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Videogrammetry is a measurement technique well suited to characterizing lightweight, flexible wings in wind-
tunnel testing. It is noncontact, full field, and can capture the large-amplitude deflections experienced by the wings.
Here videogrammetry is used to analyze the spectral content of the motion of a flexible Nighthawk mini-unmanned
aerial vehicle wing and animate the operating deflection shapes of the wing corresponding to structural resonance
frequencies. The wing was tested at angles of attack ranging from —5 to 13 deg and wind speeds ranging from 20 to
40 mph. Results show that the flexible wing tends to experience flapping behavior at frequencies much lower than
structural resonance at low angles of attack. This behavior is confirmed by the spectral content of the wing
displacements and the corresponding animated deflection shapes. This analysis uses videogrammetry data in the
spectral analysis and visualization of resonance shapes. The data are necessary to validate numerical models of the
wings, understand complicated membrane-structure interactions, and optimize wing performance in different flight

regimes.

I. Introduction

U NMANNED aerial vehicles (UAVs) are aircraft with a host of
potential military and civilian applications. The size of current
UAVs varies widely, with wingspans ranging from approximately
18 cm to 40 m. Mini-UAVs, defined here as having wingspans
ranging from 0.5 to 3.5 m, currently in the field are predominately
used for surveillance and reconnaissance. The Nighthawk mini-UAV
shown in Fig. 1 was designed for aerial surveillance. It has a re-
movable 66-cm-span wing that can be stored in-line with the aircraft,
carries forward- and side-facing cameras and a side-facing thermal
imager, weighs 0.68 kg (1.5 Ib), and flies at wind speeds of 18—40 kt
(30-75 km/h). It exploits Global Positioning System and autopilot
technology for navigation, has aloiter time of 70-90 min, and arange
of 2-10 km.

Videogrammetry is the science of making time history
measurements from synchronized videos from multiple cameras
imaging the same object. Wing deformation during wind-tunnel
testing has been measured for several years at NASA Langley
Research Center, initially with a single camera at 15 frames per
second (fps) and coarse target grids and progressing to faster syn-
chronized multicamera systems [1,2]. The twist of deformable wings
has been measured in wind tunnels using videogrammetry and its
static counterpart photogrammetry [3]. Videogrammetry has also
been used to measure resonance frequencies of aeroelastic models
[4]. Three-dimensional surface measurements of static-deflected
shape and strain in wind tunnels have been taken using multicamera
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video speckle tracking, also called visual image correlation, video-
grammetry, and projection moiré interferometry [5—8]. These studies
found significant billowing, bending, and washout occurring in
lightweight and flexible wings, making these kinds of image-based
measurements valuable tools.

These techniques exhibit a range of applications and measurement
resolutions. Wind-tunnel measurements of rigid models on the order
of several meters, in which deflection measurements on the order of
millimeters are desired, require stringent and precise calibration that
can be time consuming [1,2]. As videogrammetry is used more
frequently to measure lightweight aerospace structures that experience
greater deflections, consumer software has become capable of
providing faster and easier solutions with sufficient accuracies on the
order of 1/1000 of the test article size or better [9—11].

Current development of small UAVs with very flexible composite
wings and even flapping-wing micro-UAVs (MAVs) requires
measurement techniques analogous to those that biologists use to
analyze the flight mechanics of animals. For example, researchers at
Brown University have used multiple video cameras framing at up to
500 fps to measure the wing and body angles of bats in flight [12,13].
Similar measurements have been used to study the flight charac-
teristics of moths and birds [14—-16]. Investigations of flapping-wing
MAVs have involved the stereo tracking of speckle patterns on the
wings to produce deformation and in-plane strain measurements [5]
and the projection of targets onto the wings [17].

Videogrammetry has also been used to measure both the re-
sonance frequencies and corresponding operating deflection shapes
(ODSs) of large, lightweight, flexible membrane-based space struc-
tures. Again, this measurement technology is well suited to such
challenging structures because it is noncontact and, therefore, does
not change the mass or stiffness of the object being measured and
captures low-frequency large-amplitude motion [9-11]. As mini-
UAVand MAV development trends toward lighter, membrane-based,
and even flapping wings, such experimental techniques can provide
valuable data.

