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Hydrodynamic Study of Pisciform Locomotion with a Towed

Biolocomotion Emulator
Khanh Quoc Nguyen

(ABSTRACT)

The ability of fish to deform their bodies in steady swimming action is gaining from robotic
designers. While bound by the same physical laws, fish have evolved to move in ways that
often outperform artificial systems in critical measures such as efficiency, agility, and stealth
through thousands of years of natural selection. As we expand our presence in the ocean
with deep-sea exploration or offshore drilling for petroleum and natural gas, the demand
for prolonging underwater operations is growing significantly. Therefore, it is critical for
robotic designers to understand the physics of pisciform (fish-like) locomotion and learn
how to effectively implement the propulsive mechanisms into their designs to create the
next generation of aquatic robots. Aiming to assist this process, this thesis presents an
experimental apparatus called Towed Biolocomotion Emulator (TBE), which is capable of
imitating the undulating action of different fish species in steady swimming and can be
quickly adapted to different configurations with modular modules. Using the TBE device, an
experiment is performed to test its hydrodynamic performance and evaluate the effectiveness
of the bio-inspired locomotion implemented on such a mechanical system. The analysis of
hydrodynamic data collected from the experiment shows that there exists a small range
of kinematic parameters where the undulating motion of the device produces the optimal
performance. This result confirms the benefits of utilizing pisciform locomotion for small-
scale underwater vehicles. In addition, this thesis also proposes a reduced-order flow model

using the unsteady vortex lattice method (UVLM) to predict the hydrodynamic performance



of such a system. The proposed model is then validated with the experimental data collected
earlier. The tool developed can be employed to quickly explore the possible design space

early in the conceptual design stage for such a bio-mimetic vehicle.



Hydrodynamic Study of Pisciform Locomotion with a Towed

Biolocomotion Emulator

Khanh Quoc Nguyen

(GENERAL AUDIENCE ABSTRACT)

It is no surprise that through thousands of years of natural evolution, marine species possess
incredible ability to navigate through water. As we expand our presence in the sea, more and
more tasks require underwater operations such as ocean exploration, oil-rig maintenance, etc.
Yet, most of the underwater robotic vehicles still utilize propellers as the primary propulsive
mechanism. In many cases, the bio-inspired propulsion system that mimics the swimming
action of fish offers many advantages in agility, maneuverability, and stealth. With the rising
interest in the field, the works presented in this thesis aim to expand our understanding of
how to implement the bio-inspired propulsive mechanism to robotic design. To achieve
this, a mechanical device is designed to mimic the swimming action of different fish species.
Then, an experiment is performed to subject the device to different fish-like motions and test
their effectiveness. In addition, a reduced-ordered model is also introduced as an alternative
method to predict the hydrodynamic performance of this propulsive mechanism. The works
presented in this thesis help to expand the toolbox available for the engineer to design the

next generation of the underwater robotic vehicle.
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Chapter 1

Introduction

1.1 Motivation

For many years, engineers have been looking toward the animal kingdom to find inspi-
ration for solving many complex technical problems in a practice termed the bio-mimetic
design process. While governed by the same physical laws, natural creatures always seem to
find the most effective and creative ways to achieve their objectives through thousands of
years of evolution. The bio-mimetic design principle has recently gained significant interest
from researchers looking to implement pisciform locomotion as the propulsive mechanism
for autonomous underwater vehicles (AUVs) and remotely operated vehicles (ROVs). The
utilization of these vehicles for various types of work assignments in high-risk marine envi-
ronments, such as oil-rig inspection and maintenance or deep-sea exploration, has increased
significantly over the past few decades with the demand from the oil & gas industry and the
science community. As people continue to exploit more natural resources and seek a better
understanding of the vast oceans, it is essential to not only expand our knowledge on the
underlying mechanisms of pisciform (fish-like) locomotion but also use these mechanisms to

improve the mechanical design of the next generation of underwater robotic vehicles.

Although AUVs and ROVs operate underwater, many of them are controlled and propelled
by a man-made system of propellers, which limits their performance and operational effec-

tiveness in many ways [18]. From a biological standpoint, species of fish and marine animals

1



2 CHAPTER 1. INTRODUCTION

are excellent swimmers, so the aquatic robots that implement bio-inspired propulsion and
control are believed to possess better capabilities for speed, agility, robustness, and efficiency
compared to those conventional propeller-based vehicles. Early experiments conducted by
Anderson et al. [3] concluded that a mechanical tuna robot was able to reduce the drag on
its body while being towed at a constant speed by undulating (flapping) the tail segment
attached to its main body. Moreover, studies from Ahlborn et al. [1] and Weihs [36] observed
that the steady swimming action on certain species of fish was not only an efficient way to
generate thrust but also quite stealthy due to the alternating creation and destruction of
vortices generated by their caudal fin in the wake behind the body to avoid the detection
by predators. When needed, many of the same species are also highly maneuverable and
capable of accelerating quickly by changing their fin flapping frequency to execute an “es-
cape response”. These additional characteristics can extend the operational capabilities of
the robot since it can be designed for multiple use cases, whether it is power-consumption

mode for reconnaissance missions or high-thrust mode to escape dangerous situations.

The works presented in this thesis aim to support the validation efforts for different pisciform
hydrodynamic models and streamline the design process for underwater vehicles using bio-
mimetic propulsion mechanisms with the creation of the Towed Biolocomotion Emulator
(TBE). Instead of being a self-propelled robot, the TBE actuates its body while being towed
at a steady speed to avoid unnecessary design and instrumentation challenges. The device can
represent the large spectrum of pisciform locomotion found in nature, and the hydrodynamic
forces and moments produced from the actuation can be measured with a sting balance. In
addition, this thesis also proposes the use of the unsteady vortex lattice method (UVLM)
as a tool for modeling the hydrodynamic forces and moments resulting from certain motion
parameters. The results are then validated with the experimental data from the TBE test-

bed and compared with the predictions from the higher fidelity computational fluid dynamic
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simulation of similar motions to assess the method’s utility for such an application.

1.2 Literature Review

The ability of fish to deform a portion of their bodies to generate thrust and propel for-
ward at a desired speed has been a subject of interest for biologists and engineers for a long
period. Early efforts in studying how fish interact with the surrounding fluid environment
saw little success since there was no quantitative way to visualize the flow patterns around
the body as they swim. Therefore, most of the proposed methods in modeling such mo-
tions have to infer the hydrodynamics from kinematics and theoretical potential flow models
(32, 33, 34, 35]. Recently, the combination of the high-speed camera, forces measurement
sensors, and other advanced imaging techniques such as digital particle image velocimetry
(DPIV) have provided different means of flow visualization and hydrodynamic data acquisi-
tion [2, 13]. This advancement in technology allows theoretical flow models of such motions
to be validated and implemented in designing a new generation of underwater biomimetic
robots. The following sections provide a brief description of major theoretical models for
pisciform propulsion and review recent experimental efforts to obtain hydrodynamic data
on undulatory fish using different kinds of pisciform mechanical systems prior to the work

presented in this thesis.

1.2.1 Hydrodynamics of Pisciform Locomotion

The locomotion of different fish species can be classified into a few general “modes” based
on how much they undulate their body to generate thrust during the swimming action

(illustrated in Figure 1.1). Although it is unusual from a biologist’s perspective to organize
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fish morphologies by their active body shape, these categories are widely used to classify
fish-like locomotion since they are easy to visualize and mimic by multibody mechanical
robots. The kinematics of the motion can be determined with a simple two-dimensional

analysis.

Starting from the right of the spectrum (Figure 1.1) is “ostraciiform” where the locomotion
of species in this category, such as boxfish and torpedo rays, only involves the oscillating back
and forth of the caudal fins. Their caudal fins usually connect to a highly rigid skeletal system
rather than the overall musculature structure [32] so the body of an oscillatory swimmer is
not laterally flexible compared to other undulatory motion. Next, we have fish that utilize
“thunniform” locomotion, such as tuna and billfish, where a high aspect ratio tail is utilized
to generate thrust with little lateral oscillation of the body [6, 9]. Moving up the scale, we
have ‘carangiform” swimmers (such as jacks, mackerel, etc.) and “subcanrangiform” (such as
trout, cod, etc.) where a larger portion of the body is undulated in the shape of a waveform
(up to one-half wavelength for “carangiform” and more than one-half but less than a full
wavelength for “subcarangiform”) to propel forward [13, 35]. As a result, there is more
lateral displacement in the bodies of the fish in this category compared to the previous one.
Finally, the most extreme type of undulatory locomotion is “anguilliform” observed in eels
and most species of shark. Anguilliform swimmers undulate a large portion (above 85%) of

their body with a full wavelength representation for propulsion [8, 15].

In general, as a fish utilizes a larger portion of its body during motion, its length increases,
and the attainable frequency along with the amplitude of the waveform that represents
the deformed body decreases [4]. With the exception of anguilliform, the TBE apparatus
developed as a part of this thesis can be configured to replicate a wide range of pisciform
locomotion, from ostraciiform (oscillatory regime) to subcarangiform (undulatory regime),

and generate a valuable data repository that could be used to validate different hydrodynamic
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Percentage of fish’s body undulates during swimming action

Figure 1.1: Morphologies classification of pisciform locomotion based on the percentage of
body length the fish utilize to generate thrust during swimming action (Note: figure is
modified from the original version shown in [38] with additional information from [25])

models including but not limited to the one proposed in Section 4.2.

In the effort to characterize the fluid dynamics of different pisciform locomotion, two common
non-dimensional parameters used extensively in the community are Reynolds number (Re),
which describes the steady motion of the fish or fish-like robot through the fluid; and Strouhal

number (St), which describes the flapping motion. These two parameters are defined as

L A
PUL and St = /A (1.1)

R:
e 1 U

where U is the average forward speed, L is the total length of the fish or fish-like robot, p
is the fluid density, f is the flapping frequency, and A is the maximum flapping amplitude
(i.e. the total distance from the maximum excursion on one side to the other during the
flapping motion). For most locomotion modes, the amplitude A is measured at the tail
but for anguilliform locomotion, the maximum amplitude location can be along the body,
depending on the waveform the body represents. Strictly speaking from an aerodynamic

standpoint, St number was first used to describe the Benard-von Karman (BvK) vortex
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street in the wake behind a bluff object but Triantafyllou et al. [28] (with two innovative
papers [28, 29]) observed that the flapping motion of fish also generated a similar wake
pattern and proposed the use of the St number to characterize the pisciform locomotion of
fish and fish-like robotic devices. Depending on the flapping motion parameters (gaits), the
rotational direction of these vortices shed from the fishtail might be reversed, a phenomenon

called “reversed Benard-von Karman” (rBvK).

In addition, one can define another parameter k, called “reduced frequency” as

wfL

then the Strouhal number can be rewritten as:

A _ k4

t -
S U 7L

(1.3)

For a given body shape and locomotion type, many experimental and theoretical studies have
shown that the resulting thrust and propulsive efficiency are strongly related to the Strouhal
number [3, 19, 24]. At a low St number, the flapping motion of the tail produces a classic BvK
vortex street in the wake, which induces a net drag on the body rather than thrust. However,
this vortex pattern can transition to rBvK with the increase of either flapping amplitude A
28, 29] or reduced frequency k [7, 11, 12], which also results in a higher St number. The
rBvK vortex sheet is different from the classic BvK in which the upper and lower row of shed
vortices rotate in the counterclockwise and clockwise directions, respectively, instead of the
reverse. This behavior induces a jet at the centerline that pushes on the actuated body and
thrust is hence generated as a reaction force to the fluid momentum. The amount of thrust
resulting from the locomotion generally increases with the St number but the propulsive

efficiency for most swimming fish peaks in a narrow interval 0.25 < St < 0.35 [24, 28, 29].
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This optimal interval of St number will be the focus of the experiments conducted with the

TBE apparatus that we will discuss in Chapter 3.

