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Resumo

0 interesse crescente nos Veiculos Aéreos nao Tripulados “Unmanned Air Vehicles (UAV’s)” e
suas diversas utilidades em conjunto com a necessidade de seu facil transporte e furtividade,
levaram a necessidade de criar o conceito dos Micro Veiculos Aéreos “Micro Air Vehicles
(MAV’s)” e os Nano Veiculos Aéreos “Nano Air Vehicles (NAV’s)”. Este tipo de veiculos tem
como fonte inspiradora os insetos e aves devido a necessaria producdo simultanea de
sustentacao e propulsdo. Tal como no voo convencional, também no voo animal podem ser
identificadas as fases de levantamento (descolagem) e aterragem como diferenciadas do voo
longe de uma superficie de apoio. Este trabalho é dedicado ao estudo da fase de
levantamento de voo de uma ave columba livia. Foram realizadas experiéncias para medir a
forca inicial produzida pela ave para iniciar o voo e a respetiva trajetdria na zona préxima do
ponto de apoio inicial. Estas medidas foram efetuadas com um sensor de forca dotado de
elevada velocidade de aquisicao de dados e uma camara de alta velocidade. As principais
conclusodes obtidas com a realizacao deste trabalho é o facto de que a ave consegue produzir
movimentos, que aumentar o momento total quando a ave estica o pescoco para a frente e
movendo a cabeca para baixo seguido por continuacao de esticamento do pescoco e
movimento da cabeca para cima impelindo-se para o ar, resultando num papel principal
relativamente as forcas mecanicas (contra o poleiro) para o0 momento linear actuante nos
primeiros momentos. Columba livia consegue gerar cerca de 4 vezes o seu peso em forca

mecanica e acima de 8 vezes o seu peso durante o 2° downstroke.

Palavras-chave

Biomimética, columba livia.
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Abstract

The increasing interest on Unmanned Air Vehicles (UAV’s) and their several utilities blended
with the need of easy carrying and also the stealth, lead to the need to create the concept of
Micro Air Vehicles (MAV’s) and the Nano Air Vehicles (NAV’s). Due to the current interest and
the present lack of knowledge on the insect’s and bird’s flight, this study was intended to
interpret the forces involved on the moment of the take-off of a bird, recurring to an
experiment involving a fast data acquisition force sensor and high speed camera, in addition
known facts from earlier studies. In order to do that a bibliographic revision was done, to
know what was already studied and to find what could yet be studied. That way could be
formed a link on the factors involved on the propulsion of a bird at the moment of take-off.
The main conclusions obtained by this work is that the bird can produce movements that will
enhance the total moment when the bird stretches its neck forward and moving head down
followed by stretching even more its neck and moving head up impelling himself into the air,
resulting in a main role on the mechanical forces (against perch) for the bird first moments
momentum. Columba livia can generate about 4 times its weight worth mechanic force

(against perch) and above 8 times its weight during the 2"! downstroke.

Keywords

Biomimetics, columba livia.
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Chapter 1

Introduction

1.1 Biomimetics

Humankind has looked at nature (living organisms) in search for answers to solve problems
throughout their own existence. The term biomimetic derive from Ancient Greek and means
(bios = life; mimesis = imitation); biomimetic = life imitation, and has given rise to new
technologies inspired by biological solutions at macro and nanoscales. In its fullness meaning,
biomimetic refers to all human-made processes, substances, devices, or systems that imitate
nature; i.e., refers to the imitation of the models, systems, and elements of nature with the
purpose of solving complex human problems. Biomimetic studies belong to a highly
multidisciplinary area, encapsulating several branches of science: chemistry, physics,
computers, textile, mathematics and electronics. In Nature there are millions of species of
which less than two million have been cataloged so far. Just to mention insects (they are
among the most diverse groups of animals on the planet, including over a 1,000,000 described
species and representing more than a half of all living organisms) According to National
Museum of Natural History, most authorities agree on a conservative estimation of insect’s
species number of 2,000,000 and could be extended to up 30,000,000 - an gigantic base
inspired solutions data in biological systems to solve engineering problems and other fields of
technology. One of the early examples of biomimetic was the study of birds to enable human
flight. Although never successful in creating a “flying machine”, Leonardo da Vinci (1452-
1519) was a keen observer of the anatomy and flight of birds, and made numerous notes and
sketches on his observations as well as sketches of “flying machines”'.The Wright Brothers,
who succeeded in flying the first heavier-than-air aircraft in 1903, derived inspiration from

observations of pigeons in flight?.

! Romei, Francesca (2008). Leonardo Da Vinci. The Oliver Press. p. 56.

https://en.wikipedia.org/wiki/International_Standard_Book_Number ISBN 978-1-934545-00-3.

2 Howard, Fred (1998). Wilbur and Orville: A Biography of the Wright Brothers. Dober Publications.
p. 33. https://en.wikipedia.org/wiki/International_Standard_Book_Number ISBN 978-0-486-40297-0.



https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/International_Standard_Book_Number

1.2 Flight Stages

Barata et al., 2015, performed a bibliographic review concerning Comparative Study of Wing’s
Motion Patterns on Various Types of Insects on Resemblant Flight Stages, revealing that the
behavioral flight capacitance, maneuverability and ability of insect’s flight in recent years has
become an active research that provided biological adaptive inspirations for the design and
control of man-made MAVs and NAVs, essentially by identifying, exploiting and understanding
the basic principles of performance in-flight displayed, essentially due to a main reason: their
maneuverability is remarkable and by far superior to every maneuverability of any man-made
flying vehicle and has captured the humans attention in a way to achieve such knowledge.
Although the authors have addressed this work to insect’s flight, there are parameters that

are common to the study of the flight of birds.

The behavioral flight capacitance and ability of each animal (insect, bird, bat) is determined
by the functional capabilities of their wing’s muscles to produce force and to work at a
certain response speed and depends as well of their efficiency in transforming chemical to
mechanical energy - wing’s muscles from different sources could vary widely in their
performances. The power product of these muscles is subsequently transmitted to the wings,
which unlike an aircraft wings are neither streamlined nor smooth: the shape, corrugation
and performance of the wings and the complex flapping motion during the stroke cycles will

determine the ability of an animal to fulfil successfully every stunning maneuver.

The aerodynamics between flapping and gliding flight differ substantially in two important
ways: in a gliding wing, the air tends to remain attached and flowing smoothly over the
surface of any airfoil; by contrast, the air over a flapping wing tends to become entrained in a
swirling vortex bound to the upper surface of the wing - separated flow. And whereas the
attached flow over a gliding wing look approximately similar from one moment to next, the
separate flow over a flapping wing varies constantly - unsteady flow. Nowadays it is widely
accepted that the insects make an extensive use of unsteady separated flow mechanisms in
order to generate far greater aerodynamic forces that for them, would be impossible to

achieve with steady, or quasi-steady, attached flow.

Birds change the angle of attack continuously within a flap as well as with speed. When a bird
flaps its wings the lift force is rotated forward in order to provide thrust that counteracts
drag and increases the bird speed and also increase lift to counteract its weight (allowing the
bird to maintain height or to climb). Flapping involves two translational phases: the
downstroke (providing the majority of the thrust), and the upstroke (depending on the bird's
wings can or provide some to none thrust). During upstroke the wing is slightly folded inwards

to reduce the energetic cost of flight. Flapping involves also two rotational phases: pronation
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(associated with downstroke-forward movement), and supination (associated with upstroke-

backward movement).

The ability of flight is a metabolically expensive way to move about, since gravity and drag
has to be overcome. Mostly often the cross section a bird’s wing reminds a teardrop with a
flatter lower surface than the top, like an airfoil. On its forward trajectory, this airfoil passes
through an air stream forcing it to split in two separate streams: over the top and bottom of
the wing. Air is forced to travel over the top curved surface and creates an area of lower
pressure over the wing. Air under the wing is not deflected as much and creates a relatively
higher pressure than over the top of the wing. By consequence, this pressure difference
effectively pushes the wing upwards and generates lift. By altering the shape and angle of the
wings and feathers independently (twist, rotation speed, morphing, flapping angle and elastic
deformation of feathers during a wing beat) some birds are able and naturally supplied to

perform extremely acrobatic manoeuvers at their will.

1.3 Motivation

Since every animal needs to generate enough force to enable sufficient airflow across the
wings in order to generate sufficient lift to ascend, the take-off is one of the most
energetically demanding aspects to resume the flight. An important aspect is also the demand
of knowledge related to take-off, since most MAVs created are designed without fully
autonomous take-off technology; instead, they are hand-launched; in fact, many rely on a
controlled crude crash-landing, contrasting the elegance precision landing of a perching bird.
Regarding the take-off, a recent research dimension has focused on development of bird like
perching mechanisms; not only the ground mobility as well as the perching mechanism
inspired from bird claws. Beyond the difficulties on developing MAVs, only few designs
adequately address the required control issues and almost only quite few ones are able to
complete a flight cycle (including take-off and precision smooth landing); regarding this, the
main objective of this work concerns in the search of Quantitative Analysis of Take-off Forces

in Birds, thus, for future fully autonomous MAVs take-off improvements.



1.4 Literature Review

Tanaka et al., 2011, conducted an experimental work concerning on the effect of wing
flexibility in hoverflies using an at-scale polymer wing and an at-scale rigid wing carbon fiber
model, both mimicking a natural wing of a hoverfly. The polymer artificial wing venation,
corrugation and measured flexural stiffness are comparable to that of the natural wing. The
experience consisted on the 5 levels of hinge stiffness variation: very soft; soft; intermediate;
rigid; and very rigid. The artificial wings and hinges were tested with an at-scale tethered
flapping mechanism driven by a piezoelectric actuator. It was tested single wings,
independent of flow induced from the collateral wings, head, chest, abdomen or legs. The
used wingbeat cadence and angles are identical to natural wings and were assayed
appropriate trajectories for the flight of hoverflies. It was found that maximum lift was
achieved when the stiffness of the hinge was similar to that of a hoverfly natural articulation
in both wing cases and as well, as the magnitude of measured lift is sufficient for hovering;
for identical wingbeat movements it was also found that the rigid wing proved to be most
suitable for the production of greater lift. Their results also suggest the authors that

hoverflies could exploit intrinsic compliances to generate desired motions of the wing [1].

Ang HaiSong et al., 2009, elaborated a numerical investigation including the studies of low
Reynolds number (Re) aerodynamics, unsteady computational fluid dynamics and flight
control for fixed-wing MAVs, bird-like MAVs, dragonfly-like MAVs and bee-like MAVs. The
authors found that characteristics between natural flight (Re 100-30,000) and conventional
aircraft flight (Re > 500,000) have a notable difference relating to the Reynolds number that
easily led to flow separation on the MAV’s surfaces. Authors found that CFD methods of the
steady flow and the unsteady flow with small amplitude were not suitable for the strongly
unsteady characteristics of the flow field of flapping-wing and developed an effective solution
method to perform simulations for unsteady flows with moving boundaries using N-S equations
of compressible fluids, a method based on a dual time stepping scheme in conjunction with
low Mach number preconditioning to solve the unsteady N-S equations. Characteristic
boundary conditions were also developed to accommodate to the preconditioned
characteristic system. Their test results indicated that the algorithm could provide
satisfactory accuracy and convergence for a large range of unsteady flow problems. A
dynamic unstructured overset grid method was developed for moving boundary problems with
large relative movements. Their obtained results revealed that for fixed wing with low Aspect
Ratio (AR) and low Re, the wing presents an involving 3D quite complex structure and that tip
vortex not only affects the lift and drag, but also introduces unsteadiness in aerodynamic
performance at high angles of attack. The CFD method for flapping wing demonstrated the
unsteady vortex flow and the thrust generation mechanism of the flapping-wing flyers. By

comparison of the aerodynamic forces of the flexible flapping-wing with those of rigid
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flapping-wings, it was found that if the wing structure was controlled with suitable flexibility,
and that the lift and thrust could be effectively raised. For the dragonfly tests, the results
indicated that the wake of the flapping fore-wing exerts great influence on the aerodynamic
performance of the hind-wing. For the bee tests, the results of flapping-wing with compound
motion could produce higher lift and thrust; the motion parameters that have influence on
liftt and thrust of flapping-wing included plunging amplitude, plunging frequency, sliding
amplitude, pitching mean angle and pitching amplitude. Their results for the bee-like MAV

revealed also that the increase of pitching mean angle reduced the thrust [2].

Zhang & Yu, 2014, presented a numerical and experimental work proposing a new flapping
wing type inspired by superior flight performance of natural flight masters like birds and
insects and based on the ventilating flaps that can be opened and closed by the changing air
pressure around the wing. For this, they created ventilated wings provided with a series of
slots managed with the ability to be opened and closed either through active or passive
control mechanisms during the flapping cycle. During the downstroke, the slots remain fully
closed to represent the full wing area and thus, to generate maximum positive lift; as the
upstroke begins, the slots open out and allow ventilation to occur within the wings by
reducing the exposed wing area, drag, and hence negative lift generated in the process.
These slots areas serve as a variable in which, a correlation with the decrease in negative lift
can be generated. Related to materials, was used a corrugated Polypropylene Sheets; the
wingbeats cycle varied from 30 degrees above to and 40 degrees below horizontal; the wings
were reinforced with carbon rods at the leading edge, trailing edge and along chord. They
tested wings with 0, 2 and 4 slots. The primary components of the experimental procedure
were a brushless engine and a lithium battery, a gear mechanism for reducing the rotational
speed, a crankshaft, a rack and a pinion to convert linear motion into rotational and a wing
support; The authors stated their main challenge were to build such mechanism and to study
their lift capacity. The numerical work was developed with the use of 2D and 3D CFD:
ANSYS/FLUENT V.6.3.26 with a 120 X 56 X 60 mesh simulating velocity, U. = 1.4 m/s. By
opening slots during upward wing movement the downforce reduction was considerable; all
support results were positive, which immediately justify the use of this type of ventilation.
The use of ventilation, allowed identifying a clear trend of increased lift capacity with
increasing frequency. Vortex formed in the leading edge exhibit the same general trend,
including the formation and stroke (shedding), but due to the presence of the slots, the flow

pattern becomes more complex [3].

Ha et al., 2012, developed a work with the main objective of presenting a complete analysis
of the artificial wings of an allomyrina dichotoma, investigating its static and dynamic
characteristics and the relations between them, for posterior application to flapping wings on

micro-airplane. The fabrication of the wings was based on the standards of the specie and the



complex structure was simplified with only the main veins system (carbon fiber - 0.1 mm

thick) and wing membrane (Kapton film - 7.7 pm) [4].

Tanaka & Wood, 2010, presented a work about the fabrication of syrphidae artificial wings,
micro molded in thermoset resin. The topology of the wing was generated by micro
tomography x-ray (tainted with iodine) and posteriorly exported to a 3D CAD model; the
patterns of the semi-circular veins sections were produced by four different size laser rays;
125, 100, 75, 50 pym; the wing has 11.7 mm of length and 100 pm undulation. The solid part of
the veins and membrane was simultaneously formed and integrated by a simple molding
process. The 3D mold was created by ablation of laser layers (laser Nd: YV04 - A = 355 nm;

2W; pulsing radiation 15 ns a 20 KHz) with 6 pm height resolution, engraved on a silicon wafer

[5].

Lehmann et al., 2005, using a digital particle image velocimetry (DPIV) and a dynamically
scaled mechanical model of the small fruit fly drosophila melanogaster, studied the “clap-
and-fling” movement (force enhancement due to contralateral wing interactions during stroke
reversal). They modeled the clap and-fling using two computer-controlled, dynamically scaled
Plexiglas wings (left and right wing) programmed to flap back and forth in prescribed
kinematic patterns; their model was equipped with a force transducer for measure
perpendicular and parallel forces. Using software routines in MATLAB (MathWorks, Inc.,
Natick, MA, USA), they managed to reconstruct the lift and drag force based on the results of
the measured forces and based on the angular position of the wing throughout the stroke
cycle; the model was flapped at (50 <Re <200) and had an aspect ratio of ~1.9, with the
experience being made at an immersed onto a 2 m® tank of mineral oil (wings length = 25 cm;
oil density = 0.88x10° kg-m; kinematic viscosity = 115 cSt). Their experimental work
consisted on: varying the distance between the wings; the Reynolds number; the rotational
time and angular velocity at the ventral and dorsal stroke reversal. To perform DPIV, they
used a TSI dual mini-Nd:YAG laser to create two identically positioned light sheets through
the wing at five equally spaced distances from the wing base and perform pairs of images of
~185x185-mm? captured at 12 different phases of the stroke cycle. To visualize wake
structure during clap-and-fling, the oil was seeded with bubbles by pumping room air through
a ceramic water purification filter. Their results confirm previous research on the clap-and-
fling mechanism and show that dorsal wing-wing interaction modestly enhances total normal
flight force and lift production among insects flying at an intermediate Reynolds number. For
wing kinematics modeled on tethered flying fruit fly, the magnitude and orientation of the
mean force vector produced by wings during clap-and-fling generates a lift increase of 8.2%
(mean lift: single wing = 0.222 N; two wings = 0.243 N). This enhancement occurs when the
two wings are still in close proximity and the angular separation between them is less than
about 10°, but vanishes at greater angular separations. They also found that besides a role for

total lift enhancement, a concomitant 10% lift augmentation due to clap-and-fling
6



beneficially counterbalances pitch moments on the animal body produced by the increase in

ventral stroke amplitude [6].

Lehmann & Pick, 2007, made an improvement of the previous study (Lehmann et al, 2005),
using the same dynamically scaled mechanical model of the small drosophila melanogaster
wing, in the “clap-and-fling” movement. Their experience was made in an immersed 2 m3
tank of mineral oil (wings length = 25 cm; oil density = 0.88x10° kg-m; kinematic viscosity =
115 ¢St). The authors do not made references to the used technics, so, it might be considered
that they used the same DPIV, TSI dual mini-Nd:YAG and seeding systems. They used two
computer-controlled dynamically scaled Plexiglas wings (left and right wing) programmed to
flap back and forth in prescribed kinematic patterns. One wing was equipped with a 2-DoF
force transducer that measured forces perpendicular and parallel to the wing in the spanwise
direction. Using software routines in MATLAB (MathWorks, Inc., Natick, MA, USA), they
managed to reconstruct the lift and drag force based on the results of the measured forces
and based on the angular position of the wing throughout the stroke cycle; the model was
flapped at (Re ~134) and had an aspect ratio of ~1.9. All the 17 bio-inspired kinematic
patterns experiments were conducted using a horizontal stroke plane of 160° stroke
amplitude, 0.17 Hz stroke frequency and 50° angle of attack with respect to the horizontal;
the heaving motion was changed. Although none of the patterns used in this study exactly
matched any of those found in flying insects, the various wing trajectories covered various
categories of stroke shapes used by flying insects, such as oval or figure-eight shapes. They
found that the clap-and-fling movement induced vertical force augmentation significantly
decreased with increasing vertical force production averaged over the entire stroke cycle,
whereas total force augmentation was independent from changes in force produced by a
single wing. They obtained maximum (17.4%) and minimum (1.4%) vertical force
augmentation in two types of figure-eight stroke kinematics whereby rate and direction of
heaving motion during fling may explain 58% of the variance in vertical force augmentation.
This finding suggested the authors that vertical wing motion distinctly alters the flow regime
at the beginning of the downstroke. Their data revealed that pitching moments were largely
independent from mean vertical force; however, clap-and-fling reinforces mean pitching
moments by approximately 21%, compared to the moments produced by a single flapping
wing. Pitching moments due to clap-and-fling significantly increased with increasing vertical

force augmentation and produced nose-down moments in most of the tested patterns [7].

Miller & Peskin, 2009, presented 2D numerical simulations of flight constructed to be similar
to the physical experiments of previous investigators. They solved the Navier-Stokes
equations on a 1230x1230 Cartesian grid computational domain, and each wing was
discretized on a Lagrangian array of 120 points (flexible and rigid models). They calculated
the Lift and drag forces as functions of time by summing the forces that each immersed

boundary point of the model wing applied to the fluid at each time step and taking the
7



opposite sign of that value; the angles of attack were defined using a set of equations
describing the angular velocity during the rotational phase of the stroke. The Re was set to
10, corresponding to the case of some of the smallest flying insects, and the non-dimensional
bending stiffness was varied from about 0.25 to 4. Related to some limitations of their model,
the authors concluded from this work that the drag forces generated from wing-wing
interactions could be an order of magnitude larger than a single wing, and that the addition
of flexibility could reduce the drag but the maximum and average drag forces were still
substantially larger than the single wing case. Related to clap and fling, the authors found
that the drag forces generated during fling with rigid wings could be up to 10 times larger
than what would be produced without the effects of wing-wing interaction. They concluded
also that the horizontal components of the forces generated during the end of the upstroke
and beginning of the downstroke cancel as a result of the motion of the two wings, and could
not be used to generate thrust. As a result, clap and fling appears to be rather inefficient for
the smallest flying insects. Authors also add flexibility to the wings and found that the
maximum drag force generated during the fling could be reduced by about 50%. In some

instances, the net lift forces generated were also improved relative to the rigid wing case [8].

Ramamurti & Sandberg, 2007, presented 3D Computer simulations of unsteady flow past a
drosophila under hovering and free flight conditions. The governing equations were the
incompressible Navier-Stokes equations in Arbitrary Lagrangian-Eulerian (ALE) and they
managed the computations by using a time-accurate flow solver that was discretized in space
using a Galerkin procedure with linear tetrahedral elements (a feflo incompressible flow
solver). They studied both the hovering and the yaw axis directions for a maneuvering, by
considering that the unsteady forces and moments were produced by both flapping wings and
including the body of the drosophila as it hovers and then executes a saccade maneuver. All
kinematics of the wings and the body of the drosophila were prescribed from experimental
observations and were used in a XYZ experimental coordinates system consisted of the
coordinates of the head, the tail, the wing hinges and tips and the unit vector normal to the
wings. In order to convert this data to rigid body translation and rotation, first the drosophila
body was placed in the computation coordinate system (xyz) with the head to tail aligned
along the x-axis, the two wings placed flat on the (y-z) plane. The body was rotated along the
x-axis through a roll angle ¢, followed by a yaw rotation of 6 about the y-axis, and the by a
pitch rotation of y about the z-axis. This set of rotations was equivalent to the Euler angle
systems commonly used in aeronautical engineering. After, the kinematics of the wings was
converted to 6-DOF motion for the body and the wings. The results revealed that the
differences in the kinematics between the right and the left wings show that subtle change in
the stroke angle and deviation angle could result in the yaw moment for the turning
maneuver. The origin of the yaw moment was investigated by computing the center of
pressures on each wing and the individual moment arms and had led to the conclusion that it

was the forward force and a component of the lift force that combined to produce the
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turning moment while the side force alone produced the restoring torque during the

maneuver [9].

