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ABSTRACT

The flight system of the fly is remarkable. A fly can execute an escape maneuver in
milliseconds, compensate for wing damage when half of the wing is missing, fly in
turbulent conditions, and migrate over large distances. While there are many factors
that contribute to the robustness and versatility of insect flight, it is the mechanical
encoding of wing motion in the wing hinge that allows flies to rapidly and accurately
change wing motion over a large dynamic range. The wing hinge consists of several
hardened skeletal elements, named sclerites, and a set of twelve steering muscles are
attached to some of these components within the exoskeleton. Due to the anatomical
complexity and minute size of the sclerites, the way in which the steering muscles
alter the mechanical encoding of wing motion in the hinge is poorly understood.

Using genetically encoded calcium indicators and high-speed videography, is is
possible to simultaneously image steering muscle activity and wing motion. In
order to extract wing pose from the high-speed video frames, an automated tracking
algorithm was developed, that used a neural network and model fitting to accurately
reconstruct the wing kinematics. The synchronous recordings of wing motion and
steering muscle activity were used to train a convolutional neural network that
learned to accurately predict the wing kinematics from muscle activity patterns.
After training, the convolutional neural network was used to perform virtual ex-
periments, revealing how the steering muscles regulate wing motion. Correlation
analysis revealed that the 12 steering muscles have highly correlated activity. The
correlation of muscle activity can be approximated well by a 12D-plane, in which
all activity has to reside.

To study the function of the sclerites, a bottleneck was introduced in the convolu-
tional neural network. The bottleneck consists of five neurons, or latent parameters,
four parameters corresponding to the state of the different sclerites, on which the
steering muscles act, and one parameter representing the wingbeat frequency. This
so called latent network predicts both the changes in wing motion and muscle activ-
ity patterns as a function of sclerite state. The predicted wing motion as a function
of sclerite state matches with previous anatomy and electrophysiology studies for
the basalare, first axillary and third axillary sclerites. The fourth axillary sclerite has
not been studied before, but shows an antagonistic relationship between the �61�2

and �63�4 muscles, resulting in a strong decrease and increase, respectively, of stroke
amplitude, deviation and wing pitch angles.
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By replaying the wing kinematics of the virtual experiments on a dynamically scaled
robotic fly, a model of the aerodynamic and inertial control forces as a function of
steering muscle activity was constructed. This control force model was subsequently
integrated in a state-space system of fly flight, which in turn was integrated in a model
predictive control simulation that was used to simulate free flight maneuvers. The
body motion, steering muscle activity, and wing kinematics of the model predictive
control simulations were strikingly similar to the recorded maneuvers of free-flying
flies.

The integrative, multi-disciplinary approach that was used to reveal the mechanical
logic of the wing hinge, and the control problem that a fly needs to solve to stay
airborne, are both unprecedented in prior literature. The methodologies and models
of this study will be a valuable resource in future research on how the fly’s nervous
system controls the complex behavior that is flight.
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C h a p t e r 1

INTRODUCTION

One of the earliest fossils of a winged insect, a mayfly, is more than 300 million
years old (Figure 1.1). The most recent studies date the first flying insects in
the Carboniferous, between 350 and 400 million years ago. Being able to fly is
a significant evolutionary advantage, and to this day, flying insects are the most
abundant and species-rich taxon within the metazoan animals. Although modern
mayflies are remarkably similar to their fossilized ancestors (Almudi et al., 2019),
insects have continued to evolve their flight capabilities throughout the eras (Dudley,
2002). Flies in particular have evolved many novel adaptations of their flight system,
leading to miniaturization and extreme aerial maneuverability. The focus of this
thesis is on the result of millions of years of optimizing insect flight: the flight system
of the fly. In particular, this research will investigate how the steering muscles, wing
hinge, wing kinematics, and aerodynamics are integrated in the control system of
the fruit fly: Drosophila melanogaster.

Figure 1.1: Oldest winged insect fossil, Lithomantis carbonarius, estimated to be
325 million years old (Ross, 2017). Scale bar 5 mm.
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1.1 Stretch-activated muscles enabled the miniaturization of insects
In contrast to birds, bats, and pterosaurs, insects do not have muscles in their wings.
After eclosion from the pupae, insect wings harden and form a flexible lightweight
structure. Changes in orientation or shape of the wing are actuated through the
wing hinge. In insects, including flies, the wings are powered indirectly through
deformation of the thorax. Two sets of power muscles, the dorsal longitudinal and
dorso-ventral muscles (DLMs and DVMs), are oriented approximately orthogonal
within the thorax (Figure 1.2). Power muscles are stretch-activated, which means
that the stretching of the muscle triggers contraction without the need of an action
potential from the motor neuron. The approximately orthogonal orientation of the
power muscles generates a self-sustained oscillation, i.e. the contraction of the
DLMs stretches and activates the DVNs, and subsequent contraction of the DVMs
stretches and activates the DLMs, etc. Using this mechanism, some midges can
achieve wingbeat frequencies of 1000 Hz , (Sotavalta, 1953).

