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Abstract The development of Micro Air Vehicles with flapping wings is inspired
from the observation and study of natural flyers such as insects and birds. This
article explores the rotational power consumption of a flapping wing using a me-
chanical flapper at Re ~ 4500. This mechanical flapper is simplified to a 2D trans-
lation and a rotation in a water tank. Moreover, the wing kinematics are reduced
to a linear translation and a rotation for the purpose of our study. We introduce
the notion of non-ideal flapper and associated non-ideal rotational power. Such
non-ideal devices are defined as consuming power for adding and removing me-
chanical power to the flow. First we use a traditional symmetrical wing kinematic
which is a simplified kinematic inspired from natural flyers. The lift coefficient of
this flapping is about Cp, ~ 1.5. This symmetrical wing kinematic is chosen as a
reference. Further wing kinematics with asymmetric rotations are then compared
to this one. These new kinematics are built using a differential velocity defined
according to the translational kinematics, a time lag and a distance, 73,. The
analogy of this distance is discussed as a key point to follow along the chord.
First, the wing kinematics are varied keeping a similar shape for the profiles of the
angular velocity. It is shown that when compared to the reference wing kinematic,
a 10% reduction of the rotational power is obtained whilst the lift is reduced by
9%. Second, we release the limitation to a similar shape for the profiles of the
angular velocity leading to a novel shape for the angular velocity profile named
here as “double bump” profile. With these new wing kinematics, we show that a
60% reduction of the non-ideal rotational power can be achieved whilst the lift
coefficient is only reduced by 1.7%. Such “double bump kinematics” could then
be of interest to increase the endurance of Micro-Air-Vehicles.
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1 Introduction

In his “Great flight diagram”, Tennekes [1997], Tennekes shows that flyers follow
general laws relating to their cruise speed at sea level, V., yise, to their weight, W,
and wing loading, W/S, respectively V,2,... ~ W/S and VS . . ~ W. These laws
concern an extremely large range of sizes, as they apply to small insects such as the
crane fly, small birds such as the house wren and large aircraft such as the boeing
747. This is verified, even though current aircrafts fly with fixed wings and natural
flyers use flapping wings. Nevertheless, the distribution of small flyers’ characteris-
tics presents a significant dispersion in the “Great flight diagram”. Indeed, there is
a large variety of flying species using flapping wings with significant variations in
wing design and number, weight, size and wing kinematics. It is generally assumed
that species have naturally evolved and developed performances which are vital for
their survival. Consequently, the species with great maneuverability and/or flight
endurance are deeply studied by scientists, e.g. dragonfly, hummingbird, bat, fruit-
fly, Thomas et al. [2004], Warrick et al. [2005], Tian et al. [2006], Dickinson et al.
[1999]. Such natural flyers are a source of inspiration for the development of flying
robots such as Micro Air Vehicle (MAV).

Since Ellington seminal work, Ellington [1984], many research have confirmed
the importance and variety of unsteady mechanisms amenable to generate a lift
sufficient to explain why insects can fly. A few review articles and books, e.g. Shyy
et al. [2008], Wang [2005], Sane [2003], Ho et al. [2003], Azuma [2006], Shyy et al.
[2010] give a nice description of the aerodynamics of small flyers. Observing that,
each natural flyer has its own characteristics, the authors follow a complementary
approach to the standard observation and reproduction in laboratory and numer-
ical simulations of specific natural flyers. To do so, the wing is simplified to a
rigid elliptical wing and the kinematics of the flapping are simplified to a simple
translation with a rotation at the end of each stroke. This gives a reduced number
of parameters to support experimental studies.

Maneuverability, lift and energy performances are three important character-
istics for the development of MAV. In this paper, the authors explore the flapping
performances of a mechanical wing and in particular the reduction of the rotational
power while keeping significant values of lift coefficient.

Power and energy requirements are important for both natural flyers and MAV.
Indeed, numerous articles and books are addressing energy and power consump-
tion of natural flyers, e.g. Azuma [2006], Casey [1981], Dickinson et al. [1998],
Hedenstrom and Alerstam [1995], Lehmann [2002], Pennycuick et al. [2000], Ten-
nekes [1997], Wakeling and Ellington [1997]. The investigations of the power re-
quirements using mechanical robots and/or numerical simulations have been the
subject of recent studies. For example, recent numerical simulations have high-
lighted: the importance of wing kinematics and the theoretical possibility to use
the flow to help the rotation of the wing, Bergou et al. [2007], the possibility to
optimise the wing kinematics to minimize the energy consumption, Berman and
Wang [2007], Pesavento and Wang [2009] and increase the aerodynamic perfor-
mance, Bos et al. [2008], the importance of wing deformations, Young et al. [2009]
and the importance of wing interaction for dragonfly, Wang and Russell [2007].
Experimental works have recently used robots to investigate power issues. For ex-
ample, in their study of the hawk moth, Manduca Sexta, Zhao and Deng [2009]
have found a negative work from the aerodynamic forces which helps pitching dur-
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ing stroke reversal. Lehmann [2009], Usherwood and Lehmann [2008] have shown
the importance of the phasing of the dragonfly wings to improve the aerodynamic
efficiency.

In this paper, the authors aim to experimentally show that the rotational
power of a 2D mechanical flapper can be significantly reduced by varying the wing
kinematics so as to capture the flow momentum to help the wing rotation. This
in the same spirit as the “passive wing rotation” of natural flyers, e.g. Bergou
et al. [2007]. In addition of being a new experimental investigation, this paper
also makes the distinction between ideal and non-ideal flappers which should be
important for the management of wing rotation for MAV. First, the authors briefly
describe the experimental apparatus and measurement methods before presenting
few definitions and characterising the performance of symmetric kinematics later
chosen as a reference. Then the rotational kinematics of the wing are changed with
a progressive increase in their complexity while the translational kinematics of the
flapper are kept the same for all experiments.

