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Abstract

The purpose of this research was to develop testing methods capable of analyzing
the performance of a miniature flapping-wing mechanism that can later be adapted to a
biomimetic micro air vehicle (MAV). Three small scale flapping mechanisms capable of
single plane flapping, flapping with active pitch control, and flapping/pitch with out-of-
plane movement were designed using SolidWorks. The flapping-only model was
fabricated on an Objet Eden 500V 3-dimensional printer. The flapping mechanism was
mounted on an aluminum plate supported by air bearings, and thrust was measured for a
variety of conditions. The testing was conducted using wings composed of carbon fiber
and Mylar in four different size configurations, with flapping speeds ranging from 3.5 —
15 Hertz. The thrust was measured using an axially mounted 50 gram load cell which
resulted in an accuracy of + 0.1 gram. Non-dimensional thrust and power numbers were
computed. The flapping mechanism was then mounted on a 6-component force balance
to measure dynamic loading, which demonstrated the ability to gather time-accurate data
within a single flapping stroke at speeds as high as 15 Hz. High speed cameras operated
at 1500 Hz were also used for capturing images of the structure of the wing for various
testing conditions. Overall this research successfully demonstrated both qualitative and
quantitative testing procedures that can be utilized in developing small scale flapping-

wing micro air vehicles.
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BIOMIMETIC MICRO AIR VEHICLE TESTING DEVELOPMENT
AND SMALL SCALE FLAPPING-WING ANALYSIS

1. Introduction

1.1 Motivation

Technological progress in a number of areas including aerodynamics, micro-
electronics, sensors, micro-electromechanical systems, and micro-manufacturing, is making it
possible for the affordable development and acquisition of a new class of military systems
known as micro-air vehicles (MAV). The Air Force Institute of Technology (AFIT) and the
Air Force Research Laboratory (AFRL) are working together to aid in the development of the
next generation of flapping-wing MAVs. According to the Defense Advanced Research
Projects Agency (DARPA), a MAYV is a highly maneuverable aerial robot that has a
maximum dimension or 150 mm and a gross weight of 100 grams (McMichael and
Francis, 1997). Larger unmanned aerial vehicles have already played an important role
in military surveillance and reconnaissance operations, and the development of smaller
vehicles will expand the list of possible missions that can be accomplished. Some of
these future missions could include bio-chemical sensing, targeting, tracking, deployment
of small payloads to remote locations, along with many others we cannot even imagine
today. These missions will be possible if MAVs can fulfill their potential to attain certain
attributes to include: low cost, low weight, little to no logistical “footprint,” mission
versatility, range, endurance, stealth, and precision (Huber, 2002).

Many of the future missions will more than likely require the ability of the MAV

to remain relatively stationary, or hover, for any length of time. The two primary



methods for achieving hovering flight on a small scale are accomplished by either rotary
or flapping wings. There is no clear cut frontrunner as to which of the two methods
would better lend itself to a MAV, however, it is known for helicopters that efficiency
and the ability to tolerate wind gusts diminish as scale decreases. On the other hand, one
promising factor for a flapping-wing mechanism is that animals rely on the same
principle to accomplish hovering flight in nature. For these reasons, there is an impetus
to study flapping-wing MAVs for civilian and defense applications.

Due to the inherent small scale of a MAV, there are many technological
challenges to overcome. Flapping-wing MAVs will operate at such a low Reynolds
number that flowfield characteristics will be of fundamental importance. Along with
aerodynamic issues, designers will have to deal with complex wing kinematics, weight
and volume constraints for actuators and power supplies, high propulsive power-to-
weight ratio requirements, and the ability to operate in a wide range of environments. It
is clear that no man-made MAV has matched the performance and flying qualities of
many small birds and insects found in nature. For this reason, it is no surprise that nature
serves as an effective tool to study how a flapping-wing MAV should operate.

There are two primary methods for hovering exhibited in nature, one type can be
seen with a hummingbird and the other a dragonfly. The hummingbird utilizes a method
called horizontal stroke-plane hovering, which involves the wings flapping in a plane
roughly parallel to the ground. A dragonfly uses inclined stroke-plane hovering, which
differs from the hummingbird by having the wings beating in a plane at an angle that is

inclined to the horizontal (Ellington, 1984).



The issue of what type of airflow a MAV will operate in, whether it be either
turbulent or laminar, is dependent on the design and operating conditions. The transition
from laminar to turbulent airflow occurs at the critical Reynolds number. This number is
dependent upon various flow field and surface conditions, but generally happens at
around 10,000. Many small birds fly with Reynolds numbers over 20,000 resulting in
mostly turbulent airflow over their wings. For example, the hummingbird is believed to
operate in a turbulent environment, with a Reynolds number based on wing chord

between 5,000 and 30,000 (Snyder, Beran, Parker and Blair 2007).

1.2 Research Focus and Goals

The purpose of this research was to fabricate and test a flapping-wing mechanism
in order to collect data that can eventually be used to validate computational design tools
currently under development. In order to accomplish these goals, testing methods needed
to be developed that were capable of measuring the extremely small fluctuating forces
associated with a flapping-wing MAV.

The first step was to design and build a flapping mechanism to mimic the
behavior of a biologically inspired MAV. A mechanism was designed using SolidWorks
and fabricated on an Objet Eden 500V three-dimensional printing machine. Various
sizes of wings were also be made to simulate different planform areas and allowed for
different configurations to be tested. The first testing method used a combination of a
linear air bearing table and two 0.5 Newton (50 gram) load cells. This test demonstrated

the ability to measure the mean thrust generated by the flapping motion. The second type



of testing involved mounting the flapping mechanism to a six degree-of-freedom force
balance to acquire time-resolved data, allowing for multiple data points to be collected
within the course of a single flapping stroke. The final goal of this research was to
demonstrate the potential for using photogrammetry in conjunction with high speed

cameras to physically model the shape of the wing under real world conditions.



2. Literature Review

2.1  Flapping Mechanisms

The motion of wings found in nature can be quite complicated, especially for
small birds capable of hovering. One of the main hurdles in designing a biomimetic
flapping-wing MAYV is capturing the complexity of the motion of the wing. A
hummingbird wing has at least three degrees of freedom. One class of motion is the
flapping stroke. This flapping stroke is the vertical motion of the wing in a plane
perpendicular to ground. The second class of motion is wing rotation. This allows the
wing to actively change pitch within the flapping stroke. The third class of motion
involves the ability of the wing to flap in a stroke plane that is parallel to the ground.
This flapping motion, when coupled with the changing pitch of the wing, is the primary
mechanism allowing a hummingbird to hover. Figure 1 illustrates how these ranges of

motion apply to a hummingbird.

Rotation :
Flapping

Stroke

Out-of-Plane
Stroke
"Sweep",

Figure 1: Hummingbird Wing Movement



One of the main goals of the overall project is to design a mechanism with a
maximum of a 6” total wingspan with two wings each measuring 2.5”, and a body
diameter of 1”. A set of secondary design goals were laid out as follows. The desired
range of motion of the wings should be a flapping stroke capable of + 80 degrees of
movement, an out-of-plane stroke of £ 30 degrees and a wing rotation (pitch) of at least £
60 degrees. The mechanism should also be capable of flapping at a frequency of 25 Hz.
The ability of the wing to perform the out-of-plane stroke (sweep) of + 30 degrees will
allow the wing to perform oval and figure-eight patterns. The total target weight of the
mechanism is 15 grams, and in order to analyze different wing configurations, the wings
will also be removable. It is also preferred to have the actuators for the wings be variable
while the mechanism is operating and not locked-in by the design.

Due to such complicated flapping patterns, functional flapping mechanisms
capable of such motion prove difficult to design at small scales with the ability to lift an
operational vehicle. Along with systems that operate in air, considerable work has been
done with mechanisms capable of flapping a plate in water (Isaac, Colozza and Rowles,
2006). One interesting design illustrated in Figure 2, operated a single wing capable of

dynamically changing pitching and flapping motions.
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Figure 2: Flapping/Pitching Mechanism in Water (Isaac et al, 2006)

The flapping motion was driven by a connecting rod connected to a motor driven
crankshaft. The connecting rod was attached to the wing through a fixed pivot joint. The
pitching motion was controlled through a servomotor that was connected directly below
the pivot joint. This servomotor allowed for the pitch to be independently controlled
from the flapping motion, which is one of very few mechanisms capable of changing the
pitch on the fly. Due to the fact that the mechanism was operated in water, the flapping
frequencies were low. Designing a mechanism that can produce the higher flapping
frequencies required for air and still be able to dynamically control the pitch on the fly is
a considerable challenge (Gautam and Massey, 2007).

Another example design from MclIntosh, Agrawal and Khan at the University of
Delaware is a mechanism capable of flapping two wings while also being able to change
the pitch angle. One notable feature about this mechanism was the flapping and pitching
motion were controlled through the use of a single actuator. The motion created by this

mechanism resembles the pitching motion created by insects, where the wing is rotated at



the top and bottom of each stroke by the use of various torsion springs and a pin follower

system. A computer model of the mechanism is shown in Figure 3.