Figure 1.2: Cross-section of a blowfly’s thorax with the dorsal longitudinal and
dorso-ventral muscles, modified from (Dickinson and Tu, 1997).

Insects without stretch-activated power muscles, such as dragonflies and locusts,
are limited in the wingbeat frequencies they can achieve. Conventional neurally
activated muscles rely on the rapid release of calcium ions within the muscle fibers
to trigger contraction. The muscle can only relax, and be ready to contract again,
once the calcium level is brought back to the baseline level. Calcium ions are
stored in the sarcoplasmic reticulum and uptake of the ions across the membrane of
the internal storage organelle is an energy-intensive process. To supply the energy
required for rapid calcium cycling, additional mitochondria are needed. The higher
the contraction frequency of the muscle is, the lower the volume ratio between
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muscle fibers and other cellular components such as mitochondria and sarcoplasmic
reticulum becomes. This means that fast muscles are limited w.r.t the contractile
force they can generate. For example, the cross-sectional area of the rattle-muscles
of a rattlesnake, vibrating at 100 Hz, consists of only 30% muscle fibers (Iwamoto,
2011). The stretch-activated muscles of a bee contract at 230 Hz but their cross-
sectional area contains 50% muscle fibers.

The development of stretch-activated muscles was a significant event in the evolution
of insect flight. Having a relatively high power output at high wingbeat frequencies
allowed insects to become small. The fossil record shows that insects in the Car-
boniferous and Permian periods had large wing lengths, up to 350 mm (Figure 1.3).
During the Triassic, Jurassic and Cretaceous, the maximum wing length decreased
to 70 mm, which is comparable to the largest insects alive today. Historically, these
large wing lengths have been linked to high oxygen levels in the atmosphere. Sta-
tistical analysis by Clapham and Karr, 2012 shows that oxygen levels explain trends
in wing length only until the end of the Jurassic, however. After the Jurassic, the
evolution of aerial predators, such as birds and bats, provides a likely explanation for
the decrease in wing length. Although insects with large wings have conventional,
neurally activated, twitch-type muscles, the vast majority of insect species relies on
stretch-activated muscles. Most insects are quite small; the average wing length of
an insect is two orders of magnitude smaller than the maximum wing length. During
the evolution of insects, stretch-activated muscles developed four times independent
of each other, which suggests that the ability to fly at high wingbeat frequencies is
crucial for the adaptive radiation of insects (Dudley, 2002).

1.2 Aerodynamic power requirements of insect flight
High wingbeat frequencies are an aerodynamic necessity for small insects. Before
analyzing why this is the case, let me first define some basic aerodynamic terms.
A wing generates both lift and drag forces. The shape of the cross-section of the
wing is largely what determines the ratio of lift and drag forces and is called an
airfoil. As lift and drag are dependent on factors such as wing orientation and air
velocity, it is easier to quantify the aerodynamic characteristics of an airfoil or a
wing using dimensionless numbers. A dimensionless number is a coefficient that
has no measurement units. The advantage of a dimensionless number is that the
performance of a certain airfoil shape can be compared across all flight conditions.
Lift on a wing for example, can be characterized by the lift coefficient:
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Figure 1.3: Fossil-record of insect wing length and atmospheric ?$2 (Clapham and
Karr, 2012).

�! =
2!
d*2(

� (1.1)

where ! is the lift force, d the air density, * the air velocity, and ( the wing area.
Similarly the drag characteristics of a wing can be expressed as the drag coefficient:

�� =
2�
d*2(

� (1.2)

where � is the drag force. Both the lift and drag force are dependent on the angle-
of-attack, U, which is the angle between the chord line of the wing and the incoming
air velocity.

