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Chapter I

General Introduction

General introduction

THE FLAPPING FLIGHT OF BIRDS...

This thesis is about the flapping flight of birds. Bird flight has many impressive
characteristics that will be presented in the next paragraphs, and to date, flapping
flight is not fully understood. A more detailed understanding of the aerodynamic
principles will allow for developing and enhancing technological applications
that are likely to play an important role in the near future. The aim of this thesis
is to contribute to both the understanding of flapping flight and to promote the
implementation of flapping flight in technological applications.
Active flight – which uses one or multiple pairs of wings that are actively
moved to stay airborne (Azuma, 2007) – is among the most expensive forms
of locomotion in terms of energy expenditure per unit time (Blem, 2000). In
contrast, the cost of transport (COT), defined as the energetic cost of transporting
a unit of weight for a unit of distance, can be less for flying animals than for a
walker or runner of the same size (Tucker, 1970, see Figure 1.1). Flying is an
effective form of locomotion when range is important. Migrating birds give an
exceptionally impressive example of the performance of active aerial locomotion.
For instance, an individual bird of the Alpine swift was recently shown to stay
airborne continuously over a period of 6 months while migrating, roosting and
foraging (Liechti et al., 2013).
Birds, but also the other active flyers bats and insects, are capable of performing
amazing manoeuvres in slow and high-speed flight with a precision that is almost
beyond belief for us humans. It is likely that control and feedback systems play an
important role for these capabilities. These sophisticated control loops however
need powerful effectors (the wings) to enable such impressive flight characteristics
and abrupt manoeuvres: During manoeuvring and slow speed flapping flight,
very high aerodynamic forces need to be generated (Ellington, 1984a; Lentink
& Dickinson, 2009). The forces are proportional to area, force coefficients and
velocity squared. Wing area as well as flapping frequency are limited in birds and
the flight velocity is low, so the wings must benefit from high force coefficients
(Ellington, 1984a; Lentink & Dickinson, 2009). To enhance these coefficients
during slow speed flight and manoeuvring, a number of special adaptations is
required. Several of these adaptations have been found in insect flight already.
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Fig. 1.1: Minimum cost of transport (COT) for various objects. Flight potentially has
a lower COT than other forms of locomotion at the same bodyweight. Redrawn from
Tucker (1970).

The knowledge on insect aerodynamics has advanced enormously in the past
decades, and ’a whole new class of fluid dynamic uses’ (Somps & Luttges, 1985)
has been discovered. This advantage over the knowledge about bird and bat flight
is likely explained by the fact that many flight experiments can be done more
comfortably with invertebrates.
Unlike steadily translating wings, the effective angle of attack of a flapping
wing is a function of span and time (see Figure 1.2). The aerodynamics is called
unsteady if the flow additionally depends on the time history of the wing’s motion
– hence it cannot be modelled by ’a succession of static conditions’ (Ellington,
1984a). Several non-dimensional parameters can be employed for describing the
degree of unsteadiness. The most widely accepted parameters are the Strouhal
number (St = fA/Uf , where f = flapping frequency, A = peak-to-peak amplitude
of the wing tip, and Uf = flight velocity), the reduced frequency (k = 2πfc/Uf ,
f
where c = chord length) and the advance ratio (J = 2U
fA ). These parameters are
both a measure for the dynamic similarity of unsteady flow phenomena and for
the propulsive efficiency of flapping wing flight (Shyy et al., 2008). In flapping
wings with a constant A and c, the reduced frequency k is proportional to the
6
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Fig. 1.2: Velocities on a flapping wing in forward flight during downstroke. A: Velocities (blue arrows) and forces (green arrows) during the downstroke close to the
wing base. B: More towards the wing tip (at the same geometric angle of attack), the
flapping velocity and the resulting angle of attack increase, the aerodynamic force
is tilted forward.

