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This presentation will detail AFRL/MN’s collaboration with the University of
Florida to derive a method for estimating elastic deformation in flexible, flapping
wings. By knowing the elastic deformation that occurs, researchers can better
understand the mechanics and aerodynamic effects behind flexible, flapping wings
and apply that knowledge to various design aspects of micro air vehicles (MAV’s)
such as wing structure, guidance and control, etc.



\ Overview

* Introduction / Motivation
* Methodology
¢ Validation
¢ Dynamic Tests
— Setup
— Post-processing
* Results
— Wing Motion
— Uncertainty in Rotation Angle
— Wing Deformation
* Conclusion / Future Work
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Here is an overview of my presentation. I will first discuss the background of this
research and explain why flexible, flapping wings are of interest to the research
community.

I will then explain the method of using a dynamic visual-image-correlation (VIC)
system to capture wing deformation and briefly describe a validation test used to
gain confidence in the post-processing algorithm.

Following the validation results, I will present a series of dynamic tests involving
two flapping wings, each of different structure and material.

I will conclude with a summary of the test results and future work involving the use
of the method presented.



\ Introduction

* Interest in research community to further develop MAV
technology for performance in tightly confined environments at
varying flight conditions

* Biological Inspiration

— Flexible wings
* Can readily adopt to changing flight conditions
* Fixed-wing MAVs whose wing structures are fabricated from aeroelastic
material show improvement over rigid counterparts
— Flapping wings

* Flexible, fixed-wings show an
advantage, but still do not meet all of
the agility and versatility requirements

¢ Natural fliers (bats, birds, insects) use
flapping motion at low speed
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The use of MAVs within tightly confined environments under widely varying flight
conditions is generating much interest in the research community. Such application of
MAVs will require them to be highly agile and adaptable, much like the natural fliers
we see today.

A common characteristic of natural fliers at low-speeds is wing flexibility. This flexibility
allows fliers to readily adopt to changing flight conditions, either through passive
mechanisms such as adaptive washout or by active morphing of the wing shape to
increase lift. In the case of fixed-wing MAVS, designs involving wings made from an
aeroelastic material show an improvement in the pitching moment curve and the ability
to store energy that would normally be lost to wing-tip vortices and wake.

While flexible, fixed-wings do show an advantage over their rigid counterparts, they still do
not meet all of the agility and versatility requirements for low-speed flight in constricted
environments. Biology has shown that natural fliers who fly at low speeds use flapping
rather than fixed-wings. This is seen in birds, bats, and insects. The video in the bottom
left corner shows a fly in flight. Notice how flexible its wings are by the large
deformations that occur during the flapping motion.



N\ Motivation

* Worth investigating kinematics and dynamics of flapping motion

¢ Kinematics and dynamics must be decoupled when applying
biologically-inspired technologies

— Only rigid-body-motion is needed for IMU and system identification

— However, combining wing mechanics of flexible wings with feedback
control requires knowing elastic deformation

* Dynamic visual image correlation (VIC) enables simultaneous
measurement of rigid-body-motion and deformation
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With the examples that exist of natural fliers exploiting flexible, flapping wings, it is
worth investigating the kinematics and dynamics of such motion.

The wing kinematics and dynamics need to be decoupled when applying
biologically inspired technologies to MAVSs. For instance, while the inertial
measurement unit and system identification only require knowing the rigid-
body-maotion, the same is not true for feedback control. Combining the wing
mechanics of flexible wings with feedback control similar to that seen in
biological organisms requires knowing the elastic deformation.

A dynamic VIC system provides a means for simultaneously measuring both rigid-
body-motion and deformation and is already being used extensively on flexible,
fixed-wing MAVs as documented by a University of Florida colleague, Dr.
Roberto Albertani. This presentation will detail a method for setting up flapping-
wing VIC experiments and estimating the elastic deformation using the data
obtained.