The Reynolds number, ’4, a dimensionless parameter that represents the ratio
between inertial and viscous forces in a fluid, can be written as:

’4 =
*̄ � 2̄
a

=
4 � � � ’2 � =
a � �’ � (1.3)
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where *̄ is the stroke-averaged absolute wing tip velocity, 2̄ the mean chord, a the
kinematic viscosity,� the stroke extent in radians, ’ the wing length, = the wingbeat
frequency, and �’ the aspect ratio of the wing (Charles Porter Ellington, 1984b).
The aspect ratio is defined as:

�’ =
2 � ’
2̄
� (1.4)

and quantifies the slenderness of the wing. The Reynolds numbers of insects span
several orders of magnitude. For example, the small trichogrammatid wasp has a
wing length of 200 µm, a wingbeat frequency of 1000 Hz, and a Reynolds number of
’4 = 2�5. A hawkmoth is a relatively large insect and has a wing length of 50 mm,
a wingbeat frequency of 26 Hz, and a Reynolds number of ’4 = 5400. Drosophila
melanogaster have a wingbeat frequency of 200 Hz, a wing length of 2�5 mm, and
a Reynolds number of ’4 = 110. From these three examples it becomes clear that
there is an inverse relation between wing length and wingbeat frequency. This trend
is not only present in insects but in all other flying animals such as birds and bats.

The origin of the inverse trend between wing length and wingbeat frequency lies
in the relationship between the Reynolds number and profile drag. Profile or skin-
friction drag is the drag generated by deceleration of air in the boundary layer around
the wing. Profile drag is generally independent of lift generation and for a laminar
boundary layer it can be approximated as:

�%A>� � 7
p
’4
� (1.5)

where �%A>
�

is the profile drag coefficient.

Besides profile drag there is a second source of drag on the wings: induced drag.
The induced drag is the component of the pressure force on the wing that is parallel
to the air velocity vector. In most insects, the cross-section of the wing can be
approximated by a flat plate. Using the flat-plate approximation, one can assume
that the pressure force will be normal to the wing surface. Now it is possible to
compute the lift and drag components of the pressure force using the angle-of-attack,
U, i.e. the angle between the cross-section of the wing and the air velocity vector.

In aircraft aerodynamics the angle-of-attack is usually small, as a high angle-of-
attack (U ¡ 15�) results in the flow separating from the wing, a phenomenon named
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stall. Flow separation generates low lift and strong drag forces that will slow a plane
down until it falls out of the sky. In conventional aircraft aerodynamics, induced
drag is usually associated with the tip vortex on the wing. During flight, a strong
pressure differential exists between the bottom and top of the wing. At the tips of
the wing, this pressure differential generates a strong tip vortex. The tip vortex has
a detrimental effect on the lift generation of the wing, as it changes the flow field
around the wing resulting in a lower effective angle-of-attack. For most wings, there
is a linear relationship between the angle-of-attack and the lift generated at a given
airspeed. A reduction in the effective angle-of-attack means lower lift generation.
To provide weight support, a pilot would need to raise the angle-of-attack thereby
increasing the lift-induced drag. To reduce the lift-induced drag, aircraft wings have
a high aspect ratio such that the detrimental effects of the tip vortex only affect the
outboard part of the wing.

In insect flight typical angle-of-attacks are around 45� and large areas with flow
separation occur on the wing. The wings are still capable of generating strong lift
forces, however, due to the presence of a leading edge vortex (LEV). At high angles-
of-attack, the airflow immediately separates from the wing at the leading edge. The
separation of the airflow creates a strong low pressure area on the leading edge of
the wing, which bends the airflow back towards the wing. Before the trailing edge,
the airflow reattaches to the wing. The LEV merges with the tip vortex and the
low pressure area beneath the combined vortex is beneficial for the lift production.
Therefore, in this dissertation, I consider the induced drag to be the component of
the pressure force parallel to the air velocity vector, whereas the lift is the component
of the pressure force perpendicular to the air velocity vector.

The aerodynamic power required to overcome the induced drag can be obtained
using the Rankine-Froude estimate:

%̄�8=3 =
%̄8=3

< � 6 =

s
2 � ?F

d � � � �’ � (1.6)

with %̄�
8=3

as the mean induced power, < the mass of the fly, 6 the gravitational
acceleration, ?F = <�6

(
the wing loading, d the air density, and ( the wing area.

The mean specific aerodynamic power required to overcome profile drag can be
estimated by:



7

Figure 1.4: Lift and drag coefficients for a fruit fly wing with LEV attached. Note
that the maximum lift coefficient (blue) occurs at U = 45� and the maximum
drag coefficient (red) at U = 90�. The wing does not stall for any angle-of-attack
(Dickinson, Lehmann, and Sane, 1999).