2 Description of the experimental apparatus and measurement methods

The experimental apparatus consists in an experimental flapper with a wing im-
mersed in water. To estimate the lift, drag and mechanical power consumption,
force measurements are performed and synchronised with the wing displacements.
To illustrate the flow around the wing, Particle Image Velocimetry (PIV) measure-
ments are performed. These main experimental features are detailed hereafter.

The experimental flapper is setup within a water tank used in previous ex-
perimental works Owen et al. [2000], Owen [2001]. The working dimensions have
been reduced to 760mmx1700mm for the horizontal dimensions and 350mm for
the vertical length. A photo of the rig with the flapper, wing and force sensor is
given in Fig. 1 along with simplified schematics. The mechanical flapper is built
with two translations and one rotation as indicated in Fig. la. To ensure smooth
and accurate displacements of the wing, three servo-motors with optical encoders
are coupled to three belt systems which transfer the power/motion with a gear
reduction. One count of the encoders giving the motors’ position corresponds to
m/1000 rad. The conversion count to mm is about 33.37 count/mm for the main
translation, 32.44 count/mm for the heave and 704.5 count/rad for the wing rota-
tion. Moreover, to ensure the quality of the wing kinematics, with a local feedback
independent of the main computer, three servo-controllers (Agile MicroMax R)
command the motors. The real position of the motors is recorded at 83,3 Hz and
is used to characterise the wing kinematics for data processing.

The wing is mounted on the experimental flapper as illustrated in Fig. 1. The
wing chord, c, is chosen as the reference length-scale. Its value is c=54mm. The
shape of the wing is simplified to a symmetrical ellipse and is constant along the
wing span. The maximum thickness of the wing is 5mm, i.e. 0.0926¢, at middle
chord. The wing is made of solid ABS (designed with rapid prototyping) with a
2mmx15mm thick carbon-fiber spine crossing the whole span. Outside the wing,
the carbon-fiber thickness is increased to 6mm (by gluing 2 additional plates) to
ensure the rigidity between the wing and the force sensor. The wing is placed
at lem from the bottom wall after checking that the force measurements do not
vary for distances between 0.5cm and 1.5cm. The wet span is 29cm and the wet
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area is S ~ 157c¢m?. Among the flying insects, the position of the pitching axis is
thought to lie between 0.25¢ and 0.5¢, Ellington [1984]. According to Yates [1986]
the optimal position of the pitching axis is in the upper half of the wing chord
and should be close to 0.25¢. Also, Dickinson [1994] has shown the importance of
this pivot position. To get the effect of the asymmetrical position of the centre of
rotation, we choose to connect the pitching (rotation) axis at ¢/3 from the leading
edge of the wing. In previous literature, various pivot positions have been used,
e.g. ¢/4 Kurtulus et al. [2008], Ol et al. [2008], ¢/3 Dickinson et al. [1999], c/2
Ansari et al. [2009].

The force measurements are performed with a force sensor mounted between
the wing root and the rotational shaft, as illustrated in Fig. 1. The force sensor
is an ATI Nano 17 SI-12-0.12. Its practical resolution is estimated to lie between
10mN and 50mN leading to a noise/level ratio smaller than 10% for the range
of forces considered here. Force and torque calibrations are performed by vary-
ing the force intensity and direction, including positive and negative torques. We
found a typical accuracy of 10% for the force measurement and 7% for the torque
measurement. Moreover, the reproduction of experiments, at different dates, shows
variations of the means values, e.g. lift coeffficient, of about 2% which is well below
most of the variations reported in this paper due to the changes in the wing kine-
matics. The force sensor is reinitialised before each experimental run to remove
bias and temporal variation of the reading. This is done by subtracting the mean
force recording over 10s (flow at rest) one minute before the start of the motion.
Moreover, at the end of the flapping, a second recording is performed with the
wing at rest in order to check that this value remains unchanged after the experi-
mental run. The force measurements performed just before and after the flapping
show forces and torques fluctuations due to the residual motions in the tank (e.g.
waves) of about Fyave =~ 0.002N (Fjave = 3.7 1072) and Tywave ~ 0.016 1073N
(Tiave = 5.4 1073). This is two order of magnitude smaller than the force and
torque intensities measured during the flapping. The measurements of the three
force and torque components are performed at a very high frequency (10kHz) be-
fore being down-sampled at 200hz using a temporal averaging. The force results
presented in this paper have a reduced level of noise. To do so, the data is smoothed
using a 3"? order Savitzky-Golay moving average filter with a span of 65 points,
i.e. 5.4% of the flapping period.

The synchronisation of the wing kinematics (i.e. motor positions) and the force
measurement is important to estimate accurately the mechanical power. This is
performed using the CPU clock of the main computer so as to get a temporal
uncertainty smaller than 1ms which is sufficient for a force and position sampling
respectively at 200Hz and 83Hz.

Flow visualisations are performed using PIV measurements. The PIV system
consists of a double frame camera (Imager Pro Plus, 2048x2048 pixels, 14bit, 14Hz)
coupled with a double pulse laser (Nd:Yag, New Wave So0lo200XT, 532nm, 15Hz).
The camera/laser control and frame recording are performed using the LAVISION
camera system of the Aeronautics Department used in previous works Rossi [2010],
Ferrari and Rossi [2008]. The camera is placed horizontally underneath the tank
and aims at a 45° mirror to see the flow. The PIV measurements are taken at
middle span using a thin laser-light sheet perpendicular to the wing along with a
fluorescent seeding and an optical filter. The seeding is made of fluorescent pig-
ments: PF-38 Tropical sunlight Orange. The diameter of a pigment is about 5um.
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The 540nm cut-off optical filter removes the laser wavelength and its reflection on
the black wing while the orange light from the pigments reaches the camera. The
measurement domain is about 4c and is centred at a rotation point to prevent an
optical effect between the bottom of the wing and the measurement plane. The
PIV processing is performed using an in-house, e.g. Rossi et al. [2009], Rossi [2010],
code based on an iterative method to adapt the size of the correlation windows
with sub-pixel interpolation (and accuracy) for the estimation of the final displace-
ment. The frames resolution is about 12.35 pixels/mm. The smallest correlation
window is 16x16 pixels, i.e. ~ 0.024c. The PIV are computed along a 240x240grid
with 50% overlap. The spacing of the velocity point on the grid is of 8 pixels, i.e.
~ 0.012c.

