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Ornithopters or flapping wing Unmanned Aerial Vehicles (UAVS) have potential
applications in both civil and military sectors. Amongst all categories of UAVS,
ornithopters have a unique ability to fly in low Reynolds number flight regimes and have
the agility and maneuverability of rotary wing aircraft. In nature, birds achieve such
performance by exploiting various wing kinematics known as gaits. The objective of this
work was to improve the steady level flight performance of an ornithopter by implementing
the Continuous Vortex Gait using a novel passive compliant mechanism. A compliant
mechanism, called a compliant spine, was fabricated, and integrated in the ornithopter's
wing leading edge spar. Each compliant spine was designed to be flexible in bending during
the wing upstroke and stiff in bending during the wing downstroke. Inserting a variable
stiffness compliant mechanism in the leading edge spar of the ornithopter could affect its

structural stability. An analytical model was developed to determine the structural stability



of the ornithopter leading edge spar. The model was validated using experimental
measurements. After ensuring the structural stability of the leading edge spar, a test
ornithopter was tested in air and in vacuum as well as in free and constrained flight with
various compliant spine designs inserted in its wings. Results from all the tests, proved that
feasibility and efficacy of passive wing morphing using a compliant mechanism in
improving the steady level flight performance of the test ornithopter. Inserting the
compliant spine into the leading edge spar of the ornithopter during free flight reduced the
baseline configuration body vertical center of mass positive acceleration by 69%, which
translates into overall lift gains. It also increased the horizontal propulsive force by 300%,

which translates into thrust gains.
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Chapter 1: Introduction

1.1. Small Unmanned Air Vehicles Background

Unmanned Air Vehicles (UAVS) have the potential to revolutionize the civil and
military markets [1]. In the civil market, UAVs can improve the methods currently used to
survey crops, monitor the environment, and respond to disasters, just to mention a few
applications. On the military side, UAVs can be used for intelligence, surveillance and
reconnaissance applications. They can be useful in high urban areas or for missions that
are too dull, dirty, and dangerous for humans [1, 2]. For the last few decades, interest in
small scale UAVs has peaked. Smaller UAVs (SUAVS) are enabled through advances in
electronics and the availability of lightweight structures [3, 4]. There are three main
categories to consider when trying to classify current SUAVSs platforms .These are fixed,

rotary, and flapping wing SUAVS.

1.1.1. A Comparison of Fixed, Rotary, and Flapping Wing UAVS

When compared to fixed or rotary wing SUAVS, flapping wing vehicles fill a unique
niche [5]. At small scales and slow flight speeds, fixed wing SUAVs suffer from a
deterioration in steady level flight performance due to drag penalties [6]. Flapping wing
SUAVS or ornithopters, overcome those penalties because of their ability to generate
additional lift using the unsteady flow around their wings and by using phenomenon such
as dynamic stall and stable leading edge vortices [1, 7]. Also at small scales, flapping wing
SUAVs have higher agility and maneuverability than fixed wing and rotary wing SUAVs
[7]. Flapping wing SUAVs are also quieter and safer than rotary wing SUAVs of the same

size. They also provide an element of stealth by mimicry, which could be useful for military



applications. Flapping wing un-manned air vehicles are also unique in their mission
adaptability. Flapping wing un-manned air vehicles, like natural flyers, can have the ability
to cruise, hover, perch, and maneuver efficiently. Figure 1 summarizes the key motivations
behind developing and implementing ornithopters in both the civil and military markets.
The figure shows a triangle of flight properties that can only be achieved using flapping
wing, un-manned air vehicle platforms. The three sides of the triangle are improved flight
performance at small scale and slow flight speeds or low Reynolds number, agility, and

mission adaptability.

Agility
(Maneuverability)

Figure 1. Flight capabilities that are only achievable using small flapping wing unmanned
air vehicles.

1.1.2. Scale Classification of Flapping Wing UAVs
Within the category of flapping wing un-manned air vehicles, there is a distinct
classification according to a vehicle’s scale. This classification divides flapping wing
unmanned air vehicle into two subcategories: insect scale and avian scale SUAVs. The
insect scale SUAVS are also referred to as micro air vehicles (MAV). The design

specification for MAVs is to have a wing span that is no longer than 15 cm [4, 1, 2]. When



compared to insect scale SUAVs, avian scale SUAVS have received less attention [8, 9].
Avian scale SUAVs are useful and worthy of attention because they have a higher payload
capability and are more suitable for outdoor flight as they can withstand higher wind gusts.
Nonetheless, in order for avian scale SUAVSs to reach their full potential and achieve the

capabilities shown in Figure 1, wing morphing is required.

1.2. Review of Morphing in Flapping Wing Vehicles

The word morphing is short for metamorphose [10], which is defined in Webster’s
dictionary as to “change in an important way into something that is very different” [11].
Among the aeronautical community, morphing is defined as changing the vehicle shape or
properties in order to improve performance [10, 12]. In short, morphing can be defined as
radical shape change. In nature, morphing can be observed in birds, bats and insects during
flight and it is used to alter the flight dynamics of the flyer [13]. During flight, birds change
their head position and tail orientation but changing their wing shape has the most
pronounced effect on their flight dynamics [4]. Morphing enables natural flyers to perform
efficiently over multiple missions scenarios [14]. It also allows smaller birds like the
European Kestrel to fly forward at various speeds, glide to save energy while maintaining
superior maneuverability [15]. Morphing also enables larger birds such as the falcon, to
use its extended wings to loiter and then morph its wings into a strike configuration to catch
its prey [16]. Wing morphing is beneficial for both steady level flight performance and for
maneuverability. During steady level flight, wing morphing during the upstroke reduces
the drag and lift penalties experienced during this portion of the wing beat cycle [2]. A
numerical model developed by Wu and Liang shows that separately changing the wing

camber, surface area, and bending of a flapping wing vehicle during steady level flight



improves the mean lift coefficient from 0.79 to 2.49, 1.69, and 0.89, respectively [17]. In
bats, research shows that wing morphing has a great impact on maneuverability [18]. The
same holds true for birds and insects, the wing morphing enables the high level of
maneuverability observed in birds and insects during flight. Designing adaptive wings for
UAVs will allow the man made vehicles to perform efficiently during multiple mission

roles, improve its steady level flight performance, and maneuverability.

With respect to fixed wing UAVS, actuators are required to achieve wing morphing,
thus only active approaches to morphing are feasible [10]. Wing morphing in flapping wing
UAVs, however, can be achieved using active or passive approaches [19].The next two
subsections present a literature review of both active and passive wing morphing
approaches for flapping wing UAVSs. Active wing morphing is defined as a wing shape
change due to inputs from the pilot or a control system. Passive wing morphing on the other
hand is defined as wing shape change due to the operational loads the vehicle experience

during flight and not due to control actuation from a pilot or a control system [19].

1.2.1. Review of Active Wing Morphing

Most wing morphing efforts in the literature follow an active wing morphing approach.
For fixed wing unmanned air vehicles, this approach to morphing is necessary. A detailed
review of fixed wing UAVs morphing aircraft is found in [10] and [12]. Wing morphing
research for flapping wings is limited when compared to fixed wings. Wing morphing
efforts for ornithopters can be divided into two main categories. The first category includes
designing the flapping mechanism to achieve certain wing trajectories and the second
category is on designing mechanisms that cause wing shape change during flight. The

majority of the work found in the literature belongs to the first category.



The first category is inspired by the wing musculature of insects. Insect wings only
contain muscles at the root. A desired wing trajectory is obtained during flight by actuating
the muscles at the wing root, while the rest of the wing is simply a passive flexible structure
[13]. The majority of the flapping mechanisms designed for UAVs use either smart
materials or multiple bar linkages [20]. Conn et al. presents a review of flapping
mechanism designs developed for unmanned air vehicles [21]. From the review of the
current mechanisms, the authors concluded that more than one mechanism was required to
incorporate full three degree of freedom (DOF) motion, which increases the vehicle’s mass
and complexity. Conn also presented a novel parallel crank rocker mechanism that had
flapping and pitching degrees of freedom. The mechanism prototype was tested on 75 mm
long wings. The wings produced 3.35 grams of lift while the weight of the motor used to
power the mechanism was 7 grams [21]. Flight testing this setup would not be possible as
the wings would not be able to support the motor. Cox et. al. and Frampton et. al. designed
four and five bar linkages that convert the linear output of a piezoelectric actuator into a
single degree of freedom flapping motion. The lift and thrust produced by the wings
flapped by this mechanism were measured and related to the wing first bending and torsion
frequency ratio. No successful flight tests were reported [22, 23]. Banala and Argwal
designed a flapping mechanism than includes a four-bar and a five-bar linkage to generate
an insect-like figure eight wing tip motion. The mechanism was successful in producing
the desired motion however, it was only tested on a bench top and not in free flight [24].
Madangpol et al used an insect’s thorax, where the wing muscles are present, as inspiration
to design a flapping wing mechanism. The mechanism included two four-bar linkages, a

crank shaft and two tensional springs. The presence of the tensional springs in the



mechanism reduced the load on the motor and reduced the power required. The mechanism
was successfully implemented on a 36 cm wing span ornithopter and flight tests were
reported [25]. Also Zdunich et al developed and tested the Mentor, which is a flapping
wing MAV. The flapping mechanism on the vehicle enabled it to cruise and hover.

Successful free flight tests was reported for two vehicle prototypes [26]

Even though successful flight tests were reported for insect scale flapping wing UAVs
that achieve a desired wing trajectory by articulating a mechanism at the wing root the
same cannot be said about bird scale UAVS. As the wings and vehicle size increase to
avian scale, the flapping mechanisms become heavier, more complex, and demand more
power. Thus making them ill-suited for flight testing. Grand et al. designed a wing flapping
mechanism that allows for wide range of dihedral and twist variations [15]. Figure 2 shows
a schematic of the wing flapping mechanism. The mechanism contained four motors each
of which weighed 100 grams. Therefore, in order for the wing to support the weight of the
motors alone, they need to produce 400 grams, which limits the overall payload capability

a test vehicle.

Figure 2. Schematic of a wing flapping mechanism for bird-sized UAVs [15].



The second category of the active wing morphing approach focuses on achieving
desired wing kinematics by changing the wing shape during flight. There is limited work
found in the literature that focus on active wing shape change for flapping wing unmanned
air vehicles. Colorado et al. designed a 53 cm wing span bat-like micro air vehicle with

morphing wings. Figure 3 shows the bio-inspired bat-like robot and its wings design [18].
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Figure 3. Bio-inspired bat-like MAV. The robot wings include shape memory alloy wires
that enable wing folding [18].

Shape memory alloy wire acted as biceps and triceps and enabled the wing to fold and
extend during the wing beat cycle to mimic the wing kinematics of a bat. The wing
morphing system was successful in achieving the desired kinematics and was able to
actuate the wing morphing at 2.5 Hz. The design however experienced fatigue issues. After
5 minutes of actuating the wings at 2.5 Hz, a performance reduction of 56% was noticed.
The design was able to maintain actuation at the optimal frequency of 2.5 Hz for 1.5

minutes only.



1.2.2. Review of Passive Wing Morphing
The literature includes limited research in the area of passive wing morphing. There
are only three research efforts listed that used a passive approach towards wing morphing

in flapping wing UAVS. This section summarizes these three efforts.

The first effort was done by Demetgul et. al. [27]. In their paper, a simple wing
planform was designed and tested. A segment of a rectangular wing that was made out of
balsa wood was removed and replaced with a plastic sheet. The plastic sheet was held from
one side only, so that the wing cutout section was exposed during the upstroke to reduce
air resistance. During the downstroke, however, the plastic sheet covered the wing opening.
The wings were fixed to a dynamometer and was flapped at 21 Hz. Figure 4 shows a
schematic of the wing design, showing the areas of the wing that would be exposed during
the upstroke. The authors did not state any conclusions about the effect of exposing and

covering the wing cutout on the force the wing produced.

Figure 4. Schematic of wing design showing the sections, which would be exposed during
the upstroke [27].



The second research in passive wing morphing in ornithopter was done by Billigsley
et. al. [28]. In this effort, passive torsional spring was installed into the leading edge spar
at the wing half span in order to exploit the advantages of wing surface area reduction
during the upstroke. These springs were designed to deflect on the upstroke only and lock

during the downstroke. Figure 5 shows the torsional spring.

Figure 5. Passive torsional spring that allow for bending only during the upstroke and locks
during the downstroke [28].

Wing bending during the upstroke reduced the wing relative area (i.e., the wing area
perpendicular to the flapping motion), which in turn mitigated the drag penalties and
negative lift experienced by the test ornithopter during this portion of its wing beat cycle.
The test ornithopter with the wings and the torsional springs were mounted on a six DOF
load cell to measure the lift and thrust. The ornithopter was flapped at frequencies ranging
from 3.5 Hz to 7.5 Hz. Figure 6 show snapshots of the morphing wing at mid upstroke and
mid downstroke. The figure shows that the torsional spring allow for bending during the
upstroke while it lock Results of Billingsely's experiment showed an increase in net lift,
but they also showed that significant thrust penalties were incurred. These thrust penalties

prohibited successful flight testing.



Downstroke

Figure 6. The morphing wing shape at mid downstroke (left) and mod upstroke (right) due
to the presence of a passive torsional spring inserted at the wing half span [28].

The final and most extensive effort was done by Mueller et al [29]. In this work, three
compliant hinges were designed. All joints allowed for bending during the upstroke only.
Figure 7 shows a schematic of the three hinges. These hinges were inserted at 50% of the
wing half span, as shown in Figure 8. The ornithopter with and without the hinges was
mounted on a load cell where the lift and thrust could be measured and it was flapped at 5
Hz. Several configurations of the first two hinges were tested. The angles and cross
sections of the hinges were determined arbitrarily. The solid hinge was tested with three
angular ranges, namely 15, 25, and 35 degrees. The flexible Delrin hinge concept was
fabricated with two wall thicknesses, namely 1.2 mm and 1.5 mm. Out of the three
compliant hinge designs, only the compliant carbon fiber concept was the only one that
could support flight. Also when comparing the lift and thrust produced by the ornithopter
with the compliant hinges to the lift and thrust produced by the ornithopter with the
continuous carbon fiber spar, it was observed that any lift gains achieved due to morphing

were counteracted by thrust penalties.
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Figure 7. The compliant hinges designed to enable wing bending during the upstroke: (Top)
solid hinge concept, (Middle) flexible Delrin hinge concept, and (Bottom) compliant carbon
fiber hinge concept.