A 2
N Methodology
@
* VIC measures full-field displacements
through stereo triangulation o Ty

— Provides reference points (X, Y, Z)

— Provides displacement measurements (u, v,
w)

— Displacement is result of both kinematics
and deformation

¢ Deformation is difference between total
displacement and rigid body displacement

£.9.2 %92

u Elastic X+u X
Vejasti Y +v Y

Elastic — _ [HTM ]
WEIas!ic Z+w z
1 | 1 | 1

¢ Acquire rigid body displacement by deriving
homogeneous transformation matrix (HTM)
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VIC uses stereo triangulation to measure in-plane and out-of-plane displacements
for a test specimen undergoing any type of motion. Stereo triangulation involves
focusing two high-speed cameras positioned at different angles with respect to
the test specimen. The cameras record a series of images and perform a
correlation between the two sets to arrive at the displacement. In order for the
stereo triangulation to take place, the test specimen must be covered in a
random, speckled pattern with very little glare. Data that is returned from the
VIC includes the initial starting position (X,Y,Z) and the displacement at each
time step (u,v,w).

The measured displacement is the sum of both the wing kinematics and wing
deformation. The wing kinematics is synonymous to the rigid-body-motion of
the wing. If the rigid-body-motion can be determined, then the wing deformation
can be found by subtraction (as displayed in the equation).

The rigid-body-motion is described by the homogeneous transformation matrix,
which is used by image processing to define rotation, translation, perspective,
and scaling. For a test specimen such as a flapping wing, the homogenous
transformation matrix varies with time and must be solved for at each time step.
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N2  Rigid-body-motion from HTM

.
Q”

¢ Motion based on AOI frame of reference
— Rotation
* Flapping angle,I" —» R,
* Sweep angle, ¥ —» R,
* Feather angle,® — R,.
— Translation (t,, t,, t,)

* Homogeneous Transformation Matrix

crcy -s¥ sl'cY t,
HTM = cs¥cO+sI's® c¥e® s[s¥cO-clso t,
| cTsWs@-sIc® ¢SO STsWs@+cle® t,
0 0 0 1
— Setup problem in form [b] = [A] [x] and solve for [x] @:tan*l[%]
22
¢ [b] = VIC measurements
¥ = tan? ¢
¢ [A] = known reference points (X,Y,Z) ¢l -HTM,, +sT-HTM,,

* [x] = coefficients of the transformation matrix

Fitan,l[—c(a»HTM“Jrs@»HTMMJ

HTM,, /c¥
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The VIC system uses a coordinate system where in-plane motion occurs along the x-axis
and y-axis, out-of-plane motion occurs along the z-axis. For an arbitrarily selected area
on a flapping wing mounted vertically to the cameras, the flapping angle refers to the
rotation about the y-axis. The rotation about the x-axis is referred to as the feathering
angle and about the z-axis is the sweep angle. If the area of interest (AOI) happens to be
offset from the origin, then a corresponding translation occurs with the rotation.

Premultiplying the rotation matrices and translation matrix results in the complete HTM
shown. The measured displacements from the VIC, for each time step, are equal to the
initial starting points (X,Y,Z) multiplied by the HTM for that time step.

The HTM is solved for by applying a linear least-squares regression across the points
making up the AOI. This finds the HTM that yields the best fit to the measured
displacements. Once the elements comprising the HTM are known, inverse
trigonometry is applied to get the rotation angles. Again, this calculation is performed
for each time step since the specimen is moving.



\ Area of Interest

Rigid AOI Flexible AOI

*Follows flapping motion *Displacement is combination

*Provides displacement data of rotation, translation, and

from which HTM will be deformation

derived *Rotation and translation
values provided by HTM
pertaining to rigid AOI

‘<7 Wing Root 4>‘

« Wing Leading Edge >
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This picture provides an example of a rigid AOI and flexible AOI on a test
specimen. The inboard section of the wing shown here has a rigid plate (in this
case, a piece of balsa wood) that provides the rigid AOI. This plate is positioned
to follow the movement of the wing while interfering as little as possible with
any deformation that may occur. Further out is the flexible AOI. VIC data is
acquired for the entire wing surface, but the two AOIs are mapped out and
processed separately, with the rigid AOI providing the HTM estimate.