3 Definitions and physical parameters

The authors now briefly present the typical parameters of their experiments in
terms of Reynolds number, similitudes and differences with natural flyers, lift,
drag, power and wing inertia.

The typical Reynolds number (Re = W) based on the wing chord, ¢, the
maximum translational velocity, u,.s ~ 83.5mm/s, and the kinematic viscosity, v,
is Re ~ 4500. This is in the upper range of the Reynolds number envisaged for
MAV, i.e 10 to 10 000.

A few similitudes and differences with natural flyers can be briefly discussed.
The flapper is not a root-flapping flapper and the wing motion is 2D. The wing’s
shape has been simplified to an elliptical shape which is different from a NACA0012
airfoil, e.g. Kurtulus et al. [2008] and real-shaped wings previously used with
robotic experiments and numerical simulations, e.g. Dickinson et al. [1999], Ush-
erwood and Ellington [2002], Sun and Tang [2002a]. Also, the ratio of the wing’s
thickness to its chord is about (9%). This is finer than a NACA0012 and typically
one order of magnitude larger than the ones of real flyers, e.g. Ellington [1984]. Ac-
cording to Okamoto et al. [1996] this should reduce the aerodynamic performance
of the elliptical wing. We consider these kinematics as hovering because there is
no incoming flow. The wing is coming back inside the flow it has induced in the
previous flappings. Nevertheless, being 2D, these kinematics are different from the
hovering of real flyers.

We investigate the capture of the flow (e.g. added mass) to help the rotation of
the wing in water experiments. It is of interest to consider how such effect should
be present in the air. We consider that the action of the pressure forces is the
driving term to capture flow momentum and neglect the action of viscous forces in
this matter. To compensate the ratio of densities and produce a similar dynamic
pressure (%qu) in the air, the wing should flap faster in air than water. This
would imply a flapping speed of about 1.7m/s in air. If we compare to the flapping
velocity of insects and birds in hovering flight, Azuma [2006], it is interesting
to note that such a velocity magnitude corresponds to the range of few species,
e.g. long-eared bat (1.14m/s), hover fly (1.54m/s), wren (1.63m/s), hummingbird
(1.67m/s), bumblebee (2.41m/s), pigeon (2.52m/s).

The lift and drag coefficients are defined as follows:
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Cr=1—— LZth iCp=1—>5"= Dgag (1)
§puref8 fp’u’refs

where wu,.¢ is the speed of the pivot point during the purely translational
motion and p is the density of the fluid.

To measure the mechanical power, the speed of the centre of rotation, z¢r, and
the angular velocity of the wing, &, are computed using temporal derivations of the
synchronised positions (z¢r and «). The mechanical power can then be estimated
accurately.

The mechanical power consumption related to the translations, i.e. transla-
tional power noted Pjrqns, i given by the scalar product of the force applied to
the wing, F, by the wing translational velocity at the centre of rotation, Xcr:

Ptrans =F- )'(cr (2)

The mechanical power consumption related to the rotation, i.e. rotational
power noter Pr.ot, is given by the product of the torque applied to the wing, T, by
the rotational speed of the wing:

Prot =Ta (3)

In the present experiments, the translational kinematic is kept constant while
the rotational kinematics are varied. %pufe S is then chosen as the power scale
reference, see Tab. 1. Consequently,

T . F - %cr
) Pirans = 1

Prot =
rot — 7 3 1 _3 o
fpurefs §purefS

(4)

The positive and negative signs indicate the interaction between the wing and
the flow: positive values indicate that the wing is withdrawing energy from the
flow and negative values indicate that the wing is adding energy to the flow to
ensure the prescribed kinematics.

An ideal flapper would be amenable to use the energy withdrawn from the flow
to support its action when it needs to add energy to the flow. In this case, the power
consumption of the flapper is equal to the total mechanical power transmitted to
the flow by the mechanical flapper which is the sum of the translational and
rotational power:

Pigeal = Pirans + Prot. (5)

Our mechanical flapper is controlled by three independent servo motors ensur-
ing that the prescribed kinematics are followed. It does not have the possibility
to “release its muscles” so as to let the flow move the wing or the possibility to
store energy when the mechanical power is positive. We then consider the power
consumption of a non-ideal flapper. This non-ideal flapper is not able to use the
energy that it withdraws from the flow when the power is positive. Moreover, it
needs to work to remove this energy from the flow. In this latter case of non-
ideal flapper, the total power consumption is the sum of the absolute values of
translational and rotational powers:
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Pnon—ideal = |Pt’rans| + |P'rot| . (6)

We then estimate the average translational and rotational powers of a non-ideal
flapper as:

1 (" 1 /7
<|P:ot|>:f/ ’P:ot|dt;<|Ptﬂ;"ans|>:f/ |Pt";’ans‘dt (7)
0 0

The effects of the wing inertia have been quantified by performing the wing
kinematics in air whilst the final experiments are performed in water. It is found
that the wing inertia has a negligible contribution to lift and drag. The force,
torque and power measured are one order of magnitude smaller in air than in
water. Consequently, the main part of the forces measured in water are due to
the hydrodynamic forces. Also, we do not remove the wing inertia from our water
measurements.

4 Standard symmetrical wing kinematic

First, a reference flapping is studied and quantified in terms of lift, drag and power.
This reference flapping is inspired from simplified symmetrical kinematics used in
previous literature, e.g. Dickinson et al. [1999]. Moreover, the wing kinematics of
this reference flapping are simplified to a translation and a rotation at the end of
each stroke. Fig. 2 gives the position of the elliptical wing with a time step equals
to T/20 where T is the period of the flapping. The reference (or standard) wing
kinematics ensure the continuity of the position, velocity and also acceleration to
prevent any jerk of the wing. Their equations over half a period are respectively
given in equations 8 and 9 for translation and rotation.