Fontaine et al., 2009, In order to quantify flight kinematics during different types of
maneuvers, developed a visual tracking system that estimates the posture of the fly from
multiple calibrated cameras. An accurate geometric fly model was posteriorly designed using
unit quaternions to capture complex body and wing rotations, automatically fitted to the
images in each time frame. Their video subjects consisted of 3 day old female drosophila
melanogaster filmed at 6000 fps with a shutter speed of 50 ps. The video sequence was
filmed in a previous study that analyzed flight initiation using high-speed cameras (Photron
Ultima APX) to capture orthogonal views at a resolution of 512 pixels by 512 pixels. With the
video sequences the model-based image tracking was quantified; the body and wing
kinematics of drosophila were recorded in multiple synchronized cameras, and first built a
geometric model of the drosophila, assuming a rigid flying body. After, they used a polygonal
model to construct a parameterized generative model of the drosophila that contains three
primitive shapes: the body, head and wings. The primitive shapes were assembled into an
articulated model that each wing joint was modeled as a spherical joint (permitting arbitrary
rotations about all three coordinate axes); the shapes were constructed by applying
continuous transformations to a B-spline curve. To parameterize the rotations of the
drosophila body and wings relative to a fixed global frame, they utilize unit quaternions
because their global representation does not suffer from the singularities inherent in Euler
angle schemes: a 4x4 matrix defined the position of a body-fixed reference. To assess the
accuracy of the proposed method, they compared body pose estimates in six video sequences
with those reported by previous researchers. Their visual tracking system algorithm was
written in MATLAB and had an average computation time of 45+3 s per frame on a 3.0 GHz
Intel® Xeon processor and for each video sequence the geometric model was manually
initialized to the first frame according to “Coordinate transformations”. The database of
training samples consisted of 380 samples from a voluntary take-off and 111 samples from an
escape take-off; the orientation measurements were smoothed with a zero phase lag fourth
order Butterworth filter with a cut-off frequency of 1000 Hz and 250 Hz for the wings and
body, respectively. This tracking system was able to measure stroke amplitude, geometric
angle of attack and other parameters important to a mechanistic understanding of flapping
flight. All sequences show that drosophila melanogaster do not utilize clap and fling during
take-off and were able to modify their wing kinematics from one wingstroke to the next.
Their approach should enable biomechanists and ethologists to process much larger datasets
than possible at present and, therefore, accelerate insight into the mechanisms of free-flight

maneuvers of flying insects [10].

Truong et al., 2012, investigated by visualization the aerodynamic characteristics of the

beetles (mean body mass 5<gram<10); this insect has a pair of elytra wings (rigid
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forewings—2.5 cm) and flexible hind wings—5 cm lengths. During the flapping motion, both
elytra and hind wings flap on same frequency (37 - 40 Hz), however in different flapping
angles: hind wing (160-180°) and for the elytra (34-38°). The beetles were kept on organic
peat in the laboratory at a humidity of 50% and a temperature of 25°C. They visualized free,
tethered, hovering, forward and climbing flights experiments. The visualization of flow field
around the beetle’s wing was performed in a low speed, open-type wind. A small hook with a
diameter of 0.5 mm was attached to the thorax of the beetle with cyanoacrylate glue. The
hook was used to hang the beetle at the center of the test section (1 x 1 m) in a wind tunnel.
After a few minutes of suspension, the beetle started to freely fly away. A vertical hot wire
was used to generate a smoke sheet while paraffin was flowing through it. The quality of the
smoke sheet was adjusted for the best resolution in the image processing. To generate the
dense stroke streamlines, an array of knots with diameter of 0.2 mm was made along a 0.1
mm tungsten wire. A high-speed camera (Photron APX) was located outsider the test section,
and 1 kW halogen lamps were placed at appropriate positions to illuminate the focus region.
The beetle’s wing motion was captured at 2000 fps at a pixel resolution of 1024x1024 and
exposure time of 1/4000 s. The camera lens was connected to an image processor to a PC,
while PHOTRON FASTCAM VIEWER software was used to capture images and control the high
speed camera set-up. The incoming flow velocity was 1 ms™ for free flight and 1.5 ms™" for
tethered flight. Leading edge, trailing edge and tip vortices on both wings were clearly
observed by the authors. They observed that the leading edge vortex was stable and
remained on the top surface of the elytron for a wide interval during the downstroke of free
forward flight. They stated that the elytron wings may have a considerable role in lift force
generation of the beetle. They found a suction phenomenon between the gaps of the hind
wing and the elytron in upstroke that may improve the positive lift force on the hind wing. It
was also found a reverse clap-fling mechanism while in hovering flight. The hind wings touch

together at the beginning of the upstroke [11].

The aerodynamic theory of bird flight evolve continuously changing on motion of wing
planform (a mixing of twist, rotation speed, morphing, flapping angle and elastic deformation
of feathers during a wing beat) and differs abysmally from steady forward airplane s flight;
scientific evidences show that in a gliding wing the air tends to remain attached and flowing
smoothly over the surface of any airfoil; by contrast, the air over a flapping wing tends to
become entrained in a swirling vortex bound to the upper surface of the wing - separated
flow. And whereas the attached flow over a gliding wing look approximately similar from one
moment to next, the separate flow over a flapping wing varies constantly - unsteady flow.
Nowadays it is widely accepted that animals (birds, insects and bats) make an extensive use
of unsteady separated flow mechanisms in order to generate far greater aerodynamic forces
that for them, would be impossible to achieve with steady, or quasi-steady, attached flow
[12]; consequently, the state of art for calculation concerning instantaneous forces is still

virtually impossible; however it is possible to consider two main approaches for modelling the
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aerodynamics of such flight: by estimating the local force acting on a wing-strip (or blade
element) and to integrate (or sum) the result over the wingspan, considering that the
instantaneous forces on a wing in unsteady motion are equal to those in steady flow at the
same local speed and angle of attack; or by taking advantage of the fact that flapping wings
deform the fluid around them, and the aerodynamic force on the wing is associated with the
impulse of the wake momentum change. Hence, from the topology and kinetic energy
transferred in the vortex wake of the flying animal, lift and drag can be calculated although
cannot offer instantaneous wing force resolution [13]. The mechanics of bird flight have been
receiving an increasingly interest in the last decades. This interest was fostered by the need
of MAVs - (Micro Air Vehicles) adequate and efficient to perform surveillance, communications
relay links, ship decoys, and detection of biological, chemical, or nuclear materials. MAVs
become even more challenging when DARPA launched in 1997 a pilot study into the design of
portable (150 mm) flying vehicles to operate in D3 - dull, dirty and dangerous - environments
[14]. More recently DARPA launched a Nano Air Vehicle (NAV) program with the objective of
developing and demonstrating small (<100 mm) lightweight air vehicles (<10 g) with the
potential to perform indoor and outdoor missions [15]. Figure 1 ranks NAV’s and MAV’s over a

relation of mass and Reynolds number.
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Figure 1. Classification of MAV’s and NAV’s over a relation of Mass and Reynolds Number.

All requirements of low altitude, long flight duration at low speeds (up to 100 km/h), small
wing spans and masses, together with demanding capabilities of take-off, climb, loiter,
hover, maneuver, cruise, stealth and gust response are further beyond today’s fixed wing or
rotorcraft vehicles. At the same time, MAVs fit in the general sizes, weights, and locomotion

performance of natural flying animals [16].
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Nevertheless, biomimetic engineered devices are still far from achieve similar performances
of the living organisms, essentially due to a lack of a its total understanding and consequently

more research is needed [17].

Although it can be found an extensive literature related to the understanding of aerodynamics
on several flight stages on animals (insects, birds, bats) and some research related to the
understanding of its flight control, there is a lack of research concerning to the initial flight
stage on birds: the take-off procedure.

For a natural flyer, flight is never only to float and to move in the air. In addition to an
instinctive and outstanding flight capability, a natural flyer excels in adopting appropriate
pilot strategies to perfect the flight performance. One prominent flight strategy of a bird is to
interact with the surrounding conditions, such as the environmental airflow and land forms.
Kestrels and albatrosses are reported to be capable of exploiting a large-scale airflow to
accomplish various skilled flight modes, for instance, flying against the wind at the velocity of
the wind for wind hovering, and gaining energy by repeatedly crossing the boundary between

air masses of significant velocity difference for dynamic soaring [18].

Passing to the take-off mechanisms, we know that the forces that most contribute during the
take-off phase are generated by the bird’s legs as studied with performed tests on a geopelia
cuneate. Recent research has revealed that initial take-off velocity in birds is driven mostly
by hindlimb forces. However, the contribution of the wings during the transition to air is
unknown. Integrated measurements of both leg and wing forces during take-off and the first
three wingbeats in zebra finch (taeniopygia guttata, body mass 15g) and diamond dove
(geopelia cuneata, body mass 50g) were completed. Measured ground reaction forces
produced by the hindlimbs using a perch mounted on a force plate, whole-body and wing
kinematics using high-speed video, and aerodynamic forces using particle image velocimetry
(PIV). Take-off performance was generally similar between species. When birds were
perched, an acceleration peak produced by the legs contributed to 85+1% of the whole-body
resultant acceleration in finch and 77+6% in dove. At lift-off, coincident with the start of the
first downstroke, the percentage of hindlimb contribution to initial flight velocity was
93.6+0.6% in finch and 95.2+0.4% in dove. In finch, the first wingbeat produced 57.9+3.4% of
the lift created during subsequent wingbeats compared with 62.5+2.2% in dove [19].

Consistent with Tobalske, et. al., 2004, hummingbirds, with small body size and
proportionally small hind limbs, fly differently compared with other birds. One important
consequence of their unique method of take-off is that their initial flight velocity is
comparatively slow. Due to their insect-like wingbeat style, thought to produce lift during
upstroke and downstroke, hummingbirds appear particularly well suited for hovering flight.
Their flight style results in a higher energetic cost of submaximal fast flight compared with

hovering and slow flight. This may be unique among birds and may ultimately account for
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their use of slow take-off velocity during autonomous take-off. Factors that may represent
increased motivation to take-off quickly, for escape or aggression, results in increased
velocity relative to autonomous take-off. However, take-off velocity in motivated

hummingbirds is still less than mean take-off velocity in other species [20].

Wing and body movements of pigeons (columba livia) during short distance free-flights
between two perches was observed and found that the greatest accelerations were observed

during the second wingbeat of take-off [21].

Regarding to aerodynamic phenomena is known that the hummingbirds modulate the
orientation and trajectory of their mechanical oscillator to accomplish a change in velocity
[22].

The separating flow on the low pressure side of the wing reduces of aerodynamic
performance. And giving as example in nature, the owl that is able to reduce and control the
separation of flow on its wings. One of the special adaptations of the owl wing, that is, the
velvet-like surface structure on the upper chamber, is assumed to strongly influence the flow

field around the wing [23].

The calypte hummingbird uses its tail as a mean of deflecting the aerodynamic flux as mean

to achieve stability during the hoovering flight [24].

Wing beat frequency much depends on birds mass, having the lowest value for bigger mass
birds and the opposite for light birds [25].

Resuming works on biomimetics by Barata, et al. [26, 27, 28, 29, 30], much has been
contributed.

It is known that the behavioral flight capacitance and ability of insects in flight in recent
years, has been an active research that provided inspiration on their maneuverability and
agile flight, for the design and control of man-made MAVs and NAVs, essentially by identifying
and exploiting the basic principles of performance in-flight displayed by the insects. The
current investigation focus is on the achieving of a greater perception of flight performances
held by several types of insects on displaying their abilities on flight maneuvers on resemblant
flight stages; thus regarding to a bio inspired flapping wings robustness for MAVs and/or NAVs

applications.

On a more general perspective investigation has been performed focused on the mechanisms
involved with natural locomotion (thrust and/or lift), known that biological systems with
interesting applications to Micro Air-Vehicles (MAVs) are generally inspired on flying insects or

birds; however, similarly to the aerodynamics of flight, powered swimming requires animals
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to overcome drag by producing thrust. Commonalities between natural flying and swimming
have an important role on flow control issues. Several researchers recognize that the
perception of flight performances held by insects is not completely understood. All control
surfaces present on flying animals (feet or wings) are not designed by nature as of rigid
materials; instead, they are elastic materials. Insect’s wings are morphological wonder
(elastic material: every wing motion is a sum of horizontal, vertical and torsional movement),
however, what really enables the wings to make enough force for the animal to stay in the
air, is the way insects flap them: at a very high angle of attack, creating a structure at the
leading edge of the wing, (tornado-like structure) called leading-edge vortex. Researchers
investigated dimensionless numbers to study the flight, and their findings were disappointing
since it became clear that different points of view exist in the biomechanics field on how to
best define and use. So, successful biology-inspired or biomimetic concepts will depend on
the understanding of the natural mechanisms especially when they do not agree with the
present engineering design principles. An additional difficulty (and a very important one) is
the fact that state of art on elastic materials with identical or similar elastic properties of

natural insect’s wing, does not exist yet.

The natural flight ability of animals has been an active research in recent years that provided
inspiration on their maneuverability and agile flight, for the design and control of MAVs and
NAVs. Nevertheless, biomimetic engineered devices are still far from the living organisms and
more research is needed. There is a general agreement that an unsteady dynamics approach
is required to capture the physical phenomena at this scale. Additionally, propulsion and lift
should not be considered independently. Flapping wing systems appeared in animals such as
insects, birds, and fishes, which are known to exhibit remarkable aerodynamic and propulsive
efficiencies. Flapping wings induce angular, centripetal and Coriolis accelerations in the air
near to the wing’s surface, which diffuse into the boundary layer of the wing. Some results
suggest that the flying animals could control the predictability of vortex-wake interactions,

and the corresponding propulsive forces with their wings.

So, the main studies published so far have been dedicated to the aerodynamic effects during
flight stages, wing structures. Nevertheless, the studies about the take-off stage are much
more scarcer for both insects and birds. In the present study the take-off and initial stages of
flight were studied using a columba livia specimen. For the accomplishment of this study, in
order to interpret the forces involved on the moment of the take-off of a bird, it was
recurred to an experiment involving a fast data acquisition force sensor and high speed
camera. The remainder of this thesis is structured in 3 chapters. In the next chapter the
experimental method is described in detail, and then the results are presented in Chapter 3.
Then the main conclusions and findings of the present work are reported in the following
chapter. The Appendixes include the software developed by the author as well as the main

publications resulting from the present investigation.
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Chapter 2

Experimental Method

2.1 Experimental setup

This chapter describes the experimental setup used in this work from which Figure 2 illustrate
a general overview at a glance. The experimental set-up is described in detail, such as all
used devices and components and how are they connected; it is also explained a used code
and a specific code generated specially for this work as well as the visualization technique,

the calibration of some components and the error estimation.
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Figure 2. Experimental set-up.

The force produced by the bird during take-off is registered both by a FSS1500NSB Low Profile
Force Sensor and a Photron FASTCAM Mini UX50. The perches are located at the middle
section of the cage in order to allow a better focus of the images. A relation between real

dimensions (rulers which measure the field of view dimensions with precision to 1 [mm]) and
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the Photron FASTCAM Mini UX50 pixels (1280 x 1024 square proportion (1:1) pixels), resulting

in the following relation:

_ 86.5E-2
T 1280

Ax (1)

Where 86.5E-2 m is the width of the horizontal axis of the field of view and 1280 the total
number of pixels per line of the camera retina. So, equation (1) represents the dimension in

meters of the field of view of each square pixel.

The measurements were made at an atmospheric pressure of 987.0 [kPa] and ambient
temperatures from 17.8°C up to 19.5°C during March of 2016.

2.2 Measuring equipment

The experimental setup includes a bird cage with 1100 mm of height, 1300 mm of length and
1000 mm of depth. Inside the cage is a columba livia used as the subject of study for the
take-off and flight tests. The distance between both perches is 962 mm. As illustrated in
Figure 2, attached to the cage floor is a perch mounted on a base that supports the
FSS1500NSB Low Profile Force sensor; this sensor records the vertical mechanical forces into
analog signals (caused by the bird's legs). The sensor is connected by wires to a PicoScope
2204A that receives and reproduces the analog signals into digital signals in the form of plots.
The PicoScope is connected to a computer that collects all information related to mechanical
forces.

Another set of components is used in visualization technique: a FASTCAM Photron Mini-UX 50
using a TOKINA lens 100mm F 2.8 MACRO AT-X M100 PRO D, with its respective dedicated lens
hood and a Manfrotto 190 tripod; this set is connected to another computer that collects all
the video recorded information. In order to favor the analysis of frames (for both the code
program and user), the image is saturated to a gain of 6.2 and illumination is compensated
with the aid of a spotlight KAISER Videolight 6 1000 Watt. The cage has another perch in a
higher position; all take-off and flight tests are carried out form the lowest to the highest
perch. The video record footage is obtained at distance of ~ 7 meters in a parallel plane to

trajectory performed by the bird.
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2.2.1 FSS1500NSB Low Profile Force

After an extensive research for possible means of direct force measurements, it was
concluded that a piezoresistive sensor would be the most adequate in order to measure force
generated by the bird (columba livia). The measurements could be performed fast enough
while maintaining equilibrium relative to the measurements precision.

The FSS1500NSB Low Profile Force Sensor was found to be adequate. It is capable of linear
response in a range from 0 to 15 [N] forces and has a useful safe feature of overforce with a
value of 45 [N], but most importantly its capability of very fast response with typical values
of 0.1 [ms] while on a range of 10% to 90% of the full span signal.

In spite of these good characteristics it could not be used directly due to its reduced
dimensions. So, a fixation device or platform was designed in order to accommodate this
sensor which comprises an impressed circuit, a base structure, a jumping platform for the
bird and the FSS1500NSB Low Profile Force Sensor (fig. 3).
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Table 1. FSS1500NSB Low Profile Force Sensor characteristics.

FSS-SMT Series

Caracteristics Unit FSSO15WNGX
(At 10 £ 0.01 Vdc, 25°C [7T7°F] Min. | Typ. | Max.

Force sensing range N 0 to 15
Linearity (BFSL) % Span - 0.5 -
Sensivity mV/V/N 2.2 2.4 2.6
Sensivity shift (25°C to 0°C, 25°C to 50°C) | % Span - +5.0 -
Repeatability % Span - +0.2 =
Response time (10% FS to 90% FS) ms - 0.1 0.5
Overforce N - - 45

Figure 3. On top: detailed group of the perch the attachment base for both perch and sensor, left

bottom corner: detail of FSS1500NSB Low Profile Force Sensor.

The structure or base was made of steel pieces welded with brass alloy, as was the jumping
platform structure, the impress circuit was drawn with acid resistant and water resistant
material so it would be ready to be submerged on 60% concentration nitric acid and relatively
quickly removed from the acid meaning the impress circuits were well defined. Those 4
elements were assembled with the sensor glued with hot thermal glue to the impress circuit
in a way that it would be positioned to connect each 4 terminals independently to a circuit on
the IC, then each terminal was soldered with typical circuit solder (a mixture of tin and lead),

after that was possible to perform 4 holes each on a terminal of the IC in order to be possible
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to solder connecting wires on the IC, that wires would be able to facilitate the inter-
connections. After that IC containing the sensor must be attached to the base structure by
means of hot thermal glue. Then that base structure glued with hot thermal glue to cage floor
providing a good fixation while the bird would perform the jump to the air from the jumping

platform structure placed on top of the force sensor.
The force felt by the sensor is given by the following empirical relation:

span—81.229

Feotar = 1o — (2)

Where Fi:a is the total force impressed on the force sensor mechanism in Newton [N] as
function of span that is the electric tension in millivolt [mV] measured by the PicoScope

2204A described in the next section.

2.2.2 PicoScope 2204A (USB Oscilloscope)

This device is a PicoScope® 6 with a PC Oscilloscope software version 6.11.12.1692, which is
the responsible part for the data acquisition from the FSS1500NSB Low Profile Force Sensor. It
converts the electric potential difference into usable data taking advantage of its very fast
acquisition capability, making possible to generate a very detailed plot of the potential
difference as a function of time, posteriorly being traduced to a plot of F (force generated by
the Columba Livia legs and its weight) as a function of time as mentioned before relating to

equation (2).
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Figure 4. PicoScope 2204A.
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2.2.3 Photron Fastcam Mini-UX50

This device uses the Photron FASTCAM Viewer version 3610 (x64) and serves 2 main purposes.
With it is possible to confirm and record the correct jump of the bird, defining a correct jump
as a jump that the bird can take its claws of the perch at near the same time and without
touching the ground at the moments of the entire record time post leaving contact with the
perch, that conditions validate a correct jump. The other purpose is the most obvious for
such kind of equipment, that is the recording of the moments of jump and flight that will
allow a detailed visualization and post processment of images that will serve to calculate the
force components, explained in detail on section 2.4.

The camera was set to operate at 250 [fps] (images per second), shutter speed of 1/2000 [s]
(exposition time), trigger mode end (recording until pressed the trigger), resolution 1280 x
1024 pixels, 1000 [W] light source (to saturate the image irrelevant details such as wood

knots) and a high gain of the camera signal.

FASTCAM mini UX-50 TOKINA 100 mm F2.8 MACRO MANFROTTO 190
AT-X M 100 PRO D

3

KAISER Videolight 6 1000 W

Figure 5. Detailed set of equipment used for visualisation.
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2.3 Measurements and dimensions of the bird

The columba livia was first described by Gmelin in 1789°. Columba livia (also known as rock
dove or rock pigeon) is a member of the Columbidae bird family (doves and pigeons) often
simply referred to as the “pigeon”. Wild Columba livia are native to Europe, North Africa,
and southwestern Asia; a large range with an estimated global extent of occurrence of
10,000,000 km?. According to specialists, the rock pigeon's lifespan is anywhere from 3-5
years in the wild to 15 years in captivity, though longer-lived specimens have been reported®.
Having in consideration the rank of main dimensions for an adult nominate Columba livia,
their length, wingspan and weight will fall in ranges between 29 to 37cm; 62 to 72cm and 238
to 380g (fig. 6), respectively; for this work was used a specimen with such values of 27.2cm;
57.4cm; 298.89g (fig. 7).