The purpose of this study is to use noncontact videogrammetry
measurement techniques to characterize the dynamic behavior of
flexible, lightweight mini-UAV wings undergoing wind-tunnel tests.
It will use noncontact videogrammetry measurement to analyze the
resonance frequencies and corresponding ODS of the Nighthawk
wings. Knowledge of the deflection shape of the wing at different
resonance frequencies is necessary to validate structural, aeroelastic,
and aerodynamic numerical models; optimize wing aerodynamic
performance as a function of angle of attack (AOA), Reynolds
number (Re), and geometry; and control flutter. Previous efforts to
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Fig. 1 Nighthawk mini-UAV.

characterize the performance of the Nighthawk mini-UAV measured
the static wing deflection at various AOA to analyze the lift, drag, and
pressure distributions through computational fluid dynamics (CFD)
[18-20].

II. Test Setup

A production model Nighthawk was provided by Applied
Research Associates for wind-tunnel testing. The model has no
internal components other than the motor for the propeller on which
the nose spinner is mounted. Itis 51 cm long with a 66 cm wingspan.
The Nighthawk’s body is composed of a carbon fiber composite. The
leading edge of the lightweight and flexible wing and the wing ribs
are also made of carbon fiber, whereas the gaps between the ribs are
spanned by nylon cloth. The root chord is 15.25 cm, the planform
area of the wing is 0.0457 m?, and the aspect ratio is 4.8. The root
camber of the undeflected wing is approximately 7.8%. The inci-
dence angle is approximately 4.8 deg, and the dihedral of the
undeflected wing is approximately 4.9 deg. Typical Reynolds
numbers range from 90,000 to 180,000.

Flexible wings offer several advantages over rigid wings.
Smoother flight and greater stall resistance at high AOA are both
products of adaptive washout. Adaptive washout occurs when a
flexible wing deforms due to the aerodynamic loads experienced
during flight. At high AOA or increased airspeed, the wing will
decamber and twist forward, reducing the apparent AOA at the wing
tip, providing increased stall resistance and improved gust response.
Another advantage of a flexible wing is increased roll stability. The
wing tips of a flexible-wing aircraft will deflect upward during flight
due to the lift on the wings, increasing dihedral and resulting in
greater roll stability [21,22]. Studies on rigid and flexible versions of
wings of the same geometry as tested here confirm that the flexible
wings showed increased stability in roll, pitch, and yaw, improved
efficiency in the form of a higher lift to drag ratio, and improved
portability, and found that washout in the flexible wing can delay the
onset of stall [23].

Three significant changes were made to the Nighthawk before
testing began. The mini-UAV was fitted with an internal mounting
block, the upper wing surface was marked with high-contrast targets
for videogrammetry measurement, and the propeller blades were
removed to compare more closely with the CFD model [18]. The
ruddervators were free throughout all tests.

Two types of high-contrast targets were attached the upper wing
surface: noncoded targets (dots) and coded targets (dots surrounded
by banded sections). The noncoded targets are bright yellow circles
0.635 cm in diameter. This size was selected to ensure the diameters
were at least 8—10 pixels in photographs, which is ideal for automatic
target recognition during image processing [24]. The coded targets
are automatically recognized by the processing software and are used
to orient the photos (cameras).

All attached targets were low profile to minimize their impact on
airflow over the wing. Targets were only attached to the carbon fiber
composite leading edge and ribs to avoid altering the mass and
stiffness of the nylon cloth and ensure that the structural motion of the
wing was captured. Figure 2 shows the close spacing of the wing ribs,
indicating that the wing’s behavior will be dominated by them. The

targets were positioned on the wing in rows spaced approximately
2.5 cm apart, with the first row starting 1.25 cm behind the leading
edge. This spacing ensured easy sorting of the targets during post-
processing. Figure 2 shows the Nighthawk after it was marked with
targets.

Testing was conducted in the low-speed open-circuit wind tunnel
shown in Fig. 3. The test section is 1.12 m wide, 0.79 m high, and
1.83 m long. Maximum airspeed in the test section is 240 km/h.
There are four antiturbulence screens and an aluminum honeycomb
flow straightener, and the measured freestream turbulence is 2.25%.
There are windows on the ceiling and on each side of the test section,
and it has a white floor, which contrasts well with the black wing of
the Nighthawk. However, at moderate speeds and AOA, washout
occurred and the targets near the leading edge of the wing blended
into the wind-tunnel floor when viewed from above. To provide
contrast for the targets on the leading edge, black felt was attached to
the floor of the wind tunnel, ensuring target recognition despite
washout.

