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ABSTRACT

Despite serving analogous functions, the mechanical designs conceived by human
engineering and those that result from natural evolution often possess fundamentally
differing properties. This thesis explores the use of principles that stem from nat-
ural evolution to improve the performance of engineered mechanisms, focusing on
systems whose role is to interact with a fluid environment. Two different principles
are considered: the use of compliance, abundant in nature’s structures, and the use

of flapping propulsion, prevalent among nature’s swimmers.

The first part of this thesis is dedicated to investigating the physics that govern the
behavior of an inverted-flag energy harvester; an unactuated flexible cantilever plate
that is clamped at its trailing edge and submerged in a flow. The resonance between
solid motion and fluid forcing generates large-amplitude unsteady deformations of
the structure that may be used for energy harvesting purposes. The effect of the
flag’s aspect ratio on its stability is first evaluated. Flags of very small aspect
ratio are demonstrated to undergo a saddle-node bifurcation instead of a divergence
instability. The angle of attack of the flag is then modified to reveal the existence of
dynamical regimes additional to those present at zero angle of attack. A side-by-side
flag configuration is finally explored, highlighting the presence of an energetically

favorable symmetric flapping mode among other coupled dynamics.

The second part of this thesis delves into the analysis of underwater flapping pro-
pellers and the optimization of their three-dimensional motion to generate desired
maneuvering forces, with the objective of obtaining an appendage for use in au-
tonomous underwater vehicles that can perform both fast maneuvering and efficient
propulsion. An experimental optimization procedure is employed to obtain the most
efficient trajectory that generates a specified side force. The effect of increasing the
fin’s aspect ratio is examined, and a highly efficient trajectory, that makes use of
high three-dimensionality and rotation angles, is obtained for a fin of AR=4. The
use of a flexible fin is then analyzed and shown to be detrimental to the maneuvering

efficiency of the system.
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PREFACE

Natural and human technologies di er extensively and pervasively. We
build dry and sti structures; nature mostly makes hers wet and exible.
We build of metals; nature never does. Our hinges mainly slide; hers
mostly bend. We do wonders with wheels and rotary motion; nature
makes fully competent boats, aircraft and terrestrial vehicles that lack

them entirely.
Steven Vogel, Cat's Paws and Catapults

As has been eloquently highlighted by Vogel, the mechanical and structural designs
conceived by human engineering and those that result from natural evolution pos-
sess, more often than not, fundamentally di ering properties. Throughout millions
of years of evolution, nature has selected exceptionally e cient tools for an equally
extraordinary diversity of requirements; a natural equivalent can be found for almost
every human necessity. The aim of this thesis is to explore the use of principles
that stem from natural evolution to enhance the performance of engineered mecha-
nisms, focusing on systems whose role is to interact with a uid environment. The
contrast between bio-inspired and bio-mimetic approaches should be emphasized;
the purpose of this work is not to merely replicate nature's mechanisms, nor are
they considered as an optimized unimprovable solution. Rather, its intent is to com-
bine principles from nature's operation with an engineering foundation to ideate an
overall improved design.

Among the di erences between natural and human designs, perhaps the most re-
markable lies in the disparate use of materials. Engineers commonly employ metals
and other sti constituents, which are di cult to deform and simpler to design.
Nature, on the other hand, tends to fashion more exible materials, using the added
complexity to its advantage. Flexibility plays an important role in practically every
natural design and is the primary driving principle in countless of its mechanisms.
The e ect of compliance on a structure is particularly notable when it is subjected to
uid forces from its environment. The aero- and hydrodynamic forces that act on a
body submerged in a uid are dependent both on the body's shape and its motion. In
the case of a exible structure both of these properties are a function of its deforma-
tion, which is, in turn, dependent on the uid forces that are exerted on the structure.
This interdependence results in coupled physics between solid deformation and uid
mechanics, which can no longer be considered separately. The eld concerned with
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the study of this coupled behavior is aptly called the eld of solid- uid interactions,
and will be the subject of Part | of this thesis. The interactions between solid and
uid add a level of complexity that may be detrimental to the mechanical system,
increasing the number of possible failure modes of the structure. They also provide,
however, additional degrees of freedom to tinker with that may be exploited to our
advantage with careful design. Inspired by the utter of leaves in the wind, Part |
of this thesis is dedicated to the analysis of an inverted ag, a exible cantilevered
plate clamped at its trailing edge that is unactuated but subjected to a uniform ow.
The resonance between solid motion and uid forcing generates large amplitude
unsteady deformations that may be used for energy harvesting purposes.

