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Abstract: Energy expenditure is a critical characteristic in evaluating the flight performance of
flying insects. To investigate how the energy cost of small-sized insects varies with flight speed,
we measured the detailed wing and body kinematics in the full speed range of fruitflies and
computed the aerodynamic forces and power requirements of the flies. As flight speed increases,
the body angle decreases and the stroke plane angle increases; the wingbeat frequency only changes
slightly; the geometrical angle of attack in the middle upstroke increases; the stroke amplitude first
decreases and then increases. The mechanical power of the fruitflies at all flight speeds is dominated
by aerodynamic power (inertial power is very small), and the magnitude of aerodynamic power
in upstroke increases significantly at high flight speeds due to the increase of the drag and the flapping
velocity of the wing. The specific power (power required for flight divided by insect weigh) changes
little when the advance ratio is below about 0.45 and afterwards increases sharply. That is, the specific
power varies with flight speed according to a J-shaped curve, unlike those of aircrafts, birds and
large-sized insects which vary with flight speed according to a U-shaped curve.

Keywords: forward flight; kinematics; power requirement; fruitfly; insect

1. Introduction

Hovering and level-forward flight are the most common flight modes of insects. To accomplish
various flight tasks in different scenarios, insects adjust the generation mechanisms of aerodynamic
forces by sophisticatedly controlling the flapping motion of their wings [1]. Since flightis an energetically
demanding mode of locomotion [2], there is an optimization pressure for insects to select the appropriate
flight speed to economize energy consumption according to specific tasks. Previous studies have
shown that the power-speed curve of flying vertebrates such as birds and bats [3,4], similar to that of
helicopters, is U-shaped, which means the migration distance can be reached at its maximum when
flying at some intermediate speed. However, whether the U-shaped model is suitable for insects
remains unclear, because the wings of insects operate at relatively low Reynolds number and the
flows around are strongly unsteady during flight, which is quite different from that of vertebrates
and helicopters.

To remain airborne, the mechanical power output of insects’ flight muscles must match the
requirement for flapping the wings [5]. In order to investigate the variation of mechanical power
with flight speed increasing, several experimental measurements have been conducted during insects’
freely forward flight. Ellington et al. [6] measured the oxygen consumption rates of bumblebees
flying in a wind tunnel at the speeds up to 4 m/s; it was shown that the metabolic rate only changed
slightly with flight speed, suggesting that the U-shaped model may be inadequate for bumblebees.
Warfvinge et al. [7] reconstructed the wake of hawkmoth flying in a wind tunnel over a speed range
of 1-3.8 m/s by using the tomographic particle image velocimetry technique, and calculated the
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mechanical power as the rate of energy added into the wake by the flapping wings; the result suggested
that the power curve of hawkmoths is U-shaped.

Benefit from the measurement and calculation methods used in the above two studies,
total mechanical power can be obtained without measuring the wing kinematics of insects; but these
methods also have some limitations, e.g., they are difficult to acquire the time courses of instantaneous
power in a wingbeat cycle. One approach to improve this situation is that using the method of
computational fluid dynamics (CFD) to study the power requirement of insect flight, which requires
the wing and body kinematics were accurately measured at first. However, present experimental
measurements were mostly focused on hovering or single-speed flight [8-19]; there only exist three
studies that measured the wing and body kinematics of an individual insect in multiple-speed forward
flight [20-22]. Dudley and Ellington [20] filmed and measured the forward flight of three bumblebees
using a wind tunnel and each individual had 3—4 flight speeds; since only one high-speed camera
was used, the pitching angle of flapping wings could just be estimated. Willmott and Ellington [21]
further measured the complete kinematics of three hawkmoths using the same wind tunnel and two
high-speed cameras and each individual had 5-6 flight speeds. In these two studies, the measured
maximum flight speeds were 4.5 and 5 m/s for bumblebees and hawkmoths, respectively, which may
not reach the limit of flight capability of these two insects. Recently, Meng and Sun [22] measured
the wing and body kinematics in the full flight speed range of three droneflies, each had 6 flight
speeds, from hovering to 8.6 m/s with the usage of three orthogonally aligned high-speed cameras and
a customized low-speed wind tunnel.

Based on the measured kinematic data of bumblebees from Dudley and Ellington [20], Wu and
Sun [23] studied the trend of mechanical power with flight speed. The results demonstrated that the
power required at medium speeds only decreased slightly from that at hovering and became relatively
large at the measured highest speed, i.e., the power curve was approximately J-shaped. However,
due to the absence of the kinematics at the potential maximum flight speed, the conceivably last
rapid-growth phase of the curve was lacking.

The above brief review shows that presently there are only three species of insects (bumblebee,
hawkmoth and dronefly) whose kinematic data at multiple flight speeds were measured [20-22],
and previous energetic researches were all based on the data that were measured over a partial speed
range [6,7,23]. And it has been shown that, for the medium-sized bumblebee whose wing length is
about 13 mm, the power-speed curve is probably J-shaped [23]; for the large-sized hawkmoth whose
wing length is about 50 mm, the curve is more likely U-shaped [7]. But for other insects, especially
for small-sized insects (e.g., fruitfly), no research based on measured kinematics has been conducted
to explore how their power cost changes with flight speed. Therefore, the shape of the power-speed
curve of insects is still not yet fully understood.

In the present paper, first, the wing and body kinematics of fruitflies in forward flight
were quantitatively measured using three-dimensional high-speed cinematography technique.
The experiments were carried out in a wind tunnel and hence the measured speeds could be distributed
in the full range of possible speeds. Then, the aerodynamic forces and torques exerted on the wings
were computed by numerically solving the Navier-Stokes equations, and the inertial torques were
computed analytically. On the basis of the aerodynamic and inertial torques, the mechanical power
required for each flight was calculated. Therefore, what the shape of the power-speed curve is for this
small-sized insect, whose wing length is about 3 mm, can be known. Selecting fruitfly is not only
due to that it is a valuable model insect which has excellent ability to hover or fly forward stably and
has been extensively used in flight mechanics and other biological fields, also due to that its wing
kinematics in forward flight are still quite lacking. Although the body motions in freely forward flight
have been tracked when studying the flight behaviors of fruitflies under visual control [24-26], there is
still no measured wing kinematics of fruitfly flying at high speed; the measured largest flight speed
for fruitfly (fruitfly F1 in Meng and Sun [14]) with detailed wing motion obtained was about 1.0 m/s,
which is only a medium flight speed for fruitfly.
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2. Materials and Methods

2.1. Insects and Experimental Setup

Experiments were performed on 3-5 days old fruitflies (Drosophila virilis), which were obtained
from the Laboratory of Genetics of the School of Life Science of Peking University. These flies were
descendants of wild-caught females and were reared under a 12 h light: 12 h dark cycle. Each fly was
starved at least 5 h before being used in experiments, and the laboratory temperature was controlled at
about 25 °C.