Figure 3: Two Wing Flapping and Pitching Mechanism (Mclntosh et al, 2006)

Some drawbacks to this particular mechanism are that it only operates at flapping
frequencies of 1.2 to 1.9 Hz, and the pitching profile cannot be easily changed. This
requires that the mechanism be stopped and physically reconfigured in order to produce a

different set of pitching motions.

2.2  Wing Design

Great attention must be paid to the importance of the wing structure and
articulation if a flapping-wing MAYV is to be successful. These artificial wings must be
very lightweight in order to achieve high flapping frequencies, yet strong enough to
survive large oscillatory accelerations. The wings of insects are purely passive structures
which are only set into motion by triggering muscles located at the base of each wing.
These wings move with three degrees of freedom, similar to the motion exhibited by a

hummingbird (Wilson and Wereley, 2007). Due to this complicated range of motion,



designing a small scale wing with the potential to lift an operational vehicle is very
difficult.

According to The Novel Aerodynamics of Insect Flight: Applications to Micro-Air
Vehicles (Ellington, 1999), typical insect wings twist 10 to 20 degrees along the length of
the wing with the angle of attack at the wing base higher than at the wing tip. This
twisting of the wing is achieved through inertial-elastic effects which result in a wing
camber in the chordwise direction where the camber shape is ultimately dictated by the
arrangement of the wing veins (Ennos, 1988). This change in the overall shape of the
wing is dominantly characterized by inertial forces, where aerodynamic loads contribute
very little (Combes, 2003). Insects must also be able to rotate their wings during stroke
reversal in order to orient them with the proper angle of attack with respect to the
oncoming flow. This fast rotation is necessary to utilize the unsteady flow mechanisms
which are considerable in lift generation for insects (Dudley and Ellington, 1990).

Although many researchers have noted the importance that flexible wings play in
the aerodynamics of flapping flight, there are relatively few studies dealing with flexible
rather than rigid wings in flapping flight (Ho, 2003). Much of the numerical and
experimental work so far has centered around rigid wings because the aeroelastic
interaction between the wing and surrounding fluid could then be neglected, which
greatly reduces the overall complexity of the problem. Research conducted by Shyy
compared the lift to drag (L/D) ratio of three separate airfoils of the same camber but
with different membrane flexibilities (Shyy, 1997). When compared to the rigid wing,
the highly flexible latex membrane wing exhibited better L/D performance at higher

angles of attack but worse L/D ratios at lower freestream velocities resulting from the



decreased pressure differential between the upper and lower membrane surface. A hybrid
wing exhibited equal to or greater performance compared to the highly flexible wing at
all angles of attack and was not as sensitive to L/D drop at lower freestream velocities.
From this testing, they concluded that modulating the flexibility of the wing could
improve the aeroelastic characteristics and ultimately the flight performance.

Ho et al, compared the coefficient of thrust (Cr) for two equally sized wings made
with the same sized carbon fiber spars to analyze the role that stiffness distribution plays

in thrust production (Ho, 2003). The coefficient of thrust for forward flight is defined as:

(1)

where
T = thrust force
p = local air density
U = forward flight velocity

S = wing planform area

One of the wings used a paper membrane while the other was a Mylar membrane.

The paper membrane was less flexible than the Mylar membrane due to the higher

stiffness of the paper. The result from the testing of the two wings is shown in Figure 4.
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Figure 4: Wing Stiffness Effect on Thrust Production (Ho et al, 2003)

The coefficient of thrust for both wings was taken for varying advance ratios (J).

The method for calculating the advance ratio is defined in Equation 2.

U

J=——
20fb

where
U = forward flight speed
@ = total flapping angle
f = flapping speed

b = wing span

Ho et al, notes that the breakpoint between quasi-steady and unsteady flow

happens when J = 1, with J > 1 considered quasi-steady and J < 1 corresponding to

unsteady flow regimes (Ho, 2003). As seen in Figure 4, the thrust performance differs

greatly and it diverges faster as the advance ratio decreases. Ho observed that over a

11

2)



large number of different wing designs tested that stiffer membrane wings did not
produce thrust, while more flexible membranes did (Ho, 2003). This testing
demonstrated the effect that wing stiffness had on the ability of their specific wing design
to increase thrust.

Wilson and Wereley, part of a research group from the University of Maryland,
designed and constructed flexible membrane wings to analyze passive deformations with
varying spar configurations and torsional rigidity (Wilson and Wereley, 2007). The team
used a simplified aerodynamic analysis of insect hovering given by Ellington for

modeling the lift capacity of a MAV, given in Equation 3 (Ellington, 1999).

2.2p4
m = 0.387 [Q”A—FF:C'J 3)

where
m = mass of vehicle (kg)
® = flapping angle (radians)
n = flapping frequency (Hz)
C, = lift coefficient of wing
AR = aspect ratio

R = wing span / 2 (m)
This equation was primarily used to solve for the main design parameters of the

model and to find the length of the wings used in the study. The finished wings can be

seen in Figure 5, along with their dimensions.
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Wing I

Wing II

Wing III

Wing IV

Wing V

Figure 5: Carbon Spar Wings (Wilson and Wereley et al, 2007)

The wings were constructed using carbon fiber rods for spars and tissue paper as a
thin membrane secured to the spar frame with epoxy. The spanwise structural stiffness
varied for each wing resulting in unique wing deformations for each configuration. Due
to the diagonal spar extending through the center of the wing, the fourth and fifth
configurations proved to have the highest performance in terms of thrust production
(Wilson and Wereley, 2003). The cross spar increased the amount of thrust generated by
increasing the moment of inertia about the leading edge. This increased inertia resulted
in larger tip twists at stroke reversal, pitching the outer sections of the wing to lower

angles of attack with less of a bluff body orientation (Wilson and Wereley, 2003).
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Another design using a similar wing layout is the remote control dragonfly manufactured

by FlyTech, seen in Figure 6.

Figure 6: FlyTech R/C Dragonfly

The R/C Dragonfly has a rigid leading edge with a single diagonal spar, and a
flexible plastic membrane. The wing length from root to tip is 8 inches with a chord
length of 3.5 inches. These wings are physically too long to be considered for a flapping
wing MAV, however, this particular configuration serves as a useful model for wing

construction.

2.3 Force Measurement

In order to measure the forces produced by a flapping mechanism, load cells and
force balances are commonly used for these types of measurements. Load cells and force
balances are typically made using either single or sometimes multiple strain gauges. A
strain gauge is a series of thin wire filaments wound in a serpentine fashion and placed in

a Wheatstone Bridge configuration like that seen in Figure 7 below.
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Figure 7: Strain Gauge/Wheatstone Bridge Configuration

Voltage is supplied to the strain gauge and as a load is applied to the wire
filaments, they will either elongate or shrink, changing the resistance in the wires
(Gamble, 2006). This variation in resistance results in different input and output voltages
from the strain gauge. The difference in voltage is then used to calculate the strain.
Using Hooke’s Law for a linear relation, the stress in a material can be deduced by
multiplying the strain with the material’s modulus of elasticity. Lastly, the forces
associated with the initial deformation of the strain gauge can be calculated by
multiplying the stress by the wire’s cross-sectional area. A design for a force balance by
Jadhav Gautam and Kevin Massey from the Georgia Institute of Technology was used to

measure the lift and thrust of their flapping mechanism, which can be seen in Figure 8.
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Figure 8: 2-Component Force Balance Design (Gautam and Massey et al, 2007)

This force balance suspended the model from a force transducer for measuring lift
in the Y direction, and was mounted onto a linear air bearing with another transducer
measuring the thrust force. Another method for measuring the forces of a flapping wing
mechanism involved strain gauges, used by Wilson and Wereley from University of

Maryland. The arrangement of how the strain gauge was mounted is shown in Figure 9.

Figure 9: Strain Gauge Load Measurement (Wilson and Wereley et al, 2007)
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The wing mount has a thin flexure to which the load sensor was attached. The
vertical lift generated by the wing is directed vertically, perpendicular to the stroke plane
of the wing and creates a bending moment at the flexure which is measured by the load
cell. The lift force is averaged over several complete flap cycles due to electrical noise

and mechanical vibrations.

2.4  Photogrammetry

It is also important to be able to understand the reasons for loading on MAVs.
Measurements of wing deformation throughout the flapping cycle are beneficial for
understanding these loads. Photogrammetry is a method for calculating the three
dimensional coordinates of an object by using two or more cameras, and is a useful tool
for determining and measuring movement or deflection of a test object. One early
application of this type of technology was called topographic photogrammetry and was
used for creating aerial surveys and maps. Modern photogrammetry typically uses digital
cameras along with computer analysis software to measure hundreds, or sometimes
thousands, of target points that are located on the test object.

Photogrammetry uses multiple images of a target to triangulate and compute an
objects position in 3D space. A photogrammetry system must be calibrated in order to
produce useful data. For calibration of a photogrammetry system, it is necessary to
identify some basic parameters of the cameras. Typical photogrammetry software is
capable of computing the internal camera parameters by analyzing photos of a known

target grid, provided with the computer software. One example of this type of target grid
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can be seen in Figure 10, which consists of black and white triangles with a coded pattern

of dots in each corner.