Figure 8. Morphing wing with compliant carbon fiber hinge at 50% of wing half span.
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1.3.Current Research Goal, Hypothesis and Objectives

There is an obvious gap of knowledge when it comes to wing morphing of avian-size
ornithopters. The goal of this work was to passively improve the wing performance of
avian scale flapping wing UAVs using wing structural modifications during the wing beat
cycle. A passive approach was selected because when compared to active approaches,
passive mechanisms require no additional energy expenditure, while introducing minimal
weight addition and complexity. According to Section 1.2.2, all of the previous passive
wing morphing systems cited had one thing in common; they introduced lift gains but

incurred thrust penalties.

The hypothesis tested in this work was that implementing a set of wing kinematics used
by natural flyers using a passive approach and a compliant mechanism will improve the
overall steady level wing performance of an avian scale flapping wing unmanned air
vehicle. The steady level wing performance was defined as the horizontal and vertical
propulsive forces produced by the wings over one flapping cycle. The hypothesis would
be confirmed if the passive wing morphing system implemented in the ornithopter wing

achieved the following objectives:

= Use a bio-inspired gait (CVG) to determine deflection design specifications for
the compliant spine

= |mprove the test vehicle wing performance with limited power, weight, and
complexity penalties.

= Achieve lift gains without incurring thrust penalties

12



The remainder of this dissertation is aimed to testing and confirming the research
hypothesis in order to achieve the above objectives and the research goal. Figure 9 shows

the workflow of the research.

Design Investigate and quantify avian wing Determine the operational loads
s ecificgation gaits for use as deflection design the compliant mechanism needs to
P specifications withstand during flight

Optimize the design of the
Design compliant mechanism in order to
Optimization meet the load and deflection
requirements.

Investigate the effect of inserting a

Analytical . L
Stability compliant mechanism into the test
ornithopterwing leading on its
Model .
structural stability
Mechanism Integrat!on gf compliant
. mechanism into the test
Integration . )
ornithopterleading edge spar.
Quantify the effect of the presence
Experimental of the compliant spine on wing
Evaluation performance during constrained

and free flight.

Figure 9. Research work flow chart
The Engineering Design and Optimization Group at Pennsylvania State University has
deep expertise and resources in the field of compliant mechanism design optimization, thus

the design optimization task of this research was allocated to them [30].

1.4.Dissertation Outline
This dissertation is composed of six chapters. A brief description of each of these

chapters is given below:

Chapter one gives background on unmanned air vehicles, and classifies them according
to scale and wing configuration. Fixed, rotary, and flapping wing unmanned air vehicles

are compared and the need for flapping wing unmanned air vehicles is motivated. The need

13



for wing morphing is motivated and the various approaches to wing morphing is
summarized. The chapter concludes by stating the current research goal, hypothesis and

objectives.

Chapter two presents the description

n of the test platform. A review of avian wing morphology and wing kinematics is
summarized. The bio-inspired technical approach taken towards identifying and
quantifying the design specification for the passive wing morphing mechanism is
discussed. The last section of the chapter, introduces the mechanisms that met the load and
deflection design specification requirements. The approach by which these mechanisms

are integrated in the leading edge spar is also shown in this chapter.

Chapter three introduces an analytical model of the leading edge spar with the passive
morphing mechanism inserted in it. The model is then validated with experimental data
and the structural stability of the model is then determined using analytical and graphical

methods.

Chapter four presents the experimental evaluation of the test vehicle with its body is
constrained to a load cell. The chapter shows a comparison between the steady level
performance of the wing with and without the morphing mechanism inserted in the wings
both in air and in vacuum. The vacuum test is used to isolate the aerodynamic effects from

the inertial effects in order to determine the effect of wing morphing on both separately.

Chapter five details the free flight experimental evaluation of the test ornithopter. The
chapter details the novel testing technique and introduced several performance metrics to

evaluate the wing. The free flight test is used to compare the overall performance of the

14



wing with and without the morphing mechanism in free flight. The test is also used to better

understand the body dynamics and flight physics of the vehicle.

Chapter six is the concluding chapter of the dissertation. It is used to summarize the

research, state the original contributions to the field, and recommend future research areas.
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Chapter 2: Technical Approach

This chapter discusses the technical approach taken to achieve the research objectives
presented in Section 1.3. The chapter is divided into three main sections. The first section
introduces the research platform. The second section discusses the bio-inspired approach
used to achieve passive wing morphing using a structural modification called a compliant
spine. The last section discusses the compliant spine design specifications, its properties

and the optimization process used to implement the design.

2.1. Research Platform Description

The test platform that was used for this research was the commercially available Park
Hawk. The Park Hawk is a radio controlled flapping wing un-manned air vehicle [31]. The
test ornithopter had a 1.07 m wing span. This configuration was chosen for its stability,
controllable flight behavior, and payload capability [6]. Additional test platform
specifications can be found in Table 1. Figure 10 shows a picture of the vehicle. Because
the main objective of this research was to improve steady level wing performance,
determining the steady level flapping frequency was necessary. Previous experiments
performed at the Morpheus Laboratory show that the steady level flapping frequency for

the Park Hawk is between 4 to 5 Hz [6].

Table 1. Specifications for the Park Hawk test platform

. Wing
Max. Aspect Flapping
Mass Span Chord Ratio Rate Speed Stroke
Angle
4259 1.07 m 0.28 m 4.97 4-6Hz |2585m/s| l1ll7rad
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Figure 10. Park Hawk test Platform

Through the course of this research, the Park Hawk platform became unavailable and
could not be purchased. Thus, it was decided to design and fabricate a custom built test
platform that was similar to the Park Hawk. The new test vehicle design will be referred to
as the ML101 design for the remainder of this document. Figure 11 shows a picture of the
new test vehicle. ML101 has the same specifications listed in Table 1 and thus is an
adequate replacement for the Park Hawk in the experiments. However, structural changes
were implemented on the new platform to overcome some of the weaknesses that were

found in the Park Hawk. These design changes include:

e Changing the Fuselage material from Garolite (a glass fiber epoxy layup) to a
stronger, lighter and stiffer carbon fiber epoxy lay-up

e Adding lightening holes near the tail and material was added near the gear train
in order to change the body second moment of inertia, as flexibility in the Park
Hawk model caused the gears to grind against each other, causing the gears to
break at the higher frequencies

e Changing the design of one the fuselage side fairings to improve the vehicle’s

flexural stiffness, without adding weight.
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e Standardizing all the screws on the ornithopter making it easier and faster to

assemble.

e Improving the design of the drive axel to include less moving parts.

Figure 11. ML101 test platform
For both the Park Hawk and the ML101 test platforms, the wings design was identical.
The wings consisted of a nylon rip-stop membrane stretched over several carbon fiber spars
referred to as fingers. There were two main spars in each wing. The first one was at the
leading edge and the second one was placed diagonally from the leading edge to the rear
of the fuselage. Each spar was held in place by a Dacron tape pocket to add stiffness and

durability. Figure 12 shows a top view of the wing with the spars labeled.

Due the flexibility of the membrane, the wing shape varied significantly during
flapping. Figure 13 shows a high speed photo sequence of the wing beat cycle. This
flapping sequence shows the downstroke on the left and the upstroke on the right in a

counterclockwise circle.
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Fingers

Figure 12. Top view of the test platform wing showing the nylon membrane, the finger spars
and the leading edge and diagonal spars

The Park Hawk test vehicle was used for the preliminary constrained flight testing as
discussed in Section 4.1, while the ML101 test vehicle was used for the constrained flight
tests performed in vacuum and discussed in Section 4.2, as well as the flight tests discussed

in Chapter 5.
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Figure 13. High speed photography of the stroke cycle. Downstroke is presented on the left
column, starting at the top of the figure and ending at the bottom. Upstroke begins at the

bottom of the right column and continues to the top of the right column [6].
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2.2. A Bio-inspired Passive Approach to in Flight Wing Morphing

As mentioned in Section 1.2, several approaches can be used to achieve wing
morphing. A passive approach was chosen for this research because when compared to
active morphing, passive morphing mechanisms require no actuation, energy expenditure,
minimal weight addition and a significant reduction in complexity. From Billingsely et. al.,
it was concluded that more sophisticated wing kinematics are required when morphing in
order to maintain the lift gains achieved while mitigating thrust penalties [28]. The goal
here was to mitigate the inefficient kinematics, shown in Figure 6, and focus on achieving

efficient, tailorable kinematics.

This section is divided into two main sub-sections. The first sub-section discusses avian
wing morphology and flight kinematics. The second sub-section discusses the avian wing
kinematics chosen for the current research and the design specifications for the compliant

mechanism used to achieve wing morphing.

2.2.1. Avian Wing Morphology and Flight Kinematics
2.2.1.1.  Avian Wing Morphology
Morphology in biology is defined as the study of the form and structure of a plant or
animal or any of its parts. In this section, the morphology of bird” wings is discussed
briefly. A detailed description of bird” wing geometry, internal, and external structures can
be found in [32]. Bird wings include three major joints: the shoulder, elbow, and wrist. The
shoulder joint connects the wings to the body, where the main flight muscles exist, thus
allowing for the up and down flapping motion. The elbow and wrist joints allow the avian
wing to flex and extend during the up and down strokes. Avian wings can be divided into

two sections, the inner section, which is referred to as the arm wing and the outer section,
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which is referred to as the hand wing [32]. Figure 14 shows the hand and arm wings for
five different birds [33]. In the figure, the wings were scaled so that the hand wing were
equal in order to illustrate the proportional size of the hand wing to the arm wing From the
figure, it is clear that the relative dimensions of the hand and arm wings differ among bird
species. These differences provide insight into the functions of the arm and hand wings, as
well as the flight characteristics of each species. The hand wing in primarily soaring birds
(e.g. Albatrosses) occupy about 40% to 45% of the wing total length. While for more agile
species, the hand wing can occupy up to 80% of the wing total length (e.g. Hummingbirds)

[32].

Arm Wing Hand Wing

Figure 14. Relative dimensions of the hand wing to arm wing for five species: a) Calliope
hummingbird; (b) Rock dove; (c) Blue grouse; (d) Starling; (e) Albatross [33].

The wing Aspect Ratio (AR) is another geometric parameter that provides insight into
flight performance. AR is defined as the wing span divided by the wing area. The AR is
large for birds with long narrow wings such as the albatross (AR=14) and it is small for

birds with short broad wings such as Pheasants (AR=5). Figure 15 shows a picture of an
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albatross and a pheasant in order to contrast their wing AR. In general, birds with higher
AR are fast and low drag gliders, while birds with small AR are slow gliders but are good

at complex maneuvers at short range.

7 = ) Albatross

N

Pheasant

Figure 15. Wings of an albatross and a pheasant showing the difference in aspect ratio.
Albatross has an AR of 14 while the pheasant has an aspect ratio of 5.

2.2.1.2.  Avian Wing Kinematics

The main purpose of a bird’s wing is to produce lift and thrust. Birds generate lift by
accelerating masses of air downwards and generate thrust by accelerating air backwards
[32]. A bird with a fully extended wing and without flapping may be fully capable of
supporting its own weight but would only glide while losing altitude. Flapping is necessary
because it is the mechanism birds use to maintain steady level flight by producing lift alone
[34, 35]. In other words, the lift produced by a bird during flapping is used for both weight
support and thrust generation to balance. Various avian species use different wing
kinematics to produce the required lift and thrust for flapping flight. Biologist classify wing

flapping kinematics, also referred to as gaits, into two main gaits depending on the shape
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of the wake visualized behind the wings during flight. The first gait is the VVortex Ring Gait
(VRG). Based on several wake visualization experiments, a closed vortex ring is produced
during each downstroke of the vortex ring gait, while the upstroke hardly contributes to the
wake [36, 37, 38]. Figure 16 shows an interpretation of the wake behind a chaffinch flying
at a slow speed through clouds of wood and paper dust [38]. The figure shows the vortex
rings that are formed during the downstroke. It also shows that the upstroke does not form

vortex rings but it drags the paper dust upwards.

Jop TS %

Downstroke Vortex Rings

Figure 16. Interpretation of the vortex ring gait wake structure behind a chaffinch in
flapping flight [38].

The second gait is the continuous vortex gait (CVG). This gait was discovered in birds
by Spedding in 1987 when he studied the wake of a kestrel flying at a cruise speed of 7 m/s
[39]. Spedding discovered that the wake structure did not look like separate vortex rings
but rather a continuous pair of trailing vortices with constant circulation. Figure 17 shows
the interpretation of the wake structure behind a kestrel flying at a cruise speed of 7 m/s.

The figure shows tip vortices being shed continuously and that the vortices are following
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the wing tip path. Figure 18 shows a schematic of the top view of both the vortex ring and

the continuous vortex gaits wake structure.

D Wake Structure >

Figure 17. Interpretation of the continuous vortex gait wake structure behind a chaffinch in
flapping flight [Adapted from [39]].
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Figure 18. Top view of the vortex ring gait (top) and continuous vortex gait (bottom) wake
structure of flapping birds. [Adapted from [34]]

Several researchers and biologists have tried to classify species using these flight gaits.

