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Pioneering discoveries revealed that flying insects actively regulate body appendages such as wings, legs
and abdomen to stay aloft. However, the initial stage of capturing their motion during flight is rather
challenging and time-consuming, especially during the digitization of lengthy video images. Therefore,
our development of an automated visual tracking system will greatly provide a full access to insect’s body
and wing dynamics during flight. By using the positional dataset obtained from the digitized images
which earlier captured by an automated time-resolved high-speed videography, we thus further three-
dimensionally reconstructed body and wing dynamics of housefly Musca domestica. We validated and
further compared the automated digitization with manual tracking. Our analysis estimates that motions
along z-axis yields higher differences (16 ± 28.19 mm for thorax and 13 ± 99.19 mm for wingtip) because it
orthogonally points to the cameras, which lead to acceptable inaccuracies of calibration coefficients due
to the limited depth of focus.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Overview

Insect flight is an inspiring feat of nature and for million years
they evolved vast range of evolution. Hence, insect is a tool that
widely used in genetics, animal physiology, ecology, evolutionary
as well as aerodynamics. In general, insects are versatile during
flight, lightweight structure and also small in size. Hence, insects
were the pioneer creatures to take-off to the air and later observa-
tion confirmed that insect flight is essential for diverse activities.
The detailed information of their body postures and wing motions
especially during free flight displays vital indicator, evidences and
proof for a conclusion.

The body and complex dynamic wing motion are greatly differ
from fixed-wing aircraft, and these differences also explain flies’
ability to lift them up to the air using comparatively small multi-
purpose wing structure [1–3]. Unlike an airplane which uses fans
to generate thrust, flies flap their flexible wings simultaneously
to produce both lift and thrust [4,5]. Insect’s wing motion consist
of two translational (upstroke and downstroke) and another two
rotational phases (supination and pronation), which always lead
by the leading edge of the wings [6,7]. In general, flies imply differ-
ent patterns of wing stroke and wingtip paths such as the figure of
eight, distorted ellipse [8], with 1 (figure of eight), 2 [9] and 3 [10]
crossing-overs. Previous data also shown that small insect per-
formed ‘‘clap and fling” during dorsal stroke reversal [11,12]. These
unique patterns of wing motion consequently lead to production of
Leading Edge Vortex LEV, added mass, Magnus force, rotational cir-
culation, delayed-stall mechanism and finally, wing-wake interac-
tions. Using an appropriate wing motion, flies balance the body
posture while simultaneously producing sufficient amount of ver-
tical force to offset its weight (�18.40 mg of total weight). Flies
also actively adjust the dynamic coordination of other body appen-
dages such as extension of legs (crickets [13], gliding ants [14],
bees [15], birds [16], fruit flies [1]) and use the abdomen as a rud-
der [1,17].
1.2. Related works

Measuring insect body and wing kinematics is challenging
because of fast flight speeds, small body size, fast changes in body
postures, and structural deformations of body parts especially
wing (e.g. spanwise bending [18], wing torsion [19] and cambering
[20]). Many previous studies used tethered flight but this approach
does not allow the studying of manoeuvre, change of body pos-
tures, unable essential sensory receptors and thus impairs the
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Nomenclature

Symbols
a Angle between the wing chord and vertical axis; wing

angle of attack
b Horizontal deviation angle between flight direction of

the fly’s centre of gravity and body yaw angle in global
coordinate frame

e Angle between the flight path of an ascending fly and lo-
cal horizon; body inclination

m Mass
N Number of flies
n Wingbeat frequency measured when wing chord was

perpendicular to stroke plane
U Stroke angle of the wing with respect to fly’s transversal

body axis
h Elevation angle of the wing with respect to fly’s longitu-

dinal body axis
R2 Coefficient of determination
r Pearson’s correlation coefficient
SSE Sum of Squared Errors

u Speed
V Voltage
v Velocity
g Roll angle of the thorax with respect to fly’s longitudinal

body axis
x Yaw angle of fly’s longitudinal axis about the vertical
v Pitch angle of fly’s longitudinal axis with respect to hori-

zon
ROI Cameras’ Region of Interest,
s.d. Standard deviation
()a Airflow
()b Body
()h Horizontal
()v Vertical
()L Left
()R Right
()t Wingtip
()w Wing