Figure 10: Photogrammetry Calibration Target Grid (Eos Systems Incorporated et
al, 2007)

One popular software program for photogrammetry is called PhotoModeler Pro,
which uses the grid in the above figure for camera calibration. The calibration procedure
requires that the camera take multiple images of the calibration grid from all four sides,
then the software can automatically process the photographs to determine the necessary
parameters of the camera. For clear images that result in the greatest accuracy, it is best
to have a high contrast ratio with either light or dark colored targets on a background of
opposite color. Even though it is more common to use a light colored target with a dark
background, a clear wing material would necessitate the use of dark markers. These
markers would also have to be extremely lightweight so they will not change the
properties of the wing material.

The procedure for arranging a photogrammetric system also requires some
planning as to the number and distribution of the cameras, also called the

photogrammetric geometry. A general guideline is to place the cameras at convergent
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viewing angles when focused on the target, in both the vertical and horizontal planes if
possible, with an angular separation of about 70-90 degrees. When adjusting the cameras
to get the target object in focus it is generally best to set the aperture to a low setting.
Having a smaller aperture results in greater depth of field, which allows for a larger
portion of the object to be in focus. When using a small aperture setting, it also means
that less light will be entering the lens requiring either brighter illumination of the target
or slowing down the shutter speed. It is usually a good idea to have cameras with a
shutter speed of more than 30 milliseconds to be placed on a tripod to avoid movement of
the camera which can cause streaking of the image.

Overall, the accuracy of the entire photogrammetry system depends on the
number and resolution of photographs, the angles between the photographs, the number
of reference points and the quality of the cameras being used. The accuracy corresponds
to the fraction of the overall size of the target object the software can accurately compute.
According to information provided by the photogrammetry software program called
PhotoModeler, the typical accuracy ranges from 1 in 200 for low resolution cameras
(pixel resolution less than 512 x 512) to about 1 in 8000 for high resolution cameras
(pixel resolution greater than 2000 x 2000). To put this in perspective, for a six foot
object, the measurement accuracy will be about a third of an inch with a low resolution
camera and within one hundredth of an inch for a high resolution camera.

Kelly Stewart and Roberto Albertani from the University of Florida use a process
similar to photogrammetry called visual image correlation to study flexible wing elastic
deformation (Stewart and Albertani, 2007). Visual Image Correlation (VIC) provides a

means of measuring in-plane and out-of-plane displacements for a test specimen
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undergoing any combination of motion and deformation. As with photogrammetry, VIC
uses multiple cameras to triangulate target points on the surface of a test specimen. The
VIC software then tracks the movement of every target throughout each frame, providing
the motion and deformation of the specimen. The experimental setup for the VIC camera

system is shown in Figure 11.

Figure 11: Visual Image Correlation Camera System (Stewart et al, 2007)

The testing was conducted with rigid and flexible wings connected to an
electromagnetic shaker with a frequency of 5 and 10 Hz. The cameras were set to record
at 100 frames per second with 1 second of data used for post processing. The position
data gathered from these tests was successfully used for decoupling the kinematics of

wing motion from the deformation of a flapping wing (Stewart and Albertani, 2007).
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3. Methodology

3.1  Experimental Apparatus and Setup

3.1.1 Flapping Mechanism

The first step in this project was to develop a viable flapping wing mechanism
that can be used to verify testing methods. It was decided to build a mechanism where
the wings were actuated by rods connected to a rotating crankshaft. Due to the extremely
small scale of the original design constraints set forth by AFRL, a slightly larger scale
mechanism seemed prudent for this stage of the research for manufacturing purposes.
Before the actual mechanism could be designed and built, a proof-of-concept model was
drawn using SolidWorks. The first phase of the model design led to a flapping motion
achieved through the motion of a crankshaft. This flapping only model is shown in

Figure 12.

Rod

Figure 12: SolidWorks Flapping Only Model
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This flapping model also allowed for different ranges of motion to be examined
by changing the diameter of the crankshaft and moving the pivot point on the wing bar,
resulting in larger flapping angles. The second and slightly more complicated stage of
the SolidWorks model was determining if it would be possible to change the pitch of the
wing with the same crankshaft. In order to achieve this motion, an additional node was
added to the end of the crankshaft that was slightly out of phase from the flapping node.
This pitching node on the crankshaft was then connected to the wing bar by a rod that

attached to a pivot point extending perpendicular from the end of the wing bar, seen in

Figure 13.
: Pivot Point
Flapping Rod St
Ball Joint
Pitch Control
Rod Pivot
Pitch Control Node

Figure 13: SolidWorks Flapping-Pitch Model

The addition of the pitch control also meant that the rod connecting the pitching

node on the crankshaft to the wing bar was no longer moving in a single plane at the
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attachment point. In order to account for this, the pitch control connecting rod had an
additional pivot point halfway up the rod that allowed it to move out-of-plane throughout
the flapping stroke. Another attachment point that needed to be altered to allow for pitch
variation is the pivot point on the wing bar. This pivot point had to be modified in order
to allow the bar to rotate axially while still being able to flap in a single plane. The
attachment point of the flapping control rod to the wing bar was also changed to a ball
joint to give it the necessary range of motion.

The final movement to demonstrate with the SolidWorks model was the out-of-
plane flapping motion. This particular movement allowed for the wing to sweep back
and forth in a plane perpendicular to the vertical flapping stroke. As with the pitch
control, an additional node was added to the end of the crankshaft that would control the
out-of-plane motion. It was determined that one of the easiest ways to accomplish this
motion was to rotate the arm that held the pivot for the wing bar. This allowed for the
joint at wing bar pivot point to remain the same without adding the complexity of another

degree of freedom. The final design operational design is illustrated in Figure 14.
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Figure 14: SolidWorks Flapping, Pitching and Out-of-Plane Model

With the addition of the out-of-plane motion, this meant that none of the
connecting rods would be traveling in a single plane and needed an extra pivot point. An

illustration of the model while in motion can be seen in Figure 15.

Figure 15: Flapping Model in Motion

24



The motion of the three degree-of-freedom model could also be calculated within

SolidWorks. An illustration of how the reference points were positioned on the wing,

along with a graph showing their location throughout a single cycle can be seen in Figure

16.

Leading Edge

Origin el Leading Edge
Y ). e

Trailing Edge

Z - Axis

(in)

Starting Point

Figure 16: 3-D Wing Position Tracking

Trailing Edge

After determining the position of the wing with respect to the origin (wing pivot

point), the flapping, sweep and pitch angles were also be calculated. Table 1 shows these

three angles along with the X, Y and Z coordinates of the leading and trailing edges of

the wing.
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Table 1: SolidWorks 3-D Wing Position and Flapping, Sweep and Pitch Angles

Leading Edge Trailing Edge
Position Position

Flapping | Sweep Pitch

Cycle X 4 Y X Z Y Angle Angle Angle
(deg) (deg) (deg)

1/12 0.23 1 -3.62 | -0.47 | 133 | -3.48 -18.15 -1.84 24.69
2/12 0.07 | 0.78 | -3.68 | -0.57 | 1.21 | -351 -15.43 -3.83 32.98
3/12 0.04 | 039 | -3.74 | -0.64 | 0.77 | -3.62 -8.92 -4.60 28.75
4/12 0.14 | -0.06 | -3.76 | -0.61 | 0.16 -3.7 -0.77 -3.60 16.17
5/12 0.32 | -0.46 | -3.72 | -0.47 | -0.43 | -3.7 6.83 -1.15 2.18
6/12 0.52 | -0.69 | -3.65 | -0.25 | -0.86 | -3.64 11.96 2.07 -12.43
7/12 0.7 | -0.72 | -3.62 | -0.02 | -1.04 | -3.6 13.61 5.22 -23.90
8/12 0.83 | -0.56 | -3.62 | 0.15 | -0.96 | -3.62 11.72 7.53 -30.42
9/12 0.88 | -0.23 | -3.65 | 0.21 | -0.64 | -3.7 6.68 8.38 -31.26
10/12 | 0.83 02 | -366 | 0.11 | -0.1 | -3.76 -0.77 7.22 -22.32
11/12 | 0.68 | 0.64 | -3.64 | -0.1 | 0.54 | -3.72 -9.08 4.45 -7.27
12/12 | 0.46 | 0.95 | -3.61 | -0.31 | 1.09 | -3.58 -15.83 1.15 10.21

The X-axis refers to the chordwise direction, the Z-axis is the vertical direction
and the Y-axis is the spanwise direction. The X, Y and Z positions of the leading and
trailing edges were taken with respect to the origin, which was also the pivot point of the
wing. The flapping and sweep angles were calculated with respect to the mid-chord line.
Although this SolidWorks proof-of-concept model did not satisfy the required ranges of
motion set forth in Chapter 2, it was a useful tool to illustrate how all three motions can
be accomplished with a single crankshaft.