Research showed that one species may change from one gait to the other depending on its

25



flight speed, while others may use the same gait for all flight speeds [40, 34]. Rosen et al.
trained a thrush nightingale to fly at steady level with speeds between 4 m/s to 11 m/s. The
wake structures of the nightingale changed gradually with increased speed. At 4 m/s, the
nightingale had a vortex ring gait wake structure, which gradually changed to a continuous
vortex gait structure at higher speeds [41]. Research done by Tobalske and Dial showed
that a magpie for instance used the vortex ring gait for flight speeds ranging from 4 m/s to
14 m/s [42]. Although it had not been fully understood, several factors determine which
gait a given species will use during given flight conditions. Gait selection depends highly
on both the flight speed and the wing morphology [40]. Aspect ratio is one of the important
wing morphology properties that research showed affect gait selection. Bird species with
broad wings and low aspect ratio, such as the magpies, tended to use a vortex ring gait at
all speeds. Species with larger aspect ratios transitioned among flight speeds using a vortex
ring gait at slow speeds and a continuous vortex gait at higher speeds [43]. The transition
speeds for most species, compared in the literature, occurred between 7 to 10 m/s [44].
Figure 19 illustrate the effect of wing morphology and flight speed on gait selection by

birds and bats in flapping flight [35].
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Figure 19. lllustration of the effect of Aspect Ratio and flight speed on gait selection in birds
[35]

The upstroke wing kinematics used to achieve one of the two wake structures
discussed above are different, while the downstroke kinematics are similar [43]. During
the downstroke of all gaits, the wings are fully extended and they move downwards and
forwards. The lift vector is therefore inclined forward and pointed upwards providing both
weight support and thrust. The downstroke portion of the wing beat cycle is considered the
power stroke and keeping the wings fully extended during the downstroke allows for the
maximum production of lift and thrust. During the upstroke, if the wing maintains a
positive angle of attack with the relative flow, it can still generate lift for weight support
but this lift is accompanied by drag. Therefore, the upstroke and the downstroke have to be
asymmetric in order to ensure the production of a positive mean net thrust [40]. Figure 20
shows the vertical and horizontal force vectors produced by a wing at a positive angle of

attack during flapping.
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Figure 20. Vertical and horizontal forces produced during the downstroke and upstroke of
a flapping wing beat cycle.

As mentioned earlier, the upstroke kinematics vary between the various wing gaits. The
upstroke kinematics of the vortex ring gait are more pronounced and can be classified into
two types of upstroke: a tip reversal upstroke and a feathered upstroke. During the tip
reversal upstroke, at mid upstroke the wrists are held above the body and adducted and the
hand wings are supinated (rotated upwards). The amplitude of the wing beat angle may
approach 180 degrees and a side view of the wingtip path shows a figure eight pattern.
During the feathered upstroke, the entire wing is folded and the wing feathers may take the
shape of a “venetian blind”. The side view of wing tip path is elliptical [34]. The third and
final type of upstroke is the continuous vortex gait. During this gait, the wings are not
folded close to the body, but only the feathers are flexed and closed up parallel to the
airflow. Figure 21 shows a top view of a pigeon’s wings flying in a variable speed wind
tunnel [34]. Figure 21A shows the wing shape a mid downstroke. Figure 21B shows the
wing shape at mid upstroke of a vortex ring gait with tip reversal upstroke kinematics.

Figure 21C shows the wing shape at mid upstroke of a vortex ring gait with feathered
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upstroke kinematics. Figure 21D shows the wing shape at mid upstroke of a vortex ring

gait upstroke kinematics.

Figure 21. Top view of a pigeon's wing flight in a variable speed wing tunnel showing the
wing kinematics at: A) mid downstroke, B) mid upstroke of a vortex ring gait with tip
reversal upstroke C) mid mid upstroke of a vortex ring gait with feathered upstroke
kinematics, and D) mid upstroke of a continuous vortex gait upstroke. [Taken from [34]]

Figure 22 shows the side and top views of the wingtip and wrist paths of a pigeon
during a tip reversal upstroke vortex ring gait, a feathered upstroke vortex ring gait, and a

continuous vortex gait.

It is clear from the figures and discussion above that the upstroke kinematics for the tip
reversal and feathered upstroke are more complex and they require a larger range of
motions in all of the wings joints when compared to the continuous vortex gait upstroke
kinematics. Even though nature achieves the continuous vortex gait upstroke kinematics
by flexing and folding the feathers, these kinematics can be achieved on the test ornithopter
as described in Section 2.1 by articulating one mechanism at the location of the avian wrist.
Figure 23 shows that the continuous vortex gait kinematics could be achieved by slightly

bending, twisting and sweeping the bird’s wrist during the upstroke. The front view in
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Figure 23 shows the wing bending, the side view shows that wing twist, and the top view
shows the wing sweep at mid downstroke (left) and mid upstroke (right). A detailed

discussion of the kinematics of CVG can be found in [34], [39] ,and [42].

Figure 22. Side and top view of the wingtip and wrist paths of a pigeon during (a) a tip
reversal upstroke vortex ring gait, (b) a feathered upstroke vortex ring gait, and (c) a
continuous vortex gait [Adapted from [34]].
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Figure 23. During the continuous vortex gait the wings are fully extended at mid
downstroke (left) and out of plane bent, twisted and swept at mid upstroke (right) [Adapted
from [45]].

2.2.2. Continuous Vortex Gait Design Specifications

The Continuous Vortex Gait was chosen as the desired set of wing kinematic to be
implemented on the test ornithopter for several reasons. Not only is it the gait used by birds
that have similar Aspect Ratio and steady level flight speed as the test vehicle, but it is
also one of the only gaits that can be achieved passively. The CVG can be achieved
passively because it requires motion in only one major joint, namely the wrist.

As mentioned before, in order to implement the CVG, a 3DOF motion is required,
namely bending, sweep and twist. The focus of this research, however is using a compliant
spine (CS), which is a 1 DOF compliant mechanism that allows for bending only, to

achieve passive wing morphing.

The compliant spine was inserted at 37 % of the wing half span to mimic the function
an avian wrist, which is the major joint responsible for the CVG kinematics. Figure 24
shows a schematic of the compliant spine and its location along the leading edge spar of

an ornithopter. The compliant spine had to fit in a box with a length of 63.5 mm, a width
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of 6.3 mm and a depth of 6.3 mm in order to fit inside the pocket of the leading edge spar.
The design and optimization procedure for the compliant spine must consider the loads that

the spine experiences and the deflections that it needs to realize must be determined.

Ornithopter

Compliant Spine

Figure 24. The compliant spine is inserted into the leading edge spar to mimic the function
of an avian wrist

This section discusses the methods used to measure the loads that the compliant
mechanism responsible for morphing would experience during flapping and the deflection
requirements that the mechanism had to meet during both the up and downstrokes. These
requirements provided the input to the design and optimization process described briefly

in Section 2.3 and in detail in [20] and [46] through [47].

2.2.2.1.  Compliant Spine Load Specifications
The strains experienced by the CS during steady level flight were measured
experimentally using strain gages. Two CEA-06-125UN-120 Vishay® strain gages were
mounted on the leading edge spar, with their centers at the locations where the compliant
spine root and tip are located, namely 19.75 cm and 26.1 cm from the wing root. Figure 25

shows the strain gages mounted on the wing leading edge carbon fiber spar. The strain
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gages were connected to a Vishay® 3800 strain indicator and the spars were inserted in the

test ornithopter wing. The ornithopter was flapped at 5 Hz, a typical steady level flight

flapping frequency. Figure 26 shows the experimental set-up.

Figure 25. Strain gages mounted on the leading edge spar at the location of the compliant
spine root and tip

Tip Strain Gage
Location

Root Strain
Gage Location

Figure 26. Experimental set-up for measuring the strains at the locations of the compliant
spine root and tip at a flapping frequency of 5 Hz.

The strains at the root and tip locations were recorded for several flapping cycles.
Figure 27 shows the strains measured over one flapping cycle. In the figure, the x-axis is
t/T, which is the time, t, normalized by the flapping period, T. The normalized time

parameter, t/T is zero or one at the downstroke/upstroke transition point and is 0.54 at the
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upstroke/downstroke transition point. The strain measured from the strain gage at the
location of the root of the compliant spine is noted as the inboard strain, and the strain
measured from the strain gage at the location of the tip of the compliant spine is noted as

the outboard strain.

A critical design point is shown in Figure 27 and occurs at the upstroke-downstroke
transition point (t/T=0.54), where the maximum relative strain that the spine experiences
occurs. The maximum strains recorded for the inboard and outboard strain gages were -
1975.4 pe and -1317.4 pe, respectively. After determining the maximum strains
experimentally, the same spar was modeled in ANSYS under steady state dynamic loading
at 5 Hz [20]. Assuming a uniform load distribution on the leading edge spar, the applied
load was increased incrementally during the simulation until the resulting strains at the
locations of the compliant spine root and tip matched the measured strains. Table 2 shows
the experimental and simulated strains recorded at the locations of the compliant
mechanism root and tip. During the optimization, the compliant spine was assumed to
withstand about 10 Newton’s [20, 46]. This load value was calculated by conservatively
assuming that the compliant spine carried the load experienced by the leading edge spar

from the root location of the root of the mechanism to the wing root.

Table 2. Experimental and Simulation Strains recorded at the locations of the compliant
mechanisim root and tip [Adapted from [20]].

Data Type Maximum Root (Inboard) | Maximum Tip (Outboard)
Strain [ue] Strain [ue]

Experiment -1975.4 -1317.4

Simulation -1982.8 -1263.6
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Figure 27. Inboard and Outboard Strains at the Location of the Compliant Spine Root and
Tip

2.2.2.1.  Compliant Spine Bending Deflection Specifications

After establishing the maximum load requirement that the compliant spine would have
to withstand during steady level flight, the next step in the CS design process was to
determine the bending deflections, which the spine had to realize in order to mimic the
bending kinematics of the CVG. A video of a Cockatiel flying in a wind tunnel was used
to extract the required deflections [48, 49, 50]. Figure 28 shows nine lateral views of the
Cockatiel during one wing beat cycle. Matlab’s image processing toolbox was used to
extract the wingtip sweep and bending deflections from the images. The wingtip bending
deflections were assumed to be linearly related to the deflections that the tip of the
compliant spine must realize in flight over the flapping cycle. Using the wing geometry
and the location of the compliant spine, a scaling factor was calculated to be 0.189. Hence,
the required bending deflection at the tip of the compliant spine at mid upstroke and mid

downstroke are 8.42 mm and 0.6 mm, respectively
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Figure 28. Lateral Flapping Sequence for a Cockatiel in a Wind Tunnel
In summary, the compliant spine had to be designed to withstand a maximum load of 10 N and

the mechanism tip had to bend 8.42 mm at mid upstroke but only 0.6 mm at mid downstroke.
The next section discusses the required compliant spine stiffness characteristics and
introduces the compliant spine designs that were tested during this research as well as their

loading and boundary conditions.

2.3.Compliant Spine Design

The compliant spine (CS) is a novel, monolithic, nonlinear contact-aided compliant
mechanism. Compliant mechanisms have numerous advantages over rigid-link
mechanisms. They are easy to manufacture and lower cost than their rigid link counterparts
because they are usually monolithic in nature. During the upstroke, the compliant spine
must allow the wing to morph in the bending direction. During the downstroke, it must
become stiff, mimicking a rigid spar. A schematic illustrating the desired stiffness of a
compliant spine compared to the rigid spar and to a torsional spring is shown in Figure
29(a) [47]. In Figure 29(a), the y-axis represents the forces during a flapping cycle, F, and

the x-axis represents the compliant spine tip bending deflection, Z-deflection. As
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illustrated, the desired stiffness of the compliant spine is nonlinear. It is stiff in the
downstroke, similar to that of a rigid spar, and flexible in the upstroke, similar to a torsional
spring. Figure 29(b) shows a CS design with three compliant joints. Note that this design
is flexible in bending during upstroke because of the compliance of the semi-circular
compliant hinges, and it is stiff in bending during downstroke because the slanted faces

come into contact with one another.

downstroke

Stiff
(Downstroke)
Pad

zdeﬂe:rjan

.
— Compliant Spine S
«w Torsional Spring I
|
oo Flexible

upstroke 7/

(Upstroke)

@ )

Figure 29. (a) The desired stiffness of the compliant spine is nonlinear. The Y-axis
represents the forces during a flapping cycle and the X-axis represents the compliant spine
tip bending deflection (b) Schematic of a compliant spine with three compliant joints.

The shape of a single compliant hinge was designed using a quasi-static multi-objective
optimization problem described in [47]. The objectives of this optimization problem were
to minimize the mass of the hinge, the error in bending deflection as compared to the
desired bending deflection, and the error in maximum stress compared to the maximum
allowable stress. The parameters that affect the performance of the compliant spine were

the number of compliant joints and the shape of each compliant joint. The design

parameters that affect the joint's stiffness during the upstroke were related to the shape of
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the compliant hinge, while the design parameters that affect the downstroke stiffness were
related to the geometry of the contact surfaces. This initial phase of design yielded a three
compliant joint spine that was tested during preliminary constrained flight testing.
Constrained flight testing was useful because even though the vehicle’s dynamics are
restrained, this type of testing allowed for the direct measurement of the integrated vertical
and horizontal forces produced by the vehicle. The experimental setup and results are

discussed in Sections 4.1.1 and 4.1.2, respectively

An optimization procedure involving steady state dynamic analysis was then performed
on compliant spines with more than one compliant joint [46]. This procedure yielded a
family of designs that met the requirements for maximum von-Mises stress, and desired
wing bending deflections. Thus several compliant spines were tested during constrained
and free flight tests. Figure 30 shows all compliant spine designs tested and their predicted

stress distribution at mid upstroke [20]
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Figure 30. The geometry (left) and von-Mises stress distribution at mid upstroke (right) of
all the compliant spine designs tested.

Each compliant spine design was given a name designation consisting of a number and

two letters (e.g. 4PM). The number in the name of the compliant spine referred to the design
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number assigned by the optimization algorithm. The two letters in the name referred to the
loading condition under which this compliant spine was designed. For example, TL stands
for tip load and PM stands for pure moment. During the optimization procedure, the lift
force distribution was approximated either as a tip load or a bending moment applied at the
tip of the CS. The magnitude of the pure moment applied on the CS was assumed to be the
maximum moment that the CS experienced when a tip load, representing the integrated lift
load, was applied. Figure 31 shows the tip load and pure moment loading condition as well
as the boundary conditions. In reality, the CS experiences a lift load distribution that is a

combination of both moment and bending loads.

Figure 31. Compliant spines were assumed to have clamped-free boundary condition and
were designed using either tip load (TL) loading condition (right) or pure moment (PM)
loading condition (left).

Comp 4TL is the compliant spine that was tested during the preliminary constrained
flight testing described in Section 4.1. While Comp 4PM, Comp 14PM and Comp 24PM

are the dynamically optimized compliant spines that were tested during the flight tests

described in Chapter 5.