Measurement of freely forward flight of insects is much difficult than hovering, especially for
large-speed situation. In measuring hovering flight of fruitflies, an enclosed cubic chamber was always
used [13,27]. While in measuring forward flight, larger chamber size is needed but also restricted by,
on one hand, the operating space of experimental platform, and on the other hand, the measurement
accuracy. If chamber size is not large enough, the flight of insect in it would be full of acceleration
and deceleration, and the flight speed was also greatly restricted. However, increasing the length
of flight chamber, which is necessary to provide sufficient space for the insect to fly forward stably,
would in turn pose difficulties for setting up an experimental platform and reduce the success rate of
filming. In the study of Meng and Sun [14], a large-aspect-ratio chamber and light brightness control
was used to induce fruitflies to fly forward. Even so, the average flight speed of the six fruitflies they
measured was only about 0.7 m/s, far less than the flight speed limit (about 2.0 m/s) of fruitflies [28].
Another problem for this method of measuring insects” autonomous flight in still air is that if the
flight speed is relatively large, the length of the measured arena in the flying direction is much longer
than those in the other two directions, resulting in many problems for high-speed camera filming,
such as the reduction of imaging quality and insufficiency of depth-of-field. Thus, it was concluded
that a wind tunnel must be used in measuring high-speed forward flight of insects.

In this paper, to acquire the forward flights of fruitflies, experiments were conducted with
a low-speed open-jet wind tunnel, which is customized for insect flight tests. This wind tunnel has
a 15 cm diameter circular opening and a 0.5-10 m/s speed range. The turbulence intensity is below
1.5% and air velocities uniformity is below 2% in the test section where flights were filmed. As shown
in Figure 1, the working section of the wind tunnel was enclosed by a 20 x 20 X 60 cm® plexiglass
flight chamber whose upstream and downstream ends were open. And a square piece of weave fabric
net was used to block the downstream end to keep the insect within the flight chamber. To film the
forward flight of fruitflies, three orthogonally aligned synchronized high-speed cameras (FASTCAM
Mini UX100, Photron Inc., San Diego, CA, USA; 6250 frames per second, shutter speed 20 ps, resolution
1280 x 800 pixels) were used. The view of each camera was backlit by a 50 W integrated red-light
emitting diode (LED; PT-121-R-C11-MPD, Luminus Devices Inc., Sunnyvale, CA, USA; luminous flux,
4000 Im; wavelength, 632 nm), and two lenses (a CCTV lens with 25 mm focal length and a convex
lens with 50 mm focal length) were used to make the light uniform. When tested insect was observed
flying steadily in the filming area (intersecting field of views of the three cameras, approximately
3.5 x 3.5 x 3.5 cm?), the synchronized cameras were manually triggered. The filming area was set at
the position that 11 cm from the opening and on the central line of the wind tunnel.

Taking advantage of phototaxis of insects, Dudley and Ellington [20] and Meng and Sun [22] both
used an ultraviolet fluorescent light to elicit bumblebees and droneflies to fly in a wind tunnel and
successfully measured the forward flight kinematics. Thus, in the present paper, we also employed this
approach to induce fruitflies by position a 40 W ultraviolet fluorescent light on the roof of the chamber
and near the opening of the wind tunnel (Figure 1). Most of the light tube was masked out, leaving
only a small part, about 3 cm in length, to be visible. Through observation, we found that fruitfly
indeed flied in the wind tunnel toward the location of ultraviolet light, but the flight was always
unstable and not keeping on the center line of the flight chamber, such that other means were needed
to stabilize the flight.
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High-speed
Wind tunnel camera

Figure 1. Sketch of filming system.

Alternatively, moving background of sine grating or random dot patterns were usually applied
in the investigation of vision-based control in banked maneuvering [29] and forward flight [26]. In this
paper, we applied this visual speed control method, using moving sine gratings to provide optical flow
corresponding to the preferred speed of fruitflies, to control their upwind speed and stabilize them on
the center line of the wind tunnel. An open-source psychophysics toolbox (Psychtoolbox 3.0) on Matlab
platform (Matlab v. 9.0, The Mathworks, Inc., Natick, MA, USA) was used to accurately generate
and control the visual stimuli. Then via two digital light processing (DLP) projectors (ViewSonic
PJD7831HDL, ViewSonic China, Shanghai, China), the rendered sine grating stripes were displayed
onto the sidewalls of the flight chamber (Figure 1). The velocity of sine grating stripes was set at
0.2 m/s, because under this visual surround, the flight speed relative to the ground of fruitfly is very
small [25]. Finally, with ultraviolet light stimulating to fly upwind and moving patterns controlling the
speed and stabilizing the flight, the measurement of forward flight of fruitflies can be achieved.

2.2. Filming Procedures

At the beginning of each experiment, the high-speed cameras were switched on and kept in the
recording mode. Then the wind tunnel was turned on and waiting for about half a minute to stabilize
the wind before a fruitfly was introduced into the flight chamber at the downstream end (Figure 2).
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Figure 2. Diagram of the full forward-flight process of fruitflies in the flight chamber.



Energies 2020, 13, 4271 5 of 23

The ultraviolet light was flickered on and off until the fruitfly began to take off from the rear
of the flight chamber, and then the light was left on to avoid disturbing the flight. Meanwhile,
the moving grating stripes were projected onto the side walls of the flight chamber. Since enticed by
the ultraviolet light and oriented by the moving gratings, the tested fruitfly flew forward steadily at
a low ground-speed in the working section (Figure 2).