As discussed earlier, the modeling of pisciform locomotion is highly non-linear and time-
varying. To develop the control method for such a biomimetic device, the hydrodynamic
model must have the capability to be integrated with a geometric control framework. Al-
though a high-fidelity model such as CFD is much more accurate, it is not a good candidate
for this purpose due to the immense computational power required. At the same time,
low-fidelity quasi-steady hydrodynamic models [14, 27, 31, 37] are robust but often neglect
unsteady effects that play critical roles in the propulsion mechanisms, such as the roll-up of
vortex rings shed by the tail movement and their evolution with time. The UVLM method
proposed in this thesis serves as a compromise between those two extremes that captures
some of these unsteady behaviors. Its accuracy in modeling the forces generated by the

interaction between the TBE apparatus and fluid will be presented in Chapter 4.

1.2.2 Previous Experimental Efforts

The effort of enhancing the hydrodynamic performance of a biomimetic device through
unsteady flow control usually focuses on the formation of the vortices along the body length
and how to reposition them as they shed into the wake through the tail motion [30]. Having
an experimental apparatus that is easy to be reconfigured and serves as a test platform to
collect the forces produced by different gaits and morphologies is critical in designing such

a robot.

In an early attempt, Mason and Burdick [18] had built a three-link robotic fish (including
the forebody segment) that could propel itself forward to study carangiform swimming . The

experiment recorded the distance traveled by the device with the variation of the motion
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parameter but it did not provide any force or moment measurement. The robot was limited
in the waveform types it could represent since the first link was fixed with a harmonic motion,

and only the gaits of the second linkage were varied in the experiment.

In another attempt, Low and Chong [16] constructed a device that focused on ostraciiform
swimming and the shape of the caudal fin. The experiments presented an interesting method
called Taguchi’s scheme that allowed the author to reduce the number of test runs required
to obtain meaningful results that represent a wide range of oscillatory fish species. However,

the design of the apparatus was not modular and its length could not be extended.

On the other spectrum of pisciform locomotion, Porez et al. [22] designed a snake-like robot
called AmphiBot III that consisted of at least 8 linkages to imitate the anguilliform swimming
of eels and snakes. AmphiBot III was more modular compared to any other device that
came before it. Each segment of the device consisted of a power board, position controller,
water detector, and a low torque gear-motor. The housing compartments for the electronics
were manually waterproof, which might become potential points of failure if the electronics
themselves are not waterproof. The robot was capable of propelling itself but because of

this, it did not record any force measurements.

In general, there are two approaches most researchers have taken: either build a self-propelled
device to test the control method or develop a towed apparatus that serves as a platform to
collect hydrodynamic data resulting from the pisciform motion. The TBE device introduced
in this thesis will follow the second path to reduce unnecessary complexity in the design and
instrumentation. The device is the second generation of itself that stems from the works doc-
umented in Beardsley et al. [5] and Shehata [25]. The outcome of the experiments conducted
in Chapter 3 using the TBE device will help to expand the hydrodynamic data repository for
biomimetic robots reported in [26] and provide better means for robotic designers to validate

their hydrodynamic and control models.
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1.3 Objectives and Contributions

Although bio-inspired robotic design is an emerging field, not many research efforts focus on
developing a robust test platform that provides a means to obtain hydrodynamic data for
different morphology and gait configurations quickly. Besides the attempts shown in Section
1.2.2, it is difficult to obtain quantitative data that are useful for making design decisions
in the early stages of the robot design process. The works presented in this thesis aim to
bridge this gap and improve our understanding of pisciform locomotion from both numerical

and experimental perspectives.
Objective 1

First, we focus to improve the design of the TBE apparatus that results in a second generation
of the device. The first generation of the TBE is introduced in Beardsley et al. [5] and Shehata
[25]. However, it has many limitations in representing either the locomotion types beyond
carangiform or a body waveform at a higher reduced frequency. The new TBE apparatus
can cover a much wider range of undulating motion of different fish species. More details

about the design of the TBE are discussed in Chapter 2.

The new TBE device is the final product of the collaborative works between three grad-
uate research assistants: Khanh Nguyen (the author of this thesis), Brenton Morris, and
Minh Vu. The majority of the mechanical design work was done by Brenton Morris with
advice and input from Khanh Nguyen. The instrumentation of the device, including the
electronics architecture and servo control were designed by Minh Vu. Finally, the system
integration between the software and the hardware was done by Khanh Nguyen to command

the synchronous motion of the TBE’s modules.

Objective 2
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After the completed assembly of the TBE, we then demonstrate its capability by using
the device to imitate the carangiform locomotion with different gait configurations (body
waveform, undulating frequency, tail beat amplitude, etc). The experiments also yield the
thrust measurements resulting from the locomotion that can be used to validate different
hydrodynamic models, including but not limited to the unsteady vortex lattice method
(UVLM) proposed in Section 4.2. The hydrodynamic data collected from the experiment,

along with a detailed analysis and discussion, are shown in Chapter 3.

The experiment was conducted in a towing tank belonging to the Davidson Laboratory at
Stevens Institute of Technology with help from its staff, including Dr. Raju Datla, Uihoon
Chung, and a team of graduate research assistants. Access to the facility was graciously
provided by Dr. Muhammad Hajj, the director of the lab, and the support for the research

trip was generously provided by Dr. Craig Woolsey, the primary investigator of the project.
Objective 3

As mentioned above, many efforts in developing a control method for biomimetic robots
in the past have relied on linear potential flow or quasi-steady hydrodynamics, which often
neglect the unsteady effects required to model the propulsive mechanisms. It is believed that
UVLM with its ability to capture unsteady effects, such as the wake roll-up phenomenon
and the time-evolution of the shed vortex street, would yield a better approximation while
still maintaining computational robustness. With this in mind, an algorithm that utilizes
the UVLM to model the undulating motion of the TBE is proposed in Chapter 4. The
simulation results are then compared to the experimental data to assess its effectiveness in
predicting the hydrodynamic performance of such a bio-mimetic robot. A validated UVLM
model can be incorporated into a geometric control framework and provides a path for the

optimization of morphology and gait of the robots for different design objectives.
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The proposed three-dimensional UVLM code is written in Matlab based on a similar C++
source code created by Dr. Ahmed Hussein, which also uses UVLM to simulate the two-
dimensional pitching and heaving motion of a thin plate. Although Dr. Hussein is a previous
collaborator on the project, he remains a close advisor for the modeling works presented in
this thesis. The resulting UVLM algorithm applies to three-dimensional geometries and is

capable of modeling the undulating motion of the TBE.



Chapter 2

Development of Towed Biolocomotion

Emulator (TBE)

2.1 Introduction

The contents presented in this chapter are based on the works presented in the following
conference paper: Khanh Nguyen, Brenton Morris, Minh Vu, and Craig Woolsey. “A towed
biolocomotion emulator for the study of pisciform hydrodynamic.” In IFAC Conference on
Control Applications in Marine Systems, Robotics, and Vehicles (CAMS), 2021. (In Review.)
[20].

In this chapter, we present the development of the Towed Biolocomotion Emulation (TBE),
which is an enhanced version of a similar device presented in Beardsley et al. [5], Shehata
et al. [26]. With many changes in design, the new TBE aims to expand its capability in
replicating a variety of pisciform locomotion types. The presented apparatus consists of five
modular links and a forebody fairing. However, the links can be added to or removed from
the assembly to arrive at a different configuration. All the links are commanded to rotate
in synchronous to represent different fish body shapes correlated to different undulating
motions (ranging from ostraciiform to subcarangiform) by a waveform. At its current state,
the TBE can exhibit its body to mimic the shape of the pure sinusoid, exponential sinusoid,

15 and 2" bending mode or a combination of those waveforms. In the future, the software

12
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that controls the device can be modified to include other types of body shape as long as it
can be expressed as a wave function. The kinematics of the undulating motions can also
be varied with different gait inputs such as oscillating frequency and tail-beat amplitude.
Overall, the purpose of the TBE is i) to expand the database of hydrodynamic forces that can
be used to validate different reduced-order models of fluid flow over such a dynamical system,
including the one proposed in Section 4.2, and ii) provide additional kinematic results such

as torques and feedback angles that help to optimize the design of such a biomimetic robot.

2.2 First Generation of TBE & Limitations

The first generation the TBE device is showcased in Figure 2.1 with more details about the
design can be found in Beardsley et al. [5]. A version of this device with three modules
was assembled and used to collect the hydrodynamic data resulted from the carangiform

locomotion exhibited by this configuration. The results of the test campaign are detailed in

Shehata et al. [26].

Figure 2.1: CAD rendering of the first generation of the TBE device [5].

Following the conclusion the test campaign reported in Shehata et al. [26], it is observed that

while the first generation of the TBE could mimic the locomotions ranging from ostraciiform
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to lower end of carangiform, the maximum flapping frequency it can achieve at 0.83 Hz along
with the motion Strouhal number below 0.1 is at a lower end of the typical value observed
on real fishes in nature. In addition, the complex electrical design for each module and
the “in-house” waterproofing of the servos make the device susceptible to water failure with
an aggressive actuation. The modules that make up the initial TBE device are also daisy-
chained with each other instead of connecting to a master microcontroller in a modular,
parallel fashion. This practice defeats the modularity principle for the apparatus by making
it more time-consuming to replace a broken servo or add modules to extend the length of
the device. With most of the components being redesigned, the TBE aims to improve these

limitations found in its predecessor.

2.3 Mechanical Design of TBE

The materials presented in this section follow the discussion in Nguyen et al. [20] with the
majority of CAD works completed by Brenton Morris. The modules that comprise the aft
section of the TBE are designed to be interchangeable, meaning that one could add or remove
from the assembly to achieve the desired number of linkages. The configuration assembled
for this thesis and used for the hydrodynamic experiment presented in Chapter 3 consists of
a forebody, four modules, and a single tail module. A rendering of the fully assembled TBE

in exhibiting a particular waveform is shown in Figure 2.2.

2.3.1 Support Structure

The support structure of the TBE, shown in Figure 2.3, consists of a 6061-T6 aluminum

internal skeleton frame, which is fixed to an immersible six-degree-of-freedom (6DOF) L-
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Figure 2.2: CAD rendering of the latest TBE device (5-module configuration) exhibiting
undulatory motion [20]

shape sting balance that can be mounted to any towing carriage. The forebody frame
attaches directly to the balance via two set screw collars tighten by a standard hex screw to
prevent slipping and rolling of the apparatus during the motion. The frame of each module
comprises a rectangular servo bracket fastened to a C-bracket. Four screws attach the top of
the C-bracket to the servo horn of the preceding module, while the bottom of the C-bracket
features a steel bearing that rotates about a shoulder screw that is fastened to the servo
bracket of the preceding module. The height and width of the module frame components
were minimized to the size of the servo-actuator, thus reducing its overall weight and torque

required to move the structure.

2.3.2 Fairings Design

To improve the flow quality over the TBE device during the motion, the support structure
for each module is covered with a 3D-printed fairing, which also allows the modules to freely
rotate relative to each other while still preserves a continuous external shape. The forebody

fairing is the leading 70% of a NACA 0024 hydrofoil while the four body modules have a
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/ Sting Balance

Forebody " \

Frame

Figure 2.3: Supported skeleton structure of a five-module TBE [20]

constant span and the tail fairing is the trailing 30% of the NACA 0024 hydrofoil. The
span of the fairing, and therefore the scale of the forebody and tail fairings, is sized to
allow for 20° angle of relative rotation of each link without breaking the continuous external
shape. From an initial analysis, this angle limit is sufficient for the device to exhibit some
common body shapes used by various fish species for swimming. The height of the fairing is
selected to allow enough room for the electronics wires that connect the servos to the master

microcontroller to pass through each module without getting tangled during the motion.

