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Abstract 

This thesis presents novel insights into the free-flight kinematics of pterygotes; 

a new standard for reporting high-precision insect body, leg and wing 

kinematics, the importance of non-wing appendages on flight stability, 

methods for handling large datasets and time-varying parameters to test 

against independent variables, and how insects generate extreme 

manoeuvres. Research here was facilitated by the development and use of a 

new ten high-speed camera rig to acquire footage, followed by a completely 

automated voxel-carving package to report kinematics of unprecedented 

resolution including wing torsion and bending. Anopheles (mosquito) 

underwent substantial wing deformation with varying ambient temperature 

and stimuli to encourage flight manoeuvres. Wing kinematics were 

significantly different between male and female subjects. Meanwhile, subjects 

were able to reduce their stroke amplitudes to angles lower than any other 

flying insect previously reported in literature. With a supplementary leg tracker 

and centre of mass measurements, mosquito legs were also shown to 

contribute substantially to flight stability in the roll axis, whilst damaged 

mosquitoes that had experienced leg loss adjusted the kinematics of 

remaining limbs. Wingbeat frequency increased with temperature but 

plateaued at different temperatures for male and female subjects. Whilst, 

overall body kinematics did not correlate with temperature. This subsequently 

led to the Fourier fitting and principal component analysis of the same 

mosquito dataset, to create descriptor wingbeats to test the effect of 

temperature and estimate other summary parameters (e.g., stroke plane) 

while compacting data. Aerial hunters, Coenosia (killer fly), performed a large 

range of manoeuvres from backwards to upside down flight in the presence 

of one of two different configurations of artificial prey available. Incredibly high 

angular rates and accelerations were achieved whilst maintaining subtle 

changes in wing kinematics. These insights may feed into topics of flight 

control, aerodynamics and the development of micro-air vehicles. 
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Chapter 1  

General Introduction  

 

1.1 Introduction of Insect Flight Biomechanics  

 

Insects are one of the most successful organisms, with over one million named 

species, and an estimated 8.4 million undiscovered species that colonise a wide 

range of environments (Stork, 2018). They were also the first to achieve aerial 

locomotion 400 million years ago and remain the most competent fliers to date, 

performing the most complex manoeuvres such as upside down flight and 

saccadic turns (Ross, 2017, Misof et al., 2014). Some insects have developed 

additional flight behaviours besides locomotion. Male mosquitoes for instance 

increase their wingbeat frequency to attract nearby females without any obvious 

benefit in aerodynamic force production (Somers et al., 2022). Insects are 

therefore an excellent model that demonstrates the use of fundamental 

aerodynamics at low Reynolds numbers (where fluid flowing around the wing is 

more laminar as viscous forces dominate, see Section 1.3) despite challenges 

imposed by scaling as insects must remain small due to their reliance on passive 

diffusion of gases (lack of an active circulatory system) to respire, and cuticular 

exoskeleton for support.  

 

In this thesis, I thereby ignore the wingless and only take interest in the pathways 

leading up to the development of their wings and flight ability. Pterygotes are a 

subclass of winged and secondary wingless (insects whose ancestors had wings) 
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insects composed of Neoptera (e.g., Diptera (flies), Coleoptera (beetles)), 

Palaeoptera (Ephemeroptera (mayflies) and Odonata (dragonflies and 

damselflies)) and unclassified Pterygota (Almudi et al., 2020). These can then be 

segregated usefully into those that possess one (Diptera) or two (e.g., Odonata) 

pairs of wings used for flight, as insects with one pair of wings are easier to 

investigate due no fore- and hind-wing wake interactions. When studying insect 

flight there are two approaches, (I) tethered flight and (II) free flight. (I) Tethered 

flight involves a physical attachment to the insectôs thorax (fixed body axis and 

usually dorsally) and has been used when studying together highly sensitive 

neurological systems prone to error (noise) and wing kinematics simultaneously 

(Balint and Dickinson, 2001, Balint and Dickinson, 2004). (II) Whereas in free 

flight experiments, the insect is allowed to fly freely (naturally) but often in a 

chamber when exploring body and wing kinematics at varying degrees of 

resolution and accuracy for example, when only extracting flight paths and 

wingbeat frequencies versus wing kinematics such as wing torsion (Walker et al., 

2009, Rossoni et al., 2021). Both studying techniques have trade-offs that must 

be considered but both enable the estimation of aerodynamic force production 

(Bomphrey et al., 2017, Urca et al., 2020). Several papers have reported the 

effects of tethering to significantly change wingbeat frequency by limiting thorax 

deformation (Arthur et al., 2014, Cator et al., 2011). Whilst Villarreal et al. (2017) 

found no significant difference between the two techniques, thereby warranting 

further investigation, but likely to be due to differences in tethering technique such 

as point of attachment and type of adhesive used  (Villarreal et al., 2017). 

 

One obvious or common aim littered throughout the introductions of primary 

literature, is the application of this knowledge to ultimately elevate micro-air 
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vehicle (MAV) production and performance for surveillance and sample collection 

in harsh and humanly unreachable terrain. Existing insect-inspired MAVs such as 

RoboBee X-Wing (Jafferis et al., 2019) and robotic fly (Fuller et al., 2014) still lack 

agility in comparison to their living counterparts. When building a biomimetic 

MAV, a complex framework is required to use a flapping mechanism and operate 

at similar spatiotemporal scales to flying insects. Ideally, quick actions involving 

sensing that then lead to changes in wing kinematics must exceed or match the 

speed, or even better predict turbulent external stimuli (forces) that may come 

interplay. A more recent pursuit in MAV development suggested we step away 

from transmission systems (e.g. four-bar crank-rocker (Coleman et al., 2015) and 

gear box (Nguyen et al., 2016)) as an intermediate between actuators and wings, 

and instead use liquid amplified electrostatic forces at the wing hinge called 

óLAZAô (liquid-amplified zipping actuator) to limit mass and energy loss (Helps et 

al., 2022). 

 

In this general introduction, I discuss neuromuscular make-up, the energy 

transduction pathways spanning mechanical energy (mechanical work output) to 

the kinematic output (wing hinge movement and aerodynamic output) of the 

insect flight motor, and the aims of the upcoming chapters of this thesis. Any 

progress within these departments should provide further insight on phylogenetic 

relationships/gaps, and how they manoeuvre.  
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1.2 Power Requirements 

 

The power requirements of flight arises the organisms size, which is closely 

related to metabolic rate, and its low density environment with air having a density 

approximately 800-fold lower than water (Biewener and Patek, 2018b, Niven and 

Scharlemann, 2005). Hovering insects must generate sufficient power (force ³ 

velocity) to meet the costs of induced power to maintain lift and overcome gravity, 

profile power to overcome drag on wings and overcome the inherent inefficiencies 

throughout the system. To some extent they must also meet the costs of inertial 

power to accelerate and decelerate wings during stroke reversal, if the recovery 

of elastic energy from the previous stroke is insufficient (Ellington and Lighthill, 

1984b). When manoeuvring by non-hovering flight, the power to produce thrust 

and parasite power evoked by body drag are further additional costs.  
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1.3 Aerodynamics 

 

Aerial locomotionôs minimum cost of transport, (energy spent per unit distance 

travelled) is greater than terrestrial and aquatic locomotion but is the fastest 

method over a given distance when considering ecological hurdles such as a lake 

or an inclining landscape. Most insects have therefore greatly benefited from 

flight: by gaining access to otherwise difficult to reach sources of food, water, 

prospective mates, and agility to escape danger. Though these aerial abilities do 

not come easy, as wings must provide both lift (downward fluid acceleration) and 

thrust (backward fluid acceleration and adjustment of force vectors).  

 

 

1.3.1 Conventional Aerodynamics 

 

Before discussing how flapping insects provide weight support and overcome 

drag when experiencing unsteady aerodynamic effects, it is useful to understand 

how aerodynamic forces (lift, drag) are created when steady air flow passes a 

non-oscillating wing. Overall lifting flow is thought to be the outcome of a 

translational component (inviscid conditions) and a circulatory component 

(viscosity present) of air flow when the Kutta condition is satisfied (Figure 1.1) 

(Biewener and Patek, 2018b). The Kutta condition is when circulation around an 

airfoil (bound vortex) with a sharp trailing edge is sufficient enough so that the 

flow at the trailing edge (stagnation point) separates from the airfoil smoothly 

(Ellington and Lighthill, 1984a). When oncoming airflow first encounters the blunt 
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leading edge of an asymmetric airfoil (wing) it separates into two streams above 

and below its surface. The two streams flow at different velocities as airflow 

speeds up and stretches out when passing over the curved upper surface of the 

airfoil. This is the result of the stream above being accelerated downwards 

towards the trailing edge in part by the circulatory component of bound (vortex) 

circulation around the airfoil. By Bernoulliôs principle, the high velocity region 

above the wing therefore has low pressure and the low velocity region below the 

wing has high pressure (Ellington and Lighthill, 1984a). It is with this pressure 

difference around the airfoil that enables the production of lift, a net upward force 

perpendicular to the oncoming airflow. Vorticity that is a source of induced drag 

is also developed along the wingôs length (wing tip) when high pressure air from 

below moves and intercepts the low-pressure air above and is shed at the wings 

trailing edge (wing tip vortex).  
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Figure 1.1 Kutta Condition 

(A) Translational flow (blue) around an airfoil (orange) under inviscid (no 

viscosity) conditions. (B) Circulatory flow (yellow) around an airfoil when viscosity 

is present. (C) Overall lifting flow (green), outcome of translational and circulatory 

components when the Kutta condition is satisfied. Figure adapted from (Ellington 

and Lighthill, 1984a). 

 

An asymmetric airfoil typically consists of a camber meaning that the upper 

surface is convex, and the surface below is concave. Cambered airfoilôs 

encourage the pressure gradient described above, as the wings trailing edge is 

angled down and is therefore akin to a flat plate wing positioned at a high angle 

of attack (the angle the wing presents itself to oncoming flow). This means that 
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the subsequent lift production in a cambered airfoil remains possible at even low 

angles of attack (Liang and Li, 2018). To further increase lift, the angle of attack 

may be increased however, this also increases drag (force that acts parallel to 

the incoming air stream) and at a critical point will cause the wing to experience 

stall. Stall occurs when the attached flow on the upper surface (low pressure 

region) of the wing detaches causing a drop in lift (Laitone, 1997). Furthermore, 

on the wings surface there is a boundary layer where viscosity is zero and fluid 

molecules stick to its surface. When viscosity increases and the boundary layer 

is disturbed (turbulent flow), viscous drag develops as the velocity of the closely 

passing free stream flow increasingly slows down nearer to the wings surface 

(Videler, 1995). This occurs because more molecules of the passing fluid collide 

with those sticking on the wings surface (static), consequently causing them to 

slow down as kinetic energy between the two is transferred upon contact.  

 

Equation 1.1 Reynolds number 

 

ὙὩ  
r  ὠ ὰ

m
 

 

The thickness and status (laminar to turbulent) of a boundary layer can be 

portrayed within a dimensionless number called Reynolds number (Re, Equation 

1.1) where r is fluid density, V is velocity of the fluid, l is length and m is dynamic 

viscosity. Re may also be defined as the ratio between inertial force and vicious 

force, where an airfoil with a higher Re value is usually larger and the boundary 
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layer more turbulent. The Re of flying insects has been found to operate broadly 

between approximately 10 to 105 (Dudley, 2000a). 

 

 

1.3.2 Unconventional Aerodynamics 

 

Flying insects have thin cambered wings and stereotypically beat their wings in a 

reciprocal motion. Lift can be produced during the downstroke or both the 

upstroke and downstroke in some insects (Figure 1.2). In Diptera, at the end of 

each half stroke the wing rotates so that at the end of the downstroke, the wing 

supinates as the morphologically ventral side of the wing becomes 

aerodynamically dorsal. At the end of the upstroke the wing pronates so that the 

ventral side of the wing faces down. 

 

Insects such as unusually proportioned honeybees with their large body mass 

when pollen loading (Feuerbacher et al., 2003), and minute fruit flies (Sun and 

Tang, 2002) use unsteady flow mechanisms when flapping. These boost 

aerodynamic force production beyond what is possible with steady aerodynamics 

and attached flow (Taylor, 2012). Four separate unsteady aerodynamic 

mechanisms: (I) leading-edge vortex (LEV), (II) clap and fling, (III) rotational lift 

and (IV) wake recapture have been identified in insects over the years to increase 

lift (Biewener and Patek, 2018b).   
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(I) The LEV is a separating flow mechanism that develops along the span of the 

wing at high angles of attack, and is considered a common lift generation 

mechanism present in a large number of flying animals e.g., hummingbirds 

(Warrick et al., 2009) and bats (Muijres et al., 2008). Insects particularly benefit 

from LEV as they generally flap with high angles of attack, correlating to higher 

aerodynamic force production otherwise prone to stall (Ishihara et al., 2009). 

Once a flapping translating wing obeys the Kutta condition and the angle of attack 

increases, the flow on the upper surface separates from the wing and reattaches 

further down the chord (a straight line joining the leading edge and trailing edge) 

creating a low-pressure region (LEV) as shown in Figure 1.3. This occurs during 

pronation and the downstroke, and in some species additionally during supination 

and the upstroke (e.g., Diptera and Lepidoptera), which is thought to enhance lift 

force in the form of upward suction. As the LEV grows towards the trailing edge 

it usually becomes more unstable, eventually detaching from the wing that results 

in a drop in lift and increased drag. However, in insects the LEV is stabilised by 

the rotary motion of the wing, and is further shed at the end of each half-stroke 

(Ellington et al., 1996). To ensure lift throughout a wing beat, shedding of bound 

circulation and subsequent re-development of circulation must therefore occur 

during each half-stroke termed the Wagner effect (Biewener and Patek, 2018b). 

LEV works by providing a high lift coefficient or may just delay stall by allowing 

operation at higher angles of attack (Nabawy and Crowther, 2017). The lift (L, 

Equation 1.2) and drag (D, Equation 1.3) equation can be seen below, where 

air density r, speed U, surface area S, lift coefficient CL or drag coefficient CD are 

related. Both CL and CD can be calculated using computational fluid dynamics 

(CFD) or determined experimentally within a wind tunnel knowing wing area, 

velocity, and air density. Their typical relationship with angle of attack can be 
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seen in Figure 1.4. As the angle of attack increases, the ὅ steadily increases 

and peaks when the angle of attack reaches 45°, the ὅ then begins to drop > 

45° as the ὅ  continues to increase and starts to plateau as airfoil begins to stall. 

The shape and strength of the LEV is also greatly influenced by Re. As Re 

increases in unsteady flow conditions, so does CL, but profile power requirements 

increase. Whereas when Re decreases, boundary layers are more prone to 

detachment (Jones and Babinsky, 2010, Eldredge and Jones, 2019). When 

travelling long distances, using LEV as a primary lift generating mechanism would 

therefore be very expensive due to high drag. Desert locusts thus use more 

conventional mechanisms to travel up to hundreds of kilometres. Walker et al. 

(2009) described them to hold an almost constant angle of attack and linear twist 

distribution optimised for the best lift to drag ratio. 

 

Equation 1.2 Lift equation 

 

ὒ
ρ

ς
 r Ὗ Ὓ ὅ 

 

Equation 1.3 Drag equation 

 

Ὀ
ρ

ς
 r Ὗ Ὓ ὅ  
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(II) Clap and fling was the first unsteady flow mechanism proposed by Weis-Fogh 

in 1973. Wings óclapô together at the end of upstroke and óflingô apart at the start 

of downstroke. As the wings peel apart leading edge first, air rushes into the low 

pressure óvacuumô created between the wings. The effort required to re-

accelerate the air therefore decreases as it joins the bound vortex, already around 

the wing starting to become established (Ellington and Lighthill, 1984a). (III) 

Meanwhile, pronation and supination around the spanwise axis is responsible for 

rotational lift. A positive angle of attack is maintained when translating to maintain 

the production of lift via LEV. The unsteady effects of this wing rotation are less 

well known at the extreme positive and negative angle of attacks to delay stall 

(Taylor, 2012). The effects are frequently described with the analogy of the 

Magnus effect on translating and rotating spheres (Walker, 2002). The boundary 

layer on the blunt surface contacts and pulls in surrounding fluid until eventually 

velocity on one side is higher than the other. If the flow velocity is higher on the 

top surface alike during a ball back spin, low pressure above the area pulls the 

sphere upwards (Dickinson et al., 1999). Dickinson et al. (1999) highlights the 

importance of the timing of rotation during steering manoeuvres. Verifying that if 

the wing flips early before reversing its direction (óadvanced rotationô) it produces 

the upward component of lift, and that if the wing flips late after direction reversion 

(ódelayed rotationô) a downward force is produced. 

 

(IV) Lastly, wake recapture at stroke reversal is of particular importance in 

hovering and four winged insects where the hindwing is likely to encounter its 

own shed vorticity and re-intercept the shed vorticity of the forewing. Insects 

benefit from wing-wake interactions as the momentum of accelerated fluid shed 
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(induced velocity), interacts with the developing LEV on the wing of the next half 

stroke, decreasing the Wagner effect (Biewener and Patek, 2018b). Subtle time 

changes in wing rotation relative to translation in all four unsteady aerodynamic 

mechanisms aid asymmetric force production. This produces torques (force that 

tends to cause rotation) required for insects to perform their impressive range of 

flight manoeuvres.  

 

Unsteady aerodynamic mechanisms continue to be discovered as Bomphrey et 

al. (2017) recently revealed a trailing edge vortex (TEV) and lift mediated 

rotational drag as additional lift mechanisms. These mechanisms remain 

exclusive to mosquitoes, possibly due to their slender high aspect ratio (AR, 

square of wingspan over wing area) wings, high wingbeat frequency (> 800 Hz 

versus ~ 200 Hz in Drosophila (Dickinson and Muijres, 2016)) and low stroke 

amplitudes (44 o in Culex mosquito (Bomphrey et al., 2017) versus 140 o in fruit 

fly (Fry et al., 2005)). TEV is described as a form of wake recapture during stroke 

reversal and differs from typical wake recapture as the wake first encounters the 

trailing edge. Meanwhile, rotational drag occurs at the end of each downstroke 

as stroke reversal begins. A concentrated negative pressure appears at the 

trailing edge as the wing rotates around the axis close to the leading edge, and 

strong forces normal to the posterior wing surface develop. Together they 

significantly reduce the requirement for lift generation acquired during the 

translation phase, critical in many flying animals.  
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Figure 1.2 Insect wing kinematics  

Following the wing path (green line) at the end of the upstroke, pronation of the 

wing (blue) occurs dorsally as the wing transitions to downstroke. At the end of 

downstroke, the wing supinates ventrally when transitioning to upstroke. Wing 

pitch (rotation around the wingôs length) is illustrated by the direction of the red 

flag, and the red triangle at the wingôs leading edge is on the wings 

morphologically dorsal side. 

 

 

Figure 1.3 Leading edge vortex (LEV) 

Oncoming flow, vorticity development and flow reattachment at the trailing edge 

(blue), low pressure region (red), insect wing with a high angle of attack (black) 

and lift (green arrow). 
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Figure 1.4 Lift coefficient (CL)-angle of attack (green line) and drag 

coefficient (CD)-angle of attack (red line) relationship 

╒╛ increases, peaks when the angle of attack reaches 45° and then decreases > 

45°.  ╒╓ steadily increases as the angle of attack increases and starts to plateau 

as the airfoil begins to stall. 
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1.4 Stable and Manoeuvring Flight 

 

Returning to equilibrium once a manoeuvre has been performed, is vital when 

sustaining an intended flight path. However, it is more complex than it seems as 

the left- and right-wing operate symmetrically or asymmetrically to drive body 

rotation translation. Additional active (e.g., sensory feedback detailed in Section 

1.6) and passive (e.g., body pitch and drag) mechanisms work in orchestra to 

improve efficiency of aerodynamic force production and flight stabilisation when 

flapping.  

 

The classic behaviour of Drosophila performing stretches of straight flight and 

banked turns has been found to be like other flying animals (hawkmoths (Greeter 

and Hedrick, 2016), bats (Aldridge, 1987) and pigeons (Usherwood et al., 2011)), 

and remains relevant to helicopter analogies (Muijres et al., 2015). Banked turns 

are executed as follows, (I) the force vector perpendicular to the insects stroke 

plane is redirected via changes in wing stroke angle, deviation and wing pitch 

angle, causing the body to roll (as the outer wing generates more lift or inner wing 

has greater drag) and pitch up (compensating for drop in lift), (II) a counter-bank 

(counter-torque) is followed to arrest lateral body motion (sideslip) by making the 

force vector more vertical, (III) the body then undergoes yaw to its new direction 

and, finally (IV) aerodynamic force is generated symmetrically by increasing 

wingbeat frequency, stroke amplitude or deviation angle to accelerate, 

collectively increasing wing velocity (Dickinson and Muijres, 2016). Tammero and 

Dickinson (2002) observed a typical saccade in Drosophila to be ~ 90 º in under 

100 ms (~ 20 wingbeats). Whereas Ristroph et al. (2013) perturbed the body pitch 
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of Drosophila by 20 º using a magnetic field over one wingbeat (4 ms). These 

insects then increased their stroke angle 12 ms post-perturbation and fully 

recovered by 60 ms (15 wingbeats) to pre-perturbation levels. Consistent with an 

escape banking manoeuvre where speed is prioritised over stability to get away 

from looming object, a visual to motor delay of 61 ° 21 ms and a ~ 20 ms (3 ï 4 

wingbeats) gap between an evasive bank and counter bank was reported in 

Drosophila (Muijres et al., 2014). Timescales for voluntary and involuntary flight 

saccades followed by stabilisation are therefore comparable, despite stabilisation 

from involuntary saccades requiring more directional control and input from 

sensory cues. 

 

Insects have also been observed to perform pure yaw turns when hovering and 

foraging, even though slow in comparison to banked turns, and less favourable 

for insects employing LEVs as their primary lift generating mechanism (see 

below). Hovering is considered one of the most demanding forms of flight as all 

lift must be generated from the wingsô own motion rather than air velocity (a u-

shaped relationship between power requirements and air speed is typically seen). 

When hovering with LEV, overall flight efficiency significantly decreases as drag 

is high in line with the high angles of attack used when flapping. However, yaw 

turns is one example where passive stability alone or passive stability 

supplementing active means, works against unwanted body rotations. Fluid drag 

can substantially attenuate rotational velocity due to their small size. As the body 

yaws, velocity asymmetry between the wings even when beating symmetrically, 

also results in the outer wing generating a higher net torque to dampen rotation 

called flapping counter torque (FCT) (Hedrick et al., 2009, Karásek et al., 2018). 
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On the other hand, Dragonfliesô long bodies due to lateral drag are just realigned 

parallel to incoming flow against fluctuations in yaw (Dudley, 2000c).  

 

Increasing body drag (profile drag or parasitic drag) has been shown to increase 

stability and fine tune control e.g., via body deformation (Bustamante et al., 2022) 

and leg extension (Berthé and Lehmann, 2015). Several studies have zeroed in 

on abdomen deflection and has been shown to contribute to flight control and 

manoeuvrability in fruit flies (Zanker, 1988) and locusts (Dawson et al., 1997). 