Scientific Classification
Kingdom: Animalia
Phylum: Chordata
Class: Aves
Order:  Columbiformes
Family: Columbidae
Genus:  Columba
Species: Columba livia
Adult nominate * Length: 29 - 37 em;
Columba livia: * Wingspan: 62 -72cm;
Columba livia * Weight: 238 - 380

Figure 6. Scientific classification of columba livia and the adult nominate dimensions.

3 In J.F. Gmelin's https://en.wikipedia.org/wiki/Systema_Naturae appeared in Leipzig, 1788-93.

4 BBC Science & Nature. http://www.bbc.co.uk/nature/wildfacts/factfiles/3030.shtml Retrieved 2008-
02-19.
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Figure 7. Precision scale used to obtain bird weight.

2.4 Data acquisition system and data processing

Just like illustrated (Figure 2) all data acquisition for this work was transferred from a
Photron FASTCAM Mini UX50 and from a PicoScope 2204A with the help of two different PC’s
separately from each other: i.e, the first one collected all video recorded information and the
second one collected all buffered data from PicoScope. As it was desired the crossing of all
collected information it would be an imperative requirement for temporal synchronization, as
a unique path for extrapolating of valid results concerning on the study of the contribution of
muscular forces - before, during and after take-off; the contribution of these same forces to
perform the take-off; the contribution of aerodynamic forces on the take-off; the total time
of take-off manoeuvre, and as well as take-off angle measurements, required to obtain perch
sensor force components. The temporal synchronization was achieved with the help of Matlab
code entitled DLTdv5.m generated by Tyson Hedrick; such code served as a basis for
obtainment of a consecutively positioning of the animal over time and was focusing on a
reference point chosen accordingly to the ease of tracking on animal’s body - and as all video
recordings took place in a parallel plane related to the animal flight, the eye of the bird
served as a graphical reference for easy recognition and consequent easy tracking. In fact,
this way the DLTdv5.m code generated an output data file of coordinate points (pixels)
corresponding to the alongside animal locomotion. This output data file was found to be
insufficient for the present study, and a new code called T-BIRD was developed (Appendix A).
Both codes were supposed to run exclusively on MATLAB®. The T-BIRD routines start to input
the data obtained from DLTdv5.m, and performs a pixel to meter (m) conversion by
multiplying Ax (eq. 1) on all values of positioning (with an estimated error below 5%). In order

to calculate the aerodynamic forces for posterior plotting the results on this work, the
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required derivatives were initially computed using first order equations (upward differences);
since the results of such equations revealed unsatisfactory error values, the following step
was the computation with 2™ order equations (central differences equations), that revealed a
significantly error cutback; so, it was then decided to apply the discretization of central
difference equations. Since velocity, V(t) is the derivative of position and acceleration, a(t),
is the derivative of velocity, the second order discretized derivation (central differences) can

be written as (eq. 3):

V= dP/dt — (Pt+1+PZ;1 4xPy) +0 (hZ) (3)
Where:

At = constant;

V = velocity component [m/s];

P = bird eye position [m];

At = constant time step obtained by inverting the camera acquisition speed [s];

O(h?) = higher order terms that correspond to the 2" order error.

(eq. 4) follows the derivation of Wt):

(Vegr1+Vi1—45Vy)
a= dV/, = YnHemtl) 4 o g2y (4)

Where a represents the acceleration component (ay, ay) [m/s?].

Next is performed another calculus given by the next formula obtaining the force component

(Fx, Fy) relative to the camera data (aerodynamic forces).

F=m=xa (5) 1311
Where:

F = force components vector[N];

m = bird mass [kg].

Another important T-BIRD routine enables the user to evaluate by visualization, the specific
frame number (N) on which the bird loses contact with the ground; once this is achieved, the
user inputs the specific frame number (N) again on the code. The code than generate a
position vector defined between frame numbers (N+1) - (N); this vector provides a direction
that will enables the code to calculate the bi-dimensional angle of take-off, (70.q. = arctg

((Yn+1 - YN) / (Xne1 - Xn))- This routine was mainly designed with the objective to allow the user
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not only to obtain the take-off angle, as well as to compute the other component (horizontal)

and the main vector of the mechanical forces on the sensor, resumed by (eq. 6 and 7):

Fiotaix = Frotar * COS (TOangle) (6)

Ftotaly = Fiota1 * S€N (TOangle) (7)

Where:
Fiotar is given by (eq. 2);

By simplification the take-off angle was considered constant during the jump time.

The major contribution of code T-BIRD to this work is a routine especially designed to import
the force sensor data and the FASTCAM data (input - offset in time) and processes all input

information in order to make them match the temporal synchronization, as shown in Figure 8.
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Figure 8. Resume of T-BIRD taking in account data temporal synchronization.

Explaining in detail, the algorithm processes the temporally pre-synchronized value, t}5¢cam;
this value remains unchanged and is processed to output as the reference time (t=0.000s)
(fig. 9) and it is used by the code to adjust the t84 .. old variable in a new one tI¥ .
temporally synchronized with t7s¢c4n- Taking into account the last and the before last force
value recorded on the sensor, it turns workable to perform a linearization in order to obtain
the exact moment by which the force value on the sensor is F = 0 [N] - i. e., the exact
moment the bird loses contact with the ground (sensor). Force plots (graphics) show a
negative value that the authors of this work attribute to the noise signal value. The temporal

synchronizing point has become as the time reference (t = 0.000s).

e (Case 1: t <0.000s - the bird is on the ground yet (sensor);
e (Case 2: t > 0.000s - bird has lost contact with the ground;

e (Case 3: t =0.000s - transition point of the two previous cases.
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Figure 9. Take-off moment (t = 0.000s).

In this kind of sensor, the manufacturer manual does not mention mechanical or electronic
damping. Although it might be possible to create an algorithm to perform damping or
damping compensation, it was considered not advisable to change the input data, for several
reasons: the sensor is not fitted with damping systems by the manufacturer; thus, it was also
taken into account not to tamper (restrict or prevent its oscillations) and allow the greatest
amount of data input. Although the force sensor consistently generates the same output for
the same force, the applied sensor is excessively small and has little inertia; therefore, any
linear vibration will act strongly, causing noise increase. In addition to the take-off, the raw
data graph plots the forces measured (against the ground) by the sensor and read by the
PicoScope for other moments prior to the bird intention to initialize the take-off maneuver;

these moments before take-off, left recorded total force values in the sensor:

e Case 1: Fiotat < Whirg - Bird does not intend to start the take-off maneuver;

e (Case 2: Fioral = Whirg - Bird started the take-off maneuver (impulse).

Resuming the take-off time can be presented as the time period within first moment of no

contact on the sensor (ground) F = 0 [N] and the moment of Fiya = Whird.
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2.5 Calibration process and error estimation

The calibration process was achieved by making several measurements with different
weights, until the possibility of estimating the maximum error produced by the FSS1500NSB
Low Profile Force Sensor. After these tests was made a validation of the maximum error,
achieving an error inferior to 5% and so turning to be proper for the direct force

measurements at fast speed acquisition.
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Figure 10. Span deviation [mV] as function of force [N].
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Figure 11. Relative error % as function of force [N].

2.6 Power source reliability

During the force sensor calibration, it was decided to implement the use of a Back UPS-400
Source (Emergency Battery Overvoltage Protection for Electronic and Computer Equipment) in
order to guarantee the stability of DC voltage; however the noise values obtained with the
inclusion of this equipment remained similar to those previously obtained, so it was decided
to abandon the use of Back-UPC 400 source, since there was no explicit benefit on the

results.

Figure 12. Back UPS-400 Source (Emergency Battery Overvoltage Protection for Electronic and
Computer Equipment).
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Chapter 3

Results and discussion

This chapter presents a summary of the 72 sequences of results obtained by direct
visualization taken by FASTCAM Photron Mini-UX 50 and by reading the measurements of
mechanical forces obtained by the set FSS1500NSB Low Profile Force Sensor and PicoScope
2204A. Of these 72 sequences were considered validated only 31, mainly due to two factors: 1
- incorrect bird postures on the sensor; all take-off tests were considered null when the bird
jumped from the sensor to the ground; 2 - incorrect flight trajectory; all sequences were
considered null when bird flight trajectory become not parallel, relative to the image
acquisition plane. All the images and force plots presented in this chapter belong to a single
sequence, representative of all remaining ones. This chapter is divided in six subchapters:
3.1: take-off angle of ascent on legs; 3.2: bending legs angle variation along take-off
manoeuvre; 3.3: forward momentum simultaneously with take-off manoeuvre; 3.4:
trajectory; 3.5: clap and fling (wing-wing interaction); and, 3.6: Comparison of force

measurements.

3.1 Take-off angle of ascent on legs

Figure 13. Take-off angle of ascent on legs.

As for initial information for this study, it was suggested to attain the measurement of the
take-off angle; thus, it was intended to measure the angle within bird legs and the vertical of
the sensor. Therefore, figure 13 shows three frames (58, 59 and 61), concerning to the
positions immediately following the take-off, recorded on video. Figure 13.A refers to (t =
0.004s); Figure 13.B refers to (t = 0.008s); and Figure 13.C refers to (t = 0.016s) and are
representative of early flight stage after take-off. As can be seen, in frame A, the bird is in
the air, almost vertically to the sensor location; on frame C, was inserted an angular scale
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which shows the predominance of vertical force; It can be seen that the angle of take-off
(counting from the legs) is ~ 82°, very close to the vertical take-off.

Frame A reveals that the bird has its wings stretched-up vertically, meaning that downstroke
wing movement is yet to start (bird is yet to achieve lift production). By taking in
consideration that the animal has already lose all contact with the ground without any lift
production of the wing downstroke, this analyses suggests that the animal practically started

the flight by jumping in to the air.
3.2 Bending legs angle variation along take-off manoeuvre

Another import aspect related to the columba livia take-off maneuver is fact that they bend
their legs over a wide angle, immediately before the take-off; such angle and its consequent
use by the bird, suggests that they apparently benefit from the catapult effect (spring!?)
force in a projected or desired direction. Figure 14 reveals the maximum amplitude of
bending legs angle variation within frame A (31; t = -0.104s) and frame B (58; t = 0.004s). At
frame B, the articulation of the leg shows an angle of ~180° in frame A, the articulation of
the leg, forms an angle of ~-17°: therefore, the animal take advantage of an extra-impulse of
a muscular “spring” of about ~163°, in order to gain velocity to resume flight.

This available evidence in conjunction with the evidence found in subchapter 3.1 of this work
suggests and reinforces the idea that birds maximize their initial take-off flight velocity using

leg thrust rather than wing downstroke.

Figure 14. First take-off moments leg posture described angle.
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3.3 Forward momentum simultaneously with take-off

manoeuvre

Figure 15. Forward momentum created by the bird during take-off manoeuvre.

Figure 15 illustrates the bird changing its center of mass, achieved by stretching of the body;
frames A (1; t = -0.224s), B (29; t = -0.112s) and C (40; t = -0.068s), the red trace indicate
small postural changes in the bird's head and neck in relation to the body. The frame D
consists of an overlap of the three previous frames. In conjunction with what was observed in
subchapters 3.1 and 3.2 of this work, it was also observed that during the maneuvers
performed to better assist its take-off, the bird complemented its thrust with the help of

moving its center of mass forward:

e extend the neck forward and the head moves down - frame A = B;

e extend the neck forward again and the head moves up - frame B = C.

In the plot (figure 16) the vertical and horizontal axis concerns a scale of horizontal force [N]
and a time scale [s], respectively. The zero value at the center means the time
synchronization reference - bird no longer has contact with the ground (sensor). The blue
values were obtained by the sensor and the red values were processed data obtained by the
FASTCAM video records. The obtained data suggest that the vertical momentum generated by
the legs (mechanical force) is partially converted into horizontal momentum as the bird
moves its center of mass forward; nearly everything of the remaining amount of momentum
seems to be converted from mechanical vertical mechanism to horizontal aerodynamic
mechanism. Region 1 on the plot, suggests a lack of lift force until the end of downstroke

wing movement - B.
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Figure 16. Plot of horizontal forces as function of time.

Plot (figure 17) concerns the case of vertical forces. Taking in consideration that the bird
total weight is 298.89g (2.9311 N); the plot reveals a vertical force obtained ~12 N, (vertical
force appeared to be nearly 4 times the total weight of the bird). This result obtained by the
force sensor, is in accordance with the result obtained by the FASTCAM in sub-chapter 3.1 and
verifies the possibility that the bird practically started the flight by jumping into the air (from
a standing position); and is also in accordance with the resume in sub-chapter 3.2, were is
suggested that the bird maximize their initial flight velocity (on take-off) using leg thrust

rather than wing downstroke.

T oo

-15
—Vertical Sensor Force [N] vs Time [s]

—Vertical Optical Force [N] vs Time [s]

20

Figure 17. Plot of vertical forces as function of time.
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3.4 Trajectory

end frame
, t = 0.268 secs

start frame
t =-0.224 secs

first frame off land
t = 0.000 secs

Figure 18. Path line.

This sub-chapter concerns the trajectory of the studied flight sequence. As referred before in
this work, the code DLTdv5.m allow to perform the tracking of the bird, essentially by
marking a point (eye of the bird); the code can track semi-automatically and may need
adjustments in some points. Figure 18 illustrate the flight tracking of all sequence (t = 0.496
s), from the first frame (t = - 0.224s) to the last one (t = 0.268s). The pink dots spot the eye
of the bird along the trajectory. It can be observed the eye position in first frame (t = -
0.224s); few frames ahead, the eye achieve the lowest position (as referred in previous sub-
chapter related to forward momentum simultaneously with take-off maneuver). From the
lowest eye position to the frame (t = 0.000s), bird reveal a higher take-off angle (TOange ~60°)
than the rest of the angle of trajectory (~-45°). All changing in bird’s body while moving its
center of mass, leads to an interesting and intriguing result: this obtained take-off angles are
distinct to the one obtained at sub-chapter 3.1 (take-off angle counting from the legs ~82° -
almost vertical). Curiously, such angles difference may suggest and reinforce the idea of

momentum conversion or transfer discussed on the resume of sub-chapter 3.3.
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Figure 19. Wing beat.

Figure 19 illustrate wings and body positioning in four frames along trajectory followed: 1 -
frame 11 (t = - 0.184s); 2 - frame 69 (t = 0.048s); 3 - frame 89 (t = 0.128s); 4 - frame 124 (t =
0.268s). The bird’s body posture is similar in the four moments; this verification may suggest
that the behavior of the bird body behaves as a natural complex damper, since bird managed
to dissipate his body movement from wingstrokes sudden movements and oscillations
resulting this in a stabilized body trajectory along a straight path. The wingstroke is typically
divided into two translational phases (upstroke and downstroke) and two rotational phases
(pronation and supination). In the forward-downstroke movement (main power stroke) the
wing initiate the downward loop with a high angle of attack until the leading edge tilts
downwards, where the wing momentarily becomes horizontal in the middle of the stroke,
minimizing the angle of attack; stalling is prevented due to the fastest moving of the wing at
this point. During the recovery stroke, when the wing moves upwards and backwards, the
leading edge tips backwards. The wing is rotated again at the top of the recovery stroke,
restoring the maximum angle of attack immediately before the next downstroke movement
initiation. According to data on figure 16 the first downstroke signal - B - is weak, because
the bird does not yet need to generate more lift, essentially due to leg thrust forces until the

moment after the peak in B need to compensate lift to resume flight.
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3.5 Clap and fling (wing-wing interaction)

l;‘ ‘\‘\“ T — e

Figure 20. Clap and fling.

The columba livia can also takes benefits from an aerodynamic mechanisms called clap and
fling. Such mechanism is used by some birds and insects as a way to augment the lift. Figure
20 (left) illustrates the bird at the end of the clap mechanism and at the beginning of the
fling mechanism. The clap mechanism (figure 20 - right) consists on both wings clapping
together above the animal on the upstroke; prior to the dorsal stroke reversal, as the wings
come together and join, they carry with them leading edge vortices (LEV) and trailing edge
vortices (TEV) and wakes which attenuate each other due to their mutually opposite sense.
And as they clap together, they squeeze out a jet of air between them, which animals can use
to augment thrust; some animals may enhance their manoeuvrability by redirecting this jet of
air. The fling mechanism starts immediately when the wings peeled apart; this forces the
vorticity to start on the wings; air flows around the leading edge of each wing which creates a
bound vortex on each wing acting as the starting vortex for the opposite wing which allows a
rapid buildup of circulation as well as a handy low-pressure zone above their body (expelling
air from between them), with the consequent increase in total lift production (when the
wings then separate, air is quickly drawn in to fill the void); and as the wings are flung apart,

the lift is immediately generated because the air is already moving in the correct way.

Resuming, while flying at a ~45° inclined angle, the columba livia make use of aerodynamic

clap and fling mechanism.
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3.6 Comparison of force measurements

30
~ Total Sensor Forces [N] vs Time [s]

- Total Optical Forces [N] vs Time [s] 25 - C
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Figure 21. Plot of total forces as function of time.

In the plot (Figure 21) the vertical and horizontal axis concerns a scale of total force [N] and
the time scale [s], respectively.

The plotted results reveal that the ratio between points C (2" downstroke) and B (1
downstroke) is 330%. The ratio of the peak in the (sensor) and the weight of the bird is 477%;
the ratio between peak C and the weight of the bird is 878%; the ratio between maximum
aerodynamic and maximum mechanical forces is 185%. In general, the peaks of downstrokes
are less intense than the peak of mechanical force, with exception of peak C. The take-off
average time reveals a value of ~0.102s. Other authors ([19]) present data relating the forces
produced by diamond dove and zebra finch, both quite smaller and lighter than columba
livia. Their computed aerodynamic forces results differ from the obtained in the present work

which can be explained by the huge difference of masses involved.

Figure 22. Animal during middle second downstroke.
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Animal during the 2™ downstroke (phases A, B and C):

-From A to B: bird gathers the air to the undersurface of the wing and produces a flow
directed downwards that generates lift but it also generates thrust while rotates and twists

the wing (see phase B - figure 22);

-The 2™ downstroke initiates when wing is pronated on top of upstroke; as the wing moves
downward and forward, (while at an almost parallel position in relation to the body) the bird
has to compensate aerodynamically the lack of leg thrust that no longer exists; for this case,
the obtained results revealed (at stage C - figure 21 which corresponds to figure 22B) a value

above 8 times the total weight of the animal.

The reasons why the 1% downstroke in comparison with the 2" downstroke produces
considerable less lift is probably due to the fact that while during the 1°* downstroke the bird
is still fairly near the take-off phase and he is still under the influence of the leg thrust,

which leads to a reinforcement of obtained results in this work.
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Chapter 4

Conclusions

This chapter presents the main conclusion found in this work. As for initial information for
this study, it was suggested to attain the measurement of the take-off angle measured on
bird legs. Authors of this work observed that bird proceed to a near vertical take-off: at
instant t = 0.016s the legs form a ~ 82° angle, very close to the vertical take-off. From sub-
chapter 3.1 it was also observed that in time the range of t=0.000s to t=0.016s the bird has its
wings stretched-up vertically, meaning that downstroke wing movement is yet to start (bird is
yet to achieve lift production). By taking in consideration that the animal has already lose all
contact with the ground without any lift production of the wing downstroke, this analyses
suggests that the animal practically started the flight by jumping in to the air. From sub-
chapter 3.2, the collected data revealed that bird bend their legs over a wide angle,
immediately before the take-off; before take-off (t = -0.104s) bird has its legs bended at
maximum value angle (loaded catapult); at instant t = 0.004s (without ground contact) all
energy was released by the bird, suggesting that they apparently benefit from the catapult
effect (spring!?) force in a projected or desired direction. This available evidence in
conjunction with the evidence found in subchapter 3.1 of this work suggests and reinforces
the idea that birds maximize their initial take-off flight velocity using leg thrust rather than
wing downstroke. Sub-chapter 3.3 revealed that during the bird maneuvers performed to
better assist its take-off, the animal improved and complemented its thrust by moving its
center of mass forward essentially by a complex conjunction of movements: firstly, by
extending the neck forward and moving the head down; followed by keep extending the neck
forward and moving the head up - both movements happening when the animal is beginning
to release the catapult effect on legs. The plot reveals a vertical force of ~12 N, nearly 4
times the total weight of the bird. This result obtained by the force sensor, is in accordance
with the result obtained by the FASTCAM in sub-chapter 3.1 verifying the possibility that the
bird practically started the flight by jumping into the air (from a standing position); and is
also in accordance with the resume in sub-chapter 3.2, suggesting that the bird maximize
their initial flight velocity (on take-off) using leg thrust rather than wing downstroke. Data
collected suggests that due to leg thrust, the bird don’t need to produce aerodynamic lift
from t = 0.000s to peak B. Sub-chapter 3.4 concerns the trajectory of the studied flight
sequence with the help of a tracking code marking the positioning of the bird’s eye (pink dots
spot the eye) along a flight sequence of t = 0.496s. Initially, the eye was spotted at instant t =
- 0.224s; frames after, was observed that the eye achieve the lowest position (as referred in
previous sub-chapter related to forward momentum simultaneously with take-off maneuver).
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From the lowest eye position to t = 0.000s, bird reveal a take-off angle of TOangle ~60°; from
t = 0.000s to t = 0.268s the trajectory angle of ~45°. All changing in bird"s body while moving
its center of mass, leads to an interesting and intriguing result: this obtained angles are
distinct to the one obtained at sub-chapter 3.1 (take-off angle counting from the legs ~82° -
almost vertical). Curiously, such angles difference may suggest and reinforce the idea of
momentum conversion or momentum transfer discussed on the resume of sub-chapter 3.3.
Sub-chapter 3.5 reveled that while flying at a ~45° flight climb angle, the columba livia make
use of aerodynamic clap and fling mechanism in order to obtain lift augmentation. The
Comparison of force measurements obtained, reveals that the ratio between points C (2nd
downstroke) and B (1st downstroke) is 330%; another ratio concerning the peak in the (sensor)
and the weight of the bird is 477%; the ratio between peak C and the weight of the bird is
878%; and also that the ratio between maximum aerodynamic and maximum mechanical
forces is 185%. In general, the peaks of downstrokes are less intense than the peak of
mechanical force, with exception of peak C. The take-off average time reveals a value of
~0.102s. During the 2nd downstroke, bird gathers the air to the undersurface of the wing and
produces a flow directed downwards that generates lift but it also generates thrust while
rotates and twists the wing. The obtained results suggest that virtually all lift production is
carried out along the downstroke movement, a full consistency result with all the authors
who have studied the bird’s flight, with exception for the hummingbird. The inflight bird’s
body posture may suggest that the behavior of the bird body behaves as a natural complex
damper, since bird managed to dissipate his body movement from wingstrokes sudden
movements and oscillations resulting this in a stabilized body trajectory along a straight path.
The reasons why the 1st downstroke in comparison with the 2nd downstroke produces
considerable less lift is probably due to the fact that while during the 1st downstroke the bird
is still fairly near the take-off phase and he is still under the influence of the leg thrust,
which leads to a reinforcement of obtained results in this work. The 2nd downstroke initiates
when wing is pronated on top of upstroke; as the wing moves downward and forward, (while
at an almost parallel position in relation to the body) the bird has to compensate
aerodynamically the lack of leg thrust that no longer exists; for this case, the obtained results
revealed (at stage C - figure 21 which corresponds to figure 22B) a value above 8 times the

total weight of the animal.
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Leal=