All fairing components have a wall thickness of less than 5 mm, leaving most of the internal
volume open for free-flooding once the TBE is submerged. The thin wall structure helps
to further reduce the overall weight and prevent the ABS material from soaking in water.
The forebody fairing consists of a lower tub and upper lid, both of which are fastened to the
forebody frame. A hollow tail fairing attaches to the last C-bracket on the support structure.
Both the forebody and tail fairings have drain holes to ensure that the sting balance is not

subjected to excessive forces when the device enters or is removed from the water.
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2.3.3 Modules Design

_ Waterproof
Servo

I
|
~a g

Connecting
C-bracket

Figure 2.4: Exploded view of the assembled TBE and its modules [20]

The module fairings are assembled around the module in three components: the top lid, the
servo cap, and the fairing as shown in Figure 2.4. The module cap attaches to the C-bracket
without limiting access to the servo horn screws. The module fairing attaches to the cap in
four locations with socket head cap screws. It also features an elevated slot at the bottom to
constrain the position of the C-bracket and align the frame along the centerline of the sting
balance. A hole in the bottom of the fairing provides access to the frame shoulder screw
for quick removal or installation of the module. The electronics wires are routed from the
upstream side of the servo, through slots in the servo bracket and C-bracket, through the

wiring compartment under the top lid to connect to the applicable servo.
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The modules are designed to improve troubleshooting and device versatility in several ways.
With the lid removed, the servo horn fasteners and shoulder screw are accessible without
needing to remove the cap or fairing. In general, the modules can be assembled and dis-
assembled in a variety of orders with nothing more than a few Allen wrenches. Individual
wire busses and universal module assemblies allow modules to be replaced without complete
disassembly, thus reducing the time required to replace a module should the servo fail during
the test series. This capability also allows for the expansion of the device to emulate more
complex morphologies by lengthwise additions or spanwise extensions. Figure 2.5 highlights
the modular design by showing the assembled device with the forebody and module lids

removed.

Figure 2.5: Actual assembled TBE device with the forebody and modules lids removed [20]

2.4 Electrical Design of TBE

Another system of the initial TBE device that needs to be redesigned is the electronics, which
controls the actuation of the servos and collects the kinematics data. This task is done by
Minh Vu. The materials presented in this section are also discussed in more detail in Nguyen
et al. [20]. Three components comprise the electrical system of the new TBE: the servos,

the circuit that controls those servos, and the software that acts as an interface between
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the user and the servos. The goal is to simplify the interconnections need and minimize the
number of parts being submerged during the experiment. The details of each subsystem are

provided in the following sections.

2.4.1 Servo Selection

Servo selection is an important design feature that decides the capability of the new TBE
device. In selecting the servo, we sought to eliminate the reliability issue observed from the
previous TBE generation. While waterproof servos are readily available, significant effort
goes into identifying and integrating one which could also generate position and torque feed-
back out of the box. Previously, this was accomplished with an invasive modification of the
servos and performing in-house waterproofing for all the electronic components, which led
to poor reliability. The feedback data of position and torque from the servo are critical to
ensure that the TBE device executed the desired waveform. To satisfy the design require-
ments, the Hitec D956WP steel-gear, IP67-rated waterproof servo is selected as the actuator
for TBE. These servos are capable of producing a maximum torque of up to 285 N.cm and

slewing to 60° in 0.19 seconds at the peak operating voltage of 7.2 V.

2.4.2 Controller Circuit

The master circuit that handles the control and communication with all the servos inside
the TBE consists of a Teensy 3.2 microcontroller (MCU), five ACS712 current sensors, and
other supporting components with the schematic shown in Figure 2.6. The Teensy is an
essential part of the circuit as it serves as the interface between the users and the hardware.
This MCU is chosen because it has multiple serial ports, which are used to communicate

with the servos. Another favorable feature is the 16-bit analog-to-digital converter (ADC)
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Figure 2.6: Schematic of master circuit that controls and communicates with the servos [20]

standard, which allows us to have a high resolution of analog from the current sensor. In
addition, the Teensy has a such small form factor and is inexpensive for purchase. The MCU
communicates with the servos via serial bus with the Rohm IMH11A digital transistors chip,
acts as a level shifter and inverter between the MCU and bus. Jumper wires connect each

servo to the power rail on the circuit and the serial bus.

A current sensor measured in a range between -5A and +5A is connected in series between
the servo and the MCU. Because the MCU is a 3.3V device while each sensor is a 5V device,
a voltage divider is used to scale down its output, which is then connected to an analog pin

on the MCU. The current readings from these sensors are used to obtain measurements of



2.4. ELEcTrRICAL DESIGN OF TBE 21

torque. All components are powered from a DC power supply except for the MCU, which

received power from a computer. The assembled circuit is shown in Figure 2.7.

7
Servo .

Controller
Board

HiTec
D958WP
Servo

Figure 2.7: Assembled master circuit that controls and communicates with the servo [20]

2.4.3 Communication Software

An Arduino IDE code is developed to facilitate the serial communication between the Teensy
and a LabVIEW VI introduced later in Section 2.5. Whenever the system is power cycled,
the Arduino IDE code must be reuploaded to the memory of the Teensy. The Teensy receives
the command angles for all the servos at any instant of time calculated by LabVIEW and
parses this information to each servo. The data of current drawn (from the current sensors)
and servos position are then collected. The current data is read from the current sensors’
outputs through the built-in analog-to-digital (ADC) converter on the Teensy. The servo
position is obtained by prompting each servo for its position value via the serial bus and
parsing the packet it returns. These raw data values are combined into a single string and

transmitted over USB to the LabVIEW script to be parsed and interpreted. The serial data
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passing between the microcontroller and LabVIEW VI are all in a form of ASCII strings.

2.5 Motion Control System of the TBE

A variety of pisciform locomotion can be imitated by the TBE device with the synchronous
movements of its modules. A particular motion is defined by the “gaits” values such as the
body shape waveform, the flapping frequency of the tail, and the maximum amplitude of the
body shape waveform (typically occurs at the tail). Meanwhile, the total length of the body
and the locomotion type (from ostraciiform to anguilliform) it represents is referred to as
“morphology”. The new TBE device can be reconfigured into different combinations of gaits
and morphologies quickly due to the modular design of its components. However, there is
a finite limit on the number of modules one can add to the device. Therefore, this section
focuses on how the TBE uses a finite number of modules to approximate the swimming
motion of fish and how one can command the device to attain different locomotion using a

LabVIEW graphical-user interface (GUI).

2.5.1 Fish Body Profile in Steady Locomotion

Recent kinematic data from experiments conducted by Tytell and Lauder [31] under con-
trolled conditions suggest that fish deforms the body to propel itself forward in such a shape
that can be represented by a waveform (Figure 2.8). During a period of steady swimming
at moderate to high speed, these undulatory profiles are remarkably similar across differ-
ent types of pisciform locomotion. Out of those four, anguilliform shows the most lateral
movement at the front half section of the body with the amplitude of the body centerline

gradually increases to the maximum value at the tail. Meanwhile, thunniform, carangiform,
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and subcarangiform show little to no lateral motion pass 50% of the forward body length and
the amplitude envelope rapidly increase toward the tail. The rate of the increase and the
position where it stars along the body depends on the locomotion type. As illustrated above
in Figure 1.1, thunniform swimmers only undulate about 10-30% of the body length so the
amplitude of the body centerlines only starts to increase later toward the tail. Carangiform
and subcanrangiform swimmers undulate a larger portion of their body so the amplitude of

the centerlines starts to increase at an earlier position along the body.

2 cm

Thunniform

. - Little lateral
Carangiform ﬁ’ ﬁ—% >_ movement

Subcarangiform ﬁ ’—%
-

More lateral
movernent

Figure 2.8: Undulatory profiles of different types of pisciform locomotion. The fish body
shape (left) and the body centerlines (right) are shown in distinct colors at different instants
during the observation period. The scale bar = 2cm is also provided. Images are based on
the data presented in [6, 15, 31] and modified from the original version created by Lauder
and Tytell [13]

The centerline of the fish body shape illustrated in Figure 2.8 can be represented by the

following function of an exponential sinusoid waveform as:

y(x,t) = A(e™ — 1) sin(kx — wt + ¢) (2.1)

where x and y are Cartesian coordinates of the tail in a top-down view with the fish forebody
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located at the origin (0,0) with the fish body extended along the positive x-axis and A is
a constant that scales with the maximum amplitude of the body shape. Other constants in
equation (2.1) include w, u,, which stand for the spatial and temporal frequency respectively,

and ¢, which is the phase shift angle of the waveform.

For a fish with an arbitrary length L, it is difficult to specify a value of A in equation (2.1)
to represent its body shape without proper scaling due to the variation in the magnitude of
body length L. For constant A to truly reflect the tail amplitude, we modify equation (2.1)

as following:

T

et —1

y(z,t) = A (GTL - 1) sin(kz — wt + ) (2.2)

With the scaling term (e™X — 1), A become the true amplitude of the body shape waveform
at x = L in which we can easily specify. By observing the fish tail motion to measure the

peak-to-peak amplitude and dividing that by a factor of 2, we can obtain the value for A.

[ 3

Waveform Tail
Amplitude (A)

&
Y

Body Length (L)

Figure 2.9: Exponential sinusoid waveform that represents the fish body centerline during
swimming with the variation of the exponential constant 7

In equation (2.1) and (2.2), the function sin(kz — wt + ¢) represents a sinusoid wave. The
preceding term (e™ —1) creates an envelope for the wave amplitude similar to the undulatory

profiles observed in Figure 2.8. The characteristic of the waveform envelope depends on the
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value of the exponential constant 7. As illustrated in Figure 2.9, for a fixed value of max
amplitude A, different waveforms with different values of 7 all rise to the same amplitude
at the tail. However, a low value of 7 generates a waveform with more undulatory motion
at the front half of the body. Meanwhile, a high value of 7 delays the growth in amplitude

toward the tail, which results in a motion with less movement of the forebody.

The behavior of the amplitude envelope that bounds the waveform shape throughout the
motion period also changes with 7. As shown in Figure 2.10, the envelope develops gradually
at a low value of 7 but rises sharply toward the tail when 7 is high due to the lack of lateral
motion at the front-half of the waveform. Therefore, along with the max amplitude A, the
exponential constant 7 is another important parameter one can use to define the body shape

profile for different pisciform locomotion types as shown in Figure 2.8.

m— Amplitude Envelope (1 = 1.8)
— Amplitnde Envelope (T = 6.5
Amplitude Envelope (1 = 10.5)
Body Centerline Waveform

Waveform Tail
Amplitude (A)

Fy
¥

Body Length (L)

Figure 2.10: Waveform envelope of the exponential sinusoid profile of the fish body centerline
with the variation of the exponential constant 7

To attain the waveform shape shown in Figure 2.9 for the body centerline, the spatial fre-
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quency k and temporal frequency w are defined as functions of the body length L and the

tail flapping frequency f as:

2
k= % and w=2nrf (2.3)

This convention is also applicable to other body waveform shape introduced later in this
section. In addition to the exponential sinusoid, other waveform types are also consid-
ered to approximate the locomotion exhibited by fish such as the pure sinusoid and the
Euler-Bernoulli cantilever beam bending modeshape. The body shapes resulted from these
waveform types are less commonly observed in nature. For the pure sinusoid waveform, the

wave function can be defined as:
y(x,t) = Asin(kr — wt + ¢) (2.4)

Beside the kinematics parameters (k,w, ¢), the other input gait for the pure sinusoid wave-
form is simply the max amplitude A. Meanwhile, for the Euler-Bernoulli cantilever beam

bending modeshape waveform, the wave function can be defined as:

ylx,t)=A {Sin (@%) — sinh (ﬁl%> -G [COS (51%) — cosh (@%ﬂ } sin(kz — wt + ¢)
(2.5)

where [3; is the solution of the following characteristic equation
cos BicoshB; +1 =0

and

¢ = sin 3; + sinh f;
" cos f3; + cosh 3;
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The additional input gaits for the beam bending modeshape waveform are the mode selection
(1%, 274 etc.) and the max tail amplitude A. Overall, the waveform that represent the body

shape of different fish species in steady swimming can be written as:

y(x,t) = AY,(z) sin(kz — wt + ¢) (2.6)

where Y,.(z) is the amplitude envelope that bounds the waveform over time. The shape of
this envelope depends on the selection of the waveform types and the definition for Y, (z)

can be summarized as:

L, (Pure Sine)
Vi(z)={ ¢ 1 i
r I (Exponential Sine)
67' J—

sin <BZ%> — sinh (@%) — G [cos (@%) — cosh (ﬁz%)] , (Beam Bending)

Note that for the beam bending modeshape waveform, starting on the 2"¢ bending mode,
the maximum value of the amplitude envelope function Y, (x) does not occur at the tail
(x = L), which is the case for all other waveforms. Therefore, the value of A reflects this
maximum amplitude value instead of the tail amplitude for the 2"¢ mode of Euler-Bernoulli
cantilever beam bending and the mode beyond. In addition, one can combine different
functions of Y,.(x) to create any desired shape of the amplitude envelope. Some examples of
the body shape centerline profile resulted from using different waveform types to model the

fish swimming action are shown in Figure 2.11.

