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Abstract

Using high speed video tracking, the surface to-
pography of an ornithopter wing is quantified for
a range of flapping frequencies and free stream
velocities. Based on Fourier series fits, relatively
simple analytical models of the surface topogra-
phy are determined for a complete flapping cycle.

1 Introduction

For natural flyers, large deformations of the wing
surface have been observed. The inertial loads
generated by a flapping wing require that the
wing mass is kept to a minimum, as a conse-
quence, engineered flapping wings will also be
inherently flexible. In addition, there is evidence
which suggests that for flapping flight, flexibil-
ity plays an important role in the generation of
lift and thrust [1-4]. Therefore, methods for pre-
dicting the performance of flapping wings must
treat the aerodynamics, the inertia and the struc-
tural response of the wing as well as the complex
interplay between the two phenomena.

In order to further understand the fluid struc-
tural interactions, simultaneous measurements
have been made of the (i) time resolved forces
and moments acting on the wing (ii) time re-
solved pressures acting on the wing and (iii) the
wing kinematics and deformations. In this paper
we focus only on the wing kinematics and defor-
mations; and present the experimental technique
used, analysis methods and typical results.

2 Experimental Method

2.1 Ornithopter model

Videogrammetry was undertaken for a commer-
cially purchased ornithopter with half span of
0.325 m. Flapping motion was generated by a
rotating crank mechanism driven by a brushless
electric motor, creating a maximum flapping rate
of f =~ 9 Hz and peak to peak amplitude of 52°
[S], where f is the flapping frequency.

The leading edge (LE) strut is a carbon fi-
bre rod and performs a nominal sinusiodal vari-
ation of its dihedral angle. The skin of the wing
is made of rip-stop nylon supported with carbon
fibre battens that are taped to the surface of the
cloth in order to increase the stiffness of the wing,
Figure 1. The leading edge of the nylon cloth
has a sleeve which contains the LE strut. The
sleeve is a “loose fit” and this allows the nylon
cloth to rotate freely (i.e. twist) about the carbon
fibre rod.

2.2  Wind tunnel and test matrix

The tests were performed in a closed-circuit, low
speed wind tunnel, with a test section of 2.7-m
wide and 2.1-m high. Table 1 summarises the
test matrix used.

2.3 Motion Capture

The deformation of the port wing of the or-
nithopter was captured using a Vicon MX mo-
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Fig. 1 Wing structure.

tion capture system. The system uses multiple
cameras to capture the 3-dimensional motion of
reflective markers which are illuminated in the
infrared (IR) band.

A total of 36 reflective markers were placed
on the upper surface of the wing, Figure 2. Three
reference markers were also placed along the
fuselage. The markers were circular having a di-
ameter of 3mm and a thickness of approximately
0.Imm. Relative to the wing mass, the added
mass of the markers was judged to be insignifi-
cant. Similarly the flow disturbance of the mark-
ers was small relative to the gross movements and
deflections of the wing during flapping.

Fig. 2 Location of retro-reflective markers

Six Vicon MX-13 digital cameras operated at
500 frames per second (fps) were used to capture
the motion of the port wing of the ornithopter.
The MX-13 cameras incorporate an array of IR
light emitting diodes (LEDs) placed circumfer-
ential around the camera lens. The LEDs provide
the light source to the reflective markers and IR
filters are fitted to the cameras to attenuate un-
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U (m/s)
0 2 4 5 6 7 8 9 10
7 (Hz)

2 X X X X X X X X X
3 X X X X X X X X
4 X X X X X X X X X
5 X X X X X X X X
6 X X X X X X X X
7 X X X X X X X X

Table 1 Nominal freestream velocities and flap-
ping frequencies.

wanted light sources illuminating the sensor. The
cameras perform real-time processing of the sen-
sor image and stream data representing the po-
sition and radius of each marker. The data is
streamed to a single MX Ultranet control box
which provides the power source, communica-
tion and synchronization of the camera data. The
MX Ultranet controller communicates with the
host PC running Vicon-Nexus software. Using
the Nexus software, the 3-dimensional trajecto-
ries of each marker can be determined as a func-
tion of time.

3 Wing surface model

Due to the coupling between the aerodynamic
and structural fields, mathematical models of the
structure that describes the deformations in terms
of aerodynamically relevant parameters are re-
quired. These parameters are dynamic functions
of time and are referred to as the “wing parame-
ters”. The wing parameters may include: camber,
wing twist, sectional angle-of-attack etc.