$this script process experiment data
%add the 'sensor_data.xlsx' and 'videoxypts.xlsx'

clc
clear all

tic

Y

3 variables introduction
s

fps = 250; $frame rate

delta_t = fps”(-1);
to_frame = 57;

delta 1 = 86.5e-2/1280;
mass = 298.8%e-3;

g = 9.80665;

weight = mass¥*g;

d mode = 2;

$£'2' for second order
clear tstart fps;

$frame period, or increments in time
$frame which bird take-off

$length by pixel

$birds mass;

tgravity

$discretization mode, '1' for 1st order,

end of variables introduction

o e oe

post initialization

mc = Xlsread('videoxypts.xlsx', 'Folhal');

%1 = X coordinate, 2 =

$mass center initialization,
vy coordinate

mc(:, 1) = mc(:, 1)*delta 1;
mc(:, 2) = mc(:, 2)*delta 1;

[sz, null] = size(mc):’
clear null;

t = zeros(sz, 1):
istart = 1;

iend = sz;

%time initialization

range = iend - istart + 1;
time = -(to_frame - istart)*delta_t;

for i = 1:1:range
t(i) = time;

time = time + delr.a_r.:

end
clear i time;

angle_to = atand((mc(to_frame + 1, 2) - mc(to_frame,

%
3 end of post initialization

3%

3

% processment

%

$v = dx/dt

$a = d"2x/dt"2 = dv/dt

%$1st order numeric derivation: dx_dt = (x_i - x_i—l)/dc

$2nd order numeric derivation:

tdx/dt = ((x_i+l - x_i)

v = zeros(range, 2):

/dt) + ((x_i - x i-1)/dt)/2

$velocity initialization

2))/((-1)* (mc(to_frame + 1, 1) - mc(to_frame, 1)))):
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=]

a = zeros (range, 2):; %acceleration initialization

if d mode == 1

for i = 2:1:range
v(i, 1) = (-1)*(mc(i, 1) - mc(i-1, 1))/delta_t; $horizontal
$component of velocity
v(i, 2) = (-1)*(mc(i, 2) - mc(i-1, 2))/delta_t; $vertical
$component of velocity
end
clear i;
for i = 1:1:range - 1
a(i, 1) = (v(i+l, 1) - v(i, 1))/delta_t; $horizontal
tcomponent of accelaration
a(i, 2) = (v(i+i, 2) - v(i, 2))/delta t:; $vertical
$component of acceleration
end
clear i;
a(range, 1) = a(range - 1, 1):
a(range, 2) = a(range - 1, 2);
%
elseif d mode == 2
for i = 2:1:range - 1

v(i, 1) = (-1)*(((mc(i+l, 1) - mc(i, 1))/delta t) + (mc(i, 1) - mc(i-1, 1)))/2;

$component of velocity

v(i, 2) = (-1)*(((mc(i+l, 2) - mc(i, 2))/delta_t) + (mc(i, 2) - mc(i-1, 2)))/2;

$component of wvelocity

end

clear i;

a(l, 1) = (v(1+41, 1) - v(1, 1))/delta t; thorizontal
$component of accelaration

a(1l, 2) = (v(1+1, 2) - v(1, 2))/delta_t; $vertical

%component of acceleration

for i = 2:1:range - 2
a(i, 1) = (((v(i+l, 1) - v(i, 1))/delta_t) + (V(i, 1) - v(i-1, 1)))/2:
$component of accelaration
a{i, 2) = (((v(i+l, 2) - v(i, 2))/delca_t) + (v(i, 2) - v(i-1, 2)))/2:
$component of acceleration

end

clear i;

a(range, 1) = a(range - 1, 1):

a(range, 2) a(range - 1, 2);

end

f = zeros(range, 3):;

f{:y 1) = mass¥a(:, 1);

f(:, 2) = mass*a(:, 2);

£y 3) =GR T))et2 E(Eley 2))02) 0 al2);:

end of processmen

oode op

post processment

L

xlswrite ('processed data.xlsx', t, 'time')
xlswrite ('processed data.xlsx', £, 'force')

$horizontal

$vertical

$horizontal

$vertical



143
144
145

147
148
149
150
151
152
153 -
154
55 =
156 —
157 -
158
ES 9 =
160 —
161 —
162 —
163 —
164 —
165
166 —
167 —
168 —
169 —
170 -
AL =
172
173
174 =
175 =
176 —
o e
178
179
180 —
181 -
182 -
L83 =
184 —
185 —

mat = xlsread('sensor_data.xlsx'):;

$2nd collumn is time[s]
[sz_s, null] = size(mat);
clear null;

f s = zeros(sz_s, 3):

$1st column is span[mV],

$3rd collumn is

$absolute force, 1st is x component force and 2nd is y component force

istart_s = 1;
iend 8 = sz_s;

range_s = iend s - istart_s + 1;

£ s(:, 3) = (mat(:, 1) - 81.229)/11.645;
f s(:, 1) = £_s(:, 3)*cosd(angle_to);

£ s(:, 2) = £_s3(:, 3)*sind(angle_to);

“Ifor i = 1:1:82 s
if £ s(i, 2) >= 0
B = iy
end
end

clear i;

$take-off time

m = (f s(p+l, 2) - £_s(p, 2))/(mat(p+l, 2) - mat(p, 2)):

b =£f_s(p, 2) - m*mat(p, 2);
t_to = -b/m;
t_s = mat(:, 2) - t_to;

$take-off beggining
~Ifor i = 1:1:range_s
if £ s(i, 3) >= weight
p b =1i;
break;
end
end
E B b =X
t_tob = t_s(1);
else

m = (£_s(p_b+l, 2) - £_s(p_b, 2))/(mat(p_b+l, 2) - mat(p_b, 2));

b
t_tob = (weight - b)/m;
end
delta t to = t_to - t_tob;
clear i;

Xlswrite ('processed data.xlsx', t_s,
Xlswrite ('processed data.xlsx',

f_s(p_bl 2) b m*mat(p_br 2);

$take off required time

'time sensor')

f s, 'force_sensor')
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BIOMIMETICS: INSECT'S WINGS MOTION PATTERNS ON
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Abstract. The behavioral of insect’s flight performances hasome an active research
in recent years and has provided adaptive biololgiespirations for design and control
of man-made MAVSs, essentially by identifying, akpbtp and understanding the basic
flight principles displayed by these animalsll insects flying skills rely on flight
muscles, response speed and their mechanical poesmission to the wings:
kinematics and deformationghis work details a summary consideration on aetgrof
flying insects and is focused on remarks of wingsian patterns along similar flight
stages.

1 BACKGROUND INTRODUCTION

The insects are among the most diverse groupsiwfagson the planet, including over
a 1,000,000 described species and representingtimemmea half of all living organisms.
According to Smithsonian Museum of Natural Histonyost authorities agree on a
conservative estimation of 2,000,000 species amtbldoe extended to up 30,000,000.
By analyzing the History of the insect's developmetine estimated number of
described species and by verifying that they awmdioin about every single available
habitat, the insects are far beyond the hugelyesstal specie in colonizing the Earth.
They also proved to be very adaptable, once theyiv&uchanging conditions since
even before the appearance of the dinosaurs 22Bnmylears ago. The history of the
insect’s ability to fly has approximately 300 nolti years, which makes by far the first
specie with such capacity on Earth (rather eathan pterodactyls, birds and bats).
Their wing structures and wing beat mechanismsvarg complex, allowing them to
hover for over extended time period and as wetldeanly change their direction at their
will without any obstacle; this maneuverability ismarkable and by far, superior to
every maneuverability of any man-made flying vehiehd has captured the humans
attention in a way to achieve such knowledge [1hewit comes to flight subjects, the
insects Reynolds number range is within the infei® < Re < 10,000 (housefly =
120; honeybee = 1,000; butterfly = 3,900), whiletive aircrafts case could be of
1,600,000 for a simple glider, or up to 2,000,000, the Boeing 747 case. However,
such maneuverability capacity was to be firstlyleggpto smaller air vehicles. In 1997,
DARPA started a “MAV-project”, an initiative in oed to seek, to develop and to test
emerging technologies that could evolve into a sxapable system for military
surveillance and reconnaissance applications [2¢. definition employed in DARPA's
program limits these craft to a size less thanmSrclength, width or height, with no
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restrictions on its design or conception and a maxn total weight would be less than
100 gram [3]. In October 2005, DARPA launched a dNAir Vehicle (NAV) program
with the objective of developing and demonstratsmgall (< 10 cm wingspan),
lightweight (< 10 gram) air vehicles systems witbtgntial to perform challenging
indoor and outdoor missions [4]. The physiologi@atl biomechanical basis of flapping
flight has been explored on the bird’s flightssfiy by Giovanni Borelli [5], by Otto
Lilienthal [6] and also by Etienne Jules Marey 87,9, 10] in more consistent studies;
Marey also developed studies about the insectpifigpflights [9, 11] and was the first
to notice a complex wing motion pattern on itsdcapry during the flight (a horizontal
8 shape). In 1874, Professor Pettigrew publisheldoaek [12] on which he drew
attention to the fact that the birds while flyingdaduring every cycle of wings beat, ran
movements that could be represented with consitkerabcuracy with an 8-figure
drawn vertically, while the insects
1,000,000 a4 ran the same figure drawn, but
T - Beeing747  horizontally. The subject of the
S insect’s flight acquaintance evolved
| Cessna 210 and had been extensively explored
on the last decades of the XX
% Century (Je_nsen [13]Collett &
] -7 Pheasant Land [14];Ellington [15, 16]; Ennos
- [17]; Dudley [18, 19]; Dudley &
0,001 | Gggh Butirts Ellington [20]). More recently, the
: , , , , , knowledge of insects flight
1,000 1,000,000 1000000000 gerodynamics  have  advanced
Figure 1: Classification of MAV's and NAV’s over a  Significantly, essentially due to the
relation of Mass and Reynolds Number. major scientific technological and
methodological advances developed
in several areas, such as high-speed imaging vidpby (Fryet al [21, 22];; Hedrick
[23]); computational fluid dynamics simulations (Ramurti & Sandberf24]; Sun &
Xiong[25]) and robotics wings used with dynamics forsealing (Dickinsoret al[26];
Sane Dickinsof27]). Tanakeet al 2011[28], made an experimental visualization study
on two artificial wing models with flexural and sdonal wing flexibility replicated
from the lift generation of the hoverfly wings: alpmer wing was compared with a
rigid, flat, carbon-fiber wing using a flapping nmamism driven by a piezoelectric
actuator. Both wing models presented venation amcugation profiles mimicking a
hoverfly wing and the flexural stiffness of theifietal wings are similar to the natural
wing. Both models were tested in appropriate fligagectories of the hoverfly. All tests
were made single wing, independent of collaterduged wing flows by the head,
thorax, abdomen or legs of the insect. Their masgearch consisted by varying the
stiffness of the hinge by 5 levels and to obsetve tonsequent relation to their
generating results. The authors found that the mami lift was achieved when the
stiffness of the hinge was similar to that of a dxfly in both wing cases and in this
case, they also found that the magnitude of medslifteis sufficient for hovering.
These results suggest that hoverflies could exphtitnsic compliances to generate
desired motions of the wing and that, for the slapping motions, a rigid wing could
be more suitable for producing large lift. Aeg al 2009[29] conducted a numerical
investigation based on studies of mechanisms ghtflof birds and insects with its
application on the design of flying MAVs. Their vkoinclude the studies of low
Reynolds number aerodynamics, unsteady computatituid dynamics and flight
control for the fixed-wing and flapping-wing, fldte flapping-wing, the dragonfly-like
and the bee-like MAVs. For the aerodynamics anslyauthors used a numerical
solution of the Navier-Stokes equations, whichat IReynolds numbers tend to be
inefficient in terms of convergence, stability aaccuracy; due to this situation, they
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used a numerical method to solve the equations-8fWth preconditions of dual-time
stepping developed separately. For the case oraagtflow characteristics of the
flapping wings, their effective used method {8MJFS N-S equation method) was
based on the dual-stepping scheme in conjunctian Neach number preconditions
running at an unstructured dynamic mesh built dgnamic boundary problems
allowing large relative movements. The authors &wed that flexible wing
deformation on their work, present a more accufipping motion and by their
comparative results they found that the aerodyndonices of the rigid-flapping and
flexible-flapping wings with suitable flexibility dth lift and thrust rose on the flexible-
flapping case. By observing astudying all the obtaining data of earlier studiesde

by previous researchers concerning the flight efittsects, all analyzes suggest that the
insects control their different flight stages atithwill, without restrictions and ruled by
the different wing motion trajectories; with suclovements, they managed their high
lift, high drag, gliding and the fast maneuverdpilitnd sudden course alteration. The
main objective of this study is to collect datatba types of movement patterns of each
insect wings observed for each type of flight takew its comparative analysis with
other insects at similar flight stages.

2 INTERPRETATION OF ABIOLOGICAL FLIGHT MACHINE

2.1 FLIGHT MUSCLES: POWER AND STEERING MUSCLES

Beyond a pair of dorsolongitudinal muscles (DLMg direct flight muscles consists in
two sets of muscles, which connections are direfttdyn thoracic wall to individual
sclerites located at the base of the wings. Thesesets of muscles work in tandem,
alternating their contractions to move the wing apd down. Their ligament
attachments are composed by resilin, a highlyielasaterial that possesses ~100 times
greater energy storage capabilities than the mutseli [30]. In the indirect flight, two
muscles beams (attached to the tergum insteadeaiitiigs) constrict the thoracic box
that becomes distorted, thus transfer the energheowings. When the dorsoventral
muscles (DVM) contract the DLM relaxes and when BieM contract the DVM
relaxes[31]. The neural control of such contractions igidied into synchronous and
asynchronous muscles; synchronous muscles cordrante for each nerve impulse of
the motor neuron and generally occurs in inseds ltkeat their wings < 100 times per
second; on the asynchronous muscles, a single mapgse causes a muscle fiber to
contract multiple times, allowing frequency of wibgats to exceed the rate at which
the nervous system can send impulses. Locusts gsesseand made use of their
anatomically bi-functional muscles to power theings; such muscles are attached
ventrally to proximal leg segments and their cacttom could cause limb movements,
especially if the wings are stationary, or wing rments, especially if the leg is held in
a fixed position[32]. The steering muscles (< 3 % of the power reusoass) are
responsible for the control of the elements formitg hinge mechanism mean
everything when it comes to making flight maneuvers

2.2WINGS-THORAX ARTICULATIONS: THE AXILLARY APPARATUS

The axillary mechanical components of the flighéteyns are located at the base of the
wings. The blue colored region is known as thet fasillary sclerite and forms the
horizontal hinge allowing the wings to the flappingovements; the green colored
region is known as the second axillary region anthe main mechanical axis for the
wings and is responsible for the lagging motionghaf wings - front and rear wings
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movement; and the red colored region is known aghird axillary sclerite (Y-shaped)
and is responsible for the vertical/torsional hingkis hinge is responsible for a more
complicated interactions because it permits aldordeble folds; each of these hinges
occurs at a vein-fold intersection and the winggiomocan consider most part of their
motion as a composition of the three hinges ratatiborizontal, vertical and torsional.

2.3MEMBRANOUS WING: MEMBRANE, VEINS AND VENATION

Each wing is composed by a thin membrane suppdoyed convex-concave pattern
system of veins running along the length of thegnamd connected to each other by a
variable number of cross-veins; this system enh#rmeenechanical rigidity of the wing.
The form of an individual vein reflects its role the production of the useful
aerodynamic forces by the wing as a whole. On #aglihg edge of the wing, the
longitudinal veins form a rigid spar supporting thexg as it moves through the air.
Behind the leading edge, the wings are often lowlgially corrugated, thus providing
of longitudinal bending resistance, while the e¢idipl cross-section of some veins
confers further resistance to vertical bendjB@]. In some groups, on the anterior
margin of the wings appear @gmented cell known as pterostigma, which mass is
frequently greater than that of an equivalent aséadjacent wing and its inertia
influences the movement of the whole wing movemeéitdhout the pterostigma, the
self-excitating vibrations would set in on the wangfter a certain critical speed.
According to Norber¢33], pterostigma acts as an inertial regulatowwfg pitch. Even
though the weight of single pterostigma was only?® of a dragonfly weight, it raised
the critical speed by 10-25% in some species.

3 AERODYNAMIC MECHANISMS

3.1 LEADING-EDGE VORTICES, ROTATIONAL LIFT, DELAY S TALL &
WAKE CAPTURE

Whereas the flow over a gliding wing remain attache the wing’s surface (at low
angles of attack — and becomes stalled at higheargflattack), the flow over a flapping
wing typically separates at the leading edge arabres entrained within a swirling
vortex constantly present on the top of the wigit tubiquitously indicates probably
that such separated flow mechanism is the mostritapoof all known mechanisms for
the insect’s flight. The dynamics of vortex forroatiare governed by the adimensional
Strouhal Number, which calculated the multiplicatmf the wingbeat frequency by the
peak-to-peak wing tip excursion and divide thisdquat by the air speed. The presence
of the leading-edge vortices on top of the wingailts in a local reduction in pressure,
which causes an upwards-acting suction force knawrnvortex lift. Most recently
smoke visualizations of free-flying bumblebees tade the presence of independent
leading-edge vortices on the root of each wing pait its influence on the downwash
distribution[34]. The aerodynamic forces acting on a wing,iaceeased as the angle of
attack increases; so the expected effect of rgtdhia wing leading-edge upwards, as in
supination, is to increase the aerodynamic fortess, rotational lift is created when the
insect rotates the angle of attack of its wingsating vortices; at is completion, such
maneuver result in a powerful force propelling theect forward. By rotating a wing
leading-edge upwards delays the onset of stalltheeby extends the production of
useful aerodynamics lift to higher angles of attatich unsteady effect is known as the
Kramer effect and may be responsible for the temislift enhancement observed
during the wing rotation in an insect flight. Whany object moves quickly through a
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Figure 2: Schematic drawings of the aerodynamichaeisms of: rotational lift (2), delay stall (1)dan
wake capture (5).

slarnng
vortex

fluid, vortices are formedin general these vortices (vortice wake - turbudereft
behind the object) represent lost energy, as gdadnergy to make them; and most
flying insects push off of the vortices that thewyate, thus recapturing some of the
wasted energy and adding power to each of theigstiokes. A concluding remark of
joint analysis of delay stall, rotational lift andake capture, can infer that a
comprehensive theory involving both rotational amanslational mechanisms may
explain the variety of wing’s patterns displayed dach different species of flying
insects, essentially due to the fact that all itsenhanced aerodynamic performances
results from the interaction of such three distingt interactive aerodynamic
mechanisms.

3.2 CLAP AND FLING & CLAP AND PEEL

This kind of mechanism understood as an exampleireg-wing interaction is used by
some insects for a quick-start lift on the windg tlap mechanism consists on both
wings clapping together above the animal on theraks; prior to the dorsal stroke
reversal, as the wings come together and join, @weayy with them leading edge
vortices (LEV) and trailing edge vortices (TEV) awdkes which attenuate each other
due to their mutually opposite sense. And as tlegy ibgether, they squeeze out a jet of
air between them, which the insects can use to angthrust; and some insects may
enhance their maneuverability by redirecting tleisgf air[31]. The fling mechanism
starts immediately when the wings peeled apartobging the vorticity to start on the
wings; air flows around the leading edge of eachgwvhich creates a bound vortex on
each wing acting as the starting vortex for theose wing which allows a rapid
buildup of circulation as well as a handy low-pregszone above their body (expelling
air from between them), with the consequent in@éadotal lift production (when the
wings then separate, air is quickly drawn in tbtfie void); and as the wings are flung
apart, the lift is immediately generated becauseaihis already moving in the correct
way. The clap and fling mechanism has a variati@thmanism - the clap and peel:
instead of flinging apart more rigidly the wingsepeapart due to fluid-structure
interaction between the air and the flexible membérwings: a peel mechanism with
flexible wings might actually serve to augmentidtces relative to the rigid-fling case.