Six coded targets were secured to the wind-tunnel floor to act as
reference points during postprocessing (labeled 1-6 in Fig. 4). These
targets were visible in each camera. Targets 1 and 2 define the x axis
(positive from 2 to 1) and the scaling factor because they are
separated by 47.1 cm. Targets 2 and 3 define the y axis (positive from
2 to 3). The z axis is normal to the wind-tunnel floor (up is positive).

At AOA less than 4 deg, the targets on the wing lie in a plane
approximately 38 cm above the wind-tunnel floor. The only targets
out of this plane were the coded targets used to define the scale and
axes. Because of the three-dimensional nature of the video-
grammetry process, difficulty can occur when measuring planar

Fig. 2 Nighthawk mini-UAV wing marked for videogrammetry.
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Fig. 3 Wind tunnel schematic [23].
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Camera 2

Fig. 4 Image from videogrammetry camera 2 used in processing.

objects due to a lack of information about the out-of-plane di-
mension. Noncoded targets were therefore added to the wind-tunnel
floor (Fig. 4) to maintain accuracy and aid in solution convergence by
providing out-of-plane measurement points.

Three synchronized Basler 501k high-speed digital cameras
captured image sequences during wind-tunnel testing. Each camera
is capable of capturing a maximum 75 fps at maximum resolution of
1280 x 1024 pixels. A custom computer workstation was used to
drive the cameras and store image sequences. Each camera was
connected to its respective video capture board in the PC. Image
capture software controlled the cameras via their respective video
capture boards.

For optimal viewing of the wing, all cameras were positioned atop
the wind tunnel and aimed through the viewing glass above the test
section (Fig. 5). They were positioned in-line with the flow direction
with camera 1 in front of the Nighthawk, camera 2 directly above the
Nighthawk, and camera 3 trailing the Nighthawk. There was at least a
30 deg separation angle between the cameras. The cameras were
positioned far enough from the model to allow each camera a full
view of the wing. Figure 5 illustrates the viewing angle of each
camera.

To provide accurate three-dimensional data in time, it was impor-
tant to ensure the cameras were synchronized. The first camera was
configured as the master and the other two were slaves. A syn-
chronization test was performed in which the captured image size
was reduced to 480 x 480 pixels to increase the frame rate to 156 fps.
The collected image sequences were examined to verify that any
discrepancy between the cameras was substantially less than the
frame rate. Note the wind-tunnel tests performed here were recorded
at 75 fps.

Each of the three cameras was calibrated to remove image
distortions caused by camera aberrations. This process calculates the
focal length (zoom), location of the principal point, radial lens
distortion, and decentering lens distortion of each camera, enabling

Caméra 2
)

Fig. 5 Videogrammetry camera setup above wind tunnel imaging
Nighthawk mini-UAV.

accurate photographic measurements by compensating for any
deviation of the recorded image from what would have been recorded
by an ideal pin-hole camera.

Following calibration, a test was performed to ensure the wind-
tunnel glass did not distort the images and decrease measurement
accuracy. This test involved capturing image sets of a precisely
machined calibration slate. The calibration slate is black with small
white targets in a grid measuring 135 x 80 mm. It is not typically
used for camera calibration; however, because it has precisely located
targets, it was useful in a test to determine the accuracy of the
videogrammetry measurements. It was placed in the wind tunnel at
about the same height as the wing. Image sets of the calibration slate
were captured. The coded targets on the floor were used to scale the
images, and the size of the calibration grid was measured using
videogrammetry. Because the calibration slate is smaller than the
wing, the test was performed several times with the calibration sheet
moved to different positions covering the same field of view
occupied by the wing. The maximum error measured in these tests
was 0.62 mm. This error is acceptable because tip deflection is
expected to be as high as 5 cm.

Proper lighting is paramount in capturing high-quality images.
The lighting was required to illuminate the high-contrast targets
without producing glare off the wing, the wind-tunnel viewing glass,
or the wind-tunnel floor that may have washed out targets or caused
false targets.

