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ABSTRACT

AN AQUATIC UNDERACTUATED MODULAR SELF-RECONFIGURABLE ROBOTIC

SYSTEM FOR INFORMATION-LIMITED NAVIGATION IN GYRE-LIKE FLOWS

Gedaliah Knizhnik

Mark Yim

Aquatic modular self-reconfigurable robotic systems (MSRRs) have incredible potential for

bringing practical, flexible, and adaptable robotic tools to challenging environments. They

could build mobile ocean platforms or bridges for larger vehicles, act as ocean-going manipu-

lators to perform repairs on infrastructure, or function as oceanographic research platforms,

using reconfiguration to achieve precise spatial resolution when sensing or to improve energy

efficiency when traveling over large distances.

Development of aquatic MSRRs, however, is limited by the assumption that modules need

to be capable of holonomic actuation, which makes them complex and expensive. This

work challenges this limitation, presenting a novel underactuated aquatic robot called the

Modboat that uses a single motor and passive flippers for propulsion and steering, and

developing a capable aquatic MSRR that can dock, undock, reconfigure, and move as a

collective using Modboats as its modules.

Aquatic systems are further limited because conventional techniques assume that full flow

models are needed to use ocean currents for navigation. Such flow models are rarely available,

so practical deployments are limited to high thrust and energy-capacity systems. This disser-

tation challenges this assumption, demonstrating that limited knowledge of ocean gyres can

be used for energy-efficient navigation even by low-thrust systems, and that this navigation

can significantly expand the operational range of energy-limited robotic systems. Modboat

modules are used to verify these results as an example underactuated and low-power robot.
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CHAPTER 1

Introduction

Modular self-recon�gurable robotic systems (MSRRs) o�er enormous promise as systems

that are versatile, �exible, robust, responsive, and adaptable [1, 2]. The ability to build

swarms of simple generalist modules, capable of basic locomotion and docking behaviors, and

to combine them together in varying con�gurations to �build� specialist robots for particular

tasks is critical for taking robots from restricted and expensive laboratory experiments to

practical tools in real-world scenarios.

In particular, aquatic environments have enormous openings for the application of MSRRs.

Aquatic MSRRs could facilitate ocean research and infrastructure by providing mobile plat-

forms to land helicopters, drones, or short-landing airplanes. They could be used to build

bridges for larger vehicles, such as in a military operation or disaster zone, or act as ocean-

going manipulators to perform repairs on infrastructure such as buoys, undersea cables, or

pipelines. Or they could act as oceanographic research platforms, using recon�guration to

achieve precise spatial resolution when sensing, improve energy e�ciency when traveling

over large distances, or manipulate objects they encounter.

All of these tasks could be performed by various conventional robots, both autonomous

surface vehicles (ASVs) and autonomous underwater vehicles (AUVs). But aquatic environ-

ments tend to feature a perfect storm of factors to stump specialist robotic systems: large

distances, inaccurate and coarse modeling of the environment, high spatio-temporal vari-

ability, and challenging and destructive conditions. These conditions might require re�ning

task speci�cations on the go and redeploying a di�erent specialist platform, but modular

systems are an excellent �t for these environments as they can adapt, recon�gure, and adjust

to whatever task is necessary, respond to changing task parameters, and even recover from

failed components [1, 2].

The reality, however, is that there is very little work in the existing literature on aquatic
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MSRRs, largely because it has beenassumedthat the modules that compose them must

be capable of precise holonomic motion. This makes the modules expensive, complex, and

prone to failure, and limits the extent to which the systems they compose can be practically

developed. This is a highly limiting assumption, however, and this dissertation aims to show

aquatic MSRRs can be built even from certain underactuated modules.

Aquatic systems have another major limitation. Aquatic environments � the ocean in

particular � are vastly larger than any robot deployed in them. Deploying robots, and

especially robotic teams, with su�cient energy capacity to accomplish tasks that can be

spaced hundreds of kilometers apart is incredibly di�cult, and it is far more practical to

use existing ocean currents to travel long distances. But ocean data is incredibly coarse and

accurate nowcasts and forecasts are di�cult to obtain, which makes accurately modeling the

highly stochastic and ever-changing currents and �ows practically impossible. Conventional

methodsassumethat without such models robots cannot use the �ow to travel; for powerful,

capable robots this is a major challenge, but for small, underactuated, less capable robots �

limited in their thrust and energy capacity � this is an insurmountable obstacle to practical

deployment.

In this dissertation, we aim to demonstrate that neither of these assumptions need to be

limiting. Aquatic modular self-recon�gurable systems can be practically developed using

underactuated modules with limited thrust and energy capacity, and existing ocean currents

and �ows can be harnessed for travel with only very limited and coarse information and

without accurate models. The Modboat � a novel hardware platform developed at the

University of Pennsylvania � is presented in this dissertation and serves as a case study for

the development of practical, energy-e�cient aquatic MSRRs. We will show (1) that the

Modboat, even while underactuated, is capable of a full range of maneuverable motion and

MSRR functionality, and (2) that any robot (with the Modboat as an example) can take

advantage of �ow structures without a full �ow model.
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The contributions of this dissertation can be summarized (and organized) as follows

1. Modboat System: Chapters 3 and 4 of this dissertation will present the design and

development of the Modboat, a novel underactuated surface swimming robot that uses

only a single motor and passive �ippers for propulsion and steering. The Modboat

uses pendulum-like dynamics and control to achieve impressive maneuverability, and

this maneuverability will be shown to exceed that of similar underactuated systems

in Chapters 5 and 6.

