
1 Introduction

The scientific community has worked to extend communication networks, hu-
man safety programs, and environmental monitoring systems across continents,
but has struggled to accomplish these same goals beyond the shoreline. Lack
of offshore power is the greatest barrier restricting us from exploring the ocean
because it is difficult to operate sensors without a reliable power source. Wave
energy harvesting has been investigated as a solution; however, current meth-
ods have many shortcomings. Traditional ocean energy harvesters (e.g. buoys)
extract energy from ocean waves by capturing the change in potential energy as
the buoy travels vertically along the wave. A linear design, this type of harvester
has a theoretical maximum based on the wave height that limits its usefulness to
high amplitude waves within a narrow range of frequencies [5, 1, 2]. My research
looks to design nonlinearity into this system by allowing the harvester to capsize
as it bobs along the waves and converting that rotary mechanical energy into
electricity. This degree of freedom increases the harvester’s theoretical maxi-
mum and broadens its usefulness to waves that are multi-frequency, stochastic,
and varying in intensity [6, 8, 7, 4, 3]. My goal is to model the dynamics of this
system so that I can optimize methods for triggering rotational instability to
design inexpensive, reliable, nonlinear ocean energy harvesters.

2 Results

The results of this research can be best summarized in an outline of the academic
literature that it prompted. In doing so, the following four areas of study will be
explained: 1) Analysis of how ocean wave energy can be captured as mechanical
kinetic energy by an ocean buoy that is allowed to freely rotate and translate
under wave forcings, 2) Investigation of a novel vibratory energy harvesting
method for converting buoy motion into rotational kinetic energy about a shaft,
3) Study of electrostatic capacitive transducers to transform rotation about a
shaft into useful electrical energy, and 4) Analytical methods for analyzing the
response of mechanical systems to environmental forcings with time varying
frequency.

2.1 Converting Wave Energy to Buoy Motion

It is useful to have an understanding of the work done prior to being awarded
the fellowship in order to help put the new work into context. Before receiving
the Link Foundation Fellowship, my research had primarily focused on methods
for converting energy in ocean waves into the heaving, rolling, pitching, and
bobbing of ocean buoys. This analysis was important as it represents the first
step in a chain of energy conversions that starts with ocean waves and results
in useful electrical energy. This work focused on the development of coexisting
nontrivial equilibria that lead to potential well escapes for floating bodies. In
doing so, it identified important geometries required to understand the system,
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Figure 1: Experimental setup showing (a) a buoy in still water during static
experiments, (b) the wave-flume used to generate waves in dynamic experiments,
and (c) a buoy oscillating in waves during dynamic experiments.

derived the governing equations of motion, examined bifurcation diagrams and
their implications on stability behavior, and studied how potential well hopping
behavior could be leveraged for certain forcing wave conditions.

2.2 Converting Buoy Motion to Rotation About a Shaft

After receiving the Link Fellowship, my research advanced into studying how
buoy motion could be converted into rotation about a shaft. This is an im-
portant link in the chain of energy transfer because all of the most commonly
used electrical transducers take rotational mechanical energy as their input.
Specifically, this work studied the gimballed horizontal pendulum system for
possible use as a rotary vibrational energy harvester. This analysis consisted of
describing the complex system and associated equations of motion, carrying out
a static stability analysis that identified an important distinction between triv-
ial and nontrivial equilibrium solutions, and then extending these static results
into dynamic setting where further insights were developed and two qualitatively
different types of motion were identified.

2.3 Converting Rotation About a Shaft to Useful Electri-
cal Energy

Once analysis had been conducted on the mechanical energy harvester, my re-
search efforts turned to focus on electrical harvesters that could be used to
convert rotary motion into useful electrical energy. This step represents the
final stage of energy conversion required to get electrical energy from environ-
mental ocean waves. There are three key types of electrical transducers that are
typically used for processes such as this: 1) electromagnetic , 2) piezoelectric,
and 3) electrostatic. My research focused on electrostatic transducers for the
potential low costs, light weight, and opportunities to up-convert low environ-
mental frequency excitations into higher frequency electrical outputs. Within
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Figure 2: Comparison showing the accumulation of error using four different
methods that illustrates how the analytical method derived follows the actual
solution.

electrostatic devices, there are also numerous different ways that electricity can
be generated that involve either varying a system’s overlapping capacitive area,
varying the distance between parallel plates, or varying the dielectric value of
the material separating the plates. This analysis focused specifically on chang-
ing overlapping capacitive area and how different parallel plate capacitors could
be patterned using a combination of capacitive and non-capacitive designs to
optimize energy outputs.

2.4 Analytical Methods for Analyzing Mechanical Response
to Environmental Forcings

I conducted an additional study during the course of my Link Fellowship that
proved to be a useful tool for analyzing the ocean energy harvesting buoy that
my primary work focused on but could also be generalized to a much broader
host of problems. In particular, this work sought to describe an analytical
method that could be used to accurately sample complex signals stroboscopi-
cally. This problem arises consistently in the field of energy harvesting because
environmental excitations generally exist across a broad spectrum of proba-
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bilistic frequencies. The technique was explained by first demonstrating the
numerical methods that are commonly used in the field, identifying where these
methods encounter difficulties, proposing a way to solve the problem analyti-
cally, and then generalizing this method to handle increasingly complex cases.

3 Significance and Impact

I believe that this work is significant because of the opportunity that it repre-
sents to further scientific understanding and research in the ocean. The way
that this research was conducted attempts to break the difficulties of ocean en-
ergy harvesting into numerous smaller problems that can be each be studied
individually. Various individual system’s are examined to gain insights that can
be generalized to more fundamental principles in ocean energy harvesters. The
goal of breaking the research up this way is to produce a series of studies that
can act as a base framework to spark future research in ocean energy harvest-
ing. This represents an important benefit to both the academic community in
furthering fundamental research as well as society in fostering an understanding
of the ocean and its complex processes.

4 Future Work

There are numerous areas that future work can look to expand on the research
outlined here. One key area is that the buoy analysis could be expanded to
include more complicated buoy designs and even possibly incorporate geometric
optimization. Another interesting area of research would be to expand the
analysis on rotary vibrational energy harvesters to consider both multi-harmonic
and continuous spectrums of external wave conditions. Either of these studies
would push the research conducted here to incorporate more realistic phenomena
through increasingly sophisticated models.

5 Scholarly Reports

The following is a list of the academic work produced during the course of my
one year Link Fellowship as well as its stage of completion:

• D Sequeira, X Wang, and B Mann. Analytical Method for Stroboscopi-
cally Sampling General Periodic Functions with Arbitrary Frequency Sweep
Rates. Journal of Vibration and Acoustics, 140: 2017. (Published)

• An Analysis of the Gimballed Horizontal Pendulum System for Use as a
Rotary Vibrational Energy Harvester (In Submission)

• Topological Optimization of Variable Area Electrostatic Capacitive En-
ergy Harvesters (Will be submitted for Journal)
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6 Link Foundation Impact

The Link Foundation had a significant impact on the work that I was able to
conduct over the course of the one year award period. The largest impact came
from the opportunity that it gave me to communicate with external collabora-
tors who were also working on ocean related projects. Having the support of
the Link Foundation made it easier to establish connections with marine labs
such as Duke’s Beaufort Laboratory and work on projects that extended be-
yond traditional graduate work. I am extremely grateful for the opportunity to
have conducted research as a Link Fellow and for the support that the program
offered me.
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