The translation consists in a displacement with a constant speed at mid stroke;
followed by a sinusoidal deceleration/acceleration of the wing at the end of each
stroke. The characteristics of the translational velocities are: the reference (and
maximal) velocity of the wing during pure translation, u,.; = 83.46mm/s, the
root mean square velocity over one period, urms = 72.5mm/s, the mean velocity
over one period umean = 66.67mm/s. In all experiments the wing translates for
3.7 chord length, i.e. 20cm, T' = 6s, t1 = —0.1T, to =0, t2, = 0.17.

77<t<t1mcr—um

t1 <t <tgp er =0.5 Uref <1+COS (ﬂ'tt ttll))

8
to <t <ta Ter =—0.5 Upef 1 — cos th izttu ( )

to, <1< % icr:uref

The standard symmetrical rotation of the wing is performed using a sinusoidal
kinematic at the end of each stroke. In all experiments, a; = 7, a2 = %TW' In
the case of the symmetrical rotation, to = t2, = 0.17. In section 5, asymmetric
kinematics are used and t¢o varies whilst to, is kept constant.
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T<i<tia=0
tl<t§t0d:%(17003(2wtt?1))

to <1< 12 6= S (1 - con (2 L0)) Y

to<t<L a=0

For clarity, only one part of the flapping (—7/4 < t < T/4) including two re-
gions of translation at constant speed and one rotation is detailed. The kinematics
of the other half-period are symmetric. Fig. 3a gives the translational and rota-
tional speeds respectively normalised by .y and ..y = 2u,.y/c where c¢ is the
wing chord. The plotted values are extracted from the temporal derivation of the
recorded positions of the wing. Fig. 3b gives the position of the centre of rotation
normalised by the wing chord, i.e. the wing’s displacement z/c, and the smallest
geometrical angle of the wing respectively to the translational direction, 6, often
referred as the “angle of attack of the wing”. Recorded values are close to the
theoretical position, i.e. within few % of the reference scale. !

This flapping generates a net (average) lift coefficient of about (Cr) = 1.49.
The typical temporal evolution of the instantaneous lift coefficient, C,(¢), is given
in Fig. 4. Dotted lines indicate the times when the wing translational and rota-
tional kinematics vary according to equations 9 and 8. The deceleration of the
wing corresponds to a drop of the lift which starts to raise again when the wing
accelerates. Moreover, the lift produced is positive during the main part of the
flapping which is in agreement with previous numerical simulations and experi-
ments, e.g. Birch et al. [2004], Dickinson and Gétz [1993], Dickinson et al. [1999],
Kurtulus et al. [2005], Sane and Dickinson [2001], Sun and Tang [2002b,a], Wang
et al. [2004]. We may indicate here that the use of a fully sinusoidal kinematic for
the translation while conserving the same amplitude and frequency, e.g. Lehmann
and Pick [2007], leads to an increase of 4.5% in lift whilst the power consumption
increases by 9.6% when compared to the chosen standard kinematic.

In the present experiments, the wing rotation starts after the deceleration. We
do not observe a significant peak in the lift curve related to the start of rotation as it
can be the case for kinematics with a rotation starting before the wing deceleration,
e.g. Dickinson et al. [1999], Kurtulus et al. [2005], Sane and Dickinson [2001].
Whilst this does not prevent the flapper to produce significant lift coefficients, this
is a noticeable difference between our simplified flapper and real flyers, or robots,
with 3D wing’s motion, e.g. Dickinson et al. [1999], Sane and Dickinson [2001].
Significant values of the lift coefficient are observed at the start of translation,
i.e. right after the change of direction, and during the translation at constant
speed. The lift at the start of the wing’s translation corresponds to an impulse
lift, as previously observed e.g. Dickinson and Gotz [1993] with typical values
of lift coefficient higher than 2. The main lift is observed when the wing moves
at a constant speed and angle between the wing and the translation direction.
Numerous studies have previously discussed that high values of lift coefficient
can be attributed to the presence of a leading edge vortex, e.g. Bomphrey et al.

1 The main position errors are due to the mechanical flapper inertia. They appear like a
delay (in time) between theoretical positions and the recorded ones. They are about 3% of the
chord for z and half a degree for a. If the delay is bypassed, the same profiles are observed
and the differences between theoritical and recorded velocitites are within 1% of the reference
scales.
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[2006, 2005], Birch and M.H. [2001], Birch et al. [2004], Ellington et al. [1996],
van der Berg and C.P. [1997], Muijres et al. [2008]. Fig. 5a gives a PIV velocity
field measured at the end of the pure translation stage, i.e. just before the start of
the wing rotation. The streamlines show the presence of a large vortex attached
to the wing. 2 Fig. 5b gives the vorticity field in the trailing edge region. The
two maxima of vorticity correspond to small vortical structures shedded from the
trailing edge. The time between these two shedding can be estimated using the
vertical distance between the two vortical structures and the velocity of the wing.
This time is about 0.073T.

Fig. 4 gives also the temporal evolution of the drag coefficient over an entire
stroke starting at the middle of the translation. The drag curves evolve similarly to
the lift curve, with comparable intensities if we except the highest drag peak during
the acceleration stage. Moreover, the period of the oscillations observed on lift
and drag coefficients is in agreement with the time estimated between two vortex
shedding. As illustrated in Fig. 2, the wing is moving forward and backward on a
linear path with a wing rotation at both extremities. The drag changes direction
according to the wing motion and the “horizontal” force compensates on both
half-strokes. In the absence of mean thrust, we consider that the mechanical wing
is hovering.