Note that from Figure 2.11, there is little movement of the forebody across all waveform
types except for the pure sinusoid. Therefore, when using the TBE to approximate these

waveform shapes, we can assume that the forebody fairing remains stationary throughout
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the locomotion. For the body centerline profile of the pure sinusoid waveform, Figure 2.11(d)
omits the forebody section and only shows the overlay of the undulating portion of the fish

body.

(a) Exp-Sine (7 = 1.8) (b) Exp-Sine (1 = 6.5) (c) Exp-Sine (7 = 10.5)

(d) Pure-Sine* (e) 1st Mode (f) 2nd Mode

Figure 2.11: Fish body centerline profile expressed by different waveform types

2.5.2 TBE Approximation of Pisciform Locomotion

The objective of the TBE device is to approximate these waveform types with a given
configuration (number of links and the length of each link) by actuating the individual
servos inside the linkages at a certain angle. The more modules the device has, the better
the approximation it can achieve. However, adding more modules to the configuration

increases the power is required to operate the device. To determine the angle of each servo
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at any time instant ¢, we solve the system of non-linear equations:

AY,(z;) sin(kx; — wty + @) =y, (2.7)

(i —2i1)® + (yi —yio1)> = L7,

for the position (z;,y;) of each center-of-rotation node i = 2,..., N + 1 (node 1 position is
known) where L;_; is the length of the corresponding linkage. Then, using trigonometry, we
can calculate the relative angle for the servo at each node i = 1,2,..., N (since there is no
servo located at the last node). Although equation (2.7) is nonlinear, the solutions of x; can
be easily predicted since we know the length of each linkage. The algorithm that computes
the kinematic solutions for the TBE at the given gait inputs relies on this observation, which
helps to reduce computational time and makes it possible to obtain the angle in real-time
as the device operates instead of relying on pre-computed kinematic data. Examples of how
the TBE in the 5-module configuration approximates different types of waveform introduced

in this section (with the same value of max amplitude A) are shown in Figure 2.12.

In summary, four waveform types are selected to model the fish body shape of different
pisciform locomotion, including the pure sinusoid, exponential sinusoid, Euler-Bernoulli can-
tilever beam bending modeshape, or a combination of those. For the combination of wave-
form types, the function Y,(x) is a linear combination of the envelope function of each
waveform. With a given configuration, the TBE device approximates the waveform shape
by solving equation (2.7) to determine the relative angle between the modules to command
its servos. Before the motion, one must specify the morphology parameters (such as the total
number of links N and the length of individual links L;) and gaits (such as the tail/max
amplitude A, flapping frequency f, and the waveform phase shift ¢). Note that for simplic-
ity, we assume that the links are uniform in length so only one value of L; is needed instead

of an array. Then depends on the specific waveform being selected, more gaits are required
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(a) Pure sinusoid
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(b) Exponential sinusoid
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Figure 2.12: TBE approximation (blue) for different waveform types (red)
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such as the exponential constant k& for the exponential sinusoid waveform, the modeshape
selection for the beam bending waveform, or both for a combination of the waveform. The

required inputs for each waveform type (marked with “x”) are summarized in Table 2.1.

Morphology Gait Parameters
Waveform Types
N L; A f 0] T Mode
Pure Sine X X X X X
Exponential Sine X X X X X X
Beam Bending Mode X X X X X X
Combination of Modes X X X X X X X

Table 2.1: Summary of TBE motion control input parameters

2.5.3 TBE Locomotion Control Interface

The TBE serves as an experimental apparatus that mimics the swimming action of fishes
and allows for the collection of hydrodynamic data. The device is controlled through a Lab-
VIEW virtual instruments (VI) interface. The VI allows users to specify the values of the
morphology and gait parameters shown in Table 2.1 and commands the servos inside each
linkage to achieve the desired motion. It also receives the downlink data that contain the
true positions attained by the servos and the current they draw from the power supply dur-
ing operation. This information can be used to calculate the output torque and propulsive
efficiency of the commanded motion, which is the missing piece of data from the first gener-
ation of the device. The communication between the LabVIEW VI and the TBE device is

outlined in Figure 2.13.

The LabVIEW VI used to control the TBE has three tabs . Each tab has a specific purpose

as following:
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o FExperiment Setup: allows user to set up the communication with the Teensy micro-
controller, adjust the offset angle for the servo and specify the calibration factors for

the feedback position and torque signal.

o FExperiment Control: allows user to command the TBE device, either by specifying
angle value for individual servo (manual mode) or putting it in motion according to
the input parameters (waveform mode) and plots the true position of the device along

with the torque exhibited by each servo.

o Debug: provides more information that have been purposely omitted from the “Exper-

iment Control” tab that are useful for debugging purpose.

Servo Position Commands
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Servo Position and Current Readings

Figure 2.13: Communication between the LabVIEW VI and TBE device

First, the graphical user interface of the “Experiment Setup” tab is shown in Figure 2.14. At
the beginning of each experiment, the user should review the values within this panel and
make sure they are applicable for the current state and configuration of the TBE device and
the sting balance. The most important step before starting the experiment is to properly
configure the communication between the LabVIEW VI and the Teensy microcontroller using
the panel marked by the orange box in Figure 2.14. Depend on what USB port the cable the
Teensy is plugged in on the computer, the value for the Arduino COM port might have to
change. If this port is not selected correctly, the LabVIEW VI can not communicate with the

microcontroller to send commanded angles to the servos. Below the orange box is the panel
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where the user can set the “default-zero” positions for the servos so that all the modules line
up in a straight line. Each servo is different so its zero-position must be manually corrected
to accurately replicate the natural body shape of fishes during the swimming motion since

the commanded angles are calculated relative to the straight centerline.
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Figure 2.14: “Experiment Setup” tab of the TBE motion control LabVIEW VI

The raw analog signal of the servo angle and output torque are obtained from the Teensy
microcontroller after it receives the feedback data package from the servos. Before the
experiment, each servo is calibrated to determine the linear relationships between the values

of these feedback signals and the true servo position and output torque. These relationship
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can be expressed as:

OUtPUt Torque = mi,TorquevTorque + bi,Torque
(2.8)
Servo Angle - mi,AnglevAngle + bi,Angle
where Vorque; Vangle are the raw signals returned from the Teensy; m; Torques b Torque are the
calibration factors of “slope” and “intercept” for the servo output torque; and m; angle, bi Angle
are the calibration factors of “slope” and “intercept” for the servo angle. The values of these

calibration factors can be specified in the panels marked by the green and blue box in Figure

2.14 so that the data displayed during the experiment reflect the true values of the servo

output torque and angles.
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Figure 2.15: “Experiment Control” tab of the TBE motion control LabVIEW VI

Second, the interface of the “Experiment Control” tab is shown in Figure 2.15. The red box

marks the panel where the user can enter values for the input gaits. Depending on what
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waveform is selected from the drop-down menu, certain inputs are grayed out since they do
not apply to the selected waveform. The buttons in the neighbor panel (marked with a green
box) allow the user to command the motion of the device. There are two different modes
in which the TBE can be operated: manual and waveform. In “manual” mode, the VI will
command the servo inside each module to be fixed at a certain angle specified by the user
in the top row of the panel marked with the blue box. This mode is often used to maintain
a certain shape of the device while it is being towed through the water to measure the body

drag or reverted to the initial position.

In “waveform” mode, the VI calculates the angles which each servo must reach to approx-
imate the motion defined by the input gaits and sends these angles to the Teensy micro-
controller to command the TBE. The VI also receives the downlink data package from the
Teensy and processes it to plot the true motion of the device along with the torque each
servo experiences in the panel marked with the orange box. The feedback servo angles al-
low the user to have confidence that the TBE achieves the motion they envision during the
experiment and makes it possible to quantify the reduction in performance if the motion is
too aggressive for the servos to maintain, given their maximum slew rate. This information

enhances the experiment execution and was not available for the previous TBE.

Finally, the graphical user interface of the “Debug” tab is shown in Figure 2.16. This is only
mean to be used as a debugging tool during the experiment. The panel on the left (marked
by the red box) displays commanded and feedback position and output torque of individual
servo. On the other side, the panel on the right (marked by the cyan box) displays the
numerical values plotted. As the TBE actuates, a common mode of failure observed is that
the servo can not keep up with the motion and stalls. As the servo stalls, it stops drawing
current from the power supply so the ADC-counter signal read by the Teensy from the current

sensor would show up as outliners on both position and torque plots. By looking at these
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Figure 2.16: “Experiment Debug” tab of the TBE motion control LabVIEW VI

plots during the motion, one can determine if the servos operate under normal conditions or
need to be replaced by examining the frequency of the stall events and whether or not they
can keep up with the commanded angles defined by the particular gait inputs. These values
of servo positions and output torques are recorded during the motion and can be saved to

an output file at will by the user.

2.6 Chapter Summary

An towed biolocomotion emulator (TBE) has been developed as the latest iteration of an
experimental apparatus designed to conduct experiments on bio-inspired propulsive systems.
This is a part of the effort to expand the hydrodynamic database on different pisciform loco-

motion types and accelerate the design process of the future underwater vehicle. The device
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improves upon previous efforts in terms of underwater reliability, morphological emulation
capability, and availability of real-time downlink data. This is achieved by modifying the
electronic system such that the servos are selected to be waterproof out-of-the-box and con-
trolled by one master microcontroller so that most components are relocated above the water

and only the servos and the bus wires get submerged during the experiment.

The modules that house the servos are also redesigned to minimize the size and the overall
weight of the device to exhibited undulating motion at a higher flapping frequency without
requiring stronger servos. With a simple LabVIEW VT interface, the user can specify a variety
of gait inputs for many pisciform locomotions of which the TBE is capable to imitate. In
addition, the modularity of the device also allows one to explore the locomotions in the higher
undulatory regime by adding more modules to the aft section quickly. In the next section,
we will perform an experiment to validate the TBE capability and test its hydrodynamic
performance to demonstrate how such a device can be beneficial to the effort in designing

future underwater vehicles.



Chapter 3

Hydrodynamic Performance of the

TBE

3.1 Introduction

The contents presented in this chapter are based on the works presented in the following con-
ference paper: Khanh Nguyen, Craig Woolsey, Raju Datla, Uihoon Chung, and Muhammad
Hajj. “Axial force measurement for a towed biolocomotion emulator.” In IFAC Conference
on Control Applications in Marine Systems, Robotics, and Vehicles (CAMS), 2021. (In
Review.) [21].

In designing a bio-inspired robot for marine application, it is beneficial to have an apparatus
that is easy to be changed into different configurations. To support this, the TBE device
serves as a test platform to collect hydrodynamic forces resulting from different morphologies
and gaits locomotion. The hydrodynamic data obtained from the experiment can be used
along with computational fluid dynamic results to study the relationship between the robot
design parameters and their effects on the locomotion exhibited by the device. Each method
has its advantages and disadvantages in studying the propulsive mechanism. In this chapter,
we present the planning process and the results of how such an experiment can be conducted
using the towed biolocomotion emulator (TBE) device introduced in Chapter 2 to obtain

and archive the hydrodynamic forces from different pisciform locomotion. The main focus

38



3.2. Test FaciLiTy 39

of the experimental effort presented in this chapter is to generate hydrodynamic data that
can be used for flow model validation and provides the preliminary analysis of the propulsive

performance of such a device.

3.2 Test Facility

The test campaign is conducted in a towing tank available in Davidson Laboratory at Stevens
Institute of Technology. The tank is 313 feet long, 16 feet wide, and can support a water
depth of up to 8 feet. The carriage sitting on top of the tank is capable of reaching tow-
ing speeds up to 100 ft/s with precise control of 0.01 ft/sec in speed increment. The low
uncertainty is critical for the experiment since its objective is to achieve different discrete
values of the Strouhal number. The size of the tank helps to minimize wall effects from
the waves generated by the towing action. During the experiment, the sting balance and
the TBE are mounted to the carriage arm that extends closer to the water surface while
the equipment needed to control the device and collect hydrodynamic data is secured to the
carriage platform above the waterline. The pictures of the experiment setup and the TBE

device in action are shown in Figure 3.1.