Due to the cyclic nature of the motion, a
Fourier series based approach is taken, whereby,
the relevant wing parameters are described in
terms of truncated Fourier series functions. Such
a model provides a framework for quantifying
and specifying the structural response of the wing
in the most concise form. The Fourier series ap-
proach also allows the fidelity of the model to be
tuned by simply adding further terms to the se-
ries.

The motion of the wing surface can be de-
composed into two parts, wing root kinematics
caused by the flapping mechanism and dynamic
wing deflections driven by both aerodynamic and



inertial loads. The wing has a single degree of
rotational freedom and the motion can be defined
by the dihedral angle of the LE strut, measured at
the wing root; this will be referred to as the flap
angle ¢. Superimposed on the wing root kine-
matics are the surface deflections and these are
decomposed further into: (i) spanwise bending of
the LE strut, (ii) spanwise twisting of wing sec-
tions about the LE strut and (iii) camber of the
wing sections. However, when analysing the sec-
tional profiles it was found that the amount of in-
duced camber is negligible in comparison to the
bending and twisting modes.

The aim of the work is then to determine an-
alytical functions that can be used to specify the
wing topography at any instant in time.

4 Results

For the purpose of analysis = 0 is defined to oc-
cur at the bottom of the stroke. The cycle period
is denoted by 7' = 1/ f. Generally 2 to 3 seconds
of data was captured for a fixed test point. This
yielded 5 to 20 cycles of data at a given test point.
The data was reduced to a single cycle represen-
tation by phase averaging over the total number
of complete cycles. This has the effect of re-
moving any noise in the data. However, it was
found the the difference between the phase aver-
aged data and a single cycle of data was small, in-
dicating that the flapping cycle is repeatable and
that the data has a high signal to noise ratio.

Two coordinate systems are defined, an iner-
tial reference frame, fixed in space (X-Y-Z) and
a non-inertial, rotating reference frame (x-y-z),
Figure 3. The X axis is parallel to the fuse-
lage, the Y axis is normal to the fuselage, directed
spanwise in the port direction and Z is down-
wards normal to the fuselage. The flapping angle,
0, is defined as the dihedral angle of the wing and
this angle varies during a flapping cycle. The x-y-
z sytem is related to the X-Y-Z system by a rota-
tional transformation of ¢ about the X-axis. The
origin of both the coordinate systems is located
at the point of rotaion of the leading edge strut.

In the analysis that follows, the Fourier series
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Fig. 3 Definition of coordinate systems.

defined by
p(t) =ap+ Z (ancos nt' + b, sin nt’) (1)
n=1

will be used to model some wing parameter, p(t),
where t' = —m + 2nft, ag, a, and b, are the
Fourier series coefficients where 7 is an integer.
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Fig. 4 Flap angle (¢) as measured by the most
inboard marker on the leading edge strut.

4.1 Wing kinematics

The wing root kinematics were determined by
tracking a marker placed on the leading edge and
a distance of approximately 65 mm from the axis
of rotation. For a flapping frequency of ~ 2Hz
the trajectory of this marker can be taken to be
due to the wing root kinematics alone. Figure 4
shows the flapping angle, ¢, over a cycle as mea-
sured by this marker for the case of f ~ 2Hz and



U = Om/s. The data of Figure 4 is compared to
Fourier cosine series fits with N =1 and N = 2,
where N is the number of Fourier cosine coeffi-
cients. The kinematics are found to deviate from
pure cosine flapping (N = 1). However increas-
ing the number of coefficients to N = 2 results in
a good fit to data, where the Fourier cosine coef-
ficients are found to be ay = 8.54, a; = 26.0 and
ar» = 1.81. Note, b,, = 0 for all n.
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Fig. 5 Deflection of LE strut at top of stroke,
compared to rigid kinematics and quadratic curve
fit. Data from test point U = Om/s and f = 7Hz.

4.2 Leading edge bending

During flapping, bending of the leading edge
strut occurs. Figure 5 shows the the Y-Z coordi-
nates of markers placed on the leading edge strut
at the top of the stroke, for the case of f = 7Hz
and U = 0. For comparison, a rigid projection
of the wing root kinematics (equivalent to y-axis)
is also shown in Figure 5 and the difference be-
tween these two curves is defined by Arp. A
quadratic function of the form

y?

Arg = R ()
was fitted to the difference and the fit is also
shown in Figure 5. The curve fit (2) was used to
approximate the curvature (k in m~!) of the lead-
ing edge strut, for each instant in time. Given,
that for the data, y/R < 1, it can be shown that
K~ constant = 1/R, for a given instant in time.
Following this method, the values of ¥ were de-
termined during a cycle and an example is plotted
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in Figure 6. A Fourier series with N =2 provides
a good model for the LE curvature variation as
a function of time, also shown in Figure 6. The
total number of paramters required to specify the
bending is 5.
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Fig. 6 Curvature, K, of the leading edge as a func-
tion of time. Data from test point U = Om/s and
f="THz.