2.4.Chapter Summary

Two test platform designs were used during the experiments described here. The first
was the commercially available Park Hawk and the second one was the new custom built
and improved ML101 design. Both platforms had the same overall specifications in order

to maintain consistency in the experimental data.
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In order to maintain the performance gains of wing morphing without incurring
additional complexity, weight penalties or power expenditure, a passive wing morphing
approach was chosen. It was concluded based on previous work that more sophisticated
wing kinematics are required in order to improve the overall performance of the test
ornithopter wings. The desired kinematics can be found in natural avian flyers. A bio-
inspired gait known as the Continuous Vortex Gait (CVG) was chosen to be implemented
on the wing because it is suitable for the test ornithopter wing morphology and flight speed.
The CVG can also be achieved passively because it only required motion in one major

joint, namely the wrist.

The structural mechanism mimicking the function of the avian wrist in the ornithopter
is the compliant spine. This chapter discussed the load and deflection design specifications
for the compliant spine and briefly described its design optimization procedure. This
chapter also introduced the compliant spine designs that were tested during the constrained
and free flight tests described in Chapter 4 and 5 along with their loading and boundary

conditions.
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Chapter 3: Leading Edge Spar Analytical Model and

Stability Analysis

Inserting a variable stiffness compliant spine into the leading edge spar of the test
ornithopter results in a parametrically excited system. A parametrically excited system is
defined as a system in which one or more of the constitutive parameters of the problems
are varying with time [51]. The oscillations of parametrically excited systems are different
from both free and forced oscillations of systems where all the parameters are time
invariant [52]. Parametric excitations take the form of time varying coefficients in a
system’s equations of motion (EOM). Unlike time invariant systems, the stability of a time
varying system is not known and areas of instability can arise even in an unforced, un-
damped linear time varying systems. Therefore, a stability analysis was essential for the
compliant leading edge spar, in order to ensure the structural stability of the spar during
testing. A compliant leading edge spar is defined as the test ornithopter leading edge spar

with a compliant spine design inserted at 37% of the wind half span.

The remainder of this chapter is divided into three sections. Section 3.1 formulates the
compliant leading edge spar model, Section 3.2 validates the model using experimental

data, and Section 3.3 presents the stability analysis of the leading edge spar.

3.1. Leading Edge Spar Equations of Motion

The compliant leading edge spar was modeled as two rigid rods with a torsional spring
in between. Figure 32 shows the model of the compliant spar and along with the assumed
boundary conditions. One rod is located inboard of the compliant spine and the other is

outboard of the compliant spine. The inboard rod had a pinned boundary condition at the
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wing root and was connected to the torsional spring on the other end. The outboard rod
had a free boundary condition at the wing tip and was connected to the torsional spring on
the other end. The torsional spring in this model represents the compliant spine. Due to the
periodicity of the flapping motion of the test ornithopter, the stiffness of the torsional

stiffness of the spring representing the compliant spine was described as:

2mt
kT=(ka+kb)—kbcos(%> (1)
where,
k, = ky (2)
kd - ku
_ 3
k, 5 (3)

In the equations above, k, and k, are the upstroke and downstroke stiffness of the
compliant spine, t is time, and T is the period of one wing beat cycle. The values of k,, and

k4 were determined based on the compliant spine design choice.

Outboard Rod
Inboard Rod

Free

.C. )
Torsiona
Spring

Figure 32. The research platform mounted on a test stand with the compliant leading edge
spar model superimposed on the right wing for clarification.
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Figure 33 shows a schematic of the compliant leading edge spar system. In the figure,
6, is the wing root angle, 6, is the spine root angle, L; and m, are the length and mass of
the inboard rod, L, and m, are the length and mass of the outboard rod, and M is motor
torque. During the modeling of the leading edge spar, 8, was assumed to be prescribed and

it was expressed as:

0, = %sin(wt) (4)

where, ¢ is the wing stroke angle, and w is the flapping frequency in radians per

second.

Figure 33. Detailed model of the leading edge spar with a torsional spring representing the
compliant spine showing all relevant angles, lengths, and masses.

Using Newton’s principles, the equations of motion (EOM) of the two rods shown in

Figure 33 were derived. Equations (5) and ( 6 ) list the EOM of the system.

1,6) — kr[6, — 0,1 + my¥, . LicosO, — my#, .. Lysing, = M (5)
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where, 1, and Iz are the mass moment of inertia of the inboard and outboard rods,

respectively and X, ., andy, .. arethe horizontal and vertical accelerations of the center

of mass of the outboard rod, respectively.

Since Equations ( 5 ) and ( 6 ) are decoupled because the wing root angle was
prescribed. Therefore, Equation ( 6 ) was solved directly for the spine root angle (6,). In
the above model, Equation ( 5 ) was considered to be a compatibility equation describing
the amount of torque the motor had to produce in order to drive the system at the prescribed
wing root angle (6;). Matlab’s™ general forward time integration function, ODE45, was
used to solve Equation ( 6 ) numerically. Section 3.2 compares the analytically calculated

wing root and spine root angles with their experimentally measured counterparts.

3.2.Leading Edge Spar Model Validation

Experimental data was used to validate the aforementioned model of the leading edge
spar. Details about the experiment can be found in Section 4.2.1. The experiment took place
at NASA Langley Research Center (LaRC) thermal vacuum laboratory inside a 5 foot x 5
foot thermal vacuum chamber. The deflections of the leading edge spar had to be captured
in order to measure the experimental wing root and spine root angle. Four retro-reflective
markers were placed at the leading edge in order to capture its deflection. One marker was
placed at the wing root, a second one was placed at the location of the compliant spine root,
a third marker was placed at the location of the compliant spine tip, and a fourth marker
was placed at the wing tip. The kinematics were captured using a Phantom V9.1 high speed

camera at 200 frames per second. The camera was mounted outside of the vacuum chamber
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as shown in Figure 34(a). In order to illuminate the markers for tracking purposes, 3 LED

light panels are mounted on the inside of the vacuum chamber as shown in Figure 34(b).

The experiment was conducted using the same assumptions and constraints used to
develop the model. Thus, the experimental data used was taken in vacuum at a pressure of

1 Torr because the model did not include aerodynamic effects.

Camera

; )

Figure 34. a) A Phantom high speed camera mounted outside the vacuum chamber. b) 3
LED panels mounted on the inside of the chamber to light the chamber and cause the
markers to reflect light

The compliant leading edge spar configurations used to validate the model consisted of
the leading edge carbon fiber spar with compliant spine design Comp 4TL inserted at 37%
of the wing half span. Figure 35 shows an example of a wing spar-spine configuration.
Comp 4TL has an upstroke stiffness (k,,) of 3.75 N-m/rad and a downstroke stiffness (k)
of 72.5 N-m/rad. Figure 30 shows a schematic of compliant spine design, Comp 4TL.

During the experiment, the leading edge of the ornithopter was flapped at 4.2 Hz. Vales in

Table 1 indicate that this flapping frequency is suitable steady level flight.
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Figure 35. Example of a leading edge spar-spine configuration that was used to validate the
leading edge spar analytical model.

The vertical displacement of the retro reflective markers was used to calculate the wing

root (61xp) and spine root (6,,,,) angles, as shown by Equations (7 ) and ( 8 ).

Yor — Y,
91exp = Sin—l[sRL—W"J (7)
1
Yor — Y.
92exp — sin-1 [Ysr k] (8)
Lspine

where, Y, r, Ysr, and Ygr are the vertical displacements of the wing root, spine root,
and spine tip retro reflective markers respectively. Lgy,;. is the compliant spine length,
which were 6.35 cm (2.5”). Figure 36 and Figure 37 compares the experimental data with

the model results. The error between the experimental data and the model was calculated

using Equations (9 ) and ( 10).

2
(e, -0
RMSE91=j 1( 1e91c: 1) ~ 7% (9)
210 —6,)?
RMSE92=\/ : Zexr‘: 27 ~11% (10)

where, n is the number of data points used over one flapping cycle.
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The analytical wing root angle agreed within 7 % of the experimental data while the
analytical spine root angle agreed within 11 % of the experimental data. The error observed
in Figure 36 and Equation ( 9 ) was due to the assumption that the analytical wing root
angle is sinusoidal. Experiments show that the wing root angle is not exactly sinusoidal.
The wings spent more than half of the stroke below the horizontal plane. The error observed
in Figure 37 and Equation ( 10 ) was attributed to the fact that any physical system has
some structural damping, which was not accounted for in the model. Moreover, the model
assumed that the carbon fiber spar was rigid while the physical carbon fiber spar had some
flexibility. Finally the high frequency content noticed in the analytical spine root angle is
typical of a bounded response of Mathieu’s equation in which the ratio between the

system’s Eigen frequencies and frequency of excitation (flapping frequency) is small [53].
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Figure 36. Experimental and analytical wing root angle versus time normalized by the
period of one wing beat cycle. The experiment agrees with the model within 7%.

48



40 R S ——
: O Experiment
anbe.. RS R SR s e E Madel

b ...... EPPPR ........ ........ ........ AU .......

Spine Root Angle (degrees)
[}

=20

I 1] ........ ........ P ........ oy p e b i

0 . .

Figure 37. Experimental and analytical spine root angle versus time normalized by the
period of one wing beat cycle. The experiment agrees with the model within 11%.

3.3. Leading Edge Spar Stability Analysis

The structural stability of the leading edge spar-spine system can be determined using
the experimentally validated analytical model. Equation ( 6 ) was written in the form of a
non-homogeneous Mathieu’s equation, as shown by Equation ( 11 ). Equation ( 12 )

through ( 17 ) define the symbols in Equation ( 11 ).

6,(p) + [6 + 2€ cos(2p)] 6, (p) = [a + 2B cos(2p)] sin(2p) (11)
5= k“A%kb (12)

¢ = ‘2_’;17 (13)

“z(p(kazzkb) (14)
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_ ZPky (15)

b= 44
Tt

p=-r (16)
I 2

A=23 (17)

Several books and articles discuss the significance, history, and stability of Mathieu’s
equation [51, 54]. Mathieu’s equation is very useful in modeling several physical and
mathematical systems. The solution of Mathieu’s equation takes different forms and
various levels of stability according to the values of the system parameters, § ande.
Therefore it is necessary to determine the values of the § and e for which the compliant
leading edge spar may become unstable or have an unbounded response. The most
common way to determine the stability of Mathieu’s equation is using a Strutt Diagram
[55]. A Strutt diagram is a plot of & versus e. The lines shown in the diagram form
boundaries between values of the parameters for which the solution is stable or unstable.
The stability diagram was developed using the Hill’s determinant method. Hill’s
determinant method was introduced in [56] and has been outlined in several publications

since then [51, 55] .

The stability of the compliant leading edge spar can be determined using the Strutt
diagram of the homogenous equation of the compliant spar (See Equation ( 18 )). The non-

homogeneous term on the right hand side of Equation ( 11 ) does not affect stability.

6,(p) + [ + 2€ cos(2p)] 6,(p) = 0 (18)
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Figure 38 shows the Strutt diagram of Equation ( 18 ). The Strutt diagram is in terms of &
and e. Since the design parameters for the compliant spine were the upstroke and
downstroke stiffness, it was useful to transform and plot the classical Strutt diagram in
terms of k,, andk,. Figure 39 shows the transformed Strutt diagram. The figure also shows
that design Comp 4TL, which is marked in the plot with a black dot, falls within a stable
region of the Strutt diagram. The figure demonstrates that the leading edge spar with design

Comp 4TL inserted in it is structurally stable when flapped in vacuum,

Figure 38. Strutt diagram for Mathieu’s equation. The lines form boundaries or transition
point between stable and unstable solution regions. Regions marked with US are unstable
and regions marked with S are stable.
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Figure 39. Strutt diagram for Mathieu’s equation in terms of the upstroke and downstroke
stiffness. The black dot represents compliant spine Comp 4TL. Regions marked with US are
unstable and regions marked with S are stable.

Stability of Equation (11 ) could also be shown analytically by solving for the system
response and examining the phase plane plot. The phase plane is a plot of the system
response (0,) versus its first derivative (6,). Figure 40 shows the phase plane plot of
Equation (11 ). The red dot in Figure 40 signifies the initial conditions given to the system.

The plot shows that the response of leading edge spar with design Comp 4TL inserted at

37% of the wing half span is bounded and stable.
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Figure 40. Phase plane plot of the spine root angle. The plot shows that the response of the
leading edge spar with design Comp 4TL inserted at 37% of the wing half span is bounded
and stable.

3.4. Effect of Damping on Leading Edge Spar Stability

The model discussed in Section 3.1 did not include any type of damping. Any physical
system includes some degree of damping know as structural damping. Moreover,
aerodynamic effects on a flexible structure appear as damping terms in a system’s
equations of motion. Therefore, the inclusion of damping in the leading edge spar-spine
model is important. In this section, the effect of adding damping on the structural stability

of the leading edge spar-spine is investigated.

A damper was added to the leading edge spar-spine system as shown in Figure 41. In
the figure, Cy is the constant damping coefficient in Newton meter second per radian. A
linear damping model was assumed and the EOM of the outboard rod is expressed as shown
in Equation (19 ). Equations (20 ) and ( 21 ) defines the terms in Equation( 19 ) that were

not defined by Equations( 12 ) through ( 17 ). In Equation ( 19), ¢ is the damping ratio.
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6,(p) + 200, (p) + [6 + 2€ cos(2p)] 6,(p)

(19)
= 2ycos(2p) + [a + 28 cos(2p)] sin(2p)
T
- 2mly (20)
_CrTo
T 2ml (21)

Figure 41. Model of the leading edge spar-spine system with a linear damping element

The structural stability of the leading edge spar with the torsional spring and damper
was determined using the homogeneous equation (See Equation ( 22 )). The non-

homogeneous terms on the right hand side of Equation ( 19 ) do not affect stability.

6, (p) + 280, (p) + [6 + 2€ cos(2p)] H,(p) = 0 (22)

Equation ( 22 ) is known as the lossy Mathieu’s Equation and has been addressed
frequently in the literature [51, 57].The stability of Equation can also be determined using
a Strutt Diagram as shown by Figure 42. The Strutt diagram is in terms of 6 and €. The
lines formed by the red markers are for the case of { = 0. They are the same curves shown

in Figure 38 plotted in a different orientation in order to clarify the effect of damping. The
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lines formed by the blue and green markers are for the cases of ¢ = 0.2 and 0.5,
respectively. The results in Figure 42 confirms that adding damping has a stabilizing effect
for ¢ > 0. The presence of damping shrinks the instability area. This figure was obtained
by solving Equation ( 22 ) numerically and using Floquet’s theory to determine the criteria

of stability [55].
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Figure 42. Strutt Diagram of the Lossy Mathieu's Equation for the cases of {=0 (red), 0.2
(blue), and 0.5 (green).