After it was demonstrated that the necessary movements can be accomplished
with a single crankshaft driven design, a mechanism used for actual testing was built. As
was the case with the verification models, the first mechanism would be a flapping only
design. The fact that it would be a flapping only mechanism with no method for actively
varying pitch also meant that it would have to test flexible wings with a passive pitch in

order to produce thrust. Since the mechanism was fabricated using 3-D printing material,
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it was desired that any moving parts be isolated with miniature ball bearings for added
durability and to avoid plastic-on-plastic contact wherever possible. In order to get the
desired movements from various attachments and pivot point throughout the mechanism,
parts manufactured for micro scale remote control airplanes were also purchased.

To start the design process, a drive mechanism had to be determined. It was
decided to go with a single motor that would drive two counter rotating crankshafts
which would be connected by a system of gears. The gears chosen that would attach to
the crankshaft were made from nylon with a metal pinion gear attached to the motor. The
crankshafts themselves had two different attachment points for the flapping control
connecting rod at different distances from the center. The two separate radial distances
allowed for adjustment of the total throw of the connecting rod which ultimately controls
the flapping angle of the wing. The crankshaft with dimensions in inches can be seen in

Figure 17.

Figure 17: Flapping Mechanism Crankshaft
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Each individual crankshaft consisted of two individual pieces connected by a Du-
Bro 2-56 swivel ball link manufactured for model planes. This part provided the desired
ranges of motion and was durable enough to withstand the flapping frequencies of the
mechanism, which ranged from 3.5 to 15 Hz for the first phase of this project. The
crankshafts themselves were held in place on one end by the main body of the flapping
mechanism, and by a support arm on the other end. Since the crankshaft is also the main
moving part of the mechanism, they were held in place by ball bearings at both
attachment points.

The lower support arms that secure the open end of the crankshaft were designed
to come from underneath so they would not interfere with the rotation of the crankshaft.
The support arms were also secured on the underside of the main body using screws. The
upper support arms were also attached to the main body and used as an attachment point
for the flapping arm. In order to achieve the single degree-of-freedom necessary to flap
in a single plane only, ball bearings were also used for the pivot point of the flapping arm
to minimize the amount of free play in the joint. The lower and upper support arms can

be seen in Figure 18.

Pivot Support

Figure 18: Flapping Mechanism Lower and Upper Support Arms
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The most intricate part of the entire mechanism is the pivot arm for the wing.
This part had to attach to the flapping control rod and also be capable of pivoting on the
upper support arm. In order to attach to the flapping control rod, each pivot arm had
multiple mounting points to place a Du-Bro micro ball link. As with the two separate
mounting holes on the crankshaft, the holes on the pivot arms allowed for adjusting the
flapping motion of the wing as well. The micro ball links are essentially miniaturized
ball joints that were perfect for this kind of joint without having to design a part suitable
for this application. The pivot arm was then attached to the upper pivot arm with a fine
thread metal screw and supported around ball bearing. The portion of the pivot arm that
held the wing had a small set screw that can be tightened to keep the wing securely
attached and free from rotating, while also allowing them to be removed. A motor mount
was also designed to hold the small electric motor in place above the crankshaft, which
could be adjusted to allow the drive gears mesh properly. Figure 19 shows the pivot arms

and motor mount.

Motor Mount

Flapping Angle
Adjustments

Figure 19: Flapping Mechanism Pivot Arms and Motor Mount
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The final piece that needed to be designed was the main body. This part served as
the mounting point for all the support arms, crankshafts and motor mount. The
crankshafts were held in place by ball bearings that were press fit into the main body to
hold them securely and free from rotating. The support arms and motor mount were all
held in place by standard 4-40 screws with mounting holes created in SolidWorks. The

main body of the flapping mechanism can be seen in Figure 20.

Lower Support
Arm Mounts

Figure 20: Flapping Mechanism Main Body

All of the parts were then test fit in SolidWorks to verify proper alignment, and

the completed model is shown in Figure 21. The model was also animated to check for

any interference between the moving and stationary parts.
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Figure 21: Completed SolidWorks Model of Flapping Only Mechanism

After all of the parts for the flapping-only mechanism were designed and test fit in
SolidWorks, they were fabricated using an Objet 3-dimensional printer. The structural
material used in the printer was Verablue Fullcure 840. The rods that connected the
crankshaft to the pivot arm were made from the Du-Bro micro ball links and 2-56 swivel
ball links, which can be seen in Figure 22. The two separate pieces were press fit
together, and the threaded coupler allowed for adjustment to the total length of the
connecting rod. This proved to be very useful in adjusting the pivot arm location so that

it would rotate the same amount above and below horizontal.
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Figure 22: Flapping Mechanism Connecting Rod

The 2-56 socket head cap screw provided with the Du-Bro ball links also served
as the hardware that physically held the two-halves of each crankshaft together. The ball
and socket joint attached to the pivot arm and was secured using Loctite thread locker to
prevent the nut from becoming loose and backing off. The nylon gear used to turn the
crankshaft was then centered and glued in place using epoxy. The completed crankshaft

is shown in Figure 23.

¥ o

Figure 23: Completed Crankshaft
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The electric motor used to power the flapping mechanism was a Faulhaber DC
motor with a 7 tooth pinion gear. With 48 tooth gears used for the crankshafts, the final
drive ratio was 6.85:1. Since the placement of each crankshaft with respect to one
another could not be changed, only 48 tooth gears would work for this particular
configuration. However, since the motor mount can be raised and lowered, different
sized pinion gears could have been used to change the final drive ratio if it were
necessary. The completed flapping mechanism can be seen in Figure 24, along with the

final dimensions.

Figure 24: Completed Flapping Only Mechanism

The total flapping mechanism weighs 67 grams (0.147 pounds), including the
motor weight of 23 grams. The underside of the main body had four threaded holes used
to mount the model. The first of two mounts was constructed out of 1/4 inch steel plate

and attached to a telescoping rod fixture. The second mount was used to attach the
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mechanism to the six degree-of-freedom force balance. Both of the mounts can be seen

in Figure 25.

Figure 25: Flapping Mechanism Mounting Fixtures

The mount used for the force balance slid over the end of the balance and was
held in place using three Allen screws. In addition to the flapping-only mechanism
designed in SolidWorks and built using the 3-D printer, a second model capable of
actively changing the pitch of the wing throughout the flapping stoke was also designed.
As with the proof-of-concept models discussed earlier in this section, the flapping-pitch
model used a pair of counter-rotating crankshafts to produce the flapping and pitching
motion of the wings. Figure 26 shows the flapping-pitch model fully assembled in

SolidWorks.
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Figure 26: Flapping — Pitch Combination SolidWorks Model

The physical dimensions of this model are the same as the flapping only
mechanism, using many of the same parts. Each crankshaft has two separate nodes that
are 25 degrees out-of-phase from one another, resulting in the connecting rods being at
separate vertical positions as the crankshafts rotate. This difference in position of the
connecting rods controlling the flapping and pitching movements of the mechanism allow
for the pitch of the wings to change. An illustration of the model in motion at various

points can be seen in Figure 27.
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Figure 27: Flapping-Pitch Model in Motion

As was the case with the flapping only model, the most complex part of the
flapping-pitch model is the pivot point connecting the wing to the rest of the mechanism.
This pivot joint allows for only two degrees of freedom, one being the vertical flapping
motion of the wing and the other the axial rotation of the wing varying the pitch. A

magnified view of this pivot arm can be seen in Figure 28.
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Figure 28: Flapping—Pitch Model Pivot Joint

After attempting to fabricate, this particular pivot configuration proved difficult to
replicate on a physical model due to wear of the Objet printing material from the motion
of the wing rotating within the pivot. A stronger type of material must be used to
fabricate this pivot joint to minimize wear and free-play between the two parts. A
connection system would also have to be designed to allow the wings to be removed from
the mechanism. Once these two issues are overcome, this mechanism would serve as a
candidate system for testing rigid and flexible wings with active pitch control. As for this

research, all of the testing was conducted using the flapping-only mechanism.

3.1.2 Wing Construction
The flapping wings used in this research were very similar to those designed by
Wilson and Wereley from the University of Maryland, and the R/C Dragonfly discussed

in Chapter 2. These wings have the same basic design principles with an aspect ratio of
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2, commonly exhibited by insects. The wings constructed for this experiment can be seen

in Figure 29.

Figure 29: Flapping Wings Used For Testing

These wings were constructed using carbon fiber rods for spars and structural
support, and Mylar was used for as the flexible membrane material. The Mylar is
attached to the carbon fiber rods using thin layers of lightweight adhesive tape, which had
a negligible impact on the inertial and aeroelastic properties of the primary materials.

The weight and dimensions of the four wing configurations can be seen in Table 2.

Table 2: Wing Properties

Wing Weight Spar Chord Wing
(9) Length Length Span
1 0.89 4 2” 12.17
2 0.79 3.5” 1.75” 11.17
3 0.73 3” 1.5” 10.1”
4 0.59 2.5 1.25” 9.17
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The wing spar was the thickest piece of carbon fiber rod used with a diameter of
0.05” for added stiffness. A slightly smaller rod with a diameter of 0.04” was used for
the root chord and diagonal spar pieces. This smaller diameter allowed for more
aeroelastic deformation allowing the wing to be more flexible under flapping conditions.
The shorter rod that defines the root chord of the wing is attached to the main spar using a
part designed in SolidWorks called the wing root brace, seen in Figure 30. This part
holds the two pieces together at a 90 degree angle and prevents them from rotating

around the axis of the main spar.