%̄�?A> =
d � =3 � �3 � ’3 � Â3

3 „(” � c
3

2 � ?F
� (1.7)

with Â3
3 „(” as the non-dimensional moment of third wing area. One can calculate the

means specific aerodynamic power by adding the induced and profile drag power:

%̄�04A> = %̄
�
?A> ‚ %̄�8=3 � (1.8)

I assume that the mass of a hovering insect scales with the wing length cubed,
(Muijres, Elzinga, Melis, et al., 2014):

< = 68�5 � ’3� (1.9)

To compute the lift force on the wings the quasi-steady assumption is often used,
meaning that the lift-force can be computed using the instantaneous values for
airspeed and angle-of-attack (Weis-Fogh, 1973). Any time-dependent aerodynamic
effects such as wake-capture (the forces caused by a flapping wing when it interacts
with the wake shed during the previous stroke) are ignored, however for hovering
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flight the quasi-steady lift force can explain more than 90% of weight support. The
wingbeat-averaged quasi-steady lift force can be computed using:

!̄ =
1
2
� d � =2 � �2 � ’2 � ( � Â2

2 „(” � c
2 � �̄! � (1.10)

where � corresponds to the stroke-extend in radians, Â2
2 to the non-dimensional

second moment of area, and �̄! to the mean lift coefficient during the wingbeat. In
hovering flight, the mean lift force needs to equal the insect’s weight:

!̄ = < � 6� (1.11)

where 6 is the gravitational acceleration, 6 = 9�8 m�s2.

In Figure 1.5 the relation between mean specific aerodynamic power, wing length
and aspect-ratio was investigated using the functions described above. Figure 1.5A
shows several power curves over a range of wing length values (100‘< � 1<) and
the required wingbeat frequency to ensure weight support. The aspect-ratio and
mean lift coefficient of the wing are constant per power curve. For each power
curve, the minimum power value was found and plotted against aspect-ratio and
mean lift coefficient, see (Figure 1.5B). The analysis shows that minimum specific
aerodynamic power is a compromise between minimizing profile drag and induced
drag. Optimal wingbeat frequencies range between 100 and 300 Hz. A fruit fly
flaps its wings around 200 Hz and has a wing length of 2�5 mm, a data point that is
close to some of the minimum power values found. The power curve with the lowest
power requirements has a low aspect-ratio and high mean lift coefficient. A fruit
fly wing has an aspect-ratio of 4 and mean lift coefficient of 2, which is close to the
minimum power point. Low aspect-ratio wings and high lift (and drag) coefficients
are trends that are generally observable in smaller insects (Charles Porter Ellington,
1984c), (Liu and Aono, 2009).

1.3 Aerodynamic mechanisms in insect flight
A persistent popular myth is that bumblebees should not be able to fly according to
aerodynamic theory (S. P. Sane, 2017). Bumblebees can fly however and aerody-
namicists are perfectly capable of computing the lift and drag forces on its wings.
Most of the aerodynamic forces during insect flight can be calculated using a rel-
atively simple set of equations, i.e. the quasi-steady model. The only thing that is
different between insect flight and conventional aircraft aerodynamics is that some
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Figure 1.5: Relations between the required aerodynamic power for hovering flight
and several parameters. A: Mean specific aerodynamic power requirements as a
function of wingbeat frequency = and wing length ’, plotted on a log scale. The
grey trajectories correspond to different mean lift coefficients and aspect-ratio (see
B). Directions of increasing profile and induced drag are marked with red arrows.
Minimum power locations are marked with colored dots using the color map in B.
B: Minimum specific aerodynamic power plotted against aspect-ratio �’ and mean
lift coefficient �̄! . Values correspond to the minimum power points in A.

common assumptions and simplifications about conventional aerodynamics are no
longer applicable.

The analysis of the minimum required aerodynamic power for hovering flight shows
a drive for smaller insects to increase the wingbeat-averaged lift coefficient. The
simplest way to obtain a higher lift coefficient is to increase the angle of attack. As
discussed previously, for high angles of attack a LEV will form on a flapping wing.
The presence of a LEV on the wing increases the lift coefficient in two ways. First,
the LEV makes it possible to reach high angles of attack without stalling the airflow
on the wing. Second, the core of the LEV has a low pressure area that adds to the
total pressure force on the wing (Figure 1.6).