AOA and wind speed were the independent variables during wind-
tunnel testing. The yaw and roll angles were the control variables,
held constant at 0 deg. The model was adjusted to the target AOA
using the wind-tunnel controller. The actual AOA of the Nighthawk
was confirmed using an inclinometer for each angle tested. The tested
AOA were selected to correspond to lift coefficients (C; ) of slightly
above 0.0 to slightly above 1.0 [25]. Here, the AOA was measured
from the flat bottom of the Nighthawk to wind-tunnel horizontal as
positioned on the sting. The geometry of the attachment of the wing
to the fuselage creates the case in which a —5 deg AOA corresponds
toa C; of just greater than 0.0 and a 13 deg AOA correspondstoa C;,
of just greater than 1.0 for all tested wind speeds.

In wind-tunnel testing it is common to set the wind speed and then
perform a sweep of the AOA while holding the velocity constant. The
camera positioning allowed for only a 10 deg variation in AOA
before targets would be lost from view. As aresult, the velocities were
varied at each AOA rather than performing an AOA sweep for each
velocity. The cameras were positioned to accommodate testing for a
3-13 deg AOA. Then the cameras were repositioned and tests were
conducted for a —5-3 deg AOA.

At each of the 10 AOA at which the wings were tested, a static
image set of the wing was captured before the wind tunnel was
activated to establish the undeflected wing position. The velocity was
then increased to 20 mph and held constant for about 30 s until
transients died out. Image sequences were then captured and the
process was repeated for the 30 and 40 mph cases. A second static
(no-wind) image set was obtained after the 40 mph test was complete
to compare with the first image set and ensure that the wing returned
to its original location (i.e., the wing or model did not shift during the
test).

Image sequences from the three synchronized cameras were
captured at 75 fps for each of the 30 test cases listed in Table 1. A set
of three simultaneous images, one from each camera, constitutes an
image set, and the synchronized cameras produce one image set per
frame. The three-dimensional location of each target on the wing was
triangulated for each image set through the following video-
grammetry process: target centers were marked to subpixel accuracy
on all three images, the software then traced rays in space from each
camera to the marked targets, and the three-dimensional global
location of the targets was determined by the intersection of rays
from multiple cameras. A local coordinate system was specified
using coded targets 1, 2, and 3 in Fig. 4. Once the first frame in the
captured image sequence has been processed (i.e., the three-
dimensional location of each target has been solved), the targets can
be tracked through the remaining frames. The location of each target
in each frame can then be exported to a data file. The final result is a
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Table 1 Test matrix

AOA, deg Speed, mph  Ambient Pressure, torr ~ Temp, °F Re

21.1 731.8 71.9 91,317

—5.05 31.7 731.8 73.0 136,942
42.1 732.3 73.3 181,857

21.1 733.6 72.9 91,375

2.9 31.8 733.6 73.6 137,529
42.4 733.8 74.1 183,280

21.4 733.8 733 92,656

—0.95 31.9 734.1 73.8 138,003
424 734.1 73.9 183,410

21.1 734.3 73.5 91,365

1.15 31.8 734.6 73.8 138,121
42.6 734.3 74.1 184,297

21.1 734.8 74.3 91,293

32 31.9 734.6 73.8 138,121
42.7 734.6 74.2 184,763

21.7 744.7 69.4 96,037

5.1 32.3 744.7 69.4 142,949
43.1 744.5 68.8 190,924

21.1 733.0 79.5 90,192

73 31.8 733.0 79.5 135,929
42.1 733.0 79.5 179,957

21.5 732.5 80.7 91634

9.4 322 732.3 81.2 137097
42.1 732.3 82.0 178971

21.4 731.3 81.4 90,951

11.4 31.6 731.3 81.4 134,302
423 731.3 81.4 179,777

21.4 731.3 81.8 90,881

134 315 731.3 81.8 133,773
42.1 731.3 81.8 178,789

set of three-dimensional target locations in time. This process is
summarized in Fig. 6.

The collinearity equations that trace rays from cameras to targets,
relating the global three-dimensional target location (X, Y, Z) to the
corresponding point (x, y) in the image plane, are [1,26]

my (X —X)+mp(Y=Y)+m3(Z-Z2.)

my (X — X)) +myp(Y —=Y) +mu(Z—Z.)

cle(X —X) +mp(Y—Y)+mu(Z—-Z,)

my (X — X)) +myp(Y = Y) +mu(Z—Z.)
(1

where d, and d, are coordinate shifts caused by lens distortion.