Figure 30: Wing Root Brace

In order to construct the wings, first the planform of the wing was printed onto a
piece of paper and a sheet of Mylar was laid over the pattern. The carbon fiber rods were
then positioned over the Mylar according to the planform layout and attached with
adhesive tape. The main reason for having the wing pattern traced on paper rather than
directly on the Mylar is because of its thickness. The Mylar is so thin that it is hard to

work with and it can be cut much easier with some sort of backing. After the all the rods
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were securely attached, a thin line of tape was used to help reinforce the two exposed
edges at the trailing edge and the wing tip to preventing them from easily tearing. The

wing was then cut out and shaped with a pair of scissors

3.1.3 Testing Equipment

One of the larger pieces of test equipment for this research is a linear air bearing
table. This piece of equipment has a 24 x 18” aluminum plate that is mounted on four
linear air bearings which slide on two polished stainless steel rails. The air bearings are
supplied compressed air and the porous bearings yield a virtually frictionless system ideal
for measuring small axial loads. Due to the relatively large weight of the table compared
to the flapping mechanism, the dynamic forces of the flapping motion are smoothed out
and the resulting force is the average thrust over time.

In order to measure the average thrust produced the flapping mechanism, a pair of
0.5 Newton (50 grams) capacity load cells were used to measure the force. The main
reason for using two load cells is the added reliability of having multiple force
transducers measuring the same load, which should result in exactly the same readings.
One of the load cells is an Interface ULC-0.5N force transducer and the other is a
Sensotec model 31/1435-50 gram load cell manufactured by Honeywell, both shown in

Figure 31.
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Sensotec

Figure 31: Sensotec and Interface Load Cells

The Interface load cell is operated by a unit that serves as the power source for the
transducer as well as the display, seen in Figure 32. This module allows the user to
switch between different modes of operation, along with calibrating and zeroing the force
readout. The Sensotec load cell is powered by a separate AC to DC power module
connected to Sensotec in-line amplifier. This amplifier also houses multiple
potentiometers used for calibrating the load cell, discussed in Section 3.2. The voltage
signal that is output from the amplifier is then measured using an Agilent digital

multimeter.

incerface

Figure 32: Interface Load Cell Display
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The mounting orientation of both loads cells is shown in Figure 33. The Sensotec
load cell is fixed to the air table using an angle bracket which allows it to move with the
table, while the Interface load cell is mounted in a stationary position. In order to protect
the relatively fragile load cells, an adjustable stop was placed on the air table that keeps
load cells from accidentally colliding into one another once the air table has been

activated.

Figure 33: Load Cell Mounting Orientation

The DC electric motor used for the flapping mechanism is powered and controlled
by an Instek laboratory DC power supply, shown in Figure 34. The display indicates the
total amount of amps and volts being used by the motor, and whether the power supply is
operating at constant current or constant voltage. This setting allows the user to adjust
the maximum output of either the current or voltage to keep from exceeding the
capabilities of the motor. The current and voltage are each controlled using two

potentiometers with a fine and course adjustment.

42



Figure 34: Instek DC Power Supply

One very helpful piece of equipment used for this research was a monarch phaser
strobe. The strobe light emitted from this handheld device caused the wing to appear
frozen within the flapping stroke, allowing the user to visualize the shape of the wing.
This device also made it possible to measure the flapping frequency of the mechanism
using an optical sensor. This optical sensor operated by detecting a small piece of

reflective tape attached to the crankshaft, illustrated in Figure 35.

Figure 35: Phaser Strobe Optical Sensor
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Every time the crankshaft completed a revolution, the reflection of the light from
the optical sensor hitting the tape would trigger the strobe. The strobe also had a backlit
display that would indicate the speed of the mechanism in revolutions per second (Hz).
Another feature of the strobe was that it can be operated in phase delay mode, which
causes the strobe to fire at some delay after the optical sensor has been triggered. This
delay period could be adjusted in real-time, which allowed the user to visually freeze the
wing at any given point throughout the flapping stroke.

The AFIT-2 six degree-of-freedom force balance manufactured by Modern
Machine and Tool Company was used to acquire time resolved force data for multiple
points throughout a flapping stroke. The balance consists of multiple strain gauges,
which are a series thin wire filaments arranged in a Wheatstone Bridge configuration.

The maximum load limits for the force balance are:

Table 3: AFIT-2 Force Balance Maximum Loads

Component Maximum Load
Normal Force 4 1bs
Axial Force 2 Ibs
Side Force 2 lbs
Pitch Moment 2 in-lbs
Roll Moment 4 in-lbs
Yaw Moment 2 in-lbs

The load ratings for the balance are small, leading to high accuracy. Since the
balance is relatively fragile, most of the initial tests were conducted using an air bearing
table and inexpensive, but accurate, load cells. The force balance was attached to a metal
sting and secured to the air table with a mount fabricated on the 3-D printer, shown in

Figure 36.
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Air 'l‘able Mount

Force Balance

Figure 36: Force Balance Mounting Arrangement

The force balance was operated using National Instruments LabView 8.5. A
Virtual Instrument (VI) was designed that would acquire the data from the force balance

and save it to an excel spreadsheet. The VI was constructed using the block diagram

shown in Figure 37.
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Figure 37: LabView Virtual Instrument Block Diagram
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Within the block diagram was a data acquisition module that receives the
complete signal from the force balance and separates it into the axial and normal force
signals. The two individual signals each pass through a lowpass filter for noise reduction
and a scaling function for calibration purposes. The filter settings and scaling factors are

shown in Appendix C. The VI was operated with the control panel seen in Figure 38.
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Figure 38: LabView Virtual Instrument Control Panel

The VI control panel displayed the axial and normal forces in real time on a
waveform chart in units of grams. The normal and axial forces could be zeroed using
two slide bars in the lower portion of the control panel before any load was applied to the
force balance. Two X-Stream XS-4 high speed cameras built by Integrated Design Tools

Incorporated and supplied by Dantec were used to capture high speed imagery of the
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flapping mechanism in motion. The camera is controlled by a program called X Vision
that allows the user to adjust viewing area, which has a direct effect on the maximum
frame rate. The frame rates vary from 5,000 frames per second with the largest viewing
area, up to 40,000+ frames per second when the viewing area is significantly decreased.
In order to test whether or not the still images from the camera would be able to be used
for photogrammetry, a small test model was made to simulate the shape of a flapping

wing. This small model can be seen in Figure 39.
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Figure 39: Mock Photogrammetry Wing Model

The wing model was covered with black target markers in a random pattern, along
with five coded targets that are automatically recognized by the photogrammetry
software. The program used for performing the photogrammetry analysis was

Photomodeler by Eos Systems Inc.
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3.2  Experimental Procedure

3.21 Load Cell Calibration

Before the both of the load cells could be used for taking measurements, they first
had to be calibrated. The calibration process required a large testing frame and
deadweight hanger provided by Sensotec. The arrangement for calibrating the load cells

can be seen in Figure 40.

Full Scale

Figure 40: Load Cell Calibration Setup

The actual calibration process differs slightly for both load cells. The first step

for calibrating the load cells was to be sure that power is provided to the unit for at least
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10 minutes to allow the unit to properly stabilize. For the Sensotec load cell, with zero
load or pressure on the transducer, the zero potentiometers housed in the in-line amplifier
were adjusted to indicate zero volts on the digital voltmeter. There are two adjustment
potentiometers for course and fine tuning. Next, the full scale load was applied to the
transducer and the span potentiometer was adjusted to indicate a full scale reading on the
voltmeter. In this case for a 50 gram load cell (0.5 Newton), the full scale reading was
5.0 volts. The voltage reading displayed on the voltmeter can be converted to a force
(grams) by multiplying the displayed voltage by a factor of ten.

The process of checking the accuracy from zero and full scale points was then
repeated in 10 gram increments. The calibration sequence for the Interface load cell still
requires a zero and full scale load, however, the these points were automatically set in the

control unit using the calibration button.

3.2.2 Force Balance Calibration Procedure

For this research, the force balance was calibrated in the normal and axial force
directions. For the normal force direction, a calibration fixture provided with the force
balance was placed over the end of the balance and provided a flat surface from which
weights could be placed. As with the load cells, first a zero load readout was recorded
for an initial data point. After a starting point was established, weights were added in 10
gram increments up to a total load of 50 grams. The process of starting with a zero load
and increasing up to 50 grams provided a linear data set, resulting in the slope of a line

that could be used as the calibration factor.
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This calibration factor for the normal force direction was entered into the scaling
and mapping function within LabView virtual instrument block diagram in the form of an
equation of a line. This calibration process was repeated for the axial force direction with
the force balance positioned vertically with weights placed on top of the calibration

fixture.