3.3 Data Acquisition System

During the experiment, two separate systems are used to control the TBE motion and
collect hydrodynamic and kinematic data. The motion control system for the device has
been described in Section 2.5. Meanwhile, the hydrodynamic data is obtained using the

6 DOF SB100 sting balance manufactured by Modern Machine & Tool Co. A series of

strain gauges are placed on the cylindrical part of the balance such that the resulted strains
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Figure 3.1: The TBE mounted under the towing carriage in idle condition (top) and the
TBE in exhibiting undulating motion as it is being towed during the experiment (bottom)

are proportional to the forces applied. Therefore, the forces and moments from the TBE
locomotion can be measured by obtained from the output strains. During the experiment,
the 6 DOF SB100 sting balance is connected to the Vishay 2310-Series Signal Conditioning
Amplifier, which has a Wheatstone bridge circuit inside. The bridge circuit excites the
strain gauges at 3.5 VDC and measures the output voltages with active filtering applied.
The analog signals of these output voltages are then recorded by a National Instruments
(NT) myDAQ at a sampling rate of 250 Hz and converted to the hydrodynamic forces with a
known calibration factor. In addition, the balance is used as a support structure that allows

the TBE to be mounted to the towing carriage during the experiment.
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Sting Balance Signal Divider Signal Amplifiers NI myDAQ

Forces Signal

Moments Signal

LabVIEW Servo
Control VI

Digital Signal from/to Teensy

2" Laptop

Submerged under water

Figure 3.2: Equipment setup diagram for the TBE experiment

A diagram that summarizes how all the equipment is set up is shown in Figure 3.2. All
the equipment except for the TBE is mounted to the carriage above the waterline. Two
computers are also needed, one to collect the hydrodynamic data and the other to calculate
the commanding angles for the TBE servos. Another computer located onshore remotely
accesses those two computers on the towing carriage to let the user adjust the gaits value

and monitor the data acquired throughout the experiment.

3.4 Motions Test Matrix

For the experiment, the TBE exhibit two types of waveform, including the exponential
sinusoid (with 7 = 1.8) and the 2"¢ bending mode as illustrated in Figure 2.11 and 2.12.
One of the main objectives of the experiment is to determine the propulsive efficiency of
different locomotion modes of a fish-like robotic device. However, since the TBE is a towed

apparatus, we use the approach proposed by Maertens et al. [17] to estimate the quasi-
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propulsive efficiency of a self-propelled device under towed conditions. For each waveform,

the following test cases are considered:

o Case 1 -The TBE is towed in its nominal (symmetric) configuration at various towing

speeds.

o Case 2 -The towing carriage remains stationary, but the TBE executes the prescribed

waveforms at various oscillation frequencies.

o Case 3 -The TBE executes the prescribed waveforms while being towed at a steady

speed to simulate the free-stream flow encountered by a real fish.

The hydrodynamic forces obtained from test case 1 provide a correlation between the static
body drag and the towing speed. Meanwhile, the measurements collected from different
motions in test case 2 offer more insights into the relationship between the hydrodynamic &
kinematic performance and the flapping frequency of the body. Finally, the quasi-propulsive
efficiency of the locomotion can be derived using the following equation:

D +1T,)Usx
nQp = % (3.1)

where 7T}, is the net force resulting from the motion exhibited in test case 3 and D is the body
drag of the unactuated TBE (i.e. the minimum resistance for the device must overcome to
move forward at the selected tow speed U,,). This body drag can be obtained or interpolated

from test case 1.

The values of input gaits for each waveform type across all the test cases are summarized
in Figure 3.3. The table is organized around test case 3 to study the change in propulsive
efficiency with the change in flapping frequency and tow speed at different Strouhal numbers.

However, the respective input parameters were also used in Case 1 (towing speed) and Case 2
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Low Tow Speed

Medinm Tow Speed

Dynamic 1 Dynamic 3
Parameters Exp Sine |[2nd Mode| Exp Sine |2nd Mode| Exp Sine |2nd Mode
St Number 0.10 0.10 0.10
Frequency (Hz) 0.75 1.00 1.25
Amplitude (cm) 5.00 5.50 5.00 5.50 5.00 5.50
Tow Speed (m's) 0.38 0.41 0.50 0.55 0.63 0.69
Dynamic 2 Dynamic 5
Parameters Exp Sine [2nd Mode| Exp Sine |2nd Mode| Exp Sine |2nd Mode
St Number 0.20 0.20 0.20
Frequency (Hz) 1.00 1.25 1.50
Amplitude (cm) 5.00 5.50 5.00 5.50 5.00 5.50
Tow Speed (m's) 0.25 0.28 0.31 0.34 0.38 0.41
Dyvnamic 4 Dyvnamic 8
Parameters Exp Sine |2nd Mode| Exp Sine |2nd Mode| Exp Sine [2nd Mode
St Number 0.30 0.30 0.30
Frequency (Hz) 1.25 1.50 1.75
Amplitude (cm) 5.00 5.50 5.00 5.50 5.00 5.50
Tow Speed (m's) 0.21 0.23 0.25 0.28 0.29 2
Dynamic 7 Dynamic 10
Parameters Exp Sine |[2nd Mode| Exp Sine |2nd Mode| Exp Sine |2nd Mode
St Number 0.40 0.40 0.40
Frequency (Hz) 1.50 1.75 2.00
Amplitude (cm) 5.00 5.50 5 5.50 5.00 5.50
Tow Speed (m's) 0.19 0.21 22 0.24 25 0.28

Figure 3.3: Summary of input gaits values for the experiment

(waveform parameters). Changing the value of either flapping frequency f or tow speed Uy
results in different values of the Strouhal number for the motion. Each “dynamic” case
in the test matrix (Figure 3.3) represents a specific combination of flapping frequency and
Strouhal number for both waveforms. The tow speed is then calculated to achieve the
targeted Strouhal number. The Strouhal number increases from 0.1 to 0.4 going down the
rows of the dynamic cases. In addition, each of the three columns represents a qualitative
range of towing speeds (low, medium, and high). Scanning across the columns of the table,
from left to right, the oscillation frequency gradually increases, as does the towing speed.

The Reynolds numbers for all the dynamic cases range from about 200,000 to 650,000.

Structuring the experiment in this way enables comparisons at specific Strouhal numbers
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over a range of towing speeds while requiring a relatively limited number of towing trials (24

total for Case 3).

As mentioned above, the TBE is towed at the speeds indicated in dynamic 1 to 9 (18 test
runs in total since each dynamic case has 2 waveform types and hence 2 associated speeds)
for case 1. For case 2, the TBE is actuated at a flapping frequency ranging from 0.75 Hz
to 1.75 Hz at an increment of 0.25 Hz for each waveform type. The max amplitude A is
kept constant between the test runs and is chosen to be 5.0 cm for the exponential sinusoid
waveform and 5.5 cm for the 2" bending mode to keep the relative angle of the modules

within the design limit. In total, there are 10 test runs for case 2.

3.5 Uncertainty Analysis

The uncertainties of the axial forces reported in Section 3.6 are calculated for each motion
using the standard deviation (o) of the force dynamic response. During each test run, the
TBE is actuated for at least 30 seconds but only a snapshot of 20 seconds of the hydrodynamic
data (when the motion is steady) is used for the analysis. The force signal is recorded at a
rate of 250 Hz, which yields 5,000 sampling points in total. The measurement uncertainties

of the mean axial forces from the experiment are determined by the following equation:

20(F,)
NaT]

§(F,) =+ (3.2)

where M is the total number of samples. The +20-range corresponds to a 95% confidence
interval for the reported values. Then, the uncertainty of the quasi-propulsive efficiency are
derived from the measurement uncertainties of the forces T}, D, tow speed U, and input

power Pi,.
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3.6 Experiment Results & Discussion

3.6.1 Body Drag Measurement

The body drag results for the unactuated TBE configuration at different towing speeds
are shown in Figure 3.4. Using a least-squares fit, a quadratic regression between the two

quantities is found to be:

D = 1.3791U2 (3.3)
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Figure 3.4: The body drag forces of the unactuated TBE at various towing speeds (Case 1)

This correlation is used to calculate the body profile drag D of the TBE device in determining
the locomotion quasi-propulsive efficiency using equation (3.1) in test case 3. Unlike empir-
ical models that are used to predict the true thrust and drag produced by the undulating
motion of fish, such as Lighthill’s Elongated Body Theory [14], it is difficult to distinguish

between these two force components and measure them separately for a self-propelled sys-
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tem. Instead, the TBE is towed at a known speed to measure the net force produced by the
actuated motion to determine whether or not it can overcome the least resistance force which
the device encountered in the undeformed configuration being propelled by a conventional

method (propellers, pump jet, etc.).

3.6.2 Dynamic Force Measurement

The mean values of the axial force (thrust) recorded over a period of 10 seconds where the
motion of the TBE is steady for the two waveforms at different frequencies in test case 2 are
shown in Figure 3.5 along with their uncertainties. Note that for this test case, the carriage
remains stationary during the actuation. The flapping frequencies are increased from 0.75 Hz
to 1.75 Hz at an increment of 0.25 Hz for each waveform. Overall, the thrust generated by
both waveforms increases with the flapping frequency f but at different rates. At a low value
of f, both waveforms produce about the same amount of force but as the frequency increases
beyond 1.25 Hz, the 2°¢ bending mode produces significantly more thrust compared to the

exponential sinusoid waveform with a higher rate of marginal gain.

Meanwhile, with the presence of free-stream flow in test case 3, the resulting axial forces from
the motion exhibited by the TBE also change. From Figure 3.6, note that at a low Strouhal
number, which corresponds to a higher tow speed within that speed setting as seen in the
test matrix (Figure 3.3), the measured axial forces on both waveforms are negative, meaning
that the motions do not generate enough thrust to overcome the drag on the deformed body.
However, as the tow speed is reduced and the flapping frequency increases, which leads to the
increment of Strouhal number for the motion, the TBE experiences less body drag and the
actuation of its modules start to generate a positive mean axial force. From the observations

made in test case 2, one would expect that the mean axial force would be proportional to
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Figure 3.5: The mean axial forces produced by different motions of TBE in the absence of
free-stream flow (Case 2)

the Strouhal number. However, this behavior is only observed on the 2°¢ bending mode
waveform at low and medium tow speed settings. Otherwise, after a significant gain going
from the Strouhal number of 0.1 to 0.2, the mean axial forces either plateau or only increase

at a marginal rate.

Plotting the mean axial force between the two waveforms for each tow speed setting (Figure
3.7), we observe that at low tow speed, the 2"¢ bending mode waveform registers a higher
force measurement with the increase of flapping frequency and Strouhal number compared to
the exponential sinusoid one. However, at the high tow speed setting, this trend is reversed
as the exponential sinusoid motions can sustain a positive mean axial force while the 24

bending mode motions result in negative net forces except for the case where Strouhal number

is equal to 0.4.

As mentioned earlier, the undulating motion of the TBE modules generates a pattern of
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Figure 3.6: Mean axial forces produced by the TBE motion in towed conditions (Case 3) for
each waveform

reversed Benard-von Karman (rBvK) vortices in the wake, which induces a jet flow in the
direction of the incoming free-stream flow and results in a net thrust on the body. The
magnitude of the generated thrust depends on the frequency and the strength at which
these vortices are formed and their proximity to the trailing edge of the TBE as they shed
from the tail module [23]. In the absence of the free-stream flow as in test case 2, the rBvK
vortices naturally traverse down the body length of the TBE device and remain in the wake
for a longer period of time. Therefore, the magnitude of the thrust generated is higher
compared to the motions in test case 3. The overall shape of the actuated TBE also gives

some insights to explain the differences in thrust generated between the two waveforms.
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From Figure 2.11, the body shape reaches the max amplitude halfway through the body
length on the 2" bending mode waveform instead of at the tail on the exponential sinusoid
waveform. As a result, the relative angles between the modules of the 2"¢ bending mode
waveform are higher, which lead to the formation of stronger rBvK vortices earlier along the
length of the body shape. Therefore, when the TBE is stationary (case 2) or tow at low
speed (case 3), these vortices remain within close vicinity to the tail module and produce a

higher propulsive force on the body compared to the exponential sinusoid waveform.
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Figure 3.7: The mean axial forces produced by the TBE motion in towed conditions (Case 3)
at each speed setting

However, for the 2"! bending mode, the TBE also protrudes a larger portion of its body

in the lateral direction. The high angle of the modules relative to the free-stream might
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lead to flow separation from the body at a high Reynolds number that would cause a rise
in drag. Therefore, as the tow speed increases, the benefit from this waveform type starts
to diminish. Although the exponential sinusoid waveform actuation generates less thrust in
test case 2, its streamlined shape reduces the amount of drag experienced by the body and

results in a higher net force.