2. Underactuated Modular Self-Recon�guration: This dissertation will show that

underactuatedaquatic systems � as demonstrated by the Modboat � can be capable

of full modular self-recon�guration, including docking, undocking, and recon�guration

(Chapter 7), as well as cooperative collective motion (Chapters 8 and 9), whereas the

state of the art assumes that holonomic actuation is a prerequisite for this kind of

system.

3. Energy-E�cient Orbiting and Rendezvous with Limited Knowledge: This

dissertation will show general robotic systems (especially underactuated ones) can �

using only highly limited information � take advantage of �ow patterns in gyre-like

�ows to (a) control orbital frequency (Chapter 10) and (b) rendezvous with other

robots (Chapter 11) in an energy-e�cient way. The state of the art in this �eld has so

far required a full �ow model for similar results.
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CHAPTER 2

Related Work

In this chapter we consider the literature surrounding this dissertation, identifying some of

the gaps in research that this work aims to address. Chapters 5�11 contain brief introduc-

tions that rely on the related work discussed in this chapter.

2.1. Modular Self-Recon�gurable Robotic Systems

Modular self-recon�gurable robotic systems (MSRRs) have been of great interest to re-

searchers over the past several decades for their versatility, robustness, and low cost [1, 2].

They promise the ability to build swarms of simple generalist modules, capable of basic

locomotion and docking behaviors, and to combine them together in varying con�gurations

to �build� specialist robots for particular tasks.

MSRRs come in a variety of shapes and sizes, each with its own strengths and weaknesses.

Lattice architectures [3�12] arrange the modules on a regular grid and o�er simple recon-

�guration planning but require large numbers of modules [1]; chain architectures [11�17]

are incredibly versatile and capable of far reaching motions despite being more computa-

tionally complex [1]; truss architectures [18�23] o�er high strength-to-weight ratios and a

signi�cantly decreased cost per volume at the cost of planning complexity; and free-form ar-

chitectures [24�27] o�er nearly endless possibilities despite mechanical challenges in e�ective

docking and recon�guration.

Although signi�cant challenges remain in computational complexity, planning, and controls

for MSRRs, the literature is well developed for many of the great challenges of building large

con�gurations to accomplish tasks. These include determining the proper shape needed to

perform a task [11, 28�31], �nding an assembly order that does not violate motion or docking

constraints [32�37], and actually executing such an assembly algorithm [9, 10, 36, 38], among

others.
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An important limitation to highlight, however, is that the majority of the research in this

�eld has focused on terrestrial systems [1, 2], largely due to the relative simplicity of land

locomotion (at least in a laboratory setting), and the high predictability of movement and

docking under frictional constraints. Recently increased attention has been given to aerial

systems as well [10, 39�46] due to the increasing capabilities of and explosion of interest in

quadrotor systems, but MSRRs still focus very heavily on terrestrial robots.

2.2. Aquatic Modular Self-Recon�gurable Systems

Aquatic robotics, unlike terrestrial systems, has seen very little development of MSRRs

despite the incredible possibilities that such systems would bring to the �eld. Recon�g-

uration by itself has appeared in a number of aquatic robots, mostly used to achieve a

variety of swimming modes through manual recon�guration in a single dimension [47�50]

or in two dimensions [37, 51]. Individual modules may be used for exploration, while an

anguilliform con�guration can be used to e�ciently cover long distances [52], but mode tran-

sition is done manually by a human operator. Only two aquatic systems have demonstrated

self-recon�guration, both in two dimensions as surface vehicles: the Tactically Expandable

Maritime Platform (TEMP) project [9, 32, 33, 38] and the Roboats project [53�61].

The TEMP project considered self-assembly of rectangular modules built as scale models of

robotic shipping containers [9, 38]. Each module was capable of holonomic motion and used

a latching hook-and-loop docking system to attach to neighboring modules along its longer

edge. The resulting structure resembled a brick pattern, was capable of actively resisting

deformation due to waves [9], and could support other robots as a maritime structure [38].

Additional work developed a self-assembly algorithm for the TEMP modules to allow parallel

docking without creating narrow passages the modules could not navigate [32, 33]. While

TEMP boats were able to swim in a coordinated group, they did not demonstrate any kind

of collective swimming behavior while docked [38].

The Roboats project aims for similar goals, designing scale models of robotic modules even-

tually intended for human transportation and public infrastructure on the canals of Amster-
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dam [53, 54]. These rectangular modules are holonomic and use powerful thrusters to enable

accurate trajectory tracking [55]. Each module is capable of docking to a number of other

modules in either a square or brickwork pattern [56], can use a recon�guration algorithm to

form structures of arbitrary shape [57], and uses novel docking mechanisms to address the

di�culty of docking in moving water [56, 61] that will be discussed in Section 2.3. Roboats

have demonstrated the ability to swim as a single coordinated unit, in a centralized approach

using robust control [59] or machine learning [55], as well as in a distributed approach using

MPC [58, 60]. The distributed approach, while advantageous in not requiring centralized

control, requires that con�gurations be symmetric in order to guarantee convergence.