The closer to the ultraviolet light the insect is, the lower the flight speed. When the insect reached
the filming area that beneath the ultraviolet light, it stayed for several seconds (Figure 2); this is the
best time to trigger the cameras so that steady forward flight can be filmed. As the flight was coming
to an end, the insect adjusted its flying attitude and flew upward towards the location of the ultraviolet
light to land (Figure 2). Immediately after the filming process had finished (approximately 0.89 s),
the ultraviolet light was turned off and the moving grating stripes were stopped. After ensuring the
insect was returned to the rear of the flight chamber to rest, the filmed images were downloaded from
the high-speed cameras to computer.

The key point to the achievement of the filming was the existence of the staying stage. Based upon
this behavioral observation, the filming area of high-speed cameras could be preset at the staying
location accordingly (Figure 2), which can greatly improve the success rate of filming. The fruitfly
was almost stationary relative to the flight chamber when it was staying, thus the flight speed was
approximately equal to the wind speed.

At least three flight speeds distributed in the full speed range were filmed for each fruitfly, and the
experiments were begun with the measurement of the flight at the maximum speed. According to
Vogel [28], the maximum flight speed of fruitflies is about 2.0 m/s, such that the wind speed was first set
around this value to check whether the tested fruitflies could take off and fly forward steadily or not;
if not, the wind speed was continuously lowered until it can. Thus, the filmed flight could be regarded
as at the maximum speed of the tested fruitfly. Next, the wind speed was set to an intermediate speed
(e.g., about 1.0 m/s) and the entire filming process was repeated. Last, the near-hovering flight was
filmed with the visual control system and wind tunnel turned off. The total experimental time for each
fruitfly was generally less than 40 min.

2.3. Measurement of Morphological and Kinematic Data

The method of measuring morphological parameters was same as that given in Mou et al. [30].
Once the filming events had finished, the tested fruitfly was anaesthetized with ethyl acetate vapor.
The total mass () of the insect was measured to an accuracy of +0.01 mg. The wing planform
and the body in dorsoventral and lateral views were scanned using a scanner (Epson Scanner V370;
Epson (China) Co., Ltd., Beijing, China; resolution 3600 x 3600 dpi) and hence the wing and body
shapes can be extracted, as shown in Figure 3.
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Figure 3. Morphological parameters of the wing and body of an insect.
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Then, the morphological parameters of the insect can be measured or computed based on the
measured data, including wing length (R, the distance between wing base and wing tip), area of one
wing (S), mean wing chord (c), radius of the second moment of wing area (1), body length (), distance
between the wing roots (I;), distance between the wing-root axis and the center of mass (1, the center
of mass is determined by assuming the body of the insect is a body of revolution with uniform density),
distance between the wing-root axis and the body axis (%), distance from the anterior end of the body
to the center of mass ().

After all the required morphological parameters were obtained, the wing was modeled as
a flat-plate with the outline extracted from the scanned cut-off wing (Figure 3), and the body was
modeled as a rigid-body represented by two perpendicular lines (the line linking the head and the
end of the abdomen and the line linking the two wing hinges, see Figure 4). Then the wing and
body models were used in a self-developed MatLab toolbox, which is a realization of the method
of three-dimensional reconstruction (see Mou et al. [30] for detailed description and error analysis),
to measure the wing and body kinematics. Within the interactive graphic user interface of this toolbox,
the positions and orientations of the models of the body and two wings were adjusted manually until
the best overlap between their projections and the displayed frames recorded by three cameras was
achieved (Figure 4); at this point, the positions and orientations of these models could be regarded as

that of their real counterparts.
For a fruitfly flying at a given speed, about 35 pictures were taken during each wingbeat.

Figure 4. Example of three-dimensional reconstruction.

After measuring frame by frame, the wing and body motions in about five wing strokes were digitized.
In order to clearly describe the wing kinematics of the fruitflies, the method given by Ellington [8]
was employed, and two coordinate systems and following definitions were introduced. In a reference
frame that moved with the body of the fly, the discrete wing-tip trace of both of the left and right wings
were projected onto the symmetric plane of the body, and a linear regression line of the projections
could be determined using least square method. The plane paralleled to the above regression line and
passed the wing base is defined as the stroke plane. Thereafter, two coordinate systems, oxyz and
01X1Y121, are brought in. For the lab-fixed coordinate system oxyz, the origin locates at the center of the
body initially, x-axis points forward horizontally, y-axis points to the right of the body horizontally and
z-axis points downward vertically (Figure 5). For the body-fixed coordinate system 01x1y12;, the origin
locates at the wing base, the x1-y; plane coincides with the stroke plane and y;-axis coincides with
y-axis, and z1-axis is normal to the stroke plane (Figure 5). The inclination angle of the stroke plane
about the horizontal is referred to as the stroke plane angle (), and the angle between the body axis
and the horizontal is referred to as the body angle (), thus  + x represents the included angle of the
body axis and the stroke plane (Figure 5a).

The orientation of a flat-plate wing relative to the stroke plane can be determined by three Euler
angles: the stroke angle (¢p), the deviation angle () and the pitch angle (1). As shown in Figure 5b,
¢ is defined as the angle between the projection of the wing axis (the line passing wing base and wing

tip) onto the stroke plane and y;-axis; 0 is defined as the angle between the wing axis and its projection
onto the stroke plane; 1 is defined as the angle between the local wing chord and I (a line which is
perpendicular to the wing axis and parallel to the stroke plane).
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Figure 5. Coordinate systems and Euler angles of a flapping wing. (a) The lab-fixed coordinate system;
(b) The body-fixed coordinate system and Euler angles.

Some other kinematic parameters of the flapping wing are as follows: f, the wingbeat frequency;
@, the stroke amplitude, defined as @ = Ppmax — Pmin (Pmax and Pmin are the maximum and minimum
values of ¢, respectively); 5, the mean stroke angle, defined as 5: (Pmax + Pmin)/2; d/u, the ratio of
downstroke duration to upstroke duration (when ¢ changes from @max t0 Pmin, the wing is referred
to be in downstroke; in reverse, in upstroke). For forward flight, the advance ratio is defined as the
ratio of the flight speed to the mean flapping velocity at wing tip, i.e., | = Vo/2DfR, where V is the
flight speed.

2.4. Evaluation of the Aerodynamic Forces and Mechanical Power

The unsteady flow around the flapping wings was computed by numerically solving the
incompressible Navier-Stokes equations. Previous studies have shown that for fruitfly, the aerodynamic
interaction effect between the wings and the body was very small: the changes of aerodynamic forces
acting on the wings with or without the presence of the body was less than 2% at hovering [31,32] and
4.5% at forward flight (] was up to 0.67 with idealized wing motions) [33]. Therefore, only two wings
were considered in the present CFD model, and the wing was modeled as a flat-plate with rounded
leading and trailing edges. The thickness of the wing model is set at 3% of the wing chord length.