The design parameters for the compliant spine were the upstroke and downstroke stiffness,
thus it was useful to transform and plot the classical Strutt diagram in terms of k,, and k4
to investigate the effect of damping on the design range for the up and downstroke

stiffnesses. Figure 43 shows the transformed Strutt diagram. The results from the figure
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confirms that damping shrinks the instability regions thus including viscous damping
element into the leading edge spar-spine model is structurally stabilizing. More
importantly, the figure shows that there exist a damping ratio between 0.2 and 0.5 for which
areas of instability only occurs for k, < 0. Given that the upstroke stiffness of the
compliant spine is always greater than zero, it can be concluded that there exists a value
for ¢ for which the leading edge spar is always stable regardless of the upstroke and

downstroke stiffness choices.

k d N-m/rad

k N-mfrad
u

Figure 43. Strutt diagram for the lossy Mathieu’s equation in terms of the upstroke and
downstroke stiffness for the cases of {=0 (red), 0.2 (blue), and 0.5 (green). Unstable regions
shrink with increasing ¢ and are marked by US.
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3.5.Chapter Summary

In this chapter, the leading edge spar with a variable stiffness compliant spine inserted
in it was modeled as a linear time periodic system. Such systems have a different stability
criterion than that of a linear time invariant system. A stability analysis was necessary to
ensure that the leading edge spar will remain structurally stable during testing. The EOM’s
of the compliant leading edge spar were derived. The EOMs were solved numerically and
the system’s response was validated using experimental data. The experimental validation
indicated that the modeled wing root and spine root angles agreed with the measured angles
within 7% and 11%, respectively. The validated EOM, were then reformulated in terms of
Mathieu’s equation and the stability of the compliant leading edge spar was determined
both graphically and analytically. Stability was determined graphically using a Strutt
diagram that showed that the response of leading edge spar with a compliant spine design
inserted at 37% of the wing half span was stable and bounded. Finally, the effect of
damping on the structural stability of the leading edge spar was investigated. It was
concluded that there exists a damping ratio for which the leading edge spar spine system is

stable for all values of compliant spine upstroke and downstroke stiffnesses.
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Chapter 4: Constrained Flight Test Experiment

This chapter introduces a series of constrained flight tests designed to evaluate the
performance of an ornithopter wing with compliant spines incorporated in its wings. A
constrained flight test was defined as a test in which the fuselage of the ornithopter is
constrained to a 6 DOF load cell and was neither free to translate nor rotate. The
constrained flight tests in this chapter can be divided into two main parts. The first used a
preliminary compliant spine design prototype to validate the efficacy and feasibility of
passive wing morphing. This preliminary compliant spine design prototype was designed
under a quasi-static loads and using a high stress safety factor to ensure that it did not fail.
The second constrained flight test used compliant spines designed under dynamic loads,
similar to the ones experienced during flight. The second test objective was to determine
the effect of the presence of the compliant spine on the vehicle’s wings performance, both

in vacuum and at ambient pressure to separate the inertial and the aerodynamic effects

4.1. Preliminary Constrained Flight Test

4.1.1. Experimental Procedures of Constrained Flight Test

Based on preliminary quasi-static analyses and optimization, a compliant spine design
was selected for prototyping and testing. The compliant spine design tested was design
CompA4TL. It consisted of three compliant hinges, with each compliant hinge consisting of
two concentric semicircles. The radius of the inner semi-circle was 1 mm and the radius of
the outer semi-circle was 4 mm. Each hinge had a uniform thickness of 3 mm. Figure 30
shows the geometry of the compliant spine and its predicted von-Mises stress distribution
at mid upstroke. Figure 31 shows the tip load loading condition as well as the boundary

conditions used during the design optimization.
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Comp 4TL was made of Delrin and was attached to the spar using 10-32 nylon bolts as
shown in Figure 44. The test ornithopter used for this constrained flight test was a
commercially available Park Hawk Model. The specifications for the test platform are
listed in Table 1. The wing performance of the test ornithopter was measured with and
without the compliant spine inserted into the leading edge spars. Three performance
metrics were selected as a basis of comparison for the test ornithopter: (1) the required
electric power, (2) the lift and thrust produced during one flapping cycle, and (3) the wing
tip and spine tip deflections during the up and down strokes. In this section, the

experimental set-up of these three performance metrics are described.

Figure 44. The compliant spine was attached to the spar (a) using 10-32 Nylon bolts. The
bolts were glued to both ends of the spar as shown in (b) and (c). Then the spars were
screwed into the ends of the spine as shown in (d) and (e).

The first wing performance metric used in this study was the electric power required
by the flapping mechanism. In order to calculate the electric power, both the current and
the voltage drawn from the power supply during flapping were measured. A constant
voltage power supply was used for all of the experiments; hence, the supply voltage was

fixed at12.27 V. In order to measure the current, a CQ-121E current sensor manufactured
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by Asahi Kasei Cooperation was used. The sensor was mounted in series with the power
supply and the electric speed controller. Figure 45 shows a schematic of the current sensor
circuit. Once the current and the voltage were measured, the electric power consumed by

the ornithopter at various flapping frequencies was calculated.

Current
Sensor

Constant
Voltage

Power Supply |-

Electric
Motor

Ornithopter

Figure 45. Schematic of current sensor circuit.

The second set of wing performance metrics used were the lift and thrust produced by
the ornithopter. A six degree of freedom strain gauge transducer, manufactured by
Advanced Mechanical Technology Inc., was used to measure the lift and thrust produced
by the test ornithopter. The lift and thrust were measured at various flapping frequencies
with and without the compliant spine inserted in the ornithopter leading edge wing spars.

Figure 46(a) and Figure 46(b) show the test ornithopter mounted on the load cell.
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Spine Location i"

(b)
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Load Cell

Figure 46. (a) Test ornithopter mounted on a six channel load cell. (b) The compliant spine
was inserted at the leading edge spar of the test ornithopter at 37% of the wing half span

The third set of wing performance metrics applied were the wing tip and spine tip
bending deflections. To capture the bending deflections of the wing during the up and
down strokes, three red markers were placed on the leading edge spar. One marker was
placed at the wing root, another was placed at the location of the compliant spine tip and a
third marker was placed at the wing tip, as shown in Figure 47. The wing leading edge
spar kinematics were captured using a Phantom 9 high speed camera at 100 frames per
second. The camera time stamp was used to determine the frames that included the mid

downstroke and upstroke kinematics.

Bending Deflection
Markers

Figure 47. Red markers at the wing leading edge used for capturing wing bending
deflections at the wing root, the compliant spine tip and the wing tip.
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4.1.2. Experimental Results of Constrained Flight Test
Data was collected at various flapping frequencies, where the flapping frequency was
controlled by the throttle position on a remote control radio transmitter. Figure 48 (a) and
Figure 48(b) show the electric power consumed by the ornithopter at various flapping
frequencies, and the flapping frequency versus the percentage throttle, respectively. The
“solid” data corresponds to the performance of the ornithopter wing with the continuous
leading edge spar without the compliant spine insert, and the “compliant” data corresponds

to the performance of the ornithopter wing with the compliant spine inserted in the wings

leading edge spar.
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Figure 48. (a) Electric power required vs. flapping frequency (b) Flapping frequency versus
percent throttle for the continuous and compliant ornithopter.

From Figure 48(a), it is observed that the test ornithopter with the compliant spine insert
consumed less power than it did without the compliant spine, for all flapping frequencies.
The focus of this work was centered on steady level flight. The steady level flight flapping
frequency of the test ornithopter was determined using minimum power and drag curves to
be approximately 4.7 Hz in [6]. At 4.7 Hz, the power savings due to the presence of the
compliant spine is 44.7%. In addition, Figure 48(b) shows that the ornithopter with the
compliant spine inserted in its wings flapped at a higher flapping frequency for all throttle
inputs. The fact that the ornithopter flapped at a higher frequency for a given throttle input

was also attributed to this power expenditure reduction.

Second, the lift and thrust were measured at various flapping frequencies for one wing
beat cycle. The mean lift and thrust over one flapping cycle was calculated and the mean
lift was normalized by the test ornithopter’s weight. Research previously done in [6],

determined that the mean induced lift produced by the test ornithopter when it was clamped
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to a load cell at zero forward speed and zero angle of attack was zero. This was due to the
symmetry between the up and down strokes. This symmetry caused the ornithopter to
produce an equal amount of positive and negative lift during the down and up strokes,
making the mean lift zero. The results shown in Figure 49(a) for the continuous leading
edge spar confirm these results. The figure also shows that by inserting the compliant spine
into the spars, an asymmetry was introduced between the up and down strokes, which
causes an increase in the mean lift. Moreover, at the steady level flight flapping frequency
of 4.7 Hz, which corresponds to a throttle setting of 60%, the ornithopter with the compliant
spine produced an additional mean lift supporting 16% of its body weight. This lift gain
could not be produced under the same conditions with a continuous leading edge wing spar.

This increase in mean lift can be directly translated into improved payload capability.

Although lift gains due to extreme wing bending deflections during the upstroke have
been reported in passive wing morphing experiments [28], they were accompanied by
severe thrust penalties. A goal of the current work was to maintain the lift gains while
mitigating the thrust penalties. Thus, the effect of the presence of the compliant spine on
the mean thrust produced by the test ornithopter was evaluated. Figure 49(b) shows that
for any given throttle input, the mean thrust produced by the ornithopter, with and without
the compliant spine, are similar. It is concluded that the compliant spine was successful at

producing lift gains without incurring any significant thrust penalties.

64



[I.ﬁ T | T
: : 2 Compliant
: 5 ¢ Solid

E DAl e - .

M : : :

® : : @

£ § : |

S 02f TR (e

ZE e @

c - : :

(] : ;

O 1] RERRTRPPPRPPOS L B G ]

= : & :

02 I ! i
40 50 60 70 80
Throttle (%)
(@)
L e B R
: : : : < Compliant
: : : : ¢ Solid
[I.E_ ....... ,.., ........ ,,., ........ - i . ]

o R

- . . . . . . .

wm06F- e S L6 P oy P T P

o : @ @ @ : : :

£ : : : : : : :

I_ . . . . . . .
l].d__ ........ ........ ........ ........ ........ ....... ]
% S S S SR SR S S

40 45 50 5 60 65 70 75 80
Throttle (%)
(b)

Figure 49. (a) Mean lift produced over one flapping cycle, normalized by the weight versus
percentage throttle (b) Mean thrust produced over one flapping cycle versus throttle
position plot

Lastly the wing kinematics of the continuous and hinged compliant spars were captured
using high speed photography were compared. The compliant spine was designed to bend

during the upstroke while remaining stiff (i.e., mimicking a continuous spar) during the

downstroke. Figure 50 compares the leading edge spar bending deflections at mid
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downstroke and mid upstroke for both the hinged compliant and continuous wing
configurations. From Figure 50(b), it can be seen that during the downstroke there is
minimal deflection due to the contact surfaces in the compliant joints, while Figure 50(d)

shows that during the upstroke, the compliant spine bends as desired.

Compliant Spine

(b)

Compliant Spine

(d)

Figure 50. (a) Wing bending deflections at mid downstroke for the ornithopter with the
continuous spar, i.e., without the compliant spine. (b) Wing bending deflections at mid
downstroke for the ornithopter with the compliant spine. (c) Wing bending deflections at
mid upstroke for the ornithopter with the continuous spar. (d) Wing bending deflections at
mid upstroke for the ornithopter with the compliant spine.
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Figure 50(a) and Figure 50(b) show comparable deformation during the downstroke
indicating that the compliant spine is acting like the continuous spar. Figure 50(c) and
Figure 50(d) shows that the wing with the compliant spine deflects more than that without
the compliant spine during the upstroke. Table 3 shows the bending deflections at the
location of the compliant spine tip relative to the wing root for the wing with and without
the compliant spine at a flapping frequency of 4.7 Hz. These deflections were calculated
by determining the difference between the vertical location of the middle bending

deflection marker and the root bending deflection marker, mentioned in Section 4.1.

Table 3. Bending deflections at the compliant spine tip relative to the wing root*.

Win Bending deflection of Bending deflection of Difference in
Posi 19 wing with continuous wing with hinged deflections
osition :
spar (cm) compliant spar (cm) (cm)
Mid
Downstroke -3.41 -2.57 -0.84
Mid
Upstroke 4.07 0.72 3.36

* Negative bending is upwards bending, positive bending is downwards bending.

The data in Table 3 along with Figure 50 show that during the downstroke the bending
deflection of the leading edge spar with and without the compliant spine are similar. During
the upstroke, the bending deflection of the leading edge spar with the compliant spine is
larger than the wing without the compliant spine. The bending deflections noticed during
the upstroke due the presence of the compliant spine leads to a reduction of the wing
relative surface area and therefore a decrease in the amount of negative lift produced during

that portion of the wing beat cycle.
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4.2. Constrained Flight Test in Vacuum

This section describes the second set of constrained flight tests. The objective of this
test was to determine whether the wing performance benefits, mentioned in Section 4.1,
observed due to the presence of the compliant spine are a result of the aerodynamics effects,
the inertial effects, or both. In other words, this experiment was designed to determine
whether the benefits mentioned above were due to changing the wings moment of inertia
or due to changing the wings local angle of attack along the span. In order to meet this
objective, it was necessary to isolate the inertial and aerodynamics effects, thus this
constrained flight test was performed both in vacuum and at ambient pressure. The

remainder of this section describes the vacuum test experimental procedures and results.

4.2.1. Vacuum Test Experimental Procedures
4.2.1.1.  Facility and Equipment
The test was conducted at the NASA Langley Research Center (LaRC) Thermal
Vacuum Laboratory. The vacuum chamber where the vehicle was tested had a diameter of
5 feet and was 5 feet deep. The chamber is capable of providing a pressure range from
atmospheric pressure of 760 mm to altitude vacuum and thermal simulation of
approximately 10 E-7 Torr. Figure 51(a) and Figure 51(b) show the 5’ x 5’ thermal vacuum

chamber and the test ornithopter mounted inside the vacuum chamber, respectively.