Fig. 1. Morphology of a housefly (Hastings et al. 2004, see Table 1: Position of
markers). The virtual markers formulated from fly’s morphology are the centre of
gravity (purple dot), centre of head rotation (cyan dot) and the wing hinges (orange
dots). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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feedback loop [21]. However, these problems can be resolved by
numerous techniques of free-flight videography, which depend
on experimental conditions. The simplest approach consists of mir-
rors and a single camera to capture multiple perspectives [22,23].
As the time goes on, more advanced approaches use multiple
high-speed cameras to allow three-dimensional (3D) kinematic
reconstruction as listed: (1) Model-based approach uses image mea-
surement of silhouettes, which matches with a model constructed
separately [24,25]. This approach offers better accuracy for images
containing obstructions, clutters, poor contrast, low-lighting envi-
ronment and can accurately estimate structural appearances. (2)
Reconstruction-based approach, on the other hand, does not require
any preceding model [26,27]. Body parts and wings are marked
with fluorescent markers as previously used in other applications
[28,29], linked by connecting lines to approximate shape of the
moving structures. However, in this approach, the accuracy of
reconstruction depends on structural deformations of body and
wings.

1.3. Contribution of the paper

In the present study, we proposed an automated visual tracking
measurement for quantifying a complete description of wing and
body motion in free-flying houseflies, Musca domestica (see
Fig. 1) using reconstruction-based approach. We first measured the
morphological data and further analysed the time course of
detailed body and wings kinematics of housefly during free flight
under laboratory condition. Finally, we performed accuracy assess-
ment and measurement uncertainty in order to validate the results
of automated tracked positional data with manually tracking.

2. Material and methods

2.1. Animal

Flies were reared at the Department of Neurobiology, University
of Ulm, Germany. Nearly 30-40 flies were kept on a 16:8-h (light:-
dark) cycle, inside a transparent glass enclosure
(50 cm � 30 cm � 30 cm) with sugar cubes and water as their
nutrition. In all experiments, I used 5–10 days old wild type female
houseflies. The animal are shown to scale (model AT21 Comparator
microgram balance, Mettler Toledo International Inc., Greifensee,
Switzerland), wet body mass, mb was 18.39 ± 2.02 mg (mean ± s.
d, N = 10) and wet translucent wing mass, mw taken as
8.32 ± 52.32 mg. Body length was 9.62 ± 0.02 mm and wing length
6.98 ± 0.03 mm. Before the experiment, I pre-selected up to 4 flies
using a white light trap placed at the enclosure’s ceiling, thus
attracted active and flyable flies.

2.2. Marking procedure

The flies were anesthetized for 4 min on ice flakes (2–4 �C)
before I marked them with 12 fluorescent dots (Pedeko,
Monchengladbach, Germany; Fig. 1c) on their head (2 markers),
thorax (3 markers), abdomen (1 marker), and both wings (6 mark-
ers). It took approximately 5 minutes and every marker had an
average mass of 0.1 mg to prevent wing deformation due to inertia.
The average size of each dot was 0.25 mm (3–5 video pixels) in
diameter. After that, the flies were taken to the take-off platform
and they were allowed to recover (Fig. 2a). To guide the animal



Table 1
Position of markers.

Marker Position

1 In between compound eyes and postocular state
2 Right presutural setae
3 Dorsal thorax, in front of scutellum
4 Left presutural setae
5 Dorsal abdomen at the centre of tegite 4
6 Left leading edge of the wings, which connect vein R1 and end of

vein C
7 Right leading edge of the wings, which connect vein R1 and end of

vein C
8 Left wingtips, which connect vein C and end of vein R4+5, vein M
9 Right wingtips, which connect vein C and end of vein R4+5, vein M
10 Left wing, which connect vein CuA1 and end of vein dm-cu
11 Right wing, which connect vein CuA1 and end of vein dm-cu
12 In between postocular state and compound eyes

N. Nasir, S. Mat /Measurement 143 (2019) 267–275 269
during vertical take-off, I mounted three white LEDs (5 mm
diameter, Cree, NC, US) around the casing of phototransistor.