4 PROPERTY TYPE OF FLIGHT STAGES

4.1 HOVERING FLIGHT

Hovering flight is the most power-demanding typdamfomotion in animals and is far
more expensive than ordinary flapping flight beeuslative to the undisturbed air, the
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body has no accumulated kinetic energy. Davidda& found that while in hovering
flight, during the upwards movement of the inseatisgs, the gravitational force
causes the insect to drop and during the downwsudh movement produces an
upwards force that restore the insect to its previoriginal position, this meaning a
vertical position oscillation generated by the viegt frequency of the insect. High-
speed video recorded [37] of free hovering flighthe dragonflyAeschna juncehas
shown that the animal body was held almost horedoftl0° head-up) with both fore
and hindwings beating at a frequency ~36Hin two almost parallel strokes planes
tited 60° relative to the horizontal. Other stwdi@8] revealed that the dragonflies
hovering flight were performed with a 180° forehiodwings difference phase (out of
phase); angles ranging within 54-100° were usedbfwvard flight and 0°, in-phase for
the accelerating or to perform aggressive maneunagonflies’ often39] take-off
with in-phase flapping (0°) after what the forewsrglows and the hindwings speeds up
their beat for the normal antiphase (180°) patiarrone or two beats; they rarely
flapped in phase for more than 5 or 6 wingbeatstahe, whether as on free or tethered
flight; such pattern is used in situations thatl dak greater than normal force
production: take-off, yaw turns and to reverse diom. Several studies confirmed that
dragonflies and hoverflies use an inclined stroleng for their hovering flights and
these animals can remain hovering motionless inathéor a long time, a reputation
that they compete as best flying hoverers. Theksteomplitude of hoverflies in flight
stage range from 65 to 85°; the downstroke anglattatk (~50°) is much larger than
the upstroke (~20°), unlike normal-hovering inseethose downstroke and upstroke
angles of attack are not very different. A matheca&inode[40] predicted the flight of
bumblebees at different speeds, indicate that theit is unstable while hovering and
fly slowly and becomes neutral or weakly stableredium and high flight speeds,
instability mainly caused by sideways wind on thevement of the wings - a “positive
roll moment”. As the bee flies faster, the wingsddowards the back of the body,
reducing the effect of the sideways wind and ingirgg the stability of its flight.
Altshuler et al [41], revealed that honeybees can hover at a velgtilow strokes
amplitude (~90°) and high wingbeat frequency (~28), producing muIti;oIe force
peaks during each wingbeat. The authors submittedybees to air (1.21 kg/jmand to
heliox (0.41 kg/m), which the animals accomplish by raising strokepktude (more
~50 degrees) while maintaining constant the winglbegguency. Under hover flight
conditions, several [42, 43uthors showed numerically that left and right wging
interaction (bees and flies) was negligible exakping the “clap and fling” motion and
severahuthors [43, 44$howed that the wing/body interaction was alsoigéxy small
(less than 2 %). Ristropdt al[45], found that when the fruit flies are hoverimgflying
slowly, the average angle of their wings is neatival, with the wing tilted in opposite
directions on the forward and backwards strokesvitably, the drag forces of the air
on the wing also push the insect back and forth the two cancel each other out. To
fly faster, the fruit flies tilted their wings clesto the horizontal on the forward stroke
to slice more cleanly through the air and then erids the vertical on the backward
stroke to maximize drag - paddling through the Hiovering with extra weight A
well-laden honeybee can carry pollen and nectamash as 80% of its own body
weight. According to Feuerbachet al [46], pollen foragers had hovering metabolic
rates approximately 10% higher than nectar foragegardless of the amount of load
carried; however, they found that honeybee foragezsable to carry significant loads
without changing wingbeat frequency, stroke amggtwr inclination of stroke plane.
Weis-Fogh [47] identified a normal hovering fligthisplayed by @&rosophilafruit fly,
however performed on two different wing motion pats: symmetrical and
unsymmetrical; such patterns were in agreement pvghious conclusive investigations
on the fruit fly hovering flight have shown thatetlift varies little with the angle of
attack from 20° to 50°; another observation coedisn that the middle and outer wing-
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sections produce more than 95 % of the lift and)dilapping wings creates high force
transients during the stroke cycle, even the gigthvariation in the wing motion can
rapidly alter the orientation obrosophila fly and may lead to a hovering flight
immediately followed by saccadic turning maneuveviere the body of the animal
may reach 2,000°’swithin a few wing beats. ngh speed videographgorded [48]
sequences of individusflanduca sextdawkmoths in free flight over a range of speeds
from hovering to 5m$; the stroke-plane angle on several individualgyeanbetween
10-30° and the body angle ranges between 30-40%,relative to the horizontal plane;
the stroke-plane increases as speed increasesdiodtées values of 50-60° at 5 s
while the body angle decreases as speed increadesdicates values of 15-20 at 5’'ms
! In hovering flight, the trend for stroke amplizudounded ~115-120°, with this
amplitude referring to inner section of the wintfge outer sections peaked at over 150°
(angle of more than 20° between inner/outer seatfothe wings); the wing pronated
rapidly at the top of the stroke and a relativetyarp trough of rotation angle was
reached early in the downstroke with the outerigecit an angle of ~35-45° and the
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Figure 3: Different patterns of leading-edge vasion hovering flight conditions: hawkmoth,
honeybee, fruit fly and thrips — by integrated nugs framework consisting on the realistic wibgey
morphology [52]; and a beetle — by visualizatiot][5

inner section at approximately ~5-10° steeper. ifiogmt twisting along the wing’s
length reappeared in translations phases as tlee s®ction started to rotate in advance
of the outer section. The mean angular velocitieend the stroke reversals were
respectively high as 10,000% $or the outer section and > 5,000 for the inner
sections of the wings, exposing a very clear diffiee between those sectors. The
results provided a strong support for a decreasetrmke amplitude angle with the
increasing of speed to values within<kOms* < 3, suggesting that the amplitude is
controlled through the minimum wing position. Thesults revealed also an asymmetry
on the duration of downstroke/upstroke ratio (frar@6 to 2.00 with a mean value of
1.42 - this values were particularly high, but tiadio on insects with asynchronous
muscles generally tends to ratio values superidr.@0). The wingbeat frequencies fell
within the range of 24.8 Hz < 26.5 and decreased with the slightly increasgegdg,
the relationship between speed/wingbeat frequeigeyds a U-shape graphic, with the
lowest frequencies at intermediate speeds. Resdd8jhon the hovering flight on
butterflies, indicates a pattern in most species&intains the body of ~15° related to
the horizontal; normal hovering were observed imyniéights and inclined stroke-plane
were also observed exceptionally; the stroke aomgitvaried in a range within 24° to
90°; the wingbeat frequency within 5x1Hz < 21; and the mean angular velocity higher
value reveals the 145 ratisbtained byPapilio rumanzoviaThe upstroke/downstroke
relationship indicates an increasing on values,nnd@mmpared with obtained results for
another flight stages and revealed values witht®.0.92. During hovering flight, the
wings of the chalcid wasgncarsia Formosd48] presents a normal hovering pattern
(moved almost horizontally and the body kept almaostertical); their wingstroke
indicates three unusual phases: the clap, the 8mdythe flip; in the flip, which is a
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supination at the beginning of the morphologicatugke, the wings are rapidly twisted
through about 180°. Flow visualization on RhinoseBeetle Trypoxylus dichotomus
[51] during the hovering flight, indicate the udeaoreverse clap and fling mechanism,
where the hindwings touch together at the end efdbwnstroke. During the flapping
motion, both elytra and hindwings flap with the safrequency (37-44z) however
with very different stroke angles (elytra: 34°-38findwings 160°-180°). The non-
dimensional upstroke/downstroke ratio indicates Hie elytron generated relatively
small vertical or horizontal forces, indicating rsignificant contribution to the
aerodynamic force for hovering maintenance. LEVfseap on the hovering flight of the
beetle on both elytron and hindwings, with its smenstantly enlarged from the
beginning to the end of the downstroke movemem;abserved LEV on elytron may
consequently produce a lift force in forward fliglsuch wings may have not the
exclusive purpose of protecting the hindwings. Acerg numerical research on
Reynolds effects on several realistic wing-body photogy insects hovering
aerodynamics - hawkmoth, honeybee, fruit fly andp#h- indicate an overview of
scaling effects on vortex dynamics and wake strestuThe hawkmoth model is based
on the experimental data of an hovering flighiMdnduca sextawith a body angle of
39.8°, stroke angle of 15° relative to the horiagnamplitude stroke of 114.6° and
wingbeat frequency of 26 Hz — Re~6,300 (hawkmoth hovering flight 4,000< Re<
8,000). The honeybee model is based on the expetaingata of an hovering flight of
Apis mellifera with a body angle of 45.0° stroke angle of 04tree to the horizontal,
amplitude stroke of 90.5° and wingbeat frequenc228.8Hz — Re~1,123 (honeybee
hovering flight— 1,000< Re< 2,000). The fruit fly model is based on the expemtal
data of an hovering flight obDrosophila melanogastemwith a body angle of 45.0°,
stroke angle of 0° relative to the horizontal, atode stroke of 139.8° and wingbeat
frequency of 200Hz — Re~134 (fruit fly hovering flight— 100< Re< 500). The thrips
wing-body model is basdgranklinella intonsa due to the lack of experimental data of
an hovering flight on thrips, all of their kinemezgiobserved were similar to the flapping
of a small insect, like fruit fly: body angle of 48, stroke angle of 0° relative to the
horizontal, amplitude stroke of 139.8° and wingbieaguency of 20(Hz — Re ~12
(thrips hovering flight—> 5< Re< 20). All models are based on rigid wings. The itssu
revealed how the leading-edge vortices (LEV) isatesd to the trailing-edge vortices
(TEV) and the tip vortex (TV) as well as to a dotvaoke and upstroke vortex ring
(DVR, UVR) and pointed to the importance of thetegrring in stabilizing the LEV
and hence in enhancing the force-generation [58nditions from hovering to slow
speed flight indicates [53n few changes: the horizontal forward or backvitgtit is
achieved with a change in the mean stroke angke;vértical climb or decent is
achieved with stroke a change amplitude or an echehge in the down- and upstroke
angles of attack,e., a proper combination of mean stroke angle arakstamplitude
controls can give a flight of any (small) speeairy desired direction.

4.2 FLIGHT TURNS (SLOW, FAST AND SACCADES)

Observations [35] on turns sequences in dragontesaled two distinct types of turns,
namelly the conventional (accomplished with rolbanking, analogous to a turning
airplane) and the yaw (accomplished without rolgw turns were extremely fast (in
free flight - 90° in 2 wingbeats and 180° in Idsant 3 wingbeats; in tethered flight - 90°
in 4-6 strokes). In a conventional turn in orderdd into a bank, dragonflies produce
unbalanced forces on one their sides, left-right asymmetries in the wing stroke
angle and consequently on the angle of attackequances of conventional turns, one
or both pairs of wings revealed left-right asymnastrin the stroke angle, being the
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lower amplitude verified on the wings inside of ttuen (inner wings) and in several
cases with a clearly higher angle verified on thegs outsider the turn (outer wings).
Dragonflies may change the inner and/or the outagsvon one or both sides, as well
as the fore- and hindwings strokes can be charmelifferent degrees; in a moment,
each one of the all four wings could present aediffit stroke angle. And once the
desired bank angle is established, the animalnrétuits previous normal stroke pattern,
some like as airplanes controls. The yaw kind ahihg maneuver is initiate with
forewings having similar amplitude and the foredadmndwings not in phase, but
reaching the in-phase almost immediately; at tina¢ tthe forewings begins to diverge
their amplitudes: the outer wing reaching much dargmplitudes, presenting extreme
swings of the forewings angle of attack, causedit®gy outer wing peak during the
downstroke and the inner wing higher on the upstrolth a peak at the top of one
stroke. Initially, the inner hindwings presentedhigher vertical amplitude component
that became similar when the fore- and hindwingshed the in-phase; posteriorly, the
hindwings angles of attack increased during the &nd revealed no consistent patterns
of asymmetry. As result, the first stroke reveagedtrong asymmetry in horizontal
stroke angle and yaw the insect ~10°; during tleerse upstroke the outer wing moved
with much higher horizontal amplitude and the ingeaved its body ~15°. Dragonflies
may also turn while gliding by the exclusive chamgethe angle of attack. The chosed
turn is adjusted to fit the requirements and cirstances each time it is performed.
Locusts could use differential changes in wing iigofcamber) as a way to produce
unbalanced lift and thus initiate a turn. Fruiedlican often fly via straight sequences of
movement interspersed by rapid turns callmtcades(also known as collision
avoidance maneuvers), characterized by a rapitiontaf the body about the yaw axis
(sharp and right angles turn3he fly starts thesaccadewith a path velocity (~0.19 ms
Dand slows down to (~0.08 Misas it changes heading, and then acceleratesribata
the end of the turn. Theaccadeis generated by two specific and remarkably subtle
changes in wing motion strongly correlated with ylagv torque: a backward tilt of the
stroke plane, that elevates flight force during thpstroke by increasing the
aerodynamic angle of attack; and an increase aketamplitude that further augments
force by elevating wing velocity, i.e. by inducidgferences between the amplitude of
the left and right wings of about 5° and shiftihg stroke plane by ~2°. At the onset of a
saccadethe outside wing undergo these changes, theredatieg torque to rotate the
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Figure 4: 1) Saccade summary [6A) The visual expansion triggers the saccadahB)nsect produc
small changes wingstroke changes; C) the haltetesdrotation and triggers counter-turn; D) thye fl
continues on new heading. - E) Detail of the angoileentation of the halteres stroke plane; II)
Comparison of the horizontal amplitude wingstro&aghe straight flights and on the yawing turns on
beetleg65]; and Ill) Snapshots of a mosquito turning mare at 30 ms intervals ~25 wingbeats; a
rapid change in flight direction while the insediisading evolves much more slowly and does not
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body at the start of the turn; after about ~20 Inesinside wing exhibits similar changes,
thereby generating counter-torque to terminatesteezade A fly can change direction
by 90° in less than 50 ms [21]. The maximal angukocity [54] during asaccade
turning is independent of the forward velocity betfruit fly and is approximately
1,600° &, while their continuous smoothly turns are wellowe 1,000° &; such profile
depends critically on at least three factors: tcoarse of yaw torque, the moments of
body inertia and the frictional damping on body awidg. Drosophila can perform a
saccade during a vertical ascent. By increasingdeuwleasing the amount of haltere-
mediated feedback (by increasing the haltere erlllkmass on some flies and by
ablated one haletere in others) decreases anchgsessaccadeamplitude respectively
[55]. During flight the halteres oscillate vertigal(with a stroke angle ~180°) in
antiphase with the wings; the haltere’s rotatingssntends to conserve its angular
momentum and to oppose any change of its plane soillation. Halteres most
important roles is to provide rapid feedback to gvsteering muscles to stabilize
aerodynamic force moments and also to stabilizéné@el during flight, thus acting as a
balancing and guiding system, helping these instecizerform their fast maneuvers.
Beyond saccades[56], the repertoire of the horse-fligybomitra hinei has been
recorded using a modified form of Immelmann turalfthoop followed by half-roll) in
rapid reversals of flight direction. Despite thelaof halteres, the flight behaviour of
hoverflies repertoire Hristalis tenax mass ~100/125 mg) and honeybedgpig
mellifera, worker, mass ~90/100 mg) includes also saccdu@s; species flew in a
40x40x40 cage. Independent of vertical motion,hitreerfly is able to fly sideways and
backwards and can perform saccadic-like turnshétsd starts to perform the saccade
~10 ms later than the thorax and ends earlier atdden the saccades typical interval
(~200-300 ms) head and thorax are held stable;abbyéie head mostly follows the
thorax motion. Honeybees can also perform sidewayds backwards flights with
interspected hovering periods lasting ~200 ms @ndeice a second (between 220-500
and 1,540-1,760 ms); they can also perform U-tunith no truly saccadic-like
behaviour: the head shows saccade-like motion enydw direction every ~200 ms
[57]; from O to 540 ms, the hoverflies performe860° sideway, circling and climbing
flight followed by backward flight; the 540 to 84@s interval show a leveled backward
and sideway flight; from 840 to 1,040 ms show acdadent sideway flight with
posterior new climbing. Stroboscopic photographdetiiered beetles executing yaw
directional change revealed that such maneuvers wainly achieved by a unilateral
increase or decrease of the horizontal amplitudin@fwingstrokes, essentially due to
the increase or decrease on the frequency of theoune input to all fibrillar flight
muscles of the appropriate side; in forward flighthen the maximum horizontal
wingstrokes amplitude is applied, the animal (ke&j)lin order to made a turn, reduces
that angle on both sides, with a higher reductigpliad on its inner wing (desired turn
direction); while flying at a submaximal horizontaingstrokes amplitude, the animal
(beetle 2) increases the outer wing and decreasemiter wing horizontal amplitudes,
or decreases the outer wing and maintain the inmeg (beetle 3]58]. High speed
video observation$59]; revealed that free flight of theAedes aegyptimosquito
reached a wingbeat frequency of ~85£) with an unusual short and quick wingstrokes,
subtending just 45° with their wings on each haiblsee, compared with the -120° for
the fruit fly. All freely initiate maneuvers videmyted a course of 4,000 wingbeats of
flight data; authors observed sideslip based tthrasenvolved abrupt changes in flight
direction; turns envolving large changes on bodgraation and gradual U-turns. A
frequently used pattern of flight on these turngeated an unaligned body orientation
related to the flight direction, exposing that swdgs acceleration plays an important
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role on part of their flight repertoire - mosquitight direction changes more frequently
and much more quickly than does body heading. Theseng maneuvers, in which the
flight direction of the insect changes by 50° up2f@0°, involve a combination of
deceleration along the direction aligned with thedyo axis and acceleration in a
sideways direction. A mosquito can fly continuofgy up to twenty-four hours and are
known to travel 150 km or more in nat{ié@].

4.3 GLIDING FLIGHT

Some insects possess the ability to glide andrsahfay revealed three kinds of gliding
flight: on the free gliding, an insect simply stogisoking its wings and glides slowly
down for a few seconds; on the updraft gliding iitdnests, the insect adjusts its wing
positioning to float in the air without the needhbeat its wings; and gliding in towed
females, where a female in the wheel position hbktswings out and glides while the
male provides the motive force. Detailed investayat [61, 62, 63] has been made for
the dragonfly remarkable gliding capability; veryferent wings from dragonflies
species and in spite of this, when they are tdastednilar conditionsRe= 7,000; angle
of attack 5°) the results presents small differenceflow patterns and vortex trains
generation process; the
corrugation wings structures (as
they possess very noticeable
corrugation over the first quarter-
chord) and cruciform
configuration allow that air
circulates in the cavities between
pleats creating areas of very low
drag that aid the lift-generating
airflow across the wing. Such
corrugated wings during
acceleration do not change the
form of the outer flow and

Figure 5: a, b) Dragonfly wing and several crossieas o )
revealing different corrugation patterns; righpitpleated  revealed gOC_)d Stab"'ty_ n
airfoil with 5° angle of attack and Re = 10,00@0&, 1,000 unsteady wind conditions,
and 500 (respectively from top to bottom), wheeeftow  providing superior flying
looks as if it pertainsotthe airfoils; c): detail of a recirculatic characteristics for MAVs fixed

zone in a valley of the wing [64]; d) different cagations wings in low Re flight, enabling

along the wing. a continued stable flight at low

Re. In addition, dragonfly configuration has aduigl merit in its compatibility with
propellers or high lift devices; a combination thmaay suggest MAVs with much
broader flight envelope and could provide simpliutsons for Earth atmosphere and
living things observation, as well as for a canted@r flight in the Mars atmosphere.
Megaloprepus coerulatusan glide without any impulse from the wings foona than
20 meters at an angle of attack of 10° and witborgés up to 74 cih, corresponding
to a gliding ratio of 1:6, similar to that of sorbieds [64].

4.4 SIDEWAYS FLIGHT AND SUDDEN ACCELERATION-DECELER ATION

Drosophila melanogaste(fruit fly) feature the ability to generate sideysaforces

during some maneuvers on which they apply strotegydhacceleration associated with
differences between the left and right wing angiésttack; such asymmetry can be
induced by simply altering the relative timing bp$ between the right and left wings -
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fruit flies can employ timing differences as high H0% of a wing beat period while
accelerating sideways at 40% of gravitational aredion. The sideway force is
obtained by asymmetric rotation (flip) of both wengt the same time. During sideway
flight, each snapshot reveal the areas of the aghtleft wings: small wing area means
the wing meets the air at a high angle of attaak tus generates large drag forces;
large area means the wing is cutting through thetalow angle attack and thus feels
small drag. This difference in the angle of attheitween wings generate asymmetric
drag forces that causes sideway flight; the unlz@dmirag points to the left because the
wings flap in large-amplitude arcs [64]. Observasicon the hoverfh\Syritta pipiens
[14] indicate the ability to perform sideways witliochanging its heading; such
maneuver suggests that those animals possess imtldgpecontrol of roll and yaw,
verified on research on the blowf{yalliphora erythrocephaldlight, where roll and
yaw often followed different time courses. Dragmsland Damselflies are capable of
fast flights and great acceleration and decelaraind can execute extremely rapid
maneuvers in a very limited space. Experiences {@bjmore than 20 species with
different sizes (the wingbeat frequency is sizeethelent and in all species vary
between 4.7/59.512) the take-off acceleration (from 0 to 0,1 s) rdgdathe highest
value of 25 m3$ (Sympetrum dandgethe highest acceleration from 01 to 0.2 s aftli
revealed a value of 10 fgAeshna cyandaand the highest speed recorded in flight is
1,000 cmd (Aeshna cyandaThe highest flight distance / wingbeat are 25(&mshna
cyaned. The maximal acceleration obtained in all flighiss 36.5 m& (Orthetrum
cancellatun. Some can fly at speeds up to 54 km/h [39]. Tédylshape of dragonflies
probably reflects a selection by requirements piddlight: four-wings with large areas
when compared to the body; large rounded eyes f@6@ visual acuity and an
elongated abdomen for passive flight stability. iDgrflight maneuvers involved
marking acceleratiorQrthetrum cancellarunmincrease the stroke amplitude from ~80-
90° while hovering, to a 130° during vertical také-from the water.Leucorrhina
rubicundapointed to 90° stroke amplitude while hoverindl&)° during vertical take-
off with a female in mating positionCalopteryx splendensand Calopteryx virgo
indicate a noteworthy ability flight pattern: thedeagonflies can fold their wings
together over the abdomen after every or sevenmaglvaats and hold them still, gliding
like songbirds in ballistic flight, travelling reigely large distances per wingbeat.
Lestes viridisduring a simultaneous fore- and hindwings dowm&trancreased the
flight velocity by as much as 40%; this accelematmould be also managed in the
upstroke, depending as larger the part of cyclevinch wings beat in parallel -
evidently extremely effective. By employing largegées of attack during the upstroke,
the wings generated mainly thrust and the lessplteangled wings during the
downstroke generated mainly lift. Large anglesttdck were observed (57-75°) during
a stroke away from the flight direction, and sn{aD-35°) during a stroke in the flight
direction. In slow forward flight, the upstroke/dostroke ratio indicates 1/1.2 and in
fast forward flight, the ratio indicates 1/1.9, lwishorter upstrokeMegaloprepus
coerulatuson a descended forward flight carrying a femaleyaiing position reached
an extremely short upstroke course time (upstrake/dtroke ratio 1/3). The
upstroke/downstroke ratio of fore- and hindwingsyraéso vary: in hovering and slow
forward flight, the upstroke in hindwings indicat€0% shorter than that of forewings
(Aeshna cyaneaAnax imperatorand Calopteryx splendefis~35% shorter irLestes
viridis. ThePoecilobothrus nobilitatusnale fly, during his courtship behaviour perform
a complex and notorious aerial performance: a patidlight [66]: two arcs and one
straight flight; the display flight is initiate with a pair of redr flattened 180° arcs
around the female (the male finish this patterrilight where he began); then the fly
perform a directly flight over the female, with artremely fast (40ms) spin halfway
(180°) which leaves the male flying backwards (clatipg the maneuver by
decelerating backwards to a hovering stop. Durirese flights, the forward velocity
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reaches 0.6 ris the acceleration 12 Mg1.2 g); the angular velocity 4,500 thand
the corresponding angular acceleration is at 225000 m$; during such display, the
inner wing is held out literally as an air-brakedahe fly pivots around like a rower
round as an oar. Previous results have shownfriiatflies mainly control force and
moments by changing stroke amplitude of the twog&{67, pp.234]. The hoverfly
Syritta pipiens L,.revealed four different sideway flights excergagular orientation
saccadic change without a change on the coursetidine change of course direction
resulting exclusively from an angular orientatidracge; change of course orientation
resulting from sideway velocity increase and fomdvaelocity decrease; and also a
mixture of the two last flight excerpts. The fasteacking flights made by hoverflies -
rapes - culminates in a rapid dart towards anolioeerfly: in a rape, the male very
frequently display a continuosly acceleration (~560®s% and turning sideways
(normally ~90°) before it lands; during the sampetathe forward acceleration is
practically uniform and the sideways movementsgmemuch more variations.