\ Validation Tests

* Subjected carbon fiber wing to known rotations and deformations

¢ Repetition tests at 0° with no deformation — acquire measurement
uncertainties

Estimate Errors

e . Deformation
Calper B Camere 1 Rotation,I(?) | (°
applying r
deformation .. i Tl 0.2 0.3-09
L * Note: AOI did not extend completely

to wing tip

Measurement Errors |

& U fin-plane, x| |
oV (inplane.y) |
LW [out-of-plane)

Carbon Fiber Wing oy
(painted white with
. black speckling)

;P 2w = =
o

[] 1 20 30
Flapping Angle, I [deg]
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To check the feasibility of such a method, a simple validation test was performed for
a combination of known rotations and deformations. A carbon fiber wing was
rotated on a stand to some set flapping angle. Calibers, mounted vertically and fixed
to the table, were used to apply a deformation at the wing tip. The estimated
flapping angle was in error of 0.2° or less. The deformation estimates ranged in error
from 0.3 mm to 0.9 mm, however, the AOI used during processing did not extend
out to the wing tip due to correlation issues near the wing edge.

Measurement errors for the test setup were acquired by taking 50 snapshots of the
wing held fixed at 0 degrees rotation and no deformation. The resulting errors were
on the order of 0.01 mm or less, which was considered acceptable.



\ Dynamic Tests

*Acquired from commercial vehicle *Fabricated at the UF MAV Lab

ble of flapping flight
capable ot flapping Tlig <Thin latex (0.33 mm thick)

+Kite-like material does not stretch stretches significantly

«Carbon fiber rods *Wing perimeter is bidirectional
carbon fiber

*Battens are unidirectional carbon
fiber
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Having validated the method as feasible, a series of dynamic tests are conducted using two
different types of wings.

The first wing is from a commercially available vehicle that is capable of flapping flight. A
green kite-like material, that does not stretch, is placed over a framework of carbon fiber
rods to form the wing. This wing is referred to as the kite wing.

The second wing was fabricated at the University of Florida MAV Lab. It is comprised of a
thin latex membrane stretched between a carbon fiber perimeter. This wing is referred to
as the latex wing.



\/) Test Setup

* Rigid plate affixed to inboard section of
wing

* Wing attached to linear actuator via a rigid
rod and universal joint with low friction

¢ Sinusoidal signal fed to linear actuator at 5
Hz and 10 Hz

* Load cell placed between the wing and the
linear actuator R .,

* Data recorded for 1 sec at 100 fps '

[
Electromagnetic Shaker ) ‘ n
(Linear Actuator) Load Cell - TN i ‘L =2
Ling Dynamic Systems Bruel & Kier E. ) \
V201/3-PA 25E 8230
Frequencies up to Sensitivity of
13,000 Hz 110 mVIN
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In order for the HTM to be derived, a rigid area on the wing specimen is needed. This is
accomplished by affixing a rigid plate to the inboard section of the wing. The plate is
attached in such a way as to interfere as little as possible with any deformation that may
occur. Rather, the plate’s sole purpose is to simply move with the wing so that the
rotation angles can be estimated.

A linear actuator is attached to the wing via a rigid rod and universal joint, as shown in the
top right picture. A sinusoidal signal sent to the actuator generates the flapping motion.
Between the actuator and the wing specimen is a load cell, which adjusts the amplitude
of the input signal to stay within acceleration limits. Two flapping frequencies were
tested: 5 Hz and 10 Hz. For each test, 1 second’s worth of data was recorded at 100
frames per second.

The bottom right picture shows a test setup with the kite wing. The two VIC cameras can be
seen as well as the electromagnetic shaker which acted as the linear actuator.