Few differences can be noticed between the two halves of the flapping. They
are mainly due to a modification of the angle of attack and of the flow around the
wing between the two half-strokes. Fig. 6 shows a velocity field at the start of the
constant speed and constant angle regime. The presence of a flow induced by the
flapping wing normally to the translational direction can be observed. The typical
velocity intensity of this flow is about 0.4u,.¢. Such induced velocity reduces the
effective angle of attack by more than 20°. This flow fluctuates in time and is not
perfectly orthogonal to the wing displacement. In addition, a small incertitude (less
than a degree) in the wing angle zero reference can contribute to these differences.
Nevertheless, Tab. 2 shows that these differences do not significantly impact the
mean values computed over the entire period and each half, with variations within
few %.

The rotational power consumption is the main focus of this paper. Fig. 7 gives
the dimensionless rotational power P, and the torque T during a flapping period.
During the rotation stage, the wing is first adding energy to the flow, P}, < 0,
before withdrawing energy from the flow, P, > 0. Moreover, the presence of peak
in rotational power is related to peak values of the torque.

The average non-ideal rotational power, (|P;|), is about 0.09 with small vari-
ations of about 2% between the first and second half periods, see Tab 2. The
average ideal rotational power, (Py,;) is significantly weaker than the non-ideal
rotational power with values of about 0.016 and -0.007 during the first and second
half periods respectively. If the mechanical flapper was ideal and able to transfer
energy between the two rotations, its average rotational power would be twenty

times weaker than its non-ideal rotational power.

2 One curiosity of this vortex is the presence of more than one core within the main recircu-
lation. Such feature has been previously observed in numerical simulations and experiments,
e.g. Srygley and Thomas [2002], Lu and Shen [2008], Lu et al. [2007, 2006]. The existence of a
multi-core vortex or possibly a mis-shapen single core vortex is not necessarily relevant to the
purposes of this paper.
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It is important to note that the average non-ideal rotational power is about
30% of the average translational power during the rotation of the wing and about
7% of the average translational power during the entire flapping.

We will now explore how the flow can be used to reduce the rotational power
consumption of non-ideal flappers or MAV.

5 Variations of the wing kinematics

The wing kinematics are now varied to capture momentum from the flow to help
to turn the wing. Only the rotational speed is varied, the translation being kept
the same for all experiments. 3 It is expected that this will reduce the rotational
power consumption similarly to the passive wing rotation in insect flights e.g.
Bergou et al. [2007]. First, the flapping kinematics are kept similar to the standard
symmetrical wing kinematic. Such kinematics are named “single bump” as they
refer to a single “acceleration-deceleration” for the rotation of the wing. Second,
the discussion is extended to improve the wing kinematics so as to reduce the
rotational power consumption. These new kinematics are named “double bump”
as they refer to a double “acceleration-deceleration” for the rotation of the wing.

5.1 Variation of the wing kinematics: single bump

To mathematically link the wing rotation to its translation, a simplified description
is introduced. This is equivalent to define the wing rotation as:

. U flow STNQ
o= ——"

(10)
Thkp

where w0, is a differential velocity between the velocity of the flow and the
velocity of the centre of rotation due to the deceleration and acceleration of the
wing at the end of each stroke and 7y, is a length-scale parameter. The differential
velocity is implemented using the difference between translational velocities at
time t and t — At:

Upton = Fer () — der(t — Al) (11)

This construction presents the advantage of defining w¢;,,, according to the
wing kinematics without considering the real flow pattern. The position of the
length-scale, 1, and the temporal lag At are then the only parameters to adjust to
vary the wing rotation. Before varying these two parameters, a brief and simplified
analogy is used to show that the length-scale ry,, corresponds to the position of a
key point to follow along the wing chord.

3 Uref, to and t2, are unchanged.
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5.1.1 Simplified analogy for T,

Fig. 8 illustrates two simplified cases (with and without leading edge vortex) where
the flow behind the wing goes faster than the wing’s centre of rotation due to the
wing deceleration.

Due to the wing rotation, the wing velocity respectively to its centre of rotation
is not uniform. This velocity is here noted r& where r is the algebraic distance from
a point on the wing chord to the centre of rotation and & is the angular velocity of
the wing. The deceleration of the wing increases the difference between the velocity
of the flow and the velocity of the centre of rotation. This differential velocity is
noted ufyo,. It corresponds to the velocity of the flow in the referential of the

. . . . . 2
centre of rotation. A dynamic pressure term is built as , %p (uflowsma — 'ra) ,

where « is the angle of the wing with the direction of translation. This pressure
term generates a torque, 1o, along the wing span which is written as follows:

1 . 2
Tfiow ~ / 3P (Uflowsma - ra) T Wspan dr (12)
wing

where wspan is the wing span length.

In this simplified analogy, the point along the wing chord where the built
dynamic pressure is null is 7, i.e. one of the two parameters to adjust in equation
10. To give a simplified description, at this point the velocity of the wing follows
the flow. It follows by construction that:

1. 2
Tflow ipazwsp(m/ (rkp - 7') rdr (13)

wing

The positions 7, can now be chosen to minimize

2
fwing (rkp — r) rdr’. Ac-
cording to cases a and b given in Fig. 8, two key positions can be defined. They

are respectively given in equations 14 and 15 where the origin of the r axis is the
centre of rotation of the wing.

2¢/3 5
min / (rip — 1) " rdr| | ~ 1y ~ 0.22¢ (14)

—c/3

2¢c/3 5
min / (rkp - 7’) rdr| | ~ rp ~ 0.44c (15)
0

These two positions are significantly different. This shows the importance of
the flow pattern to estimate the relevant positions of 7, and the limit of this
simplified description.