2.3. Videography

To film the fluorescent markers, I built up a modified experi-
mental setup similar to the previously used approaches using
master-slave configuration [26,30]. The experimental setup con-
sists of three high-speed cameras (6000 frames per second,
1280 � 800-pixel resolution, model Phantom v12, Vision Research
Inc., Wayne, NJ, USA; Fig. 2a-b) and calibrated using Direct Linear
Transformation [31]. At 170 Hz average wingbeat frequency, this
resulted a temporal resolution of 35.3 video frames per wing stroke
cycle. The cameras were mounted with an inter-camera angle of
120�, 18 cm above the arena that allowed me to track flies inside
a fields of view of 6 cm � 5 cm � 5 cm (length �width � height).
Fig. 2. Experimental setup of 3D-videography to record flight of freely flying flies.
(a) The arrangement of high-speed cameras (Phantom v12) and ultraviolet (UV) LED
flashers placed on top of the cameras’ Region of Interest, ROI. White guidance LEDs
light provides visual guidance (5 mm diameter, Cree, NC, US). (b) Top view of the
experimental setup.
Each camera was equipped with microlenses (Nikkor, 60 mm,
f/2.8D, Nikon, Japan) that fitted with ultraviolet and light-red fil-
ters (Jos. Schneider Optische Werke GmbH, Bad Kreuznach, Ger-
many) to sieve out the light reflected by the fluorescent markers.

2.4. Airflow condition

The cameras’ Region of Interest, ROI is not a closed volume,
thereby, might be contaminated by flow from outside the experi-
mental setup. I thus measured the ambient airspeed at the centre
of ROI for 100 s using a tiny heated-bead thermistor (model 111-
202CAK-H01, 0.36 mm diameter, 0.5 s time constant in air,
25 kHz sampling rate, Honeywell, NJ, US), whose electrical resis-
tance depends on temperature, thus on fluid velocity. The data
were logged by a 4-channel digital oscilloscope (model TDS3034B,
300 MHz Tektronix Inc., OR, USA) synchronized by the trigger from
the master camera. To convert the thermistor voltage to airspeed, I
used a commercial thermal anemometer (model TA5, Airflow Luft-
technik GmbH, Rheinbach, Germany). This procedure yielded a
relationship between airspeed, ua and measured voltage, V, which
is expressed as the exponential calibration curve, ua (Goodness of
fit: SSE = 880.4 � 10�6, R2 = 0.99):

ua ¼ 60:52e�
V�11:82

4:03ð Þ2 þ 0:61e�
V�3
1:86ð Þ2 ð1Þ

Under this measurement, the ambient airspeed was only
0.07 ± 0.01 ms�1 (mean ± s.d.).

2.5. Ultraviolet light flasher

To reduce motion blur of fluorescent markers on the captured
videos, a ring of 40 ultraviolet light emitting diodes, UV LEDs
(3 mm diameter, 405 nm wavelength, 40 mW sr�1 radiant inten-
sity, 20� viewing angle, Bivar, CA, US) were flashed with 60 ls light
pulses and synchronized with cameras (Fig. 2a-b). The UV LEDs
were attached around a black-coated aluminium ring by using heat
resistant epoxy. This configuration distributed ultraviolet light to
all directions which is beneficial to record the fly’s manoeuvres
even during extreme inclination of body angle. Mean brightness
of ROI due to the ultraviolet and guidance lights were 9 ± 5% lux
(mean ± s.d.). Although ultraviolet light illumination caused degra-
dation in performance during flight, flies were still capable to
actively perform the visual task given [30].