Selecting c, U (the mean flapping velocity at r, for near hovering flight, defined as U = 2®f o1,
where the subscript ‘0" denotes the near hovering flight) and c¢/U as reference length, velocity and time,
respectively, the dimensionless Navier-Stokes equations are as follows:

V-u=0 (1)
Jdu
ot

where u is the non-dimensional fluid velocity field, ¢ is the non-dimensional time, p is the
non-dimensional fluid pressure, Re is the Reynolds number, V is the gradient operator and V2
is the Laplacian operator.

_ I\2
+u-Vu= Vp—l—(Re)Vu (2)

The flow solver is the same as that in some previous studies of our group [14,16], which is
based on the method of artificial compressibility developed by Rogers et al. [34,35]. In solving the
equations, the method of moving overset grids is used. As shown in Figure 6, there is a body-fitted
curvilinear grid for each wing which extends a relatively short distance (2.5¢ in the normal direction),
and a background Cartesian grid which extends to the far field boundary of the domain (20c in all of
the x, y, z directions at near-hovering, and extends to 30c along the downstream (negative x) direction
at the maximum-speed flight). The wing grids capture such as boundary layers, separated vortices
and vortex/wing interactions, and the background grid carries the solution to the far field. The two
grids exchange flow information through their overlapped regions. The wing grid is O-H type and
generated using a Poisson solver which is based on the algorithm of Hilgenstock [36]. The background
Cartesian grid is generated algebraically.
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Figure 6. Portions of computational grids.

Once the Navier-Stokes equations were solved, the aerodynamic forces and moments acting on
the wing were calculated by integrating the pressure and the viscous stress over the wing surface
at a time step. Vertical force (V) and thrust (T) of a wing are defined as the components of the total
aerodynamic force along the negative z and positive x direction, respectively; lift (L) is defined as the
component perpendicular to the stroke plane and along the z; direction; drag (D) is defined as the
component in the stroke plane and along the direction that opposite to the flapping movement (qb).
The corresponding force coefficients, denoted by Cy, Ct, C, and Cp are defined as: Cy = V/0.5pU?S,
etc., where p is the fluid density. The relationship between these forces is shown in Figure 7 and their
transformation formulas are as follows:

Cp =Cy-cosf+ Cr-sinfs 3)

Cp = (Cy -sinfp—Cr-cosp) - cos ¢ 4)

4
X |
7 ~ Stroke plane z

Figure 7. Relationship between aerodynamic force coefficients.

The aerodynamic and inertial moments around the wing-root are denoted as M, and M;,
respectively. The mechanical power (P) of a flapping wing is produced by the flight muscles to
overcome M, and M;j, and it can be calculated by:

P =(M,+M) Q
=M, - Q+M;-Q (5)
:Pa+Pi

where Q) is the angular velocity vector of the wing, P, = M,-Q) and P; = M;-Q) are the aerodynamic and
inertial power of the wing, respectively.

As M, has already been computed using the force distribution obtained from the flow computation
and Q is also known from the measured kinematics, the aerodynamic power P, can be readily calculated.
However, the inertial power P; still cannot be straightforwardly calculated, because the mass (1) and
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the radius of gyration (73 r,) of the wing required to determine M; are unknown for the tested fruitflies.
To deal with this problem, the wing-to-body mass ratio (1w/m = 0.24%) and the non-dimensional radius
of gyration (12 m/R = 0.48) that had been measured in Vogel [28] for the same species, Drosophila virilis, are
used in the present paper. Because the venation is typically denser near the leading edge, the wing-mass
mostly distributed near the axis of flip-rotation which is close to the leading edge; thus, it is reasonable
to neglect the moment of inertia of the wing-mass about the axis of flip rotation. The moments of
inertial about the other two axes (denoted as Iy) are approximately the same and can be computed
by Iy = emphmwrzrmz. With I, obtained and wing acceleration computed from Q, M; thus P; can be
calculated. The coefficients of the aerodynamic and inertial power of a flapping wing are defined as
Cpa = Pa/0.5pU3S and Cp; = Pi/0.5pU3S, respectively.

3. Results and Discussion

3.1. Measured Morphological Parameters and Wing and Body Motions

In the filming experiments, the flight sequences of 24 fruitflies with at least three flight speeds
were recorded. After carefully scrutinizing all the flight films of these fruitflies, we found that some
fruitflies were unable to maintain steady flight under large wind-speed condition and hence their
flights were accompanied with rolling or yawing motion; and some fruitflies were performing climbing
flight towards the location of the ultraviolet light, not performing desired level-forward flight, when
the wind speed was not very large. Therefore, for most of these fruitflies, at least one forward flight
was inadequately steady or was not performing level-forward flight. Eventually, four individuals
which had three steady flights were selected for further kinematic measurement. They are denoted as
FF1, FF2, FF3 and FF4, respectively, and their morphological parameters are listed in Table 1.

Table 1. Morphological parameters of the fruitflies.

Individual  m (mg) c(mm) R (mm) r2/R I, (mm) I/, L/, hi/ly L/,

FF1 1.75 0.93 3.31 0.59 3.31 0.24 0.17 0.12 0.47
FF2 1.22 0.89 3.05 0.59 3.33 0.28 0.15 0.10 0.45
FF3 1.79 1.04 3.35 0.58 3.60 0.25 0.18 0.14 0.47
FF4 2.07 0.98 3.30 0.58 3.68 0.27 0.21 0.15 0.47

It is noteworthy that the above steady and balanced flights are the controlled results of insects’
sensory-motor system. Previous studies [37-40] have shown that the hovering and forward flights of
insects are inherently unstable, and as flight speed increases, the longitudinal instability of insect flight
becomes stronger and stronger, but the inherently unstable flights of insects are controllable [37,41],
counting on the fast response of sensory-motor system. That is the reason why we could capture steady
forward flights of fruitflies in our experiments.