5.1.2 Wing kinematics

A new set of asymmetric kinematics is defined for the rotation, the translation
being unchanged. They are given in equation 16, where the time ¢ is computed
so as to reach the desired value of a at the end of the wing rotation.
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L <t<tia=0
t1 <t <to &= (Ler(t) — er(t — At)) T];plsina
to <t <ta & = a&(to)cos? (gtgjtg))
ta<t<L a=0
t1 is the time when the wing starts to decelerate. to is the time when the
translational speed changes direction. If At =t —t1 then wufi = Ter(t) — Ures.
In other cases At is kept constant. The reference velocity is then used to evaluate
Uflow When t < t1 + At. Then, when t > ¢ + At a deceleration of the flow is
introduced according to the past translational velocity.
The angular velocity of the wing is now varied in experiments, according to
equation 10.

(16)

5.1.8 Variation of the rotational power with 1y,

First, to explore the variations of the power consumption with 7y, w6, is set to
Uflow = Ter(t) — Upep and ry, is varied.

Fig. 9 gives the profiles of the angular velocity, &* = &/dyef = cé/2uycy, and
geometrical angle, # of the wing for different r,. The profiles corresponding to
the symmetrical rotation is added in Fig. 9 for comparison. When 7, = 0.309¢
the wing turns faster than in the case of the standard rotation and does so for a
shorter time. When rj, = 0.849c¢, the wing turns slower than in the case of the
standard rotation and does so for a longer time. When ry, = 0.54c the profile of
the angular velocity of the wing is close to one of the standard rotation with two
noticeable differences: the wing turns faster and its kinematic is asymmetric with
more rotation taking place before the change of translational direction.

Fig. 10 gives the rotational power P}, and the torque T, during half a period
for the wing kinematics illustrated in Fig. 9. The profiles of P, of these kinematics
are now compared to the one of the standard rotation. As it could be expected,
if the wing turns fast (i.e. r, = 0.309¢) there is a large increase of the rotational
power intensity before the change of the flapping direction. If the wing turns slowly,
i.e. rpp = 0.849¢, there is a change of sign of the rotational power before the change
of direction, meaning that the mechanical wing needs to slow down the flow to
keep the prescribed trajectory. Also, the rotational power is mainly positive during
rotation and there is a significant increase of the rotational power after the change
of flapping direction. When 7y, = 0.54c, the rotational power intensity seems to
be reduced both before and after the change of the flapping direction.

Fig. 11 gives the quantitative values of the average non-ideal rotational power,
(|Pt]) and the lift coefficient, (C), while varying rj,. The values corresponding
to the standard rotation are indicated using a dash line for the rotational power
and a dot and dash line for the lift coefficient. It is striking that using these new
kinematics with wt0y = Zer(t) — upey does not significantly reduce the rotational
power consumption. In fact, for ry, = 0.54c the rotational power is reduced by
3%. Also, it can be noted that the lift coefficient does not vary significantly for
rip < 0.6c.

To the authors’ perspective, this shows that the standard wing kinematic,
which is a simplified kinematic inspired from flying birds and insects, is already a
good kinematic.

The value of ry, is now set to 0.54c.
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5.1.4 Variation of the rotational power with Ter (t — At)

Fig. 12 gives the angular velocity, &, and the geometrical angle, 6 of the wing
for different values of At during half a period. The symmetrical rotation is added
to Fig. 12 for comparison. The values of At are given in percent of T and the
duration of the translational deceleration is 10% of T. When At = 7.5%, u i, =
Zer(t) — upep during most of the wing deceleration. When At = 4.2%, the wing
rotation is quickly decelerated when compared to the symmetrical case. In this
case, 0 reaches 90° after the change of the flapping direction.

Fig. 13 gives the rotational power and the lift coefficient during half a period for
the kinematics illustrated in Fig. 12. Both long and short At lead to an increase in
rotational power intensities. The intermediate value, At = 0.0587 seems to slightly
reduce the rotational power intensity when compared to the standard symmetrical
rotation.

Fig. 14 gives the average rotational power, (|P,|), and lift coefficient, (Cp),
for different values of At while keeping 7, = 0.54c. It appears that for values of At
between 0.05T and 0.07T the rotational power is reduced when compared to the
standard symmetrical rotation. For At = 0.058T the rotational power is reduced
by about 10%. Nevertheless, this reduction in power consumption comes with a
loss of lift performance of about 9%.

These results show that the power consumption can be slightly reduced using
asymmetric “single bump” kinematic for the angular velocity. Furthermore, this
confirms that the standard symmetrical rotation is a good kinematic.

The authors now explore wing kinematics with a double bump for the angular
velocity.

5.2 New “double bump” wing kinematics
5.2.1 Wing kinematics

After the deceleration stage, the translational velocity changes direction and the
wing accelerates. During this stage, it is the flow velocity in front of the wing
which can be used to reduce the torque. To use the flow to help the wing rotate,
the differential velocity (Zer(t) — Zer(t — At)) is now extended beyond the point of
change of direction, i.e. beyond tg. With dta = 0.057, t2 is computed to ensure
that the wing reaches the desired angle at the end of the rotation.

~T<i<ty a=0
t1 <t <ty —0, &= (Ter(t) — Ter(t — Al)) Tl;pl sina

— 17
ty — 0p, <t <t &= dlta — bt,)cos? (%%) (17)

to<t<L 4=0

When the wing changes direction, the additional velocity due to the wing
acceleration makes the flow in front of the wing tend towards a configuration with
a uniform flow velocity, similar to Fig 8a. This may be seen as moving the critical
point to follow closer to the centre of rotation. Consequently, the wing rotation
should likely be increased beyond the one obtained by conservation of the previous
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key point velocity. This new acceleration of the wing rotation is introduced using
the following kinematics:

~T<t<ty a=0
t1 <t<to & = (der(t) — der(t — At)) 1) sina
. . t .. _
to <t <to+ dt, a:a@@+J%a@®am(ga?)m
to + 01 <t <ty — 81y 6 = d(to + 01, ) + p2L x sin? (g

. t—ta+35
to—0t, <t <ta &= da(ta — O, )cos? (%%)

ta<t< T &=0

t—to—01, ) (18)

=8, —to—01,

with dtp = 0.021T, 6ty ~ 0.01T

Fig. 15 illustrates the experimental values of the kinematics defined in equa-
tions (17), (18) and (9). The natural double bump kinematic, given by equation
17, is noted rkp while the tuned kinematic, given by equation 18, is noted 0.621
according to the dimensionless value of p coefficient, p = 0.621. The main differ-
ences between the natural double bump kinematic and the tuned one are a deeper
(longer) deceleration followed by a higher acceleration reaching a higher maximum
of angular velocity close to the end of the wing rotation.