It is notable that both TEMP and Roboats are built as holonomic modules. This simpli�es

motion planning and allows relatively1 precise position and orientation control, which has

been considered necessary for aquatic operations by the research community. This makes

the individual modules expensive and complex, which prevents their use for large scale oper-

ations. Their use in aquatic environments is also ine�cient, as indicated by the reality that

nearly all commercial and military vessels use some form of thrust-and-steering arrangement

instead, with robotic designs favoring a kayak, catamaran, or trimaran design [62]. Such

systems are steerable and can leverage extensive understanding of such dynamic systems

(e.g. Dubin's car [63]).

Aquatic MSRRs face particular challenges even when they are capable of holonomic motion,

however. Robust docking and undocking is a signi�cant di�culty and will be discussed

in Section 2.3, but aquatic MSRRs must �nd ways to minimize disturbances and forces

within the con�guration [9, 38] that may be induced by waves or out-of-sync motion, achieve

consensus with only minimal observability if no centralized control is available [60], and �nd

the optimal distribution of e�ort across the structure [55, 59]. Some success in tackling

these challenges has been shown, but it is limited by the relative dearth of work on aquatic

MSRRs.
1The �relative� nature of precision here will become highly relevant in Section 2.3.
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2.3. Aquatic Docking

One of the most signi�cant challenges faces by aquatic MSRRs is docking, which is signif-

icantly more challenging in water than in air or on the ground. Docking, by its nature,

requires precise positioning and timing, and is one of the more challenging maneuvers and

limiting elements for any robotic system [1, 2]. Signi�cant research for terrestrial and aerial

systems has gone into the design of connectors that maximize the position and orientation

error that is allowed between modules attempting to dock [64, 65], leading to designs such

as probe and drogue [66, 67] (used extensively in air-to-air refueling), X-Face [68, 69], or

hook and loop [9, 38]. Additional factors to consider are whether the docking connectors

are gendered or non-gendered, passive or active, and require power to activate and/or to

maintain.

Docking becomes much more di�cult when it is being done in an aquatic medium. Water is

nearly 1000 times denser than air, which makes the impact of disturbances in the environ-

ment far more signi�cant. These disturbances are constantly present due to environmental

factors, but docking induces even stronger disturbances as propeller wakes interact with the

multiple bodies in close proximity in strange and di�cult to predict ways. This makes the

kind of precise position and orientation control needed for docking incredibly di�cult for

autonomous systems in water.

Various aquatic systems have tackled this challenge in a few di�erent ways. TEMP used a

hook-and-loop docking connector to maximize the area of acceptance and allow signi�cant

deviation in orientation [38]. This connector required power to actuate but maintained the

dock passively, and could adjust its rigidity to accommodate disturbances due to waves [38].

Roboat originally used a probe and drogue setup with a latching mechanism that could

passively hold the modules together [56]. While signi�cant e�ort went into creating docking

control for this design, indoor success rates went as low as 80%, while success in calm outdoor

water was only 50% [56], demonstrating just how di�cult aquatic docking can be. A similar

probe and drogue approach was used by the AMOUR system [47, 48], but numerical success
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rates are not provided and testing seems to have been highly limited. More recent iterations

of Roboats have used a pair of hooks with a large swept area, which can capture and align

the docking module to a pair of vertical docks [61]. While this design has shown success

in improving the dock rate, it has only been tried with �xed docking targets; it is unclear

whether this approach will improve performance on free-�oating targets [61], or how it

handles disturbances while docked.

A di�erent approach was taken by the CoCoRo system, which used a set of permanent

magnets to allow modules to dock to one another [49, 50]. These o�er the advantage of

passive alignment, very high area of acceptance2, �exibility to disturbances, and zero-energy

cost while connected [50]. While CoCoRo can rotate its magnets to undock with minimal

energy cost [50], this adds additional mechanical complexity to an otherwise simple docking

design. It also leaves no option for fully deactivating the dock, meaning close-proximity

operations may be hampered by occasional accidental docks.

2.4. Underactuated Aquatic Systems

While development of aquatic MSRRs has been limited by the need to create holonomic

modules, signi�cant work has gone into developing non-modular aquatic systems that achieve

a full range of function while simultaneously being underactuated3. Of particular interest in

aquatic underactuated propulsion is the use of internal rotors, which leverage the dynamic

coupling between an inertial mass and the body of the robot. While less capable than a

standard thruster-rudder arrangement, these systems have the potential to be inexpensive,

easy to maintain, and environmentally quieter.

A class of such robots � powered by an internal rotating mass � has been explored by Pol-

lard, Fedonyuk, and Tallapragada [73�75], Lee, Ghanem, Free, and Paley [76�79], and Kar-

2This is particularly true for aquatic systems. In the water, motion is possible in all direction so all
systems are e�ectively holonomic (even if they cannot actuate holonomically). Magnetic capture, then,
can happen from any orientation and any pose o�set. Nevertheless, it is also true for terrestrial systems;
permanent magnets for docking were used to great success by Claytronics [6].

3A large number of aquatic systems function e�ectively using thruster-rudder, paired thruster [62], or
glider designs [70�72]. While these designs are not holonomically actuated, they are also not technically
underactuated, so we do not explore them here.
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avaev et al. [80] who consider an internal rotor mounted inside a foil-shaped outer shell.

These robots exploit the Kutta-Joukowski no-slip condition applied to the foil tip, which

causes vortex shedding that acts to propel the robot forward [73], and they can be steered

through the application of periodic impulses or oscillation frequency manipulation [81�83].