4.5 BACKWARD FLIGHT

Changes [68] in the angle of attack have been wveddo initiate low speed forward or
backward flight acceleration; insects increaseahgle of attack to a large upstroke or
downstroke values and use the increased drag tiateniacceleration. The angles of
attack on the drag-producing half-stroke often apph 90° and provide large
horizontal acceleration. Thigpaddling/rowing motion also rotates the body (and the
stroke plane) in the correct direction becausedtiag force is applied above the centre
of mass. As the stroke plane tilts, the increasad @ould detract from weight support,
and the insects revert to more normal angles atlktafter only one or two wingbeats.
The capacity of an insect to perform backwardshflig may be not displayed
frequently, or if it is, it may very rapidly, lasg for several miliseconds, such as
happens in the case of the Hover8yritta pipiens the hoverfly displayed a crusing
flight (3s of flight with observed position every 2ns) in which changed the angular
position in asaccadeperformance, during which can fly forward, sidewagnd
backward [14]. A 180° horizontal backward flightresported toCalopteryx splendens
(Zygoptera); the measured velocities of the wirgytipforward and backward flight on
this insectwere 180-310 cm’ A point halfway along the wing will move over hte
distance and hence will have half that velodisy, 90-155 cms. Mercitogaster ornata
(Zygoptera) can change its wingbeat frequency fi&hiz immediately after take-off to
20 Hz during rapid backward flight, and then to 15 ald51Hz while hovering.Lestes
viridis (Zygoptera), in tandem position beat its wings28t7 Hz during downward
flight, compared with up to 38z during straight forward flight and up to 3#& when
flying steeply upwards and backwards. By employindlight with parallel stroking
(phase shifted by no more than 309ercitogaster ornatas able to perform rapid
backward flight andAnisopterapresented flight abilities requiring great foreapid
acceleration - backward upwards flight or carryanfemale) in the range from straight
up to horizontally backward flight, such flights welocity conditions within 40 to 120
cms® and presenting mean and maximal acceleration sabfe7 and 33.7 nis
respectively. Orthetrum cancellatumdisplays a vertical backward take-off (flight
direction approx. 100°) in parallel-stroking modemale Calopteryx splenderthat had
been slowly approaching a female in a counterstgpkiourting flight, advancing at a
rate of 12,4 mm per wingbeat, can propel himsel646m backwards by only one
parallel wingbeat. During take-off backwabiegaloprepus coerulatu&ygoptera) the
first forward stroke was executed with the wingsaasteep angle (measured in the
midregion of the downstroke), whereas in the foatkward stroke the angle of attack
was small; during the subsequent transition tagttaforward flight, the wings were
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inclined at small angles in the middle of the fordvatroke and at large angles during
the backward stroKé6].

4.6 FLIGHT ON COMPLEX WEATHER CONDITIONS

Free-flying mosquitoes not only can survive thenhilgpact of falling raindropg9], as
regardless of impact type (glancing — rotate tlseaty direct — impact on insect body,
pushing the animal for a considerable distanc&y ttan recover quickly and resume
flight. A raindrop could have a mass of 50 mosgstand a diameter < 8 mm,
presenting falling velocities of ~5-9 fhisa generic mosquito has a mass of ~0.002 g
and their velocity could be up to ~1 thaMlosquitoes possess hairy wings; such hair,
increase the wing surface area and so its energegicof wetting — the hair contributes
a hydrophobic wings; low simply drops simply bourdethe insect. The mass of the
insect determines the acceleration and speedth#t@ampact; firstly mosquitoes survive
by using their low mass relative to raindrops; tludifferences of mosquito/drop mass,
the mosquitoes slow raindrops by only ~1-17%; bseanf the impact, mosquitoes are
accelerated by 30-300 G for 1 ms. The impact ofs$ atcelerates the mosquito to a
velocity of 2.1 m#& within duration of 1.5 ms; after tumbling a distarof 39 mm (13
body lengths) the mosquito separates laterally ftbe drop and land safely. The
glancing impacts cause a pitch, yaw, or roll teeatslepending on the impact point; the
insect tends to recover its original position i@10s.

4.7 LONGITUDINAL AND LATERAL CONTROL USING POSTURAL
CHANGES

In addition to varying the wing kinematics, seveiakects could manage their
longitudinal and lateral flight control by defleag their own body while in-flight.
Drosophila melanogasteccould elevate their abdomen in response to nos&rdo
disturbances, thus displacing the centre of gragidysal to the line of thrust, which
therefore generates a restoring nose-up momenttigtimertia of the fly’s body. Other
similar postural changes have been observechitiphora erythrocephalaDrosophila
virilis have also been observed to elevate their hindfetiswing a nose-down
disturbance, which should increase drag dorsallg ganerate a nose-up pitching
moment; such hindlegs movement could have interte&rdérom the wake of the wings,
and so enhance the fly’s turning effect. Locustzeap to regulate lift independent of
thrust and have also been claimed to exhibit a stamt-lift reaction” in which the
vertical component of the force is kept more oslesnstant following by imposed
changes of body angle of up 20°. Related to latamairol using postural changes, such
Calliphora erythrocephalaand Drosophila melanogastecould manage a delayed
supination on the inside wing and advanced sumnatn the outside wing have been
observed during fictive turns. Lateral movementsiofdlegs and abdomen have also
been observed in response to visual roll stimulogusts Qrthopterg. Similar postural
adjustments appear to be ubiquitous steering raegsomn insects and have been
reported in mantids, heteropteran bugs, Strepsipseand motH30].

5 CONCLUSIONS

The behavioral flight capacitance and ability afents in flight in recent years, has been
an active research that provided inspiration oir thaneuverability and agile flight, for
the design and control of man-made MAVs and NA\&seatially by identifying and
exploiting the basic principles of performance ligkt displayed by the insects. The
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current investigation focus is on the achieving abfgreater perception of flight
performances held by several types of insects gplading their abilities on flight
maneuvers on resemblat flight stages; thus regaridira bio inspired flapping wings
robustness for MAVs and/or NAVs applications.
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1. Introduction

This paper is focused on the mechanisms involved with natural locomotion (thrust and/or
lift). Commonalities between natural flying and swimming are analyzed together with flow
control issues. The present study has been driven by the ability of living organisms to fit an
ecological system in terms of their locomotion. Historically, it was envisaged that men would
fly by flapping artificial wings like birds; their physiological and biomechanical flapping flight
procedure have been explored by men since Giovanni Alphonso Borelli [1]. On the XIX
Century, Etienne Jules Marey developed studies about the insects flapping flights and was the
first to notice a complex horizontal 8 shape wing motion pattern on its trajectory during the
flight. In 1874 Pettigrew Bell published a book [2] on which he drew attention to the fact that
the birds while flying and during every cycle of wingbeat, run movements that could be
represented with considerable accuracy with an 8-figure drawn vertically, while the insects
run the same figure drawn horizontally displaced. In 1902, Pettigrew stated that in a way to
confer on the insect’s wings the multiplicity of movements which they require, they are
supplied with double hinge or compound joints, which enable them to move not only in an
upward, downward, forward, and backward direction, but also on several intermediate
degrees of obliquity - meaning this that insects wings are actually acting as helices, or
twisted levers, and elevating weights much greater than the area of the wings would seem to
warrant [3]. Similarly, by studying the fish’s species, men found that most of them swim with
lateral body undulations running from head to tail, in motion that also remind a 8-shape
figure configuration, when viewed from the top.

\ "ra B S

Horizontal \ ]
s (W

Downstroke Plane

—

Figure 1 - A) Illustrative examples of the form and deformation of wings alluded to, those of the beetle, bee, and fly
- Pettigrew Bell [3]; B) lateral and isometric view of a generic insect wingstroke plane revealing a horizontal 8-shape
figure drawn; C) top view of fish’s motion revealing an 8-shape figure drawn.

2. Background

Small Unmanned Aerial Vehicles (UAVs) have been receiving an increasingly interest in the
last decades. This interest was fostered by the need of vehicles able to perform surveillance,
communications relay links, ship decoys, and detection of biological, chemical, or nuclear
materials [4]. Smaller and handy vehicles (micro air vehicles or MAVs) become even more
challenging when DARPA launched in 1997 a pilot study into the design of portable (150mm)
flying vehicles to operate in D*- dull, dirty and dangerous - environments [5]. More recently
DARPA launched a Nano Air Vehicle (NAV) program with the objective of developing and
demonstrating small (<100mm) lightweight air vehicles (<10g) with the potential to perform
indoor and outdoor missions [6]. All requirements of low altitude, long flight duration at low
speeds (up to 100km/h), small wing spans and masses, together with demanding capabilities
of takeoff, climb, loiter, hover, maneuver, cruise, stealth and gust response are further
beyond today’s fixed wing or rotorcraft vehicles. At the same time, MAVs fit in the general
sizes, weights, and locomotion performance of natural flying or swimming animals [7].
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Nevertheless, biomimetic engineered devices are still far from the living organisms and more
research is needed [8]. There is a general agreement that an unsteady dynamics approach is
required to capture the physical phenomena at this scale [9]. Additionally, propulsion and lift
should not be considered independently. Flapping wing systems appeared in animals such as
insects, birds, and fishes, which are known to exhibit remarkable aerodynamic and propulsive
efficiencies. So, there have been several experimental and numerical studies of the
biomimetic propulsive flapping [10, 11]. Most of these studies addressed the role of kinematic
parameters such as flapping frequency, amplitude and phase difference on thrust generation
and propulsive efficiency. At the same time, the effect of airfoil configuration has been
considered far less and the published work is not always in agreement. For example, the
results [12-14] show that thick airfoils can improve plunging airfoil performance, whereas [15-
17] suggest than thin airfoils perform better, and the inviscid analysis [16] concludes no
influence of airfoil thickness on plunging airfoil propulsion. Some authors attribute the
superior efficiency of natural systems of thrust generation and propulsive efficiency to wing
flexibility and focused their research on flexible wings with chord and span flexibilities [18,
19]. Has been reported [20] that flapping wings induce three rotational accelerations:
angular, centripetal and Coriolis in the air near to the wing’s surface, which diffuse into the
boundary layer of the wing. Their results suggest that swimming and flying animals could
control de predictability of vortex-wake interactions, and the corresponding propulsive forces
with their fins and wings. Researchers [21] investigated dimensionless numbers to study
swimming and flight, and their findings were disappointing since it became clear that
different points of view exist in the biomechanics field on how to best define and use. So,
successful biology-inspired or biomimetic concepts will depend on the understanding of the
natural mechanisms especially when they do not agree with the present engineering design
principles.

3. Some considerations related to fluid media (water and air)

Water and air are both regarded as fluid media, however, they are distinguished from each
other: water is comparatively heavy (-1 ton/m?) and incompressible; air, on the other hand,
is comparatively light (-1.225 kg/m? at sea level, at 15°C) and incompressible below Mach
number M ~ 0.3 (the ratio of flow velocity/sound velocity must be greater than ~0.3 for a
change fluid density of > 5%); for M > 0.3, significant compressibility occurs; - all insect’s fly
in an incompressible air flow. When an animal swim through the water, the drag obtained is
much greater when compared with the drag obtained from air similarly treated. Unsteady
water flows are very common in nature, yet the swimming performance of fishes is typically
evaluated by researchers, at constant, steady speeds at an appropriate facility. Similarly,
most studies of insect flight are conducted in smooth flow or still air conditions. On both
cases, it is still mostly unknown if unsteady water flows represent advantages and/or
disadvantages to swimming fishes, and as well, if variable wind in nature affects flying insects
as an advantage and/or disadvantage; however, in order to meet such peculiar requirements,
all traveling organs of aquatic and flying animals (feet, fins, flippers, or wings) are not
designed by nature as of rigid materials; instead, they are elastic materials.

4. Swimmer organisms: locomotion on fish: tail and fins - control surfaces

Most fish species swim with lateral body undulations running from head to tail, by exerting
force against the surrounding water; these waves are slower than the waves of muscle
activation; i.e, they contract muscles on either side of its body in order to generate flexion
waves that travel the length of the body from head to tail. Fish’s body is often fusiform, a
streamlined body plan often found in fast-moving fish. They may also be filiform (eel-shaped)
or vermiform (worm-shaped). Also, fish are often either laterally thin (compressed), or dorso-
ventrally flat (depressed). Their muscle power is converted to thrust either directly by the
bending body or almost exclusively by the tail, depending upon the body shape of the species
and the swimming kinematics. Comparative scientists (physiologists and neurobiologists) have
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long been interested to realize how locomotion mechanisms used by aquatic organisms,
propel themselves through water. The main external features of the fish are fins, composed
of bony spines protruding from the body with skin covering them and joining them together;
and as they are located at different body s places on the fish, they serve as well for different
purposes, such as moving forward, turning, and keeping an upright position. Dorsal fins are
located on the back: most fishes have one dorsal fin, but some fishes have two or three (as
well as also could have finlets - small fins, generally between the dorsal and the caudal fins).
The dorsal fins serve to protect the fish against rolling. The caudal fin (tail) is located at the
end of the caudal peduncle and is used for propulsion. The tail fin can be: rounded at the
end; truncated; forked; emarginate; or continuous. The anal fin is located on the ventral
surface and is used to stabilize the fish while swimming. The pectoral fins are located on each
side of the fish. A peculiar function of pectoral fins, highly developed in some fish, is the
creation of the dynamic lifting force that assists sharks, in maintaining depth; they also
enables the “flight” for flying fish and the “walking” in some anglerfish in the mud. The
ventral fins assist the fish in going up or down through the water, turning sharply, and
stopping quickly. Torsional angles changes on fish’s fins can be produced by active control,
via muscles force, or by passive control, via inertial hydrodynamic forces.

A) DORSAL FINS B) Vertical tail shapes Horizontal tail shapes
2nd 3rd

0 Peduncle

I=';‘.'.=-‘
Ventral fin  ANAT FINS fin

Surfperch Pectoral-Caudal gait transition Sunfish
V =1 body length/second V = 0.5 body length/second

Figure 2 - A) Control surfaces on a generic fish; B) different types of fish fin tails known; C) Photo of a pectoral
flipper of the humpback whale (Megaptera novaeangliae) show leading edge tubercles [23]; D) Black surfperch
(Embiotoca jacksoni) and Bluegill sunfish (Lepomis macrochirus), revealing vortex rings at different speeds [25].

Extensive studies have been made on the Dolphins [22]; their fusiform and streamlined body
shape, reduce the pressure component of the drag through maintenance of laminar flow;
their maximum thickness (where transition to turbulent flow and boundary-layer separation is
likely to develop) it is nearly at 45% of a body length from the beak, meaning that at list 45%
of dolphins body may have laminar flow, due to a favorable pressure gradient up to the
maximum thickness. The dolphins fineness ratio (FR = body length/maximum diameter) is
3.85 < FR = 5.55 approach the optimum value of lowest drag (FR = 4.5). Their propulsive
movements are confined to the vertical plane in the posterior 1/3 of the body, with greatest
amplitude at the caudal peduncle; the anterior body part acts as an inertial mass, minimizing
energy loss from body oscillations. Dolphins could perform maximum speed up tom 9.3 ms™.
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Orcinus orca could perform maximum speed up to 15.5 ms™ during 20 minutes. The pectoral
flippers of the humpback whale (Megaptera novaeangliae) show leading edge tubercles [23].
Comparisons of wing sections with and without tubercles using CFD models, showed a 4.8%
increase in lift; 10.9% reduction in induced drag; 17.6% increase in lift to drag ratio for wing
section with tubercles at 10° angle of attack. Enhanced maneuverability by the addition of
leading edge tubercles has potential application in the development of modern vehicles
operating in air or water. Experimental flow visualization [24] compared with numerical
simulations on both velocity and vorticity fields, revealed a good agreement; those results
also revealed that fish can control body-generated vorticity, through body flexure and active
manipulation by the caudal fin. Other researchers [25], using DPIV, approach the question of
why some fishes are able to swim faster than others, from a hydrodynamic perspective; they
investigate the structure and strength of the 3D wake to determine how hydrodynamic forces
varies on Black surfperch (Embiotoca jacksoni) and Bluegill sunfish (Lepomis macrochirus).
Both species (similar in size) swim at low speed using pectoral fins exclusively and both
species at high speed, switch to pectoral-caudal fin locomotion; the surfperch can swim twice
fast. It was found that surfperch presented a pair of linked vortex rings for all velocities,
while the sunfish for low speed, presented only one vortex ring per fin and a pair of linked
vortex rings with one ring only partially complete and attached to the body, at maximum
speed. One of the most striking aspects of fish diversity is the presence of multiple locomotor
control surfaces playing hydrodynamic roles during steady swimming and unsteady
maneuvering locomotion, as well as the vortex wake interactions among all fins, a subject to
be fully understood in the future. The skin of fast-swimming sharks (mako sharks) [26] is
composed by a tooth-like scales (denticles) that generated vortexes on the front edge of the
skin, i.e., eddies that essentially would help to pull the shark forward; this kind of skin
composition is not found on slow-swimming sharks. Many researchers study this skin, by direct
mimicking in its 3D shape or in a simplified grooved surface (riblets). Upon close examination
of a dolphin’s skin revealed micro dermal ridges that delay the transition to turbulent, by
trap water molecules at the surface of the skin. Thus, the molecules of trapped water on the
skin surface allows the animal to pass through the water more easily than if the same animal
had a dry skin surface. The sailfish (that has V-shaped protrusions on skin) is known as fastest
sea animal, reaching maximum speeds exceeding 110km/h. His fin on the back which grows
along the back can be spread and folded at will. Since sailfish is the fastest-swimming animal,
researchers expected that sailfish’s skin textures might produce skin-friction reduction;
however, directly measures and numerical investigation showed increases or negligible
reduction (~1%) on skin-friction. Yet, scientists advanced other explanations; the role of
sailfish skin knowledge is to be confirmed.

5. Insects: a Biological Flight Machine and their wing’s kinematics

Every insect’s wings when in motion are deformed by either the aerodynamic forces from the
surrounding air flow, or by the inertial acceleration; the overall wing deformation is a
combination of both and is in a continuously and constantly changing. The power product of
the flight's muscles is transmitted to the wings which unlike an aircraft wings are neither
streamlined nor smooth: the shape, corrugation and performance of the wings and the
complex flapping motion during each stroke cycle will determine the ability of an animal to
fulfil successfully every stunning maneuver. Each wingstroke cycle is typically divided into
two translational phases: upstroke and downstroke; and two rotational phases: pronation and
supination. In the forward-downstroke movement - main power stroke - the wing initiate the
downward loop with a high angle of attack until the leading edge tilts downwards, where the
wing momentarily becomes horizontal in the middle of the stroke, minimizing the angle of
attack; stalling is prevented due to the fastest moving of the wing at this point. During the
recovery stroke, when the wing moves upwards and backwards, the leading edge tips
backwards. The wing is rotated again at the top of the recovery stroke, restoring the
maximum angle of attack immediately before the next downstroke movement initiation.
Every motion streamed to the wing lies in a composition of rotational, horizontal, vertical and
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torsional movements. Torsional angles changes on insect’s wings can be produced by active
control, via muscles force, or by passive control, via inertial aerodynamic forces. Insect’s
flight maneuverability is remarkable and by far, superior to every maneuverability of any
man-made flying vehicle. Dickinson et al. [27], stated that the aerodynamic performance of
insects results from an interaction of three distinct, yet, interactive flight mechanisms:
delayed stall, meaning that the wing sweep through the air with large angle of attack, during
the translational portions of the stroke; rotational lift, meaning an augment in angle of attack
at the end of the stroke, providing extra lift; and wake capture, meaning that the wing will
capture some energy, left behind on the air by the previous wingstroke, providing extra
power. Dragonfly wings possess great stability and high load-bearing capacity during flapping
flight, gliding and hovering, despite the fact that their mass is less than 2% of the insect’s
total mass; such wings (forewings - front wings; and hindwings - rear wings) are composed by
a thin cuticular membrane, supported by a vein system (venation) [28]. This venation
structure consists on a net of veins (of different sections) that forms rectangular frames at
the leading edge and hexagons or polygons with more than four sides at the trailing edge,
allowing the requirements for different wing zones bearing different loads. Adding to this,
their wings are highly corrugated (more corrugated at first % at the leading edge), which
increases significantly the stiffness and strength of the wings and results in a lightweight
structure with very good aerodynamic performance. The flow induced by the motion of
insect’s wings is highly unsteady and vortical. In fact, insect’s generate enough force to keep
themselves in the air, because they flap their wings at a very high angle of attack that
creates a structure at the leading edge of the wing, (a tornado-like structure) called leading
edge vortex (LEV). Large LEV’s are formed at the beginning of each half stroke and remains
attached to the wing until the beginning of the next half stroke. It was found on some small
insects, an unsteady inviscid high lift mechanism (clap-and-fling), consisting on the use of
interaction between wings, as they press each other together (like a ‘clap’) at the extreme
ends of the stroke, providing a total vertical flapping angle of ~180°. At the end of the ‘clap’,
leading edges began to separate as the trailing edge remains connected initially (V-shape at
~120°); after that, the trailing edge separates as well (‘fling’); such movement leads that air
to rush into low pressure widening gap and produce high strength vortices of equal and
opposite sign [29]. The current state of the art of micro-CT scanners (X-ray Microtomography)
is nowadays limited to large insect’s wings [30]; since the resolution of micro-CT scanners is
increasing every year, in near future, any insect wing could be successfully scanned.