Meanwhile, the marginal gain of thrust observed with both waveforms beyond a Strouhal
number of 0.2 within each speed setting is minimal. This phenomenon might be due to either
the faster oscillating motion shedding the vortices in a higher frequency but with a weaker
strength or the drag generated from the increase of flapping frequency being substantially
more than the gain of thrust. This supports the claim that there is a narrow range of

Strouhal number where the pisciform locomotion is optimal [28, 29].

3.6.3 Dynamic Torque Measurement

The maximum and root-mean-square (RMS) value of the output torques measured across
the servos during the motions in test case 2 are shown in Figure 3.8 (for exponential sinusoid

waveform) and Figure 3.9 (for 224

bending mode waveform). In general, torque increases with
the flapping frequency, both max and RMS values since the servos must move to the desired
position faster. The motions of 2"¢ bending mode waveform also require higher output torque
compared to the exponential sinusoid since the max amplitude of the body shape on the 274
bending mode occurs midway of the body length instead of the tail. Therefore, the relative
angles between the modules required to exhibit the 2"¢ bending mode waveform motions are
larger compared to those of the exponential sinusoid waveform. With a few exceptions, the

max RMS value of the torque is usually observed on the first servo since it has to move the

most mass during the actuation.
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Figure 3.8: The maximum and RMS of the output torque of the servos for exponential
sinusoid waveform motions in test case 2
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Figure 3.9: The maximum and RMS of the output torque of the servos for the 2¢ bending
mode waveform motions in test case 2
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The max output torque across all the servos for the motion in test case 3 is shown in
Figure 3.10. Across both waveform types, the max torque increases with the tow speeds,
which is expected since the servos must work harder to overcome the stronger flow that the
modules encountered during the actuation. Within each speed setting, the max output torque
generally increases with the flapping frequencies which are associated with a higher Strouhal
number. However, for the 2"¢ bending mode motion, there is a small range of Strouhal
number where the max torque does not follow this trend and remains constant. With a

limited number of tests, it is difficult to find the exact motion range for this behavior.
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Figure 3.10: The maximum output torque from the servos when the TBE actuated in towed
conditions (test case 3) for each waveform

Comparing the max torque between both waveform types at a similar tow speed setting as

shown in Figure 3.11, we see that the observations from test case 2 still holds true where the
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Figure 3.11: The max output torque from the servos when the TBE in towed conditions
(test case 3) for each speed setting

2" bending mode motions require a higher amount of torque from the servos. For the motion
at the max flapping frequency of 2.0 Hz (dynamic 12 under high tow speed) where the TBE
is designed to operate, the max torque required is within the torque limit of 280 N.cm of the
servo. At this aggressive motion, the peak angle each servo can achieve is with 90% to 95%
of the commanded angles. Beyond this flapping frequency for the 5-module configuration,
the servo starts to stall and cuts off, and therefore, the device can not sustain the motion.
If the user wants to add more modules, the flapping frequency and/or the max amplitude
for the body shape must be reduced to a lower value. This practice does not degrade the
main objective of imitating the natural motion of real fishes. From observations on multiple

marine species, Bainbridge [4] concluded that as the fish body length increase, the flapping
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frequency of the undulating motion during steady motion also decreases asymptotically.

Therefore, the TBE meets all the performance requirements we sought to improve upon.

3.6.4 Quasi-Propulsive Efficiency

The hydrodynamics and kinematics data collected are used to compute the quasi-propulsive
efficiency of the locomotion exhibited in test case 3 using equation (3.1). Plotting the
results, we observe different qualitative trends between the two waveform types. From Figure
3.12, note that for the exponential sinusoid waveform, the efficiency has already peaked
at a Strouhal number outside the testing range for the low and high tow speed settings.
Meanwhile, for the medium speed setting, the locomotions reach the optimal point around
the Strouhal number of 0.2. This is also the Strouhal number where the 2"¢ bending mode
waveform achieves maximum propulsive efficiency across all towing speeds. Beyond this
range, the propulsive efficiencies of both waveform types gradually decline. By examining
the torque output from the previous section, it takes more power to sustain the actuation
at a greater Strouhal number (due to the high flapping frequency associated). However, the

benefit of extra thrust is only marginal, which leads to the loss of efficiency.

Plotting the efficiency of both waveform locomotions for each tow speed as seen in Figure
3.13, we observe that the exponential sinusoid waveform is more efficient at high tow speed
setting. At low and medium speed, 2°¢ bending mode locomotions are better only at high
Strouhal number. Recall from Figure 3.6, only the motions that utilize the exponential
sinusoid waveform can sustain a positive net force in a high Reynolds number free-stream
flow with a more streamlined body shape. Meanwhile, 2"¢ bending mode locomotions are
better in generating more thrust without the compromise in drag at a low Reynolds number.

The propulsive efficiency reflects the trends observed in the hydrodynamic performance.
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Figure 3.12: The quasi-propulsive efficiency of the locomotions exhibited by the TBE in test
case 3 for each waveform

For the simplicity of the experiment, the TBE device is towed instead of self-propelling.
The towing action still preserves the hydrodynamic nature of a steady swimming motion
observed in fish and provides meaningful data for the underwater robotic design workflow.
In many applications, the ultimate goal is to minimize the power consumption of the device
for endurance capability, which correlates to the maximize the quasi-propulsive efficiency
ngp for a given self-propelled vehicle under towed conditions [17]. The data needed to
compute ngp can be obtained with standard equipment, and therefore, help to simplify the

experimental set-up and design challenges for the TBE.

In previous experiments that studied the real locomotions of different fish species at various

sizes, Eloy [7], Triantafyllou et al. [29] and Triantafyllou et al. [28] all observed that these
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animals swim within a narrow range of optimal Strouhal number from 0.25 to 0.35. From
our experiment, the quasi-propulsive efficiency of the TBE under towed conditions peaks
around the Strouhal number of 0.2 for most motions, which is not far from the true optimal
range for fish. The small discrepancies can be accounted for by the rigidity of the modules
that make up the TBE, which cannot mimic the flexible peduncles of real fish. In addition,
the discontinuity between the modules changes the formation pattern of the vortices and the
mechanism they traverse downstream during the motion. Thus, the motion exhibited by the

robotic device would have a different optimal performance compare to natural fishes.
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3.7 Chapter Summary

To test the performance of the TBE apparatus introduced in Chapter 2, an experiment is
conducted at the Stevens Institute of Technology towing tank. The device is subjected to a
variety of locomotion types to collect the hydrodynamic force and kinematics data produced
by its undulating motions. As the TBE actuates the modules, it is towed along the tank at
various speeds to represent different combinations of the Reynolds and Strouhal numbers.

The major findings from the analysis of the experimental data are summarized as following:

o When the TBE is actuated but not towed, the thrust generated is proportional to the
flapping frequency. The rate of increase of the thrust resulted from the 2"¢ bending

mode waveform is higher compared to the sinusoid waveform.

o« When the TBE is both actuated and towed, the highest net axial force resulted from
each waveform is observed at the lowest tow speed where the drag on the actuated

body is lowest.

o The undulating motion that mimics 2°¢ bending mode waveform results in a higher
net axial force at low tow speed but its performance degrades at a high tow speed

compared to the exponential sinusoid waveform.

o The net axial force from both waveform types generally increases with the Strouhal
number due to the increase in flapping frequency and the decrease of free-stream

velocity with a tow speed setting but starts to plateau at the higher Strouhal number.

« The undulating motions of the 2"¢ bending mode waveform require more torque output
from the servos and therefore, more input power to achieve the imitation due to the

waveform shape results in a higher relative angle between the modules.
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e When factor in the drag of the unactuated TBE to calculate the quasi-propulsive
efficiency, the motion across both waveform types achieve max performance around
the Strouhal number of 0.2. This is consistent with the optimal Strouhal number

observed on the steady swimming action of real fish species.

e The TBE device in the 5-module configuration is able to achieve the desired level
performance when it can actuate at any flapping frequency less than 2.0 Hz with all

the servos being able to keep up with the commanded angles.

With the promising results from the experiment, we plan to explore the locomotions in either
a higher undulatory regime by adding more modules or with a higher flapping frequency.
The data collected is used to validate different reduced-order models for the unsteady flow

for such a motion and enhance the design of future underwater robotic vehicles.



Chapter 4

Hydrodynamic Models of Pisciform

Locomotion

4.1 Introduction

In designing such a bio-mimetic robot, it is beneficial to have a method to estimate the
hydrodynamic performance of different design iterations throughout the process. While the
TBE provides a method to obtain this information experimentally, the experiment itself is
time-consuming and requires a towing basin facility to execute. Moreover, the length of the
TBE body can only be varied in discrete increment since the length of the modules are fixed.
On the other hand, high-fidelity computational fluid dynamic (CFD) is another alternative
method that can be utilized to aid the design process. However, it is also time-consuming

to set up and demands substantial computational resources for the analysis.

In this chapter, we present a reduced-order model using the unsteady vortex lattice method
(UVLM) to estimate the hydrodynamic performance of a bio-mimetic robot. Since the
UVLM model takes much less time and computational resources to run compared to CFD,
one can use it to explore a high-dimensional space of design parameters before narrowing
it down to a smaller range for detail analysis with the high-fidelity model or experimental
effort. The hydrodynamic prediction from the UVLM model is then compared with the

experimental data to assess the accuracy of the proposed method.

59
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4.2 Unsteady Vortex Lattice Method

The simulation using UVLM presented in this chapter requires less computational resources
to complete compared to the high-fidelity CFD model. However, UVLM is only applicable to
incompressible, inviscid and irrotational flow where the separation lines are known a priori.
These are the assumptions we make when applying the method to predict the hydrodynamic
performance of the TBE in the experiment introduced in Chapter 3. The steps involved in
using UVLM to model the unsteady flow around the TBE device is shown in Figure 4.1.

=

Define IMBE Geometry

Compute prior to the
¢ - time-loop since the

. ] ] . ] apparatus is towed
2D Motion Kinematics Calculation of 3D Motion
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Pressures, etc.
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Vortices Shedding, Time evolution of shed
Wake Rollup vortices in the wake

End Time-Loop

Figure 4.1: Schematic flowchart of the calculation steps to obtain hydrodynamic prediction
for such an unsteady pisciform locomotion using UVLM
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First, the surface of the TBE, including the forebody fairing, all the module fairings, and the
tail fairing are “meshed” or divided into numbers of rectangular panels that approximated the
geometry of the outer-mold-line (OML) of the fairing surface. Then discrete fundamental
flow singularities such as a lumped-vortex element or vortex ring are placed strategically
on those panels. The strength of these singularities (circulation of vortices) are treated
as unknowns and can be determined by imposing the non-penetration condition (zero flow
velocity normal to the surface) at the collocation points on the panels for each time step.
Then, the solution of the vortex strengths is used to determine the pressure distribution
around the hydrofoil and calculate the hydrodynamic force on the body as a result. These
vortex elements are also allowed to shed from the tail module after each time step and

influence the new vortices created upstream to capture the unsteady effects of the wake.s

UVLM is ideal to model a flow past a thin, moving hydrofoil. For simplicity, we approximate
each module of the TBE as a thin plate. The profile drag due to viscous friction obtained from
the experiment is then added to the simulation results to determine the approximation of
the true net force for the applicable motions. The following sections provide more details on
the formulation of the computer code that computes the numerical solution of hydrodynamic

forces for the TBE motions using UVLM.