The image sequences at several instants in a flapping cycle filmed by one high-speed camera
for FF1 flying at three speeds are demonstrated in Figure 8 (the corresponding video sequences are
provided in the Supplementary Materials). It can be seen that the flying attitude changes with flight
speed obviously: at V. = 0.16 m/s (near hovering), the body tilted at a relatively large angle and the
wing tip position when the wing flaps to its farthest behind the body is approximately at the same
altitude with that ahead the body; while as the flight speed increases, the inclined angle of the body
becomes smaller and the farthest position of the wing tip behind the body becomes much higher than
that ahead the body.
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Figure 8. The filmed image sequences of FF1 flying at three flight speeds.

These observations are consistent with the measured data of the body angle (x) and the stroke
plane angle (B) for all the four fruitflies plotted in Figure 9. From the scatters plot in Figure 9a, it can
be clearly observed that y decreases and f§ increases with flight speed increasing in the speed range
of the present study (V. =~ 0-2 m/s), and the reduction rate of y and the and growth rate of § are
significantly decreased when the flight speed exceeds about 1.3 m/s. While as seen from Figure 9b,
another obvious feature is that the angle between the stroke plane and body axis, 8 + x, only fluctuates
slightly, indicating that the position of the stroke plane relative to the body almost remains unchanged
in the full speed range for fruitflies. These results are similar to that of bumblebees [20], hawkmoths [21]
and droneflies [22] in their own measured speed ranges.

(a) 70 vv gg (b) 70
[ Q] v

60F o oo FF3 1] S as ¢ o i
50 Oy o A FF4 50 Va

— a —

o_40 lﬂ v oF o_40

N30 8 4 N3

< ) . o =
20 ~. 20
10 " 10
0|||A1|I||||I||||I||||I| 0||||||||||I|||||||||I|

0 0.5 1 1.5 2 0 0.5 1 1.5 2
V., (m/s) V.. (m/s)

Figure 9. The variations of (a) f and x and (b) 8 + x of FF1-FF4 at various flight speeds.

The variation of the stroke plane angle as functions of flight speed is highly correlated to the wing
movements at each flight speed. In order to examine the wing motions, we take the flight of FF1 flying
at Vo = 1.07 m/s as an example. The measured time histories of the three Euler angles, ¢, 6 and 1,
of the left and right wings during a period of about 26 ms are plotted in Figure 10a. To eliminate the
high-order noise and obtain the smooth data that can be used for numerical computation, the original
data of ¢, 0 and 1 are first averaged between left and right wings, and then are phase-averaged over five
wingbeat cycles; finally, the phase-averaged data are filtered with a fifth-order low-pass Butterworth
filter (the cut-off frequency are 400, 800 and 1600 Hz for ¢, 0 and 1), respectively). For convenience of
description, we define a non-dimensional time, 7, in a wingbeat cycle that 7 = 0 is the start time of
a downstroke and 7 =1 is the end time of the subsequent upstroke. The filtered Euler angles with error
bands (mean =+ s.d.) as functions of 7 are given in Figure 10b.
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Figure 10. The measured wing kinematics of FF1 in forward flight at Vo = 1.07 m/s. (a) The original
data of instantaneous Euler angles. ¢, the stroke angle; 0, the deviation angle; ¢, the pitch angle. (b) The
filtered values of ¢, 0 and ¢ as function of non-dimensional period (mean + s.d.; n = 5 wingbeats).

The wing kinematic results of FF1 at all three flight speeds are given in Figure 11 (the corresponding
results of FF2-FF4 are given in Figures A1-A3 in Appendix A, respectively). It can be seen that the
magnitude of stroke angle is much larger than deviation angle (Figure 11a), such that the wing-tip
paths are generally flat open loops (Figure 11c). In most of the wingbeat cycle, the trajectory of upstroke
is below that of downstroke at each flight speed, except at the beginning of upstroke that one-time
crossover occurs due to the wing first elevates a little and then descends (0 increases slightly and then
decreases in Figure 11a). The corresponding results of other three insects are similar.

V,=0.16 m/s
60 N = =-=--- V.=1.07 m/s

_900 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1 0 0.10.20.304050.60.70.809 1
T T

V,=0.16 m/s V,=1.07 m/s V.=1.69 m/s

Figure 11. Time courses of (a) ¢ and 0 and (b) ¢ for FF1 in one wingbeat cycle at three flight speeds.
(c) The wing-tip paths relative to the stroke plane determined by ¢ and 0 at each flight speed (the stroke
plane is indicated by the dash-dot line and the wing-root is indicated by a red dot).

As shown in Figure 11b, the wing pitches up (supination) in the end of downstroke and in the
beginning of the subsequent upstroke and pitches down (pronation) in the end of upstroke and in the
beginning of the subsequent downstroke. To clearly describe the variation of the pitch angle in one
cycle, the geometrical angle of attack (a) of the wing-section is defined: @ = ¢ in downstroke and
a = 180° — ¢ in upstroke. Figure 12 gives the time courses of « in a wingbeat cycle for FF1 at all

three flight speeds (the same sets of data for the other three fruitflies are presented in Figure A4
in Appendix A).
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Figure 12. Time courses of a in a wingbeat cycle for FF1 at three flight speeds.

From Figure 12, we can see that, when near hovering (V. = 0.16 m/s), the wing first fast pitches
down to a small a (from about 100° to about 10°) at the beginning of upstroke (7 = 0.53-0.66); then it
rapidly pitches up to a large a (about 45°) in a relatively short time (7 = 0.66-0.75) and maintains this
angle in the mid-portion of upstroke (7 ~ 0.75-0.9); near the end of upstroke (7 = 0.9-1), the wing
continues to pitch up to that a reaches about 110°. Similarly, the pitch-down and the pitch-up motions
also exist in downstroke but the magnitudes that @ changes are smaller (Figure 12). In addition,
at medium (Vo = 1.07 m/s) and high (V. = 1.69 m/s) flight speeds, the variation of a in a wingbeat
cycle are similar to that at near-hovering flight (Figure 12). It can be observed that the value of a in the
middle upstroke is generally larger than that in the middle downstroke at all flight speeds of FF1, and «
in the middle upstroke increases with flight speed greatly (about 45°, 60° and 68° at V.« = 0.16, 1.07 and
1.69 m/s, respectively) while that in the middle downstroke almost remains unchanged (about 30°).
The above results are also true for the other three insects.