4.3 Spanwise twist

Due to aerodynamic and inertial loads the pitch
angle (0) of a given wing section varies over a
flap cycle. The pitch angle is defined as the angle
of rotation of an aerofoil section (Fig. 3) about
the LE strut (y-axis). For example when 6 = 0 the
aerofoil section lies in the x-y plane whereas for a
positive value of 0 the trailing edge of the section
sits below the x-y plane. The value of 6 was deter-
mined based on the angle between the x-y plane
and the straight line joining the marker on the LE
to the marker on the TE. Figure 7 shows the vari-
ation of pitch angle with time for the aerofoil sec-
tion located at y/b = 0.7 (b = 325 mm is the semi-
span of the wing), for the case of f = 7Hz and
U = 0. For comparison Fourier representations
of the data using N =2 and N = 3 are shown.
Figure 8 shows the Fourier series fits (N = 3)
for the all spanwise station for the case of f =
7Hz and U = 0. The variation of pitch angle with
time for all the spanwise stations is similar and
there is a linear increase in the peak-peak am-
plitue of the twist with the spanwise coordinate
v. The self-similarity of the profiles in Figure 8
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Fig. 7 Pitch angle variation measured at a section
located approximated 2/3 of the semi-span from
the wing root.

allows the twist function to be specified by a sin-
gle Fourier series, for a given combination of U
and f. The Fourier series fit is then scaled by the
local y-coordinate, such that

0(y,t) =yp(t) 3)

where p(t) is the Fourier series. The twist peak-
peak amplitude is found to increase with flapping
frequency but decrease with freestream velocity,
as shown in Figure 9.
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Fig. 8 Fourier series fits to pitch angle variation
for all the spanwise stations.

4.4 Camber

The structure of the wing is described in sec-
tion 2.1 and the wing surface is essentially a thin
flat plate when not loaded. Under the combined
aerodynamic and inertia loads the aerofoil sec-
tions deviate from a constant thickness flat plate,
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Fig. 9 Peak-peak twist amplitude as a function
of y/b for varying U.

to a constant thickness cambered aerofoil. Gen-
erally the amount of induced camber was negli-
gible. However, for the case of f = 7Hz com-
bined with a freestream velocity of U = 8m/s, a
reflex camber was observed to develop on the 5
outboard stations (y/b > 0.6). This reflexed cam-
ber was dominanted by a “folding” of the trailing
edge and may be associated with a flutter type in-
stability. Typical results for this particular case
are given in Figure 10 for an outboard station, at
four instants in time (t/7 =0, 1/4,1/2,3/4).

As the measured camber was negligible in
all instances, except for the f = 7Hz, U = 8m/s
case, it will not be included in the general math-
ematical model that describes the wing deforma-
tion.
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Fig. 10 Aerofoil sections for outboard station
(y/b = 0.7), showning combined effect of pitch
and camber. Shown at four instant in time.



4.5 Mathematical model of wing surface

Using the functional fits determined above, the
surface can be fully described as a function of
time over a cycle. For a given point on the wing
its trajectory in the x-y-z frame can be approxi-
mately modelled using

x=x"cos[0(y,1)] 4)
y=y )
z=Arp(y,1) +x'sin[0(,1)] (6)

where (x',y') is the location of the point on a
static wing and with U = 0. There are a total of
12 parameters required to specify equations (4)-
(6). Using a coordinate transformation the point
on the wing in the inertial reference frame is then
given by

X 1 0 0 X
Y | =10 cos¢ —sind y (7
Z 0 sing cosd Z

Representations of the wing surface using equa-
tions (4)-(7) are shown in Figure 11 for four in-
stants in time, for the case of f =7Hz and U = 0.

5 Conclusions

The kinematics and wing deflections of an or-
nithopter tested in a windtunnel have been cap-
tured using high speed videogrammetry. Using
Fourier series analysis the data can be reduced
to analytical functions that describe the wing to-
pography at any instant in time. The analytical
representations provide a concise way to repre-
sent the data for input into aerodynamic mod-
els and CFD fluid structural interaction develop-
ment. The Fourier analysis also provides a frame-
work to compare and correlate the force, moment
and pressure data which was simultaneously ac-
quired in the experiments.
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Fig. 11 Reconstruction of wing surface for the case of f = 7Hz and U = 0. Wing is shown at four
instant in time.