Fig. 16 gives the temporal evolution of the rotational power during half a period
for the kinematics illustrated in Fig. 15. The use of a double bump kinematic (noted
rkp) dramatically reduces the large peak observed during the wing acceleration for
the standard symmetrical rotation. It can be noted here that a faster variation of
6 after it reaches 90° is also observed for the fruit fly, e.g. Bos et al. [2008].

When compared to the symmetrical rotation, the natural double bump kine-
matic reduces the rotational power by about 46% while the lift coeficient is only
reduced by 5.5%. Moreover, the rotational power is further reduced by the tuning
of the double bump wing kinematic, as illustrated by the curve with p = 0.621 in
Fig. 16. Fig. 17 gives the lift coefficient for these kinematics during half a period.
It can be noticed that the double bump kinematic leads to a peak of lift during
the second increase (bump) in the angular velocity profile.

Fig. 18 gives the average rotational power, {|P},|), and lift coefficient, (Cp),
versus the values of p. The values for the natural double bump are indicated using
dashed lines and the values for the symmetrical rotation are indicated using dotted
lines. The tuning of the wing’s kinematics by varying p shows that when compared
to the symmetrical rotation, the average rotational power can be reduced by 59%
while the lift coefficient is only reduced by 1.7%.

Also, it can be noticed that in Fig. 15b the difference between the two double
bump kinematics is not as clear as in Fig. 15a. As these two kinematics present
significant variations in the rotational power and lift coefficient, this point high-
lights the importance of temporal derivatives when describing the wing kinematics
of the mechanical flapper. It is likely that this should also be true for the wing
kinematics of natural flyers and MAV.

These results show that for a mechanical flapper with a rigid wing and without
the possibility to release the rotation, the use of a double bump kinematic dra-
matically reduces the energy costs due to rotation when compared to the simple
symmetrical kinematics.
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6 Conclusion

The performances of a rigid flapping wing have been explored for selected wing
kinematics and the notion of non-ideal flappers and rotational power has been
introduced.

To start with, a standard symmetrical wing kinematic which is a simplified
kinematic inspired from natural flyers has been studied. This simplified kinematic
generates an unsteady lift leading to an average lift coefficient of (C) ~ 1.5. Then,
the dependence of the rotational power to the wing angular velocity has been in-
vestigated. The main values obtained for the reduction of the average rotational
power and lift are summarized in Tab. 3. First, the variations of the rotational kine-
matics are limited to keep similarity with the standard kinematic (single bump)
while introducing asymmetry. They are noted as single bump in Tab. 3. With
this limitation, it is found that the rotational power is reduced by 3% when com-
pared to the flapping with a symmetrical rotation. Second, new wing kinematics
are introduced to reduce the rotational power. Indeed, following a key point on
the wing chord during both wing deceleration and wing acceleration, i.e. after it
changes direction, leads to double bump kinematics for the angular speed. They
are noted as double bump in Tab. 3. These new wing kinematics dramatically
reduce the rotational power consumption by about 60% while keeping a good lift
coefficient with a reduction of only 1.7% when compared to standard symmetrical
wing kinematics.

This paper shows the importance of asymmetric wing rotations and kinemat-
ics derivatives to reduce the rotational power. In particular, the use of a double
bump kinematic could be of interest to increase the endurance of MAV. Possible
similarities with the real complexity of the wing kinematics of natural flyers, such
as for example the fruit fly, Bos et al. [2008], are let for future investigations.
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Table 1 Reference scales

scale reference used

Length ¢ = 54mm (wing chord)

Time T = 6s (flapping period)

Velocity Uper = 0.08346m /5

Angular velocity — Gyef = 2Upef/c = 3.074s71

Lift and drag Frep = %pu%efs = 0.0544N
Torque Tref = %pufefSc =294 10"3Nm
Powers Pref = gpul ;S =454 1073W

Table 2 Dimensionless force coefficients and rotational power for the reference flapping with
a symmetric rotation. < C, > and < Cp > are the mean lift and drag coefficients. < |P% .| >
is the average non-ideal rotational power. These average values are estimated over 10 flapping
from periods 10 to 19.

Mean over (Cr) (Cp) <\P:Ot|>
Entire periods 1.49 1.57 0.09
Half periods (first) 1.45 1.47 0.092

Half periods (second)  1.53 1.66 0.088

Table 3 Summary of the variations obtained with asymmetric wing kinematics, when com-
pared to the reference flapping with a standard symmetrical rotation. (Cr) and <\Pr*ot|> are
respectively the lift coefficient, the non-ideal rotational power. These average values are esti-
mated over 10 flapping from periods 10 to 19.

wing kinematics (CL) <|P:ot |>
Single bump (rkp) +1% -3%
Single bump (rkp with time lag) -9% -10%
Double bump (natural) -5.5% -46%

Double bump (tuned) -1.7% -59%
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Fig. 1 Photography of the experimental rig with the flapper and simplified schematics: (a)
top view indicating the displacement along the 3-axes, i.e. two translations and one rotation,
(b) side view showing the wing immersed within water. The gap between the wing and the
bottom wall is 1lem (0.185¢) and the water depth is 30cm (5.56¢).