These works have found that such systems can be most e�ectively driven by a periodic (sinu-

soidal) forcing function, which creates thrust, and by either an integral [74] or sinusoidal [76]

error term that causes convergence (in an average sense) to a desired direction of motion.

The result is that these systems are maneuverable and can demonstrate complex behaviors

and even schooling and coordination [77, 78], despite being highly underactuated.

These systems have well studied canonical terrestrial analogues that have assisted with and

allowed e�ective development of control approaches. Such canonical systems include the

Chaplygin Sleigh [84�89], which consists of a cart subject to a no-slip condition that can

(sometimes) be steered using a movable mass, and the Chaplygin Beanie [90], in which the

mass can only rotate. Another such system is the snakeboard [91�94], which consists of two

sets of wheels on pivots and a reaction wheel to drive their pivot angle. All three of these

systems move forward by exploiting the interaction between conservation of momentum

(or gravity, in the case of the completely unpowered Chaplygin sleigh) and the dynamic

constraint imposed by their no-slip condition(s), and can be controlled by periodic forcing

where applicable.

More complex modeling has relaxed the no-slip constraint, such as Dear et al., who con-

sidered lateral skidding as a low-magnitude constraint violation for a snakeboard [92] and

used it to generate some slightly sharper turns. Pollard similarly relaxed the no-slip Kutta-

Joukowski condition into a small-slip condition [74], with minimal resulting di�erence. Both

the foil-shaped robots and their terrestrial analogues are fundamentally reliant on the no-

slip constraint � in whatever form it takes � for their ability to move, but it reduces their

maneuverability by coupling forward distance traveled with turning rate [95].

An intriguing alternative design for an internal rotor propelled swimming robot was proposed
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by Refael and Degani [96, 97], who replaced the foil-shaped outer shell with a round body

and a pair of passive �ippers. This design no longer relies on a no-slip condition and loses

its dynamic association with canonical counterparts, but has the potential advantage of

increased maneuverability. Refael and Degani [96, 97] show turning e�ectively in place

by manipulating the relative frequencies of oscillation, which would be impossible given a

no-slip condition.

While this class of underactuated aquatic robots provides an interesting model for e�ective

motion in the water with fewer actuators, its major restriction (for our application speci�-

cally) is that it cannot be used as a module in an MSRR. For a foil-shaped robot, connecting

multiple robots together would raise their relative inertia and e�ectively prevent the foils

from rotating. For Refael and Degani's �ipper driven robot this could be avoided by con-

necting the �internal� rotors instead, but mechanical interference between the protruding

�ippers would prevent the system from moving. This dissertation will o�er an alternative

design that addresses this issue while maintaining the bene�ts of this class of systems.

2.5. Energy-E�cient Oceanographic Monitoring and Navigation

Autonomous marine vehicles (AMVs) have been employed e�ectively to study and under-

stand various biological [98, 99], chemical [100], and physical processes in the ocean [101].

Processes at the air-sea interface are particularly important to monitor, as exchanges be-

tween the ocean and atmosphere directly impact regional rainfall patterns, storm tracks,

and sea levels. Monitoring at the air-sea interface requires AMVs or ASVs to operate for

long periods of time, move in and out of di�erent monitoring regions of interest, and operate

in high inertia environments whose dynamics are nonlinear and stochastic.

Such monitoring is conventionally achieved by ships, single AMVs, buoys, or drifters.Ships

and single AMVs , while highly mobile and equipped with high energy capacity, face a

sparsity problem: the target area can be enormous and deploying enough such vehicles to

ensure coverage is cost prohibitive.Buoys are robust and, given the ability to recharge, can

function e�ectively inde�nitely. They are much less expensive than fully capable vehicles,
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and so can be deployed in great numbers. But their static nature means that researchers

must determine the regions of interest in advance, and redeployment to address the shift in

regions of interest itself becomes cost (and e�ort) prohibitive. Finally, passivedrifters can

be extremely low cost and are mobile, addressing the sparsity issue. Unfortunately, they

cannot provide uniform sampling of the region of interest and tend to collect over time in

regions of low interest [102].

A practical solution that provides a balance between the bene�ts of each option is the use

of minimally actuated mobile sensors, that are essentiallyactive drifters [102]. These can

be inexpensive, deployed in large numbers, and can adjust their course to accommodate

shifting regions of interest and maintain uniform sampling and dispersion. Nevertheless,

compared to larger, more capable autonomous marine vehicles, active drifters have limited

power budgets and must rely on energy aware motion control and coordination strategies

to achieve these behaviors. Most active drifters control only their buoyancy, using di�ering

currents in varying ocean strata to adjust their course [102�104]. Ja�e et al. and Rossi et al.

[103, 104] adjust the buoyancy of the entire drifter, and Rossi et al. [104] was able to achieve

travel of nearly 100 km using only buoyancy control, showing an almost90% success rate

at reaching a desired target area relative to only30% when fully passive. Molchanov et al.

[102] allows the drifter to remain at the surface, instead adjusting the depth of a tethered

drogue that acts like a sail to adjust course.