Bustamante et al. (2022) restricted abdomen movement in hawkmoths and found 

them to perform poorer than controls, by tracking their flight paths whilst they 

stalked a moving flower and calculating path tortuosity (defined as the deviation 

of the flight path during treatment from the mean flight path or a straight flight 

path). Berthé and Lehmann (2015) described manoeuvring Drosophila hindleg 

extension to alter their moment of inertia (MOI) by a maximum of 6 % in all three 

body axis systems (yaw, pitch, and roll), suggesting only fine control against wing 

damage and atypical apparatus. This is significantly different to orchid bees flying 

at intermediate to high flight speeds (> 5.6 m/s induced high roll instability) that 

extend their hind legs (5.9 % of body weight) to increase total body drag by 30 % 

and increase their MOI by > 50 % (Combes and Dudley, 2009b). The position of 

an animalôs centre of mass (COM) is a good indicator of its flight performance 

and is often centred about the wing hinge/halteres. As the COM is placed further 

backwards from the centre of pressure (point where lift and drag force are 

applied) of the wings, the body is more responsive to torques in the pitching plane 

that must then be offset by aerodynamically generated torques. Whereas a COM 

placed ahead of the centre of pressure enhances stability but reduces 

manoeuvrability (Ellington, 1984, Dudley, 2000b). Insects can also shift their 
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stroke average centre of pressure relative to their COM, to modify pitch torque 

via advancement or delay of wing rotations and distance flapped between wing 

rotations (Dickinson and Muijres, 2016). 

 

Insects operate to minimise their reaction time and maximise the speed of which 

their kinematic output needs to change (response time). Their wingtip velocities 

move several orders higher than their body but remain as important rudders when 

flapping overall, thus highlighting that the isolation of wings during studies is good 

but should consider body alterations during flight as well.  
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1.5 Insect Muscle 

 

Flight muscle contained within the thorax makes up a large proportion (up to 60 

%) of an insectôs body mass (Marden, 1989, Suarez, 2000, Buchwald and Dudley, 

2010), and accounts for > 90 % of oxygen uptake during flight in honeybees 

(Niven and Scharlemann, 2005, Greenwalt, 1962, Rothe and Nachtigall, 1989). 

It is therefore widely accepted that the increase in metabolic rate (energy used 

per unit time) calculated during flight from rest is assumed to be entirely due to 

muscle activity, as other processes, even when combined such as protein 

synthesis and digestion become negligible (Weibel, 2002, Hulbert and Else, 

2000).  

 

Insect flight muscle has been categorised into two main groups: large power 

muscle involved in providing power indirectly to the wings as they deform the 

thorax, and small steering muscle directly involved in steering the wings at the 

wing hinge made up of multiple sclerites (sclerotised óplatesô of cuticle). In addition 

to this, power muscle may be asynchronous (e.g., in Diptera) meaning that they 

can contract multiple times with a single activation signal or synchronous (in lower 

species e.g., dragonflies , locusts and moths), meaning that can only contract in 

synchrony with afferent signals (Biewener and Patek, 2018b). While steering 

muscle is only synchronous to encourage sensitivity to neuronal input and control 

of kinematics. A combination of cytological differences enables these different 

responses to neuronal input, namely: (I) mitochondria and (II) sarcoplasmic 
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reticulum (SR) concentration, and (III) neurological innervation summarised in 

Table 1.1. 

 

(I) During aerobic respiration mitochondria synthesises adenosine triphosphate 

(ATP), the universal currency of chemical energy. Availability of this molecule is 

an important rate limiting step in the cycling of myosin-actin cross bridges during 

contraction. Mitochondria concentration in asynchronous muscle is therefore high 

within their large volume of myofibrils (the contractile unit of muscle). For 

instance, mitochondria occupies 53 % of asynchronous muscle cell volume in 

bees (Iwamoto, 2011, Katti et al., 2022) versus just 23.5 ± 2.1 % (mean ± SEM) 

in locust synchronous fibres (Josephson et al., 2000a). (II) The SR acts as a Ca2+ 

reservoir vital to muscle activation (Ca2+ release) and relaxation (Ca2+ reuptake). 

SRs envelope myofibrils sparsely in asynchronous muscle (volume density 2 - 3 

% in cicadas (Syme and Josephson, 2002, Gau et al., 2023, Wan et al., 2013)) 

allowing them to pack tighter together, but extensively in synchronous muscle 

(9.6 ± 0.5 % in locust synchronous fibres (Josephson et al., 2000a)). In extreme 

cases, to increase contraction frequency SR volume may undergo hypertrophy, 

surpassing the volume of neighbouring myofibrils (Josephson and Young, 1985). 

However, hypertrophy of this organelle increases its surface area and thus, 

decreases efficiency (total mechanical power: chemical input) by enabling a 

larger number of ATP-dependent Ca2+ membrane pumps to occupy its surface 

liable for up to 50 % of overall muscle activation costs (Josephson et al., 2001). 

(III) Finally, each power muscle is innervated by multiple motor neurons unlike 

steering muscles that are innervated by a single motor neuron with a large 

diameter and extensive terminal branching to amplify the speed of depolarisation 
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and modulate power (Ikeda and Koenig, 1988, King and Tanouye, 1983, 

Trimarchi and Schneiderman, 1994). 

 

In summary, synchronous and asynchronous muscle represent the extremes of 

muscle design, trading off absolute power and fine control respectfully whilst 

being constrained by myofibrillar volume and allocation of this internal space. 

Synchronous muscle as steering muscle enables subtle but high-order changes 

to the mechanical properties of the wing hinge. Whereas synchronous muscle as 

power muscle limits wingbeat frequency, but may still drive fast contractions (but 

still lower than asynchronous) if cytologically specialised with greater control but 

at reduced powers. Lastly, asynchronous muscle as power muscle can operate 

at higher frequencies, generate higher powers and has been said to be more 

efficient than the latter (Josephson et al., 2001). They provide a baseline 

wingbeat that steering muscle then modulates.  
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Table 1.1 Cytological differences between asynchronous and 

synchronous flight muscle 

Muscle 

Property 

Asynchronous Synchronous Reference 

 

Mitochondria 

content 

/ATP 

 

High volume 

(++) 

 

High volume (+) 

 

 

(Chapman et 

al., 2013, 

Conley and 

Lindstedt, 

2002, Katti et 

al., 2022) 

 

SR/Ca2+ 

 

Low volume 

 

Relatively high volume 

 

(Bullard et al., 

2006, 

Chapman et 

al., 2013, 

Josephson 

and Young, 

1985) 

 

Motor Neurons 

 

Each is 

innervated by 

multiple motor 

neurons 

 

 

In steering muscles, each is 

innervated by a single motor 

neuron with a large diameter 

and extensive terminal 

branching. Otherwise in 

indirect, synchronous power 

muscle it is like asynchronous 

innervation 

 

(Ikeda and 

Koenig, 1988, 

King and 

Tanouye, 

1983, 

Trimarchi and 

Schneiderman, 

1994) 
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1.5.1 Synchronous Muscle 

 

Like mammalian skeletal muscle, synchronous muscle contracts in synchrony 

with neuron innervation (1:1). The function of synchronous steering muscle is to 

simultaneously attenuate and directly regulate the mechanical output of the 

substantially larger power muscles via changing the shape of the wing hinge 

(made up of multiple sclerites) as the wing itself is non-muscular (Miyan et al., 

1985, Walker et al., 2014) (Figure 1.5). The dexterity of steering muscle when 

controlling the wing hinge and the resultant wing kinematics, is achieved by each 

muscle being innervated by a single motor neuron. Their large abundance 

amongst all flying insects, in comparison to the power muscles may also 

contribute to this. The blowfly for example, possess four pairs of asynchronous 

power muscle and 18 pairs of steering muscle that enable the wing hinge to move 

with three degrees of freedom (Dickinson and Tu, 1997, Mordoch et al., 2024). 

Moreover, synchronous muscle volume as previously mentioned, is largely 

occupied by mitochondria (~ 40 % in Odonata (Chapman et al., 2013)) and 

relatively high amounts of SR (typically up to 15 % muscle volume) in comparison 

to asynchronous muscle (SR 2 - 3 % (Syme and Josephson, 2002)), that enables 

the muscle to quickly react to cycles of excitation and relaxation (Chapman et al., 

2013). For this reason, synchronous muscle has also been seen to operate 

impressively within the ranges of asynchronous muscle just over 500 Hz but at 

low power for cicada tymbal song production (Josephson and Young, 1985, 

Bennet-Clark and Daws, 1999). 
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Steering muscles can be further categorised according to the sclerites on to which 

they insert: the basalars (B1, B2, B3), first axillaries/pterales I (I1, I2), third 

axillaries/pterales III (III1, III2, III3, III4 but III2 missing in Drosophila) and fourth 

axillaries/posterior notal wing process (Hg1, Hg2, Hg3, Hg4) illustrated in Figure 

1.6 (Lindsay et al., 2017). Together they are responsible for the series of 

manoeuvres the animal can perform by controlling upstroke, downstroke, wing 

amplitude, pronation and supination (Wisser and Nachtigall, 1984, Hedenström, 

2014). It is therefore important to remember that, when studying the individual 

steering muscles in isolation that they may have multiple functions and or 

particular roles in a group, thus making investigation of these muscles even more 

difficult. It is still unclear how these steering muscles carry out their function 

precisely, whilst only making up < 3 % of flight muscle mass (Walker et al., 2014). 

But it has been proposed that these muscles work as shock absorbers by 

performing negative work (absorbing work) when appropriate, and only passing 

on the kinetic energy to the wing hinge required for the desired flight manoeuvre. 

A study using a new time-resolved microtomography technique supported this, 

and further revealed an additional mode of oscillation for asymmetric power 

output, and some of the specific muscles that use this mode within blowflies. 

Some tendons buckle under compressive loading assisting high amplitude 

movements of the wing hinge (I1) whilst others operate by directly absorbing 

excess mechanical energy (B1) from the asynchronous muscle (Walker et al., 

2014). 

 

Some research has also been done to correlate neuromuscular spike rates, firing 

phase shifts and their combinatory kinematic and aerodynamic effect (Balint and 
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Dickinson, 2001, Balint and Dickinson, 2004). Tu and Dickinson (1996) were the 

first to uncover B1 and B2 steering activity in Calliphora where B1 fired with every 

wingbeat during pronation (upstroke to downstroke) to maintain a large stroke 

amplitude. Meanwhile, B2 only fired when stroke amplitude was already high and 

as a turning optomotor response. Supporting this behaviour, B1 on the 

contralateral side of the turn (outside) was also reported to advance its phase 

firing by 1 ï 2 ms mid-upstroke, to increase protraction and stroke amplitude on 

the following downstroke (Dickinson and Tu, 1997, Heide and Götz, 1996). 

Conversely, B3 fires with every wingbeat after supination (downstroke to 

upstroke) and so possibly behaves like B1 but determines backward amplitude 

although is yet to be confirmed (Dixon et al., unpublished). Since then, III1 has 

been revealed to maybe work in conjunction with B2 to increase stroke amplitude 

and facilitate wing retraction, all basalare muscles and III2 - 4 define maximum 

forward amplitude, and I1 and Hg3 contraction decrease stroke amplitude (Balint 

and Dickinson, 2001). The function of outstanding Hgôs remains a mystery but 

their organisation in Drosophila was more recently reported in Lindsay et al. 

(2017) via in vivo calcium imaging but at low resolution. The tegropleural, 

pleurosternal and tegrotrochanter are additional synchronous muscles near the 

wing hinge that are likely to further alter the resonant properties of the thorax 

(stiffness) and thus wingbeat frequency. Steering muscles thereby continue to 

challenge our ability to scrutinise their function, due to their small size, 

organisation, combinatory effect, and large amounts of compressed data in a 

small number of electromyography (EMG) spikes. 
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Figure 1.5 Illustration of the wing hinge 

Axillary sclerites (Ax1 (pterales I), Ax2 (pterales III), Ax3 (posterior notal wing 

process)), pleural wing process (PWP), radical stop (RS), dorsal ventral muscle 

(DVM). Diagram amended from (Hedenström, 2014). 
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Figure 1.6 Parasagittal cross section of a general fly and its synchronous 

steering muscles 

Steering muscle groups based on the sclerites to which they insert: basalars 

(purple), first axillaries (yellow), third axillaries (green) and fourth axillaries (blue). 

 

 

1.5.2 Asynchronous Muscle  

 

Asynchronous muscle is a key adaptation driven to achieve energetically efficient 

muscle, and has been suggested to have evolved independently up to 7 - 10 

times from extant insect taxa to now be present amongst the orders: Coleoptera, 

Hymenoptera, Diptera and Hempitera (Misof et al., 2014, Syme and Josephson, 

2002). This adaptation has allowed some insects to operate at wingbeat 

frequencies between 200 to 1000 Hz and to achieve a greater power output, due 

to their reduced volumes in SR enabling relatively higher myofibril volumes 
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(Biewener and Patek, 2018a). The asynchronous muscle of Cotinus mutabilis 

(beetle) for example averages 127 Wkg-1, with a maximum value of 200 WKg-1 at 

94 Hz (Josephson et al., 2000b). This differs greatly to the synchronous flight 

muscle of Manduca sexta (tobacco hawkmoth) with powers previously measured 

up to 90 Wkg-1 between 28 - 32 Hz (Biewener and Patek, 2018a, Stevenson and 

Josephson, 1990).  

 

The dorsal longitudinal muscles (DLM) are the first power muscles encountered 

when making a dorsal ventral cut of the thorax (Figure 1.7A). During flight the 

DLM is responsible for wing depression during downstroke. As they contract, it 

shortens, compressing the thorax longitudinally and lengthening it dorsoventrally 

(Figure 1.7B). This then lengthens the dorsoventral power muscles (DVMs) 

situated behind the DLM triggering them to contract. The thorax then shortens 

dorsoventrally and expands longitudinally and laterally to elevate the wings 

during upstroke (Figure 1.7B) (Wisser and Nachtigall, 1984, Cao and Jin, 2020). 

Stretching the DLM then causes them to quickly contract again, and the cycle 

continues until stimulation ceases.  

 

Several underlying cytological differences must be present to facilitate the 

response described above often referred to as delayed stretch activation-

shortening deactivation. Fast contractions are possible as a single impulse here 

allows for multiple muscle twitches as sufficient amounts of calcium are 

maintained post-stimulation within depolarised motor neurons (Biewener and 

Patek, 2018b). Asynchronous muscle lacks neurological control so that 
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contractile proteins can dominate internal space. Mitochondria are large 

organelles that occupy asynchronous muscle volume at high concentrations. This 

is to supply ATP at a high rate, to match the high rate of utilisation, and to increase 

muscle stamina before subject to fatigue. Meanwhile low SR concentration allows 

for more room for sarcomeres to maximise power output potential per volume 

(mass specific power), and contributes to maintaining sarcoplasmic Ca2+ 

concentration, that facilitates the antagonist behaviour observed between DLM 

and DVM groups despite receiving slow neural input. Loya et al. (2022) looked at 

stretch activation and shortening deactivation independently in Drosophila and 

Lethocerus (giant water bug). During shortening deactivation tension decreased 

when normalised against isometric tension by 118 % and 97 % respectfully. 

Denoting that shortening deactivation allows muscle to quickly relax and minimise 

their resistance against repetitive lengthening (Loya et al., 2022). Casey et al. 

(2023) further revealed that thorax anisotropic elasticity may assist this as 

stiffness was ~ 3.8 times greater than in synchronous insects dorsoventrally.  

 

Although there has been some progress over the years the molecular mechanism 

of stretch activation-shortening deactivation remains unclear. The Tn complex of 

some asynchronous muscle (e.g., in Drosophila and Anopheles) was found to 

have an additional Troponin H (TnH33 and TnH34) subunit and a TnC isoform 

(F1) with a single high affinity binding Ca2+ site at the C-terminal domain, resulting 

in a higher affinity for Ca2+ at low concentrations vital for stretch activation 

(Peckham et al., 1992, Qiu et al., 2003, Agianian et al., 2004). Perz-Edwards 

(2011) also explored the idea of myosin-troponin bridges as agents of mechanical 

signal transduction using x-ray diffraction. When stretched myosin-troponin 
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bridges seemed to tug tropomyosin away from actin that block the myosin binding 

sites and lead to subsequent force production even at low concentrations of Ca2+ 

(Linari et al., 2004). Evidence of sarcomere lattice compression during stretch 

(2.2 % compression from rest) that decreased the distance between myosin and 

actin by ~ 0.4 nm from controls, was also concluded as a passive response to 

stretch  theoretically decreasing the time for cross bridges to form, cycle and reset 

(Perz-Edwards et al., 2011). The force-length relationship of this coupled event 

can be seen in Figure 1.8 where force increases as the muscle is stretched 

(stretch activation) then decreases (shortening deactivation) as the muscle 

shortens quickly due to force-velocity effects. Similar events can be seen in 

mammalian cardiac muscle but is less pronounced and to a lower extent (Vemuri 

et al., 1999). 
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Figure 1.7 Organisation of indirect power muscle and its contraction 

outcomes 

(A) Sagittal cross section of the thorax and organisation of its asynchronous 

(indirect power) flight muscles. Dorsal longitudinal muscle (DLM, pink), 

dorsoventral muscle (DVM, orange). (B) Transverse section of the thorax. (B left 

side) Upstroke occurs as the DVM contracts (red) and DLM relaxes (blue). (B 

right side) Downstroke occurs as the DLM contracts (red), and DVM relaxes 

(blue). For both (B left and right side) the yellow and green arrows indicate the 

direction of thorax deformation, black arrows show the direction of wing 

movement and black dots are the wing hinge. 
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Figure 1.8 Force production during shortening deactivation and stretch 

activation following changes in length 

(A) Step down length change (DL), (B) subsequent force production during 

isometric tetanus during the step-down length change, and (C) the bold regions 

of the length (dotted line) and force (plain line) trace in A and B enlarged and 

superimposed. After the asynchronous muscle is shortened force continues to 

decrease (shortening deactivation) and then steadily increases before returning 

to its resting length. As the muscle is returned to its resting length force increases 

and continues to increase (stretch activation) before coming to a plateau. 

Diagram from (Josephson and Ellington, 1997). 
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1.6 Sensory Input and Vision 

 

To perceive their environment, insects have developed competent nervous 

systems and various sensors that vary in distribution and energy expenditure to 

guide their motor output. These qualities include widespread exteroceptors that 

deduce the environment (e.g., hair-like structures that project out from cuticle), 

and proprioceptors that monitor the bodyôs position and movement (e.g., 

campaniform sensilla embedded in cuticle (Gnatzy et al., 1987) and halteres 

(Dickinson, 1999, Biewener and Patek, 2018c)). The abundance of hair-like 

projections that span their entire exoskeleton and their wings, have been shown 

to provide directional information when displaced by a physical object or by air 

current (Casas and Dangles, 2009, Barth and Holler, 1999, Steinmann et al., 

2006). Campaniform sensilla are dome-shaped mechanoreceptors that respond 

to pressure and surrounding cuticular strain from underlying muscle activity 

(Biewener and Patek, 2018c). Proprioceptors thereby populate joint/muscle 

insertion (apodemes) points where movement occurs predominantly. In insect 

wings, proprioceptors provide sensory feedback on aerodynamic loading by 

being cleverly located at cross-veins in both deformable and rigid zones 

(Dickinson, 1990). Whereas, halteres are reduced hindwing, club-shaped organs 

located on the lateral surface of the thorax near the wing hinge, that detects body 

rotation (angular velocity) via Coriolis (inertial) forces as it moves linearly back 

and forth (Dickinson, 1999). 

 

The importance of insect vision is emphasised by their large eye size (heavy) and 

dedicated brain regions. In dragonflies, the protocerebrum responsible for the 
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vast majority of visual processing makes up to 80 % of total brain volume (Dudley, 

2000c). To collect this visual information, insects have compound eyes made up 

of repeating optical units called ommatidia. A single ommatidium is cylindrical and 

contains central photoreceptors (R-cells or retinula cells), surrounding pigment 

cells and  lens secreting cells as organised in Figure 1.9A and B (Pichaud and 

Casares, 2022). Rhabdomeres are organelles within R-cells that act as light 

guides, composed of heavily folded apical membranes (microvilli) containing 

photopigment rhodopsin (Buschbeck and Friedrich, 2008). R-cells may contain 

one rhabdomere or more adjacent to one another, collectively known as 

rhabdoms with a central matrix. In true flies (Diptera), rhabdomeres are 

independent (open rhabdom), enabling spatial independency in a different space 

implying increased image sharpness and sensitivity (Pichaud and Casares, 2022, 

Land, 1997, Zelhof et al., 2006).  
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Figure 1.9 The compound eye, arrangement and structure of ommatidium, 

and defining interommatidial angle 

(A) Compound eye, (B) cross section of an ommatidium and (C) the definition of 

interommatidial angle (ȹⱴ) and rhabdom acceptance angle (ȹⱬ) (Land and 

Nilsson, 2002, Gullan  and Cranston, 2004). 

 

As a rule of thumb, the larger the compound eye the better the insectôs vision 

because small eyes are limited by diffraction. However, overall eye size, 

curvature, focal length and rhabdomere width are variable across species and is 

responsible for the trade-off between spatial resolution and sensitivity (Gonzalez-

Bellido et al., 2011). A compound eye may contain tens to thousands of 

ommatidia with varied arrangements (Beersma et al., 1977, Döring and Spaethe, 

2009, Mound, 2009, Streinzer et al., 2013) and so, specialised bright (increased 

sensitivity) and acute (increased resolution) zones in some insects. The number 

and size of ommatidia determines the overall size and curvature of the eye, and 

thus greatly influences spatial resolution i.e., the larger the ommatidia lens the 
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flatter the eye will be. At this level the optical axis and interommatidial angle 

(angle between adjacent ommatidiaôs optical axis) is also determined (Figure 

1.9C). The smaller the interommatidial angle the greater the sampling resolution 

but lower the sensitivity will be, as less light is collected and vice versa for large 

ommatidia if eye area remains constant. Gonzalez-Bellido et al. (2011) measured 

and compared the interommatidial angle of similar body and eye sized Drosophila 

(smallest 4.5 degrees) against Coenosia (killer fly, smallest 2.2 degrees) at 

various eye regions and found Coenosia to have 3 - 4-fold greater spatial 

resolution than Drosophila in line with their predatory lifestyle. This was only 

possible with their large number of ommatidia, narrow rhabdomeres and 

interommatidial angles, which meant reduced pixel size, reduced crosstalk 

between photoreceptors, and faster phototransduction reactions. Coenosia also 

had larger fontal lenses denoting a specialised acute or bright zone.   

 

Other eye specialisations include some insects having close to 360-degree vision 

and varied colour perception. For instance, stalk-eyed flies as their names 

suggest, have eyes that protrude significantly from their heads on up to 1 cm 

stalks. Each eye has been found to have a 235 degree field of view in the 

horizontal plane and more than 70 % of ommatidia from each eye to be binocular 

(equating to 135 degree binocular overlap) (Burkhardt and de la Motte, 1983). 

Some insects can see extensively in colour, which is primarily determined by 

rhodopsin wavelength sensitivity (categorised as short-, middle- or long-

wavelength). Kooi et al. (2021) usefully summarised photoreceptor spectral 

sensitivity for 221 species in 13 insect orders (Kooi et al., 2021). Studying 

honeybee colour and UV vision has also gained traction due to their wavelength 

specific behaviour when foraging, and using landmarks to locate their home even 
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in dim light (Vijayan et al., 2023, Giurfa et al., 1995). Lastly, some species e.g., 

dragonflies and grasshoppers have triplet ancient supplementary eyes called 

ocelli located on their dorsal head cuticle. They are believed to provide relatively 

poor, under focused data as single chambered eyes to help detect the horizon 

with good contrast (Simmons, 1982). 

 

Wide-field motion sensitive afferent neurons called lobular plate tangential cells 

(LPTCs) are then responsible for relaying visual information to the lobular plate 

within the optic lobe (also consists of neuropiles, the lamina, medulla and lobular) 

for processing (Boergens et al., 2018). Here, pre-synaptic neurons T4 and T5 

each have four subtypes that run parallel ON (luminance increase) and OFF 

(luminance decrease) pathways, encoding local motion in each cardinal direction 

(up, down, back to front, front to back) (Wei et al., 2020, Maisak et al., 2013). 