10



\/) Data Post-Processing
g

MATLAB Correlation from VIC Software

Read VICData | «——— o]

Rigid AOI Files

Flexible AOI Files —l

HTM Algorithm

HTM from Rigid AOI
Sensitivity Matrix
Uncertainty Estimates —l

. Decouple Motion
Project RBM to Flexible AOI

Acquire Deformation

i ey
== a mm s e

ET T T TR T T 1T 1T 1T T e

B it Sy e oD — N L e N

Snmn e na—D

‘ Plots

1t g
T- |"=|

' Apprc-aved for public release; Distribution Unlimited. 10-11-07-596

Once a test is complete, the VIC software performs the stereo triangulation across the
recorded images. The movie to the right shows a series of images recorded by the VIC.
The colored area is the correlated AOI specified by the user. The color bands indicate
the measured out-of-plane displacement. If the wing specimen were completely rigid,
the color bands would remain as vertical lines of color moving from the wing root to the
wing tip. However, it is evident some wing deformation is occurring by the distortion of
the bands during the transitions from upstroke to downstroke and vice versa.

The VIC data is fed into a MATLAB program for post-processing. Two sets of files are
processed simultaneously: one set for the rigid AOI (the rigid plate located on the
inboard section of the wing) and a flexible AOI located out towards the wing tip. Data
for both AOIs come from the same VIC images. The rigid AOI files provide the HTM at
each time step, which is then used to project the rigid-body-motion out towards the
flexible AOI. After this, the wing motion can be decoupled and the wing deformation at
each time step is arrived at.

The MATLAB program also calculates the sensitivity of the rotation angles to errors in the
estimated HTM. This provides a means for tracking the error propagation.
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A\ ¥4 Results — Wing Motion
Q;,b
25 - v
. . . . & ing -
* Acquired time history of flapping angle 20 [‘L‘.".?P‘:E.ig??:,
. ; 15 % s
— Amplitude was adjusted by load cell to i aay e
stay within acceleration limits = 5§ B e
. . g 54 - P b
* Kite wing R o - <
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= ¢ x = hr -
5 Hz 10 Hz 1; w g §
KiteWing | 1.06e-02° | 8.94e-03° o
Latex Wing 1.68e-03° 1.01° 20 :
.3 04 0.5 0.6 0.7
Time [sec]
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Upon processing the VIC data through the MATLAB program, the following time histories
of the flapping angle are acquired. The upper right plot shows the time history for the
two wings at the 5 Hz frequency. The bottom right plot shows the time history for the
two wings at the 10 Hz frequency. The difference in maximum flapping angle between
each of the cases is a result of structural differences between the two wings and the
adjustment of the input signal amplitude by the load cell.

The estimated uncertainty for each test case is shown in the bottom table. Notice that the
latex wing flapping at 10 Hz has a rather large uncertainty with respect to the other
cases. This is due to error propagation from the estimated HTM and is explained on the
next slide.



\ﬂ/ Results — Uncertainty in Estimates

* Coefficients pertaining to very small X, Y, U% U% U% U
or Z values will have a larger uncertainty Uv/ Uv/ Uv/ .
Uma=| /X A~ /72 W

— Result of model used in linear regression e ok w0
X N /7 W

— Algorithm initially assumed Z would be
small compared to X, Y

* Performs inverse trigonometry with the first
two columns of the HTM
* Uncertainty in flapping angle is a function of
Uptm, 119 Untm 215 Yntm 310 Yntmer YUntmw
— Correlated rigid AOI for latex wing at 10
Hz, however, had small values for X as

well _
1.68e-02 -1.71e-05 7.94e-03 2.75e-03
" _|—2.26e-03 2.30e-06 -1.07e-03 -3.70e-04
FMU0 ™) _177e-02. 1.08e—05 -8.36e—03 —2.89e—03
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Recall, the HTM is estimated by using linear regression to find the matrix values which,
when multiplied with the reference points (X, Y, Z), yield the best fit to the measured
displacements. The smaller the values of X, Y, and Z, the larger the uncertainty in the
HTM estimate. Sometimes, it was not possible to get a good correlation over the entire
rigid plate and only a small area of the plate could actually be used to estimate the
HTM. If this area was particularly narrow along the X or Y axis, then any elements of
the HTM that correspond to that axis will have large uncertainties.