According to the definitions in Section 2.3, some periodical parameters of the wing motions
computed from the kinematic data (Figures 11 and A1, Figures A2 and A3 in Appendix A) are listed
in Table 2, including the wingbeat frequency (f), the stroke amplitude (@), the mean stroke angle (¢),
the ratio of downstroke duration to upstroke duration (d/u) and the advance ratio (J). For convenience,
the stroke plane angle (§) and the body angle () are also listed in Table 2.

Table 2. Kinematic parameters of the fruitflies.

Individual Ve (m/s) f (Hz) D ) 6 BC) xC)  du ]
0.16 1879 +0.2 1263 +2.4 82+11 0.1 54.6 1.12 0.06
FF1 1.07 1714 £ 0.1 126.8 £ 0.9 18.0+0.8 21.9 39.1 1.38 0.45
1.69 182.0 £ 0.1 1471 +1.1 152+ 0.8 34.9 27.0 1.57 0.53
014 161.2+0.1 146.0 +2.2 51+£07 -1.1 59.3 1.19 0.06
FF2 0.68 156.3 £0.2 1409 + 1.4 145+ 1.2 11.9 51.1 1.33 0.27
1.70 156.9 £ 0.1 1619 + 1.6 11.3+0.6 36.6 25.8 1.59 0.65
0.10 184.0 +0.2 1222+ 1.6 6.7+1.1 1.2 54.9 1.08 0.04
FF3 1.28 189.1 £ 0.1 1343 +£1.0 121+ 0.5 329 29.9 1.27 0.44
1.63 181.3 £ 0.1 1442 +1.2 134 +0.8 35.2 22.6 1.34 0.54
0.22 1725+ 0.3 142.8 +2.8 10.8 +1.4 0.4 51.5 1.14 0.08
FF4 0.64 170.7 £ 0.1 1335+13 148 £1.3 15.4 41.8 1.18 0.25
1.98 1742 +£0.2 164.0 +0.9 144+ 0.9 30.4 26.6 1.44 0.62

It can be seen that f only changes slightly, within 9%, with flight speed increasing, which is
same as that of bumblebees [20] and hawkmoths [21]. Based on the results of the stroke amplitude
listed in Table 2, increments of the stroke amplitude (A®) can be computed by subtracting the @ at
near-hovering from that at other flight speeds for each fruitfly. Plotted in Figure 13 are A® and ¢ of all
the four fruitflies as function of flight speed. From the overall data in Figure 13a, a clear trend of AD
can be observed that A® thus @ first decreases (@ is about 8% smaller at Vo = 0.7 m/s than that at
near-hovering case) and then increases (@ is about 16% larger at the maximum flight speed than that at
near-hovering case) with flight speed increasing. From the overall data in Figure 13b, it can be seen that
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¢ increases with flight speed increasing in the speed range of V. ~ 0-0.7 m/s, but remains unchanged
and even decreases a little at higher flight speeds. In addition, d/u (Table 2) is approximately 1.1 at
near-hovering and gradually increases with flight speed increasing. At the highest flight speeds of FF1
and FF2, d/u are close to 1.6, resulting in a relatively large flapping velocity of the wing relative to the
body in upstroke in comparison to that in downstroke.
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Figure 13. The increments of (a) the stroke amplitude and (b) mean stroke angle as function of flight
speed for all the four fruitflies.

3.2. Aerodynamic Forces

3.2.1. Code Validation and Grid Test

The flow solver had been validated in our previous studies by comparing the computed unsteady
aerodynamic forces with the measured results of model insect wings in translating [42], revolving and
flapping motions [43]. These tests all showed that the computed aerodynamic forces by the present
solver were in good agreement with the corresponding experimental measurements.

To further ensure the computation is grid-independent, a grid resolution test was conducted using
the wing models and wing kinematics of FF1 flying at medium speed (Vo = 1.07 m/s). Three grid
systems were considered. For the grid system 1, the dimensions of the wing grid were 31 X 45 x 37
in the normal direction, around the wing and in the spanwise direction, respectively (the first-layer
thickness was 0.002c); the dimensions of the background grid were 101 X 61 X 61 in the x, y and z
directions, respectively. For grid system 2, the corresponding grid dimensions were 45 X 67 X 57
(0.0015c¢) and 155 x 95 x 95. For grid system 3, the corresponding grid dimensions were 66 x 101 x 83
(0.001c) and 234 x 141 x 141. For the wing grids in these grid systems, the grid points were densely
distributed toward the wing surface and toward the wake area; for the background grids, the grid
points were concentrated in the near field of the wings. The non-dimensional time step was 0.02.

Shown in Figure 14a,b are the vertical force and thrust coefficients in a wingbeat cycle, computed
with the above three grid systems. Plotted in Figure 14c are the iso-vorticity surfaces of the
non-dimensional vorticity at 7 = 0.42. It can be found that there is almost no difference between the
aerodynamic force coefficients calculated by the three grid systems; and some discrepancies exist in the
iso-surface plots of vorticity between grid system 2 and grid system 1, but there are only very small
discrepancies between grid system 2 and grid system 3. This indicates that good solution accuracy can
be achieved with grid system 2 or 3. Here, grid system 3 was used in the present paper.
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Grid system 1
Grid system 2
Grid system 3

Grid system 1 Grid system 2 Grid system 3

Figure 14. Grid resolution test. Time courses of the (a) vertical force and (b) thrust coefficients of
the wings in a wingbeat cycle computed with three grid systems. (c) The iso-surface plots of the
non-dimensional vorticity at 7 = 0.42 (the magnitude of the non-dimensional vorticity is 1).

3.2.2. Computed Aerodynamic forces

Using the numerical method described above and the measured wing kinematics, the aerodynamic
forces at each flight of the fruitflies can be computed. Figure 15 shows the vertical force (Cy) and thrust
(Ct) coefficients on the wings in a wingbeat cycle of FF1 at three flight speeds, after periodical state has
been achieved (the corresponding results of the other three fruitflies are presented in Figure A5 in the
Appendix A).

(b) 6

V.=0.16 m/s

——————— V.=1.69 m/s

2070.102030.4050.6070809 1 40 01020304050.60.70.809 1
T T

Figure 15. Time courses of the computed (a) vertical force and (b) thrust coefficients in a wingbeat
cycle of FF1 at three flight speeds.

Figure 16 shows the instantaneous force vectors at several moments in one cycle superimposed
on the wing-tip paths for FF1 at three flight speeds. The following observations can be made from
Figures 15 and 16.