InEq. (1), the parameter set (c, x,,, y,,) is the interior orientation of
the camera calculated during camera calibration, where ¢ is the
principal distance of the lens (focus), and x ,, and y,, are the principal-
point coordinates on the image plane. w, ¢, k, X, Y., and Z, define
the global three-dimensional orientation of a camera, where (®, ¢, k)
are the Euler rotational angles, and (X, Y., Z..) are the coordinates of
the perspective global center. The coefficients m;; (i, j = 1, 2, 3) are
the rotation matrix elements that are functions of (w, ¢, «) [1,26].

More detail on photogrammetry and videogrammetry processing
and measurements can be found in [24,26-28].

X—x,—dx=—c

y—y,—dy=—

III. Results

The videogrammetry processing yielded sets of three-dimensional
point locations in time. The time history of one of these points is
plotted in Fig. 7. This graph shows the out-of-plane z position of a

[ Camera Calibration | Video Data Collection

> Target Marking |
|

[ Videogrammetry Processing |—»] 3-D Time Histories |
Fig. 6 Videogrammetry process.

single point on the wing during one of the wind-tunnel tests of the
Nighthawk mini-UAV. The bottom graph of Fig. 7 shows the power
spectral density (PSD) of that same point. In the frequency domain it
is possible to see a peak at approximately 31 Hz.

Standard practice is to use videogrammetry to measure the static
deflection shape of the wing over the course of test [3,8]. These data
can be plotted in several ways, including the average deflected shape
from the undeflected no-wind condition, examples of which are
shown in Fig. 8; the standard deviation of the vibration from the
average deflected shape, shown in Fig. 9; and the maximum
deflection from the average deflected shape, discussed later. The
average deflected shapes in Fig. 8 show that at low AOA most of the
deflection occurs at the trailing-edge wing tip, causing twist, whereas
at higher AOA the shapes involve more tip bending. The standard
deviation from the average deflected shape in Fig. 9 shows that larger
amplitude vibrations occur as expected at the most flexible part of the
wing, the trailing-edge wing tip.

Figures 8 and 9 also demonstrate the limitation of videogrammetry
measurements in wind-tunnel testing. Accurate measurements
require deflection to be visible to the cameras, meaning any motion
less than a pixel is unresolvable. The Nighthawk’s wingspan is
66 cm, and the collected images were 1280 x 1024 pixels, yielding a
camera resolution of approximately 0.5 mm/pixel. This resolution
correlates to the maximum error of 0.62 mm measured in the
calibration tests discussed earlier. The average deflected shapes
shown in Fig. 8 on the order of several centimeters are well above the
noise floor of the videogrammetry measurement and, correspond-
ingly, appear smooth. The standard deviations of the vibration
amplitude from the average deflected shapes in Fig. 9 are on the order
of tens of microns, below the noise floor of the videogrammetry
measurement. Correspondingly, these figures appear quite noisy,
resulting in a lack of confidence in the results. Although the resolu-
tion limits of the cameras may minimize the usefulness of video-
grammetry in standard rigid-wing wind-tunnel testing, their unique
ability to capture large-amplitude motion well above the maximum
threshold of laser measurement systems makes them well suited to
these types of flexible-wing MAV measurements.

Power spectral densities of four points on the wing for the same
case as in Fig. 7, the —0.95 deg AOA, 30 mph wind speed case, are
shown in Fig. 10. Also shown are the targets on the wing corres-
ponding to the plotted PSDs. Figure 10 confirms a peak frequency in
the x and z directions around 31 Hz.

Time History for Point 1129
2.995 T T T T T T

2991 1

2.985 1

2.98 1

Z Position (m)

29751 1

L L

0 0.5 1 15 2 25 3 35
Time (s)

Power Spectral Density Estimate via Welch

Power/frequency (dB/Hz)

Frequency (Hz)

Fig. 7 Sample z direction: a) time history, and b) power spectral
density.
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Fig. 8 Examples of average static deflected shapes of wing: a) —0.95 deg AOA, 30 mph wind speed; b) 5.1 deg AOA, 40 mph wind speed; c) 11.4 deg

AOA, 40 mph wind speed.

10um
a) b)

65um
)

Fig. 9 Examples of standard deviation from average deflected shapes of wing: a) —0.95 deg AOA, 30 mph wind speed; b) 5.1 deg AOA, 40 mph wind

speed; c) 11.4 deg AOA, 40 mph wind speed.