68



(b)

Figure 51. (a) NASA LaRC 5 foot x 5 foot thermal vacuum chamber. (b) Test ornithopter
mounted inside the vacuum chamber.

During this test, lift, thrust, and pitching moment produced by a test ornithopter over
one flapping cycle were used as comparison metrics to determine the effect of the presence
of the compliant spine on the vehicle’s aecrodynamics and inertia [58]. In order to assess
the aerodynamic and inertial effects separately, the comparison metrics were recorded in
vacuum and at ambient pressure. During the ambient pressure runs, the pressure inside the
chamber was set to 760 Torr (1 atm). During the vacuum runs, the pressure inside the

chamber was 1 Torr (0.001 atm).

A six degree of freedom load cell was used to measure the lift, thrust, and pitching
moment produced by the test ornithopter at various flapping frequencies. The flapping
frequency was controlled using the throttle on a radio transmitter. Table 4 shows the throttle
settings that were tested for each of the wing spar configurations in air and in vacuum. A
given throttle percentage can correspond to various flapping frequencies depending on the
ornithopter configuration being tested. In Section 4.2.2, results are presented with respect

to the flapping frequency and not the throttle percentage. Figure 52(a) shows the
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ornithopter mounted on the load cell inside the chamber. The load cell was mounted in the

vacuum chamber using an aluminum pylon as shown in Figure 52(b).

Table 4. Throttle settings tested for all wing spar configurations in air and vacuum.

Test Run 1 2 3 4
Ambient (760 Torr) 18% 24% 30% 36%
Vacuum (1 Torr) 12% 15% 18% 24%

Figure 52. (a) Test ornithopter mounted on a six channel load cell in a 5 ft x 5 ft thermal
vacuum chamber. (b) Load cell mounted on an aluminum pylon inside the vacuum
chamber.

4.2.1.2.  Tested Wing Spar Configurations
The research platform used during this test was the Morpheus Lab custom-built test
ornithopter (ML 101). Figure 11 shows a picture of the vehicle and Table 1 includes the
test platform specifications. Different wing spar configurations were tested. The first
configuration was the continuous spar, which was the test ornithopter with a uniform
carbon fiber leading edge spar. The rest of the configurations were the hinged compliant

spars, which were the test ornithopter with a compliant spine inserted in its leading edge
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spar. The only difference between the continuous and the hinged compliant wing spar
configurations was the presence of the compliant spine in the leading edge spar of both
wings. Three compliant spine designs were tested, thus there were a total of four wing spar
configurations (1 continuous and 3 compliant). The continuous spar wing configuration

served as the baseline configuration.

All of the compliant spines were 63.5 mm long with 25.4 mm tabs on both sides to
allow for attachment to the leading edge spar. The compliant spine was attached to the
carbon fiber spar of the leading edge using six 5-40 bolts and a Delrin collar, as shown in
Figure 53. The characteristic differences between the various compliant spine designs were
the number of compliant hinges and the compliant joint geometry. The compliant spine
designs evaluated during this constrained flight test were: Comp 24PM, Comp 4PM, and
Comp 4TL. Figure 30 shows the geometry of the compliant spine and its predicted von-
Mises stress distribution at mid upstroke and Figure 31 shows the loading condition as well

as the boundary conditions used during the design optimization.

Top View

Delrin Collar Compliant Spine Tab

Side View

Carbon Fiber Spar Compliant Hinges Compliant Joint

Figure 53. Compliant spine assembly components
Table 5 lists the compliant spine designs, their loading condition, and the number of
compliant hinges. Comp 4PM and Comp24PM were designed using a loading condition
and a dynamic load similar to the ones experienced by the wing during flight and thus were
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included in this test so that each design’s presence effect on the inertia and aerodynamics
was further understood. Design Comp 4TL was included in this test because it was
previously used for the constrained flight test described in Section 4.1. Comp 4TL was also
the first compliant spine design to show the benefits of passive morphing on the overall lift

production [59, 60].

Table 5. Specifications of compliant spine designs for vacuum constrained flight test.

Design Name Loading Condition Numberjg;‘nic;mpllant
Comp 4TL Tip load 3
Comp 4PM Pure moment 2

Comp 24PM Pure moment 4

4.2.2. Vacuum Constrained Flight Test Results
This section discusses the experimental results of the constrained flight test performed
in vacuum. The effect of wing compliance on the lift, thrust, and pitching moment produced

by the ornithopter over one flapping cycle in air and in vacuum is discussed in this section.

Figure 54 shows a plot of the mean thrust produced by the ornithopter over one flapping
cycle versus the flapping frequency. The 95% confidence interval was calculated and the
error bounds were found insignificant (less than 2%) thus they are not shown in the plot.
The figure shows that at ambient pressure for any given flapping frequency, the ornithopter
with the compliant spine inserted in its wings produced more thrust than the ornithopter
with the continuous wing spar configuration. Thrust gains imply improved range and
endurance. Figure 54 shows that in vacuum these thrust benefits disappear. In other words,
in the absence of air, both the hinged compliant and the continuous wing spar

configurations behave similarly. From the figure, it was concluded that the thrust gains
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observed due to the presence of the compliant spine in the leading edge wing spar are

attributed to the aerodynamic effects and not the inertial effects.
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Figure 54. Mean thrust versus flapping frequency for the Continuous, Comp 4PM, Comp
4TL, and Comp 24PM wing spar configurations in ambient pressure (red and black data
markers) and at vacuum (green and yellow data markers)

The second force that was measured during this test was the lift force. Figure 55 shows
a plot of the mean lift produced by the ornithopter over one flapping cycle normalized by
the vehicle’s weight versus the flapping frequency. The 95% confidence interval was
calculated and the error bounds are shown in the plot. The figure shows that at ambient
pressure, the ornithopter with the compliant spine inserted in its wings produces more lift
per unit weight than the ornithopter with the continuous wing spar configuration, especially
at flapping frequencies above 4 Hz. The lift gains here imply a higher payload capability.
Figure 55 also shows that in vacuum these lift benefits disappear. Hence, in the absence of

air, both the hinged compliant and the continuous wing spar configurations behaved

similarly. In the presence of air, lift gains are observed due to the wing compliance, while
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in vacuum, all four test configurations produce similar amount of lift. From Figure 55, it
can be concluded that the lift gains observed due to the presence of the compliant spine in

the leading edge spar are attributed to the aerodynamic effects and not the inertial effects.
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Figure 55. Mean lift normalized by the vehicle’s weight for the Continuous, Comp 4PM,
Comp 4TL, and Comp 24PM wing spar configurations in ambient pressure (black and red
data markers) and at vacuum (yellow and green data markers).

The final metric used to compare the effect of wing compliance in air and in vacuum
is the pitching moment. Based on the experimental set-up and load cell manufacturer’s
specification, a positive pitching moment corresponds to the front of the ornithopter
pitching upwards and vice versa. Figure 56 shows a plot of the mean pitching moment
produced by the ornithopter over one flapping cycle versus the flapping frequency. The
95% confidence interval was calculated and the error bounds were found insignificant (less
than 1%) thus they are not shown in the plot. The figure shows that at ambient pressure,
the ornithopter with the compliant spine inserted in its wings had a negative pitching

moment that was larger in magnitude than the ornithopter with the continuous wing spar

74



configuration. Moreover, Figure 56 shows that in vacuum these variations in pitching
moment disappear. In other words, in the absence of air, both the hinged compliant and the
continuous wing spar configurations behaved similarly. In the presence of air, pitching
moment variations were observed due to the wing compliance, while in vacuum all four
test configurations produce similar amount of pitching moment. In vacuum, all four test
configurations have a zero pitching moment. While in air, the wing compliance increases
the negative mean pitching moment. The larger negative pitching moment indicates that
the presence of the compliant spine has the same effect on pitching moment as increasing
camber in the wings. From the figure, it can be concluded that the pitching moment
variations observed due to the presence of the compliant spine in the leading edge spar are

attributed to the aerodynamic effects and not the inertial effects.
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Figure 56. Mean pitching moment versus flapping frequency for the Continuous, Comp
4PM, Comp 4TL, and Comp 24PM wing spar configurations in ambient pressure (black
and red data) and in vacuum (yellow and green data).
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4.3. Chapter Summary

During the constrained flight test, a quasi-static optimization was conducted and one
of the designs resulting from this optimization was tested as a proof of concept. The
presence of the compliant spine in the ornithopter wing was found to introduce an
asymmetry between the upstroke and the downstroke. This asymmetry was due to the
presence of the compliant hinges that allowed for bending during the upstroke and the
contact surfaces that did not allow for deflections during the downstroke. For any given
flapping frequency, the ornithopter with the compliant spine consumed less electric power
than the same ornithopter without the compliant spine. It was also found that for any given
throttle input, the ornithopter with the compliant spine flapped at a higher flapping
frequency, produced more mean lift and did not incur any thrust penalties when compared
to the ornithopter without the compliant spine. Moreover, at the steady level flapping
frequency, 4.7 Hz, the ornithopter with the compliant spine achieved 44.7% reduction in
the power required and 16% lift gain. The aforementioned power reduction suggest range
and endurance benefits, where the lift gains indicate payload capability improvements. The
results of this test confirmed the feasibility of passive wing morphing using a compliant
mechanism. The test also confirmed that passive morphing resulted in overall wing

performance improvements.

After proving the efficacy of passive wing morphing using a compliant mechanism, it
was necessary to understand whether these gains are due aerodynamic or inertial effects or
both. In order to understand the aforementioned question, the second constrained flight test
was performed both in air and in vacuum to determine the source of the aforementioned

lift and thrust gains, as well as to investigate the effect of the presence of several compliant
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spine designs on the wing performance both in ambient pressure and in vacuum. Results
of the vacuum constrained flight test confirmed the efficacy of passive morphing in
improving the lift and thrust forces produced by the ornithopter during a flapping cycle.
Testing the vehicle in vacuum isolated the aerodynamic effects from the inertial effects.
Results show that the lift and thrust gains observed along with the variations on pitching
moment are due to aerodynamic effects and not inertial effects. These results indicate that
the wing performance gains achieved due to morphing are due to aerodynamic effect. This
was a valid conclusion because in vacuum, all test configurations, both continuous and
compliant, performed the same. It was only in the presence of air when variations and gains

in pitching moment, lift and thrust were observed.
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Chapter 5: Free Flight Testing Experiment

Several flight tests were conducted in order to assess the performance of the various
compliant spine designs presented earlier in free flight [61]. The flight tests were conducted
at the Wright Patterson Air Force Base (WPAFB) in the Air Force Research Lab’s (AFRL)
Indoor Small Unmanned Aerial Systems (SUAS) laboratory. This facility is the largest
Vicon® motion capture system lab in the United States. This chapter describes the

experimental procedures and free flight tests results.

5.1. Free Flight Testing Experimental Procedures
This section describes the equipment used, ornithopter preparation, test configurations

flown, and the experimental set-up. Figure 57 shows a picture of the flight test chamber in

the SUAS lab.

Figure 57. Test Chamber in the AFRL SUAS flight lab.

The AFRL SUAS indoor flight test laboratory is composed of an enclosed flight test
chamber and a control room. The test chamber is a large, instrumented room where
vehicles can be flown. It is roughly 16.8 m x 21.3 m x 10.6 m. SUAS lab instrumentation
consists of a VICON® motion capture system with 60 motion capture cameras. By adding

small retro-reflective markers to a vehicle, the VICON® system can track position and
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orientation of the vehicle to an accuracy of about 1.0 mm. The control room was used to
process and record test data, such as vehicle position/orientation, velocity, acceleration,

commands, sensor telemetry, and video-stream and audio data.

5.1.1. Test Platform Experimental Setup

Fifty-three spherical markers were attached to the test vehicle in the locations needed
to obtain sufficient data to fully determine the vehicle wing and body kinematics. The
marker had a diameter of 6.35 mm and were out of retro-reflective tape, which reflects
light. Of the fifty-three markers, forty-four 6.35mm diameter markers were placed in an
asymmetrical pattern on the wings in order to aid in down range tracking. The nine
additional markers were distributed as follows: 5 were placed on the fuselage to determine
the ornithopter's body kinematics, 3 were placed on the tail to record user control inputs
and 1 was placed at the wing root to measure the wing angle during a given flapping cycle.
Figure 58(a) and Figure 58(b) show the placement of the wing and tail reflective markers,
respectively. Markers were distributed over both wings to balance the weight and they were
placed asymmetrically to aid with tracking and post-processing. Data was collected at a
sampling rate of 200 Hz during these tests. The Vicon® motion capture system was used
to capture and contrast the wing 3D kinematics of the ornithopter with and without the

compliant spine inserted in the leading edge spar.
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Figure 58. (a) Wing and (b) Tail reflective markers placement.

In addition to the Vicon® markers mounted on the ornithopter’s wings, tail, and body,
a current sensor was connected in series between the electric speed controller and the
battery in order to measure the current drawn by the motor. The data was recorded using
an onboard Logomatic v2 Serial SD data logger. Figure 59(a) and Figure 59(b) show a

schematic of the current sensor connection and a picture of the data logger, respectively.
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Figure 59. (a) Schematic for current sensor. (b) Logomatic v2 Serial SD data logger used to
record the current sensor output.

5.1.2. Flight Testing Technique

To aid in test data repeatability and prevent vehicle impacts with the chamber walls, a
low-friction tether was utilized to guide the vehicle within the test chamber. The vehicle
was suspended from a lead wire hung from this tether in order to restrain its flight path.
The lead line was able to slide along the tether by using a barrel swivel attachment. The
tether was strung horizontally between two trusses at opposite corners of the flight lab, at
2.1 m height in order to maximize flight distance and keep the test vehicle at a height where
camera coverage is ideal. A wire crimp and a braking tether were used at the end of the
flight path in order to arrest the vehicle at the end of each test run. Figure 60 shows a

schematic of the test setup.
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Figure 60. Test setup schematic showing the Vicon® cameras (representative), high speed
cameras, flight path, braking tether, and video capturing area.