The ability of these systems to move in energy e�cient ways relies on their ability to leverage

environmental �ows for planar motion. There is signi�cant existing exploration in the liter-

ature of planning of time and energy optimal paths for AMVs that leverage environmental

�ows [105�114]. These approaches for planning with �ows include graph-search [105, 108�

112, 115], iterative minimization [106, 107], and level set expansion [113]. These approaches

require full knowledge of the �ow �eld, however, whereas obtaining good ocean current

forecasts and nowcasts can be highly di�cult. There are existing planning strategies that

can account foruncertainty in ocean current forecasts [116�120], but these approaches still
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require complete knowledge of at least the nominal �ow �eld.

More recently, approaches have been proposed for resource constrained mobile sensors that

rely only on estimates of the average time required to switch between adjacent �ow gyres

in an ocean environment [121�123]. Heckman et al. [121, 122] showed that the addition of

limited controls can enhance or abate the switching times between gyres, while Kularatne

et al. [123] presented a strategy that used limited control to achieve a desired average

transition time. Similar methods can be used to allow robots in neighboring gyre structures

to rendezvous by using minimal control to adjust orbital periodicity, rather than the full

path [124�126]. These strategies improve on prior ones by reducing the number of variables

we seek to control, i.e. we only consider a switching/orbital time and most of the motion

is left up to the �ow, but they still require full �ow models and the results they present

remain mostly theoretical. This dissertation will o�er a strategy that builds on these results

to control orbital periodicity and rendezvous without full knowledge of the �ow �eld as well

as experimental veri�cation of these theoretical results.
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CHAPTER 3

Modboats � Underactuated Modular Robots

Figure 3.1: A photo of the V4 version of the Modboat. The top body features prominently, and
the front magnetic dock point can be seen through the acrylic shell. The �ippers can be seen at the
bottom, although the bottom body is obscured.

The Modboat is an underactuated surface swimming robot designed to function as a mod-

ular self-recon�gurable robotic system (MSRR). Based on a class of internal-rotor powered

robots [73�81] and a unique �ipper-based design presented by Refael and Degani [96, 97], it

uses conservation of angular momentum and asingle motor to actuate two passive �ippers

for propulsion and steering. This mechanism will be presented in detail in this chapter and

developed extensively in Chapters 4�6.

As an MSRR, the Modboat modules are designed to dock together in various con�gurations

on a rectangular lattice. Passive permanent magnets allow for a simple and highly accommo-

dating connection mechanism, while a tail allows the modules to undock without additional
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actuation. This mechanism is developed in Chapter 7. Once docked, the Modboat modules

are capable of collective swimming behavior through centralized coordination, which enables

any arbitrary con�guration to function as a rigid body, as shown in Chapters 8 and 9.

As an underactuated and underpowered system, the Modboat modules can also function as

active drifters: oceanographic sensors with limited actuation capability that mostly follow

pre-existing �ows but can adjust their course when necessary. This approach is critical to

allow underpowered robotic systems like the Modboat to function in ocean environments,

where the distance scale is orders of magnitude larger than the robot and regular traversal

is impossible. The methodology used to enable this is discussed in Chapters 10 and 11.

This chapter provides an overview of the Modboat mechanical and electrical design, as well

as an introduction to its actuation principle. We also brie�y summarize the capabilities of

the modules, which are presented throughout this dissertation.

3.1. Hardware

The hardware for each Modboat module is composed of two linked components:

1. The top body , housing the electronics, docking components, and motor, presented

in Section 3.1.1.

2. The bottom body , housing the propulsive �ippers, presented in Section 3.1.2.

A number of Modboat versions are used over the course of this dissertation, representing

small improvements made to �x problems with design, assembly, or integration, as well as

larger changes made to add additional features. The hardware presentation in Sections 3.1.1

and 3.1.2 and Figs. 3.1�3.3 focuses on the V4 Modboat, which is capable of all of the

functions presented in this dissertation, while the primary di�erences between versions are

summarized in Table 3.1. Where relevant throughout this dissertation, the speci�c version

of the Modboat is speci�ed.
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Table 3.1: Modboat design history, with primary changes and chapters in which each is used.

Version Features Used in

V1.0 Servo motor used for driving and Arduino MKR
WiFi 1010 microprocessor.

�

V2.0 DC motor used to allow �ner control of waveforms.
ESP8266 microprocessor used. 5 AAA batteries
power processor and motor.15 cm diameter.

Chapter 4, Appendix B

V3.0 Upgraded to ESP32 processor, added 9V battery
to power the processor separately from the motor.

Chapter 5

V4.0 Added docking magnets and moved the electronics
to the bottom layer of the interior frame.

Chapters 6, 7 and 9�11

V5.0 Redesigned top body to be a single SLA 3D-printed
shell of diameter14 cm.

Chapters 10 and 11

Figure 3.2: A rendering of the V4 top body of the Modboat, with labeled components. A top lid
(not shown) loosely covers the top body and provides attachment points for motion capture markers.
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3.1.1. Top Body

The top body of the Modboat is shown in Fig. 3.2 and consists of an outer cylinder, a bottom

plate, and an inner cylinder. For V2-V4 Modboats it is composed of an1=8 in thick acrylic

throughout, with the outer cylinder having an outer diameter (OD) of 6 in(� 15 cm) and

the inner cylinder having an inner diameter (ID) of 1:25 in. This shell houses an ABS frame

that holds a DC motor over the inner tube to interface with the bottom body. Although

the acrylic shell is waterproof, the interface between the motor and the bottom body is not

sealed; it is instead designed to �oat above the waterline.