Strouhal number St and inversely proportional to the advance ratio J (Hu et al.,
2010). When St and k increase, respectively J decreases, the influence of unsteady
aerodynamics becomes more important (Ellington, 1984a; Spedding, 1993). The
shift between steady and unsteady aerodynamics is a continuous process, but
when k > 0.3, unsteady effects are very likely to contribute substantially to the
aerodynamic force (Spedding, 1993).
Four prominent unsteady effects have been discovered in insect flight: The
clap and fling (Weis-Fogh, 1973) or clap and peel (Ellington, 1984b) mechanism
consists of a physical interaction of the wing pair(s) at the very beginning of the
downstroke (see Figure 1.3). The wings (almost) touch during the dorsal stroke
reversal; subsequently the leading-edges of the wing initiate the downstroke,
while the trailing edges are still in close contact to one another. Fluid is sucked
into to evolving gap as soon as the distance between the leading-edges increases.
The circulation of the wings (which is proportional to the lift force) builds up
instantly (Weis-Fogh, 1975). The mechanism was filmed on insects (Weis-Fogh,
1973, 1975) and birds (Nachtigall & Rothe, 1982) and the resulting flow pattern
7
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were visualized using robotic models (e. g. Maxworthy, 1979). The clap and fling
mechanism enhances the muscle mass-specific lift by about 25% (Marden, 1987)
and therefore enhances flight performance.

Fig. 1.3: Clap and fling mechanism. Left: The wings clap together at dorsal stroke
reversal. Middle: The leading-edges initiate the downstroke and air is sucked into
the gap. Right: Positive circulation is generated instantly. Redrawn from Weis-Fogh
(1973).

While measuring the forces generated by a tethered fruit fly, Dickinson (1994)
found clues for the existence of another unsteady aerodynamic mechanism. The
forces were not found to be maximal at mid-downstroke – as predicted by quasisteady theory because wing velocity peaks at mid-downstroke – but at the stroke
reversals when the wings are rotated along the spanwise axes. In measurements on
a scaled robotic model, Dickinson et al. (1999) confirmed these aerodynamic force
peaks at stroke reversals and attributed them to the Magnus effect – analogous
to a rotating cylinder in translational flow. This effect was termed ’rotational lift’.
Later, Walker (2002) stated that this comparison is somewhat misleading, as the
wing rotation induces a change of geometry of the incident flow which distorts
the boundary layer – very comparable to the well known effect of a pitched wing
in purely translational flow. The analogy to the Magnus effect is therefore not
necessary to explain the observed extra forces generated at stroke reversal via
wing rotation.
The lift of a flapping wing in hovering flight can be enhanced further when the
wing encounters its own wake. The flow generated by the preceding stroke can
increase the effective fluid velocity that is encountered by the wing. This enhances
the aerodynamic lift (wake capture, Dickinson, 1994; Dickinson et al., 1999).
8
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The aforementioned unsteady effects enhance the aerodynamic forces mainly
during stroke reversals. However, during the actual up- and downstroke, a leadingedge vortex (LEV) may enhance lift significantly. Such leading-edge vortices are
subject to particular attention in flapping flight research and known from aircraft
flight for quite some time: Conventional fixed wing aircraft suffer from the
loss of lift when the angle of attack increases above the stalling angle of attack.
Additionally, drag increases significantly as the flow separates from the wing
(Anderson, 2008). High angles of attack most often occur during slow flight,
e.g. at take-off and landing where the aircraft altitude is low and flow separation
respectively a loss of aerodynamic lift becomes a particularly dangerous problem.
Delaying or preventing stall in aircraft flight hence is an area of active research.
Stall can be a dynamic phenomenon. Figure 1.4 (adapted from Leishman,
2000) shows the instantaneous lift coefficient of a wing that is oscillating along
the spanwise axis. After exceeding the static stall angle of attack (1), the flow
starts to reverse in the upper boundary layer. The flow separates, beginning at the
leading-edge of the wing (2) and generating a leading-edge vortex (LEV). This
vortex subsequently grows in diameter and convects over the airfoil (3). As long as
the vortex stays over the wing, it provides additional lift. The flow then progresses
to a full leading-edge separation; lift decreases rapidly and drag increases (4). If
the angle of attack is low enough (eventually well below the static stall angle of
attack), the flow reattaches beginning at the leading-edge (5). The magnitude
of the dynamic lift coefficient in stages 2-3 might easily reach a multiple of the
maximal steady lift coefficient (e. g. Wu et al., 1991; Post, 2004). Stabilizing the
LEV in stages (2) and (3) respectively keeping it attached to wing’s surface would
provide higher force coefficients and lower the risk of an uncontrolled loss of lift.
The key to stabilizing a LEV is to limit the accumulation of vorticity to prevent
excessive vortex growth and subsequent vortex detachment (e. g. Bomphrey et al.,
2005). In fixed wing aircraft, this is achieved by including wing sweep. The
swept-back wings of delta wing aircraft generate a flow component parallel to
the leading-edge, which drains vorticity away from the LEV into the tip vortex
where it is finally shed in a controlled way (Barnard & Philpott, 1997). The flow
around the swept wing is hence highly three-dimensional, and LEVs can reliably
deliver high lift over a large range of angles of attack.
In animal flight, these robust lift enhancing flow features were first visualized
during the modelling of flapping insect wings (Maxworthy, 1979). The model was
used to analyze the ’clap and fling’ and the associated flow patterns as predicted by
9
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Fig. 1.4: The dynamic stall on a pitching airfoil. A leading-edge vortex is generated
before the flow detaches completely. See text for a description. Redrawn from
Leishman (2000).