3.2.3 Air Bearing Table

The air bearings must be connected to a dry air supply source to avoid clogging
the air bearings with any type of moisture. For this research, the table was connected to a
120 pounds per square inch (psi) air supply regulated to 80 psi. The table itself must be
placed on a very flat and rigid surface since even the slightest movement can affect the
results. The table has adjustable bolts on each of the four corners that were used for
leveling the system.

In order to conduct the thrust measurements, the load cells must be preloaded to
30 grams. This requires that the load cells be zeroed, and the table was angled ever so
slightly by unscrewing the leveling bolts at the head of the table until the load cells were
touching. Preloading was necessary to keep contact between the load cells and provide a
zero point to start the testing. Preload also helped to counteract the oscillating type of
motion that occurs whenever a new load is applied to the table. This oscillating motion
was critical to the accuracy of the measurements and must be settled before the load cells
could be zeroed. An acceptable margin for these oscillations was when the readout
varied less than £0.02 grams. Once the load cells had been preloaded and table was

settled, the load cells were zeroed once again and the testing commenced.
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3.2.4 Thrust Measurement Procedure

After mounting the pair of wings onto the flapping mechanism, the testing began.
The motor was operated using the DC power source and controlled using the fine and
course voltage knobs. In order to operate the power supply in constant voltage mode, the
course adjustment for controlling current was turned all the way on and confirmed by the
illumination of the constant voltage light. The flapping speed was checked with the
phaser strobe and adjusted to the correct speed using the voltage control.

Once the desired flapping rate was achieved, the table had to settle before
readings were taken. The table had settled to an acceptable amount once measurements
from the load cells are only varying by less than +0.05 grams. After the table has settled,
the phaser strobe was checked one last time to ensure the flapping mechanism was
operating at the desired speed. The thrust measurement was then recorded in an Excel
spreadsheet. The configuration of the flapping mechanism for thrust measurements can

be seen in Figure 41.

Figure 41: Air Bearing Table Mounting Configuration
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The method for calculating the thrust coefficient varied slightly from the equation
presented in Section 2.2 which accounted for the forward flight velocity. Since the
flapping mechanism was stationary without any forward motion, the thrust coefficient

was calculated using Equation 4.

T

€= pn’D*

(4)

where
T = thrust force (Newtons)
p = local air density (kg/m’)
n = flapping speed (Hz)

D = wing span (m)

In addition to the coefficient of thrust, the coefficient of power for each test was
calculated using Equation 5. This equation uses the same variables as the thrust

coefficient equation, with the exception of the power term.

_ I:)m
p.m — pn3D5

()

where

P, = Power supplied to the motor (watts)
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A figure of merit for each wing was calculated using Equation 6 (Noonan, 2001).
This equation was adapted from rotorcraft application as a means of quantifying

performance.

FM=——L (6)

3.2.4 Force Balance Procedure

Taking measurements with the force balance began with opening the virtual
instrument in LabView 8.5. This virtual instrument used a National Instruments SCXI-
1314 Universal Strain Terminal Block to provide power to the force balance along with
acquire the data. Once the virtual instrument was running, the process of setting the
flapping mechanism to the desired speed was the same as in the thrust measurement
procedure. Within the virtual instrument there was a dialogue box to enter the desired
location and file name to save the test data. Once the virtual instrument was running and
the flapping mechanism was operating at the correct speed, the data set was recorded to
an Excel spreadsheet. The configuration of the flapping mechanism for the force balance

can be seen in Figure 42.
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Figure 42: Force Balance Mounting Configuration

3.2.5 High Speed Camera / Photogrammetry Procedure
The high speed cameras were positioned so they would view the wing during the
upper half of the flapping stroke. The orientation of the cameras with respect to the

model can be seen in Figure 43.
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Rear Camera

Side Camera

Figure 43: High Speed Camera Orientation

In order to analyze how the shape of the wing changed at higher flapping
frequencies, video taken at two different flapping speeds is compared for each wing
configuration. Pictures from all four sides of a calibration grid were then taken using the
same high speed cameras. These pictures were then loaded into Photomodeler where the
program automatically determined camera parameters. Pictures of the mock wing were
taken with the high speed camera from four different angles and opened with
Photomodeler. The program automatically correlated the wing within each of the
individual pictures using automated target markers. Once the program solved for the
position and orientation of the wing, a 3-D model of the shape of the wing was

constructed.

55



3.2.5 Testing Scenarios

The testing scenarios were primarily designed to verify the capabilities of the
testing equipment and the best method to obtain accurate measurements. The primary
test subjects were the four wing configurations with a span-to-chord ratio of 2:1. All of
these wings were designed to operate at different flapping speeds, which can be seen in

Table 4 below:

Table 4: Wing Flapping Speeds

Wing Size Flapping Speed (Hz)
#1—4”x2”,12.1” Span 35-7.5
#2—-3.5"x1.75”, 11.1” Span 5-9
#3-37x 1.5, 10.1” Span 7-11
#4 —2.57x 1.25”,9.1” Span 8-15

The flapping speed for configuration #1 was incremented in 0.5 Hz steps, and
configurations #2-#4 were 1 Hz increments. The lowest flapping speed for each set of
wings was determined from when they produced between 0.5 and 0.7 grams of thrust.
The maximum flapping rate for each configuration was the point where the flapping
mechanism could be operated without the risk of permanently damaging the wing
membrane material. Each set of tests was conducted a total of 20 times to gather a large
number of data points and to determine the repeatability of each testing condition.

Overall, Chapter 3 detailed the design and construction of the flapping mechanism
and wings used for testing. A description of the testing equipment was given along with
the procedures followed for load cell calibration, thrust and normal force measurements,
and high speed camera operation. The next chapter will present the results from this

testing.
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4.1

4. Results

Thrust Measurements

As mentioned in Chapter three, the first series of tests for this research was to

gather data regarding the accuracy of the thrust table along with the performance of the

Mylar and carbon fiber wings. The initial experiment runs were conducted with the 4” x

2” wing configuration under the conditions shown in Table 4. The results from these

tests can be seen in Figure 44.
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Figure 44: 4” x 2”7, 12.1” Span Wing Thrust Data

Each of the colored lines represents an individual test, with the average of all 20

runs shown as the solid black line. At the slower flapping speeds (3.5 — 4 Hz) there was a
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larger deviation in the data between the minimum and maximum thrust readings for the
20 separate tests. This variation can largely be attributed to the fact that the oscillations
of the air table were more prevalent at these lower flapping speeds, affecting the
consistency of the measurements less than one gram. The data collected at the 7.5 Hz
flapping speed also proved to be less repeatable, possibly due to the physical deformation
of the wing. It may have been beneficial to determine at what speed the thrust begins to
decrease, however, this would have exceeded the capabilities of the Mylar wing

membrane. The second testing configuration was the 3.5” x 1.75” wing, and the results

can be seen in Figure 45.

Configuration #2 (3.5in x 1.75in, 11.1in Wingspan) All Runs
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Figure 45: 3.5” x 1.75”, 11.1” Span Wing Thrust Data

This configuration had more consistency between each of the runs, with less

variation in the final measurements than configuration #1. This set of wings also had a
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slightly lower maximum thrust than the first configuration, which may be attributed to the
smaller planform area of the wings. This lower thrust may also be a result of varying
aeroelastic effects between the two different wings sizes. The results from the third

testing configuration can be seen in Figure 46, performed with the 3” x 1.5” wings.
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Figure 46: 3” x 1.5”, 10.1” Span Wing Thrust Data

As seen with the data from the second configuration, the data for this set of tests was
consistent between each of the runs. The standard deviation for the 3” x 1.5” wings
ranged from 0.022 grams at 8 Hz, which was the lowest deviation for all four
configurations, to 0.051 grams at the maximum 11 Hz flapping speed. The results from

the fourth and final wing configuration are shown in Figure 47.
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Figure 47: 2.5” x 1.25”, 9.1” Span Wing Thrust Data

As seen in Figure 47, the data at the highest flapping speed began to become more

widely separated between runs, similar to the 4” x 2” wing configuration from the first

testing scenario. After the 20 test runs were conducted, the standard deviation of the

thrust measured for each flapping speed could be calculated, shown in Table 5.