Part Il of this thesis draws inspiration from a di erent natural design. Due to the
suitability of metallic components and electromagnetic motors, engineered pro-
pellers for aquatic locomotion generally make use of continuous rotational motions.
Nature, however, generates propulsive forces through apping, paddling and jetting.
Flapping propulsion is achieved through periodic motions of a plate-type propeller
and commonly entails the coupling of lift and thrust forces. This coupling results
in complex physics, but eliminates the need of multiple force-generating surfaces.
Based on the caudal n of sh, Part Il of this thesis aims to combine both apping
propulsion and the large, although not continuous, rotations of human propellers.
A n capable of generating rotations in three degrees of freedom is proposed as a
combined propulsive and maneuvering system for use in autonomous underwater
vehicles. The analysis delves into the optimization of the three-dimensional motion
to be followed by the nin order to generate desired maneuvering forces.

In accordance with these two distinct topics, this thesis is divided into two indepen-
dent parts, with this preface serving as a reminder of the underlying encompassing
topic and the origin of the principles at hand.



Part |

Inverted Flags



Chapter 1

INTRODUCTION

The past decades have seen enormous advances in the elds of microelectronics,
micro mechanics and wireless communications. With these advances have emerged
a new array of low-power devices that function in hard-to-reach locations; examples
are remote sensors and monitors, medical implants and wireless actuators. Due
to the di culty of accessing these devices' location, introducing power cables is
impractical and periodically replacing their batteries poses signi cant challenges.
A strong emphasis has been put into the development of systems that can harvest
small amounts of energy from on-site natural resources (Elvin and Erturk, 2013;
Lee etal., 2015; Mateu and Moll, 2005; Paradiso and Starner, 2005; Park and Chou,
2006; Weimer et al., 2006). These systems would allow the devices' continuous
operation without the need of accessing their location. A promising line of work is
the exploitation of ambient vibrations to generate strains in a piezoelectric material,
which can, in turn, convert these strains into electric energy (Ahmed et al., 2017; Liu
et al., 2018; Priya, 2007; Sodano et al., 2004). In many cases, a reliable source of
vibrations is a surrounding ow. Since the early work of Allen and Smits (2001) and
Taylor et al. (2001), substantial amounts of research have focused on the apping
motion of ags as a source of vibration for piezoelectric energy harvesters.

The study of the solid- uid interactions that develop when a ag is immersed in a
uniform wind dates back to the work of Rayleigh (1878). Although many theoretical
analyses shortly followed, the rst experimental investigation of a apping ag was
performed by Taneda (1968). The problem was revisited by Zhang et al. (2000),
and many more studies theoretical, numerical and experimental have emerged

in recent years. Comprehensive reviews of the recent developments can be found
at Yu et al. (2019), Shelley and Zhang (2011), Eloy et al. (2008) and Paidoussis
(1998). The dynamics of a agimmersed in a uniform ow can be divided into three
separate regimes. Atlow ow speeds, the ag remains at rest and aligned with the
ow in what has been denominated the stretched-straight state. In this state, a thin
vortex street of alternating signs trails the ag's trailing edge. At a critical velocity,
the stability of the stretched-straight mode is lost through utter and the ag enters
a periodic apping mode. In this regime, the vortex sheet that is shed is comprised
of vortices of a single sign, with the sign alternating each half stroke of the ag.
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A bi-stable region has been reported, where both stretched-straight and periodic
apping regimes co-exist. As wind speed is further increased the power spectrum
of the ag's motion becomes broadband and the ag enters a chaotic apping mode.