At near-hovering (Vo = 0.16 m/s), positive Cy is produced in downstroke and upstroke to support the
weight (Figures 15a and 16a), and the contribution of downstroke is about 53%, only slightly larger than that
of upstroke. Negative Ct produced in downstroke and positive in upstroke (Figures 15b and 16a) have
almost the same magnitude that cancel each other out, resulting in an approximately zero mean thrust,
as required for the hovering flight. At medium flight speed (V. = 1.07 m/s), positive Cy produced in
downstroke is about 86% of the total Cy in the entire cycle, much larger than its counterpart in upstroke
(Figure 15a). Thus, the weight-supporting force is mainly generated during downstroke (Figure 16b).
The magnitudes of positive Ct produced in upstroke and negative Ct produced in downstroke are
both decreased, but the magnitude of the positive Ct in upstroke is much larger than its negative
counterpart in downstroke (Figure 15b), resulting in a positive cycle-averaged thrust. Thus, the thrust
that required for overcoming the body drag is mainly generated in upstroke (Figure 16b).
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(a) V_=0.16m/s (b) V.=1.07m/s
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Figure 16. Instantaneous force vectors (red arrows) superimposed on the side view of the wing-tip

paths for FF1 at three flight speeds. The blue and purple lines indicate the orientation of the wing
in downstroke and upstroke, respectively, at several times in a flapping cycle, with dots marking the
leading edge. (a) At near-hovering (Ve = 0.16 m/s); (b) At medium flight speed (Ve = 1.07 m/s); (c) At
high flight speed (Ve = 1.69 m/s).

At high flight speed (Vo = 1.69 m/s), positive Cy produced in downstroke is rather larger and
in upstroke is rather smaller (Figures 15a and 16c). About 89% of the weight-supporting vertical force
is produced during downstroke. Same as the medium-speed case, the thrust required for overcoming
the larger body drag is mainly generated in upstroke (Figures 15b and 16c). The similar observations
of FF2-FF4 are given in Appendix A.

For steady forward flight, the aerodynamic forces acting on the wings and the body should be
approximately equal to the insect-weight in the vertical direction and should be close to zero in the
horizontal direction. The non-dimensional weight (Cg = mg/0.50U?(2S), in which g is the acceleration of
gravity) of FF1 is about 1.76. The computed non-dimensional mean vertical force of the wings at three
flight speeds for FF1 are 1.80, 1.75 and 1.62, respectively. At Vo = 0.16 and 1.07 m/s, the differences
of the computed vertical forces on the wings, compared with Cg, are less than 2%, which means the
computed vertical forces on the wings are sufficient for supporting the weight. At Vo, = 1.69 m/s,
as the body angle is about 27°, the small vertical force on the body would compensate the shortage,
about 8%, between the computed vertical force acting on the wings and Cg. Therefore, the equilibrium
conditions that the vertical forces balance the weight at all three flight speeds of FF1 are approximately
satisfied. The similar results of FF2-FF4 are presented in the Appendix A.

3.3. Power Requirements

3.3.1. Computed Mechanical Power

Power requirement is a crucial parameter to quantify the flight performance of insect. Based upon
the measured wing kinematics and the computed aerodynamic forces, the aerodynamic and inertial
powers can be calculated using the computational method described in Section 2.4. Figure 17 shows the
time histories of the instantaneous non-dimensional aerodynamic (Cp,), inertial (Cp;) and mechanical
(Cp) powers in one stroke cycle of FF1-FF4 at various flight speeds. It can be seen that at all flight
speeds of these fruitflies, Cp; is much smaller than Cp, in most of the flapping cycle, and hence the
curves of Cp are approximately the same as that of Cp,. Moreover, the value of Cp; is very small (close
to zero) in downstroke and is positive in the first half of upstroke and is negative in the next half of
upstroke. This indicates that for fruitflies in near-hovering or forward flights, the influence of inertial
power on power consumption (the cycle-averaged mechanical power) is very small.
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Figure 17. Time histories of (a,c,e,g) Cp, and Cp; and (b,d,f,h) Cp in one stroke cycle of FF1-FF4 at
various flight speeds.

As seen from Figure 17, the magnitude of Cp changes slightly in downstroke and significantly
in upstroke for all the fruitflies with flight speed increasing. Compared with their respective
near-hovering cases, the peak values of Cp in upstroke at low or medium flight speeds (e.g., FF1 at
Ve =1.07 m/s, FF2 at Vi = 0.68 m/s and FF4 at V., = 0.64 m/s) are a little smaller but at higher flight
speeds are much larger. Thus, it can be concluded that the magnitude of Cp in upstroke first decreases
and then increases with flight speed increasing.

In order to analyze how Cp, (or Cp) is generated, here we take the flights of FF1 as examples
and the interpretation is as follows. As seen from Equation (5), Cp, is the inner product of M, and
Q). Since the wings of FF1 are approximately flapping back and forth in the stroke plane at all three
flight speeds, the aerodynamic power consumed by a wing is mainly used to overcome the drag
exerted on it (the wing drag is the force that the insect must overcome for moving its wing). Therefore,
the aerodynamic power must be positive (Figure 17) and is closely related to Cp and cp (where “dot”
denotes a time derivative). Figure 18 shows the time histories of Cp and ¢ in a wingbeat cycle of FF1 at
three flight speeds. Asillustrated in Figures 17 and 18, in the first half downstroke, Cp, at near-hovering
(Voo = 0.16 m/s) is a little larger than that at medium (V& = 1.07 m/s ) and high (V. = 1.69 m/s) flight
speeds due to the larger magnitude of qb ; while in the next half downstroke, Cp, increases with flight
speed due to the increasing of the magnitudes of Cp and qo During upstroke, from near-hovering to
medium flight speed, the magnitude of Cp decreases a little, thus Cp, decreases a little; whereas at
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high flight speeds, both of the magnitudes of Cp and ¢ increase significantly, thus Cp, becomes very
large. Additionally, because of d/u is increasing with flight speed, the peak position of Cp in upstroke,
where the values of Cp and (1) are maximal, continues to be delayed. Through the same method of
analysis, the similar results of FF2-FF4 can also be obtained.
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Figure 18. Time histories of drag coefficient and flapping angular velocity of the wing in a wingbeat
cycle of FF1 at three flight speeds. (a) Drag coefficient; (b) Flapping angular velocity.