Table 5: Standard Deviation for Thrust Measurements (20 Runs)

4x2 3.5x1.75 3x 1.5 2.5x1.25
Flapping Wing Flapping Wing Flapping Wing Flapping Wing
Speed 12.1” Speed 117 Speed 10.1” Speed 9.1”
(Hz) Span (Hz) Span (Hz) Span (Hz) Span
(2) (2) (2) (2)
3.5 0.066 5 0.026 7 0.023 8 0.023
4 0.079 6 0.041 8 0.022 9 0.023
4.5 0.048 7 0.036 9 0.035 10 0.027
5 0.052 8 0.038 10 0.027 11 0.023
5.5 0.067 9 0.043 11 0.051 12 0.023
6 0.045 13 0.046
6.5 0.085 14 0.050
7 0.073 15 0.096
7.5 0.133
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The relatively low standard deviation for each data set implies that all of the thrust
tests are very repeatable, with only minor variation in the thrust measurements between
tests. The raw data for each test can be seen in Appendix A. A comparison of the
average thrust from each configuration can is shown in Figure 48. In the legend for the

plot, “b” refers to the total wingspan and “w” is the chord length for each configuration.
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Figure 48: Flapping-Wing Average Thrust Comparison

The figure above shows how the maximum thrust decreased for decreasing
planform area. It also illustrates how the smaller wings can operate over a wider range of
flapping rates before exceeding the capabilities of the flapping mechanism. The thrust

coefficients were also calculated for each configuration, which can be seen in Figure 49.
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Figure 49: Flapping-Wing Thrust Coefficient Comparison (vs. Thrust)

The thrust coefficient for the smallest wing configuration (9.1 span and 1.25”
chord) varied slightly when compared to the other three wing sizes. At the slowest
flapping speed, the fourth configuration had a higher thrust coefficient than the third
configuration since the smaller 9.1” wing produced the same amount of thrust with only a
single hertz increase of the flapping speed. The equation for the coefficient of thrust has
the wingspan raised to the fourth power in the denominator, which is generally the
determining factor for wings of similar performance. Another plot showing the thrust

coefficient versus speed is shown in Figure 50.
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Figure 50: Flapping-Wing Thrust Coefficient Comparison (vs. Flapping Rate)

It is interesting to note that the coefficient of thrust for the third wing
configuration resulted in a linear relationship when compared against the flapping rate.
The amount of electrical power used by the flapping mechanism was also recorded for
each testing condition, and can be seen in Figure 51. The display of the DC power
supply indicated the voltage and amperage being supplied to the motor, which were

multiplied together to determine the total wattage of the system.
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Figure 51: Flapping-Wing Power Required Comparison

When comparing the power required for all configurations, it is clear that the two
larger sets of wings (4 x 2” with 12.1” span and 3.5” x 1.75” with 11.1” span) required
less power to produce the same amount of thrust as the smaller wings. However,
flapping at the higher frequencies of the third and fourth configurations may have caused
more friction within the drive system of the flapping mechanism, resulting in the
additional power consumption. The additional power consumption may also be
associated with the inertial forces from the smaller wings changing direction more
frequently, possibly putting a larger strain on the motor. The coefficient of power was

also calculated for each configuration, which can be seen in Figure 52.
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Figure 52: Flapping-Wing Power Coefficient Comparison

These coefficients of power are motor specific and are calculated based on the

electrical power supplied to the motor. All of the wings have a fairly constant coefficient

of power for increased thrust, except for the third configuration. The power coefficient

for the 10.1” wingspan configuration appears to increase with thrust. This increased

power coefficient is most likely related to the fact that the third configuration had the

highest total power consumption. The final plot for the four different wing

configurations is the figure of merit for each wing, shown in Figure 54. A plot showing a

comparison of the coefficient of power with the coefficient of thrust can be seen in Figure

53.
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Figure 53: Flapping-Wing Coefficient of Power vs. Coefficient of Thrust

This particular plot displays the coefficient of power in relation to the coefficient
of thrust, which shows similar trends for each configuration when compared to the power
coefficient vs. thrust plot. Even though the thrust coefficients are rather low for these
tests, the main idea behind calculating these numbers is testing whether or not it is
possible to compute these parameters for different testing scenarios and wing
configurations. This figure of merit was calculated according to Equation 5 discussed in

Section 3.2.4.
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Figure 54: Flapping-Wing Figure of Merit

As with the thrust coefficients previously calculated, the figure of merit for each
configuration is relatively low. The purpose of this testing was not to optimize a design
that would result in the highest figure of merit, but to show that calculating this parameter
is possible for flapping-wing MAVs. The second series of tests involved comparing the
4” x 27, 12.1” wing span configurations constructed with spars of different diameters.
The larger carbon fiber wing spars were 0.04 inches in diameter, and the smaller spars
were 0.02 inches. The smaller diameter rod was more elastic, allowing for a more
flexible wing while flapping. The average thrust comparison between the two wings with

different size wing spars can be seen in Figure 55.
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Figure 55: Stiff vs. Flexible Spars Thrust Comparison (4 x 27, 12.1” Span Wing)

From the data collected for the two different spar thicknesses, the more flexible
spars resulted in a higher thrust until the 6.5 Hz range. After this point, the wing with the
thicker spars proved to have a higher average thrust. This slight decrease in the slope of
the thrust of the more flexible wing at higher frequencies may be related to wing
deformation, resulting in a lower thrust than the stiffer wing. This result for the more
flexible wing is consistent with the research conducted by Ho at the University of
California, Los Angeles and Wilson and Wereley at the University of Maryland discussed
in Section 2.2. The power consumption of the two wings was also compared, shown in

Figure 56.
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Figure 56: Stiff vs. Flexible Spars Power Required (4 x 27, 12.1”” Span Wing)

It is clear from Figure 56 that the wing made with the more flexible spars required
less power to operate under the same testing conditions. The higher inertia associated
with the larger diameter spars may have played a role in the additional power required at
higher frequencies. As the frequency increased for the stiff wing, the heavier spars may
have put more strain on the motor when the wing changed direction at the top and bottom
of each flapping stroke. As with the four different sized wing configurations, the figure

of merit between the stiff and flexible wings is compared in Figure 57.
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Figure 57: Stiff vs. Flexible Spars Figure of Merit (4” x 27, 12.1” Span Wing)

4.2 Force Balance Measurements

Measurements of the normal and axial forces produced by the flapping
mechanism were recorded in real time using the six degree-of-freedom force balance.
The wings used while collecting these measurements were the 4” x 2” wings, one set
made with flexible spars and the other with rigid spars. Both sets of wings were tested at
4 and 7.5 Hz flapping frequencies, and the normal force was compared for each speed.
The data for each of these tests was taken at an acquisition rate of 500 Hz. The LabView
software exports the collected data into a text file, which can be analyzed and plotted

using Microsoft Excel. Data from the first set of tests ran at 4 Hz can be seen in Figure

58.
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Figure 58: Stiff vs. Flexible Spars Normal Force (4 Hz, 4” x 2, 12.1” Span Wing)

The solid blue line represents the normal force recorded from the balance for the
wings fabricated with the rigid carbon fiber spars, and the dashed red line is the more
flexible spars. Since the wings were mounted without angle of attack, the resulting lift
force (normal force) averages to zero. One possible reason for the larger maximum and
minimum normal forces recorded for the stiffer wing is the added inertial forces incurred
with the larger diameter spars. The added weight of these spars may induce more force
as the wing continually changes flapping direction. Data collected from the 7.5 Hz test is

shown in Figure 59.
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Figure 59: Stiff vs. Flexible Spars Normal Force (7.5 Hz, 4” x 2, 12.1” Span Wing)

As was the case with the 4 Hz test, the wing with the stiff spars led to a larger
peak maximum and minimum normal forces recorded using the balance. In order to help
understand the inertial forces associated with the flapping mechanism, the 4 and 7.5 Hz
tests were repeated with the wings removed. A plot showing the normal forces produced

solely by the flapping mechanism with the wings removed can be seen in Figure 60.
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Figure 60: Inertial Normal Force of Flapping Mechanism (Wings Removed)

This plot gives an idea of the inertial forces created by the flapping mechanism,

though the wings could also contribute slightly to the inertial loads. This data can be

used to better estimate the total normal force produced by the flapping motion of the

wings by subtracting out the normal force produced by the flapping mechanism at that

given speed. The second load measured by the balance was in the axial direction, giving

the thrust of the flapping mechanism. Throughout testing, the resulting axial loads

measured for each of the individual runs produced data that was apparently random in

nature and inconsistent with the previous thrust data collected using the air bearing table.

An example plot of the axial loads measured by the force balance for the flapping

mechanism with the wings removed can be seen in Figure 61.
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Figure 61: Axial Load of Flapping Mechanism (Wings Removed)

It is apparent from this plot that there is an error with the measurement of the
axial force, particularly since at certain points (@7.5 Hz, 4 sec ~ 11g) the magnitude of
the axial force is 3 times larger than the normal force for the same testing conditions. At
this point in the research it is unclear as to the source of the error in the axial signal,
whether it is noise in the signal itself or possibly vibrations of the flapping mechanism.
One possible recommendation would be to change the orientation of the flapping
mechanism on the balance, where the axial force (thrust) would then be measured as the
normal force (lift). This movement would help to isolate the problem too the flapping

mechanism or the balance.
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4.3  High Speed Imagery

High speed imagery was a useful tool in visualizing how the stiff and flexible
wings behaved at different flapping frequencies. As with the six component force
balance, both sets of wings were ran at 4 Hz and 7.5 Hz. The two high speed cameras
were operated at 1500 frames per second. An image of the wing during the down stroke
was taken for both wing configurations to compare the overall shape of the wing. The
two cameras were positioned so that one was off the left wing looking horizontally and
the other directly behind the flapping mechanism. The first set of images taken at 4 Hz

can be seen in Figure 62 and Figure 63.