Weis-Fogh (1975). During the fling of the wings, prominent LEVs developed. The
LEVs were connected to the tip, root and starting vortices of each wing, forming
two separate vortex rings (see Figure 1.5A). Ellington et al. (1996) and Willmott
et al. (1997) visualized leading-edge vortices on the wings of scaled robotic insects,
respectively on tethered hawkmoths using smoke rakes and stereo photography,
resulting in a clear visualization of the LEV during insect flapping flight. The
cylindrical, spiral vortex (see Figure 1.5B) grows with wing span and merges with
the tip vortex, akin to the LEVs on delta winged aircraft. Flow visualizations on a
mechanical flapping model of the hawkmoth wing revealed a strong axial flow
component (towards the wing tip) within the vortex core that was supposed to
be the main mechanism for vortex stabilization – again analogous to LEVs in
10
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delta aircraft. This spanwise flow component is assumed to be driven by pressure
gradients or centrifugal accelerations in the boundary layer (Ellington et al., 1996).
These findings were supported by a computational fluid dynamics (CFD) study
of the same setup (Liu et al., 1998). Peak axial flow was found at mid-downstroke
where the wing velocity and the pressure gradient are maximal. The prominent
role of spanwise flow in the vortex core for stabilization was however questioned in
later studies. At low Reynolds number (Re = Uc/ν, where U = local flow velocity,
c = chord length, ν = kinematic viscosity), the effect of fluid viscosity becomes
increasingly important, and the flow structure of a LEV might depend critically
on Re (Birch & Dickinson, 2001). At the very low Re of fruit flies, experiments
with robotic wings did not find a significant spanwise flow component in the
vortex core. Spanwise flow could only be detected behind the LEV on top of the
wing (see Figure 1.5C). And even the inhibition of potential spanwise flow using
wing fences did not remarkably alter the flow pattern. Birch & Dickinson (2001)
assume that the downward flow induced by tip vortices is responsible for LEV
stabilization. Such a downward flow (downwash) changes the direction of the
oncoming flow and reduces the effective angle of attack of the wing. The influence
of downwash is particularly significant on low aspect ratio wings during hovering
(Birch & Dickinson, 2001). Axial flow was also absent in the leading-edge vortices
of butterflies (Srygley & Thomas, 2002, see Figure 1.5D). Bomphrey et al. (2005)
again analyzed the flow around a tethered hawkmoth and did – unlike Ellington
et al. (1996) – not find an important spanwise flow component. Here, the LEV was
found to extend across the thorax with a cylindrical shape of relatively constant
diameter (see Figure 1.5E).
Experiments with revolving wing models have shown that stable leadingedge vortices also develop on steadily revolving wings (Usherwood & Ellington,
2002a,b, see Figure 1.6). They could therefore represent a ’steady unsteady aerodynamic phenomenon’ (Lehmann, 2004). Further support comes from Dickson
& Dickinson (2004): The maximum lift coefficient of a flapping or rotating wing
depends on the spanwise velocity profile that is experienced by the wing. Large
gradients – created either by a steadily revolving or by an ’unsteadily’ flapping
wing – enable the development of stable LEVs which increase the aerodynamic
force. In this perspective, unsteady aerodynamic mechanisms might not be required for the explanation of the force balance in hovering insects as long as
appropriate force coefficients are included in the calculations (Dickson & Dickinson, 2004). Most likely, the stability of leading-edge vortices on flapping wings
11
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Fig. 1.5: Leading-edge vortices on flapping wings. Different shapes have been found
on the wings of insects, sometimes with a significant spanwise flow component (red
arrows, see text for a description). Reproduced with permission from the Journal of
Experimental Biology (JEB, Bomphrey et al., 2005).