LEVs are ubiquitous in insect flight and several bat and bird species also use LEVs
to boost lift production during flight (Ellington et al., 1996), (Videler, Stamhuis,
and Povel, 2004), (Muijres, Johansson, et al., 2008). Most insects would not be
able to fly at all without the high lift coefficients that are obtained via the LEV. This
reliance on the LEV begs the question of how reliable the formation and temporal
stability of a LEV is. LEVs are not uncommon in aircraft aerodynamics, a striking
example are the delta wings of the supersonic Concorde. At take-off and landing,
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Figure 1.6: The total pressure force, �’4BD;C , on a wing with LEV present consist of
the pressure force that a flat-plate wing would experience without a LEV, �#>A<0;
and a suction force, �(D2C8>=, that is generated by the low pressure core of the LEV.
The total pressure force can be split in the lift and drag component which are
orthogonal and parallel to the air velocity, respectively (Dickinson and Gotz, 1993).

the delta wings are at a relatively high angle of attack and a LEV will form. Similar
to insect wings, the presence of a LEV prevents the wing from stalling and boosts
the lift coefficient. The sweep-back angle of the leading edge of delta wings ensures
that the LEV will merge with the tip vortex (Figure 1.7).

When a LEV forms at the leading edge of the wing, the airflow separates from the
wing surface. At the boundary between the free-stream airflow and the stagnated
air on top of the wing there exists a strong gradient in air velocity. This so-called
shear layer sheds vorticity, i.e. small vortices or eddies, into the LEV. The shedding
of vorticity into the LEV makes the vortex grow in intensity until the vortex bursts.
When a vortex bursts, the internal flow transitions from laminar to turbulent flow.
The turbulent vortex is larger in size than the laminar vortex and the suction force
is reduced. In aircraft with straight wings, i.e. not swept back as on delta-wing
aircraft, vortex bursting will result in the detachment of the LEV and subsequent
stalling of the wing (Anderson, 2009). The sweep angle of delta wings makes the
LEV merge with the tip vortex, which means that vorticity gets transported from the
LEV and tip vortex into the wake, helping to ensure that the LEV does not burst. An
insect wing does not have a strong sweep angle however, which makes it vulnerable
to vortex bursting and LEV detachment.

The stability of the LEV on an insect wing is not achieved by the sweep angle of
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Figure 1.7: Visualization of the LEV on a water-tunnel model of the Concorde in
landing configuration (Werlé, 1975).

the leading edge. How do insects stabilize the LEV on the wing and prevent it from
stalling? One of the hypotheses was that the duration of the wing stroke is short
enough to avoid vortex-bursting altogether (C. Ellington, 1995). This so-called
delayed stall mechanism would mean that LEVs are unstable on insect wings but
that the wingbeat frequencies are high enough to ever encounter the negative effects
of vortex-bursting. However, this hypothesis does not explain how the continuously
rotating seeds of maple trees can sustain a stable LEV (Lentink, Dickson, et al.,
2009).

What mechanism does stabilize LEVs on insect wings? In a flow visualization
study using a robotic fly wing, Lentink and Dickinson systematically investigated
the effect of three wing motion parameters on LEV stability: the Reynolds number,
stroke amplitude, and the aspect-ratio of the wing (Lentink and Dickinson, 2009).
The aspect-ratio is defined as a dimensionless number, the so-called Rossby number:

’> = ’�2̄� (1.12)

Similarly, the stroke amplitude is expressed as the dimensionless stroke amplitude:

�� = �’�2̄� (1.13)
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Figure 1.8 shows the LEV stability for eight different combinations of ’>, ’4, and
��. The dimensionless stroke amplitude and the Rossby number were tested for
values corresponding to fly flight and infinity. In case of the Rossby number, a finite
number corresponds to a rotating wing and an infinite value to a translating wing. An
infinite value for the dimensionless stroke amplitude means that the stroke duration
is infinite. The two different values of the Reynolds number correspond to fruitfly
(’4 = 110) and housefly (’4 = 1400). A Reynolds number below 1000 means that
the flow is fully laminar, whereas turbulent flow is possible at Reynolds numbers
greater than 1000. In a similar way, the values picked for the dimensionless stroke
amplitude can distinguish between the delayed-stall mechanism and continuous
LEV stability. Finally, the Rossby number distinguishes between translating and
rotating motion of the wing. The conclusion of the LEV stability analysis is that
the Rossby number is the determining factor for whether a LEV stays attached to
the wing or not. When the Reynolds number allows for turbulent flow on the house
fly wing, the LEV will burst at the outboard section of the but stays attached. LEV
stability is independent of the dimensionless stroke amplitude and remains attached
for both a flapping and continuously rotating wing. However, when the wing motion
transitions from rotating to translating motion, the LEV will detach and the wing will
stall. The LEV is stabilized by centripetal and Coriolis accelerations that the airflow
experiences when close to the wing surface. A Rossby number of ’> = 3 guarantees
a stable LEV while a higher number can result in LEV detachment. An investigation
of the Rossby number in different flying animals shows that many species can sustain
a stable LEV during flight over a large range of Reynolds numbers, from a fruit fly
to a mute swan.