2.6. Optical detection system

To record images immediately when the fly is in the ROI, I pre-
pared an optical detection system to automatically trigger the
cameras [32]. I constructed a light path employing a horizontally
oriented 2 mm thickness infrared laser sheet (model QL8516SA,
850 nm wavelength, 60� opening angle, 30 mW, 5.6 mm diameter,
driven by EU-37 SMD laser diode driver, Roithner Lasertechnik
GmbH, Vienna, Austria). At the same time, a phototransistor above
the arena (model L-53P3C, Kingbright, Taiwan, stored inside a
cylindrical custom-made PVC housing) perceived changes in laser
light when the fly crossed the sheet. A CCD zoom lens (model
TF15DA-8, 1/3 Inch CCD 15 mm, f/2.2 fixed focal length manual Iris
C-mount, Fujinon, Tokyo, Japan) fitted with an infrared filter
(830 nm infrared filter, model R-72, Heliopan Lichtfilter-Technik
Summer GmbH & Co KG, Munich, Germany) was attached in front
of the phototransistor’s housing. Whenever a fly crossed the laser
sheet, the phototransistor which connected to a custom-made
switching circuit, transmitted a 5 V transistor-transistor logic,
TTL signal to a data acquisition system (14-Bits, 48 kS/s, NI USB
6009, National Instruments, TX, USA). The TTL signal was then fur-
ther transmitted to a computer (Acer EXTENSA E264 E5200,



Fig. 3. Series Timeline of raw images filmed from a master camera. The raw images
show a representative housefly during take-off (wing stroke period of 6 ms). Dotted
lines depict fly body and wings.
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3.20 GHz Inter� CoreTM) and the master camera. The fly’s photore-
ceptors could not sense the infrared laser sheet because the visual
sensitivity of the photoreceptors ranges from 380 to 600 nm [33].

2.7. Image processing and three-dimensional reconstruction

To improve image quality and eliminate noises, I used the soft-
ware VirtualDub v1.9.9 ([34]; Fig. 3. The image processing tool
stretched the brightness level according to image histogram
([0.00–0.023] > 2.01 > [0.00–1.00] (Y)), increased the contrast
(400%), and applied box blur (radius 2, power 2). These procedures
Movie
enhanced the automated position tracking and kept the adjusted
search window at the centre of markers.

The ROI was calibrated using ‘‘millimeter graph paper” that was
visible on all cameras. There are 25 positions of calibration point in
eight different layers of 5 mm equidistant steps in height, resulting
in a total of 200 positions inside the ROI (Fig. 2a). I repeated the
calibration procedures several times before and after the experi-
ments are performed to ensure high accuracy and consistency.

For marker tracking and digitizing, I used a software algorithm
MATLABTM v7 (The MathWorks, Natick, MA, USA) named DLTdv3
[26]. This application has a helpful graphical user interface such
as zooming, auto tracking mode, real-time viewing of different
cameras at the same window with 95% confidence intervals. The
auto-tracker attempts to anticipate the location of specific markers
on successive video frames by fitting an equation to previously dig-
itized markers and extrapolating the position. During automated
digitization, I used a linear Kalman filter as a fitting equation to
predict the location of the subsequent frame. If predicted markers
position matched to a specific auto track threshold, the auto
tracker proceeded to examine the next frame. The software uses
images from at least two cameras and the appropriate DLT coeffi-
cients to reconstruct the three-dimensional body and wings’
motions. The tracking algorithm processed one image in 0.15 s
on a 3.20 GHz Inter� CoreTM computer.

The algorithms for body and wing motion reconstructions were
adopted from previous scripts [32] with a few amendments on fly
size and morphology. I further expanded the measured markers by
a set of virtual body markers that were reconstructed from the fly’s
morphology. I estimated the position of centre of gravity, and centre
of head rotation with respect to markers measured on the thorax
from anatomical drawings [35]. The longitudinal body axis (antero-
posterior axis) connects the centre of head rotation (near cervix)
with the centre of gravity. The transversal body axis (also known
as lateral axis) passes through the thorax and connects both wing
hinges. These two axes define the thorax horizontal plane. Mean-
while, the thorax vertical axis (dorsoventral axis) point is normal
to the thorax horizontal plane. See supplementary material for
movies of an exemplary reconstruction of flight sequence (Fig. 4,
Movie 1).
1.



Fig. 4. 3D reconstruction of wings and body motion during free flight. See
supplementary material for movies of an exemplary reconstruction of flight
sequence (Movie 1).
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The coordinate transformation from global coordinates to
body-centred coordinate systems followed Haslwanter approach
[36]. Global coordinate systems are typically used to evaluate
flight trajectories whereas body-centred coordinate systems are
used to score kinematic parameters of the animal [37]. Position
in the body-centred coordinate system estimated from global
coordinates by subtracting the position of fly’s centre of gravity
in each time step from the positions of all markers in that time
step.