This happened to be the case with the latex wing at 10 Hz. The rigid AOI for this case was
very narrow along the x-axis, thus, all the HTM elements in the first column of the
HTM had large uncertainties. The initial HTM algorithm did not account for this, so the
uncertainty propagated throughout the rest of the post-processing to result in a relatively
large value of 1°. This was a lesson learned and can be avoided by having the MATLAB
program perform a check on the HTM uncertainties prior to proceeding with
calculations.



\\./) Results — Kite Wing Deformation

Start of Upstroke * Out-of-plane only
— Unidirectional contour bands
Flapping Frequency: SHz Flapping Frequency: 10Hz Wy [mm]
— Small amount of wing twist
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The final outputs of the HTM algorithm consist of contour and 3-dimensional plots showing
the wing deformation and wing kinematics. Presented here are the results for the kite
wing.

The top contour plots show the amount of wing deformation at the start of the upstroke for
both the 5 Hz and 10 Hz test cases. The bottom contour plots show the deformation at
the start of the downstroke. The contour bands maintain a uniform direction across the

wing surface as would be expected for a material that only experiences out-of-plane
deformation.

In the bottom right of the slide is a movie showing the rigid-body-motion of the wing, the
black mesh, alongside the wing deformation, the colored mesh. Notice the wing twist
captured in the deformation.

14



‘\”/' Results — Latex Wing Deformation =
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Here are the results for the latex wing. Just as on the previous slide, the top contour plots
refer to the deformation at the start of the upstroke and the bottom contour plots show
the deformation at the start of the downstroke. The contours consist of circular bands
due to the combination of both in-plane and out-of-plane deformation. Interestingly,
even though the latex wing material had significant stretch compared to that of the kite
wing material, the magnitude of deformation was less. This is most likely due to the
different structure of the wing.

Again, the movie in the bottom right shows both the rigid-body-motion of the wing and the
wing deformation. The wing twist seems to be more pronounced versus that of the kite
wing, though it is uncertain whether this is due to larger inertial forces or larger
aerodynamic forces. Since each test case experienced a different amplitude in flapping
angle and the wings each had different structures and materials, no strong conclusions
with regard to the influence of aerodynamic versus inertial forces can be drawn. Rather,
the point of the dynamic experiment was to further test the HTM algorithm against time-
varying data and increase confidence in its calculations.
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A4 Conclusion

* Method for decoupling the wing kinematics from the deformation
of a flapping-wing using VIC data

— Constructed HTM from rigid-body-motion and projected to flexible
AOIl — subtracted to get deformation

— Provided time history of flapping angle and contour plots
— Observed that a careful check of HTM uncertainties should be carried
out prior to projecting RBM
* Future work
— Dynamic VIC in conjunction with wind tunnel testing

* Can the corresponding change in aerodynamics with wing shape be
quantified?

— Study of wing deformation in vacuum

* How much of the deformation is related to inertial forces versus
aerodynamic loads?
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In conclusion, a method has been shown that decouples displacements measured by a VIC
system into wing kinematics and wing deformation. It accomplishes this by constructing
the HTM for a rigid part of the wing that is either inherent or artificially placed and,
thus, acquiring the rigid-body-motion of the wing itself.

By calculating the HTM at every time step, the kinematic motion of the wing over time can
be acquired. This is plotted in the time histories of three rotational angles: flapping,
feathering, and sweep. The algorithm also captures the contour plots over time,
providing insight into the magnitude and direction of wing deformation across the AOI.

Future work with this algorithm would involve processing VIC data acquired
simultaneously along with sting balance data in a wind tunnel. This could possibly give
insight into the behavior of the aerodynamics for a flapping wing.

Another study using this algorithm would involve comparing flapping-wing deformation
within a vacuum versus that at atmospheric pressure to determine how much of the
deformation is due to inertial forces versus aerodynamic loads. Experimental work, both
with the wind tunnel and vacuum chamber, would be conducted by Dr. Roberto
Albertani of the University of Florida. It is anticipated that AFRL / RWGN would
continue to collaborate with Dr. Albertani during these studies as the work will be
beneficial to on-going MAV research.

16
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