Most insects make use of a LEV to boost lift production, however in flapping
flight the reciprocating motion means that the wing experiences low air velocities
during stroke reversal. The wingbeat-averaged lift coefficient of a flapping wing
will therefore be significantly lower than for a continuously rotating wing. A second
aerodynamic mechanism makes use of the rotation around the wing’s longitudinal
axis during stroke reversal to produce lift. This so-called rotational lift is similar
to the Magnus effect, i.e. a spinning cylinder or sphere can generate positive or
negative lift depending on the direction of the airflow (Seifert, 2012). As insect
wings are flat, this effect is more complicated and the instantaneous orientation of
the wing affects lift and drag forces. Rotational lift generated by an insect wing
rotating around its longitudinal axis is called the Kramer effect. The Kramer effect
can be described in the quasi-steady formulation as:
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Figure 1.8: LEV stability for different Reynolds numbers, ’4, Rossby numbers,
’>, and dimensionless stroke amplitude, ��. Solid blue lines indicate laminar
streamlines while dashes blue lines correspond to turbulent streamlines. The core
of the vortex is shown by orange solid lines while orange dashed lines indicate a
bound vortex. A bound vortex means that there is no LEV present on the wing
and that any lift is generated by the wing surface alone. The detachment of the
LEV means that the wings with a bound vortex are in stall conditions (Lentink and
Dickinson, 2009).

�A>C = �A>Cd
p
(GG(HHl?8C2�lBCA>:4� (1.14)

where �A>C is the rotational force, �A>C the rotational lift coefficient, (GG and (HH the
second moment of area around the G and H axes, l?8C2� the angular velocity around
the longitudinal axis of the wing and lBCA>:4 the angular velocity in the strokeplane
(Figure 1.9). The second moment of area can be calculated by:

(GG =

„ ’

0
H23�� (1.15)

and,
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(HH =

„ 22

21

G23�� (1.16)

with G and H as coordinates in the wing reference frame, 3� an infinitesimal wing
area, ’ the wing length, and 22 and 21 the locations of the leading and trailing edge
of the wing respectively (Figure 1.9).

Using dynamically scaled robotic experiments, Sane and Dickinson (2002), found
the rotational lift coefficient to be 2�08 for insect wings. Most versions of the quasi-
steady model assume the wing to be flat and the rotational force is therefore always
normal to the wing. The location of the center of pressure on the chord varies with
angle-of-attack however and was empirically found to be:

G2? „U” = „22 � 21”
�
0�82
jU j
c
‚ 0�05

�
� (1.17)

where 22 � 21 indicates the chord length at location AH and G2? the G coordinate of
the center of pressure at AH.

Figure 1.9: Wing-based reference frame definition of the quasi-steady model with
wing pitch angle and stroke angle (Veen, Leeuwen, and Muijres, 2019).

A recent Computational Fluid Dynamics (CFD) study by, van Veen, van Leeuwen
and Muijres (2019), found that there is a second rotational lift mechanism. This
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so-called pitch-rate rotational force relies only on wing pitch rotation and does not
require stroke velocity. The quasi-steady formulation for the pitch-rate rotational
force is:

�?8C2� = �A>Cd( jG jGl
2
?8C2�� (1.18)

with �?8C2� normal to the wing surface and ( jG jG the asymmetric second moment of
area around the x-axis, which can be calculated by:

( jG jG =

„ ’

0
G jG j3�� (1.19)

Rotational forces are important during stroke reversal when lift produced by the
LEV and wing is small. Insects with high wingbeat frequencies and therefore low
wingbeat amplitudes tend to rely more on rotational forces (Altshuler et al., 2005).
For example, the southern house mosquito, Culex quinquefasciatus, flaps its wings
back-and-forth at 717 Hz and has a stroke-extend of 44� and relies for approximately
50% on rotational lift for weight support during hovering, (Bomphrey et al., 2017).
In Drosophila, the wingbeat frequency is lower (200 Hz) and the stroke-extend
therefore higher (150�) which makes the role of rotational lift smaller: approximately
10% during hovering flight.

