschrift ingedeeld vol-
gens dezelfde lijn. Het vleugelactuatiemechanisme, dat de flap beweging in stand
houdt, wordt parallel ontwikkeld aan de vleugels, die zorgen voor de vleugelro-
tatiebeweging.

Voor het uitbuiten van resonantie is het invoegen van een elastisch element
in het vleugelactuatiemechanisme ontwerp noodzakelijk. Verschillende mogeli-
jkheden worden bekeken en een optie gebaseerd op het toepassen van buiging
is gekozen. De gekozen elastische structuur is de ring. Het toepassen van een
ring geeft veel mogelijkheden voor het plaatsen van de actuator en de vleugels.
De vleugels worden aan de ring gekoppeld doormiddel van een compliant am-
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plificatie mechanisme welke de inherent lineaire beweging van de ring omzet en
versterkt tot de grote rotatie die de vleugel flap vormt. De ontwikkeling van de
structuren volgt een tweeledige aanpak. De eerste stap is de selectie van vier
prototypes waarmee de functionaliteit van op ringen gebaseerde structuren en de
analyse daarvan beoordeeld wordt. Deze analyse wordt gedaan doormiddel van
meerdere-lichaam dynamica en eindige elementen. De tweede set prototypes is
gericht op het verkrijgen van een ontwerp met een hoger detailleringniveau dat
gericht is op de uiteindelijke toepassing. Hierbij wordt veel aandacht gegeven
aan het verkrijgen van een ontwerp met een laag gewicht. Na het bepalen van de
initiële afmetingen worden deze prototypes geanalyseerd doormiddel van eindige
elementen (Eigenwaarde en transiënt analyse). Gebaseerd op deze analyses wor-
den de structuren gemaakt en getest. De structuren zijn in staat om een vleugel-
slag met grote amplitude te bereiken in een resonante toestand.

Het gekozen analyse pad maakt het mogelijk om de vleugels onafhankelijk te
ontwerpen en te analyseren. In insecten is de vleugelrotatie en de timing daarvan
van groot belang voor het verkrijgen van efficiënte liftproductie. De vleugelro-
tatie in insecten is overwegend van passief. Een technisch alternatief vereist de
implementatie van een elastische structuur in de basis van de vleugel. Dit elastis-
che element is in het huidige vleugelontwerp toegepast als modificatie van een
bestaand ontwerp. De stijfheid van het elastische element is bepaald door een
gekoppeld meerdere lichamen dynamisch en aerodynamische model. De refer-
entie die is gebruikt voor de vleugelbeweging is de versimpelde versie van de
vleugelbeweging van de pijlstaartvlinder. De vleugels zijn gerealiseerd en experi-
menteel getest om hun prestaties te vergelijken met de analyse.

De op een ring gebaseerde structuur wordt gecombineerd met de vleugels
om experimenteel de prestaties van de samengestelde structuur te testen. Een
experimentele opstelling is gebouwd om de liftproductie te kwantificeren. In de
opstelling is het prototype opgehangen aan een flexibele balk, waarna veranderin-
gen in uitwijking direct gerelateerd kunnen worden aan lift productie. Er is sig-
nificante liftproductie, in de orde van grootte van het gewicht van de structuur
zonder de actuator. De kinematische patronen zoals gemaakt tijdens resonante
excitatie, laten correcte vleugelrotatie timing zien.

De huidige ontwikkelingen hebben geleid tot groter inzicht in de mogelijkhe-
den van het uitbuiten van resonantie voor vleugelactuatie evenals inzicht in het
toepassen van op ringen gebaseerde structuren. Verdere ontwikkelingen liggen
in de selectie en toepassing van nieuwe actuator technologieën en het inbouwen
van mogelijkheden voor besturing.

Caspar Bolsman
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