5.1.3. Free Flight Tested Ornithopter Wing Configurations

Four ornithopter wing configurations were tested. The first configuration tested was
an ornithopter with a continuous, carbon fiber wing spar. This configuration is referred to
as the solid spar configuration. The remaining configurations consisted of hinged
compliant wing spars and are referred to as the compliant configurations. A hinged
compliant wing spar configuration was defined as a leading edge spar with a compliant
spine inserted in the leading edge spar at 37% of the wing half-span to mimic the function
of the avian wrist. Three compliant spine designs were tested, thus there were a total of

four configurations (1 continuous and 3 hinged compliant).

The Morpheus Lab ornithopter (ML101) was used as the test platform during this test.
Common test platform specifications can be found in Table 1. Figure 11 shows an image
of a Morpheus Lab custom-built test ornithopter (ML 101) with a continuous leading edge
spar. This test configuration served as the test baseline. The mass of the continuous wing
spar configuration ornithopter including batteries, motor, current sensor, markers, and data

logger was measured to be 528 g.
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The ML101 test ornithopter was also flown for the hinged compliant wing spar
configurations. For the compliant wing spar configurations, the spines consisted of the
same components included in the vacuum constrained flight test and they were integrated
into the leading edge using the same method shown in Figure 53. The compliant spines
tested during the free flight tests were Comp 4PM, Comp 14PM, and Comp 24PM designs.
Table 6 lists the compliant spine designs, the number of compliant hinges, and the total
mass of the ornithopter with these spines inserted in its leading edge and including all the
components that were previously present in the continuous configuration. Comp 4TL
design was replaced by Comp 14PM in this flight test because Comp 14PM was the
equivalent three compliant hinge compliant spine that was designed using flight-like
loading condition. Figure 30 shows the geometry of the compliant spines and their
predicted von-Mises stress distribution at mid upstroke and Figure 31 shows the loading

condition as well as the boundary conditions used during the design optimization.

Table 6. Specifications of compliant spine designs.

Design Name Number of compliant joints Ornithopter Mass
Comp 4PM 2 6119
Comp 14PM 3 614 g
Comp 24PM 4 612 g

5.2. Free Flight Experimental Results

The free flight experiment results can be divided into three main sections. The first
explains the free flight characteristics of a test ornithopter’s wing and body kinematics.
The second discusses the effect of the presence of the compliant spine on the leading edge

spar deflections. Lastly, the third part of this section introduces several flight metrics to
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compare the overall wing performance with and without the compliant spine inserted in its

wings.

5.2.1. Ornithopter’s Free Flight Kinematics
One of the goals of these flight tests was to extend the current database of steady level
free flight data for avian-scale ornithopters. In order to attain this goal, consistent and
repeatable kinematics over several flapping cycles were required. Before presenting the
collected flight test data, the inertial reference frame, C;, and body fixed frames, Co, used

during this test were defined as shown in Figure 61.

Flight Testing Control Volume
(17mx21 mx 11m)

Test Ornithopter

Body-fixed Yo
Coordinate
System
(located at body C.G.)

Inertial 'CI

Coordinate System

Figure 61. The flight testing control volume, showing the inertial, C,, and body fixed, Co,
coordinate systems along with the position vector naming conventions.

The inertial reference frame was defined in accordance with the north, east, down
(NED) convention and the body axis was defined with the axes pointing out the nose, right
wing, and underside of the ornithopter. Both reference frames are in accordance with

standard aircraft body axes convention [62]. Based on the inertial and body reference
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frames, a negative Z position indicates upwards displacement and a positive Z position
indicates downwards displacement. Figure 61 also shows the naming convention for the
position vectors. For example, ro, was defined as the position vector of the center of mass
of the fuselage with respect to the inertial frame. Also, rp; and rpo were defined as the
position vector of any point, p, on the vehicle with respect to the inertial reference frame
and the body reference frame, respectively.

Figure 62 shows the measured X, Y and Z positions of the 53 markers that were
mounted on the ornithopter relative to the inertial reference frame, C,. The X and Y position
represents the down range location of the marker and the Z position represent the marker's
altitude. The figure also illustrates that repeatable tracking was achieved. The plot extends
over eight consistent flapping cycles and represents a duration of 1.5 seconds of flight data.
In order to estimate the accuracy of the markers' location and tracking, the ornithopter was
placed in the middle of the control volume and the variances of the markers X, Y, and Z
locations were computed. The maximum standard deviation was calculated to be 0.10 mm,
0.10 mm, and 0.12 mm for the X, Y, and Z markers location, respectively. Not only was
it required that consistent and repeatable kinematics be achieved, but also the data needed
to be recorded during steady level free flight. Figure 63 shows the Z position above ground
level (AGL) of the center of mass of the ornithopter's fuselage with respect to the inertial
frame, rzo,1. The location and orientation of the fuselage’s center of mass was calculated
by fitting a rigid body to the fuselage using the five markers that were mounted on it. More
details about this technique can be found in [63]. The black line in Figure 63 represents a
threshold altitude above which the vehicle is no longer suspended from the tether and

therefore is in quasi free flight condition. From the figure, it can be concluded that the

85



ornithopter was flying well above this threshold altitude and therefore this flight test was
successful in measuring and recording the ornithopter's kinematics over several flapping

cycles and during steady level flight.
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Figure 62. X, Y, and Z position of the 53 markers mounted on the ornithopter with respect

to the inertial frame of reference showing over eight flapping cycles of consistent and
repeatable kinematics.
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Figure 63. Ornithopter fuselage’s center of mass altitude (red line) showing that the test
ornithopter is flying above the altitude threshold (black line) for free flight.
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After establishing free flight, the ornithopter kinematics was examined. Figure 64
compares the Z position above ground level in meters of the right wing tip marker (rz w)
and the fuselage's center of mass (rzo,1) for 2.5 flapping cycles. The figure shows that during
free flight, the ornithopter's body position is out of phase with the wing tip position; in
other words, as the wing flaps downwards, the fuselage is moving upwards and vice versa.
Figure 64 also shows the ornithopter's body kinematics; an aspect of the vehicle's flight

physics that is only possible to monitor through free flight testing.

Fuselage C.M (r, )
——Right Wing Tip (r

-1.95

z w‘t,l)

¥

Z Position
AGL (m)

C.M

Figure 64. The altitude above ground level of the right wing tip marker (blue) and the
fuselage’s center of mass (red) versus time, normalized by the period of one flapping cycle.

In order to further understand the body kinematics, the Z position of the fuselage center
of mass with respect to the inertial frame, r;o0,, was differentiated twice to obtain the center
of mass vertical acceleration, a;o,. Figure 65 shows the wing tip Z position with respect
to the body frame in meters (r; wt,0), and the fuselage center of mass acceleration (azo,) in

gs with respect to the inertial frame.
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Figure 65. Wing tip marker Z-position with respect to the center of mass (blue) and the
center of mass acceleration (black) versus time normalized by the period of one flapping
cycle.

The significance of the body dynamics is apparent in Figure 65. The body of the the
ornithopter with the continuous spar had an acceleration of = 4 gs. During priorand current
flight tests, it was noticed that the vertical acceleration had a peak after the upstroke-
downstroke transition and downstroke-upstroke transition points [63, 61]. Figure 66 shows
the Z position of the wing tip and the thrust flap with respect to the body frame, along with
the vertical acceleration of the center of mass with respect to the inertial frame. The figure
also shows that the peaks that occur after the transition points, marked by the red circles,
are due to the thrust flap portion of the wing changing directions. The thrust flap portion
of the wing is shown in Figure 67 and it is the part of the wing primarily responsible for
the thrust production [6]. The thrust flap lags the main wing leading edge spar in changing

directions at both stroke transition points. The thrust flap can be thought of as a hinged flat
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plate, as it changes direction, it causes an increase in the body's acceleration. Figure 67

also shows the location of the wing tip and thrust flap markers.
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Figure 66. Wing tip marker Z-position with respect to the center of mass (blue), thrust flap
marker Z-position with respect to the center of mass (green), and the center of mass
acceleration (black) versus time, normalized by the period of one flapping cycle.
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Figure 67. Wing planform showing the thrust flap region and the locations of the wing tip
and thrust flap markers.

5.2.2. Effect of Compliant Spine Presence on Leading Edge Spar Deflection
During the flight test, the three compliant spine designs described in Section 5.1.3 were
inserted into the wing leading edge spar. This section details the effect of the presence of

the compliant spine on the leading edge spar bending deflection. The compliant spine
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design optimization results predicted that a compliant spine with a larger number of
compliant hinges tends to have a greater maximum bending deflection [46, 64]. For this
sub-section, results from designs Comp 24PM and Comp 4PM are shown as these designs

had the most and least number of compliant hinges, respectively.

During the wing upstroke the compliant spine was allowed to bend due to the presence
of the compliant joints, while during the downstroke, the contact surfaces come together,
locking the compliant spine so that it simulated the uniform, rigid carbon fiber spar. Figure
68 a and b show the Z deflection in millimeters of the markers placed on the right wing
leading edge spar, at mid upstroke and mid downstroke, respectively. The Z deflection for

the leading edge spar markers was referenced to the body frame of reference.
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(a) Mid upstroke
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Figure 68. The Z position of the reflective markers mounted at the right wing leading edge
spar versus the normalized span location at (a) mid upstroke and (b) mid downstroke.

Figure 68 confirms the design optimization result that Comp 24PM was more flexible
than design 4PM and therefore has a larger bending deflection. Figure 68(a) shows that the
configuration with the compliant spar inserted in its wings were allowed to bend during the
upstroke. The relative bending deflection between the compliant spar tip marker and the
continuous spar tip marker at mid upstroke was 110.7 mm and 83.24 mm for the Comp
24PM and Comp 4PM designs, respectively. In Figure 68(b), upwards bending was
observed, this bending occurs during the downstroke due to the presence of the contact
gaps and flexibility of the Delrin™ spine. The relative bending deflection between the
compliant spar tip marker and the continuous spar tip marker at mid downstroke was 94.3
mm and 72.6 mm for the Comp 24PM and Comp 4PM designs, respectively. Overall, the
downwards bending deflection of the compliant spines during the upstroke was greater
than the upwards bending deflection during the downstroke, thus an asymmetry in the

wings kinematics was achieved due to the presence of the compliant spine.
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5.2.3. Effect of Compliant Spine Presence on Wing Performance
Several metrics were used to investigate the effect of the presence of the compliant
spine on the wing performance. These metrics can be divided into three categories: power

expenditure, horizontal propulsive force and vertical propulsive force.

5.2.3.1.  The Power Expenditure Performance Metric

Most morphing wing mechanisms, presented in the literature, show performance
benefits, however they result in weight penalties that necessitate additional power
expenditures that mitigate the performance gains [10, 21]. The first metric that was used to
evaluate the wing performance of the hinged compliant and continuous ornithopter wing
was the specific power. Specific power was defined as the electric power consumed by the
flapping wing drive motor normalized by the mass of the ornithopter platform. Figure 69
shows a plot of the mean specific power over one flapping cycle for the compliant and
continuous leading edge wing spar configurations. The figure shows that when normalized
by the mass of the various configurations, the power expenditure of the compliant versus
non-compliant configurations is comparable. Consequently, carrying the additional weight
of the compliant spines, as compared to the weight of the continuous spar, does not cost
the vehicle any significant power consumption penalty. The most compliant and heaviest

configuration, namely Comp 24PM, has less than 5% penalty in specific power.
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Figure 69. Mean specific power over one flapping cycle for the compliant and solid, non-
compliant, wing configurations.

5.2.3.2.  Horizontal Propulsive Force Performance Metric

The second group of metrics used to compare the performance of the test ornithopter
wing with and without the presence of the compliant spine was related to the horizontal
acceleration of the center of mass with respect to the inertial frame, axo,. The horizontal
acceleration can be related to the vehicle’s thrust production. According to the body fixed
frame of reference, a positive axo, corresponds to forward flight. Rather than using axo,i
directly to compare the effect of the various compliant spines, an additional metric that is
common in the literature, namely the horizontal load coefficient, Cx is used [65]. The
expression for Cx is shown in Equation ( 23 ) and it is the coefficient of propulsive force

in the horizontal direction.

_ Mayoy

(23)
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In Equation ( 23 ), m is the vehicle’s mass, p is the air density, Vs is the mean forward
velocity, S is the wing area, and @, is the mean horizontal acceleration of the center of
mass over one flapping cycle. Cx is the non-dimensional form of the mean horizontal force
generated by the ornithopter over one flapping cycle. An intuitive way to explain Cx is
that, for a given distance per unit time, a vehicle that has a larger value of Cx will have
more propulsive power in the horizontal direction. Figure 70 compares the values of Cx
for the solid, Comp 4PM, Comp 14PM, and Comp 24PM wing configurations. The figure
shows that Compl14PM, Comp 24PM, and Comp 4PM improve the coefficient of
horizontal propulsive force. When comparing the values of Cx for the compliant and non-
compliant wing spar configurations shown in Figure 70, it should be noted that Comp
14PM improves Cx by 295% and it has the highest propulsive force in the horizontal

direction.
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Figure 70. Coefficient of mean horizontal propulsive force for the compliant and solid, non-
compliant, wing configurations.
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The final metric related to the horizontal propulsive force is called the power loading
and it is defined as Cx/Cp [65]. The horizontal power loading metric describes the amount
of horizontal force that can be generated per unit power consumed, thus maximizing this
quantity would indicate that the vehicle is able to generate a given amount of horizontal
force efficiently. Cp is defined in Equation (24 ) and it is the non-dimensional mean electric

power consumed over one flapping cycle [65].

c P
N (24)

In Equation ( 24 ), P is the mean power consumed over one flapping cycle. Table 7
compares the values of the horizontal power loading for the compliant and non-compliant
configurations. From the values shown in the table, it can be concluded that the ornithopter
with Compl4PM wing spar configuration generates horizontal propulsive force more
efficiently than any of other configurations tested. Thus from a horizontal propulsive force
production and therefore thrust and range standpoint, Comp 14PM offers the best design.
Data from this flight test shows that the compliance achieved during the upstroke causes
penalties to the mean horizontal acceleration produced, while compliance during the
downstroke results in gains. Thus, Comp14PM offers the best compromise between up and

down strokes compliance for horizontal force production.

Table 7. Values for horizontal power loading for the non-compliant and compliant wing
spar configurations.