DOWNSTROKE A)

|
- ' / !
b 4 5

3 2 1 Wake capture
Rotational lift Delayed stall UPSTROKE

LEADING-EDGE VORTEX

Figure 3 - A) Illustration a of complete insect wingstroke showing the delayed stall and rotational lift on the
downstroke movement and the wake capture during all course of the upstroke; blue colour - wing position, with
leading edge always on top; red colour - representing the total force [31]; B) Illustration of 3 different leading-edge
vortex: extends across thorax; attached at the base of the wing and horseshoe-shaped vortex on both wings.

The main challenge for accurately digitizing the wings 3D architecture is minimizing the
deformation due to drying of the wing needed to reduce scatter and noise in the scan due to
evaporation. Researchers used this technology to scan a dragonfly “Sympetrum vulgatum”
forewing and hindwings; they found that both vein and membrane thickness increases from
tip to root on both wings, which allows the wing to effectively bear both inertial and
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aerodynamic loads. On their model, they discover that the inertial loads along the wingspan
were approximately 1.5 to 3 times higher than the aerodynamic loads - wings deformation
were dominated by inertial loads. Based on computations, they also found that wing
deformation was smaller during the downstroke, due to structural asymmetry. By the analyses
on the work on several researchers, In fact generically, both inertial and aerodynamic force
can be the primary cause of wing deformation: in contrast with above statement, and
referring also to dragonfly’s natural wings, a study concluded that their deformation was
mainly due to the aerodynamic forces. Insects have no active control over the wing
configuration during flight. The architecture of the wing and the material properties of its
element determine how the wing changes their shape in response momentarily to external
forces changing, since the wing movement is very complex. It is nowadays a great challenge
to researchers, how to build a model with similar properties; of course, another challenge is
how to incorporate the wing flexibility into the theoretical model predicting the aerodynamic
force during insect flight - both, remains an ongoing challenge to the researchers [32].

Figure 4 - A) illustration of forewings and hindwings of a dragonfly and their venation structure as referred on [27]
and also a pigmented cell known as pterostigma which mass is frequently greater than that of an equivalent area of
adjacent wing and its inertia influences the movement of the whole wing movements. Without the pterostigma, the

self-excitating vibrations would set in on the wings after a certain critical speed - pterostigma acts as an inertial

regulator of wing pitch; B) Illustration of the ‘clap-and-fling’ flight mechanism: at a certain moment, the wings press
together each other (clap); then wing separate as shown (V-shape), generating a low pressure zone between them.

As previously referred, leading-edge vortex is the main flight mechanism that allows insects
to be able to fly; studies on the unsteady aerodynamics on the flapping wing of a Manduca
sexta hawkmoth robotic model (while hovering) were made by the use of computational fluid
dynamic (CFD) modelling [33]; CFD computations revealed a large leading-edge vortex (LEV1)
presence during most of the downstroke movement (from the base at ~60/75% of the wing
length); as the wing moves towards horizontal position, this structure becomes larger
spiralling vortex with strong axial flow at the core, towards the wing tip. Immediately after
the middle of the dowsntroke, the LEV breaks down at 75% of the wing length, creating this, a
second LEV (LEV2 - also revealing a spiral axual flow towards the wing base) between the
wing tip and the broken-down position of the first LEV. At the initial supination rotation, LEV2
is pushed off the leading edge due to wing deceleration and the breakdown point of LEV1
moves into half of wing length. During the upstroke a very-small leading-edge vortex (quite
2D struture) appeared at the wing tip and by the time the wing reaches the middle position,
this structure extends from wing tip to the wing base. After the upstroke’s middle course, the
LEV grows rapidelly (comparable in size with the dowstroke LEV1) and hence enlarges the
negative pressure region. At the later part of downstroke, the LEV breaks don at ~60/70% if
the wing length without shedding the tip vortex. During the pronation, the upstroke LEV
remained attached to the leading edge of the lower wing surface and a trailing-edge vortex
(TEV) was also detected (larger than LEV, lies below it and run from the base to the tip),
probably due to wing rotation. Lentink & Dickinson [34] suggested that LEV could be an
efficient high-lift nechanism for small and big hovering insects; this suggestion is reenforcing
the idea that insect while hovering, more easily might capture the energy left behind in air,
by the previous stroke; even more, the insects with four separated wings (part of them as two
pairs coupling wings) might benefit their rear pair on the work of forewing’s wake flow. A
challenge on build insect’s wing models approaching the natural wings morphology was made
by Tanaka & Wood [35]. They described the fabrication of an artificial insect (hoverfly) wing
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with a rich set of topological features by micro molding a thermosetting resin; the venation
system diameter varied between 50-125 pm heights and the corrugation of the wing measured
100 um. Both solid veins and membrane were simultaneously formed and integrated by a
single molding process, by the use of a layered laser ablation technique; each 3D mold were
created with 5 pym resolution in height. The replicated wing matched at-scale high precision
surface profiles of the natural one, thus enabling parametric experiments of the functional
morphology of insect wings. Authors referred that stiffness measured along the natural and
model wings on identical values of magnitude. However, nature had adapted insects with
wings were stiffness varies ad varies the location region on the wings. Later, on another
investigation [36] on the subject of flexural and torsional wing flexibility, they were able to
create a rigid wing model (hoverfly) that could produce more lift than the natural one’s,
thus, in prejudice of maneuverability, a requirement that insects had at their disposal (at
their will), at almost 350 million years: the experience to fly in the skies of the Earth. After
filming a beetle tethered flight [37] with a high-speed camera, researchers build a model of
wing system of identical size of natural wings, on a way to follow the natural performance of:
flapping frequency, stroke plane, wing tip path, wing rotation angles and flapping angles;
however, their experience demonstrated to them that flapping frequency and wing rotation
need an improvement to satisfy the natural mimic, since the positive vertical force achieved
was only ~1/5 of the total weight of the system. From all bibliographic revision on birds, bats
and insects, all researchers invoked that those fliyng animals may benefit aerodinamically
from the flexibility of their wings - a general idea stating that temporal wing deformation is
the basis of force generation. From the design aspect, flexibility may benefit MAVs as well,
from several points of view: aerodynamically and lightness of structures. Since insect’s flight
maneuverability far higher superior to every maneuverability achieved by any man-made
flying vehicle, thus, Barata et al [38], made an extensive comparative bibliographyc research
on the wings motion patterns on several types of insects on resemblant flights, regarding the
expoliting of their in-flight basic principes for the acquired performance. They found that the
same insect uses their wings in very differently manners, depending, thus, on the maneuver
they intend to carry. Every single movement of their wings generates lift (downstroke or
upstroke) and the time rate downstroke/upstroke could easily vary at their will. Some of
them possess the ability to use the wings in independent ways (differences on wingstroke,
wings with different torsions at the same instant, or even one wing used as aerodynamic
brake). Despite the flight mechanisms used by insects are not yet fully understood by humans,
their replication for use in MAVs will be even more far from being achieved.

Conclusions

The current investigation is focused on the mechanisms involved with natural locomotion
(thrust and/or lift). Biological systems with interesting applications to Micro Air-Vehicles
(MAVs) are generally inspired on flying insects or birds; however, similarly to the
aerodynamics of flight, powered swimming requires animals to overcome drag by producing
thrust. Commonalities between natural flying and swimming are analyzed together with flow
control issues. As it was shown by several researchers on this bibliography work review, the
perception of flight performances held by insects and swimming performances held by fishes
are not completely understood. All control surfaces present on living aquatic and flying
animals (feet, fins, flippers, or wings) are not design by nature as of rigid materials; instead,
they are elastic materials. Insect’s wings are morphological wonder (elastic material: every
wing motion is a sum of horizontal, vertical and torsional movement), however, what really
enables the wings to make enough force for the animal to stay in the air, is the way insects
flaps them: at a very high angle of attack, creating a structure at the leading edge of the
wing, (tornado-like structure) called leading-edge vortex. Researchers investigated
dimensionless numbers to study swimming and flight, and their findings were disappointing
since it became clear that different points of view exist in the biomechanics field on how to
best define and use. So, successful biology-inspired or biomimetic concepts will depend on
the understanding of the natural mechanisms especially when they do not agree with the
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present engineering design principles. An additional difficulty (and a very important one) is
the fact that state of art on elastic materials with identical or similar elastic properties of
natural insect’s wing, does not exist yet.

Acknowledgements

The authors express their gratitude to FCT for the funding of the research project:
PTDC/EME-MFE/122849/2010: Nature - New-biomimetic Aerodynamic Technologies for
Undersized Reynolds

Bibliography

[1] G. A. Borelli. De Motu Animalium. Rome, A. Bernabo, 1680.

[2] J. B. Pettigrew. Animal Locomotion or Walking, Swimming and Flying with a Dissertation
on Aeronautics. New York, D. Appleton & Company, 1874.

[3] http://www.1902encyclopedia.com/F/FLI/flight-flying-machines.html (16/06/2015).

[4] Mueller, T. J.; Delaurier, J. D.: “Aerodynamics of Small Vehicles”, Annual Review of Fluid
Mechanics, Vol. 35, (2003), ISSN 0066-4189, pp. 89-111.

[5] McMichael J. M.; Francis M. S.: Micro air vehicles - Toward a new dimension in flight,
Defense Advanced Research Projects Agency, 10 January 2005, Online Internet available from
http://www.darpa.mil/tto/MAV/mav_auvsi.htm, August 1997 (29/05/2014).

[6] Hylton, T., Martin, C., Tun, R., Castelli, V. The DARPA Nano Air Vehicle Program.
Proceedings of 50" AIAA Aerospace Sciences Meeting Including the New Horizons Forum and
Aerospace Exposition, Nashville, Tennessee, USA, 09-12 January, 2012.

[7] von Ellenrieder, K. D.; Parker, K.; Soria, J.: “Fluid mechanics of flapping wings”,
Experimental Thermal and Fluid Science, Vol. 32, No. 8, (2008), ISSN 0894-1777, pp. 1578-
1589.

[8] Evers, J. H. Biological Inspiration for Agile Autonomous Air Vehicles. Platform Innovations
and System Integration for Unmanned Air, Land and Sea Vehicles (AVT-SCI Joint Symposium),
Meeting Proceedings RTO-MP-AVT-146, Paper 15: 1-14, Neuilly-sur-Seine, France.

[9] Ho, S.; Nassef, H.; Pornsinsirirak, N.; Tai, Y.; Ho, C.: “Unsteady aerodynamics and flow
control for flapping wing flyers”, Progress in Aerospace Sciences, Vol. 39, No. 8, (2003), ISSN
0376-0421, pp. 635-681.

[10] DelLaurier J. D.; Harris J. M.: “Experimental study of oscillating-wing propulsion”,
Journal of Aircraft, Vol. 19, (1982), ISSN 0021-8669, pp. 368-373.

[11] Tuncer, I. H.; Platzer M.F.: “Computational study of flapping airfoil aerodynamics”,
Journal of Aircraft, Vol. 37, (2000), ISSN 0021-8669, pp. 514-520.

[12] Rozhdestvensky, K.V.; Ryzhov, V.A.: “Aerohydrodynamics of flapping-wing propulsors”,
Progress in Aerospace Sciences, Vol. 39, No. 8, (2003), ISSN 0376-0421, pp. 585-633.

[13] Lentink, D., Gerritsma, M. Influence of airfoil shape on performance in insecto flight.
Proceedings of the 33 AIAA Fluid Dynamics Conference and Exhibit, Orlando, Florida, June
23-26, 2003.

[14] An, S.; Maeng, J.; Han, C.: “Thickness effect on the thrust generation of heaving
airfoils”, Journal of Aircraft, Vol. 46, No. 1, (2009), ISSN 0021-8669, pp. 216-222.

[15] Vandenberghe, N.; Childress, S.; Zhang, J.: “On unidirectional flight of a free flapping
wing”, Physics of Fluids, Vol. 18, No. 1, (2006), ISSN 1070-6631, pp. 014102-14108.

[16] Wang, Z. J.: “Vortex shedding and frequency selection in flapping flight”, Journal of
Fluid Mechanics, Vol. 410, (2000), ISSN 1469-7645, pp. 323-341.

[17] T. Cebeci. M. Platzer. H. Chen. K-C. Chang. J. P. Shao. Analysis of Low-Speed Unsteady
Airfoil Flows. Horizons Publishing Inc., Long Beach, 2004.

[18] Le, T. Q.; Ko, J. H.; Byun, D.; Park, S. H; Park, H. C.: “Effect of Chord Flexure on
Aerodynamic Performance of a Flapping Wing”, Journal of Bionic Engineering, Vol. 7, No. 1,
(2010), ISSN 1672-6529, pp. 87-94.

ICEUBI2015 - INTERNATIONAL CONFERENCE ON ENGINEERING 2015 - 2-4 Dec 2015 - University of Beira Interior - Covilha, Portugal



December 2 3 4

ICEUBI2015 7 nternational

University of Beira Interior 4’\ Conference on Engmeerlng

Faculty of Engineering Coviha | Portugal Engineering ](OF Socief\/

[19] Heathcote, S.; Wang, Z.; Gursul, l.: “Effect of spanwise flexibility on flapping wing
propulsion”, Journal of Fluid and Structures, Vol. 24, No. 2, (2008), ISSN 0889-9746, pp. 183-
199.

[20] Lentink, D.; Van Heijst, G. F.; Muijres, F. T.; Van Leeuwen, J. L.: “Vortex interactions
with flapping wings and fins can be unpredictable”, Biology Letters, Vol. 6, No. 3, (2010),
ISSN 1744-9561, pp. 394-397.

[21] Lentink, D.; Dickinson, M. H.: “Biofluiddynamic scaling of flapping, spinning and
translating fins and wings”, Journal of Experimental Biology, Vol. 212, No. 16, (2009), ISSN
0022-0949, pp. 2691-2704.

[22] Fish, F. E.; Hui, C. A.: “Dolphin swimming - a review”, Mammal Review, Vol. 21, No. 4,
(1991), ISSN 1365-2907, pp. 181-195.

[23] Fish, F. E.; Howle, L. E.; Murray, M. M.: “Hydrodynamic flow control in marine
mammals”, Integrative and Comparative Biology, Vol. 48, No. 6, (2008), ISSN 1557-7023, pp.
788-800.

[24] Wolfgang, M. J.; Anderson, J. M.; Grosenbaugh, M. A.; Yue, D. K.; Triantafyllou, M. S.:
“Near-body flow dynamics in swimming fish”, Journal of Experimental Biology, Vol. 202,
(1999), ISSN 0022-0949, pp. 2303-2327.

[25] Drucker, E. G.; Lauder, G. V.: “A Hydrodynamic analysis of fish swimming speed: wake
structure and locomotor force in slow and fast labriform swimmers”, Journal of Experimental
Biology, Vol. 203, (2000), ISSN 0022-0949, pp. 2379-2393.

[26] Choi, H.; Park, H.; Sagong, W; Lee, S: “Biomimetic flow control based on morphological
features of living creatures”, Physics of Fluids, Vol. 24, (2012), ISSN 1070-6631, pp. 121302-1/
121302-20.

[27] Dickinson, M. H.; Lehman, F-0O.; Sane, S. P.: “Wing rotation and the aerodynamic basis
of insect flight”, Science, Vol. 284 no. 5422, (1999), ISSN 0036-8075, pp. 1954-1960.

[28] Sun, J.; Bushan, B.: “The structure and mechanical properties of dragonfly wings and
their role on flyability”, Comptes Rendus Mécanique, Vol. 340, No. 1-2, (2012), ISSN 1631-
0721, pp. 3-17.

[29] Ho, S.; Nassef, H.; Pornsinsirirak, N.; Tai, Y-C.; Ho, C-M.: “Unsteady aerodynamics and
flow control for flapping wing flyers”, Progress in Aerospace Sciences, Vol. 39, No. 8, (2003),
ISSN 0376-0421, pp. 635-681.

[30] Jongerius, S. R.; Lentink, D.: “Structural Analysis of a Dragonfly Wing”, Experimental
Mechanics, Vol. 50, (2010), ISSN 0014-4851, pp. 1323-1334.

[31] http://www.scientificamerican.com/article/catching-the-wake/ (07/07/2015).

[32] Yin, B.; Luo, H.: “Effect of wing inertia on hovering performance flapping wings”, Physics
of Fluids, I1SSN 1070-6631, Vol. 22, (2010), pp. 111902-1/111902-10.

[33] Liu, H.; Ellington, C. P.; Kawachi, K.; van den Berg, C.; Willmott, A. P.: “A
computational fluid dynamic study of hawkmoth hovering”, Journal of Experimental Biology,
Vol. 21, (1998), ISSN 0022-0949, pp. 461-477.

[34] Lentink, D.; Dickinson, M. H.: “Rotatioanl accelerations stabilize leading edge vortices on
revolving fly wings”, Journal of Experimental Biology, Vol. 212, (2009), ISSN 0022-0949, pp.
2705-2719.

[35] Tanaka, H.; Wood, R. J.: “Fabrication of Corrugated Artificial Insect Wings Using Laser
Micromachined Molds”, Journal of Micromechanics and Microengineering, (2010), ISSN 1361-
6439, Vol. 20, pp. 075008-1/075008-8.

[36] Tanaka, H.; Whitney, J. P.; Wood, R. J.: “Effect of Flexural and Torsional Wing
Flexibility on Lift Generation in Hoverfly Flight”, Integrative and Comparative Biology, Vol.
51, No. 1, ISSN 1557-7023, p. 142-150.

[37] Nguyen, Q. V.; Park, H. C.; Goo, N. S.; Byun. D.: “Characteristics of a Beetle's Free Flight
and a Flapping-Wing System that Mimics Beetle Flight”, Journal of Bionic Engineering, Vol. 7,
No. 1. (2010), ISSN 1672-6529, pp. 77-86.

[38] Barata, J. M. M.; Neves, F. M. S. P.; Manquinho, P. A. R.: “Comparative Study of Wing’s Motion
Patterns on Various Types of Insects on Resemblant Flight Stages”, Proceedings of the AIAA
Atmospheric Flight Mechanics Conference, SciTech 2015, Kissimmee, Florida, USA, 5/9 January
2015.

ICEUBI2015 - INTERNATIONAL CONFERENCE ON ENGINEERING 2015 - 2-4 Dec 2015 - University of Beira Interior - Covilha, Portugal



Open Journal of Applied Sciences, 2016, 6, 7-15 “:‘ Scientific
Published Online January 2016 in SciRes. http://www.scirp.org/journal/ojapps ":” 53?%2?32
http://dx.doi.org/10.4236/0japps.2016.61002 ¢ g

Propulsion for Biological Inspired Micro-Air
Vehicles (MAVs)

Jorge M. M. Barata, Fernando M. S. P. Neves, Pedro A. R. Manquinho, Telmo A. ]. Silva

Aerospace Sciences Department, Universidade da Beira Interior, Covilha, Portugal
Email: fernandomneves@gmail.com

Received 21 December 2015; accepted 18 January 2016; published 21 January 2016

Copyright © 2016 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

Small Unmanned Aerial Vehicles have been receiving an increasingly interest in the last decades,
fostered by the need of vehicles able to perform surveillance, communications relay links, ship
decoys, and detection of biological, chemical, or nuclear materials. Smaller and handy vehicles
Micro Air vehicles (MAVs) become even more challenging when DARPA launched in 1997 a pilot
study into the design of portable (150 mm) flying vehicles to operate in D3—dull, dirty and dan-
gerous—environments. More recently DARPA launched a Nano Air Vehicle (NAV) program with
the objective of developing and demonstrating small (<100 mm; <10 g) lightweight air vehicles
with the potential to perform indoor and outdoor missions. The current investigation is focused
on the mechanisms involved with natural locomotion (propulsion and lift should not be consi-
dered independently). Biological systems with interesting applications to MAVs are generally in-
spired on flying insects or birds; however, similarly to the aerodynamics of flight, powered swim-
ming requires animals to overcome drag by producing thrust. Commonalities between natural
flying and swimming are analyzed together with flow control issues as a purpose of improvement
on biology-inspired or biomimetic concepts for Micro Air Vehicles implementation.
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1. Introduction

This paper is focused on the mechanisms involved with natural locomotion (thrust and/or lift). Commonalities
between natural flying and swimming are analyzed together with flow control issues. The present study has been
driven by the ability of living organisms to fit an ecological system in terms of their locomotion. Historically, it
was envisaged that men would fly by flapping artificial wings like birds; their physiological and biomechanical
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flapping flight procedures have been explored by men since Giovanni Alphonso Borelli [1]. On the XIX Century,
Etienne Jules Marey developed studies about the insects flapping flights and was the first to notice a complex
horizontal 8 shape wing motion pattern on its trajectory during the flight. In 1874 Pettigrew Bell published a
book [2] on which he drew attention to the fact that the birds while flying and during every cycle of wingbeat,
run movements that could be represented with considerable accuracy with an 8-figure drawn vertically, while
the insects run the same figure drawn horizontally displaced. In 1902, Pettigrew stated that in a way to confer on
the insect’s wings the multiplicity of movements which they require, they are supplied with double hinge or
compound joints, which enable them to move not only in an upward, downward, forward, and backward direc-
tion, but also on several intermediate degrees of obliquity—meaning this that insects wings are actually acting as
helices, or twisted levers, and elevating weights much greater than the area of the wings would seem to warrant
[3]. Similarly, by studying the fish’s species, men found that most of them swim with lateral body undulations
running from head to tail, in motion that also remind a 8-shape figure configuration, when viewed from the top
(see Figure 1).