An examination of other AOA and wind speed cases in Figs. 11
and 12 demonstrates the capability of this videogrammetry method to
characterize both large deflections on the order of centimeters and
small deflections on the order of millimeters. Figure 11 shows a much
higher peak, over —20 dB in one case, corresponding to much higher
amplitude deflection in the wing than in the previous figures.
Figure 12 shows a case in which, although some highly damped
resonance is indicated in the y direction by the wide peak at 22.5 Hz,
the motion is of such low amplitude that it is extremely difficult to
visualize. In this case, it appears that either resonance motion does
not occur, which would indicate that the wing does not experience
flutter under these test conditions, resonance motion occurs at
amplitudes below the resolution of the videogrammetry measure-
ment, or resonance motion occurs at a frequencies above the
measurement bandwidth of half the frame rate or 37.5 Hz. Note that
higher frame rate cameras can be used to expand the dynamic range
of measurement.

Further examination of Figs. 10—12 shows several instances in
which peaks occur at the same frequencies in multiple directions. The
best example is Fig. 11, in which there is clearly a peak in all three
directions at 3.2 Hz. Inthe —0.95 deg AOA, 30 mph wind speed case
in Fig. 10, peaks occur in the x and z directions at 29.5 Hz. Assuming
that the peaks correspond to the first bending or first torsion mode of
the wing, both in- and out-of-plane motion is expected in the x and z
directions, whereas significantly less is expected in the y direction. y-
direction-only resonance is expected for rigid-body rocking of the
test article and fixture. Based on the directional coupling of peaks in
the PSDs, suppositions can be made regarding the corresponding
deflection shape, but another advantage of this videogrammetry
technique is that it also enables shape visualization.

An important contribution of this technique is the capability to
visualize the ODS corresponding to peaks in the frequency domain,
as seen in the graphs in Figs. 10 and 11, by temporally filtering the
time histories of the measured three-dimensional points, fitting a
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surface to those points at each time step (frame), and animating the
surface. Animating the ODS is a powerful tool that shows scaled
asymmetric flapping behavior in Figs. 13a and 13b, corresponding to
the peak at 3.2 Hz in the —0.95 deg AOA, 40 mph wind speed case.
In addition to large-amplitude motion, the technique allows visuali-
zation of the small-amplitude in-plane rippling in the 3.2 deg AOA,
40 mph wind speed case, shown in Fig. 13c.

Summaries of the results of the visualization of the ODS
corresponding to peaks in the PSDs of all test cases are listed in
Table 2. Analysis shows that the flexible Nighthawk wing that was
tested is susceptible to flapping at low and high angles of attack. A
more complicated coupling between the first bending and first torsion
modes of the wing is visible in the —0.95 deg AOA, 30 mph wind

speed case. The asymmetric flapping, shown in Figs. 13a and 13b,
appears to be very similar to the first structural mode shape observed
in vibration testing of an earlier version of the wing using a laser
vibrometer [20]. In those tests, however, the behavior occurred at
25 Hz, versus the 1-3 Hz observed in the low-AOA cases here. These
results indicate that low-AOA flight conditions may experience
vortex shedding or other aerodynamic excitations that are sufficient
to induce high amplitude motion at frequencies much lower than
structural resonances.

At the midrange AOA between 1.15 and 11.4 deg, the only
apparent spectral content in the measured response of the wing is a
highly damped rigid-body rocking mode that is likely a result of the
fixing of the test article on a sting in the flow. The characterization of
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Fig. 12 Power spectral densities of multiple points for 13.4 deg AOA, 20 mph wind speed, x, y, and z directions.
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Table 2 Test results

AOA, deg Speed, mph Resonance frequency, Hz ODS comments Max deflection z dir, cm
21.1 Not visible —_— 0.08
—5.05 31.7 1.3 Asymmetric flapping 1.50
42.1 2.5 Asymmetric flapping 3.44
21.1 21.3 Asymmetric flapping, noisy 0.03
-2.9 31.8 2.6 Asymmetric flapping 0.95
42.4 2.6 Asymmetric flapping 2.53
21.4 Not visible o 0.04
—0.95 319 29.5 Coupled bending/torsion 0.11
42.4 32 Asymmetric flapping 1.07
21.1 Not visible — 0.03
1.15 31.8 29.3 Possible rigid body rocking 0.04
42.6 22.0 Possible rigid body rocking 0.10
21.1 Not visible —_— 0.04
32 31.9 29.6 Possible rigid body rocking 0.04
42.7 21.5 Possible rigid body rocking 0.05
21.7 Not visible —_— 0.01
5.1 323 16.5,28.9 Possible rigid body rocking 0.02
43.1 21.5 Possible rigid body rocking 0.05
21.1 22.0 Possible rigid body rocking 0.02
7.3 31.8 Not visible e 0.03
42.1 21.5 Possible rigid body rocking 0.05
21.5 21.7,27.8 Possible rigid body rocking 0.03
9.4 322 21.7,29.5 Rigid body rocking at 21.7 0.02
42.1 21.7 Possible rigid body rocking 0.04
21.4 22.3 Rigid body rocking, noisy 0.02
11.4 31.6 29.6 Rigid body rocking, noisy 0.04
423 22.0 Possible rigid body rocking 0.05
214 22.5 Rocking / flapping 0.06
134 315 22.0 Rocking / flapping 0.08
42.1 24.6 Rocking / flapping 0.15