is the result of a combination of steady and unsteady contributions: A certain
amount of vorticity in the LEV can be compensated by the steady mechanism
of draining vorticity into the tip vortex. An additional amount of acceptable
vorticity accumulation is enabled by the unsteady motion of flapping wings: If the
time span of a wing beat is short enough, then the wing beat might end before too
much vorticity accumulated (Wang et al., 2004; Bomphrey et al., 2005). Hence,
stable and force enhancing LEVs might be enabled by both steady and unsteady
aerodynamic mechanisms.
The decision whether to call the phenomenon steady or unsteady could therefore be made depending on whether the vortex develops on a steadily rotating
wing, or during the unsteady motion of a flapping wing.
Until recently, the unsteady aerodynamic mechanisms described above were
thought to be limited to the very low Reynolds number flapping flight of insects.
Here, the flow is laminar due to the relatively greater importance of viscous forces.
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Fig. 1.6: Flow visualization of a steadily revolving wing at Re = 8071. White arrows
mark the spots where smoke is released from the wing. A: At very low angles of
attack, the flow stays fully attached to the wing. B: At higher angles of attack a stable
leading-edge vortex with axial flow is generated. Reproduced with permission from
the JEB (Usherwood & Ellington, 2002a).

Larger scale flapping wing flyers such as birds and bats were supposed to not
being able to benefit from the enhanced forces of leading-edge vortices. The
onset of turbulence on high Re wings was assumed to destroy the coherence of
LEVs and any potential benefit (Ellington, 2006). Additionally, the aerodynamic
mechanisms responsible for the generation of lift in the flapping flight of birds
have been assumed to be strictly quasi-steady in the past. The aerodynamics
of flapping bird flight were often compared to the aerodynamics of propellers
(e. g. McGahan, 1973; Norberg, 1990; Azuma, 2007). Videler et al. (2004) have
shown that this is not necessarily true and that leading-edge vortices in nature
are actually not limited to insect flight. Stable LEVs developed on the model of a
swift wing in gliding flight (see Figure 1.7). Later, Videler (2005) speculated that
they might also play an important role during flapping flight in birds (see Figure
1.8). An analysis of the wake of a hovering hummingbird further supported these
findings. Traces of previously shed LEVs were visualized in the flow field (Warrick
et al., 2005). However, the flight style and the Reynolds number of hummingbirds
is much more comparable to the flight of insects than to the flight of ’conventional’
birds (Warrick et al., 2005).
Further studies with a robotic wing mimicking the flapping flight of swiftlets
have analyzed the three-dimensional flow patterns and found that stable leadingedge vortices develop on the wing (Ros, 2007; Thielicke, 2007, see Figure 1.9
and 1.10). The ultimate proof for the existence of LEVs in vertebrate flight – the
visualization of leading-edge vortices directly on the wings of a freely flying bird
13
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Fig. 1.7: Leading-edge vortices
on a gliding swift. The flow
separation starts at the wrists,
where the leading-edge of the
wing begins to be very sharp. Reproduced with permission from
The American Association for the
Advancement of Science (AAAS,
Videler et al., 2004).