How the lobular plate processes this information is remains largely unknown due 

to its minute size, but elementary motion detection (how their neural network may 

calculate motion) algorithms have been modelled from behavioural experiments 

and the output of large LPTCs (Maisak et al., 2013).  

 

External factors must also be considered such as ambient lighting required by 

receptors for a reliable signal and the motion of the presenting 

object/surroundings (a fast object is more likely to appear blurry). To investigate 

an insects optomotor response its critical flicker fusion frequency (CFF) must be 

determined. Flicker fusion frequency is frequency of which a flickering light can 

be perceived as continuous and is dependent on the individual, stimulus size, 

position and distance, ambient lighting and wavelength (Mankowska et al., 2021). 
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CFF values reported in literature by photoreceptor measurements are 240 Hz 

(Autrum and Hoffmann, 1960), 200 Hz (Cosens and LeBlanc, 1980) and 130 Hz 

(Meyer-Rochow, 1981) respectfully in the Calliphora, Drosophila and Bombus. 

Although recent behavioural studies have solved for significantly lower CFF 

values as low as 60 Hz, 70 Hz and 40 Hz for the same species respectfully (Dixon 

et al., unpublished).  
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1.7 Research Aims of this Thesis 

 

Chapter 1 features fundamental topics related to the experimental chapters of 

this thesis. Flying insects must simultaneously generate and control aerodynamic 

forces to steer, whilst also correcting for instability from both extrinsic (e.g., a 

small gust of wind or ambient temperature change) and intrinsic (e.g., abnormal 

physiology) factors (Section 1.3 to 1.6). However, to accurately estimate their 

aerodynamic force production, researchers require in-depth kinematics that is 

difficult to capture in small bodied and high wingbeat frequency insects (Section 

1.3.2 and 6.3.5). Detailed kinematics are also required to inform bio-inspired MAV 

development as described in Section 1.1, when aiming to achieve similar flight 

dexterity. The points raised above will be further addressed in the upcoming 

chapters. More specifically: efforts to improve and ease the kinematics 

acquisition of insects during free-flight in Chapter 2, reporting high-precision 

kinematics for future aerodynamic modelling and steps taken to correct abnormal 

physiology (leg loss) in Chapter 3, the effect of varying ambient temperature in 

Chapter 4, and kinematics of extreme flight manoeuvres for future MAV 

development in Chapter 5. 

 

 

1.7.1 General Methods: A New and Flexible Insect Free-flight Lab 

 

Insects perform incredible flight manoeuvres, and how they achieve this is 

something we have yet to learn a lot about. To gain insight, experimental setups 
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must therefore be able to acquire footage of appropriate spatiotemporal 

resolution (determined by insect wingbeat frequency, size and behaviour) and 

duration of insects during free-flight. Existing setups are challenged for example, 

by too few camera views (e.g., four cameras (Maya et al., 2023)) to avoid wing 

occlusions (e.g., by the insectôs own legs), high computational power demands 

owed to trade-offs between operating equipment (e.g., frame rate and picture 

resolution), and the capacity to sample the kinematics of interspecific subjects 

without rebuilding (e.g., a larger insect needs a larger chamber to encourage 

natural flight and cameras positioned further away). Once data collection has 

been completed, downstream data processing is also often complex and or 

labour intensive, which further differentiates and complicates the reporting of 

kinematic parameters in literature (Provini et al., 2023).     

 

In this methods chapter, I thus described a new and flexible free-flight laboratory 

that will be used to report high-precision kinematics of the insect species featured 

in my experimental chapters. The design of this setup aimed to address the 

challenges faced by existing setups mentioned above, to capture subtle changes 

in kinematics in unprecedented resolution (including wing torsion and bending) 

using ten high-speed cameras. To process footage, a comprehensive voxel 

carving package that was used to calculate wing and body kinematics quickly and 

automatically was also described. Thus, enabling the generation of large datasets 

with the same kinematic definitions (e.g., for deviation angle and axis systems, 

Section 2.2.4) within the research projects of this thesis. 
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1.7.2 High-precision Wing and Leg Kinematics of Anopheles gambiae 

during free-flight 

 

Mosquitoes are morphologically and aerodynamically interesting with their 

narrow wings, high wingbeat frequencies (> 800 Hz), and long narrow limbs that 

spread once airborne (Somers et al., 2022, Aldersley and Cator, 2019). Recent 

work by Bomphrey et al. (2017) revealed that mosquitoes perform TEV and 

rotational drag during the rotational phase of flapping, but how they utilise these 

lift generating mechanisms when manoeuvring is still unknown (Section 1.3.2). 

 

The aim of this chapter was to therefore generate a large database of high-

precision Anopheles mosquito body and wing kinematics whilst encouraging flight 

manoeuvres over a range of ambient temperatures. It was also aimed to provide 

in-depth leg kinematics of intact subjects, and of those that had experienced leg 

loss using a complementary leg tracker MATLAB script for comparison. Thirdly, 

by supplementary hanging experiments to determine the COM position of 

Anopheles, the relationship between the bodyôs MOI and total leg MOI could be 

assessed to provide insight on the importance of non-wing appendages on flight 

control and stability. 
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1.7.3 Kinematics of Anopheles gambiae with varying temperature 

 

Mosquitoes thrive in warm climates and in the past, have been shown to increase 

their wingbeat frequency with ambient temperature (Villarreal et al., 2017). 

However, further investigation of the effect of temperature on time-varying 

parameters such as stroke angle and wing pitch needed to sufficiently describe 

the 3D motion of a wingbeat cannot be simply regressed.  

 

Using the same dataset described in the previous experimental chapter, it was 

therefore first aimed to identify the relationships between varying ambient 

temperature and summary parameters such as wingbeat frequency, and the body 

kinematics (e.g., body pitch) of Anopheles. Fourier fitting (to summarise time-

varying data) and principal component analysis (to create a set of independent 

parameters, and identify which were most important to describe data variation) of 

this dataset could then be used to create descriptor wingbeats that enable testing 

of the effect of temperature. By further validating the results of these data 

compression techniques via kinematic reconstruction, changes in other summary 

parameters such as stroke plane and stroke amplitude may also be predicted.  
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1.7.4  Body Kinematics and Operating Time Scales of Coenosia 

attenuata 

 

Coenosia attenuata (killer fly) are small, sit and wait ambush predators that hunt 

prey of comparable body size (~ 4 mm (Fabian et al., 2018)) mid-air. During 

pursuit, this species has been reported to perform extremely high dive 

accelerations to intercept prey, whilst employing close range proportional 

navigation (the preyôs location is monitored to maintain a constant line of sight 

(LoS) between the two) to minimise flight duration and distance (Rossoni et al., 

2021).  

 

Due to their flight agility and small size that make them ideal candidates for the 

high-speed camera experimental setup, it was therefore aimed to encourage 

pursuit behaviours/extreme manoeuvres in Coenosia by presenting two different 

configurations of artificial prey (but both black beads) to starved subjects. By 

thresholding sequences (e.g., by the minimum distance achieved between the 

black bead and fly), then calculating the rotation rate of Coenosia and LoS 

rotation rate between the artificial prey and Coenosia in footage, proportional 

navigation could be verified. Meanwhile, by reporting the wing kinematics, body 

kinematics (e.g., angular rate and angular acceleration) and the operating time 

scales observed, enable the comparison to other predatory insects and escaping 

insects of similar body size.  
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Chapter 2                                                                                 

General Methods: A New and Flexible Insect Free-flight Lab 

 

2.1 Introduction 

 

Insect flight involves incredibly fast rotations, and translations of their wing 

appendages. Researchers therefore require high-speed imaging techniques in 

order to perceive their movements, and typically from two or more camera views 

to obtain their 3-dimensional (3D) kinematics with photogrammetry. This 

digitisation technique was initially developed to make architectural 

measurements in the 1800s, and uses triangulation where 2-dimensional (2D) 

images are mathematically intersected from common landmarks (lines of sight) 

to calculate 3D points (Aber et al., 2010, Matthews, 2008, Albertz, 2001). Since 

then, it has been made clear that photogrammetry is a valuable tool that has been 

adapted to extract detail on flying insects as well as other dynamic organisms. 

For instance, the 3D kinematics of tethered locusts and free flying hoverflies have 

been reported to explore wing surface topography (Walker et al., 2009), fruit flies 

to capture the kinematics of rapid manoeuvres for a dynamically scaled robotic 

wing (Fry et al., 2003), western flower thrips for flying and landing behaviour for 

trap design (Lopez-Reyes et al., 2023) and many more. Although, it is important 

to note that the standard of kinematic data amongst literature may vary 

significantly in resolution due to several experimental and analytical factors that 

come into play (see below). 
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When measuring the 3D kinematics of insect flight, challenges typically arise from 

the experimental setup, which then largely determines sequence quality and 

influences downstream data analysis. High-speed cameras are expensive, and 

more than one is necessary for multiple camera views to minimise wing 

occlusions from other body parts (e.g., legs or elytra) or the environment. Maya 

et al. (2023) recently explored and discussed pose estimation or wing visibility of 

four experimental setups with three or four cameras configurations. A hybrid 

camera configuration with three pyramidal orthogonal cameras and one vertical 

camera provided the highest Drosophila flight model visibility. However, it was 

admitted that the setup would experience difficulty with long legged species such 

as mosquitoes that require more camera views (Maya et al., 2023). Bomphrey et 

al. (2017) resolved this issue with eight camera views to survey the free-flight 

kinematics of Culex mosquitoes but with small recording resolution (384 ³ 352 

pixels) and small sample size (N = 12 to 15 individuals and N = 425 wingbeats 

over 15 sequences). Experimental setups are thus highly personalised for the 

level of kinematic detail required to answer the question in mind and the species 

of interest, as insects are diverse in body size and behaviour. To obtain footage 

of similar spatial and temporal resolution, and duration of bumblebees (Bombus 

terrestris workers body length ~ 14 - 18 mm, wing length ~ 9 - 13 mm, wingbeat 

frequency 150 - 200 Hz (Kardum Hjort et al., 2023, Josephson and Ellington, 

1997, Mountcastle and Combes, 2013)) and biting midges (Culicoides spp. body 

length 2 ï 3 mm, wing length 0.9 - 1.3 mm, wingbeat frequency > 1000 Hz 

(Blackwell, 2008, Morag et al., 2013, Belton, 1986) for example, requires 

significant changes in the size of the flight chamber to encourage natural flight, 

camera proximity and camera settings (e.g. frame rate).  
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Once high-speed footage had been acquired, data processing/tracking methods 

also differed substantially amongst literature. Sequences are often short as 

tracking is labour intensive if manually done frame by frame (Lyu et al., 2020) or 

is likely to be computationally expensive if automated using landmark tracking on 

large insects (Walker et al., 2008), model based optimisation (a 3D model is 

constructed and projected onto the image planes) (Muijres et al., 2017, Fontaine 

et al., 2009) or visual hull reconstruction (also called voxel carving) where 

common pixels that form the silhouettes of the insect in all camera views are 

retained in the final 3D shape of volumetric pixels (voxel) (Perez et al., 2012, 

Walker et al., 2012). Further diversion arises from the varying definitions of 

kinematic parameters and axis systems that make it difficult to compare 

kinematics between literature (Provini et al., 2023). Ribak et al. (2017) and 

Bomphrey et al. (2017) for instance, describe similar wing kinematic parameters 

with names, angle of incidence and wing pitch angle (Ribak et al., 2017, 

Bomphrey et al., 2017). 

 

The aim of this chapter thus addresses the issues forementioned with current 

experimental setups (i.e., few camera views, quality of footage, experimental 

setup flexibly and laborious data processing pathways), by describing a new 

insect free-flight lab and pipeline to extract high-precision 3D kinematics. This 

setup was used throughout the experimental chapters of my thesis, but with 

species dependent adjustments that will be detailed later to avoid repetition 

where the same framework is used. Footage obtained was of unprecedented 

resolution using ten high-speed cameras to maximise coverage of the insect. 

High-speed cameras and additional components such as additional stereo trigger 

cameras and far-red backlights were able to be easily repositioned, and optically 
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clear free-flight arena/chamber replaced for a variety of insect species. High 

quality footage was then run through a quick and completely automated voxel-

carving software package, to calculate high-precision 3D body, wing (including 

wing torsion and bending) and leg (Anopheles only, Section 3.2.2) kinematics. 

With this setup, I started creating a large database and outlined a new standard 

of insect flight 3D kinematics that will better our understanding of this diverse 

class. Kinematics extracted here may for example be fed into studies of insect 

flight control and aerodynamic modelling. Finally, in this chapter I define kinematic 

parameters and their axis systems to be used throughout this thesis. Utilising the 

same experimental framework, data processing pathways, and definitions of 

kinematic parameter avoids differences owed to inter-laboratory differences, and 

thus minimising uncertainty when comparing across different insect species.  
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2.2 Insect Free-flight Lab 

 

In this section, the general setup of the insect free-flight lab pictured in Figures 

2.1 and 2.2 is described. The foundations of these experiments were designed 

and built by Simon Walker (S.W, University of Leeds) to obtain footage and 

kinematics of insect flight in unprecedented resolution. High-speed cameras 

operated on rails for ease of distance adjustment between insect species, to 

achieve wing length to be approximately 70 ï 80 pixels, and studio gear heads 

for angle adjustment (Manfrotto 400, UK). Cameras were further supported by 

two 1.2 and 1.4 m scaffold rings fabricated by Barnshaw Section Benders Ltd, 

West Midlands and linear scaffold supports by Scaffolding Direct, Wirral. To 

provide additional stability, heavy-duty magnets (MB175B, THORLABS) were 

used throughout the system: under each light-emitting diode (LED) which 

provided backlighting, and aluminium struts (RS PRO, UK) suspending the free 

flight arena. The platform placed under the centre of the camera rig, was a 1 mm 

thick mid-steel sheet (a magnetic metal) bolted on to medium-density fibreboard 

that enabled easy adjustment of these heavy-duty magnets. During experiments, 

care was also taken to not touch the rig, for instance, leaning on the scaffold rings 

during data collection to avoid the introduction of oscillations. 

 

All insects were filmed between 20 - 23 °C and ~ 20 - 65 % humidity (Thermo-

hygrometer, Testo 608-H1 and RS PRO RS42 Thermometer) unless stated 

otherwise. A pooter or falcon tube was used to transfer individuals from their 

housing to the free-flight arena and for weighing. 
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Figure 2.1 High-speed camera rig used to capture insect flight 

 

  

Figure 2.2 3D rendering of the free flight arena and surrounding camera rig 

Insects were placed and encouraged to fly within the centre of the free flight 

arena. When passing through the common recording volume of the high-speed 

cameras, they were activated to start recording by USB-3 trigger cameras with 

live background subtraction and thresholding adjusted for each species.  
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2.2.1 High-speed Videography / Kinematic Acquisition 

 

To maximise the coverage of insects during take-off and free-flight, ten high-

speed cameras (FASTCAM Mini AX200, Photron Ltd) with 150 mm f/2.8 macro 

lenses (Dragonfly, irix) were used for filming. Three cameras were positioned 

horizontally (~ 0 °) and seven pointed vertically down (~ 50 ï 55 °) to face the 

centre of the free flight arena (Figure 2.2). Three of the high-speed cameras were 

further assigned specific roles: (I) one horizontal camera (0° using a BOSCH GLM 

80 Professional Spirit Level) acted as a master camera vital for camera calibration 

and defining the lab coordinate system, and two slave cameras were responsible 

for (II) manual triggering and (III) output to the LED driver for LED-camera pulse 

synchronisation using BNC connectors. When starting up, high-speed cameras 

were left to warm up for a minimum of ten minutes before software (Photron 

FASTCAM Viewer 4 (PFV4), Version 4.0.5) auto-calibration to remove banding 

artefacts generated from intrinsic heat.  

 

Positioned opposite each high-speed camera was a far-red LED (LZ1 Series 5W 

LED Emitter Module, LedEngin Inc., USA), acrylic LED diffuser, and 10.4ò 

diameter, 8ò focal length Aspheric Fresnel lens (Edmund Optics, UK) on a geared 

tripod head (Manfrotto 410, UK). Far-red light paths were then aligned and 

focused directly into each camera lens to provide a bright and uniform 

background (consistently between 170 and 255 RGB) ideal for silhouetting 

insects and background subtraction (Section 2.2.3). To aid this, cameras were 

also set to operate with a 9 ms exposure time to minimise motion blur based on 

the insects typical wingbeat frequency. The far-red LEDs were controlled by a 
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custom-built LED driver with pulse width modulation (PWM) to strobe them for 

maximum brightness, and to match the high-speed camera sensor absorption 

frequencies with a peak wavelength of 740 nm, and a cut off frequency of 675 

nm. This is outside the visible spectrum of most insects with an upper limit of 600 

nm (Briscoe and Chittka, 2001, Bernard and Stavenga, 1979). Insects were 

provided a white LED (Mounted MWWHLP1, Thorlabs) to see and encourage 

flight. The white LED was fitted with a 650 ï 1050 nm adjustable collimation 

adapter lens (SM2F32-B, Thorlabs) and 1200 mA Max Drive current T-Cube LED 

Driver (LEDD1B, Thorlabs) to be able to vary its intensity from above.  

 

Stereo USB 3.0 monochrome industrial cameras (Basler acA720 ï 520 um and 

Pylon Viewer Version 7.4.0 (Basler AG, Germany)), each fitted with a 90 mm f/2.8 

Tamron SP Di macro lens (Tamron, Japan), and Nikon G-mount to C-mount 

camera lens adapter (Nikon, USA) on a tripod micro ball head (Manfrotto 492, 

UK), operated as triggers cameras for the high-speed cameras to start recording 

when insects entered their region of interest (ROI). Trigger cameras ran 

alongside Bonsai software (Version 2.8.1.4300, Bonsai Foundation UK) for real-

time background subtraction and motion segmentation/thresholding at 250 fps 

(Multicomp PRO MP750510 Arb Waveform Generator) and shutter speed 1/500 

second. These were then focused onto custom built far-red panel lights fitted with 

a diffuser for backlighting. All footage was captured in PFV4 and saved as 

uncompressed 12-bit files to retain image detail. Accompanying cihx text files 

containing camera and sequence details was also saved for each video. 
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Multiple flight arenas were available with inner sections between 200 and 800 

mm in diameter, and were selected depending on the size of the insect and the 

volume required to encourage natural flight (Table 2.1). Each consisted of two 

optically clear cast 1 mm thick acrylic discs (Simply Plastics, UK), 250-micron 

acetate walls (Diacel, Japan), two aluminium custom-made rings with 10 mm 

thick black foam tape boarders (RS PRO, UK), and two aluminium vertical strut 

supports (Rexroth, Bosch) to form a cylinder camber. However, the 200 mm flight 

arenaôs rings and vertical struts were 3D printed in tough white polylactide 

(Shapr3D Version 5.4 and printed with the Ultimaker S7 Pro Series) and epoxied 

(Araldite Rapid, USA) together for increased rigidity. Arena height, orientation 

and elevation was determined by its centre and the position of opaque objects 

that made up the flight arena e.g., aluminium rings, so that they did not obstruct 

camera views (approx. arena diameter to height ratio 0.65 : 1.0). To ensure a 

common field of view, a calibration object with a 30G İò 0.3 x 13mm micro-lance 

needle tip was placed in the centre of the flight arena. All cameras were then 

aligned and focused onto the tip of the needle; with the high-speed cameras this 

was further done at low aperture (setting Q) to maximise the depth of field but 

fully opened (setting A) for data collection.  

 

At the end of experiments, subjects were collected, anesthetised by placing them 

in - 20 °C for five to ten minutes, and then quickly weighed using a AX26 

DeltaRange Microbalance (readability 0.2 ³ 10-5 g, Metter Toledo, UK) to 

minimise the effects of desiccation.  
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Table 2.1 Table summarising species-specific camera and flight arena 

parameters 

 

 

2.2.2 Camera Calibration 

 

At the start and end of each data collection day, high-speed cameras set at 250 

fps, shutter speed 1/250 and with the same resolution used to record insect 

footage was used to take ~ 100 synchronised images of a manually held 

calibration grid at random positions, rotations, and translations. Here, four 

separate far-red LEDs (with the same wavelength as backlights) fitted with lenses 

(LE1-M, LEDiL, USA) to reduce divergence were used to provide front 

illumination and maximise the contrast of the calibration grid. This calibration 

device consisted of an adjustable handle (MSWC 360 º swivel post clamp and 

MS3R/M optical posts, Thorlabs, USA) and flat, square 0.5 mm thick piece of 

white acrylic, with a grid of matt black open and closed circular dots (14 by 14) 

pasted on its surface (Figure 2.3). Grid spacing options were made available 

between 0.5 and 4 mm, and dot diameter differed proportionally with steps in 

recording diameter, meaning the smallest insect species recorded required the 

Species 

Wingbeat 

Frequency 

(Hz) 

Approx. 

Wing 

Length 

(mm) 

Arena    

Diameter 

(mm) 

Recording 

Diameter  

(mm) 

Recording 

Frequency 

(fps) 

Recording 

Resolution  

(px) 

Anopheles  

gambiae 600 - 800 3 200 31 12,000 768 × 720 

Coenosia 

attenuata 300 3 200 40 6,400 

1024 × 

1024 
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0.5 mm dot spaced calibration grid. This was done in preparation for camera 

calibration in a custom MATLAB graphic user interface (GUI) as detailed in 

(Walker et al., 2009). Here, a bundle adjustment technique was used to estimate 

the spatial coordinates of the circular dot calibration grid, camera parameters and 

to calculate pixel error of individual data points. Calibration images were retaken 

if pixel error was greater than one pixel. This photogrammetric technique was 

useful as it does not require prior information on camera position and orientation 

except the master camera. Collinearity equations for each camera were solved 

simultaneously with constraint equations fashioned from known dimension 

constraints taken from the calibration images to include grid spacing, translation 

and orientation permitted by the open circles in one corner. Solving accuracy 

increases with more camera views (Walker et al., 2009).  

 

 

Figure 2.3 Camera calibration grid  

14 by 14 calibration grid consisting of four open left-hand side circles and closed 

circles. Images of the calibration grid were taken in all ten camera views at 

random orientations to achieve pixel errors less than one. Not to scale. 
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2.2.3 Video Processing and Kinematic Reconstruction 

 

Following camera calibration, insect footage was digitised to obtain wing and 

body kinematic parameters using a custom MATLAB script written by S.W, 

University of Leeds as follows and as summarised in Figure 2.4. Background 

images were first created by stacking the images of each sequence and taking 

the brightest pixel to build a new image. Where physical obstruction was 

consistent for instance, when my hand or the insect flew directly towards a high-

speed camera, the background was substituted with one from the same camera 

from a previous recording, or the camera footage (a copy) was deleted moving 

forward to leave footage from the remaining nine cameras. For image cropping, 

a generic MATLAB blob detection tool was used on four out of the ten cameras 

that minimise reprojected pixel error and the assumption that it is unlikely that 

objects would obstruct multiple cameras. Cropped images were then saved as 

binary images, segregating the body and wings (Figure 2.5). Only then the 

tracker could be run, employing a voxel carving method (also known as hull 

reconstruction) to reconstruct the body, wingtip (stroke angle and deviation 

angle), and wing outline (getting leading and trailing edge for wing pitch, wing 

twist and spanwise bending) respectfully (Figure 2.6 and 2.7). Kinematics were 

filtered and corrected with each processing step described above (from 

measuring body kinematics onwards in Figure 2.4) to avoid accumulating 

tracking error. Use of the Parallel toolbox on MATLAB enabled multiple frames to 

be processed simultaneously. The same tracker was used for all insect species 

recorded although, some parameters for example, morphological operations 
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(e.g., erode and dilate) and frequencies used for filtering between tracker steps 

was tailored and commented out accordingly.  

 

 

Figure 2.4 Flowchart of data processing pipeline to get insect wing and 

body kinematics 

Degrees of freedom (d.o.f). 