4.2.1 Choice of Singularity Element

Since we approximate each module of the TBE device as a 3D thin-plate splitting into
numbers of panels, the singularity element that best reflects the geometry of these panels
are vortex rings with the same dimension. As shown in Figure 4.2, the leading edge of the
vortex ring is placed in coincident with the quarter chord line of the panel and the collocation

point (marked with “x”) located at the center of the three-quarter chord line (also the center
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of the vortex ring). The normal vector n is also defined from the collocation point pointing
outward from the surface. Each vortex line that makes up the vortex ring has a positive

circulation I';; defined according to the right-hand rotational rule.

t=1, lteration 1
(Location of TE)

t=ty+ At lteration 2
u(t) :
t=1ty+2At Iteration 3
.
t=t,+ 24t lteration 4

V(t)

Figure 4.2: Nomenclature of a hydrofoil surface approximated with panel and vortex ring.
(Note that the fluid is at rest and the hydrofoil surface is moved to the left of the page.)

Suppose we have an arbitrary point P(z,y, z) in the vicinity of the hydrofoil then each vortex
line component of a vortex ring would induce a velocity field on this point, which can be

calculated using the Biot-Savart equation as:

v= K- (Fl X I_:Q)y (41)

where

koI 2 (f’o;f’l _FO;FQ)
A |ty x o) [Tl (]

with ry is the vector that point along the vortex element, and 17, T are the vectors point

from point P(x,y, z) to the root and tip of the vortex line as illustrated in Figure 4.3. This
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formulation can be converted to a computational routine that calculate the induced velocity
(u,v,w) at any arbitrary point P(z,y,z) as a function of vortex line strength I" and the

coordinate of its edge starting and ending point as:

(u,v,w) = VORTEXLINE(z, y, 2, 1, Y1, 21, T2, Y2, 22, ) (4.2)

(x4, V4, 24}

(X3, Y3, 23)

(x2, y2, 22)

(xp, ¥1,21)

(xp,¥p,2p)

Figure 4.3: Influence of a straight vortex line (left) and a rectilinear vortex ring (right)
with circulation I' on an arbitrary point P

Since each vortex ring comprises four vortex lines, we can call this VORTEXLINE routine
(equation 4.2) four times to calculate the contribution of each vortex line to the induced

velocity at point P as:

(u1,v1,w;) = VORTEXLINE(z, y, 2, x1, Y1, 21, T2, Yo, 22, )
(Ug, V2, w?) = VOR‘TEXLINE<ZB7 Y,2,T2,Y2, 22,13, Y3, 23, F)
(us, v3,w3) = VORTEXLINE(x, y, 2, 23, Y3, 23, T4, Y4, 24, ')

(U4, Uy, w4) = VORTEXLINE(%Z/, ZyT4,Y4, 24, T1,Y1, 21, F)

and then the velocity field (u,v,w) induced by the rectilinear vortex ring of strength I' at
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point P can be obtained as:
4

(ua U, w) = Z(uu Vi wi)

i=1

For computational purpose, this calculation can be programmed into a subroutine as:

rT Yy z
" 1 Y1 oz
(v) — VORTEXRING | ©2 ¥ = (4.3)
w T3 Ys =3
Ty Ys 24
T

Applying to a known grid as shown in Figure 4.2, we can simplify the required inputs for

the VORTEXRING subroutine as:
(u,v,w) = VORTEXRING(z, y, 2,1, 7,T") (4.4)

where the 7, 7 indexes are used to identify the corner-point coordinates of the vortex ring.
This VORTEXRING subroutine is very simple to implement but serves a critical role and is

used at multiple places throughout the computation process.

4.2.2 Boundary Condition and Kinematics

In using UVLM, we assume that the fluid around the body is always inviscid, irrotational,
and incompressible over the entire flow field, excluding the body’s solid boundaries and the
wakes. Therefore, the velocity potential ®(X,Y, Z) and continuity equation can be defined

in an inertial frame (X, Y, Z) such that

V2® =0 (in X,Y,Z coordinates) (4.5)
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However, it is possible and actually more convenient to transform this equation into a body-

fixed frame of reference (z, vy, z) but still preserves the nature of the flow such that

V2® =0 (in x,y, z coordinates) (4.6)

The two coordinate systems can be related via equation (4.9). It has been proven by Katz
and Plotkin [10] that the quantity V2® = 0 is independent of the instantaneous coordinate
system and the continuity equation remains valid regardless of the choice of coordinate

¢

system. Then, the “zero-velocity” normal to the surface boundary condition in the body-

fixed frame can be written as:

(VO +v) -n=0 (in x,y,z coordinates) (4.7)

The term v in the equation above is the kinematic velocity due to the motion of the modules

as viewed in the body frame of reference and is given by:

v=—[Vo+ Qx| (4.8)

where Vg is the velocity of the (z,y,z) coordinate system’s origin expressed in the body
frame, r = (x,y, z) is the position vector, and € = (p,q,r) is the rate of rotation of the
body frame. The self-induced portion of the normal velocity (V® - n in equation (4.7) comes
from the influence of the vortex rings placed on the body and shed in the wake, and later

form the influence coefficient matrix for the problem.

Since TBE is a multibody system, we assign a unique body frame to each module, with the
origin located at the module’s center of rotation. The “zero-velocity” normal to the surface

boundary condition is then enforced on each module individually. From a given set of the
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input gaits and waveform type, the kinematic information of the hydrofoil in the inertial
frame can be easily computed. However, since the boundary condition is applied in the
body frame, we need to define the transformation between the two coordinate systems. For
simplicity, we choose this inertial frame of reference (X, Y, Z) such that at ¢t = 0, it coincides
with the body-fix frame (z,y, z) of the tail module. Then the transformation between the

body and inertial coordinate system can be defined using Euler’s rotation angles as:

x X — X,
y | = Ra3(@)Ra(0)Ra(¥0) | ¥ — Yo (4.9)
z 7z — ZO,i

where

cosy(t) siny(t) 0 cosf(t) 0 —sinf(t)
Ry(¢) = sing(t) cosy(t) 0], Ra(f)= 0 1 0
0 0 1 sinf(t) 0 cos6(t)

1 0 0
R3(p) =0 coso(t) sing(t)
0 —sing(t) cosd(t)

The index ¢ in equation (4.9) indicates the module to which the body frame is applied,
starting from the forebody to the tail modules and (X, Yo, Zo;) is the inertial coordinates
of that body frame’s origin. The variables ¢ (t), 8(t), ¢(t) are the Euler’s angles to rotate from
the inertial frame to the body frame. Since we know the motion path of all the modules,
we can compute this transformation at every time step. Equation (4.9) can also be used
to compute the velocity transformation between the two coordinate systems in a similar
fashion. Put everything together, equation (4.8) can be rewritten as:
u(t) Xo —qz+ry

v=|v(t) | = —Rs()Re(O) i (¥) | Yo | + | —ra+pz (4.10)
w(t) Zo —py + qv
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This formulation of kinematic velocity due to the motion of the modules is calculated at

each time step and implemented in equation (4.7) to enforce the boundary condition.

4.2.3 Discretization and Grid Generation

As briefly mentioned in Section 4.2.1, each module of the TBE device is approximated
as a thin plate and its surface is discretized into M chordwise panels (in the longitudinal
direction) and N spanwise panel (in the vertical direction). The leading edge of the vortex
ring is placed at the quarter-chord line of the panel so that the Kutta condition is satisfied

along the chord.

Trailing Edge

Wake vortex ring
corner points

Figure 4.4: Nomenclature of the wake shedding at the the trailing edge panel

An important aspect of our UVLM model is to allow the last row of vortex rings at the
tail module to shed into the wake after each time step and affect the flow upstream. This
procedure is illustrate in Figure 4.4. The wake vortex ring corner points are recalculated
at each time step to allow the insertion of a new row. The strengths of the recently shed

vortex ring are equal to the strength of the shedding vortex placed at the trailing edge from
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the previous time step (I'w; = I'rgi—a¢) as if it was shed from the trailing edge and flow
into the wake naturally). Once the wake vortices are shed, their strength is unchanged with
time to preserve the Helmholtz theorem. The shed wake vortex also has no aerodynamic
loads and move naturally with the local velocity. It does, however, influence the induced
velocity at the collocation points on the body and therefore, must be taken into account
when enforcing the boundary condition to form the influence coefficient matrix and the

momentary right-hand-side (RHS) vector.

4.2.4 Establish Influence Coefficients Matrix, RHS Vector

After selecting the singularity types and generating the grid of panels, we can implement the
boundary condition of zero normal flow on the solid surface of the body (i.e. equation (4.7)
must be satisfied at all the collocation points). But first, we need to establish the scanning
procedure to determine the velocity field at each collocation point induced by all the vortex
rings. As mentioned earlier, each module plate is divided into N spanwise and M chordwise
panels so the total number of panels and collocation points each plate hasis m = M x N. At
an arbitrary collocation point K, the boundary condition in equation (4.7) can be written

as:

a1t +agol's +agsls + -+ ag 'y
(4.11)

+ [u(t) + uw, v(t) + vw,w(t) + wwl, -ng =0
where ', (K = 1 — m) are unknowns strength of the vortex ring at this time step. Starting
from collocation point K = 1, we sweep through each of all the panels to calculate the

velocity at collocation point K induced by a unit strength vortex ring (i,j) on that same

panels using the VORTEXRING subroutine introduced in equation (4.4). For example, the
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velocity induced by the first unit strength vortex ring (I'; = 1.0) is:

(u,v,w);; = VORTEXRING(z,y,2,i =1, = 1,I'; = 1.0)

Then the influence coefficient a1y is a1; = (u, v, w)1 - ng.
Use another counter L =1 — M x N, we can calculated the influence coefficient ax as the

normal velocity at collocation point K induced by unit strength vortex ring L as:

O = (%U, w)KL ‘Ng

Repeat this process for all the collocation points, we obtain the influence coefficient matrix

@13 A2 - Qim
Q21 Q22 -+ Qom

A= 7 7 . (4.12)
Am1 Am2 - Qmm

From equation (4.11), the terms [u(t), v(t), w(t)]x are the time-dependent kinematic velocity
component resulted from the modules motion and can be calculated using equation (4.8).
Meanwhile, [uy, vy, wy |k are the induced velocity from the wake vortices, which can also be
calculated using VORTEXRING subroutine shown in equation (4.4). Since these quantities
are known at each time step, they can be moved to the right-hand side of the boundary

condition equation. As a result, elements of the momentary RHS vector can be defined as:

RHSK = — [u(t) + uw, U(t) + Uw,w(t> + ww]K ‘Ng (413)
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At each time step, once the influence coefficients matrix and the RHS vector are computed,

the zero normal flow boundary conditions on each module yield the following linear system:

aix a2 - Qim I' RHS,
S I Bl B e (111
Um1 Qm2  **° Qmm Fm RHSm

The computation of the influence coefficients matrix is extremely parallelizable since each
element axy, can be computed independently from another, which helps to accelerate solving
time with more computational resources. Then the unknown I'x can be easily obtained by
solving the linear system with matrix inversion. These vortex strengths are then used to cal-
culate the resulted pressure distribution around the flow field along with the hydrodynamic

loads on the body.

4.2.5 Post-Process Procedure

From Bernoulli equation, the local pressure at each panel can be calculated as:

Api; = p{ ([u(t) + uw, v(t) + vw, w(t) + wwl; ;- 7.2.) Lig—Tic1g
(4.15)

I, —Tij1 0
(fut) + uw, 0(0) + vow, w(t) + w7 ) =t arm}
7‘7.]

where 7;, 7, are the tangential vectors in the ¢ and j direction to the panel at the colloca-
tion point and Ac;;, Ab;; are the panel lengths in the ith and jth directions, respectively.

Then, the aerodynamic loads this panel contribute to the body resulted from the pressure
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distribution and resolved along the body axes are:

AF;; = — (ApAS), ;n;; (4.16)
The total hydrodynamic forces resulted from the motion hydrofoil body can then be obtained
by integrating the contribution of each panel across all the entire modules and resolving it on
the inertial frame of reference. Due to the orientation of the TBE, what is usually referred
to as “lift” is the side force, and the “drag” is considered to be the axial force. Due to the
orientation of the inertial coordinate system, if the resulted axial force is negative then there
is a net drag on the device. Otherwise, if the axial force predicted by the model is positive
then the undulating motion of the TBE device generates a net thrust. The formulation
of the UVLM model only accounts for the induced drag but not the viscous profile drag.
Therefore, the resulted axial force is corrected with experimental data of the missing profile

drag for a better prediction of hydrodynamic performance.