Fig. 2 Illustration of the displacement of the elliptical wing. The time spacing between two
positions of the wing is T/20. Black and grey (orange online) colours correspond respectively
to a displacement from left to right and right to left.
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Fig. 3 (a) Dimensionless translational (&/u,y) and rotational (cé/2uy,.s) speeds. These val-
ues are obtained by derivation of the recorded positions of the servo-motors. (b) Geometrical
angle of the wing, 0 (right vertical axis) and displacement, z/c (left vertical axis). For (a)&(b)
the values are plotted during half a period for the standard kinematic with a symmetrical
rotation. t/T is plotted in abscissa. Dotted lines indicate the key times given in equations (8)
and (9).
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Fig. 4 Lift and Drag coefficients during one period for the reference wing kinematic with a
symmetrical rotation. Phase average over periods 10 to 19. t/T is plotted in abscissa.
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Fig. 5 Illustration of the leading edge vortex and trailing edge vortices using PIV measure-
ments. Only 1/16%" of the velocity vectors are plotted using arrows. This indicates the grid
resolution and velocity direction. (a) Instantaneous velocity field. Black lines are streamlines.
The velocity colormap refers to the dimensionless magnitude of velocity with u* = uprv /uyey.
The dark region below the wing is due to the wing’s shadow. (b) Vorticity field of the trailing
edge wake region highlighted by an orange square in (a). The vorticity colormap refers to the
dimensionless magnitude of the vorticity with w* = ||rot(uprv)||/(ures/c). White lines are
streamlines.
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Fig. 6 Velocity field obtained by PIV at the start of the displacement of the wing with a
constant angle and a constant velocity. Only 1/ 16%" of arrows are plotted to indicate the grid
resolution and the velocity direction. u* = uprv /uyes. The dark region below the wing is due
to the wing’s shadow. Black lines are streamlines.
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Fig. 7 Torque, T}, and rotational power, P}

- Phase average over periods 10 to 19. t/T is
plotted in abscissa.
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Fig. 8 Illustration of the flow behind the wing during deceleration in two simplified cases: (a)
uniform velocity along the chord (b) uniform velocity on the lower part with the presence of
a leading edge vortex. uy;q,, is the velocity relative to the centre of rotation due to the wing
deceleration, « is the angle of the wing with the direction of translation, cr is the centre of
rotation of the wing, r,;, is a reference key point where the wing velocity in the direction of
the translation equals wufjoq, -
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Fig. 9 (a) Dimensionless angular velocities of the wing &* = c&/2uy¢s. (b) Geometrical angle
of the wing, 6. For (a) & (b) the values are plotted during half a period, for the standard
symmetrical rotation, symrot, and selected values of 74, i.e. 0.309¢, 0.54c, 0.849c where c is
the wing’s chord. Dotted lines at time ¢ and to indicate respectively the start of the rotation
and the change of the translational direction. The curves plotted are exported from recorded
experimental data.
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Fig. 10 Dimensionless rotational power, P’ (a) and torque, T, (b) during half a period.
For (a) &(b) the values are plotted for the standard symmetrical rotation, symrot, and selected
values of ry,;,, i.e. 0.309¢c, 0.54c, 0.849c where c is the wing’s chord. These results correspond
to a phase average over periods 10 to 19. t/T is plotted in abscissa.
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Fig. 11 Average non-ideal rotational power, < [P} ,| >, and lift coefficient, < C', > /8, versus
Tkp/c values given in abscissa. The dot-dash and dashed lines indicate the values obtained for

the symmetrical rotation for lift and power respectively.
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Fig. 12 Dimensionless angular velocity, &* (a), and geometrical angle, 6 (b), of the wing. For
(a) & (b) the values are plotted during half a period, for the standard symmetrical rotation,
symrot, and selected values of At, i.e. 0.075T, 0.058T, 0.042T; with ry, = 0.54c. The vertical
dotted lines at t; and to indicate respectively the start of the rotation and the change of the
translational direction. The curves plotted are exported from recorded experimental data.
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Fig. 13 Dimensionless rotational power, P, (a), and torque, T (b).

For (a) and (b) the

values are plotted during half a period, for the standard symmetrical rotation, symrot, and
selected values of At, i.e. 0.075T, 0.058T, 0.042T, with 7, = 0.54c. These plots correspond to
a phase average over periods 10 to 19. t/T is plotted in abscissa.
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Fig. 14 Mean non-ideal rotational power, < |P% .| >, and mean lift coefficient, < C, > /8,
versus At values given in abscissa in % of T with ry, = 0.54c. The dot-dash and dashed lines

indicate the values obtained for the symmetrical rotation for lift and power respectively.
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Fig. 15 Dimensionless angular velocity, &* (a), and geometrical angle, 6 (b), of the wing. For
(a) & (b) the values are plotted during half a period, for the standard rotation, noted symrot,
the natural double bump kinematic, noted rkp, and a tuned double bump noted 0.621 for
p = 0.621. The curves plotted are exported from recorded experimental data. t/T is plotted
in abscissa. On (a), the dash-dot-dot horizontal line indicates &* = 0.
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Fig. 16 Dimensionless rotational power, P, (a), and torque, T (b). For (a) & (b) the values
are plotted during half a period for the standard rotation, noted symrot, the natural double
bump kinematic, noted rkp, and a tuned double bump noted 0.621 for p = 0.621. These power
plots correspond to a phase average over periods 10 to 19. t/T is plotted in abscissa. On (b),
the dash-dot-dot horizontal line indicates T = 0.
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Fig. 17 Lift coefficient, C;, versus t/T. The values are plotted during half a period for the
standard rotation, noted symrot, the natural double bump kinematic, noted rkp, and a tuned
double bump noted 0.621 for p = 0.621. These values correspond to a phase average over
periods 10 to 19.
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Fig. 18 Average, over 10 flapping (period 10 to 19), of the non-ideal rotational power,
< |P* .| >, and the lift coefficient, < Cp, > /8, versus p values given in abscissa. Dashed
horizontal lines correspond to the values obtained for the natural double bump, previously
noted rkp in Fig. 15 and 13. The dotted horizontal lines correspond to the values obtained for

the symmetrical rotation.