 

 

 

Figure 2.5 Cropped images of the same mosquito flying in all ten camera 

views 
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Figure 2.6 Voxel carving method 

A block of voxels is carved with each camera view. The final product after ten 

cameras, is a 3D shape largely resembling the insect recorded. 

 

 

Figure 2.7 Visualising data processing steps 

From left to right, body segmentation result from voxel carving, tracked wing tips 

(left wing orange, right wing blue) and voxel outlines of the wingôs leading and 

trailing edge (left wing orange, right wing blue). 
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2.2.4 Defining Kinematic Parameters 

 

All body and wing kinematics follow the same format as described in (Walker and 

Taylor, 2021). Body kinematics were defined using a right-handed body-fixed axis 

system {Xb, Yb, Zb} where its origin was fixed about the centre of body volume 

(voxels) as shown in Figure 2.8. The Xb  axis pointed anteriorly, extending beyond 

the bodyôs major axis, the Yb axis was positioned to the side, parallel to a line 

joining the wing hinges and the Zb axis pointed down. The body axis was 

measured in a fixed laboratory coordinate system {X, Y, Z} (not illustrated), and 

the outcome of torques (from variable symmetric and asymmetric forces 

generated by the wings) was described by a series of Euler rotations/angles: yaw 

(Y, z-axis of rotation), pitch (q, y-axis of rotation) and roll (f, x-axis of rotation) 

needed to go from the lab-fixed axis system to the body-fixed axis system. 

 

For wing kinematics, I used the right-handed body-axis axis system {XR, YR, ZR} 

for the right wing and the left-handed body-axis axis system {XL, YL, ZL} for the 

left wing where their origins were located at their respective wing base (Figure 

2.8). The spanwise rotational axis is defined as a line originating from the wing 

base to the wingtip. Wingtip kinematics, stroke angle (j) and deviation angle (q) 

are the azimuth of the spanwise rotational axis from the wingtip and wing 

elevation respectfully. The stroke plane is defined for each wingbeat from a line 

drawn between the wingtip at the start of upstroke and downstroke (at stroke 

reversal). Wing pitch angle (w) is the angle between the wings anatomically 

ventral side perpendicular to the YR axis and the XRYR plane, once the positions 
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of stroke angle (ZR axis) and deviation angle (XR axis) have been subtracted 

(Walker and Taylor, 2021).  

 

 

Figure 2.8 Wing kinematic parameters 

Stroke angle (j, left), deviation angle (q, left), wing pitch angle (w, right). The body 

axis system {Xb, Yb, Zb} with the grey arrows is centred about the bodies centre 

of voxels. The right wingtip kinematics are defined by the right-handed axis 

system {XR, YR, ZR} with the black arrows originating from the right-wing hinge, 

and left wingtip kinematics by the left-handed axis system {XL, YL, ZL} originating 

from the left-wing hinge (not shown). The green dot is the wingtip located on the 

apex of the wing (blue) and is used to define the spanwise rotational axis (green 

line). Figure adapted from (Walker and Taylor, 2021). 

 

Wing twist (Equation 2.1) is a regression modelled with a pitch angle offset (zero 

x-coordinate and fitted y-coordinate) and linear twist gradient (degrees per unit 

length) component, by first calculating a local pitch angle along the wings radial 

coordinate (r). 
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Equation 2.1 Calculation of wing twist 

 

‫ὶ  ‫ὶ +‫ 

 

Spanwise bending (Equation 2.2) is proportional to the wing (i.e., 0.1 means 10 

% of wing length) and is calculated using a modified sine function below,  

 

Equation 2.2 Calculation of spanwise bending 

 

! ÓÉÎp ὶ 

 

where A is amplitude of the wingtip and radius (r) is 0 to 1. 
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Chapter 3                                                                                     

High-precision Wing and Leg Kinematics of Anopheles 

gambiae during free-flight 

 

3.1 Introduction 

 

Mosquitoes are major vectors of disease (e.g., Zika, Dengue and Malaria) and 

thus, methods to limit their populations have become a popular research topic. 

Management strategies dominate the reproductive stage for example, by 

releasing sterile males (Bouyer et al., 2020), odour-baiting females (Fillinger et 

al., 2023), and the development of acoustic lures (Johnson et al., 2018). The latter 

utilises the fundamentals of mosquito courtship behaviour at dusk, which involves 

the detection of female flight tones (by-product of wing movement) followed by a 

highly orchestrated dance (Somers et al., 2022, Aldersley and Cator, 2019). To 

show compatibility, some species synchronise their wingbeat frequencies to 

match females in close proximity (e.g., T.brevipalpis) whilst others undergo 

harmonic convergence (Arthur et al., 2014, Gibson and Russell, 2006, Pennetier 

et al., 2010). Males therefore operate over a greater range of wingbeat 

frequencies than females, that has been speculated be a measure of fitness 

before copulation (League et al., 2021).  

 

It is unclear if there is a biomechanical (e.g. for power muscle contraction 

efficiency) or aerodynamic advantage when performing flight with higher 

wingbeat frequencies. For the reason that, it is certainly expensive to do so at 
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their small size due to high inertial power requirements and wing loading (Kim et 

al., 2021). Bomphrey et al. (2017) provided some insight, as they reported two 

novel aerodynamic techniques during the rotational phase of flapping flight 

termed trailing edge vortex (TEV) and rotational drag. However, we still have no 

knowledge on how they utilise these techniques when manoeuvring with their 

high aspect ratio wings (AR = 4.2, versus AR = 2.5 in Drosophila despite 

operating at similar scales (Ray et al., 2016)). The TEV is a form of wake 

recapture during supination and pronation, where the wake first intercepts the 

trailing edge to generate a negative pressure region above before shedding. 

Whereas during rotational drag, the wingsô rotational axis migrates from the 

leading to the trailing edge mid-rotation to maintain the production of positive lift, 

normal to the posterior wings surface at the end of downstroke as supination 

begins. As a result, the importance of lift generation during the translation phase 

(that is usually LEV dominated) of stroke cycles is unconventionally shifted to the 

rotational phase, allowing for just two chord lengths travelled between stroke 

reversals (Bomphrey et al., 2017).  

 

Mosquitoes also have long narrow limbs that enable them to take-off and land on 

hosts undetected, whilst also being up to three times heavier after a blood meal 

(van Veen et al., 2020). When taking off, limbs are first slowly extended to 

minimise peak leg force (ground reaction force 0.02 mN over 26.3 ms) so that it 

is under the mechanoreceptor threshold of hosts (0.07 mN in mice (Li et al., 

2011)). The wings are then flapped to produce the remaining 61 % of total push-

off force (Muijres et al., 2017). Smooth surfaces that are likely to cause slippage 

and affect downstream aerodynamic force production are also overcome by 

mosquitoes, by raising and striking the ground with their rearmost legs to produce 
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near identical vertical body velocities as normal push-offs (Smith et al., 2018). 

Once the mosquito is airborne their legs then spread (Liu and Sun, 2019). This 

leg behaviour has been observed similarly in Drosophila (Berthé and Lehmann, 

2015) and Euglossa (orchid bee) (Combes and Dudley, 2009b), to act as useful 

rudders by increasing their profile drag to increase stability and fine tune control. 

Nonetheless, detail on insect leg kinematics during flight remains minimal in 

literature only describing leg retraction and extension in the rare instances 

(Combes and Dudley, 2009b, Berthé and Lehmann, 2015).  

 

Mosquitoes continue to push our technical ability to observe insect flight aptitude, 

with their high wingbeat frequencies, small high aspect ratio wings, and long 

antennae and legs that may also obstruct camera views. The primary aim of this 

experimental chapter, was to therefore investigate how Anopheles gambiae alter 

their kinematics during natural free-flight. The experimental setup and data 

processing pathways used (described in Section 2.2) enabled me to generate a 

large database of high-precision wing and body free-flight kinematics including: 

wingtip angles, mid-wing pitch, wing twist gradient, spanwise bending, and body 

roll through the stroke. Leg kinematics defined as swing (stroke like angle), 

elevation (deviation like angle) and tilt (pitch like angle), were also acquired from 

fully intact and damaged mosquitoes that had experienced leg loss, by using a 

supplementary skeletonization image processing technique preceding voxel 

carving. By obtaining these measurements, how relevant mosquito legs are to 

flight stability (typically indicated as a substantial proportion of body moment of 

inertia (MOI)), and the effect of leg loss (e.g., the adjustment of their remaining 

leg kinematics) could be investigated. To facilitate this, additional morphological 

measurements of the bodyôs centre of mass (COM) and leg radius, was used to 
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calculate the body and leg MOI for comparison. Results described here will help 

illuminate the complementary roles of (non-wing) appendages in other insect 

species, and could be used to develop the most advanced population 

management techniques, and estimations of aerodynamic force production to 

date.  
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3.2 Methods 

 

3.2.1 Insect Care 

 

G3 Anopheles gambiae (mosquito) were kindly provided by the Albert Lab, 

University College London (UCL) Ear Institute. Recordings only took place 2 - 5 

days post-eclosion due to reductions in fitness post-transit. Mosquitoes of the 

same sex were housed in groups of 5 - 10 in 360 ml BugDorms (MegaView 

Science Company, Taiwan), with cut up cotton rolls saturated in a 1:10 sugar and 

distilled water mix. BugDorms were then placed in two 30 ³ 30 ³ 30 cm mesh 

cages for extra security when handling, then again into two black opaque boxes 

with fitted white LED strips (colour temperature 5500 - 7000 K, RS PRO, UK) 

inside. LED strips were fixed to a 05:00 to 17:00 (in one) and 07:00 to 19:00 (the 

other) ON OFF cycle using a digital timer switch (230 V ac, RS PRO, UK) to 

simulate day and night. Humidity was maintained between 70 - 80 % using a 4-

litre GEEKEN humidifier and Inkbird 1HC-200 dual humidistat controller. While 

temperature in housing was maintained between 25 - 28 C̄ using FIPASEN 

heating mats and a Inkbird ITC-308 temperature controller. Mosquitoes were left 

to acclimatise for several hours before filming in the evening or the next day. 

Short acclimation times were only possible as it aligned with those used at the 

UCL Ear Institute with overnight shipment. 
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3.2.2 Tailored Kinematics Acquisition  

 

To ensure a large window for data collection each day, mosquito cages operated 

on different day night cycles. Recordings were collected between 19.4  ̄C and 

35.2  ̄C and were only attempted two hours before each box and its LED were 

set to turn-off (i.e., 15:00 - 19:00), and within 30-minutes of each BugDorm being 

left in the dark (see below) to sample within swarm times. This is when male 

mosquitoes have been observed to be most active as part of courtship behaviour 

whilst female mosquito behaviour remains the same (Somers et al., 2022). All 

experiments were therefore performed in the dark, but within an approximate 4 - 

16 lux (Light Meter LT300, EXTECH INSTRUMENTS, USA) environment inside 

the free flight arena with calibration (for the user to see the insect), trigger and 

backlight far-red LEDs on, and with blackout curtains surrounding the camera rig.  

 

High-speed cameras as detailed in General Methods (Section 2.2.1) were 

positioned so that mean wing length (approximately 3 mm) of A.gambiae supplied 

was ~ 80 pixels long during experimental setup. All high-speed cameras were 

then set to operate at 12,000 fps, shutter speed 1/frame second, 768 ³ 720-pixel 

resolution and with a common field of view (diameter) of 31 mm (~ 10 wing 

lengths) in the centre of a 200 mm diameter free flight arena. To induce 

manoeuvres in mosquitoes one at a time, an additional small, directional white 

LED (MP000435, MULTICOMP PRO, USA) was added to the Bonsai workflow 

(Version 2.8.1.4300, Bonsai Foundation UK) to turn on for one second upon 

individuals entering the trigger cameras ROI. The small white LED was thread 

through a 5 mm hole, in the centre of the flight arenaôs acrylic top disc and 
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suspended immediately above the recording volume so that it did not obstruct 

any camera views. 

 

Forward and backward filtering was performed on the tracked body and wingtip 

kinematics (Section 2.2.3) using a 3rd order low pass Butterworth filter, with a 

cut-off frequency of 180 Hz and 2400 Hz for the body and wingtips respectfully. 

Whereas a 5th order low pass Butterworth filter with a cut-off frequency of 3000 

Hz was used on wing twist. These values were selected to remove jitter from the 

wings on the centre of voxels and be below the limits of what I would expect 

oscillations to occur at when flapping to avoid the removal of any underlying 

signal. For definitions of wing kinematic parameters please refer to General 

Methods in Section 2.2.4.  

 

For leg kinematics, if all existing limbs were within the field of view in six or more 

high-speed cameras, a supplementary leg tracker after voxel carving was used 

every 10 frames. The number of legs present was quickly monitored using the 

pixel parameters of each sequence, which was only possible as legs were much 

longer than the wings. If leg view became obscured or out of frame during a 

sequence no data was recorded for these frames. Each recorded limb then 

underwent skeletonization (erosion and dilation) until a single line of pixels was 

produced for each frame and leg coordinates averaged for each sequence. Limbs 

were therefore treated as a non-drying object where the limb could only rotate 

around its base. Each leg was then manually scored as a fore-, mid-, or hind-

limb, as it was challenging to automate the differentiation between ipsilateral 

limbs.  



69 
 

 

The right leg axis system {XRleg YRleg, ZRleg} was defined with respect to a right-

handed axis system (parallel to the body axis system) where XRleg originated from 

the leg base (0,0) pointing forward, YRleg axis out to the side and ZRleg axis points 

down as illustrated in Figure 3.1. This remained true for the left leg axis system 

{XLleg YLleg, ZLleg} but mirrored using a left-handed axis system (not shown). Swing 

was defined as a stroke like angle, describing rotation in the vertical axis (yaw), 

elevation was a deviation like angle describing rotation in the front to back axis 

(roll), and tilt was pitch like angle describing twist in the YRleg (side to side axis, 

pitch) once swing and elevation position have been subtracted. Limbs were 

labelled according to Figure 3.2 where L1 ï 3 were used to describe left legs and 

R1 - 3  for right legs for the fore- (L1 and R1), mid- (L2 and R2) and hind-legs (L3 

and R3) respectfully. 

 

 

Figure 3.1 Defining leg parameters 

(A) Swing (jleg, stroke like angle), (A) elevation (qleg, deviation like angle) and (B) 

tilt (wleg,  pitch like angle). Right leg axis system {XRleg YRleg, ZRleg} with reference 
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to the right-handed axis system. Body axis system {XR YR, ZR} in grey. Mosquito 

only features one leg (red) for illustration purposes. Figure adapted from (Walker 

and Taylor, 2021). 

 

 

Figure 3.2 Mosquito leg key 

L1 (green), L2 (blue) and L3 (red) were left legs and R1 (yellow), R2 (magenta) 

and R3 (cyan) were right legs. Wings have been excluded for transparency. 

 

 

3.2.3 Mosquito Metrics 

 

Body length and wing length of recorded individuals were automatically quantified 

in the fly tracker script. To compensate for leg loss and leg MOI calculations, 

grouped leg mass (AX26 DeltaRange Microbalance (readability 0.2 ³ 10-5 g, 

Metter Toledo, UK)) to work out averages for fore-, mid- and hind-limb mass were 

further recorded. This was done quicky after detachment to minimise the effects 

of desiccation and subtracted from the estimated body mass.  
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Leg segment lengths (femur, tibia, and tarsus) were acquired by detaching fore-, 

mid- and hind-limbs (10 each) from 30 different mosquitoes of mixed sex, imaging 

them with a 1 mm stage micrometre (Leica S8 APO, Leica Microsystems Ltd) one 

at a time, and determining their segment lengths and segment radius (taken from 

the mid-point of leg segments) using ImageJ (Version 1.52q, Wayne Rasband 

NIH). 

 

 

3.2.3.1 Hanging Experiments for Centre of Mass 

 

To calculate the COM, a U-shaped rig fashioned from profiled aluminium struts 

(RS PRO, UK) and corner connectors was used (Bosch-Rexroth, Germany). 

Black braided silk (SP103, Surgical Specialties, USA) was then clamped across 

the U-shape (bridge) and a plumb line with 15 mm washer hung in line with 

gravity. A self-clamping crossover tweezer (stainless steel N5, 0.1 x 0.06 mm tip, 

Dumont HP, USA) was then hung parallel to the plumb line, used to clamp on to 

the tip of a subjectôs leg, and left to stabilise (Figure 3.3A). Images of the 

mosquito body (in the sagittal plane) from multiple leg hanging points, were then 

taken using a Nikon D70 camera with a Nikon F mount (Nikon, Japan), 60 mm 

f/2.8 2X Ultra-macro LAOWA lens (0023745, LAOWA), Lumecube (5600 K, LC-

PANEL 112, USA) to provide front lighting, and a white foamboard backdrop.  

 

Once all images had been taken, a MATLAB script was used to calculate the 

COM by clicking on the proboscis base, scutellum, abdomen end, wing base, 

haltere base, hanging point, and the top and bottom of the plumb line. A line was 
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then drawn between the proboscis base, scutellum and abdomen end for detail 

on body orientation and scaling of individuals (Figure 3.3B). All image 

coordinates were then rotated, translated, scaled, and overlayed to estimate the 

position of the COM where lines from the hanging point in line with gravity 

intercepted on the mosquitoôs body.  

 

 

Figure 3.3 Hanging experimental setup to calculate mosquito centre of 

mass 

(A) Hanging experimental setup and (B) mosquito image taken in the sagittal 

plane, haltere base (red circle), wing base (green circle), line drawn joining the 

proboscis base, scutellum and abdomen end (blue), hanging point in line with 

gravity (red line) and body outline (yellow). The location of the centre of mass, is 

the interception point of red lines when clicked images are overlayed (not 

pictured). 
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3.2.3.2 Calculating Moment of Inertia 

 

3.2.3.2.1 Body Moment of Inertia 

 

To determine the bodyôs MOI in line with the parallel axis theorem, a mosquito 

mesh model was constructed from photos taken under microscope (Leica S8 

APO, Leica Microsystems Ltd) and scaled for each individual (Figure 3.4A). Each 

model was then segmented into a series of ellipsoids from the proboscis base to 

the tip of the abdomen (Figure 3.4B). The volume of each ellipsoid, total volume 

of the body, and mass of each ellipsoid assuming uniform density was then 

estimated respectfully. Only then, the MOI of each ellipsoid (Ὅ ) and the 

total MOI of the body (Ὅ ) about the bodyôs roll axis could be calculated using 

Equation 3.1 and Equation 3.2 where,  

 

Equation 3.1 Moment of inertia of an ellipsoid about its own axis 

 

Ὅ  
ρ

υ
άὥ ὦ  

 

Equation 3.2 Total body moment of inertia  

 

Ὅ  В Ὅ  άὨ ) 
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m is the mass of the ellipsoid, ╪ is the ellipsoidôs semi-major axis, ╫ is the 

ellipsoidôs semi-minor axis, ▀ is the distance between the ellipsoidôs centre and 

the location of COM of the mosquito, and ░ is the ░-th ellipsoid.  

 

 

 

Figure 3.4 Mosquito mesh model used to calculate the bodyôs moment of 

inertia 

(A) Dorsal and lateral view of the mosquito model. (B) Equatorial circumference 

(widest circular section) of each ellipsoid.  

 

 

3.2.3.2.2 Leg Moment of Inertia 

 

To calculate and sum the MOI of mosquito legs, leg lengths were divided into 

three segments (femur, tibia, and tarsus) using the ratios determined for the fore-

, mid- and hindlimbs independently (Section 3.3.1.1 and Figure 3.5A - B). The 

volume of each leg segment was then estimated as a cylinder to estimate leg 
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segment mass assuming constant density. Each leg segment mass was then 

divided to make up a total of 100 parts (point mass) for all three segments to 

calculate the leg MOI as solid spheres (Ὅ , Equation 3.3) as illustrated in 

Figure 3.5C, and total leg MOI (Ὅ , Equation 3.4) about the bodyôs roll axis. 

 

Equation 3.3 Moment of inertia of a solid sphere about its own axis 

 

Ὅ  
ς

υ
άὶ 

 

Equation 3.4 Total leg moment of inertia  

 

Ὅ  Ὅ  άὨ  

 

m is the mass of the sphere (point mass which can be from any leg section (femur, 

tarsus, or tibia) of the fore-, mid- or hind-limbs), ὶ is the radius of the leg section 

(from images, Table 3.1), Ὠ is the distance between the sphereôs centre and the 

location of COM of the mosquito, and Ὥ is the Ὥ-th leg part (out of 100 for each leg, 

Figure 3.5C). 
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Figure 3.5 Calculating the moment of inertia of mosquito legôs 

(A) Example of mosquito tracked leg positions and typical leg posture during 

flight. (B) Example forelimb tracked as 100 points. (C) 100-point masses to be 

modelled as spheres for leg moment of inertia calculations. Not to scale.  
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3.2.4 Statistical Analysis 

 

For wing kinematics (e.g., stroke angle), all minimum and maximum values (local 

minima and maxima) for each wingbeat was checked for normality using a 

Kolmogorov-Smirnov test (suitable for large sample size). Significance was then 

determined between male and female wing kinematic parameters using a non-

parametric Mann-Whitney U test that does not assume a normal distribution. 

 

For leg kinematics, normality was also tested using a Kolmogorov-Smirnov test. 

A non-parametric Kruskal-Wallis H test (0.05 alpha) was then used to test the 

significance between three or more categories for each leg kinematic parameter. 

To correct for multiple comparisons, a post-hoc Dunnôs multiple comparison 

hypothesis test was used to calculate adjusted P-values. This was done by 

multiplying uncorrected P-values by the number of groups, thus making it more 

difficult for P-values to be significant. If this product was greater than one, the 

adjusted P-value has been shown as > 0.9999. If only comparing two categories, 

a Mann-Whitney U test (two tailed for non-directional change) was used. 

Significance was concluded if P ¢ 0.05.  

 

For body roll and leg loss, the mean body roll of each sequence was calculated 

then grouped according to the number of uneven or even ipsilateral legs loss 

(between left and right sides). Normality of all groups was then tested using a 

Kolmogorov-Smirnov test, and significance determined between groups of 

uneven ipsilateral leg loss and the group with an equal number of left and right 

legs lost using a Mann-Whitney U test.  



78 
 

 

3.3 Results 

 

The results in this chapter have been divided into three subsections: (1) mosquito 

metrics (including COM and MOI), (2) high-precision wing kinematics and (3) leg 

kinematics. I would also like to note here, that as I was interested in the upper 

limits of mosquito flight (e.g., highest wingbeat frequencies and lowest stroke 

amplitudes), I sampled within swarm times at dusk however, males did not swarm 

as antennae remained retracted during recordings. Nonetheless, male 

mosquitoes generally flew at higher wingbeat frequencies than the females and 

covered wingbeat frequencies previously observed during swarming flight 

(Pantoja-Sánchez et al., 2019, Cator et al., 2010, Garcia Castillo et al., 2021).  

 

An overview of summary parameters can be seen in Figure 3.6, where I included 

12,578 wingbeats extracted from 195 sequences (N = 137 males and N = 58 

females sequences), with a mean sequence length of 1,179 frames (99 ms) from 

129 free-flying individuals (N = 90 males and N = 39 females). The highest 

wingbeat frequency recorded was 1,015 Hz and lowest stroke amplitude 

averaged from both wings was 12.9 º (see Appendix Figure 0.1 for reductions in 

stroke amplitude alongside wingbeat frequency and vertical acceleration over 

wingbeats for this sequence). Wingbeat frequency varied greatly in this dataset 

but variation was due to differences between individuals rather than within 

individuals regardless of sex. Whereas, stroke amplitude displayed a broader 

range within individuals but with some greater exceptions owed to more dramatic 

manoeuvres e.g., quick descents where weight support is less important. The 
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effect of varying ambient temperature on body and wing kinematics will be 

addressed in Chapter 4.  