Because the bending sti ness of piezoelectric panels is substantially larger than
that of a cloth ag, the piezoelectric ag is analogous to a cantilever plate, and the
critical velocity at which the apping motion is onsetis relatively high. One common
remedy to this problem is the placement of an upstream blu body whose vortex
street induces vibrations on the ag (Taylor et al., 2001). In Kim et al. (2013) we
followed a di erent approach and proposed an alternate con guration, the inverted
ag, where the leading edge of the cantilever is free to move and the trailing edge
is clamped. This con guration is unstable at low ow velocities, making it a good
candidate for piezoelectric energy harvesters. Additionally, the maximum apping
amplitude of the inverted ag is approximately 1.7 times its length, which is several
times higher than the maximum apping amplitude reported for regular ags. The
higher amplitudes impose signi cantly higher strains on the piezoelectric material,
which may increase up to ten times the energy harvesting e ciency of the system
(Gurugubelli and Jaiman, 2015).

The inverted ag presents three main dynamical regimes as a function of free stream
velocity. They are represented in gure 1.1, where each image has been obtained by
superimposing snapshots of the ag's motion. At low velocities, the ag undergoes
small amplitude oscillations around the unde ected position in the denominated
straight regime. During these oscillations the ow remains attached (Goza et al.,
2018; Gurugubelli and Jaiman, 2015). As the ow speed is increased, it reaches
a critical value at which the ag becomes unstable, undergoing a large amplitude
apping motion. The shedding frequency of vortex structures is correlated to this
apping motion, with a variety of vortex patterns occurring for di erent velocities
(Goza et al., 2018; Gurugubelli and Jaiman, 2015; Kim et al., 2013; Ryu et al.,
2015; Shoele and Mittal, 2016). If the wind speed is further increased, the inverted
ag enters the de ected regime, where it oscillates with small amplitude around a
high de ection equilibrium. Bi-stable regions are present both in the transition from
straight to apping and from apping to de ected regimes.

In addition to these three main regimes, Sader et al. (2016a) reported the existence of
a chaotic mode, where the ag aps aperiodically with a broad frequency spectrum,
between the periodic apping and de ected regimes. Numerical studies, which
correspond to low Reynolds number ows, have reported additional dynamical



Figure 1.1: Superimposed images of the motion of the inverted ag for the three
main dynamical regimes. The ow is left to right and the ags are clamped at their
trailing edge.

modes. Ryu et al. (2015) observed the existence of both a small-de ection steady
state and a small-de ection small-amplitude apping regime at ow speeds between
those corresponding to the straight and large amplitude apping regimes. Similar
observations have been made by Gurugubelli and Jaiman (2015) and Goza et al.
(2018). Gurugubelli and Jaiman (2015) additionally observed a ipped apping
regime at wind speeds higher than those of the de ected regime. In this mode, that
has also been observed by Shoele and Mittal (2016) and Tang et al. (2015), the ag
bendsl18C such that the leading edge is parallel to the ow, recovering a motion
similar to that of the conventional ag. Overall, the regimes of motion that have
been reported for the inverted ag are, ordered from lowest to highest corresponding
ow velocity: straight, small-de ection steady, small-de ection small-amplitude
apping, large amplitude apping, chaotic, de ected and ipped apping.

In an attempt to understand the onset of the large amplitude apping motion, several
studies have investigated the loss of stability of the straight regime. While the
existence of a divergence instability was hinted by Kim et al. (2013), Gurugubelli
and Jaiman (2015) was the rst to numerically demonstrate its presence. Sader
et al. (2016a) theoretically corroborated the loss of stability of the straight regime
through divergence, and provided a simpli ed analytic formula that reasonably
predicts the onset of apping for inverted ags of aspect ratios higher than 1.
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Using a scaling analysis, Sader et al. (2016a) further proved that the ag's apping
motion constitutes a vortex induced vibration. Goza et al. (2018) associated this
classic vortex induced vibration with the 2P vortex shedding mode, and linked
the appearance of additional shedding modes at higher ow velocities with the
breakdown of the VIV and appearance of chaos. The cessation of apping has
received comparably little attention, and is not yet fully understood. Goza et al.
(2018) suggested the mechanism behind this transition to be a disruption of lock-on
caused by the increased disparity between natural and shedding frequencies of the
ag. While the transition velocity from straight to apping regimes is independent

of mass ratio, as de ned in Section 1.2, the transition velocity from apping to
de ected regimes decreases as the uid loading, and therefore damping, increases
(Kim et al., 2013), consistent with the lock-o theory.