ODSs as presented here is a critical component in the validation of
numerical models and simulations and the design, optimization, and
control of lightweight flexible aerospace structures.

Table 2 also shows the measured maximum wing deflection from
the average deflected shape (Fig. 8) for each of the test cases. These
results are plotted in Fig. 14. This graph clearly demonstrates that, at
20 mph, the wings experience very low vibration amplitudes at any of
the measured AOA, indicating that there should be little chance of
induced instabilities. This conclusion is supported by the data in

©)

Table 2, which show only a couple of cases in which any spectral
content was visible at 20 mph. Also confirming results from Table 2,
Fig. 14 shows that, at low AOA, substantial motion was recorded for
the 30 and 40 mph wind speed cases. A slight increase in deflection is
also visible at the 13.4 deg AOA. Figures 10—12 show the location on
the wing at which the maximum deflection from the average
deflected shape occurred, indicated by the solid markers. As expec-
ted, in all cases the maximum deflection occurred at the trailing edge
of the wing, away from both the rigid leading edge and aircraft body.
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Fig. 13 Frames of animated deflection shapes of wing: a) three-dimensional pictorial view of —0.95 deg AOA, 40 mph wind speed at 3.2 Hz; b) front
view of —0.95 deg AOA, 40 mph wind speed at 3.2 Hz; c) three-dimensional pictorial view of 3.2 deg AOA, 40 mph wind speed with no filter.
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Fig. 14 Plots of maximum recorded deflection vs angle of attack.

These results indicate that the Nighthawk wing should be stable in
most flight regimes with the exception of high-speed, low-AOA
cases.

The maximum wing deflection from average deflected shape
values reported in Table 2 helps to clarify the accuracy of the video-
grammetry measurements. In most cases in which the ODS is
inconclusive, there is a small maximum deflection, less than 0.5 mm.
The clearest ODSs occurred in test cases in which the maximum
deflection of the wing was greater than 0.5 mm. This conclusion
coincides with the camera pixel resolution threshold discussed
earlier, resulting in high confidence in the resonance frequencies and
corresponding ODS extracted through this extension of video-
grammetry.

Unconventional data such as wing damping may also be extracted
spectrally from the videogrammetry data through the half-power or
other method [29], and the technique can also measure in-plane strain
and curvature with smaller targets [30].

IV. Conclusions

The presented work uses noncontact videogrammetry measure-
ment techniques to analyze flexible, lightweight carbon fiber
composite mini-UAV wings in wind-tunnel testing. These flexible
wings are of interest due to their stability in flight and low mass. The
wind-tunnel data here show the wing to be very stable at all tested
wind speeds, up to 40 mph, for AOA greater than 0 deg. The wing
only exhibited flapping behavior at negative AOA, corresponding to
low C;, and at much lower frequencies than structural resonance. The
flexible nature of the wing was evident in the large deflections of over
3.4 cm it experienced in these cases.

The videogrammetry technique used here extends previous
measurements to capture the resonance frequencies and corre-
sponding operating deflection shapes of the wings over the measured
range of AOA and wind speeds. This technique allowed the observed
flapping behavior to be distinguished from the rigid body rocking of
the test fixture. The knowledge of the deflection shape of the wing at
different resonance frequencies is necessary to understand the
complicated membrane-structure interactions as MAVs become
smaller and lighter and to validate structural, aeroelastic, and aero-
dynamic numerical models; optimize wing aerodynamic perform-
ance as a function of angle of attack, Reynolds number, and
geometry; and control flutter. The presented data show that
videogrammetry will play a key role in the development of future
lightweight MAV systems.
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