 

 

Figure 3.6 Histogram of summary kinematic parameters 

(A) Wingbeat frequency and (B) stroke amplitude histogram. Blue is males, red 

is females, and the black horizontal lines represent individuals ranked according 

to their mean (N = 8,073 male wingbeats and N = 4,505 female wingbeats). 
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3.3.1 Mosquito Metrics  

 

3.3.1.1 Wing, Body and Legs 

 

Body length and wing length positively correlated with one another in males (N = 

90, R2 = 0.781 and P < 0.001) and females (N = 39, R2 = 0.663 and P < 0.001) 

(Figure 3.7 and Table 3.1). Whereas, wing length and wingbeat frequency poorly 

correlated in both males (R2 = 0.0295 and P = 0.108) and females (R2 = 0.0193 

and P = 0.392) (Figure 3.8).  

 

Limb mass, whole limb length, and leg segment lengths and radii measurements 

are summarised in Table 3.1. Leg mass made up to 5 ï 6 % of body mass as 

fore-, mid- and hind-limb mass was 1.038 ³ 10-5 ° 2.118 ³ 10 -6 g (N = 60 legs, 

mean ° SD), 8.25 ³ 10-6 ° 1.52 ³ 10-6 g (N = 53 legs) and 7.49 ³ 10-6  ° 6.15 ³ 

10-7 (N = 53 legs) respectfully. While, fore-, mid- and hind-limb length was 5.352 

° 0.168mm , 6.473 ° 0.156 mm  and 7.760 ° 0.644 mm respectfully (N = 10 each). 

Meanwhile, the ratio between the femur, tibia and tarsus was also found to be 

0.26 : 0.33 : 0.41, 0.27 : 0.29 : 0.44, and 0.23 : 0.25 : 0.53 for the fore-, mid- and 

hind-limb respectfully. Tarsus length of the hind-limb was therefore particularly 

notable, as it was approximately two times greater than its femur and tibia length. 

 

In total N = 6 individuals of mixed sex from multiple hanging points were used to 

calculate the COM. The COM was positioned 37 ± 6 % (mean ± SD) along the 
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bodies length from the proboscis base (nose), at the thorax and abdomen junction 

as illustrated in Figure 3.9. 

 

 

Figure 3.7 Mosquito body length and wing length 

Males in blue and females in red. Equation of the linear trendline was y = 0.54x 

+ 0.4 for the males (N = 90, R2 = 0.781 and P < 0.001) and y = 0.52x + 0.92 for 

the females (N = 39, R2 = 0.663 and P < 0.001).   

 

 

Figure 3.8 Wing length versus wingbeat frequency 

Males in blue (N = 90, R2 = 0.0295 and P = 0.108) and females in red (N = 39, R2 

= 0.0193 and P = 0.392). Vertical bars denote the mean and standard deviation 

of each mosquito recorded.   
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Table 3.1 Mosquito morphological parameters: body, wings, and legs 

Parameter Male  Female 

Body Length 

(mm) 

4.96 ° 0.25     4.57 ° 0.17  

Wing Length 

(mm) 

3.08 ° 0.14   3.30 ° 0.11  

    

Parameter Length (mm) Radius (mm) Mass (g) 

Forelimb 5.352 ° 0.168 - 1.038 ³ 10-5 °  

2.118 ³ 10-6 

Femur 1.388 ° 0.025  0.0458 ° 

0.0081 

2.693 ³ 10-6 * 

Tibia  1.760 ° 0.108 0.0317 ° 0.0052 3.415 ³ 10-6 * 

Tarsus  2.204 ° 0.191 0.0186 ° 0.0041 4.276 ³ 10-6 * 

Midlimb 6.473 ° 0.156 - 8.25 ³ 10-6  °  

1.52 ³ 10-6 

Femur 1.729 ° 0.0169 0.0378 ° 0.0069 2.202 ³ 10-6 * 

Tibia  1.872 ° 0.0772 0.0235 ° 0.0040 2.385 ³ 10-6 * 

Tarsus  2.872 ° 0.138 0.0196 ° 0.0040 3.658 ³ 10-6 * 

Hindlimb 7.760 ° 0.644 - 7.49 ³ 10-6 °  

6.15 ³ 10-7 

Femur 1.757 ° 0.0819 0.0316 ° 0.0044 1.696 ³ 10-6 * 

Tibia 1.905 ° 0.0997 0.0183 ° 0.0035 1.839 ³ 10-6 * 

Tarsus 4.097 ° 0.529 0.0171 ° 0.0034 3.955 ³ 10-6 * 

 

Values are in the format of mean ° SD. * estimated.  
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Figure 3.9 Mosquito centre of mass position 

Wing base (blue), haltere base (green) and centre of mass (red).  

 

 

3.3.1.2 Body and Leg Moment of Inertia 

 

Table 3.2 summarises the MOI results of all mosquito bodies and legs from 

subjects with all six legs present (intact mosquitoes in N = 103 sequences). The 

total leg MOI for subjects with all six legs, was found to be ~ 55 % of total body 

MOI in the roll axis for both male and female mosquitoes. The ratio of which the 

fore-, mid- and fore-limbs contributed to the total MOI of the legs was 0.28 : 0.46 

: 0.26 respectfully. Meanwhile, the MOI of leg segments (femur, tibia and tarsus) 

approximately contributed to the whole leg by 0.61 : 0.29 : 0.1, 0.60 : 0.23 : 0.16, 

and 0.61 : 0.21 : 0.18 for the fore-, mid- and hind-limb respectfully.  
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Table 3.2 Moment of inertia mosquito body and leg results 

Parameter Male Female 

Body MOI in roll axis  

(kg·m2) 

8.954 ³ 10-13  °  

1.739 ³ 10-13 

6.560 ³ 10-13  °  

1.091 ³ 10-13 

 

 

Moment of inertia (MOI). Values are in the format of mean ° SD. 

 

  

Parameter Moment of Inertia (kg·m2) 

All 6 legs 4.277 ³ 10-13 ° 7.576 ³ 10-14   

Forelimb 5.996 ³ 10-14 ° 1.524 ³ 10-14   

Femur 2.178 ³ 10-19 ° 1.445 ³ 10-34   

Tibia 1.043 ³ 10-19 ° 1.204 ³ 10-33   

Tarsus 3.592 ³ 10-20 ° 1.174 ³ 10-33   

Midlimb 9.928 ³ 10-14 ° 1.664 ³ 10-14   

Femur 1.178 ³ 10-19 ° 3.636 ³ 10-33   

Tibia 4.554 ³ 10-20 ° 1.806 ³ 10-35   

Tarsus 3.168 ³ 10-20 ° 4.574 ³ 10-34 

Hindlimb 5.593 ³ 10-14 ° 3.300 ³ 10-14 

Femur 7.480 ³ 10-20 ° 8.668 ³ 10-34 

Tibia 2.509 ³ 10-20 ° 2.558 ³ 10-34 

Tarsus 2.190 ³ 10-20 ° 8.968 ³ 10-34 
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3.3.2  High-precision Wing Kinematics 

 

Wingtip (stroke angle and deviation angle) and mid-wing pitch kinematics over 

time were stereotypical to what I would expect in a reciprocal wingbeat (Figure 

3.10A - C). That is  directional changes when flapping and morphological flipping 

during stroke reversal (ventrally when transitioning to the upstroke and dorsally 

to downstroke). Stroke angle and deviation angle had near sinusoidal traces as 

were defined relative to the body plane. A negative mid-wing pitch angle (taken 

from mid-way along the wing length) was the result of the axis system used rather 

than a negative aerodynamic angle of attack. As an angle of attack, is further 

dependent on the vector of the wing and surrounding air movement. Mid-wing 

pitch angle was approximately symmetrical on the upstroke and downstroke 

(inverted) as expected as the wing must quickly bound between wingtip position 

extremes when flapping (Figure 3.10C). A subtle recoil can also be seen at the 

end of each stroke reversal likely owed to elastic components (Ishihara and Horie, 

2017). Absolute high mid-wing pitch angles were not sustained in the middle of 

each half stroke. Wing twist gradient and spanwise bending have a similar peak 

and trough pattern which remains the same for each wingbeat through the stroke 

(Figure 3.10D and E). As the wing twists, it bends in the spanwise direction and 

vice versa (untwists). Local maximum and minimum values for all kinematic 

parameters (per wingbeat) described above were significantly different between 

the males and females (P < 0.001).  
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Figure 3.10 Frequency density plots of wing kinematics 

(A) Stroke angle, (B) deviation angle, (C) mid-wing pitch angle, (D) wing twist 

gradient and (E) spanwise bending proportion through the stroke for N = 25,156 

wingbeats (sum of left and right wings, N = 16,146 male wingbeats and N = 9,010 

female wingbeats). Male (blue) and female (red). Dotted lines are ° 1 standard 

deviation of the mean. 
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3.3.3 Leg Kinematics  

 

To remain undetected by prey, mosquitoes have long narrow limbs to minimise 

surface contact area, whilst maximising their contact time, and minimising their 

ground reaction force when landing or taking off from surfaces (Muijres et al., 

2017). It is therefore common for mosquitoes to experience leg loss when being 

handled (e.g., with a pooter or during transit) and taking off from textured or 

adhesive surfaces such as those statically charged (e.g., the flight arena). That 

being said, mosquito leg loss is thus also likely to occur in nature, as frequently 

reported amongst other insect species due to injury, lack of energetic reserves 

and predation (Escalante and Elias, 2021, Maginnis, 2006). In this results section, 

I thereby report standard leg kinematics from mosquitoes with all limbs intact first 

before reporting the leg kinematics of mosquitoes that had experienced leg loss. 

 

 

3.3.3.1 Standard Leg Kinematics 

 

The typical leg posture of mosquitoes can be seen in Figure 3.11A, where the 

forelimbs were positioned anteriorly, midlimbs laterally, and hindlimbs posteriorly. 

For all leg kinematics (swing, elevation and tilt), the interquartile range of limbs 

on the contralateral sides of one another (e.g., L2 and R2) were generally 

positioned similarly (Figure 3.11B - D). Meanwhile, forelimb (L1 and R1) swing 

and elevation angle operated at generally tighter ranges than the mid- and 

hindlimbs. For the remaining leg kinematics, the variation in maximum and 

minimum values may be owed to more significant manoeuvres of intact 
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individuals. However, the large range in tilt angle (Figure 3.11D) was due to a 

tracking issue when elevation angle approached zero, as elevation angle can be 

positive or negative. Statistical analysis of tilt angle was therefore excluded from 

here on as tilt results cannot be easily compared, and was justified as leg tip 

position is only determined by swing and elevation of the leg. 

 

 

Figure 3.11 Summary of standard mosquito leg kinematics 

(A) Typical posture of mosquitoesô legs. Forelimbs were positioned anteriorly (in 

green and yellow), midlimbs laterally (blue and magenta), and hindlimbs 

posteriorly (red and cyan). Boxplots displaying (B) swing angle, (C) elevation 

angle and (D) tilt angle of all legs in intact mosquitoes. For all figure parts, L1 

(green), L2 (blue), and L3 (red) are left legs and R1 (yellow), R2 (magenta) and 

R3 (cyan) are right legs.  
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3.3.3.2 Effect of Leg Loss 

 

Out of the 129 mosquitoes recorded, 89 experienced leg loss at varying degrees 

(89 out of total 195 sequences recorded). In these sequences featuring leg loss, 

L1 was absent for 1.7 %, L2 for 5 %, L3 for 35.8 %, R1 for 10.8 %, R2 for 8.3 % 

and R3 for 38.3 % (Figure 3.12). This was then identified as nine balanced 

combinations (conditions) described in Table 3.3. The hindlimbs (one or both 

only) were therefore the most frequently lost making up 66 % of sequences (59 

sequences) featuring any leg loss. I thereby focused on the leg kinematics of the 

fully intact (have all six legs, Group 9) and those with compromised hindlimbs 

only (Group 2 and 4) during free-flight, as they were most biologically relevant. 

Limb detachment in the hindlimb position was most likely to occur as they are the 

most tapered and have been identified to be the last to leave the surface when 

taking off (Smith et al., 2018). Sequences were treated independently as leg loss 

was progressive for some individuals where more than one flight sequence was 

obtained. In total, no leg kinematics were obtained from just three sequences (out 

of the 195) as complete legs were out of view in more than six high-speed 

cameras. All leg kinematics (swing, elevation and tilt) when normalised by 

wingbeat, remained relatively stable through the stroke but were likely positioned 

soon after take-off for optimum stability which was not captured in footage.  

 



90 
 

 

 

Figure 3.12 Percentage of leg loss 

Percentage of limb loss out of the 89 sequences featuring limb damage (e.g., 

1.7 % of the 89 sequences experienced L1 limb loss). 

 

Table 3.3 Mosquito leg loss combinations 

Group Limb Missing           Sequences 

1 L1, L3 and R3 3 

2 L3 or R3 39 

3  L3 R2 or L2 R3 7 

4 L3 and R3 20 

5 L2, L3 and R2  1 

6 R1 and R2 2 

7 L1 or R1 13 

8 L2 or R2 4 

9 No limbs missing 103 

L1 ï 3 are left legs and R1 - 3  are right legs. Fore-limbs (L1 and R1), mid-limbs 

(L2 and R2), and hind-limbs (L3 and R3).  
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To investigate the effect of hindlimb leg loss on the remaining leg kinematics, a 

Kruskal-Wallis test was conducted to determine if there was a significant effect 

amongst the three unique leg combinations between the same legs present. All 

results can be seen in Table 3.4 and 3.5, and depicted in boxplot Figures 3.13 

and 3.14. 

 

Swing angle and elevation angle was significantly different for all legs amongst 

the groups via Kruskal-Wallis (dof = 3, P < 0.0001, see Table 3.4 and 3.5 for all 

H values). A subsequent Dunnôs procedure with Bonferroni correction then 

confirmed this, for instance swing angle of Group 9ôs (subjects will all six limbs 

present) L1 was significantly different to Group 2ôs (L3 or R3 missing) L1 (P < 

0.0001), and to Group 4ôs (L3 and R3 missing) L1 swing angle (P < 0.0001). 

Likewise, Group 2ôs L1 and Group 4ôs L1 swing angle was significantly different 

(P < 0.0001). Similar results were obtained between all comparisons including 

Mann-Whitney U test results (P < 0.0001 but P = 0.0011 for Groups 2 and 9 R3 

elevation angle comparison) with a few exceptions outlined below in elevation 

angle. 

 

Overall, limb loss affected the swing angle of remaining limbs the most. Group 4 

with no hindlimbs increased their forelimb elevation angles (P < 0.0001), 

meanwhile those with only one missing hindlimb compared to those fully intact 

did not (P = 0.5055). Additionally, Group 4ôs L2 and R1 elevation angle was not 

significantly different from their fully intact counterparts (P = 0.625 and P = 0.875 

respectfully).  
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In summary, when one hindlimb was missing, the ipsilateral mid-leg tended to 

increase its swing angle by ~ 10 ° and elevation angle by ~ 3 ° which may help 

compensate for the imbalance. Whereas when both hindlimbs were missing, 

ipsilateral midlimbs tended to increase their swing angle by ~ 23 °. When one 

hindlimb was missing, the remaining hindlimb increased its swing angle by ~ 10 

° and decreased its elevation angle by ~ 4 °. Meanwhile, if one or both hindlimbs 

were missing, swing angle of the forelimbs in both groups increased similarly by 

~ 2 °.  
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Table 3.4 Kruskal-Wallis test results for leg swing angle 

 
Swing Angle 

Leg L1 L2 L3 R1 R2 R3 

H 919.8 3019 - 108.2 1591 - 

dof 3 3 2 3 3 2 

P-

value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

 

Comparisons Mean rank diff. Significance 
Adjusted P 

Value 
 

L1_GP9 vs. L1_GP2 -1164 **** <0.0001  

L1_GP9 vs. L1_GP4 -2416 **** <0.0001  

L1_GP2 vs. L1_GP4 -1251 **** <0.0001  

L2_GP9 vs. L2_GP2 -1979 **** <0.0001  

L2_GP9 vs. L2_GP4 -4513 **** <0.0001  

L2_GP2 vs. L2_GP4 -2534 **** <0.0001  

L3_GP2 vs. L3_GP9 - **** <0.0001  

R1_GP9 vs. R1_GP2 -465.9 **** <0.0001  

R1_GP9 vs. R1_GP4 -772.7 **** <0.0001  

R1_GP2 vs. R1_GP4 -306.8 ** 0.0037  

R2_GP9 vs. R2_GP2 -1948 **** <0.0001  

R2_GP9 vs. R2_GP4 -3118 **** <0.0001  

R2_GP2 vs. R2_GP4 -1170 **** <0.0001  

R3_GP2 vs. R3_GP9 - **** <0.0001  

 

Degrees of freedom (dof), no significance (ns) P > 0.05, * P ¢ 0.05,  ** P ¢ 0.01, 

*** P ¢ 0.001 and **** P ¢  0.0001. 
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Table 3.5 Kruskal-Wallis test results for leg elevation angle 

 
Elevation Angle 

Leg L1 L2 L3 R1 R2 R3 

H 225.5 9814 - 19.86 100.6 - 

dof 3 3 2 3 3 2 

P-value < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0011 

 

Comparisons Mean rank diff. Significance 
Adjusted P 

Value 
 

  L1_GP9 vs. L1_GP2 -95.73 ns 0.5055  

  L1_GP9 vs. L1_GP4 -1263 **** <0.0001  

  L1_GP2 vs. L1_GP4 -1167 **** <0.0001  

  L2_GP9 vs. L2_GP2 -256.2 *** 0.0005  

  L2_GP9 vs. L2_GP4 109.3 ns 0.625  

  L2_GP2 vs. L2_GP4 365.5 *** 0.0006  

  L3_GP2 vs. L3_GP9 - **** <0.0001  

  R1_GP9 vs. R1_GP2 271.4 *** 0.0002  

  R1_GP9 vs. R1_GP4 -88.3 ns 0.872  

  R1_GP2 vs. R1_GP4 -359.7 *** 0.0004  

  R2_GP9 vs. R2_GP2 -274 **** <0.0001  

  R2_GP9 vs. R2_GP4 -955.3 **** <0.0001  

  R2_GP2 vs. R2_GP4 -681.3 **** <0.0001  

  R3_GP2 vs. R3_GP9 - ** 0.0011  

 

No significance (ns) P > 0.05, * P ¢ 0.05,  ** P ¢ 0.01, *** P ¢ 0.001 and **** P ¢  

0.0001. 
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Figure 3.13 Swing angle box plots 

Swing angle multiple comparisons between Groups 2, 4 and 9 for all legs present. 

(A) L1 comparisons in green, (B) L2 comparisons in blue, (C) L3 comparisons in 

red, (D) R1 comparisons in yellow, (E) R2 comparisons in magenta and (F) R3 

comparisons in cyan. Mosquito schematics above each boxplot further indicate 

which group is being compared. No significance (ns) P > 0.05, * P ¢ 0.05,  ** P ¢ 

0.01, *** P ¢ 0.001 and **** P ¢  0.0001.  
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Figure 3.14 Elevation angle box plots 

Elevation angle multiple comparisons between Groups 2, 4 and 9 for all legs 

present. (A) L1 comparisons in green, (B) L2 comparisons in blue, (C) L3 

comparisons in red, (D) R1 comparisons in yellow, (E) R2 comparisons in 

magenta and (F) R3 comparisons in cyan. Mosquito schematics above each 

boxplot further indicate which group is being compared. No significance (ns) P > 

0.05, * P ¢ 0.05,  ** P ¢ 0.01, *** P ¢ 0.001 and **** P ¢  0.0001.  



97 
 

 

To test the effect of uneven ipsilateral leg loss (between left and right body sides) 

on body roll, average body roll of sequences was calculated then grouped 

according to the number of uneven ipsilateral legs lost, and significance tested 

using a non-parametric Mann-Whitney U test (Figure 3.15). All comparisons 

between groups with two left limbs more than the right side (N = 4, P = 0.565), 

with one left limb more than the right side (N = 34, P = 0.104), with one right limb 

more than the left side (N = 25, P = 0.657) and with two right limbs more than the 

left side (N = 2, P = 0.681), against the group with an equal number of left and 

right legs (N = 127 mosquitoes with all six limbs) were not significant.  
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Figure 3.15 Effect of leg loss on body roll 

In the x-axis, negative numbered leg loss groups (-2 and -1 (N = 4 and N = 34 

sequences respectfully)) denote a greater number of left legs present and positive 

leg loss groups (1 and 2 (N = 25 and N = 2 sequences respectfully)) denote a 

greater number of right legs present. For example, a mosquito with 1 right leg 

and 2 left legs will be categorised in -1 (1 ï 2 = -1). Leg loss group 0 (N = 127 

sequences) signifies an equal number of left and right legs present in the 

mosquito. In the y-axis, body roll is the mean body roll for a given sequence (N = 

192 total sequences). Box plot whiskers are 5 ï 95 percentiles and red plus signs 

are outliers. 
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3.4 Discussion 

 

Mosquitoes are morphologically and aerodynamically interesting, with their high 

aspect ratio wings, high wingbeat frequencies, and shallow stroke amplitudes 

which enable them to use TEV that remains exclusive to them, and rotational 

drag to generate the majority of their lift force (Bomphrey et al., 2017). The 

characteristics described above thereby make it difficult for researchers, as it 

highlights the limitations of experimental setups, for instance their ability to record 

long sequences, trade-offs between image resolution and frame rate, limited 

number of camera views, and computational power. Although imaging techniques 

have advanced in recent years, surprisingly little is known on how they perform 

impressive flight manoeuvres from a kinematic and aerodynamic perspective. 

Thus, the aim of this study was to generate a large database of high-precision 

wing and body kinematics of Anopheles during free-flight, using a ten high-speed 

camera rig and the subsequent footage subject to a quick and automated high-

precision kinematic acquisition technique. To complement this, leg kinematics 

that have previously been shown to fine-tune flight performance, and actions 

taken when compensating for leg loss were also reported for the first time in such 

detail. 
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3.4.1 Mosquito Metrics 

 

Body length scaled with wing length in all mosquitoes alike in most flying insects 

(Grimaldi and Engel, 2005). This relationship would have remained true if 

included sex specific morphological features such as males having bushed 

antennae and a longer proboscis (Sallum et al., 2020, Wheelwright et al., 2021). 

However for both sexes, features beyond the proboscis base (nose) were not 

included in analysis as: they were positioned densely in one area making it 

difficult to voxel carve accurately, were not useful for calculating the COM as 

warped following anaesthesia (nose to thorax is better as it is more of a straight 

line), and may have introduced complications in getting body roll in the automated 

tracker where rotation was calculated by assuming an enclosed triangle within 

the body. Furthermore, the mass of these features were unlikely to considerably 

contribute to overall body mass as the antennae (only covered in thin hairs for 

acoustic sensitivity), maxillary palps and proboscis (hollow tube) are long narrow 

features (Dixon and Vondra, 2022, Wheelwright et al., 2021).  

 

Conversely, the poor relationship between wing length and wingbeat frequency 

was unexpected (Tercel et al., 2018). Longer wings typically equate to heavier 

bodies that require greater forces for weight support, which may be accomplished 

by the insect flapping faster or possessing larger surface area wings (Kim et al., 

2021, Miller, 1977). One possible explanation, could be the varying ambient 

temperature during data collection, that will also be addressed in the next 

experimental chapter of this thesis (Sotavalta, 1952, Villarreal et al., 2017). 

Underlying direct asynchronous flight muscle may operate at different 
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temperature dependent optimums or natural contraction frequencies, but this is 

yet to be verified in mosquitoes. However, it has been described in literature that 

some insects require additional time to warm up their flight muscles, particularly 

in cold environments before taking off. Large flight muscles within the thorax 

(Section 1.5) are able to collectively contract to generate heat, momentarily de-

coupling themselves from the wing movement they usually drive (Heinrich, 1974). 