When a wing starts moving from standstill it will shed a vortex from the trailing
edge, the so-called starting vortex. The circulation of the starting vortex is opposite
to the bound circulation on the wing. Lift is directly related to the circulation on a
wing:

!0 = d�+� (1.20)

where !0 is the lift per unit span of the wing, + the freestream air velocity, and
� the circulation per unit span. A vortex close to the wing with the same sign of
circulation increases the total circulation on the wing. The strength of the circulation
increase is inversely proportional to the distance of the vortex to the wing:

�� =

„ 2

0

�E>AC4G
�
2
2 � G

�
4c

�
3 ‚ 2

2 � G
� 3G� (1.21)
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where �� is the increase in circulation, 2 the chord length, �E>AC4G the circulation
of the vortex and 3 the distance between the circulation centers of the vortex and
the wing. When the vortex has opposite circulation compared to the wing, the total
circulation on the wing decreases as does the lift on the wing. The starting vortex
has opposite circulation w.r.t. the wing and therefore has a negative effect on the lift
production. As the wing moves away from the starting vortex, this negative effect
on lift diminishes. This delay in circulation growth is known as the Wagner effect
(Figure 1.10) (Wagner, 1925). Because the wing accelerates from standstill twice
during a wingbeat, the Wagner effect negatively impacts lift generation in flapping
flight.

Figure 1.10: Wagner effect. Delay in circulation growth as a function of chord
lengths travelled from the starting vortex for an instantaneously accelerated airfoil
travelling at constant speed (S. P. Sane, 2003).

Some insects get around the Wagner effect using the clap-and-fling mechanism.
At the end of the dorsal wing stroke, the left and right wing clap together and
subsequently get peeled apart at the start of the next wing stroke. During the clap
phase, the LEV and the Trailing Edge Vortex (TEV) shed from the wing (Figure
1.11). The wake between the LEV and TEV hits the wing, pushing the left and
right wing against each other. When the wings clap together, the air between the
wings gets pushed downwards and generates an upward force. Both the shed LEV
and TEV move away from the wing quickly in the downward wake. Similarly,
the wakes of the left and right wing create an upward force when the wings clap
together and deflect the momentum of the wakes downwards. The fling phase starts
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with the leading edges of the wings moving apart. Air rushes in over the leading
edge and forms an LEV. When the trailing edges of the wing peel apart another
downward wake occurs, strengthening the LEVs on both wings. The advantage of
the clap-and-fling mechanism is that the starting vortex does not form as the shed
vorticity of both wings have opposite signs and cancel out each other. Additionally
the downward wakes of the clap-and-fling phases provide upward thrust. Although
some insects employ the clap-and-fling mechanism in free flight, for many insects,
like mosquitoes, the stroke amplitude required for the wings to touch is unfeasible.
While fruit flies regularly employ clap-and-fling under tethered flight conditions, in
free flight clap-and-fling is rare.

Figure 1.11: Clap-and-fling mechanism. The bold black lines show a cross-section
of the wing and the thin black lines correspond to flow lines. Light blue arrows
show the forces on the wings and dark blue arrows the induced flow. A: The wings
approach each other and touch first at the leading edge. B: LEV and TEV vortices
shed from the wing and induce strong flow that claps the wings together. C: The
clap pushes out the air between the wings, in combination with the deflected induced
flow, creating a strong downward flow. D: Leading edges of both wings move apart
and air rushes into the gap. E: LEVs form on both wings and induce a downward
flow. F: Fully developed circulation of the LEV and wing generates strong lift forces
(Weis-Fogh, 1973).

The Reynolds number for most insects is generally low compared to other flying
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animals such as birds and bats. As a consequence, viscous forces play an important
role in insect flight. One aerodynamic effect that becomes more significant for low
Reynolds numbers is added mass. Added mass can be viewed as additional inertia
due to the air that gets dragged along with the wing (Figure 1.12). Fly wings are
extremely lightweight, one fruit fly wing weighs approximately 0�15% of the body
mass (Charles Porter Ellington, 1984a). Due to this low weight, the mass of the air
that moves with the wing is significant. The volume of air that gets accelerated with
the wing depends on many factors such as the angle-of-attack, wing shape, and the
magnitude and (rotational) direction of the acceleration. A quasi-steady formulation
of the added mass is described by:

��" = d ⁄l(2H���" „U”� (1.22)

with ⁄l as the angular acceleration and (2H as the chord-based second moment of
area:

(2H =

„ ’

0
2„H”2H3H� (1.23)

where 2„H” is the chord length at spanwise section H. The added mass coefficient,
���" , can be split into an G, H, and I component. Lift and drag forces are in the
G � I plane and the H component can be ignored. The coefficients for the G and I
directions are:

��G�" = ��GU�" 2>B„U”� (1.24)

and

��I�" = ��IU�" B8=„U”� (1.25)

where ��GU�" and ��IU�" were found to be 0�104 and 0�96 respectively.

A recent CFD study by (Veen, Leeuwen, Oudheusden, et al., 2022) computed the
forces from the Wagner effect, and added mass and translational forces during the
start of the wing stroke. A quasi-steady formulation for the Wagner effect can be
expressed as:



19

Figure 1.12: Visualization of the fluid layer accelerated by an elliptical wing, (Veen,
Leeuwen, Oudheusden, et al., 2022).