From this coordinate transformation, I further calculated other
flight parameters such as body yaw x (body rotation about
dorsoventral axis), pitch v (body rotation about transversal axis),
and roll g (body rotation about longitudinal axis) angle (Fig. 8b-
c). The wing kinematic parameters are wing stroke angle U
(which is defined by the angle between wing rotational axis
and transversal body axis), wing elevation angle h (which is
defined by the angle between wing rotational axis and wing
stroke plane), and wing angle of attack a (which is defined by
angle between the wing chord and the vertical axis (in global
coordinate system; Fig. 9b-c). See for a complete time trace of
exemplary flight sequence.
Fig. 5. Comparison between manual and automatic tracking precision of fluores-
cent marker 2 (located on the thorax), at (a) X-axis, (b) Y-axis and (c) Z-axis. Black
dashed lines are positions of manually tracked data while the red line represents
positional data of automatic tracker (left scale). Blue solid line shows the
dissimilarities between manual and automatic position tracking (right scale). (d–
f) Histogram of residuals and its medians (dotted white lines). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article).
3. Results and discussion

Errors are commonly arising because of inaccurate calibration
coefficient, tracking error, highly rolled or pitched body orienta-
tion, blocked by other body parts and also due to optical distortion
[38,39]. Digitization error affects both the accuracy and reliability
of extracted position measurements [40,41]. Thus, these errors
should be carefully measured and further issues realistic confi-
dence interval. To investigate position tracking performance and
accuracy, I compared manual digitization with automated tracking
procedures of marker 2 positioned on fly’s thorax and marker 8
positioned on fly’s left wingtip for 300 frames during extreme
ascending flight maneuver (50 ms of recording time; Fig. 1c).
Markers 2 located on fly’s membranous thorax structure merely
subjected to steady translational motion and rotation along three
body axes. Compared to markers painted on flies’ thoracic
exoskeleton, markers 8 which placed at the wing tip, not only
experienced body translation, but also unique combination of wing
flapping, rotation and elevation throughout the stroke. Therefore,
this highly flexible wing motion has subjected to chordwise wing
deformation, bending and torsion which presumably will tremen-
dously affect the tracking performance.
3.1. Quantifying tracking performance on the fly’s body

I quantified the changes in accuracy between the coordinates
extracted by each method using histograms of residuals as pro-
posed by the previous studies [24,39]. The positional differences
of marker 2 between automated and manual tracking
(X/Y/Zhuman digitization � X/Y/Zautomated tracking) are plotted including
histograms of residuals (Fig. 5). The differences present in
mean ± s.d. are: 4.16 ± 10.35 mm (median = 4 mm, X-axis),
�1.13 ± 10.23 mm (median = �0.59 mm, Y-axis), 16 ± 28.19 mm
(median = 13.15 mm, Z-axis). The differences are the smallest in
the x-y plane because both axes are in the same plane of focus.
By contrast, Z-axis yields higher differences because it orthogo-
nally points to the cameras, which may lead to inaccuracies of cal-
ibration coefficients due to the limited depth of focus. These
inaccuracies in position measurements caused by calibration error
occur both in automated and human tracking. However, Kalman
filter as predictive tracking algorithm provided in automated track-
ing software improves the tracking accuracy.
3.2. Quantifying tracking performance on the fly’s wing

Positional differences of marker 8 between both tracking
approaches are shown in Fig. 6. The mean ± s.d. differences are:
16.46 ± 116.98 mm (median = 0.73 mm, at X-axis), �11.42 ± 70.01
mm (median = �0.4 mm, at Y-axis) and 13 ± 99.19 mm (median =



Fig. 6. Comparison between manual and automatic tracking precision of fluores-
cent marker 8 (located on the left wing), at (a) X-axis, (b) Y-axis and (c) Z-axis. Black
dashed lines are positions of manually tracked data while solid red line depicts
positional data of automatic tracker (left scale). The blue line shows the dissim-
ilarities between manual and automatic position tracking (right scale). (d–f)
Histogram of residuals and its medians (dotted white lines). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 7. Evaluation of tracking accuracy due to an extreme inclination of body angle.
Data demonstrate the standard deviation of ground distance between marker 2 and
4 (located on the thorax) of 32 flies. The box plot represents mean, median and
distribution of standard deviation of all measured flight sequences.