Western honeybees for instance, have a peak warm up rate of 9.3 °C per minute 

and maintained a 32.5 °C thoracic temperature during flight within a 22 °C 

environment (Heinrich, 1979, Stone and Willmer, 1989). Whilst swarming honey 

bees only took off after their thoraxes reached a minimum of 35 °C (Seeley et al., 

2003). This idea has been further observed in invertebrate and vertebrate 

synchronous muscle as molecular mechanisms are more malleable and 

receptive to stimulation (Olberding and Deban, 2017, Josephson and Young, 

1985). Josephson and Young (1985) found that the normal operating frequency 

(550 Hz) of the synchronous tymbal muscle in cicada was only achieved between 

40 and 45 C̄ whilst the ambient temperature during singing was 28 - 35 C̄.  

 

The position of ones COM could be telling of its flight agility, and may be defined 

as the point of which mass in all directions is balanced. The COM of insects is 

typically centred around the wing hinge for sensitivity to aerodynamic torques 

generated by the wings or haltere base for registering body rotation. For instance, 

the COM of droneflies overlays its haltere base whereas the COM in blowflies is 

above the wing base and haltere base (Huntley et al., unpublished). The position 

of the mosquitoôs COM was therefore unsurprising between the thorax and 

abdomen but may be a further reflection of their anatomically long abdomens and 
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feeding habits, where females can double or triple their body mass after a blood 

meal and need to depart from game undetected (van Veen et al., 2020).   

 

To complement calculations of the MOI, body sections may have been cut up and 

weighed independently however, this was deemed unsuitable as small insects 

are prone to crushing and dehydration (Mellanby and Haldane, 1934). The MOI 

of the body and legs relative to the centre of mass was therefore estimated using 

an insect model similarly to (Hedrick and Daniel, 2006, Mountcastle et al., 2015) 

but from microscope images that were then scaled. Mosquito legs were also 

modelled as a series of spheres to reduce complications with modelling the limbs 

around the bodies roll axis as three cylinders to represent the femur, tibia, and 

tarsus at different positions and orientations. The total MOI of mosquito legs was 

considerably high being ~ 55 % of the bodyôs MOI around its roll axis. This was a 

similar result reported for orchid bees, where hind leg extension increased their 

MOI in the roll axis by more than 50 % (tucked 3.65  10-10 kg·m2  versus 

extended 5.60  10-10 kg·m2), thus indicating that limbs may play a large role in 

flight stability across many different insect species (Combes and Dudley, 2009a).  

 

 

3.4.2 Wing Kinematics  

 

A large number of publications describe insect wing and body kinematics 

however, these predominantly only report stroke, deviation and wing pitch angle 

do not fully enclose wing torsion. Wing twist gradient and spanwise bending only 
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previously applied to hoverflies and locusts in Walker et al (2009) and subsequent 

papers, are relatively new wing kinematic parameters to help capture 

deformation. The description of any large differences between wing twist from 

root to tip and spanwise bending are thus likely to be important aerodynamically 

when modelling and comparing flight efficiency amongst different insect species 

(Walker et al., 2008). Previous studies were likely unable to calculate these 

parameters due to limited spatiotemporal resolution, and video processing 

techniques which were two of the fundamental objectives when developing the 

ten high-speed free-flight arena camera rig (Section 2.2). Walker et al. (2019) 

was also the first to incorporate wing twist into an updated blade element model 

for stroke averaged forces. Although applying blade element theory (BET) to 

mosquito wing kinematics is prone to over or underestimate force production, due 

to BET quasi-steady state assumptions (time history is assumed unimportant) 

and dominating rotational phases. Incorporating these mosquito kinematics into 

a computational fluid dynamic (CFD) model would thus be more appropriate. 

 

Wing twist gradient and spanwise bending peaked several times through the 

stroke denoting a persistent change in behaviour. This is likely to be the passive 

outcome of the shift in rotational axis along the wing from the leading to trailing 

edge utilised in rotational drag and of great importance in mosquitoes when 

bounding between stroke reversals at high wingbeat frequencies, however, this 

is yet to be fully understood. If assuming a flat plate wing in Anopheles, alike in 

previous studies featuring Drosophila wings (e.g., (Faruque and Sean Humbert, 

2010, Fry et al., 2005)) that operate at similar scales, may thereby produce 

inaccurate findings. It should also be noted that spanwise bending and chordwise 

camber are different for reason that chordwise camber requires knowledge and 
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incorporation of detail on wing veins and junctions (topographic measurements) 

that restrain flexion along the wing (Walker et al., 2009).  

 

Mid-wing pitch (wing pitch at mid-wing length) was plotted as it were likely to 

encase the most kinematic detail required for rotational and brief LEVs force 

production about its chord, and experience the greatest added mass effect 

(Walker and Taylor, 2021). Sustaining high (absolute) mid-wing pitch angle was 

not prioritised as expected, presenting as transient peak during stroke reversal 

during middle of each half stroke, unlike other species that rely on LEV (where 

wing pitch follows a óWô shape with greater recoil after stroke reversal (Dickinson 

and Muijres, 2016)). Further investigation of the mosquito wing hinge and steering 

muscle properties used to achieve such fast rotations and little recoil would be 

interesting, but could prove difficult in vivo due to its operating speed alone. 

 

The highest wingbeat frequency was 1,015 Hz from a male mosquito (recorded 

at 35.2 C̄ and 20.7 % humidity) and the lowest stroke amplitude observed was 

12.9  ̄from a female sequence (recorded at 30.9 C̄ and 31.9 % humidity). This 

low stroke amplitude was further verified by checking raw footage where the 

female mosquito was seen to quickly descend following stimuli, thereby requiring 

less weight support. Furthermore, this low stroke amplitude (12.9 )̄ was notably 

lower than the smallest stroke amplitude reported to date in the Culex mosquito 

at 44  ̄(fruit fly 140  ̄and hawkmoth 116  ̄(Bomphrey et al., 2017)). Acquiring 

more extreme manoeuvres may have been achieved by using a mechanical 

swatter similarly to Cribellier et al. (2022). However, subtracting artefacts 
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introduced by air flow produced by the swatter that may have gusted the mosquito 

away was not controlled for in (Cribellier et al., 2022). 

 

 

3.4.3 Leg Kinematics 

 

In this study I showed that intact mosquitoes generally position their left and right 

limbs similarly, whilst mosquitoes experiencing hindlimb lost significantly adjusted 

their remaining leg kinematics. This was consistently significantly different for all 

kinematic parameters between hindlimbs and for all swing angles of all legs. 

Mosquito midlimbs (L2 and R2) were also identified to contribute to approximately 

half the total MOI of limbs, and may therefore have the greatest effect/influence 

on adjustments made to the total leg MOI when experiencing leg loss. Though, 

to what extent the kinematic adjustments made of remaining limbs effect on MOI, 

and contribution to flight stability is still unclear. 

 

A lower MOI on one side of an insectôs body that has not been compensated for 

means it requires a lower torque to accelerate about the bodyôs rotational axis, 

favouring manoeuvrability in the same roll direction and overall flight efficiency if 

the flight behaviour is repetitive. It therefore makes sense that insects would 

choose energetically cheaper techniques of stabilisation in the axes where 

possible rather than expensive ones i.e., actively changing wing kinematics for 

corrective torques. On the other hand, deliberately increasing a legôs moment of 

inertia can improve stability when subject to turbulence. In the past, mosquitoes 
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have been found to spread their legs alike in bumblebees to increase their MOI 

to reduce disturbances by 11 % when hovering (Liu and Sun, 2019, Combes and 

Dudley, 2009b). The relationship between mosquito leg and body MOI in this 

study were comparable to those previously reported in orchid bees (> 50 % 

(Combes and Dudley, 2009b)). Although this was considerably higher than the ~ 

6 % increase previously reported in Drosophila (with hindlimb extension), that is 

likely to be explained by anatomical differences such as body size and leg 

position (Berthé and Lehmann, 2015). 

 

Finally, the non-significant result between the body roll and groups of ipsilateral 

leg loss may denote that damaged mosquitoes with an uneven number of 

ipsilateral limbs were able to adjust their kinematics to effectively manage their 

body roll, or differences were too small to measure.  
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3.5 Conclusion  

 

The outcomes of this current study provide a new standard for kinematics 

acquisition and highlights the importance of non-wing appendages in insect flight 

stability. Kinematics were acquired using a new high-speed camera rig that 

enabled and accelerated to my knowledge, the generation of the second largest 

database of high-precision insect free-flight kinematics to date; by addressing 

challenges faced in previous experimental designs. For instance, automating the 

previously laborious and time-consuming task of tracking wing tip positions frame 

by frame. The improved specifications of recorded sequences further permitted 

the definition of additional and relatively new descriptors of 3D wing motion, wing 

torsion and wing bending (Walker et al., 2009, Walker and Taylor, 2021). The 

lowest stroke amplitude observed was notably smaller than any flying insect in 

literature, likely due to manoeuvre variation/aerodynamic force demand and 

environmental factors such as ambient temperature which is further discussed in 

Chapter 4. Wingtip and wing pitch parameters were also significantly different 

between male and females, likely due to a combination of factors e.g., 

morphological differences and feeding habits. Finally, in-depth leg kinematics 

defined as swing and elevation angle were reported for the first time within a flying 

insect, damaged individuals were shown to adjust their leg kinematics in 

response to leg loss, and the leg moment of inertia of intact subjects was found 

to contribute largely to flight stability in the roll axis. The findings of this chapter 

therefore continue to incite interest in what is occurring aerodynamically during 

manoeuvres, and how this is achieved mechanically in Anopheles. As well as 

encourages future studies to consider, include or at least recognise the effect or 

importance of non-wing appendages during flight. 
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Chapter 4                                                                                

Kinematics of Anopheles gambiae with Varying Temperature 

 

4.1 Introduction 

 

Behavioural differences in insects have been observed with changes in ambient 

temperature. For instance, in foraging bumblebees, the greatest wingbeat 

frequencies were reported at the lowest recording temperatures (~ 245 Hz at 14 

°C and ~ 210 Hz at 24.5 °C (Unwin and Corbet, 1984)). Meanwhile, in rice 

leafroller, wingbeat frequency generally increased with temperature (Huang et 

al., 2013). This variability is owed to several factors such as, neuron activity (e.g., 

faster conduction speeds at warmer temperatures in honeybees, winter moths, 

and locusts (Esch, 1988, Xu and Robertson, 1994)) and adjustment of oxygen 

consumption to facilitate flight muscle contraction (Stevenson and Josephson, 

1990). Mosquitoes are major vectors of disease that thrive in warm climates, and 

have also been observed to alter their flight behaviour with changes in ambient 

temperature. Villarreal et al. (2017) for example, reported the wingbeat frequency 

of female Aedes aegypti to increase by 8 - 13 Hz / C̄ from 18, 24, 28 and 31 C̄ 

experiments. While a ~ 25 Hz / C̄ increase in males between 22 C̄ and 28 C̄ 

had been previously seen in Anopheles gambiae (Georgiades et al., 

unpublished).  

 

However, when wanting to test the effect of temperature against time-varying 

parameters needed to describe a single wingbeat (e.g., stroke angle), these 
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cannot be simply regressed, and summary parameters such as, wingbeat 

frequency and stroke amplitude are insufficient to describe the 3D motion of the 

wing. In addition to this, datasets with large amounts of data, spatial size and 

number of individuals as exemplified in the previous chapter can be difficult to 

handle. Methods to compress data but not oversimplify or ignore numerous 

parameters are thus continuously being challenged and refined. However, one 

approach to tackle the issues forementioned, is to use Fourier coefficients, that 

summarises time-varying data into summary parameters for each wingbeat (i.e. 

independent numbers for each wingbeat) while compacting data up to 1000 % 

(Skejø et al., 2021). In simple terms, Fourier coefficients are calculated by fitting 

a Fourier series to data, which is a sum of sine and cosines ideal for repetitive 

data such as the reciprocal motion of a wingbeat (Walker and Taylor, 2021) and 

running (Skejø et al., 2021, Jackson, 1979). Although, one must be careful with 

Fourier fitting as the considerable number of parameters to describe a wingbeat 

remain, and wing parameters are not independent (e.g., stroke angle and 

deviation angle are likely to be correlated as increase with stroke amplitude) 

which may lead to the overfitting of data. Principal component analysis (PCA) 

may therefore be used to create a set of independent parameters that are 

orthogonal to one another and highlight parameters which are most important to 

describe the variation in data. In more detail, this is a powerful analytic tool used 

in biomechanics that enables non-directional regressions (normal regressions 

only look at residuals in the y-axis) ideal for three dimensional coordinate data 

(Brandon et al., 2013, Witte et al., 2009, Jolliffe and Cadima, 2016). PCA has 

several outputs that are useful such as, principal component (PC) latent that 

explains variation of data captured, and PC scores (kinematics in a different axis 

system defined by PC) that can be regressed, and significance noted against 
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independent variables such as temperature. Riskin et al. (2008) was the first to 

apply PCA to 17 wing kinematic markers (or 20 joint angles) on short-nosed fruit 

bats. Where 95 % of variation was explained in the first 16 principal components 

(PCs) whilst quantifying the wings dimensional complexity and highlighting 

grouped correlations of wing joint motion. This then inspired Nagesh et al. (2019) 

to apply PCA to the Fourier fitted wing kinematics of 25,541 hoverfly wingbeats. 

More than 99 % of wingbeat variation was captured by a minimum of 20 PCs for 

time period components (cycle oscillations in a non-linear system) and only 2 PCs 

for time linear components that enable different cycle limits as are rarely coherent 

in kinematics (Nagesh et al., 2019). 

 

In this study, I thereby focussed on the relationship between temperature (from 

19.4 to 35.2 C̄) and wing kinematics of free-flying Anopheles gambiae. 

Exploration within the same dataset previously reported in Chapter 3, revealed 

wingbeat frequency to significantly increase with temperature but plateaued at 

different temperatures for males (32.2 C̄) and females (28.6 C̄). Prior to this 

plateau region, as temperature increased, an ~ 1.5 ratio between male (29.9 Hz 

increase / C̄) and female (20.9 Hz increase / C̄) wingbeat frequency was 

observed. Meanwhile, wing speed for both sexes remained consistent as 

temperature increased. Data then underwent Fourier fitting, PCA, and sequence 

reconstruction to define wingbeat kinematics (including wingtip angle and wing 

twist) at specified temperatures. To further report, a minimum of 7, 16 and 7 PCs 

for wingtip, wing pitch and spanwise bending respectfully, were required to 

capture > 99 % of variation in 12,578 wingbeats. Detail here may provide insight 

on how mosquitoes behave independently, in line with global warming, and 

possibly in swarms (part of their courtship behaviour) as wingbeat frequencies 
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observed here overlapped with ranges of swarming wingbeat frequencies 

previously reported in literature (Somers et al., 2022, Garcia Castillo et al., 2021, 

Cator et al., 2011). As well as, provide compressed kinematic data for the most 

accurate aerodynamic modelling and force estimations to date. 
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4.2 Methods 

 

The same dataset described in Chapter 3 was used in the current study, but will 

be briefly described here for completeness. Anopheles were provided by the 

Albert Lab at UCL, and subject to free-flight experiments using a ten high-speed 

camera setup (12,000 fps aimed for approx. 15 - 20 frames per wingbeat), and 

stimuli to encourage manoeuvres (Section 3.2.2). During recordings ambient 

temperature varied between 19.4 and 35.2 C̄, 20.2 ï  64 % humidity, and air 

density 1.132 - 1.141  kg/m3. Footage was then run through a fly tracker to acquire 

high-precision wing (namely, stroke angle, deviation angle, mid-wing pitch angle, 

wing twist gradient and spanwise bending) and body kinematics (Section 2.2.3). 

In total, 12,578 wingbeats were captured in 195 sequences (137 male and 58 

female sequences) from 91 male and 38 female subjects. Body length varied 

between 4.35 ï 5.63 mm (4.96 ± 0.25 mm, mean ± SD) for the male mosquitoes 

and 4.27 ï 4.88 mm (4.57 ± 0.170 mm) for the female mosquitoes (Figure 3.7).  

 

The original MATLAB code for Fourier and PCA analysis was written by Simon 

Walker (S.W), University of Leeds. All running of code, further analysis and figure 

generation was done by Rachel Tran (R.T), University of Leeds unless stated 

otherwise.  
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4.2.1 Fourier Analysis 

 

To compress data, normalised body and wing kinematics were run through a 

Fourier fitting MATLAB script using periodic regression. The order of Fourier 

series applied to each body and wing kinematic variable was tailored to give the 

best fit with previous knowledge on insect parameters (e.g., wingbeat frequency, 

body size and filter frequencies used). A first-order harmonic was applied to body 

kinematics (yaw, pitch, roll and X, Y, Z lab coordinates), third-harmonic to wingtip 

kinematics (stroke angle and deviation angle) and spanwise bending, and filth-

harmonic to wing pitch parameters, wing twist constant and wing twist gradient 

on both the left and right wings. The Fourier output was a 2n + 2 vector for each 

wingbeat, determined by the nth order of harmonics used (weighing of sine and 

cosine), time linear variable and constant offset in preparation for PCA later on. 

The general equation for Fourier series fitting (Equation 4.1) applied to each 

kinematic parameter can be seen below where, 

  



114 
 

 

Equation 4.1 Equation for Fourier series fitting 

 

Ὢj ὑ j ὑ  ὑ ÃÏÓὭj ὑ  ÓÉÎ Ὥj ȟ 

 

f(j) can be any of the eleven kinematic parameters, and for the left and right wing 

if wing parameters. K0 is a time linear variable of 101 equally spaced points 

between zero and one that allows for shifting in the y-axis as real wingbeats do 

not start and end at exactly the same place, K1 is a constant offset that is the 

mean value of f(j) through the stroke, n is the order of harmonic selected (e.g., 

n = 3 for wingtip kinematics and spanwise bending, n = 5 for wing pitch 

kinematics) and K2 é K2n  are Fourier coefficients of the nth order (Nagesh et al., 

2019).  

 

The Fourier output of each wingbeat (Equation 4.2) was therefore 24 (4 ³ 6, 

including time linear components) predictors (numerical coefficients) for the body, 

and (8 + 8 + 8 + 12 + 12) ³ 2 for the left and right wings (96 in total). Both were 

compiled in the format seen below where,  

 

Equation 4.2 Format of Fourier output per wingbeat 

 

ὑ
j

ὑ  ȟ
j
ὑ ȟ
j
ȣ ὑ ȟ

j
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ὑ
j
 is all linear and time periodic coefficients of any kinematic variable for one 

wingbeat and T is transpose. For each sequence, each kinematic variable was 

compacted into a matrices, 

 

Equation 4.3 Format of Fourier output per sequence  
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, 

 

where each column is a wingbeat and rows are its time linear and time period 

components (Nagesh et al., 2019) (Equation 4.3). An example plot of normalised 

kinematic parameters, and a Fourier fit of stroke angle and wing twist gradient 

can be seen in Figure 4.1. 
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Figure 4.1 Example plots of normalised kinematic data (red) against a 

Fourier series fit (black) 

A randomly selected (A) stroke angle fitted with a 3rd order harmonic and (B) wing 

twist gradient fitted with a 5th order harmonic Fourier series.  

 

 

4.2.2 Principal Component Analysis and Sequence Reconstruction 

 

The  time linear components of Fourier data was first excluded in preparation for 

PCA. This was done so that wingbeats created could start and end at the same 

point in anticipation for further study on aerodynamic modelling (Section 6.3.5). 

Each sex and kinematic parameter in Fourier form whilst summing the left and 
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right wings was then processed independently to ensure uniform weightingôs, as 

parameters had different units and range (e.g., wingtip angles in degrees and 

spanwise bending as a proportion of wing length). PCA of wing parameters 

revealed the coefficients of each PC (C, Equation 4.4) as a m-by-m matrix where 

each column contained the coefficients of PC ordered in ascending order of 

variance captured, and PC scores (S, Equation 4.4) ordered as a u-by-m matrix 

where u is the number of observations and m is individual PCs. 

  

Equation 4.4 Principal component decomposition matrix 

 

ὢ Ὓὅ 

 

In Equation 4.4, the hat notation (^) of X further denotes matrix centring by 

subtracting the mean of columns to normalise the weighting of variables without 

the removal of underlying data (Riskin et al., 2008). 

 

To validate results, PC scores were then used to reconstruct the wing kinematics 

of individual mosquitoes. The PC scores of wingbeats were first grouped if there 

was more than one recording from the same insect. This was acceptable as 

multiple recordings from the same individual were only taken immediately one 

after another, and only occurred at the same temperature (130 sequences from 

107 individuals) or very close ambient temperatures (65 sequences from 22 

individuals with a range of 0.08 ï 0.56 °C between sequences from the same 

individual) to prevent pseudo replication and to ensure equal weighingôs between 

subjects.  
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To ensure kinematic reconstructions reflected the limits of mosquito flight 

performance, plateau regions observed at the higher recording temperatures with 

wingbeat frequency for male and female mosquitoes (Figure 4.2) were identified 

as follows. The mean wingbeat frequency of each sequence was first calculated 

before being sorted according to its recording temperature. The minimum and 

maximum recording temperature (mean temperature was used if more than one 

sequence was captured for one mosquito) was then identified to generate a 

linearly spaced range with 0.01 equal spacing e.g., 21.86 (lowest recording 

temperature), 21.87 é 35.19 (highest recording temperature) for males. A loop 

was next run in MATLAB that performed linear regressions on the sorted mean 

wingbeat frequencies and their recording temperatures that were less than or 

equal to the temperature range defined above. This subsequently enabled 

predicted wingbeat frequencies and the sum of errors squared (between sorted 

and predicted wingbeat frequencies) to be calculated for all sequences. The index 

of the minimum sum of error squares was then located to fit plateaus across the 

remaining temperatures. This same technique was used to identify the start of 

any plateaus in other summary kinematic parameters (e.g., stroke amplitude, 

Figure 4.3A).  

 

 

Equation 4.5 Equation for kinematic reconstruction 

 

ὢ Ὑὖ ά 
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Only PC coefficients (P) and PC scores (R) that significantly correlated with 

temperature (within the specified range) via false discovery rate at a 5 % level 

(FDR, (Benjamini and Hochberg, 1995, Walker et al., 2012)), were selected to 

reconstruct wingbeat kinematics by reverse matrix multiplication and re-centring 

the data by adding back the mean (m) (Equation 4.5). The number of harmonics 

previously used to compress the data was then identified by the number of 

columns of means previously subtracted. Predictors for each corresponding 

harmonic was then created and multiplied by ὢ to reconstruct kinematic 

parameters.  
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4.3 Results 

 

4.3.1 Wing Kinematics and Temperature  

 

To an extent, wingbeat frequency was shown to significantly increase with 

temperature in both males (R2 = 0.737, P < 0.001) and females (R2 = 0.542, P < 

0.001) (Figure 4.2A), sustaining a ratio between 1.34 to 1.57 (1.46 ° 0.06, mean 

° SD) between the two. Wingbeat frequency increased by 29.9 Hz/ C̄ between 

22 ï 32 C̄ in males (y = 29.86x ï 28.34) and 20.9 Hz/ C̄ between 22 ï 28 C̄ in 

females (y = 20.91x ï 9.76). However, no statistical changes in wingbeat 

frequency beyond 32.22 C̄ for the males and 28.64 C̄ for the females occurred. 

A similar relationship was found when wingbeat frequency was normalised by 

wing length (male R2 = 0.627 and P < 0.001, female R2 = 0.441 and P < 0.001) 

and temperature to account for differences in mosquito size (Figure 4.2B). 