�,� =
1
2
dl
p
⁄l(,���,� „U”� (1.26)

where (,� is the wing geometry scaling parameter of the Wagner effect:

(,� =

„ ’

0

q
2„H”3H33H� (1.27)

and the Wagner effect coefficients for the G and I directions:

��G,� „U” = ��GU,�2>B„U”� (1.28)

and

��I,� „U” = ��IU,� B8=„U”� (1.29)

where ��GU,� and ��IU,� are 0 and �1�02 respectively. The translational lift and
drag forces are rewritten as a function of l:

�CA0=B =
1
2
dl2(HH��CA0=B „U”� (1.30)

with:

��GCA0=B „U” = ��GUCA0=BU2 ‚ ��GUCA0=BU ‚ ��GUCA0=B � (1.31)

and
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��ICA0=B „U” = ��IUCA0=B2>B„U”� (1.32)

with ��GUCA0=B = 8�5�10�5, ��GUCA0=B = �1�2�10�2,��GUCA0=B = 0�41 and��IUCA0=B =
3�13.

With quasi-steady terms for translational, added mass and Wagner effect forces it
is possible to compute the total aerodynamic force during a wingstroke (excluding
rotational forces). The total aerodynamic force is simply the sum of all three effects:

�C>C0; = �CA0=B „U� l� (HH” ‚ ��" „U� ⁄l� (2H” ‚ �,� „U� l� ⁄l� (,� ”� (1.33)

Analyzing the development of the total aerodynamic force during wingbeats of
mosquitoes and fruit flies shows that the acceleration of the wing is such that
the added mass and Wagner effect forces cancel each other out (Figure 1.13).
Mosquitoes have a higher wingbeat frequency and lower stroke extend than fruit
flies and the acceleration forces (Wagner effect + added mass) have a larger effect on
lift and drag relative to the translational force. The cancellation of the Wagner effect
by the added mass force explains why most flying insects do not regularly employ
the clap-and-fling mechanism: the delay in circulation growth is compensated by
added mass forces. Clap-and-fling also increases mechanical wear on the wings and
requires more muscle power to reach the required dorsal stroke extend.

1.4 Wing motion patterns are mechanically encoded in the wing hinge
Many of the aerodynamic mechanisms rely on precise control of parameters like the
angle of attack and timing of wing rotation. The power muscles deform the thorax
and this deformation gets transformed into a precise and highly stereotyped wing
motion pattern via the wing hinge. Exactly how the wing hinge can transform the
simple up-and-down motion of the thorax into a complex 4D wing motion pattern
has remained a mystery after more than a century of research.

Several studies have tried to infer the mechanical workings of the wing hinge by
carefully analyzing its anatomy (Williams and Williams, 1943), (J. Pringle, 1949),
(Boettiger and Furshpan, 1952), (John William Sutton Pringle, 1957), (Wisser and
Nachtigall, 1984), (Miyan and Ewing, 1985), (Ennos, 1987). In this section I will
discuss some of the hypotheses that are based on careful dissection of the wing
hinge and thorax. Although informative, one has to keep in mind that these studies
only provide limited understanding of the mechanics of the wing hinge, as they are
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Figure 1.13: Total aerodynamic force during the wingbeat of a fruit fly and mosquito.
A: Total pressure force (grey), translation force (blue), added mass force (green).
and Wagner effect force (red) during the downstroke of a fruit fly wingbeat. The
pressure force ��

/
is normal to the wing surface and the lift and drag forces are in the

vertical and horizontal plane respectively. B: Forces during the upstroke of the fruit
fly wingbeat. C,D: Forces during the down-and-upstroke of a mosquito wingbeat
(Veen, Leeuwen, Oudheusden, et al., 2022).

obtained from deceased animals. The wing hinge is difficult to image during flight,
as it is small and some parts are internal to the thorax. More recent studies have used
techniques such as micro Computerized Tomography (‘CT) and Scanning Electron
Microscopy (SEM) scans to obtain the detailed 3D morphology of the thorax,
musculature, and the wing hinge (Fabian, Schneeberg, and Beutel, 2016), (Deora,
Gundiah, and Sane, 2017). Again, these studies are on deceased animals and only
give limited insight on the wing hinge mechanics. An in-vivo X-ray tomography of
a tethered Calliphora vicina blowfly is the state-of-the-art study on the mechanics
of the wing hinge in flight (Walker, Schwyn, et al., 2014). Although impressive,