Fig. 1.8: Previous studies speculated that leading-edge vortices (drawn in yellow)
in nature’s flapping wing flyers might not be limited to insects only.

Top

Front

Perspective

Fig. 1.9: Leading-edge vortices on a flapping swiftlet model wing at mid-downstroke
(Re ≈ 8, 000). Top, front and perspective view on the wing (orange, dashed). Vortices
are represented by isosurfaces of the vorticity magnitude with two thresholds (red
and purple, Thielicke, 2007).
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Fig. 1.10: Hypothetical wake of a swiftlet in slow-speed flapping flight, based on
the 3D flow measurements in Thielicke (2007). The individual vortex rings (orange
= generated during upstroke; blue = generated during downstroke) consist of root
and tip vortices, starting and stopping vortices.

or bat – was however still missing. Most flow analyses of freely flying vertebrates
concentrated on the wake that is left behind (e. g. Kokshaysky, 1979; Spedding
et al., 1984; Rosén et al., 2004; Warrick et al., 2005; Wolf et al., 2013). These
analyses give valuable information about the footprint of the fluid interaction, but
provide little knowledge about the interaction itself and the involved aerodynamic
mechanisms. The flow visualization around the wings of a slowly flying small
bat was the first to prove the existence of LEVs in vertebrate flight. The average
lift during downstroke was increased by 40%, and the lift coefficient was found
to be much larger than the maximum in steady translation (Muijres et al., 2008,
see Figure 1.11). Experiments with a robotic goose have furthermore supported
the idea of lift enhancement via LEVs in bird flight (Hubel & Tropea, 2010, see
Figure 1.12). Only very recently, the first flow visualizations on the wings of birds
15
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Fig. 1.11: Leading-edge vortex on the wing of a small bat (Glossophaga soricina,
wing span = 0.24 m, weight = 0.01 kg) in slow flight at mid-downstroke. The
average flow velocity (0.1 m/s) was subtracted. A-D show cross sections normal to
the spanwise axis at different spanwise positions with velocity vectors (A-C) and
streamlines (D). The vorticity (shown in the background) peaks on top of the wing
close to the leading-edge, indicating the development of a leading-edge vortex.
Reproduced with permission from the AAAS (Muijres et al., 2008).

were performed: On the wings of slow flying passerines, a prominent leadingedge vortex was found during downstroke (Muijres et al., 2012c, see Figure 1.13).
The LEV enhances the average lift during downstroke by 49%, interestingly, the
diameter of the vortex decreases towards the wing tip, which differs from previous
results on the shape of LEVs. It might be wing twist that reduces the effective angle
of attack towards the wing tip, and therefore the diameter of the LEV (Muijres
et al., 2012c). Additional analyses of the flow around the wings of passerine birds
give further support for the importance of LEVs in the flapping flight of birds
(Chang et al., 2013).
However, some fundamental questions still remain unanswered. The wings
of birds are complex, airfoils and wing planform vary greatly with wing span –
and with species (e. g. Bilo, 1972; Withers, 1981; Liu et al., 2004). It is likely that
bird wings are optimized for a multitude of aerodynamic and non-aerodynamic
demands. It remains however unknown if and how wing design parameters
influence the development of unsteady flow phenomena, e.g. whether there are
parameters that inhibit or facilitate the development of leading-edge vortices in
flapping flight.
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Fig. 1.12: Leading-edge vortices on the wings of a robotic goose. 3D drawing, based
on 2D flow measurements normal to the spanwise axis. The LEV (orange) develops
during the downstroke, the diameter increases towards the wing tip. Dashed lines
indicate extrapolated approximations of the LEV shape. A: Flapping frequency (f) =
1.98 Hz, Uf = 3 m/s. B: f = 1.98 Hz, Uf = 6 m/s. Flow data from Hubel (2006).
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Fig. 1.13: Leading-edge vortices on the wings of a slow-flying pied flycatcher
(Ficedula hypoleuca, wing span = 0.235 m, weight = 0.015 kg). Left: Particle image
velocimetry analysis (perpendicular to the spanwise axis) of the flow field during
downstroke. A leading-edge vortex appears on top of the wing (vorticity shown in
colour). Right: Schematic drawing, showing the reconstructed vortex system that
develops during the downstroke. Reproduced with permission from Biology Letters
(Muijres et al., 2012c).
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Fig. 1.14: Prospective flapping wing micro air vehicle (MAV) for exploration missions.