Fig. 8. Timelines of a 50 ms of body motion during flight. (a) 3D flight trajectory of a
housefly at 6.38 ms (i), 24.14 ms (ii), and 42.12 ms (iii) after take-off maneuver.
Body velocities of centre of mass are plotted in pseudo-colour. (b) Body angles (yaw,
pitch, and roll). (c) Body vertical translational velocity, Vv (blue), body horizontal
translational velocity, Vh (red) and total body translational velocity, Vb (black)
throughout the flight sequence. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).
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17.07 mm, at Z-axis), respectively. The differences increase at mid-
stroke of the wing flapping cycle because wing translates at max-
imum speed. Moreover, elevated wing translational velocities
cause motion blur, which turns round markers into oval and
stretched markers. In this case, crosshairs provided by the software
to assist in locating the moving markers of interest often failed. In
both approaches, angular errors of wing motion caused by the
measured positional differences were less than �0.14�, which is
acceptable. Presumably, there are additional errors in the method
used due to wing structural deformation, ancestral inaccuracy
and inaccuracy in morphological measurement. Hence, the similar-
ity of results obtained by automated tracking software and manual
tracking program confirmed that both methods are capturing the
wing and body motion within an acceptable level of accuracy.
Collectively, the results indicate that the proposed method is an
accurate method with very low inaccuracies for the motion
videography of fast moving creatures.

3.3. Positional error during high degree of body rotation

To further assess the significance of positional errors on a high
degree of body orientation and postures (e.g. extreme body roll or
body pitch), I estimated distance between markers 2 and 4 on the
thorax of 32 flies with different average roll angle (Fig. 7). Mea-
surement errors owing to excessive body rotation occur because
cameras that are orthogonally mounted with respect to ROI cap-
ture round fluorescence markers as oval blobs. The associated
imprecision are displayed concisely as the standard deviation of
measured distance of a flight sequence. In all examined body orien-
tations, there is no apparent relationship between the standard
deviation of the measured distance when body roll increases



Fig. 9. Timelines of a 50 ms of wings motion during flight. (b) Wing stroke angle, U;
(c) wing elevation angle, h; (d) wing angle of attack, a; (a) wing motion during
upstroke (blue) and downstroke (red). For this representative flight sequence,
wingbeat amplitude was 89�, angle of attack at mid-stroke were 59� during
supination and �84� during pronation and wingbeat frequency was 167 Hz. Red
triangles indicate leading edges of the wing, and the body was pitched at 30� with
respect to horizontal. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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(Pearson’s coefficient, r = �0.02). Mean standard deviation of the
distances for 32 flight sequences is 6.09 ± 3.15 mm (mean ± s.d.),
which is relatively small, even at a high inclination of the thoracic
structure. Tracking precision presumably can be enhanced by
slightly tilting and mounting the cameras with 120� inter-camera
angle as shown in Fig. 2a-b. Overall, we show that these errors
are relatively small compared to body size and have no systematic
dependencies.

3.4. Exemplary flight sequence

In order to show the utility of the proposed method, we apply it
to a recorded maneuver that demonstrate how insects perform
flight Fig. 8 (body motion) and Fig. 9 (wing motion) shows the
pseudo-colour coded flight path of an exemplary fly during
climbing flight.