Although, the origin of plateau regions for both sexes experienced a slight shift to 

31.03 C̄ and 28.67 C̄ for the males and females respectfully.  

 

In support of the findings above, stroke amplitude also decreased with 

temperature (male R2 = 0.416 and P < 0.001, female R2 = 0.390 and P < 0.001) 

but plateaued at 32.62 C̄ for the males and 27.55 C̄ for the females (Figure 

4.3A). Lastly, wing speed remained constant for male mosquitos (R2 = 0.0082, P 

= 0.291), meanwhile wing speed slightly increased with temperature in females 

(R2 = 0.0909, P = 0.0214) (Figure 4.3B). 
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Figure 4.2 (A) Wingbeat frequency and (B) wingbeat frequency normalised 

by wing length with varying temperature in male (blue) and female (red) 

mosquitoes 

(A) Wingbeat frequency significantly increased with temperature up to 32.22 C̄ 

in males (R2 = 0.737 and P < 0.001) and 28.64 C̄ in females (R2 = 0.542 and P 

< 0.001). (B) Wingbeat frequency normalised by wing length significantly 

increased with temperature in both males (R2 = 0.627 and P < 0.001) and females 

(R2 = 0.441 and P < 0.001) up to 31.03 C̄ and 28.67 ̄ C respectfully. Vertical bars 

denote the mean and one standard deviation of each mosquito recorded.   
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Figure 4.3 (A) Stroke amplitude and (B) wing speed with varying 

temperature in male (blue) and female (red) mosquitoes 

(A) Stroke amplitude significantly decreased with temperature up to 32.62 C̄ in 

males (R2 = 0.416 and P < 0.001) and 27.55 C̄ in females (R2 = 0.214 and P < 

0.001). (B) Wing speed with temperature was not statistically different in amongst 

males (R2 = 0.0082 and P = 0.291). Meanwhile, wing speed in females weakly 

correlated with temperature R2 = 0.0909 and P = 0.0214). Vertical bars denote 

the mean and one standard deviation of each mosquito recorded.   
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4.3.2 Body Kinematics and Temperature 

 

Prior to the PCA of Fourier fitted wing kinematics and reconstruction of 

sequences, the significance between body kinematics (e.g., body acceleration, 

vertical velocity, body pitch in the lab axis system) for all sequences and 

temperature was determined to test for PCA suitability (e.g., to check if wingbeat 

frequency increased because subjects were flying faster). Only then, PCA 

ensued if overall body kinematics did not significantly correlate with varying 

temperatures to create descriptor wingbeats.  

 

Vertical velocity (male R2 = 0.0067 and P = 0.343, female R2 = 0.0283 and P = 

0.207, Figure 4.4B), total body acceleration (male R2 = 0.0015 and P = 0.657, 

female R2 = 0.0126 and P = 0.401, Figure 4.4C) and male body pitch (R2 = 7.34 

 10-4 and P = 0.753, Figure 4.4A), did not significantly correlate with 

temperature. However, a weak correlation was found between female body pitch 

with temperature where R2 = 0.102 and P = 0.0144 (Figure 4.4A). 
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Figure 4.4 Body kinematics with varying temperature 
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(A) Body pitch, (B) vertical velocity and (C) total body acceleration. Males are 

coloured in blue and females in red. Vertical bars denote the mean and one 

standard deviation of each mosquito recorded. (A) Body pitch weakly correlated 

with temperature in the female mosquitoes (R2 = 0.102 and P = 0.0144) but not 

in the males (R2 = 7.34  10-4 and P = 0.753). (B) Vertical velocity did not correlate 

with temperature for both males (R2 = 0.0067 and P = 0.343) and females (R2 = 

0.0283 and P = 0.207). (C) Total body acceleration did not correlate with 

temperature for both males (R2 = 0.0015 and P = 0.657) and females (R2 = 0.0126 

and P = 0.401). 

 

 

4.3.3 Principal Component Analysis 

 

PCA was successfully used to compact a large dataset into a series of vectors 

(PC scores) and matrices (PC coefficients) for each wingbeat within a sequence 

and its kinematic parameters (left and right wing). PC scores for each sequence 

were contained within a N-by-14, N-by-22 and N-by-7 matrix where N is number 

of wingbeats for wingtip parameters, wing pitch parameters and spanwise 

bending respectfully.  

 

To capture more than 99 % of variance of all data (male and female), a minimum 

of 7 out of 14 PCs was required for wingtip components, 16 out of 22 PCs for 

wing pitch components and 7 out of 7 PCs for spanwise bending (Figure 4.5). 

PCs beyond these minimums were likely to capture noise rather than important 

variation in data so were discarded from then on to further reduce the dimensions 

of data.  
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Figure 4.5 Cumulative percentage of variation captured in wing kinematics 

with number of principal components 

Variation captured in wingtip parameters (blue), spanwise bending (yellow) and 

wing pitch parameters (orange). 

 

Temperature ranges were truncated to 22 and 32 C̄ for males and 22 and 28 C̄ 

for female mosquitoes, to reflect the limits of their flight performance and to 

reconstruct the most realistic wing kinematics. Figure 4.6 and 4.7 show the time 

history of reconstructed wing kinematics and of male and female mosquitos 

independently. The reconstructed stroke angle of male and female mosquitoes 

became shallower as temperature increased (Figure 4.6A and B). Where stroke 

angle mid-way through the stroke (0.5), shifted from ï 20.7  ̄to ï 15.4  ̄for males 

and ï 23.2  ̄to ï 18.6  ̄for females between temperature extremes. On the other 

hand, the reconstructed deviation angle of male and female mosquitoes mid-way 

through the stroke shifted from 12.7  ̄to 11.6  ̄and 4.5  ̄to 1.7  ̄for males and 

females respectively (Figure 4.6C and D). The shape of male and female wing 

twist constant and wing twist gradient through the stroke, remained approximately 

the same with increasing temperature (Figure 4.7A and C). However with 
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increasing temperature, male wing twist constant experienced a proportion 

through the stroke delay of ~ 0.04 (right shift) between 22 and 32 C̄ 

reconstructions (Figure 4.7A). Male wing twist gradient similarly displayed delays 

with temperature but this varied more obviously in some areas through the stroke. 

For example, from 0.4 to 0.6 proportion through the stroke, male wing twist 

gradient was delayed by ~ 0.03 in comparison to 0.6 to 0.8 proportion though the 

stroke delays of ~ 0.05 between wingbeats reconstructed at 22 and 32 ̄ C (Figure 

4.7C). On the other hand, female wing twist constant and gradient delayed the 

most from 0.6 to 0.8 through the stroke from 22 to 28 C̄ (Figure 4.7B and D). 

The fluctuations reported in spanwise bending of male reconstructed wingbeats, 

became increasingly less pronounced at greater temperatures, whereas females 

remained approximately the same (Figure 4.7E and F).  
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Figure 4.6 Time history reconstruction of wingtip kinematics 

 (A and B) Stroke angle and (C and B) deviation angle reconstruction for male (A 

and C) and female (B and D) mosquitoes. Each line colour represents 

reconstruction at a different temperature. 

 



129 
 

 

 

Figure 4.7 Time history reconstruction of wing pitch parameters and 

spanwise bending 

(A and B) Wing twist constant, (C and B) wing twist gradient and (E and F) 

spanwise bending reconstruction for male (A, C and E (column one)) and female 

(B, D and F (column two)) mosquitoes. Each line colour represents reconstruction 

at a different temperature. Spanwise bending as a proportion of wing length (WL). 
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Changes in stroke amplitude, stroke plane angle (angle between wingtips at the 

extremes of the stroke), and mid-wing pitch angle at supination with temperature, 

were also estimated from reconstructed wingbeats and plotted against raw data 

as seen in Figure 4.8. From 22 to 32 C̄ reconstructions, male stroke amplitude 

decreased from 35.8  ̄to 24.4  ̄at  ~ 1.14 /̄ C̄. Stroke plane angle increased 

from 50.4  ̄to 54.3  ̄at ~ 0.38 /̄ C̄, and mid-wing pitch at supination decreased 

from 39.3  ̄to 24.5  ̄at ~ 1.48 /̄ C̄. Meanwhile for female reconstructions from 

22 to 28 C̄, stroke amplitude decreased from 47.3  ̄to 39.2  ̄ at ~ 1.36 /̄ C̄. 

Stroke plane decreased from  42.3  ̄to 40.6  ̄at ~ 0.28 /̄ C̄, and mid-wing pitch 

angle at supination decreased from 45.4  ̄to 39.9  ̄at ~ 0.92 /̄ C̄. 

 

Lastly, the wingtip path of reconstructed wingbeats can be seen for both male 

and female mosquitoes in Figure 4.9. As temperature increased, the wingtip path 

of male generated wingbeats declined and for female wingbeats, the wing trace 

shifted posteriorly.  
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Figure 4.8 Stroke amplitude, stroke plane angle and mid-wing pitch at 

supination of male and female mosquitoes from reconstructions against 

raw data 
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(A) Stroke amplitude, (B) stroke plane and (C) mid-wing pitch at supination. 

Vertical bars denote the mean and one standard deviation of each male (blue 

bars) and female (yellow bars) mosquito recorded (raw data). Coloured lines are 

PCA estimates of kinematic parameters for male (orange) and female (purple) 

wingbeats from 22 ï 32 C̄ and 22 ï 28 C̄ respectfully. Equation of the line for 

male stroke amplitude y = -1.14x + 60.88 and female stroke amplitude  y = -1.36x 

+ 77.14. Male stroke plane (y = 0.38x + 41.84), female stroke plane (y = 0.38x + 

48.22), male mid-wing pitch at supination (y = -1.48x + 71.89) and female mid-

wing pitch at supination (y = -0.92x + 65.69). 
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Figure 4.9 Wingtip path variation with temperature 

Reconstructed wingtip path of (A) male mosquitoes from 22 to 32 C̄ and (B) 

female mosquitoes from 22 to 28 C̄.  
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4.4 Discussion  

 

There are currently over 3,500 identified mosquito species that occupy temperate 

to tropical parts of the world (Hawkes and Hopkins, 2022). Mean temperatures 

have been reported to range from 28 C̄ in Thailand and up to 39 C̄ in shallow 

pools in parts of Mauritius, are extremely advantageous for the mosquitoes life 

cycle (Srisuka et al., 2022, Jepson et al., 1947). I therefore sampled the 

kinematics of malaria mosquito Anopheles gambiae at different ambient 

temperatures, to first report that wingbeat frequency for both males and females 

increased with temperature before plateauing at different temperatures. 

Meanwhile, overall, body kinematics did not vary with temperature with the 

exception of female body pitch that correlated weakly. Lastly, to generate 

descriptor wingbeats to test the effect of temperature, only 7 PCs for wingtip, 16 

PCs for wing pitch, and 7 PCs for spanwise bending was needed to capture > 99 

% of parameter variation out of 43 PCs (grand total) calculated for 12,578 

wingbeats. 

 

 

4.4.1 Kinematics and Temperature  

 

Data collection was performed during swarm times in order to access the upper 

limits of mosquito flight performance, as during swarm times, a 50 ï 100 Hz boost 

in wingbeat frequency was expected in addition to the effects of ambient 

temperature during flight manoeuvres (Albert, UCL, pers comms) (Garcia Castillo 
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et al., 2021). Experimental conditions were supportive of swarming behaviour 

according to Somers et al. (2022) where Anopheles were able to swarm in 

30 ³ 30 ³ 30 cm bug dorms, and lone males flapped faster in 5 ³ 5 ³ 5 cm flight 

arenas with only 12:12 hour day night cycles. However, flight observed in this 

study was ultimately not categorised as swarming behaviour, as male antennae 

vital for detecting females remained retracted during recordings (Nijhout and 

Sheffield, 1979). This was further confirmed by additional footage taken outside 

of swarm times and with the lab lights on to reveal no difference in behaviour 

(footage was then included in the dataset). Speakers playing an artificial female 

flight tone, and tethering a live female within the flight arena as additional stimuli 

was also attempted, but was unsuccessful at encouraging mating behaviour and 

manoeuvres (Nakata et al., 2022). It was therefore concluded, that the failure to 

swarm was largely owed to disturbances when transferring individuals into the 

flight arena from where they were housed (BugDorm), as erect antennae were 

seen prior to this transfer. The idea of keeping mosquitoes in the flight arena to 

acclimatise, was inappropriate as recordings needed a dust and water free 

environment that would have been introduced with the sugar water saturated 

cotton rolls required for feeding. The placement of one mosquito at a time within 

the flight arena was a further condition that needed to be satisfied as a crowded 

arena may have resulted in pseudo-replication and obstruction of camera if more 

than one mosquito was in the field of view.  

 

In fluid dynamics, temperature, humidity, and pressure are closely related. At high 

temperatures, air has low viscosity (density) and high pressure as the area that 

air molecules occupy expands when the number and velocity of collisions 

between molecules rises. Whereas humidity decreases air pressure, as lighter 
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water molecules leave less room for heavier oxygen and nitrogen molecules. 

Humid or hot conditions therefore require more power (profile power and inertial 

power to flap wings) to accelerate air required to generate an equivalent lift force, 

in comparison to a lower humidity or temperature environment. Wing frequency 

for both sexes thereby increased with ambient temperature, in line with 

aerodynamic requirements as described above and muscle physiology as 

poikilotherms (Reinhold et al., 2018, Unwin and Corbet, 1984). However, the 

large increase in wingbeat frequencies observed cannot be explained entirely by 

the changes in air density. For example, a 10 C̄ change in temperature only 

promotes an ~ 3.5 % change in air density, that in turn only requires a ~ 1.5 % 

change in wingbeat frequency (an ~ 10 Hz change in wingbeat frequency if 

originally 800 Hz) to maintain vertical force (Masateru Meada, RVC, pers 

comms). Further investigation between environmental conditions and underlying 

body energetics is therefore needed (Section 6.3.2). Male mosquitoes also had 

greater wingbeat frequencies and plateaued at a greater temperature than their 

female counterparts, that may be explained by several lines of research. For 

example, (I) anatomical differences in body size and wing length could be one 

explanation as females were generally smaller but had longer wing lengths (body 

length 4.57 ± 0.17 mm and wing length 3.29 ± 0.11 mm) than the males (body 

length 4.96 ± 0.25 mm and wing length 3.08 ± 0.14 mm) (Figure 3.7). Cator et al. 

(2010) identified larger A.gambiae to operate at higher wingbeat frequencies than 

smaller individuals but wing length to correlate with wingbeat frequency between 

23 ï 29 C̄. This was unlike my findings where wing length and wingbeat 

frequencies did not correlate (Figure 3.8) but this discrepancy could be attributed 

to Catorôs tethering of subjects, and wider range of mosquito sizes available (male 

wing lengths 2.71 - 3.14 mm, female wing lengths 2.82 ï 3.38 mm) (Cator et al., 
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2010, Callahan et al., 2018). On the other hand, (II) the mechanical resonance of 

flight muscle for maximum efficiency determined by temperature may also differ 

between sexes. It may be speculated that underlying molecular mechanisms 

such as heat shock proteins (Quan et al., 2022) in males might be 

adapted/present to tolerate and or operate better at high temperatures. Thus, 

enabling wingbeat frequency to increase with temperature before plateauing and 

possibly failing later on (delayed heat death) than the females. Recordings at 

even greater temperatures (> 35.2 C̄) to see when wingbeat frequency would 

begin to decrease was attempted but getting the lab hot enough proved 

challenging.  

 

My result of males flapping approximately ³1.5 times faster than females before 

plateauing was unexpected as Somers et al. (2022) similarly reported a ³1.5 

surge in male wingbeat frequency during swarming behaviour at only 28 C̄. 

Further experiments to clarify whether flight tones are due to varying temperature 

and or swarming behaviour are therefore required. 

 

 

4.4.2 PCA Analysis and Sequence Reconstruction  

 

Due to the large size of the mosquito dataset, and overall poor relationship 

between body kinematics with varying temperature, the use of PCA to define 

wingbeat kinematics (including time-varying and other summary parameters e.g., 

stroke plane) at specified temperatures was enabled. The creation of descriptor 

wingbeats was essential to test the effect of time-varying wingbeat parameters 
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against temperature, as the approach of binning data by a temperature range, 

then taking the mean of wing kinematics would have been unsuitable due to 

phase differences. Taking the mean of wing kinematics would have thus 

produced data that appears smeared, atypical to what you would expect to 

observe during a wingbeat. 

 

A large proportion of data captured in the first few PCs indicates that data within 

the parameter are similar, have close relationships, recognisable patterns and or 

little variation from wingbeat to wingbeat. The higher number of PCs to capture > 

99 % variation in wing pitch parameters than wingtip parameters and spanwise 

bending was therefore anticipated due to the mosquitoes peculiar approach to 

generating lift with their highly deformable high aspect ratio wings, and 

dominating rotational phase nature (Bomphrey et al., 2017).  
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4.5 Conclusion 

 

This thesis chapter presented the effect of temperature on Anopheles kinematics, 

in addition to, methods of data compression and formatting of a large dataset that 

often accumulates with kinematic studies. Both male and female mosquitoes 

were subject to ambient temperature change that altered their flight behaviour. 

Summary parameters, wingbeat frequency and stroke amplitude increased and 

decreased respectfully, but plateaued at different points at greater temperatures. 

The non-significant result of body kinematics with varying temperature, meant the 

large dataset could then undergo data compression via Fourier fitting and PCA 

to create descriptor wingbeats to test the effect of temperature as e.g., deviation 

angle cannot be simply regressed. Only a small subset of PCs were found to 

describe more than 99 % of variation in the data for wingtip, wing twist and 

bending parameters. This method further enabled the reconstruction of additional 

summary parameters such as, stroke plane and mid-wing pitch at supination from 

PC scores. Future studies wanting to test time-varying kinematics against 

different independent variables may benefit the most from the data compression 

and handling ideas presented here. Conversely, future advancements may use 

these results for the most advanced estimates of aerodynamic force production 

in Anopheles (see Section 6.3.5), and facilitate the development of the most 

advanced population control techniques to date in line with global warming. 
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Chapter 5                                                                                    

Body Kinematics and Operating Time Scales of Coenosia 

attenuata 

 

 

5.1 Introduction 

 

Coenosia attenuata (killer flies) are small ambush predators that are often used 

as control agents against agricultural pests (Kühne, 1998, Mateus, 2012). Their 

benefitable feeding habits include the consumption of fruit flies, whiteflies, 

psyllids, and gnats of comparable body size, but must first be efficiently located 

and chased (Martínez et al., 2017). Most predators thereby minimise their 

energetic costs in the form of muscle work, by first considering their environment, 

prey size, and physical abilities rivalled against their own. Killer flies consequently 

employ close proximity proportional navigation (PN, Figure 5.1) to minimise flight 

duration and distance, by monitoring their preyôs location, and correcting its own 

course to maintain a constant line of sight (LoS) (Chance, 2019, Rossoni et al., 

2021, Fabian et al., 2018). Robber flies (Wardill et al., 2017), dragonflies (Olberg 

et al., 2000), bats (Ghose et al., 2009), and Harrisô hawks (Brighton and Taylor, 

2019) similarly use PN against fast moving targets. Whilst one classic example 

of human mechanisation of this technique is the development of guided missiles 

(Palumbo et al., 2010).  
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Figure 5.1 Illustration of proportional navigation 

During pursuit, the killer fly (pursuer, along the purple line path) locates its target 

(red circle with red ring), then maintains a constant line of sight (LoS, black arrow) 

till interception. Figure adapted from (Fabian et al., 2018). 

 

Equation 5.1 Modelling proportional navigation 

 

‎  ὔ  ‗  

 

To model PN, Equation 5.1 is used where, ‎ is the rotation rate of the predatorôs 

heading angle, N is the navigation constant (also referred to as navigational gain 

or fixed gain in literature) and ‗ is the line of sight rotation rate between the 

pursuer and target (Thyselius et al., 2023, Rossoni et al., 2021). The turn rate of 

the pursuer is therefore proportional to the rotation rate of the LoS, and N values 

are a dimensionless number that determines the pursuerôs ability to manoeuvre 

during flight (i.e., how rapidly the pursuer can adjust its bearing). Meaning N = 1 

is a constant bearing angle, generally high N values denote large changes to the 

pursuerôs LoS and faster convergence towards prey, and vice versa for low N 
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values. Variations in navigation constant of the pursuer thus trade off flight 

stability and speed of convergence to the target.  

 

Attacks from above (against clear sky) and below (with cluttered backgrounds) 

are uncommon in predatory insects due to their restrictions in vision, and effects 

of vicious and inertial drag. However, both have been observed in killer flies with 

dive accelerations impressively reaching up to 36 ms2, when compared to the 

Peregrine falcon diving at 12 ms2 (Rossoni et al., 2021, Ponitz et al., 2014). The 

compound eye (Section 1.6) is possibly the most metabolically expensive (e.g., 

due to its heavy weight) part of their sensory system, and most vital variable when 

deciding to attack (Niven and Laughlin, 2008, Wardill et al., 2015, Gonzalez-

Bellido et al., 2011, Laughlin et al., 1998). Hunting dragonflies with up to 97 % 

success rates for example, are certainly supported by their large and developed 

eyes (e.g., Anax junius, body length up to 76 mm, interommatidial angle ~ 0.24 

degrees (Land, 1997, Sherk, 1978, Bodmer, 2023)) to produce relatively high 

resolution images to estimate size and distance of prey (Olberg et al., 2000, 

Olberg et al., 2005). Killer flies on the other hand, have limited spatial resolution 

constrained by their small compound eyes (Coenosia attenuata, body length 4 

mm (Fabian et al., 2018) and interommatidial angle of 1.88 degrees (Gonzalez-

Bellido et al., 2011). This means that they launch attacks without knowing their 

targetôs absolute distance and size. 

 

Previous studies encouraged hunting behaviour in killer flies by presenting a 

moving target at velocities in line with prey recorded infield studies. Wardill et al. 

(2015) found a 2.14 mm black bead moving between 0.55 - 0.85 m/s to be best 

conditions for high attack probability, and a minimum pursuit distance of 
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approximately 100 mm for killer flies. Rossoni et al. (2021) used a 2.1 mm black 

bead between 0.65 ï 0.8 m/s and found maximum pursuit distance to be 170 mm 

and wingbeat frequency to not correlate with dive angle. Meanwhile, Fabian et al 

(2018) used a 1.3 ï 2.9 mm silvered bead between 0.10 ï 0.79 m/s and live 

Drosophila (0.54 ï 1.23 m/s) for linear and erratic targets respectfully. They then 

reported a navigation constant of N º 1.5 for optimum control with close target 

proximity in killer flies. As well as N º 3 for Holcocephala fusca (robber fly) that 

are long distance hunters in comparison (pursuit distance 81 ï 788 mm, Coenosia 

pursuit distance 23 ï 213 mm) (Fabian et al., 2018). However, the papers 

aforementioned only described the flight trajectories and some body kinematics 

as a point mass (with no knowledge on body orientation) of Coenosia hunting 

behaviour. Important detail on wing kinematics that in turn determine body 

rotations, and manipulate aerodynamic force production of manoeuvres are thus 

also absent in literature. 

 

Killer flies and their close range pursuit, and small body size thereby caught my 

attention as ideal candidates for the experimental setup described in Section 2.2. 

In this study I aimed to report the body (e.g., body accelerations and angular rate) 

and wing kinematics (e.g., wing twist) of Coenosia attenuata when manoeuvring 

in response to artificial prey. Kinematics will provide insight on for instance, their 

operating time scales for comparison to other predatory insects and escaping 

insects of comparable size such a robber flies (6 mm, Coenosia 4 mm (Fabian et 

al., 2018)) and Drosophila (~ 2.7 mm (Ristroph et al., 2013)). Moreover, insight 

on how Coenosia may orientate themselves relative to prey for more accurate 

fitting of navigation models, and how they generate their extreme manoeuvres. 