In the flapping flight of insects or ’insect-like flyers’ (hummingbirds), some aspects of wing geometry have been analyzed (Dickinson & Gotz, 1993; Usherwood
& Ellington, 2002a; Altshuler et al., 2004). A number of parameters significantly
influenced the forces generated by flapping or translating wings at low Re. It is
however not known in detail how the observed force differences are caused, and
if the findings from insect (-like) flight can be transferred to the flight of birds at
higher Re, whereas it is known from steady-state aerodynamics that the influence
of airfoil shape varies largely with Re (e. g. Okamoto et al., 1996; Shyy et al., 2008).
As previous studies focussed on force measurements only, it is necessary to analyze the effect of wing design parameters on the flow patterns of flapping wings
at bird-scale. Such a detailed knowledge will contribute to understand bird flight
and the vast diversity of wing shapes found in nature’s flapping wing flyers. The
knowledge can be transferred to technological applications – improving existing
technologies or even finding new areas of application (see Figure 1.14).
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... ANALYSIS AND APPLICATION

This thesis is organized in eight chapters. The first half of the thesis analyses the
flow field of several flapping, bird wing like models in order to understand the
impact of important wing design parameters. In the second half, the potential
advantages, as well as the implementation of flapping wings as propulsion system
in small unmanned aircraft are presented.
After the general introduction to flapping wing aerodynamics in Chapter I
(this chapter), the following questions will be addressed:
Chapter II: Digital particle image velocimetry

Q:

How can flow fields be captured and how accurate are these
measurements?

Flow fields need to be captured with high accuracy to gain insight into the complex
flow structures in the vicinity of flapping wings. Digital particle image velocimetry (DPIV) is a non-intrusive measurement technique that is very adequate for
mapping flows quantitatively. A custom tool for flow visualization (PIVlab) is
developed during the research described in this thesis. This tool is becoming
increasingly popular for scientific analyses of particle movements. The software
is tailored to the challenges that arise from highly three-dimensional (3D) flows.
Chapter II first gives an overview about the principles and challenges of DPIV.
The quality of the flow measurements is affected by computational details such as
image pre-conditioning, subpixel peak estimators, data validation, interpolation
and smoothing algorithms. The influence of important image properties is assessed by using synthetic particle images with precisely defined properties. The
results allow to evaluate the quality of DPIV measurements and to optimize the
setup of current and future experiments.
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Chapter III: The influence of wing morphology on the 3D flow pattern of a
flapping wing at bird scale

Q:

Which aerodynamic mechanisms generate lift in the slow speed
flapping flight of birds, and how do airfoil design parameters influence these mechanisms?

In the slow-speed flapping flight of birds, the wings experience high angles of
attack that are related to the ratio of flapping velocity and flight velocity. It is
expected that the importance of unsteady aerodynamics increases as this ratio increases. The contribution of steady and unsteady aerodynamic mechanisms to lift
is determined by analysing the strength of leading-edge vortices – if present. The
measurements are performed by analysing the three-dimensional, time resolved
flow field around several types of flapping wings in slow-speed flight. The wings
are modelled after a freely gliding pigeon, and simplified kinematics mimicking
the slow-speed flight of birds are applied. Several airfoil parameters are varied
and the effect on the 3D flow field in the direct vicinity of the wing is determined.
By comparing the flow fields of flapping wings with different airfoil geometries, it
is possible to identify the influence of design parameters on steady and unsteady
aerodynamic mechanisms. The results contribute to the understanding of flapping flight aerodynamics in general, and to the comprehension and anticipation
of the flow patterns of slow-speed flapping flight in birds in specific.
Chapter IV: The effects of wing twist in slow-speed flapping flight of birds:
Trading brute force against efficiency

Q:

Do the flapping wings of birds have to be twisted? Is energetic efficiency in conflict with the ability to generate large forces?