Wing Configuration Cx/Cp
Solid 0.05
Comp 4PM 0.04
Comp 14PM 0.07
Comp 24PM 0.03
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5.2.3.3.  Vertical Propulsive Force Performance Metric

The third and final group of metrics used are related to the vertical acceleration of the
center of mass with respect to the inertial frame, aso,. According to the inertial frame of
reference, negative vertical acceleration corresponds to upwards acceleration. Therefore a
higher negative acceleration indicates an increase in the body's upwards acceleration and
the wings' downwards acceleration, or an increase in the amount of positive vertical
propulsive force produced by the wings. Figure 71 shows the vertical acceleration of the
body center of mass for the Solid, Comp 4PM, and Comp 24PM configurations versus time
normalized by the period of one flapping cycle. Only the most and least compliant
configurations are shown below for graphical clarity, Comp 14PM exhibits the same body

center of mass vertical acceleration characteristics.
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Figure 71. Vertical acceleration of the fuselage center of mass for the solid (black), Comp
4PM (green, and Comp 24PM (red) configurations versus time normalized by the period of
one flapping cycle
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The effect of the presence of a compliant spine in the leading edge spar is evident at
two locations in the flapping cycle (marked by the dashed circles), as shown in Figure 71.
The first location is at the end of the upstroke right before the upstroke to downstroke
transition. At this point, the compliant spine is changing from the bending configuration to
the locked configuration, creating an effect similar to a whiplash and increasing the body
upwards acceleration. Therefore, increasing the wings’ downwards acceleration, which is
a favorable effect. During the downstroke portion of the flapping cycle, the compliant spine
was designed so that the wing kinematics of the compliant wind spar are the same as those
of the solid spar. However, as mentioned in Section5.2.2, due to the presence of the contact
gaps and the difference in Young’s modulus between the material of the solid spar (uni-
directional carbon fiber composite) and the material of the compliant spine (Delrin™)
upwards bending occurs during the downstroke. The second location where the effect of
the compliant spine is apparent is during the second half of the downstroke. At this point,
the compliant spine has locked completely and the upward bending has started to occur.
Thus, during the second half of the downstroke, an increase in the body’s positive
acceleration is observed due to the presence of the compliant spine. A higher positive
vertical center of mass acceleration indicates an increase in the body's downwards
acceleration and wings' upwards acceleration and therefore an increase in the amount of

negative vertical propulsive force produced by the wings, which is an adverse effect.

In order to better quantify the effect of the compliance, the mean center of mass vertical

acceleration over one flapping cycle was computed, @, ;. Figure 72 shows the mean
vertical acceleration over one flapping cycle for the Solid, Comp 4PM, Comp 14PM, and

Comp 24PM wing spar configurations. The figure shows that the ornithopter with Comp
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24PM and Comp 4PM inserted in its wing reduced the body's center of mass positive
acceleration by 69% and 45%, respectively. While the ornithopter with Comp 14PM in its
wing increased the body's center of mass positive acceleration by 5%. The positive
acceleration reduction, which occurred due to presence of Comp 24PM and Comp4PM,
translates, into vertical propulsive force gains. The positive acceleration increase, which
occurred due to the presence of Comp 14PM, translates into a lift vertical propulsive force
penalties. The most flexible design, namely Comp24PM, represents the superior design

from a propulsive vertical force or payload capability viewpoint.
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Figure 72. Mean positive vertical acceleration over one flapping cycle for the compliant and
solid, non-compliant, wing configurations

A metric that is more common in literature, namely the vertical force coefficient, Czis
also used to compare the effect of compliance on the vertical propulsive force generated
by the ornithopter [65]. The expression for Cz is shown in Equation ( 25 ) and it is the

coefficient of propulsive force in the vertical direction.
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Similar to Cx, Cz is an indication of the propulsive force a vehicle can generate but in
the vertical direction so, for a given distance per unit time, Cz can indicate the amount of
propulsive power a vehicle can generate. As such, the objective here is to minimize Cz
because, as explained before, a higher positive value for @,,; corresponds to more wings’
upwards acceleration and more negative vertical propulsive force production. Table 8
shows the values of coefficient of vertical propulsive force, Cz, for the solid, Comp 4PM,
Comp 14PM, and Comp 24PM wing configurations. Thus, when comparing the values of
Cz for the compliant and continuous configurations, Comp 24PM has the lowest value of
and thus the best vertical load production metric. Also, because the objective is to minimize
rather than maximize Cgz, it is not appropriate to use the power loading metrics as

previously used for the horizontal load coefficient.

Table 8. Values for the coefficient of vertical propulsive force for the solid and compliant
wing spar configurations.

Wing Configuration Cz
Solid 0.48

Comp 4PM 0.71
Comp 14PM 0.98
Comp 24PM 0.31

5.3.Chapter Summary

The test results presented herein was successful in producing consistent and repeatable
flight data over more than eight free flight flapping cycles and several compliant spine
configurations. Throughout these flight tests, the ornithopter body dynamics were shown

to be significant, +4gs for the solid configuration and with significantly different
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acceleration profiles with the compliant spines. Also the peak in the body's vertical
acceleration that occurred after the upstroke-downstroke and downstroke-upstroke
transition points was attributed to the dynamics of the thrust flap. The effect of the presence
of the compliant spines in the wings on leading edge spar deflection was examined through
the flight tests. Inserting the compliant spine into the leading edge spar introduced an
asymmetry between the upstroke and the downstroke, as desired. However, the data shows
that upwards bending occurs during the downstroke due to the flexibility of Delrin and the
contact gaps. Several metrics were presented and used to compare the performance of the
compliant and baseline ornithopter wing. The first metric used was the specific power; data
showed that, when normalized by the vehicle’s mass, the test ornithopter with any given
wing configuration consumed a similar amount of electric power. The second group of
metrics used were related to the horizontal force produced over one flapping cycle, results
showed that Comp 14PM design improved the mean horizontal propulsive force the most
when compared to the other wing-spar configurations. Comp 14PM design increased the
solid wing spar configuration horizontal propulsive force coefficient by 300%. The third
and last group of wing performance metrics were related to the vertical propulsive force
produced over one flapping cycle. Comp 24PM design reduced the solid wing spar
configuration body's center of mass positive acceleration by 69%, which translates into
overall vertical propulsive force gains. These flight tests showed that passively morphing
the wings through introducing compliance in the leading edge spar is not only possible and
requires no additional power expenditure but it is also beneficial to the overall vertical and

horizontal propulsive force production.
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Chapter 6: Concluding Remarks

6.1. Summary of Work

Wing morphing is needed for flapping wing un-manned vehicles in order for them to
achieve mission adaptability and improved performance over multiple missions. This work
contributes a passive wing morphing system that was shown to be both feasible and
effective in improving steady level flight wing performance. Passive wing morphing was
defined as wing shape change due to loads that the vehicle experiences during flight and

not due to any other additional actuators.

Chapter 2 presented a bio-inspired technical approach towards achieving wing
morphing. A review of avian wing morphology and kinematics was presented. The
Continuous Vortex Gait was selected as the desired wing kinematics to be achieved using
a structural modification. This gait was chosen because it is suitable for the test ornithopter
steady level flight forward speed and wing Aspect Ratio. The continuous vortex gait could
also be achieved passively because it required motion in only one major joint, namely the
wrist. A compliant mechanism called a compliant spine was presented as the structural
modification needed to achieve the wing morphing. The design load and bending deflection
specifications for the compliant spine were determined and its integration in the test

ornithopter leading edge spar to mimic the function of an avian wrist was demonstrated. .

The compliant spine allowed for bending during the upstroke only, thus it stiffness was
time varying. Inserting a variable stiffness element in the leading edge spar required an
analytical model in order to ensure the structural stability of the spar-spine system.

Chapter 3 presented the analytical model of the leading edge spar with a compliant spine
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inserted in it. The model was validated using experimental data. Analytical results from the
model agreed with the experimental measurement within 7% and 11% for the wing root
and spine root angles, respectively. The Equation of motion for the leading edge spar-
spine system was reformulated into Mathieu’s equation. The stability of the model was
investigated graphically using a Strutt diagram and analytically using a phase plane plot.

Both methods showed that the system response is stable and bounded.

After establishing stability, the ornithopter with various compliant spine designs
inserted in its leading edge spar was evaluated experimentally. Chapter 4 presented
constrained flight test both in air and in vacuum. Constrained flight testing was defined as
testing where the ornithopter fuselage was constrained to a load cell and was not free to
translate or rotate. The constrained flight tests results confirmed that passive wing
morphing is beneficial to the overall steady level flight wing performance. At the steady
level flapping frequency, 4.7 Hz, the ornithopter with the compliant spine achieved 44.7%
reduction in the power required and 16% lift gain without incurring any thrust penalties.
The power reduction suggested range and endurance benefits, where the lift gains indicated
payload capability improvements. The results of the constrained flight test performed at
the NASA Langley Research Center Thermal Vacuum Laboratory attributed the wing
performance gains due to morphing to aerodynamic effects rather than inertial effects. In
vacuum, the ornithopter with and without the compliant spine performed equally. In the
presence of air, however, lift and thrust gains were observed for the ornithopter with the

compliant spine inserted in the wings.

During the constrained flight test, the body dynamics could not be observed. Free flight

testing was necessary in order to observe and investigate the body dynamics. Chapter 5
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presented extensive free flight testing of the ornithopter with several compliant spine
designs. The test was conducted at the Wright Patterson Air Force Base in the Air Force
Research Lab’s Indoor Small Unmanned Aerial Systems (SUAS) Laboratory and used a
Vicon© motion tracking system. The test enabled the observation of the body dynamics,
wing kinematics, and over all wing performance. The results confirmed that the ornithopter
body dynamics were significant. Several metrics were presented and used to compare the
performance of the test ornithopter wing with and without the compliant spine. Results
showed that the ornithopter with a compliant spine consumed similar amount of specific
power as an ornithopter without the compliant spine. However, the ornithopter with a
compliant spine inserted in its wings, improved the horizontal propulsive force by 300%
and improved body center of mass vertical acceleration by 69%, which translates into

overall vertical propulsive force gains.

6.2.Summary of Original Contributions

The original contributions of this work is summarized in the following points:

= Bio-inspired avian kinematics
This work quantified and identified bio-inspired avian kinematics that were used as the
design specifications for the passive wing morphing mechanism. The kinematics were
inspired from the Continuous Vortex Gait. The bending kinematics of this gait were used
as the required deflection for the morphing mechanism. One of the significant contributions
of this work was realizing that an avian wing gait could be achieved passively using a wing
structural modification, which would vary its shape in response to the aerodynamic loads

experienced by the vehicle during steady level flight. Unlike other wing morphing systems,
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these kinematics allowed the passive wing morphing system, presented in this work, to

achieve lift gains without incurring any thrust penalties.

= A feasible and effective passive wing morphing
This work demonstrated that passive wing morphing was not only possible, but it was also
beneficial for the overall steady level wing performance. This is the first morphing
mechanism for avian scale flapping wing un-manned air vehicle, which achieved lift and

thrust performance benefits without incurring weight, complexity, or power penalties.

= Extensive free flight data for avian scale flapping wing vehicles
Free flight data for avian scale flapping wing un-manned air vehicles was extremely
limited. One of the significant contributions of this work was developing and extending a
novel free flight testing technique. This technique provided the most extensive free flight
data for avian scale flapping wing-unmanned vehicles. This data was used in this work to
better understand the body dynamics and wing kinematics of the test ornithopter with the
continuous and the hinged compliant leading edge spar. Results demonstrated the benefits
of passive wing morphing on steady level flight. The effect of the presence of a wing
morphing mechanism on the body vertical and horizontal propulsive force of an avian scale
was examined for the first time in the literature. The data produced from these test was
used to validate other researchers’ numerical and analytical models of the test ornithopter

and could be used to create the first avian scale ornithopters free flight database.

= Constrained flight data in vacuum
This work presented a constrained flight test of the ornithopter in vacuum. This test was
considered a significant contribution because it isolated and the inertial effects from the

aerodynamic effects. This test was the first of its kind for avian scale morphing
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ornithopters. Through this test, it was determined that the wing performance gains observed
due passive morphing was attributed to the aerodynamic effects and not inertial effects.
The data from this test was also used to validate an analytical model to ensure the structural

stability of the hinged compliant leading edge spar.

6.3.Future Recommendations

= Flow Visualization of Morphing Wing Wake
The work presented here stated that the compliant spine achieved the bending deflection
desired for achieving the Continuous Vortex Gait. The main characteristic of the
Continuous Vortex Gait is the continuous shedding of vortices from the wing tips into the
wake of avian flyers. A flow visualization comparing the wake of the test ornithopter with
and without a compliant spine inserted in its wing is necessary to determine the effect of
the achieved bending deflection on the wake of the vehicle. The flow visualization will
discern whether the performance benefits achieved due to the presence of the compliant
spine are simply due to reducing the wing wetted surface area during the upstroke or is it

in fact due to the vortices be shedding continuously from wing tip into the wake.

= Three Degrees of Freedom Morphing

The passive wing morphing system presented in this work achieve only one of the three
degrees of freedom present in the Continuous Vortex Gait, namely bending. Future
research should aspire to achieve bending, twist, and sweep passively. Wing twist and
sweep during the upstroke can further decrease the wing wetted surface area and thus
reduce the drag and negative lift penalty associated with this portion of the wing beat cycle.
The author of this work along with collaborators from the Engineering Design and
optimization Group at the Pennsylvania State University have published several papers that
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focus on the design optimization of bend, sweep and twist compliant mechanisms for
improved agility [66, 67, 68, 69]. The testing of these mechanisms is beyond the scope of

this work but is highly recommended for future research.

= Spatially Distributed Compliant Elements
The work presented here focuses on improving the steady level flight wing performance
and achieves so using one compliant spine at the location of the avian wrist. In order for
flapping wing un-manned air vehicles to reach their full potential, they need to achieve
mission adaptability or improved performance over several mission scenarios. Several
spatially distributed multiple DOF compliant elements could facilitate such goal. These
compliant elements could function as other major joints such as the elbow joint or as wing
muscles that enable more complicated wing shapes. Achieving such wing shapes could
improve the vehicle’s agility and maneuverability as well as improve the vehicle’s

performance over multiple mission roles.
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