4.2.6 Vortex Wake Rollup

After each time step, a new row of vortex rings is shed into the wake. The strength of
these vortices, once shed, remains unchanged as the vortices accumulate with time in the
wake. Because of this, the vortices in the wake are force free and move naturally with the
local stream velocity. This local velocity, measured in the inertial frame of reference at the
wake vortex corner points, is induced by the vortex rings in the wake themselves and on the

hydrofoil body and can be calculated using the same VORTEXRING subroutine introduced
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above as:

m><NL

(U, v, w)l = Z VORTEXRING(:EM Yi, 21, ia ja FK)
K=t (4.17)

Nw
+ Y VORTEXRING (z1, i, 21, iw, jw> L)

K=1

where m is the total number of panels on each modules, Ny, is the total number of modules,
and Ny is the total number of vortex rings in the wake. Note that the values of Ny, increase
with time and so does a size of matrix that stores the corner points of the wake vortex ring.
Then to achieve the wake rollup motion, the displacement of the vortex elements due to the

local velocity can be simply calculated as:
(Az, Ay, Az); = (u, v, w) At (4.18)

This wake rollup calculation assumes that the circulation in the wake is not significant and
does not stretch or contract the size of the vortex rings already existed in the wake. However,
in the case where the wake rollup is strong enough to distort the vortex ring, which cause

the length of the vortex line segment, the vortex strength must be adjusted accordingly.

4.3 Numerical Results & Discussions

Using the algorithm outlined in Section 4.2 that utilized the unsteady vortex lattice method,
we then compute the hydrodynamic force produced by the undulating motions of the TBE
in test case 3 using the same geometry and gait inputs specified in the experiment test-
matrix (Figure 3.3). The results are plotted against the Strouhal number (and thus, flapping

frequency) for each waveform in Figure 4.5. Note that since we approximate each module of
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the device as a flat plat to reduce the computational cost, the hydrodynamic results given
by UVLM does not account for the profile drag of the TBE body. The axial force predicted
by the code can be considered as the “pure” propulsive thrust produced as a result of the
undulating motion (similar to motions in test case 2 where the TBE actuates but remains

stationary), not the net axial forces that measured from the experiment and presented in

Chapter 3.
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Figure 4.5: Propulsive forces predicted by UVLM for the motions exhibited in
experimental test case 3 for each waveform types

Recall from the test matrix (Figure 3.3) that the Strouhal number increases from 0.1 to 0.4
with an increment of 0.1 within each tow speed setting. The flapping frequency is gradually

increased along with the reduction of the tow speed to achieve different Strouhal numbers.
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In addition, the starting flapping frequency at the lowest Strouhal number is also increased
from one tow speed setting to another, and therefore, increase the tow speed value for
motions within that setting. From Figure 4.5, the propulsive force has different behavior for
each waveform type. For the exponential sinusoid waveform, not only the propulsive force
increase but the rate of change also grows with the Strouhal and flapping frequency. On
the other hand, we observe an opposite behavior on the 2"¢ bending mode motion where
the propulsive force increases initially but starts to plateau for those motions with high tow
speed. The motions that utilized 2! bending mode waveform also generate more thrust at

a given flapping frequency and tow speed.

This latter observation aligns with the hydrodynamic data collected from the experiment
and our hypothesis about the vortex shed by the 2"¢ bending mode motions. Since the body
shape of this waveform has the max amplitude at mid-length instead of the tail, it shed
stronger vortices earlier and therefore, generates more thrust. On the other hand, the 27
bending mode waveform is more susceptible to lose thrust at high tow speed compared to
the exponential sinusoid waveform. This marginal increase of thrust can be explained with
the work presented in Quinn et al. [23] and Eloy [7] where the high-velocity free-stream
flow traverses the formed vortices downstream faster and therefore, reduce their propulsive
effectiveness. This phenomenon is reflected in the wake roll-up behavior observed from the
UVLM solution where the vortices dissipate faster in the wake on the 2"! bending mode

waveform compared to the exponential sinusoid.

Now, to calculate the net axial force for a fair comparison with the experimental data, we
then subtract out the body profile drag (obtained from test case 1 in the experiment) from

the propulsive force predicted by UVLM as:

Fuet,uvim = Fruvim — FaragExp (4.19)
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Figure 4.6: Comparison of the net axial forces obtained from UVLM and the experiment
for the motions exhibited in experimental test case 3 for each waveform types

This net axial force Fye; uvim is plotted along with the similar experimental data in Figure
4.6 for the motions exhibited in test case 3. Qualitatively, the UVLM prediction is within one
magnitude of order compared to the experimental data. It accurately predicts the marginal
increase of the axial force at the high Strouhal number. However, the UVLM under-predicts
the propulsive force at the low Strouhal number so when it is subtracted with the body drag,

the resulted net axial force is negative and deviates away from the experimental data.

Recall that the UVLM model is only applicable to incompressible, inviscid, and irrotational
flow. The discrepancies between the simulation predictions and the experimental results

might be caused by the fact that some of those criteria do not hold for the locomotion
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exhibited by the TBE. Especially for the motions at the low Strouhal number, which correlate
to the higher Reynolds number, the flow might not be irrotational in the wake. However,
it is difficult to confirm this behavior without using some flow visualization methods during

the motion.

Using the preliminary results from UVLM along with a kinematic model to predict the torque
experienced by each servo, one can narrow down the optimal range of Strouhal number for
a given configuration and determine whether to continue with the high-fidelity analysis
and experimental testing or pivot to another iteration to satisfy the design requirement.
This is how UVLM can be a valuable tool for the preliminary design stage. The code
is less computational demand and can be run quickly, allow designers to cycle through
different design iteration for a qualitative assessment before choosing the promising design

for experiment testing with the TBE apparatus.

4.4 Chapter Summary

In this chapter, we introduced a reduced-order model that utilizes the unsteady vortex
lattice method (UVLM) to recreate the flow field around the TBE device and predict its
hydrodynamic performance. The UVLM model approximates each module of the TBE as
a thin plate and divides it into rectilinear panels in the chordwise and spanwise direction.
Each panel is accompanied by a vortex ring that induced the velocity in the flow field. It
then applies the boundary condition of zero flow velocity normal to the solid surface to
determine the strength of these vortex rings on the body and uses that result to calculate
the hydrodynamic force produced by the motion. After each time step, the last row of vortex
rings is shed from the trailing edge of the tail module into the wake. These wake vortices

flow naturally in the wake and also influence the flow upstream. The reduced-order model
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we proposed is only applicable to incompressible, inviscid flow. In addition, it also required
low order of circulation in the wake since the vortex elements are not allowed to be distorted
in the case of strong circulation. These assumptions apply to the locomotion of the TBE

and therefore, the UVLM is valid to simulate the motions of the device.

After formulating the computer code that implements UVLM, we then used it to predict the
hydrodynamic performance of the undulating motions while being towed similar to test case
3 in the experiment introduced in Chapter 3 with the values for input gaits summarized in

Figure 3.3. From the analysis of the simulation results, we make the following conclusions:

« The net axial forces predicted by UVLM (after being corrected with profile drag) are

within one order of magnitude compared to the experimental results.

o The qualitative trend in the predicted axial force from UVLM is similar to what has
been observed in the experiment where the benefit of thrust increase is only marginal

at the high Strouhal number.

e The UVLM model underpredicted the net axial force generated by the undulating

motion at low flapping frequency.

Overall, the proposed hydrodynamic model correctly predicts the qualitative behavior of the
hydrodynamic forces generated by the TBE motion at different locomotion inputs. However,
it is not suitable to be used for the detailed design process or develop a control algorithm for
such a bio-mimetic robot. Nevertheless, the computer code that implements the proposed
UVLM model is still very robust and requires minimal computational resources to execute.
Therefore, one could the model to conduct an initial feasibility study at the conceptual design
stage to narrow down an optimal range of morphology and gait inputs for a specific design
requirement that could be used later for high-fidelity analysis such as CFD or experimental

validations. Indeed, this is the primary application of the method proposed in this chapter.
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Conclusion and Future Work

5.1 Conclusion

While generating the same propulsive effect, multiple research efforts conducted in the past
have concluded that the mechanism of bio-inspired propulsion possesses better capabilities
for speed, agility, efficiency, and stealthiness compared to the conventional propeller-based
system. This is the primary motivation behind the works presented in this thesis, which
investigate the implementation of the non-conventional pisciform (fish-like) locomotion as a
potential propulsive system on underwater vehicles from both experimental and analytical
approaches. As the biomimetic principle gains more interest from engineers, it is essential
to not only expand our knowledge about the underlying mechanism of pisciform locomotion
that has been perfected by natural marine creatures through thousand years of evolution

and natural selection but also transform those understandings into effective robotic designs.

The effort starts with Chapter 2 where an improved modular biolocomotion emulator (TBE)
is introduced. TBE is an experimental apparatus that comprises multiples modules serially
connected that can be actuated in synchronous to mimic the undulating motion of fishes in
steady swimming action. These modules are designed such that they can be easily replaced if
the servo inside fails or added to the configuration to represent different undulatory regimes
of pisciform locomotion, ranging from ostraciiform to anguilliform swimmers. The servo

inside each module is IP67-waterproof rated out of the box and with most of the electronic

78
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hardware located above the water, the device proves to be more reliable compared to its
predecessor. With a simple LabVIEW VI, one can specify the values of gait and morphology
inputs for the TBE to exhibit different pisciform locomotion. The hydrodynamic forces and

moments are also measured using a sting balance.

Next, the TBE is subjected to an experiment outlined in Chapter 3 to test its capability and
performance. During the course of the experiment, the device is commanded to exhibit a
variety of undulating motion at different flapping frequencies and body shapes (waveforms).
As the TBE actuates its modules while being towed at a different speed, the resulted hydro-
dynamic forces and kinematics are measured using an L-shape 6-DOF sting balance that also
attaches the device to the towing carriage. From the analysis of the experimental data, a few
interesting observations are made. First, the net axial force produced by the motion indeed
increases with the flapping frequency and therefore, Strouhal number. However, the rate of
change is not linear where the net axial force rises rapidly at low Strouhal number but starts
to plateau at a high value across both body shape waveforms. Secondly, the output torque
from the servo also increases with flapping frequency and tow speed since they have to move
the module faster and counteract the added-mass effect. At the max flapping frequency of
2.0 Hz that the TBE is targeted, all the servos can achieve 90 — 95% of the commanded po-
sition, and the max torque required to achieve the motion get close to the max rated torque
of 285 N.cm of the servos. Therefore, to operate at a higher flapping frequency, one must
essentially reduce the max amplitude of the body shape waveform. Finally, TBE achieves
the optimal performance with the maximum value of the quasi-propulsive efficiency occurs
around the Strouhal number of 0.2, which is consistent with the optimal range of Strouhal

number from 0.25 to 0.35 researchers observed on real fish species.

The hydrodynamic data collected from the experiment are then used to validate a reduced

order flow model that utilizes the unsteady vortex lattice method (UVLM) to recreate the
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flow field around the TBE body. As discussed in Chapter 4, the UVLM model approximates
each module of the TBE as a thin plate and divides it into rectilinear panels. It then enforces
the boundary condition of zero flow velocity normal to the surface at each collocation point
on the panel to determine the strength of the vortex rings that induced the flow field at
each time step. Overall, the hydrodynamic results predicted by the model are accurate
within one order of magnitude compared to the experimental data. However, the method
is not suitable to be used for detailed design works. In spite of its limitations, the model
is extremely robust and requires minimal computational resources for execution. Therefore,
it can be extremely helpful for the designer at the early stage of design to explore a large
space of possible configuration before narrowing it down to a range of optimal morphology

and gait inputs for high-fidelity analysis or experimental validation.

5.2 Suggested Future Works

With the hardware resulted from the project, one could use the TBE device along with
all the accompanying equipment to conduct more experiments to test different types of
locomotion the device can exhibit. The flow visualization method can also be incorporated
into the experiment to determine the thrust generating mechanism of the motion. Next,
the electronic system of the TBE can also be modified to reduce the latency limit of the
commanding and feedback signal for a higher flapping frequency motion and better resolution
of the data. Finally, the hydrodynamic data collected from the experiment can be used to

develop better control law for such a device.
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