2. Background

Small Unmanned Aerial Vehicles (UAVSs) have been receiving an increasingly interest in the last decades. This
interest was fostered by the need of vehicles able to perform surveillance, communications relay links, ship de-
coys, and detection of biological, chemical, or nuclear materials [4]. Smaller and handy vehicles (Micro Air Ve-
hicles or MAVSs) become even more challenging when DARPA launched in 1997 a pilot study into the design of
portable (150 mm) flying vehicles to operate in D*—dull, dirty and dangerous—environments [5]. More recent-
ly DARPA launched a Nano Air Vehicle (NAV) program with the objective of developing and demonstrating
small (<100 mm) lightweight air vehicles (<10 g) with the potential to perform indoor and outdoor missions [6].
All requirements of low altitude, long flight duration at low speeds (up to 100 km/h), small wing spans and
masses, together with demanding capabilities of takeoff, climb, loiter, hover, maneuver, cruise, stealth and gust
response are further beyond today’s fixed wing or rotorcraft vehicles. At the same time, MAVs fit in the general
sizes, weights, and locomotion performance of natural flying or swimming animals [7]. Nevertheless, biomi-
metic engineered devices are still far from the living organisms and more research is needed [8]. There is a gen-
eral agreement that an unsteady dynamics approach is required to capture the physical phenomena at this scale
[9]. Additionally, propulsion and lift should not be considered independently. Flapping wing systems appeared
in animals such as insects, bats, birds, and fishes, which are known to exhibit remarkable aerodynamic and pro-
pulsive efficiencies. So, there have been several experimental and numerical studies of the biomimetic propul-
sive flapping [10] [11]. Most of these studies addressed the role of kinematic parameters such as flapping fre-
quency, amplitude and phase difference on thrust generation and propulsive efficiency. At the same time, the
effect of airfoil configuration has been considered far less and the published work is not always in agreement.
For example, the results [12]-[14] show that thick airfoils can improve plunging airfoil performance, whereas
[15]-[17] suggest than thin airfoils perform better, and the inviscid analysis [16] concludes no influence of air-
foil thickness on plunging airfoil propulsion. Some authors attribute the superior efficiency of natural systems of
thrust generation and propulsive efficiency to wing flexibility and focused their research on flexible wings with
chord and span flexibilities [18] [19]. Has been reported [20] that flapping wings induce three rotational accele-
rations: angular, centripetal and Coriolis in the air near to the wing’s surface, which diffuse into the boundary
layer of the wing. Their results suggest that swimming and flying animals could control de predictability of vortex-
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Figure 1. (a) Illustrative examples of the form and deformation of wings alluded to those of the beetle, bee, and fly—Petti-
grew Bell [3]; (b) lateral and isometric view of a generic insect wingstroke plane revealing a horizontal 8-shape figure drawn;
(c) top view of fish’s motion revealing an 8-shape figure drawn.
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wake interactions, and the corresponding propulsive forces with their fins and wings. Researchers [21] investigated
dimensionless numbers to study swimming and flight, and their findings were disappointing since it became
clear that different points of view exist in the biomechanics field on how to best define and use. So, successful
biology-inspired or biomimetic concepts will depend on the understanding of the natural mechanisms especially
when they do not agree with the present engineering design principles.

3. Some Consideration Related to Fluid Media (Water and Air)

Water and air are both regarded as fluid media, however, they are distinguished from each other: water is com-
paratively heavy (~1 ton/m®) and incompressible; air, on the other hand, is comparatively light (~1.225 kg/m® at
sea level, at 15°C) and incompressible below Mach number M ~ 0.3 (the ratio of flow velocity/sound velocity
must be greater than ~0.3 for a change fluid density of >5%); for M > 0.3, significant compressibility occurs;
all insect’s fly in an incompressible air flow. When an animal swim through the water, the drag obtained is much
greater when compared with the drag obtained from air similarly treated. Unsteady water flows are very com-
mon in nature, yet the swimming performance of fishes is typically evaluated by researchers, at constant, steady
speeds at an appropriate facility. Similarly, most studies of insect flight are conducted in smooth flow or still air
conditions. On both cases, it is still mostly unknown if unsteady water flows represent advantages and/or disad-
vantages to swimming fishes, and as well, if variable wind in nature affects flying insects as an advantage and/or
disadvantage; however, in order to meet such peculiar requirements, all traveling organs of aquatic and flying
animals (feet, fins, flippers, or wings) are not designed by nature as of rigid materials; instead, they are elastic
materials.

4. Swimmer Organisms: Locomotion on Fish: Tail and Fins—Control Surfaces

Most fish species swim with lateral body undulations running from head to tail, by exerting force against the
surrounding water; these waves are slower than the waves of muscle activation; i.e., they contract muscles on
either side of its body in order to generate flexion waves that travel the length of the body from head to tail.
Fish’s body is often fusiform, a streamlined body plan often found in fast-moving fish. They may also be fili-
form (eel-shaped) or vermiform (worm-shaped). Also, fish are often either laterally thin (compressed), or dorso-
ventrally flat (depressed). Their muscle power is converted to thrust either directly by the bending body or al-
most exclusively by the tail, depending upon the body shape of the species and the swimming kinematics.
Comparative scientists (physiologists and neurobiologists) have long been interested to realize how locomotion
mechanisms used by aquatic organisms, propel themselves through water. The main external features of the fish
are fins, composed of bony spines protruding from the body with skin covering them and joining them together;
and as they are located at different body’s places on the fish, they serve as well for different purposes, such as
moving forward, turning, and keeping an upright position. Dorsal fins are located on the back: most fishes have
one dorsal fin, but some fishes have two or three (as well as also could have finlets—small fins, generally be-
tween the dorsal and the caudal fins). The dorsal fins serve to protect the fish against rolling. The caudal fin (tail)
is located at the end of the caudal peduncle and is used for propulsion. The tail fin can be: rounded at the end;
truncated; forked; emarginated; or continuous. The anal fin is located on the ventral surface and is used to sta-
bilize the fish while swimming. The pectoral fins are located on each side of the fish. A peculiar function of
pectoral fins, highly developed in some fish, is the creation of the dynamic lifting force that assists sharks, in
maintaining depth; they also enables the “flight” for flying fish and the “walking” in some anglerfish in the mud.
The ventral fins assist the fish in going up or down through the water, turning sharply, and stopping quickly.
Torsional angles changes on fish’s fins can be produced by active control, via muscles force, or by passive con-
trol, via inertial hydrodynamic forces (Figure 2(a) and Figure 2(b)). Extensive studies have been made on the
Dolphins [22]; their fusiform and streamlined body shape, reduce the pressure component of the drag through
maintenance of laminar flow; their maximum thickness (where transition to turbulent flow and boundary-layer
separation is likely to develop) it is nearly at 45% of a body length from the beak, meaning that at least 45% of
dolphins body may have laminar flow, due to a favorable pressure gradient up to the maximum thickness. The
dolphins fineness ratio (FR = body length/maximum diameter) may range among the values 3.85 < FR < 5.55
close to the optimum value of lowest drag of FR = 4.5 (e.g. [22]). Their propulsive movements are confined to
the vertical plane in the posterior 1/3 of the body, with greatest amplitude at the caudal peduncle; the anterior
body part acts as an inertial mass, minimizing energy loss from body oscillations. Dolphins could perform maxi-
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Figure 2. () Control surfaces on a generic fish; (b) Different types of fish fin tails known; (c) Photo
of a pectoral flipper of the humpback whale (Megaptera novaeangliae) show leading edge tubercles
[23]; (d) Black surfperch (Embiotoca jacksoni) and Bluegill sunfish (Lepomis macrochirus), reveal-
ing vortex rings at different speeds [25].

mum speed up tom 9.3 ms. Orcinus orca could perform maximum speed up to 15.5 ms™* during 20 minutes.
The pectoral flippers of the humpback whale (Megaptera novaeangliae) show leading edge tubercles [23] as il-
lustrates Figure 2(c). Comparisons of wing sections with and without tubercles using CFD models, showed a
4.8% increase in lift; 10.9% reduction in induced drag; 17.6% increase in lift to drag ratio for wing section with
tubercles at 10° angle of attack. Enhanced maneuverability by the addition of leading edge tubercles has poten-
tial application in the development of modern vehicles operating in air or water. Experimental flow visualization
[24] compared with numerical simulations on both velocity and vorticity fields, revealed a good agreement;
those results also revealed that fish can control body-generated vorticity, through body flexure and active mani-
pulation by the caudal fin. Other researchers [25], using DPIV, approach the question of why some fishes are
able to swim faster than others, from a hydrodynamic perspective (Figure 2(d)); they investigate the structure
and strength of the 3D wake to determine how hydrodynamic forces varies on Black surfperch (Embiotoca
jacksoni) and Bluegill sunfish (Lepomis macrochirus). Both species (similar in size) swim at low speed using
pectoral fins exclusively and both species at high speed, switch to pectoral-caudal fin locomotion; the surfperch
can swim twice fast. It was found that surfperch presented a pair of linked vortex rings for all velocities, while
the sunfish for low speed, presented only one vortex ring per fin and a pair of linked vortex rings with one ring
only partially complete and attached to the body, at maximum speed. One of the most striking aspects of fish
diversity is the presence of multiple locomotor control surfaces playing hydrodynamic roles during steady
swimming and unsteady maneuvering locomotion, as well as the vortex wake interactions among all fins, a sub-
ject to be fully understood in the future. The skin of fast-swimming sharks (mako sharks) [26] is composed by a
tooth-like scales (denticles) that generated vortexes on the front edge of the skin, i.e., eddies that essentially
would help to pull the shark forward; this kind of skin composition is not found on slow-swimming sharks.
Many researchers study this skin, by direct mimicking in its 3D shape or in a simplified grooved surface (riblets).
Upon close examination of a dolphin’s skin revealed micro dermal ridges that delay the transition to turbulent,
by trap water molecules at the surface of the skin. Thus, the molecules of trapped water on the skin surface allows
the animal to pass through the water more easily than if the same animal had a dry skin surface. The sailfish
(that has V-shaped protrusions on skin) is known as fastest sea animal, reaching maximum speeds exceeding
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110 km/h. His fin on the back which grows along the back can be spread and folded at will. Since sailfish is the
fastest-swimming animal, researchers expected that sailfish’s skin textures might produce skin-friction reduction;
however, directly measures and numerical investigation showed increases or negligible reduction (~1%) on
skin-friction. Yet, scientists advanced other explanations; the role of sailfish skin knowledge is to be confirmed.

5. Insect: A Biological Flight Machine and Their Wing’s Kinematics

Every insect’s wings when in motion are deformed by either the aerodynamic forces from the surrounding air
flow, or by the inertial acceleration; the overall wing deformation is a combination of both and is in a conti-
nuously and constantly changing. The power product of the flight’s muscles is transmitted to the wings which
unlike an aircraft wings are neither streamlined nor smooth: the shape, corrugation and performance of the
wings and the complex flapping motion during each stroke cycle will determine the ability of an animal to fulfil
successfully every stunning maneuver. Each wingstroke cycle is typically divided into two translational phases:
upstroke and downstroke; and two rotational phases: pronation and supination. In the forward-downstroke
movement—main power stroke—the wing initiate the downward loop with a high angle of attack until the lead-
ing edge tilts downwards, where the wing momentarily becomes horizontal in the middle of the stroke, mini-
mizing the angle of attack; stalling is prevented due to the fastest moving of the wing at this point. During the
recovery stroke, when the wing moves upwards and backwards, the leading edge tips backwards. The wing is
rotated again at the top of the recovery stroke, restoring the maximum angle of attack immediately before the
next downstroke movement initiation. Every motion streamed to the wing lies in a composition of rotational,
horizontal, vertical and torsional movements. Torsional angles changes on insect’s wings can be produced by
active control, via muscles force, or by passive control, via inertial aerodynamic forces. Insect’s flight maneu-
verability is remarkable and by far, superior to every maneuverability of any man-made flying vehicle. Dickin-
son et al. [27], stated that the aerodynamic performance of insects results from an interaction of three distinct,
yet, interactive flight mechanisms: delayed stall, meaning that the wing sweep through the air with large angle of
attack, during the translational portions of the stroke; rotational lift, meaning an augment in angle of attack at the
end of the stroke, providing extra lift; and wake capture, meaning that the wing will capture some energy, left
behind on the air by the previous wingstroke, providing extra power. Dragonfly wings possess great stability and
high load-bearing capacity during flapping flight, gliding and hovering, despite the fact that their mass is less
than 2% of the insect’s total mass; such wings (forewings—front wings; and hindwings—rear wings) are com-
posed by a thin cuticular membrane, supported by a vein system (venation) [28]. This venation structure consists
on a net of veins (of different sections) that forms rectangular frames at the leading edge and hexagons or poly-
gons with more than four sides at the trailing edge, allowing the requirements for different wing zones bearing
different loads. Adding to this, their wings are highly corrugated (more corrugated at first 1/4 at the leading
edge), which increases significantly the stiffness and strength of the wings and results in a lightweight structure
with very good aerodynamic performance. The flow induced by the motion of insect’s wings is highly unsteady
and vortical. The aerodynamics between flapping and gliding flight differ substantially in two important ways:
in a gliding wing, the air tends to remain attached and flowing smoothly over the surface of any airfoil; by con-
trast, the air over a flapping wing tends to become entrained in a swirling vortex bound to the upper surface of
the wing—separated flow. And whereas the attached flow over a gliding wing look approximately similar from
one moment to next, the separate flow over a flapping wing varies constantly—unsteady flow. Nowadays it is
widely accepted that the insects make an extensive use of unsteady separated flow mechanisms in order to gen-
erate far greater aerodynamic forces that for them, would be impossible to achieve with steady, or quasi-steady,
attached flow. In fact, insect’s generate enough force to keep themselves in the air, because they flap their wings
at a very high angle of attack that creates a structure at the leading edge of the wing, (a tornado-like structure) called
leading edge vortex (LEV—see Figure 3). Large LEV’s are formed at the beginning of each half stroke and re-
mains attached to the wing until the beginning of the next half stroke. It was found on some small insects, an
unsteady inviscid high lift mechanism (clap-and-fling—see Figure 4), consisting on the use of interaction be-
tween wings, as they press each other together (like a “clap”) at the extreme ends of the stroke, providing a total
vertical flapping angle of ~180°.

At the end of the “clap”, leading edges began to separate as the trailing edge remains connected initially
(V-shape at ~120°); after that, the trailing edge separates as well (“fling”); such movement leads that air to rush
into low pressure widening gap and produce high strength vortices of equal and opposite sign [29]. The current
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Figure 3. (a) lllustration of a complete insect wingstroke showing the delayed stall and rotational lift
on the downstroke movement and the wake capture during all course of the upstroke; blue colour-
wing position, with leading edge always on top; red colour-representing the total force [31]; (b) lllu-
stration of 3 different leading-edge vortex: extends across thorax; attached at the base of the wing and
horse-shoe-shaped vortex on both wings.

Figure 4. (a) Ilustration of forewings and hind wings of a dragonfly and their venation structure as
referred on [27] and also a pigmented cell known as pterostigma which mass is frequently greater than
that of an equivalent area of adjacent wing and its inertia influences the movement of the whole wing
movements. Without the pterostigma, the self-excitating vibrations would set in on the wings after a
certain critical speed—pterostigma acts as an inertial regulator of wing pitch; (b) Illustration of the
“clap-and-fling” flight mechanism: at a certain moment, the wings press together each other (clap);
then wing separate as shown (V-shape), generating a low pressure zone between them.

state of the art of micro-CT scanners (X-ray Microtomography) is nowadays limited to large insect’s wings [30];
since the resolution of micro-CT scanners is increasing every year, in near future, any insect wing could be suc-
cessfully scanned. The main challenge for accurately digitizing the wings 3D architecture is minimizing the de-
formation due to drying of the wing needed to reduce scatter and noise in the scan due to evaporation. Re-
searchers used this technology to scan a dragonfly “Sympetrum vulgatum” forewing and hindwings; they found
that both vein and membrane thickness increases from tip to root on both wings, which allows the wing to effec-
tively bear both inertial and aerodynamic loads. On their model, they discover that the inertial loads along the
wingspan were approximately 1.5 to 3 times higher than the aerodynamic loads—wings deformation were dom-
inated by inertial loads. Based on computations, they also found that wing deformation was smaller during the
downstroke, due to structural asymmetry. By the analyses on the work on several researchers, In fact generically,
both inertial and aerodynamic force can be the primary cause of wing deformation: in contrast with above
statement, and referring also to dragonfly’s natural wings, a study concluded that their deformation was mainly
due to the aerodynamic forces. Insects have no active control over the wing configuration during flight. The ar-
chitecture of the wing and the material properties of its element determine how the wing changes their shape in
response momentarily to external forces changing, since the wing movement is very complex. It is nowadays a
great challenge to researchers, how to build a model with similar properties; of course, another challenge is how
to incorporate the wing flexibility into the theoretical model predicting the aerodynamic force during insect
flight—both, remains an ongoing challenge to the researchers [32]. As previously referred, leading-edge vortex
is the main flight mechanism that allows insects to be able to fly; studies on the unsteady aerodynamics on the
flapping wing of a Manduca sexta hawkmoth robotic model (while hovering) were made by the use of computa-
tional fluid dynamic (CFD) modelling [33]; CFD computations revealed a large leading-edge vortex (LEV1)
presence during most of the downstroke movement (from the base at ~60/75% of the wing length); as the wing
moves towards horizontal position, this structure becomes larger spiralling vortex with strong axial flow at the
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core, towards the wing tip. Immediately after the middle of the dowsntroke, the LEV breaks down at 75% of the
wing length, creating this, a second LEV (LEV2—also revealing a spiral axual flow towards the wing base) be-
tween the wing tip and the broken-down position of the first LEV. At the initial supination rotation, LEV2 is
pushed off the leading edge due to wing deceleration and the breakdown point of LEV1 moves into half of wing
length. During the upstroke a very-small leading-edge vortex (quite 2D structure) appeared at the wing tip and
by the time the wing reaches the middle position, this structure extends from wing tip to the wing base. After the
upstroke’s middle course, the LEV grows rapidly (comparable in size with the dowstroke LEV1) and hence en-
larges the negative pressure region. At the later part of downstroke, the LEV breaks don at ~60/70% if the wing
length without shedding the tip vortex. During the pronation, the upstroke LEV remained attached to the leading
edge of the lower wing surface and a trailing-edge vortex (TEV) was also detected (larger than LEV, lies below
it and run from the base to the tip), probably due to wing rotation. Lentink & Dickinson [34] suggested that LEV
could be an efficient high-lift mechanism for small and big hovering insects; this suggestion is reenforcing the
idea that insect while hovering, more easily might capture the energy left behind in air, by the previous stroke;
even more, the insects with four separated wings (part of them as two pairs coupling wings) might benefit their
rear pair on the work of forewing’s wake flow. A challenge on build insect’s wing models approaching the nat-
ural wings morphology was made by Tanaka & Wood [35]. They described the fabrication of an artificial
insect (hoverfly) wing with a rich set of topological features by micro molding a thermosetting resin; the vena-
tion system diameter varied between 50 - 125 um heights and the corrugation of the wing measured 100 pum.
Both solid veins and membrane were simultaneously formed and integrated by a single molding process, by the
use of a layered laser ablation technique; each 3D mold were created with 5 pm resolution in height. The repli-
cated wing matched at-scale high precision surface profiles of the natural one, thus enabling parametric experi-
ments of the functional morphology of insect wings. Authors referred that stiffness measured along the natural
and model wings on identical values of magnitude. However, nature had adapted insects with wings were stiff-
ness varies ad varies the location region on the wings. Later, on another investigation [36] on the subject of
flexural and torsional wing flexibility, they were able to create a rigid wing model (hoverfly) that could produce
more lift than the natural one’s, thus, in prejudice of maneuverability, a requirement that insects had at their
disposal (at their will), at almost 350 million years: the experience to fly in the skies of the Earth. After filming a
beetle tethered flight [37] with a high-speed camera, researchers build a model of wing system of identical size
of natural wings, on a way to follow the natural performance of: flapping frequency, stroke plane, wing tip path,
wing rotation angles and flapping angles; however, their experience demonstrated to them that flapping fre-
quency and wing rotation need an improvement to satisfy the natural mimic, since the positive vertical force
achieved was only ~1/5 of the total weight of the system. From all bibliographic revision on birds, bats and in-
sects, all researchers invoked that those flying animals may benefit aerodynamically from the flexibility of their
wings—a general idea stating that temporal wing deformation is the basis of force generation. From the design
aspect, flexibility may benefit MAVs as well, from several points of view: aerodynamically and lightness of
structures. Since insect’s flight maneuverability far higher superior to every maneuverability achieved by any
man-made flying vehicle, thus, Barata et al. [38], made an extensive comparative bibliographyc research on the
wings motion patterns on several types of insects on resemblant flights, regarding the expoliting of their in-flight
basic principles for the acquired performance. They found that the same insect uses their wings in very diffe-
rently manners, depending, thus, on the maneuver they intend to carry. Every single movement of their wings
generates lift (downstroke or upstroke) and the time rate downstroke/upstroke could easily vary at their will.
Some of them possess the ability to use the wings in independent ways (differences on wing stroke, wings with
different torsions at the same instant, or even one wing used as aerodynamic brake). Despite the flight mechan-
isms used by insects are not yet fully understood by humans, their replication for use in MAVs will be even
more far from being achieved.

6. Conclusion

The current investigation is focused on the mechanisms involved with natural locomotion (thrust and/or lift).
Biological systems with interesting applications to Micro Air-Vehicles (MAVs) are generally inspired on flying
insects or birds; however, similarly to the aerodynamics of flight, powered swimming requires animals to over-
come drag by producing thrust. Commonalities between natural flying and swimming are analyzed together with
flow control issues. As it was shown by several researchers on this bibliography work review, the perception of
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flight performances held by insects and swimming performances held by fishes are not completely understood.
All control surfaces present on living aquatic and flying animals (feet, fins, flippers, or wings) are not designed
by nature as of rigid materials; instead, they are elastic materials. Insect’s wings are morphological wonder
(elastic material: every wing mation is a sum of horizontal, vertical and torsional movement), however, what re-
ally enables the wings to make enough force for the animal to stay in the air, is the way insects flap them: at a
very high angle of attack, creating a structure at the leading edge of the wing, (tornado-like structure) called
leading-edge vortex. Researchers investigated dimensionless numbers to study swimming and flight, and their
findings were disappointing since it became clear that different points of view exist in the biomechanics field on
how to best define and use. So, successful biology-inspired or biomimetic concepts will depend on the under-
standing of the natural mechanisms especially when they do not agree with the present engineering design prin-
ciples. An additional difficulty (and a very important one) is the fact that state of art on elastic materials with
identical or similar elastic properties of natural insect’s wing, does not exist yet.
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