3.3.2. Specific power

To evaluate the power requirement of insect flight, the body-mass-specific power (P’, defined as
the cycle-averaged mechanical power divided by the mass of the insect) is usually used:

P* = 0.5pU3(2S) x (Cw /T*) /m (6)

where Cyy is the non-dimensional work in a wingbeat cycle and T is the non-dimensional period
(defined as T" = UJcf).

Commonly, when computing Cy, two limiting cases are considered [44]: in the case of zero elastic
energy storage, with the added assumption that the cost for dissipating the negative work is negligible,
Cy is calculated by integrating Cp over the part of a wingbeat cycle where it is positive; in the case
of 100% elastic energy storage, with the added assumption that the negative work can be stored by
an elastic element and then can be released when the wing does positive work, Cyy is calculated by
integrating Cp over the entire wingbeat cycle. The real Cyy lies between the values of these two limiting
cases. However, for all the flights of the four fruitflies in the present paper, Cp is positive in almost
the entire flapping cycle because the value of negative Cp; is very small. Consequently, Cy calculated
by these two considered limiting cases will be approximately the same and any of them is a good
approximation of the real Cyy. This result is similar to that in previous studies [45,46]. Here, the case of
100% elastic energy storage is adopted.

With Cyy known, P at each flight of FF1-FF4 can be calculated using Equation (6), and the results
as function of advance ratio (J) are plotted in Figure 19. The specific powers at near-hovering of FF1-FF4
(the first data point of each fruitfly) are about 26.6 W/kg. And the variations of P* with flight speed of
the four fruitflies are consistent. From the overall data of the specific powers, it can be observed that
P" only changes very little when the advance ratio changes from 0 to about 0.45, and afterwards P’
increases sharply.
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Figure 19. Specific power versus advance ratio of fruitflies.

For example, the specific power of FF4 at the highest flight speed is approximately 61% larger
than that at near-hovering. That is, the energy consumption of the fruitflies varies with flight speed
according to a J-shaped curve. This is similar to that of the medium-sized bumblebee [23] but different
to that of the large-sized hawkmoth which is U-shaped [7]. One possible reason for this difference may
be that the size of the hawkmoth is much larger and flapping frequency much lower than those of the
fruitfly and bumblebee (hawkmoth: wing-length about 50 mm and frequency about 25 Hz; fruitfly and
bumblebee: wing-length 3-13 mm and frequency 150-200 Hz).

4. Conclusions

In this paper, an elaborate filming system consisting of three high-speed cameras, a customized
low-speed open-jet wind tunnel and other visual controlling devices was designed to capture the
forward flight of fruitflies. The wing and body kinematics at multiple speeds of four fruitflies flying
in their full speed range were successfully measured, and the maximum flight speed obtained was
about 2 m/s, reaching the limiting flight speed of fruitfly. The kinematic results show that, as flight
speed increases, the body angle decreases and the stroke plane angle increases; the fluctuation of
the wingbeat frequency is small; the geometrical angle of attack in the middle upstroke increases
while in the middle downstroke almost remains unchanged; the stroke amplitude decreases first and
then increases; the mean stroke angle increases in the speed range of Vo = 0-0.7 m/s but remains
unchanged and even decreases a little at higher flight speeds; the ratio of downstroke duration to
upstroke duration increases. The aerodynamic forces and power requirement at each flight speed were
computed using CFD method. It is shown that the mechanical power is dominated by aerodynamic
power, and the magnitude of aerodynamic power in upstroke increases significantly at high flight
speeds due to the increase of the drag and the flapping velocity of the wing. The overall data of the
specific powers of the four fruitflies as function of advance ratio shows that the specific power only
changes a little when the advance ratio is below about 0.45 and afterwards increases sharply. That is,
the energy consumption of the fruitflies varies with flight speed according to a J-shaped curve.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/16/4271/s1,
Video S1: FF1 near hovering, Video S2: FF1 medium speed, Video S3: FF1 high speed.
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Appendix A

The measured time courses of stroke angle, deviation angle and pitch angle in a wingbeat cycle and
the corresponding wing-tip path of FF2-FF4 at all flight speeds are given in Figures A1-A3, respectively.
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Figure A1. Time courses of (a) ¢ and 6 and (b) ¢ for FF2 in one wingbeat cycle at three flight speeds.
(c) The wing-tip paths relative to the stroke plane determined by ¢ and 0 at each flight speed (the stroke
plane is indicated by the dash-dot line and the wing-root is indicated by a red dot).
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Figure A2. Time courses of (a) ¢ and 0 and (b) 1 for FF3 in one wingbeat cycle at three flight speeds.
(c) The wing-tip paths relative to the stroke plane determined by ¢ and 0 at each flight speed (the stroke
plane is indicated by the dash-dot line and the wing-root is indicated by a red dot).

Time courses of geometrical angle of attack in a wingbeat cycle of FF2-FF4 at all flight speeds are
given in Figure A4. As flight speed increases, it can be observed that the variations of « of FF2-FF4 are
similar to that of FF1 (described in Section 3.1).
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Figure A3. Time courses of (a) ¢ and 6 and (b) i for FF4 in one wingbeat cycle at three flight speeds.
(c) The wing-tip paths relative to the stroke plane determined by ¢ and O at each flight speed (the stroke

plane is indicated by the dash-dot line and the wing-root is indicated by a red dot).
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Figure A4. Time courses of a in a wingbeat cycle for FF2-FF4 at various flight speeds. (a) FF2; (b) FF3;

(c) FF4.

The computed Cy and Ct on the wings in a flapping cycle after periodical state has been established
for FF2-FF4 at various flight speeds are shown in Figure A5. The following observations which is
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similar to that of FF1 can be made. At near hovering, both of downstroke and upstroke contribute to
the weight-supporting vertical force, and the contributions are approximately the same; positive Ct
in upstroke and negative in downstroke cancel each other out, bringing an equilibrium state. As flight

speed increases, the contribution of downstroke to Cy to support the weight is increasing, while the
contribution of upstroke to Ct to overcome the body drag is increasing.
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Figure A5. Time courses of the computed (a,c,e) vertical force and (b,d,f) thrust coefficients in a wingbeat
cycle of FF2-FF4 at various flight speeds.
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