The results summarized in this section have been obtained for ags with relatively
heavy uid loading; a distinction should be made for ags with light uid loading.
Although these ags still present a apping mode, this motion does not constitute a
vortex induced vibration (Goza et al., 2018). Due to the small thickness of the ag,
however, inverted ags are subject to heavy uid loading for all practical cases.

1.1 Objectives

As has been highlighted above, since itwas rstintroduced in Kimetal. (2013), many
advances have been made towards the understanding of the inverted ag's mechanics.
However, several aspects that are fundamental for its full characterization are yet
to be investigated. The objective of this thesis is to address the most salient of
these topics. In many cases, the eld has evolved in parallel to the development
of this work; recent advances have been addressed in the concluding section of
each chapter. This study is predominantly experimental, with some theory being
presented to complement the results. Part | of this thesis is organized as follows

" The remainder of Chapter 1 is dedicated to clarifying relevant parameters and
de nitions and describing the experimental setup employed.

~ Chapter 2 researches the dynamics of inverted ags in the limit of very small
aspect ratio, which are markedly di erent to those of the large-aspect-ratio
case.

" Chapter 3 addresses the dynamics of inverted ags that are placed at moderate
angles of attack to the ow and the modi ed behavior that arises as this angle



Figure 1.2: Side and top view of the inverted ag with parameters employed to
characterize (a) dimensions (H, L and h), (b) angle of attacknd (c) de ection,
, and amplitude, A

is increased.

" Chapter 4 delves into the behavior of two inverted ags when they are placed
in a side-by-side con guration and the interactions and coupling that ensue.

" Chapter 5 concludes the investigation oninverted ags and highlights the most
imperative avenues for future work.

1.2 Parameters and de nitions

The mathematical description of the inverted ag presented in the literature closely
follows that developed for the more general case of an elastic plate with arbi-
trary boundary conditions (Argentina and Mahadevan, 2005; Kornecki et al., 1976).
Accordingly, similar variables and parameters have been introduced to de ne the
inverted ag's behavior. The nomenclature used throughout this thesis is presented
hereafter.

The ag's dimensions length, L, width, H, and thickness, h have been repre-
sented in gure 1.2a. The non-dimensional parameters that determine the behavior
of the inverted ag are the angle of attack, the non-dimensional velocity, the

mass ratio, , the aspect ratio, AR, and the Reynolds number, Re. The angle of
attack, , corresponds to the xed angle of the trailing-edge clamp with respect to
the free-stream velocity and is represented in gure 1.2b. The remaining parameters
are de ned as follows

fU2L3 sh H UL
= ; = ; AR= —; Re= —;
D 1 le Ll f )

where U is the free-stream velocity; is the density of the uid, D the exural
stiness of the ag (D = EhPe11211  2%owijth the Poisson ratio),s the density
of the ag and ¢ the viscosity of the uid. The non-dimensional velocity,
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represents the ratio of uid inertial to solid elastic forces, while the Reynolds

number, Re, corresponds to the ratio of uid inertial to uid viscous forces. The

mass ratio, , on the other hand, is representative of the relative mass of the ag to
that of the uid it displaces.

The resulting ag's motion is characterized throughout this text using two main pa-
rameters, the ag's de ection angle,, and the Strouhal number, St. The de ection
angle, , is represented in gure 1.2c and corresponds to the instantaneous angle
between the line that joins the ag's leading and trailing edges and the free-stream
velocity. Its use di ers from previous studies such as Kim et al. (2013) that utilize
the amplitude of motion (A, gure 1.2c) as the de ning parameter. The choice stems
from the non-injectivity of the amplitude of motion: for a given amplitude there
are two possible ag positions, one with < 90 and one with > 90. Because a

ag can deform under di erent modes, the de ection angle is not strictly injective
either. However, it was experimentally observed that for a given ag at speci ed ow
conditions each de ection angle corresponds to a unique ag position. Variables
derived from this parameter, such as the angular amplitude max min and

the mean de ection angle,, will be employed occasionally. The Strouhal number

is de ned as follows

f AD
St=o

where f is the frequency of oscillation and U the free-stream velocity. The cross
section A' is calculated as the maximum betwe®hax  Amin andjAmaxj, Where
Amax IS the maximum amplitudeAnmin the minimum amplitude and the clamping
point is located at A=0. This amplitude corresponds to the cross- ow distance
between the shed vortices.