For V5 Modboats the shell is 1=8 in thick SLA 3D-printed resin with an outer diameter

of 14 cm, and the motor is mounted directly to the shell. The interface is still not sealed,

although it leaves less of an opening for casual water ingress. In either case, this limits the

Modboat to calm waters and a very limited payload4.

The shell houses 5 rechargeable NiMH AAA batteries to power the motor and a single 9V

NiMH battery to power the electronics, which consist of a custom PCB supporting a motor

driver and a dual-core NodeMCU ESP32 Microcontroller. This microcontroller is responsible

for position control of the motor shaft through a mounted quadrature encoder and Wi-Fi

communications with an o�board control system.

For docking purposes, 4 neodymium magnets are mounted at the cardinal points on the

interior of the top body. These magnets � oriented either all N out or all S out � are

able to provide a docking strength of4:1 N to neighboring boats. The choice of magnetic

orientation is discussed in Chapter 7.

The presence of all these components in the top body serves to provide it with signi�cant

rotational inertia relative to the bottom body, which allows the majority of the motor's

rotation to be transferred to the bottom body for propulsion when in use, as in Section 3.4.

4The interface can be sealed � in either case � with either a shaft seal or a magnetic coupling. This
was not done in this dissertation for ease of assembly, but would certainly be feasible at the point where
practically necessary.
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3.1.2. Bottom Body

The bottom body of the Modboat is shown in Fig. 3.3. It is composed of a 3D printed

body structure that interfaces with the motor through an aluminum shaft collar. An 1=8 in

ABS tail plate is mounted to the main structure, and two 3D printed �ippers are inserted

with pin joints. These �ippers are able to rotate freely between an inner stop de�ned by

the bottom body structure and an outer stop de�ned by protrusions on the �ippers, visible

in Fig. 3.3. The �ipper pins are slightly lubricated with a common commercially available

lubricant, but are otherwise just loosely �t together.

Figure 3.3: A rendering of the V4 bottom body of the Modboat, with labeled components. Both
�ippers are shown in the fully open position, although in use only one would be open at a time.
Note the foil-like shape of the tail (an exact description is given in Appendix C.2).

The �ippers produce thrust when open against their outer stops and are designed to provide

relatively little drag otherwise. This will be explored in more detail in Chapter 4, where

the �ippers are modeled as �at plates perpendicular to the �ow when open and �at plates

parallel to the �ow otherwise. The 3D printed body structure allows water to access the

�ippers in both open and closed modes, which ensures that the system is as symmetric and

open-loop stable as possible. See Appendix B for details of how the design contributes to
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open-loop stability.

The �ippers are shaped and mounted so as not to protrude from the footprint of the top body

even when fully extended. As discussed in Chapter 7, this prevents mechanical interference

between neighboring modules when docking or swimming together. Flexible connecting

arms allow the �ippers to be easily inserted or removed.

The tail plate is added to facilitate undocking from neighboring modules. Its tip is the only

component that protrudes from the footprint of the top body; thus two neighboring boats

can bring their tails together to force separation. This mechanism will be discussed in detail

in Chapter 7. Although it is shaped as a foil, its minimal thickness allows it to be neglected

when modeled, which will be discussed in Chapter 4 and will be relevant to maneuverability

in Chapter 6.

3.1.3. Cost

In order to allow the Modboat to self-assemble into large con�gurations or perform oceano-

graphic studies over large distances it must be low-cost. Typical USV/UAV systems cost in

the tens of thousands of US, but the Modboat, as shown in Table 3.2, costs approximately

$150 USD. This is largely the result of the simple propulsion mechanism; the components

were chosen with only minimal attention to cost.

Additional cost will certainly be incurred from the eventual addition of sensing capabilities,

but low cost sensing and navigation is already being explored in the literature [127, 128],

while less expensive propulsion is rare. Signi�cant cost reduction is also possible with some

work on optimizing the design for manufacturing and with economies of scale. The top

body shell, in particular, is a prime component for injection molding, which becomes highly

inexpensive for production at scale.

3.2. Electronics

The Modboat onboard electronics consist of a NodeMCU ESP32 microcontroller, a mo-

tor driver, and a quadrature encoder chip that provides power and sensing for a 6V DC
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Table 3.2: Approximate material cost of the V4 Modboat prototype, partially accounting for bulk
purchasing discounts.

Part Name Cost/Unit (USD) Qty Cost (USD)

6� OD acrylic tube 3.99/inch 3 15.99
1.25� acrylic tube 0.25/inch 2 0.50
12�x12�x1/8� acrylic 9.15/sheet 1 9.15
2� ABS tube 1.15/inch 3 3.45
7/8� ABS rod 0.55/inch 3 1.65
12�x12�x1/8� ABS 8.87/sheet 2 17.74
Pololu 20D DC Motor 22.95 1 22.95
Pololu Encoder 4.48 1 4.48
Pololu Mounting Hub 3.47 1 3.47
Flippers 7.50 2 15.00
NodeMCU ESP32 10.00 1 10.99
Motor Driver (TB6612FNG) 3.33 1 3.33
Custom PCB 6.20 1 6.20
Magnets 5.05 4 20.20
Electronic comps. � � 4.00
Screws & Glue & Misc. � � 5.00

Total: 145.71

motor. The microcontroller and motor driver interface through a custom printed circuit

board, which is shown in Figs. 3.4 and 3.5. The PCB contains outputs to interface to the

motor/encoder, as well as to optional future sensors. Of critical importance to future de-

sign work, Fig. 3.4 includes an interface for an I2C capable inertial measurement unit, which

would provide onboard sensing to replace the motion capture system described in Section 3.5.