After take-off from the platform, flies flew on average with
0.36 ± 0.1 ms�1 of vertical translational velocity, which is higher
than horizontal translational velocity (0.23 ± 0.1 ms�1, N = 32). Ini-
tially, flies flew upward with 0.39 ± 0.12 ms�1 before gradually
exhibited vertical deceleration when they approached a transition
from predominant vertical to horizontal flight manoeuvres. In
general, flies first initiated flight with a steep increase of angular
pitch velocity (pitch-up acceleration, 18378 ± 89 s�2, N = 32).
When flies reached a steady flight condition with predominant
horizontal translational motion, they gradually decelerated their
angular body pitch (nose-down, �41556 ± 140 s�2, N = 32) pre-
sumably due to drag acting on the ventral body surfaces. Pitching
moment depends on body angle and vary throughout the stroke
cycle due to the change of stroke angle [42]. It predominately
depends on changes in the mean vertical force of both wings at
the stroke reversals [43]. Dorsal stroke reversal should have a
higher effect on body pitch control because of the asymmetries
in stroke angle and the moment arm is longer at this time of the
stroke cycle compared to the ventral stroke reversal. In contrast,
the change in body roll angle was however relatively minimal
(mean, 7.25 ± 1.26�, N = 32).

The wing flaps up (backward) and downstroke (frontward) in
between dorsal and ventral stroke reversal, which simultaneously
rotates around leading edge or also known as span axis. According
to the exemplary banana-shaped wing stroke trajectory, the left
and right wing flap symmetrically with relatively higher wingbeat
amplitude and later gradually decline as flies achieve stable flight
(rate of decline �2068.50 s�1 in left wing and �2040.79 s�1 in right
wing, correlation analysis between wingtip velocity and time,
rleft = 0.95 and rright = 0.98). The unstable flight condition perhaps,
occurred due to instabilities introduced by the jumping during
flight initiation [44]. Flies, mostly performed flight at wingbeat
amplitude of 84.5 ± 3.4� (46 ± 3.4� stroke angle at dorsal reversal
and �38.4 ± 3.8� stroke angle at ventral reversal) and mean wing
elevation amplitude of 80.2 ± 5.1� (51.5 ± 1.8� elevation angle at
dorsal reversal, �28.7 ± 4.4� elevation angle at ventral reversal).
Strokewise-averaged wingtip velocity was 3.9 ± 0.1 ms�1 and
strokewise-averaged wing angle of attack 63 ± 5.4� during the
upstroke and �41.6 ± 6� during the downstroke. In consistent with
previous finding [44], the fly does not performed clap and fling
which presumably due to the artifact of tethering [5].
4. Conclusion

In this paper, we proposed a three-dimensional automated
visual tracking device for fast moving creatures that has robustness
in term of the tracking performance. The current state advance-
ment of tracking framework associated with optical detection sys-
tem definitely reduce the labour-intensive nature due to manual
digitization and eliminated inconsistency attributed by inexperi-
ence human tracking technique. The proposed tracking method
has much lower processing time with relatively adequate and com-
parable level of accuracy with a human visual inspection. Our
method also offers a promise of capability to analyse much larger
and lengthier video of flight sequences. Finally, the proposed
method is a general-purpose approach which is adaptable and also
ready to be modified for other forms of locomotion.

The application of the method adds substantially new insight
into understanding of complex dynamics body and wing motion
for flight control, particularly during free flight. Compared with
the previous approach [45], our proposed method resolves the roll
and pitch of the body well, even at extreme body orientations.
Eventually, the effect of body posture and wing motion manifest
themselves through the production of aerodynamic forces. A cor-
rect dataset of body postures and wing kinematics are useful input
to computation of fluid forces using semi-empirical unsteady blade
element (USBE) model [18], computational fluid dynamics (CFD)
analysis [46,47], and a physical robotic wing experiment [42,48].

My current study also able to compute wing deformation which
prominent in larger insects because the extracted painted and vir-
tual markers are adequate to estimate structural deformation
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including wing camber [49], torsional compliance [50] and span-
wise deformation [18]. By having a complete package of body
and wing motion, elaborate structural deformation and forces
may lead to a new field of study on dynamics fluid-structure inter-
action and aeroelasticity. This research also accommodates a basis
for future research on control and stability during the flight of nat-
ural fliers including biomimetic flying machines. Within the last
decade, there was considerable progress in the development of
bio-inspired Micro Aerial Vehicles MAV designed by engineers
and physicist [51–55]. I hope that the ideas and findings of this
inter-disciplinary studies will help engineers and biologists to
enhance their understanding of insect flight [24].
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