Stiff Spars Flexible Spars

Figure 62: 4” x 27, 12.1” Span Wing Shape @ 4 Hz (Side Camera)
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Stiff Spars Flexible Spars

‘\\‘

Figure 63: 4” x 27, 12.1” Span Wing Shape @ 4 Hz (Back Camera)

This set of pictures shows how the smaller diameter carbon fiber rods have an
effect on the overall shape of the wing. The component which has the most influence on
this shape is the piece that defines the chord, and is securely fixed to the leading edge
spar. As this component bends inward toward the center of the wing, the spar that spans
across the middle of the wing begins to lag further behind the leading edge. The resultant
shape of the wing causes the higher thrust for the flexible wing at lower flapping
frequencies. The second set of images were taken with a flapping frequency of 7.5 Hz,

shown in Figure 64 and Figure 65.
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Flexible Spars

Stitt Spars

Figure 64: 4” x 27, 12.1” Span Wing Shape @ 7.5 Hz (Side Camera)
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Figure 65: 4” x 2, 12.1” Span Wing Shape @ 7.5 Hz (Back Camera)
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At this higher flapping frequency, it is clear to see how the flexible wing has a
much more deformed shape than at 4 Hz. This may account for why the thrust for
flexible wing decreased at frequencies above 6.5 Hz when compared to the stiff wing.
An example of a wing in motion can be seen in Figure 66, where individual frames were
taken from the high speed video. This particular video is of the 4” x 2” flexible and stiff

wings flapping at 7.5 Hz, as viewed from the rear and side cameras.
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Figure 66: High Speed Video Frame Analysis (Flexible vs. Stiff Wing)
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4.4  Photogrammetry

A model was fabricated to simulate the contour of a flapping wing that can be
used with the photogrammetry program Photomodeler. In order to determine if the high
speed cameras would be compatible with the program, still images were taken of the
model from four different angles. The camera was placed above the model looking down
at a 45 degree angle, and the model was rotated clockwise approximately 90 degrees
between images. Once the images were acquired, they were loaded into Photomodeler
where the targets could be marked and automatically oriented by the program. A pair of

images used for the target marking process can be seen in Figure 67.

Coded Targets

Figure 67: Test Images Marked Using Photomodeler

The five coded targets that resemble bulls-eyes with broken circles are

automatically recognized by the program, which allows multiple pictures to be oriented
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without any input from the user. Once the targets have been marked in all four images, a
three-dimensional rendering of the model is created. This rendering can be seen in
Figure 68. All of the white points which make up the 3-D rendering represent the targets
placed on the model. This means the resolution of the 3-D rendering is dependent on the
number of targets placed on the object of interest. The distance between any two points

can also be calculated with the aid of a reference distance.

Figure 68: Photomodeler 3-Dimensional Wing Shape

Overall, even though this was a preliminary study of photogrammetry, similar
techniques can be used to study the behavior of a wing in motion. Results from this type
of analysis can potentially be used for validating computer models of flapping wing

kinematics.
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5. Conclusions

5.1  Results Summary and Conclusion

The goal of this research was to prove out various fabrication methods and
measurement systems that can be used to test flapping-wing MAVs. Several fabrication
and measurement tools were used including SolidWorks CAD software and an Objet
three-dimensional printer for designing and fabricating flapping mechanisms, an air-
bearing table with force transducers and six degree-of-freedom balance for loads
measurements, and a high speed camera system for wing deformation analysis and
preliminary photogrammetry studies.

The aluminum table supported by linear air bearings along with a 50-gram
capacity load cell proved to be a viable test bed for small scale thrust measurements, with
an accuracy of + 0.1 gram. This system successfully allowed for static thrust
measurements to measure a time averaged force. This particular setup can also be
adapted to measure a force in any direction by changing the orientation of the flapping
mechanism. The power supplied to the motor was measured, and for selected
configurations the thrust number, motor-specific power number, and a figure of merit
were determined.

The AFIT-2 Modern Machine and Tool six degree-of-freedom force balance was
able to sense time-accurate data of the normal force for the flapping mechanism at

flapping speeds up to 7.5 Hz. With the LabView virtual instrument capable of collecting
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data at a rate of 1000 Hz, the flapping frequency mechanism can be increased and still
have sufficient resolution for gathering time-accurate data.

Dual X-Stream XS-4 high speed cameras were proven to provide images
compatible with the photogrammetry program Photomodeler from EOS Systems
incorporated. Even though collecting real-time data of the wing in motion was not
performed due to the limited number of cameras, the resolution of the camera was
adequate for use with the Photomodeler software. The high speed cameras proved to be a
useful tool for visualizing the behavior of the wing at full speed. Both of the cameras
were also capable of being synchronized to capture video of the flapping mechanism
from two separate angles simultaneously.

The study of spar stiffness and wing flexibility with the 4” x 27, 12.1” span wing
configuration produced results consistent with previous research conducted by Ho at the
University of California, Los Angeles and Wilson and Wereley at the University of
Maryland. At slower flapping speeds (3.5-6.5 Hz), the more flexible wing configuration
led to higher thrust per unit power.

The three proof-of-concept 3-D models were drawn in SolidWorks. The drawing
suggests that a flapping stroke, an out-of-plane sweeping stroke and wing pitching
rotation can be controlled with a single crankshaft. The flapping-only model designed in
SolidWorks and fabricated using the Objet 3-D printer proved to be a viable mechanism
for use throughout this research. The flapping-pitch mechanism with two degrees of
freedom was successfully designed and tested in SolidWorks, and can be fabricated for

use in researching the effects of actively changing the pitch of a flapping wing.
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5.2  Desired Impact of this Research

The information provided in this paper should enable researchers to utilize a
similar system for testing flapping wing micro air vehicles. With additional
development, more complex flapping mechanisms can be designed and fabricated
ultimately leading to a fully operational flapping wing MAV. This experimentation has
set the foundation for further testing utilizing the equipment and methodology developed

throughout this research.

5.3  Recommendations for Future Experimentation

In order to have a better understanding of the inertial forces associated with the
flapping mechanism, repeating the tests in an evacuated environment would aid in
isolating the inertial loads. This could be achieved by performing the tests with the force
balance and model mounted inside in a vacuum chamber. Perhaps the best configuration
would be to have a clear glass or acrylic chamber that can be easily removed while
allowing easy visual access to the experiment. Visual access would be a key factor in
studying the behavior of the wings with the high speed cameras.

Significant research can also be conducted in the area of photogrammetry,
however, certain issues must be addressed in order for photogrammatic studies to be
possible. First and foremost, a system with at least three high speed cameras is needed
for performing any type photogrammetry. The system used for this research was a two

camera system, which made it impossible for using it with photogrammetry on a model in
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motion. The next issue with photogrammetry would be to find a feasible method for
placing targets on the membrane of the wing. These targets must be visible to the
cameras while being extremely light weight. The weight of the targets becomes
important in order to have a minimal affect on the physical properties of the wings. If
photogrammetry proves to be a viable method for measuring the physical parameters of a
flapping wing in motion, computational models for wing behavior can be developed and
compared real-world photogrammetry data.

Lastly, more complex flapping mechanisms capable of wider ranges of movement
may be beneficial for studying the affects of variable wing pitch and the out-of-plane
flapping motion used for hovering in nature. Possible mechanisms may contain different
types of actuators and stronger, lighter materials. More research should also be
conducted with different wing geometries and building materials to better understand

wing behavior and performance characteristics.
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Appendix A: Excel Spreadsheet of Flapping Tests (Raw Data)

055 05 05 055 055 057 06 0.55 0.571 1.81208E-06
0.7 08 075 07 073 075 08 0.75 0.7905 1.9207E-06
11 11 11 105 11 107 11 1.05 1.062 2.03881E-06
145 145 15 145 143 141 145 145 1.426 2.21747E-06
195 1.9 19 18 19 187 19 195 1.8635 2.39487E-06
235 23 235 23 23 23 23 231 2.2905 2.47346E-06
2.8 28 28 28 277 283 28 2.8 2.845 2.61778E-06
3.3 3.3 34 335 334 337 34 336 3.371 2.67448E-06
385 39 38 385 382 39 387 39 3.962 2.73823E-06
[ ava Thrust (vewtons) [ Thrust coert. | [amps [ vons [ waus |
0.0055958 0.042361718 0.25 15 0.375
0.0077469 0.044900941 0.28 1.6 0.448
0.0104076 0.047662085 0.32 1.9 0.608
0.0139748 0.051838576 0.39 21 0.819
0.0182623 0.055985759 0.44 2.3 1.012
0.0224469 0.057823097 0.53 2.7 1.431
0.027881 0.061196856 0.58 3 1.74
0.0330358 0.062522484 0.68 3.3 2.244
0.0388276 0.064012604 0.74 3.5 2.59
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Appendix B: SolidWorks CAD Blueprints of Flapping Mechanism
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Appendix C: LabView Filter and Scaling Factor Settings

Normal Force Axial Force
Filter Settings
(Lowpass Cutoff Frequency) 20 Hz 10 Hz
Scaling Factor Slope (m) = 1838.24 Slope (m) =-183.15
(Y =mX +b) Y Intercept (b) = -224.08 Y Intercept (b) = 98.72
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