The camera rig was personalised with two different configurations of hunting 
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stimuli (a moving black bead) to encourage manoeuvres: (I) a bipolar stepper 

motor for a circular motion, and a (II) servo motor for a linear back and forth. PN 

was not observed in this study as killer flies did not strongly interact with the bead 

however, surveillance behaviour was likely as the killer fly frequently approached 

and exited the field of view of the high speed cameras.  
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5.2 Methods 

 

5.2.1 Coenosia Insect Care 

 

Coenosia attenuata pupae were kindly provided by the Gonzalez-Bellido group 

at the University of Minnesota. Pupae were then reared at the University of Leeds 

in damp coconut husk at 23  ̄C and 80 % humidity in 30 ³ 30 ³ 30 cm mesh 

cages (BugDorm, MegaView Science Co, Ltd, Taiwan). Once emerged, adults 

were provided consistently with water and wild type fruit flies (Blade Biological 

Ltd, UK) at an approximate 10:1 ratio to minimise cannibalism. Adults (mean body 

length 3.4 ± 0.034 mm (mean ± SD) and wing length 2.9 ± 0.028 mm) were then 

individually isolated 3-days post-eclosion, for up to 72-hours in 15 ml falcon tubes, 

with wet paper towel before attempting data collection. 

 

 

5.2.2 Tailored Kinematic Acquisition  

 

High-speed Photron cameras were set to record a 6,400 fps at 1024 ³ 1024-pixel 

resolution for all experiments using the setup described in Section 2.2. However, 

killer flies were tested in mixed (sex) groups of five to keep individuals alert, and 

to increase the odds of successful recordings within a 200 mm diameter free-

flight arena. Subjects were then exposed to two different types of stimuli in order 

to encourage high-speed manoeuvres as detailed in the following subsections. 

For both stimuli options, once insects had been exposed to the stimulus, they 
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were also replaced with a new group of starved insects every 30 minutes, as 

insects became tired or desensitised to the stimulus. 

 

Once footage had been obtained, the fly tracker was modified so that forward and 

backward filtering was performed on the tracked body and wingtip kinematics 

(Section 2.2.3). This was done using a 3rd order low pass Butterworth filter, with 

a cut-off frequency of 150 Hz and 1000 Hz for the body and wingtips respectfully. 

Whereas a 5th order low pass Butterworth filter with a cut-off frequency of 2100 

Hz was used on the wings. For body and wing kinematic parameter definitions 

please refer to Figure 2.8. 

 

 

5.2.2.1 Circular Motion Stimulus 

 

A stepper motor (26M048B2B, Portescap, USA) with a 3D printed holder 

(Shapr3D Version 5.4 and printed with the Ultimaker S7 Pro Series) was used to 

repetitively half rotate (20 revolutions per minute (RPM), 23 steps) a 20 mm 

diameter PLA disc. Extruding from this disc was a 45 mm long and 0.5 mm 

diameter white painted spring steel attachment (arch length 60 mm, max surface 

speed 6.27 m/s) with a 2.1 mm black bead thread through and glued at its tip. A 

Arduino Uno Rev3 (Arduino IDE Version 2.0.1., USA) was used to control the 

stepper motor, to continuously rotate the bead clockwise and anticlockwise three 

times before a two second delay to maintain killer fly attention (depicted in Figure 

5.2A). This stimulus was positioned just outside the field of view of the high-speed 

cameras. 
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Figure 5.2 Stimulus used to encourage flight manoeuvres 

(A) Bipolar stepper motor used to drive the beads circular motion. (B) Servomotor 

used to drive the back and forth movement of artificial prey. Green arrows are the 

beads (black circle) path. Not to scale. 

 

 

5.2.2.2 Linear Motion Stimulus  

 

Once insects had settled (perched) within the free-flight arena, a 2.1 mm black 

bead was quickly moved approximately linearly back and forth to simulate prey 

(Figure 5.2B). The mechanism for the moving bead was as follows, a brushless 

servomotor (SB-2272MG, 250 - 333 Hz frequency and 1520 microseconds pulse 

width, Sarvox Servo, Belgium) with heatsinks on either side (Model 6744762 

17K/W, Fischer Elektronik Germany), and a 85 mm 3-D printed arm (Shapr3D 

Version 5.4 and Ultimaker S7 Pro Series, USA) was responsible for driving the 

beadôs motion. Attached to the end of the printed arm was a 0.5 mm thick, matte 

white (White 2.0, Culture Hustle, USA) spring steel component that was then fed 

into a shorter carbon fibre tube to linearly guide and minimise the beadôs 
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oscillation (attached to the end of the spring steel). A Arduino Uno Rev3 (Arduino 

IDE Version 2.0.1., USA) was used to control the servo motor between 0 and 30 

degrees, with 30 ms delays to get the bead to travel ~ 20 mm in each direction 

and between 0.05 ï 1.3 m/s (0.625 m/s mean velocity). The stimulus also paused 

every second to prevent overheating of the servo motor and to maintain killer fly 

attention.  

 

Due to the beads linear motion and compact build, the stimulus was able to be 

placed within the high-speed cameraôs field of view without dramatically 

obstructing the insects during recordings (Figure 5.3A). This then enabled the 

position of the bead to be tracked and area masked so that it did not interfere with 

the fly tracker (Figure 5.3B).    
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Figure 5.3 Stimulus appearance in camera view and tracked bead position 

(A) Linear stimulus appearance (black rod and bead at its end) and approaching 

killer fly in one camera view and (B) an example plot of the beadôs location 

tracked. 
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5.3 Results 

 

5.3.1 Kinematic Results Overview 

 

71 sequences were acquired using the bipolar stepper motor stimulus (from now 

on referred to as Dataset one) and 39 sequences were acquired using the 

servomotor (Dataset two).  

 

 

5.3.1.1 Verification of Proportional Navigation  

 

However, before further analysis, sequences from Dataset two were first checked 

for signs of PN by calculating the distance between the bead stimulus and killer 

fly over time (Figure 5.4). Only sequences where the stimulus was moving, 

distance consistently decreased, and the minimum distance between the pursuer 

and bead reached less than 10 mm were then selected for PN modelling. All 

sequences that met these requirements (7 sequences) showed no signs of PN 

as navigation constants calculated were near zero (N = 0.14 ± 0.25 navigation 

constant), and the navigation constant of Coenosia has been reported to be N = 

1.5 in the past (Fabian et al., 2018). It was therefore concluded that the killer flies 

were not performing pursuit behaviour towards both stimuli types. From here on, 

detail on the bead stimuli were consequently not reported further, and sequences 

from Dataset one and two were grouped (110 total number of sequences) to focus 

on reporting body and wing kinematics during manoeuvres. 
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Figure 5.4 Distance between the killer fly and bead over time 

Each line plotted represents the distance between the killer fly and bead in one 

sequence (N = 39 sequences).  

 

 

5.3.2  Sample Sequences and their Kinematics  

 

Footage acquired captured the free-flight trajectories, and body and wing 

kinematics of Coenosia, with 262 ± 27 Hz wingbeat frequencies and 120 ± 17 º 

stroke amplitudes. Sequences were brief, with the mean sequence length being 

352 frames (54 ms or ~ 14 wingbeats) before the subject exited the view of high-

speed cameras. Nonetheless, killer flies performed a range of manoeuvres as 

previewed in Figures 5.5 and 5.6.  

 

In Figure 5.5 column one, a banked turn is shown. Changes in wingtip (stroke 

and deviation angle) and wing pitch angle between the left and right wing 

generated active torques that in turn caused the body to yaw (117 º) and roll (120 

º) right for approximately 0.015 seconds (15 ms or ~ 4 wingbeats) (Figure 5.5B). 
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During this period body yaw and roll velocities, and angular velocity also peaked 

at ~15000 º/s and ~ 4000 º/s before decreasing respectfully (Figure 5.5C and D). 

The body then underwent pitch (- 50 º in 0.020 seconds (20 ms or ~ 5 wingbeats)) 

in its new direction before increasing wingbeat frequency (251 to 267 Hz, not 

shown in figure). 

 

In Figure 5.5 column two, the subject did a U-turn where during the first saccade 

(0 ï 0.09 seconds), body angles remained approximately constant and the flight 

trajectory straight. The U-turn (- 130 º, - 50 º, and - 30 º change in yaw, pitch and 

roll respectfully in 0.09 - 0.125 seconds (77.5 ms or ~ 19 wingbeats), Figure 

5.5B), then occurred in two major steps most easily seen in changes in angular 

velocity with local minima of ï 5700 º/s and ï 12400 º/s (Figure 5.5D). In addition, 

there was a slight increase in wingtip angles in both wings, and greater 

differences in left mid-wing pitch on the up and downstroke (Figure 5.5E to F). 

Once the turn had been completed a second saccade (0.125 ï 0.18 seconds) 

then occurred where the body approached near pre-turn pitch and roll body 

angles.  
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Figure 5.5 Sample sequences: banked turn and U-turn 
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Flight parameters over time for an example banked turn (column one) and U-turn 

(column two). The corresponding rows show (A) the two dimensional flight 

trajectory of the insect where each black dot is the bodyôs position at each 

wingbeat, and the red dot is the flyôs final position in the sequence. (B and C) 

Body angle and body angle velocities described as yaw (red), pitch (green) and 

roll (blue) in the laboratory fixed axis system. (D) Angular velocity, wingtip angles 

where stroke angle (E), deviation angle (F) and (G) is mid-wing pitch angle. For 

(E to F) rows, left (blue) and right (red) wings.  

 

In the repertoire of flight manoeuvres observed, killer flies also flew upside down 

in portions of their flight path without crashing. In Figure 5.6 column one, the 

killer fly begun upside down in the sequence then rolled (150 º to 25 º in 0.04 

seconds (40 ms or ~ 10 wingbeats), anti-clockwise) so that the body was upright 

(Figure 5.6B). Yaw, pitch and their corresponding changes in velocity remained 

approximately stable (Figure 5.6B and C). Subtle differences in wingtip angles 

were observed however more obvious differences in mid-wing pitch angle was 

seen in Figure 5.6G, where greater elastic recoil was observed during stroke 

reversal at the end of the upstroke (pronation) than stroke reversal at the end of 

the downstroke (supination) (Ishihara and Horie, 2017). 

 

In the sequence depicted in Figure 5.6 column two, the killer fly can be observed 

flying backwards for 0.03 seconds (30 ms or ~ 8 wingbeats). All body angles 

remained stable, but yaw and roll body angle velocities increased (up to 2388 º/s 

and 2698 º/s respectfully) then decreased, whilst body pitch velocity remained 

near zero (Figure 5.6B and C). Wingtip angles were of similar magnitude and 

the mid-wing pitch angles of left and right wings were also similar throughout the 

sequence (Figure 5.6E to G). Although, wingtip angles used were interestingly 
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shallow with stroke amplitudes operating between 100 º and 107 º at a mean 

wingbeat frequency of 291 Hz.  

 

Lastly in Figure 5.6 column three, the killer fly came to a quick stop. The body 

first pitched up by 76 º (at a peak pitch velocity 5883 º/s) before yaw and roll 

decreased (Figure 5.6B and C). Deviation angle increased approximately 

symmetrically for both wings, but stroke angle increase occurred at a greater rate 

for the left wing (Figure 5.6E and F). Whereas a right shift (delay) in mid-wing 

pitch angle can be seen at first for the left wing (Figure 5.6G). These kinematics 

for the left and right wings then became symmetrical at different time points at 

0.027 seconds and 0.014 seconds into the sequence for stroke angle and mid-

wing pitch angle respectfully (Figure 5.6E and G). 

 

This results section only describes a small proportion of the flight behaviours 

observed. Although it is sufficient to show that small changes in wing kinematics 

and their operating time scales, are responsible for the wide range of body 

rotations and manoeuvres. Figure 5.7 summarises Coenosia flight performance 

in all sequences. Wingbeat frequency ranged between 176.2 ï 334.6 Hz, with a 

median of 263.4 Hz, and interquartile range (IQR) of 33.5 Hz (Figure 5.7A). Total 

velocity ranged between 0.053 ï 1.570 m/s, with a median of 0.458 m/s, and IQR 

of 0.310 m/s (Figure 5.7B). Meanwhile, total acceleration ranged between 0.238 

ï 51.320 m/s2, with a median of 7.052 m/s2, and IQR of 6.245 m/s2 (Figure 5.7C). 

Whilst the angular velocity of all data had a median of ï 9.18 º/s and IQR 819.98 

º/s (range -1.30 ³ 104   to 1.60 ³ 104   º/s) and angular acceleration median of - 
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24.81 º/s2 and IQR 3.79 ³ 104  º/s2 (range -1.88 ³ 106   to 1.89 ³ 106   º/s2) (Figure 

5.7D and E). 

 

 

Figure 5.6 Sample sequences: upside down flight, backwards flight and 

flight coming to quick stop 
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Flight parameters over time for an example sequence of upside down flight 

(column one), backwards flight (column two) and a quick stop (column three). The 

corresponding rows show (A) the two dimensional flight trajectory of the insect 

where each black dot is the bodyôs position with each wingbeat, and red dot is 

the flyôs final position in the sequence. (B and C) Body angle and body angle 

velocities described as yaw (red), pitch (green) and roll (blue) in the laboratory 

fixed axis system. (D) Angular velocity, wingtip angles where stroke angle (E), 

deviation angle (F), and (G) is mid-wing pitch angle. For (E to F) rows, left (blue) 

and right (red) wings.  

 
 

 

Figure 5.7 Histograms of Coenosia flight performance  

(A) Wingbeat frequency, (B) total velocity, (C) total body acceleration, (D) angular 

velocity and (E) angular acceleration. N = 1,453 wingbeats. 
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5.3.3 Body Kinematics  

 

As the killer fly was able to approach the bead/recording volume from any location 

within the free-flight arena, a range of changes in body yaw was observed (Figure 

5.8A). However, a change in yaw angle meant that individuals had to decrease 

flight speed before they could accelerate again (Figure 5.8B and C). The 

greatest change in yaw was 148.5 º in 0.039 seconds (39 ms or ~ 10 wingbeats).  

 

Killer flies varied in body pitch (range - 55.28 to 82.39 º, median 34.95 º and IQR 

22.73 º) and roll (range ï 192.55 to 200.56 º, median 0.90 º and IQR 35.22 º) as 

shown in Figure 5.9A and B. As well as body yaw (median - 655.98 º/s2 and IQR 

9.56 ³ 104  º/s2), pitch (median - 378.59 º/s2 and IQR 7.81 ³ 104 º/s2), and roll 

(median 128.72 º/s2 and IQR 1.75 ³ 105 º/s2) acceleration (Figure 5.9C - E). The 

maximum body acceleration for yaw, pitch and roll was 6.12 ³ 106  º/s2,  1.15 ³ 

106  º/s2, and 5.12 ³ 106  º/s2 respectfully (Figure 5.9C - E). Changes in body angle 

and body angle accelerations over time may also be observed in Figure 5.10.  
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Figure 5.8 Yaw angle, flight speed and acceleration over time 

Change in (A) yaw angle, (B) flight speed and (C) acceleration over time for N = 

110 sequences. Each coloured line represents one sequence.  
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Figure 5.9 Histogram of Coenosia body angles and accelerations 

(A) Body pitch and (B) roll angle, (C to E) yaw, pitch and roll body accelerations. 

N = 38,671 body positions from N = 110 sequences.  
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Figure 5.10 Killer fly body angles and accelerations 

(A to C) Body angles and (D to F) body accelerations where yaw is red, pitch is 

green and roll is blue. N = 38,671 body positions from N = 110 sequences.  
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5.3.4 Wing Kinematics 

 

Sequences were segregated into stable and unstable wingbeats to show the 

subtle changes in wing kinematics responsible for the range of body kinematics 

observed in this study (Figure 5.11). Stable wingbeats were defined as wingbeats 

where linear and angular body acceleration was lower than half the SD of all 

sequences, and unstable wingbeats were wingbeats that did not meet this criteria 

(Muijres et al., 2014). Out of the 1,453 wingbeats, 135 were classified as stable 

and 1,318 as unstable. The mean and SD wingbeat frequency of stable and 

unstable groups was 272 ± 19 Hz and 266 ± 25 Hz respectfully. Subtle differences 

in the time-history of left and right wing kinematics (wingtip angles, mid-wing pitch 

and spanwise bending), can also be seen in Figure 5.12 at peak yaw, pitch and 

roll accelerations. Selection of wingbeats accountable for peak body 

accelerations was defined as those three SDs away from the mean over all 

wingbeats.  
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Figure 5.11 Stable and unstable wing kinematic parameters 

Stable (grey, N = 135 wingbeats) and unstable (green, N = 1,318 wingbeats) wing 

kinematic parameters. (A) Stroke angle, (B) deviation angle, (C) mid-wing pitch 

angle and (D) spanwise bending as a proportion of wing length (WL). Solid lines 

are means and shaded bounds are standard deviation.  
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Figure 5.12 Average wing kinematics for peak yaw, pitch and roll 

accelerations 

Average left (blue) and right (red) wing kinematics that produced peak (column 

one) right yaw from N = 8 wingbeats, (column two) pitch up from N = 12 wingbeats 

and (column three) roll accelerations to the right from N = 11 wingbeats. Row (A) 

wing tip angles (stroke angle ( ) and deviation angle ( )), (B) mid-wing pitch 

angle and (C) spanwise pending as a proportion of wing length (WL) respectfully.  
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5.4 Discussion  

 

Killer flies as sit and wait predators frequently entered the field of view of high-

speed cameras in response to stimuli presented. However, no clear pursuit 

behaviour was observed amongst individuals. Surveillance behaviour may have 

been observed alternatively, where the insect entered the field of view, surveyed 

suitability of the prospective target throughout the approach, and then abandoned 

the chase, although this is yet to be verified. Nonetheless, angular velocities and 

accelerations observed were extremely high, and it was further reported that 

Coenosia underwent substantial wing deformation during manoeuvres which may 

have been assumed to be rigid alike Drosophila in the past of similar body size 

and wing length (Figure 5.13) (Faruque and Sean Humbert, 2010, Fry et al., 

2005). Changes in wing twist dominated phases of stroke reversal, and spanwise 

bending, a relatively new parameter used to describe wing deformation was 

further reported for the first time in this species to vary through the stroke.   

 

 

Figure 5.13 Coenosia and Drosophila wing 

Microscope images of (A) Coenosia and (B) Drosophila wing for size comparison. 

Approximate wing length of Coenosia is 3mm and Drosophila is 2.5 mm. 
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5.4.1 Coenosia Response to Stimuli 

 

Flying animals that use PN operate at high speeds and are more manoeuvrable 

than their targets. However, users (e.g., Harrisô hawks (Brighton and Taylor, 

2019, Jones et al., 2007)) are typically not limited by vision unlike Coenosia. To 

encourage take off/manoeuvres, it was therefore important that my setup fulfilled 

requirements such as the bead being of similar size (Drosophila body length ~ 2 

ï 3 mm (Flatt, 2020)) and velocities of natural prey (e.g., 0.54 ï 1.23 m/s in 

(Fabian et al., 2018)). However, as the linear driven stimuli was positioned at the 

upper limits of the high-speed camerasô views to minimise subject and camera 

obstruction, pursuit behaviour that may have been performed from above was not 

captured in recordings. This was also likely as killer flies were frequently seen 

perched on the upper half of the free-flight arena, and in some sequences, 

collisions with the spring steel was observed but were excluded from analysis as 

subjects fell. Initial testing of this stimulus positioned at the bottom of high-speed 

camera views was done however, insects had the tendency to fly towards the 

reflections of the bead on the top disc of the free flight arena as they were closer 

than the physical bead. A larger flight arena was deemed inappropriate as high-

speed cameras would have to be positioned further away thus, decreasing the 

spatial resolution of footage required to calculate wing twist with high-precision. 

 

Alternative stimuli methods were also attempted during the experimental design 

period such as presenting a moving black circle on a high refresh rate screen 

positioned outside of the free-flight arena. This was to ensure Coenosia perceived 

the target as a continuously moving object (flicker fusion frequency (FFF), 

Section 1.6). However, further complications arose from screen reflections and 
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maximising the probability of attack in line with Wardill et al. (2015), where the 

highest take-off/pursuit probability favoured a target subtended velocity (in 

degrees/msec) and subtended size (in degrees) ratio of 0.37 (determined by 

distance of the screen from subjects, and the size and speed of the moving black 

circle). Furthermore, discrepancies in FFF values from photoreceptor 

measurements (186 Hz in Coenosia (Gonzalez-Bellido et al., 2011)) and 

behaviour experiments led to the final selection of a physical bead stimulus. 

Calliphora (blowflies) for instance, have been reported to have 240 Hz FFF 

determined with electrodes (Autrum and Hoffmann, 1960), but recent behavioural 

studies revealed blowflies to have FFF values as low as 60 Hz (Dixon et al., 

unpublished). 

 

To verify surveillance behaviour, tracking the head angle independently from the 

body angle would have been useful. Although this is only possible as Coenosia 

have long necks, and forelimbs remained extended in anticipation of grasping 

prey (further discussed in Section 6.3.3). 

 

 

5.4.2 Coenosia Flight Performance 

 

Sequences captured showed a broad range of flight manoeuvres that were 

controlled by subtle changes in wing kinematics. These modifications then had a 

great effect on body kinematics as summarised in Figures 5.7 and 5.9. Banked 

turns performed were stereotypical as changes in yaw and roll were dominant 

and pitch was minor. Along with delays in flight speed with changes in direction, 
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and speed increasing again once the turn had been completed. Mujires et al. 

(2014) and (2015) interestingly described similar banking parameters in escaping 

Drosophila, that typically occurred with mean 93 º changes in heading (range 20 

ï 180 º), peak turn rate median of 5300 º/s (IQR 3800 ï 9000 º/s), and turn 

durations of 49 ± 18 ms (~ 9 wingbeats). In addition to this, a small increase in 

wingbeat frequency and less than 5 º change in wingtip and wing pitch angles 

was seen (Muijres et al., 2015, Muijres et al., 2014). However, total flight 

velocities of Coenosia in this current study (0.503 ± 0.236 m/s) were lower than 

Drosophila (mean 1.3 m/s, range 0.78 ï 2.03 m/s) against hunting dragonflies 

(mean 2.28 m/s) (Combes et al., 2013). That is likely to be explained by 

Drosophila being able to fly freely in a large 7.3 ³ 7.3 ³ 4.6 metre enclosure. 

Although killer flies here were able to achieve greater mean accelerations (8 m/s2) 

and angular velocities (816 º/s) than Drosophila (5.5 m/s2 and 776 º/s respectfully) 

demonstrating their greater flight agility. Differences in acceleration may be 

explained by greater muscle mass in Coenosia but requires further investigation. 

Whereas the mean angular velocity of killer flies were comparable to hunting 

dragonflies (Libellula cyanea, body length ~ 40 - 48 mm (Combes et al., 2013)) 

turning at 914 º/s despite being up to 10 times smaller (Combes et al., 2012). But, 

it is possible that killer flies can reach even higher velocities when hunting. 
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5.5 Conclusion  

 

This study provided insight on the kinematic steps required for Coenosia live 

action target tracking. Kinematic output (body trajectory) was the result of subtle 

differences in all wing parameters, including wing torsion and wing bending 

described for the first time in this species. Coenosiaôs tendency to perform 

extreme manoeuvres thereby denoted a high tolerance to manage and correct 

flight instabilities which rely on the rapid transduction of sensory information from 

photoreceptors and proprioceptors (Section 1.6). Future studies would benefit 

from refining the prey stimulus to capture successful hunting behaviour with 

forelimbs when extended anteriorly, in order to quantify head movement 

independently from the thorax. This species thus remains of importance when 

wanting to investigate navigation models and when developing highly 

manoeuvrable MAVs (see Section 1.1 and Section 6.3.4).   

 

 

 

  


































