The value of the Reynolds number varies betw&&hand10° in the experiments
presented. The characteristic features of the inverted- ag dynamics and vortex wake
have been shown to be fairly insensitive to Reynolds humbdRé¥ 100 (Shoele

and Mittal, 2016; Tang et al., 2015). For these large Re, the characteristic curves
of the ag's motion collapse when represented as a function afidependently of

ag dimensions, showing that variations with free-stream velocity are a result of
the changing behavior with and not a Reynolds number e ect. For this reason,
the e ect of Reynolds number has not been analyzed in this study. Similarly, all
experiments were performed in air, and although the mass ratio varied due to the
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varying ag dimensions its order of magnitude was alw&4° Because such
small variations in have a negligible e ect on the ag's dynamics, the e ect of
the varying mass ratio has not been considered in this study.

1.3 Experimental setup

The experimental measurements of inverted ags presented in this thesis were
performed in an open-loop gust-and-shear wind tunnel constructed at Caltech. A
photograph of the experimental setup can be viewed in gure 1.3. The tunnel,
similar in design to that of Johnson and Jacob (2009), generates the ow through
an array ofl0 10 small computer fans. Each row of fans can be controlled
individually, allowing for the generation of shear ows, and the fast response of the
small fans further allows for the generation of gusts. In this thesis, however, the
only ow employed was a uniform steady ow. The tunnel is capable of generating
ow speeds betweef:2mesand8:5mes. The variation in the generated free-stream
velocity across the tunnel's cross section, caused by the multiplicity of fans, is under
2.7%.

The turbulence intensity at di erent ow speeds, measured using a hotwire system,
isshown in gure 1.4. These intensities are signi cantly higher than those presentin
traditional wind tunnels and result in large perturbations to the ag. Itis particularly
important to consider these perturbations when performing stability analyses; corre-
sponding remarks have been made in the relevant sections of chapters 2 and 3. The
control of the individual computer fans is achieved using a pulse-width-modulated
signal, resulting in an overshoot of the fan velocity before the steady state is reached.
The measurements presented in this manuscript correspond to steady state results
a stabilizing period of at least 3@vas allowed between tunnel velocity modi cation

and recording of data. Itis important to note that the inverted ag's motion presents
bi-stable regions for certain ranges of the ow velocity. Due to the overshoot when
modifying the tunnel's ow velocity, the presence of these regions must be assessed
in this setup by modifying the initial conditions of the ag.

The test section of the wind tunnel has a length:6fmand a square cross section of
1:2m 1:2m. The largest ag tested had dimension0d®m 0:4m, resulting in a
maximum blockage ratio of 4.7%. No blockage e ects were observed in any of the
tests performed. The ags were clamped at their trailing edge using two aluminum
bars of dimensiond2mm 6mm 1:2m. For the study presented in Chapter 4,
where a side-by-side ag arrangement is analyzed, two sets of clamping bars were
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Figure 1.3: Experimental setup from (a) end of test section and (b) side of test
section

Figure 1.4: Turbulence intensity of the fan array wind tunnel for varying wind
speeds

positioned side-by-side and on a rail, such that the distance between ags could be
varied. The clamping bars are positioned vertically in the test section to minimize
the e ect of gravity on the ag dynamics. The deformation of the ag was observed

to be two-dimensional in the horizontal plane for the majority of test cases, with the
lowest aspect ratio ags being the exception. A discussion of the twisting and the
e ect of gravity on these ags is presented in Section 2.2. In order to set the desired
ag angle of attack, the clamping bars were attached to a hinge that allows rotation
around the vertical axis. It is equipped with a dial that shows angles in two-degree
increments, resulting in an error in the angle of attack .
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