Wing twist along the spanwise axis can often be observed in insects, birds and
bats. However, it is does not seem to be the general rule. Wing twist was –
and still often is – assumed to be essential in flapping flight, especially in bird
flight. However, twist could just be an inevitable consequence of inertial and
aerodynamic loads during flapping. Experiments with flapping wings at very low
Re did not identify any aerodynamic advantage of wing twist. The unimportance
of wing twist was attributed to the prominent role of unsteady aerodynamics. Now
that the importance of unsteady aerodynamics in bird flight becomes more clear,
it is important to verify the role of wing twist in the flapping flight in birds. The
20
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analyses are performed with flapping wing models that are designed with different
amounts of spanwise twist. Aerodynamic forces and flow patterns are derived
from three-dimensional measurements of the fluid velocities. The results give
new ideas about the relevance of wing twist and its aerodynamic consequences
in the flapping flight of birds. Existing assumptions on the inevitable necessity of
twist need to be reconsidered.
Chapter V: Micro air vehicles – Linking aerodynamics with application

Q:

What are the benefits of flapping-wing locomotion and how can
this knowledge be applied?

The understanding of the aerodynamic phenomena in slow-speed flapping flight
in birds can be used to enhance existing technologies, or even to find new areas
of technological applications. Chapter V reviews advantages and drawbacks of
different concepts of micro air vehicles (MAVs). The chapter gives an overview
on the currently existing technologies – including the author’s award-winning
conventional MAVs. Rotary and fixed wing aircraft, hybrid MAVs and flapping
wing devices have very different characteristics. The mission profile respectively
the required tasks determine the suitability of a MAV concept. Flapping wing
devices offer a range of highly promising capabilities but still have higher demands
on the actuators and on the energy density of batteries.
Chapter VI: Reliable force predictions for a flapping-wing micro air vehicle:
A ’vortex-lift’ approach

Q:

Can the forces of a flapping-wing MAV in slow flight be reasonably
modelled by taking into account the extra forces enabled by LEVs?

The aerodynamic forces of a custom flapping wing MAV are modelled using a
blade element analysis. The input variables for this kind of analysis are lift and
drag coefficients, which are typically derived from steady-state wind tunnel measurements. As the wings of the MAV are operated with high flapping frequencies
in slow speed flight and as they were designed to twist only marginally during the
flapping cycle, the presence of lift-enhancing leading-edge vortices is very likely.
In delta-winged aircraft, the extra forces enabled by stably attached leading-edge
vortices can be modelled reasonably well. Using a blade-element analysis, it was
tested whether such a delta-wing theory can also be applied to flapping flight
21
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situations. The quality of the analysis is assessed by comparing the results to force
measurements directly at the MAV.
Chapter VII: Using bird flight modes to enhance overall flapping wing micro
air vehicle performance

Q:

What advantages result from applying the flight modes of birds to
MAVs?

Birds combine the advantages of both steady-state aerodynamics and unsteady
aerodynamic mechanisms. This combination results in an excellent aerodynamic
efficiency in gliding respectively cruising flight, and increased manoeuvrability
and slow flight capabilities. Incorporating such properties in MAVs is highly
desirable. A flapping wing MAV prototype that benefits from the large and reliable
forces enabled via LEVs in slow-speed flight mode is presented in this chapter.
In gliding flight mode, the MAV benefits from the efficiency of conventional
attached flow aerodynamics. The experiments show that flapping wing devices
have more aerodynamic possibilities to generate aerodynamic forces than rotary
or fixed wing aircraft. The implementation of different flight modes can therefore
greatly enhance the suitability of MAVs for the completion of complex missions.
Chapter VIII: Summary and conclusions.
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