Power for the motors is provided by 5 rechargeable NiMH AAA batteries, while power for

the microcontroller is provided by a rechargeable NiMH 9V battery. Run-time for the elec-

tronics is limited by the 9V battery, which provides approximately 45 minutesof continuous

usage when running discrete mode control from Chapters 5, 8 and 9. Future iterations

of the electronics will likely add power management circuitry to run both the motor and

microcontroller o� of a single set of batteries.
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3.3. Computation

The onboard systems of the Modboat are powered by a single dual-core NodeMCU ESP32

microcontroller. An RTOS framework enables the microcontroller to simultaneously handle

Wi-Fi communications with o�board processing, read the quadrature encoder to determine

motor position, control the motor position, and run calculations on desired waveforms.

The primary task of the onboard microcontroller is to run a PID loop to establish position

control on the motor shaft angle � . This PID controller is de�ned in (3.1) and (3.2).

e� = � � � des (3.1)

u� = K pe� + K i

Z
(e� )dt + K d

d
dt

(e� ) (3.2)

Control of the system is therefore established by de�ning forms for� des(t) that the onboard

controller follows. Generally, the particular form of � des(t) is computed o�board (see Sec-

tion 3.5) and then transmitted over Wi-Fi to the onboard system, which is responsible for

execution. The onboard system is equipped with a number of functions for creating the

commonly used sinusoid functions of� , which will be described in Chapters 5, 8 and 9, and

for stitching these functions together in a continuous manner.

Although (4.1) will show that the actual driving input to the system is the acceleration

•� , position control has been su�cient in approximating this acceleration input. This is

shown in practice in Chapter 6, in which a torque control law is approximated by numerical

integration and position control using (3.2).

3.4. Actuation Principle

Although the dynamics of the Modboat are developed in Chapter 4, an intuitive under-

standing of the actuation principle can be developed by observing the hardware design.

As described in Section 3.1, the top body (Fig. 3.2) and bottom body (Fig. 3.3) are mechan-

ically linked by the Modboat's single motor. When the motor is actuated, both the top and
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bottom bodies rotate due to the conservation of angular momentum. Since the top body is

more massive and has a higher moment of inertia, most of the rotation occurs in the bottom

body, so the inertia of the top body acts as the �surface� against which the Modboat can

exert force.

Recall that the �ippers (Fig. 3.2) are not actuated and are free to rotate. When the bottom

body spins, centrifugal forces and drag from the surrounding water force the leading �ipper

to open, while the lagging �ipper is simply pulled along in (or close to) its closed position.

Once the leading �ipper hits its fully open hard stop it then acts as a drag plate, providing

thrust to the Modboat by opposing the induced rotation. If the rotation is reversed, then

the �ippers reverse: the open �ipper becomes the lagging �ipper and is pulled closed, while

the closed �ipper becomes leading and is forced open.

If the motor is oscillated in a symmetric way, the result is that the �ippers open in sequence

in a paddling motion. As will be clear from the force diagrams in Chapter 4, the lateral

components of the �ipper drags cancel while the forward components combine, resulting

in overall forward motion. If the oscillation is asymmetric in some way, the lateral forces

(and torques) will not completely cancel, resulting in a combination of forward motion and

turning.

This, then, is the basic principle by which the Modboat turns a single motor into full control

in a planar ocean environment. A video clearly demonstrating this basic actuation principle

is available in [129], and a playlist of Modboat videos demonstrating its motion can be found

on YouTube.

3.5. Experimental Setup

Throughout this dissertation we perform experimental evaluation of the Modboats in an

aquatic test facility. This facility consists of a 4:5m� 3:0m� 1:2m racetrack-shaped tank of

water � pictured in Fig. 3.6 � equipped with an OptiTrack motion capture system. The

motion capture system provides planar position, orientation, velocity, and angular velocity
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data at 120 Hz for any number of objects within the tank boundaries.

During experimentation, a MATLAB or Python interface running on a PC can be used to

read the tracking data, perform high-level computations required to compute waveforms

(for Chapters 5, 8 and 9) or desired headings (for Chapters 5, 10 and 11), and then send the

corresponding parameters over Wi-Fi to the Modboats in the tank. The PC also records

the data for post-processing.

Fig. 3.6b also shows two horizontal propellers placed in the experimental tank. By driving

water along the boundaries of the tank, these propellers can create gyre-like �ows within it.

These are used in Chapters 10 and 11 to create �ow conditions for experimental evaluation.

We do not currently have accurate ways of measuring the �ow that is created, and work is

ongoing to create such measurements. Two propellers, arranged as in Fig. 3.6b can create a

single gyre, while four propellers can be used to create a double gyre.
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(a)

(b)

Figure 3.6: Photos of the experimental test facility. (a) A V3 Modboat during a waypoint tracking
experiment described in Chapter 5. (b) An overhead view of the racetrack shaped experimental
tank. Two propellers for creating �ow are visible at the top and bottom of the image, and a glass
observation window is present on the right-hand side.
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CHAPTER 4

Modboats � Dynamics

In this chapter we present a simpli�ed dynamic model of the Modboat that was used to

develop the controllers in Chapters 5 and 6. The main assumptions and �nal equations

of motion are presented in this chapter, while the derivation of these equations is left to

Appendix A for clarity and brevity. The simpli�ed model as presented has known issues,

which are discussed throughout the chapter and in Section 4.5, but it allows us to develop

some crucial results throughout this dissertation.

Consider a simpli�ed planar model of the Modboat, as shown in Fig. 4.1. Since the bottom

body contains the propulsive features, we abstract the top body into a rotating mass with

inertia I t . Let the center of mass of the Modboat be coincident with the axis of rotation

and given in the world frame A by (x; y) and let the orientation of the bottom/top body

in the world frame be � b/ � t . Other geometric constants are labeled in Fig. 4.1 and de�ned

in Table 4.1.

4.1. Assumptions

In order to develop a dynamic model for the Modboat, we make Assumptions 4.1�4.6.

Assumptions 4.1�4.5 are made by Refael and Degani [96, 97] in their original work developing

the dynamic model for a similar robot, while Assumption 4.6 is unique to the Modboat

design.

Assumption 4.1 (Flipper Model) . The �ippers act as �at plates (almost) perpendicular to

the �ow when fully open, and as �at plates parallel to the �ow when fully closed.

Assumption 4.2 (Flipper Instantaneity) . The �ippers open and close instantaneously.

Only one �ipper is open at any one time, determined bysgn (_� b) (see Fig. 4.1).

Assumption 4.3 (Rotational Velocity) . The linear velocity of the Modboat is negligible

compared to its rotational velocity. Thus the drag on the �ippers depends on_� b only.
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Figure 4.1: A functional diagram of the robot design. The motor is mounted at O, and the
orientation of the driving mass is given by � . � b de�nes the orientation of the body-�xed frame b in
the world frame a. Although both �ippers are shown as fully open, only one is open at any given
time, as indicated by the solid line. Forces and torques considered are shown in red.

Assumption 4.4 (Fluid Velocity on Flipper) . The �uid velocity across each �ipper is ap-

proximately constant and equal to the �uid velocity at the center of the �ipper (k~vf k)

Assumption 4.5 (Fluid Velocity) . There are no external �ows. Thus the velocity of the

�uid everywhere is 0.

Assumption 4.6 (Tail Negligibility) . The Modboat tail is shaped like a foil (see Fig. 3.3

and Appendix C), which is normally subject to a Kutta-Joukowski condition [73]. However,

due to its negligible thickness the tail is modeled as producing no drag and without the Kutta-

Joukowski condition.

A number of these assumptions are evaluated by Refael and Degani [97], and some have

signi�cant impact on the accuracy of our dynamic model. Assumption 4.2 plays a key

role in the stability of the design in Appendix B. Modeling of turning behavior is a�ected

by Assumptions 4.2 and 4.5 and is discussed in Section 5.7. Assumption 4.6 plays a key role

in the maneuverability of the Modboat relative to foil-shaped robots in Chapter 6.
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4.2. Equations of Motion

A number of forces are relevant for the dynamic model of the Modboat platform, but we

consider two in this chapter:

1. Drag on the open �ipper Fd. By Assumption 4.1, we can ignore the closed �ipper.

2. Linear drag Fb on the robot body as it moves through the �uid.

Considering these forces, the �nal dynamic model for the Modboat is given by (4.1) with

constants de�ned by (4.2) and Table 4.1. The �rst term on the RHS presents the thrust

created by the �ippers, while the last term (involving •� ) represents the input acceleration

of the motor. A full derivation of these equations can be found in Appendix A. An analysis

of Assumptions 4.2 and 4.3 can be found in [97].

All variable de�nitions are presented in Table 4.1, in which the values provided represent

the design presented in Chapter 3. The values for drag coe�cientsCb and Cf are estimated

from experimental data.
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1
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K b =
1
4

�C bAsub (4.2f)

The motor angle� constrains the relationship between the top and bottom body orientations.

In most cases (see Chapters 5, 6, 8 and 9), we are only able to measure the top body

orientation and must infer the bottom body orientation. In other cases, we speci�cally care

about the dynamics of the top body (see Chapter 7). In either case, the relationship in (4.3)

can be used to convert between the orientations.

� t = � b + � (4.3)

4.3. Input

As is indicated in Fig. 4.1, when the robot rotates with _� b < 0 the right �ipper is activated,

while when _� b > 0 the left �ipper is activated. We can achieve forward motion by alternating

left and right �ipper paddles using a periodic function, and the simplest such function is

shown in (4.4).

� = � 0 + A cos (!t ) (4.4)
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Table 4.1: Parameters in (4.1) and (4.2). Values provided are for the V4 design, as presented
in Chapter 3.

Var. Description Value Units

m Total mass of the robot 0.66 kg
I t Inertia of driving mass 1:6 � 10� 3 kg m2

I Inertia of whole robot 1:7 � 10� 3 kg m2

Asub Submerged body area 0.025 m2

r t Driving mass radius 0.075 m
rb Bottom body radius 0.025 m
l f Flipper length 0.050 m
df Flipper submerged depth 0.043 m
� Flipper angular location 45 °
 Flipper maximum open angle -21 °
� Density of water 1000 kg m� 3

Cb Body translation drag coe�. 1.0 �
Cf Flipper drag coe�. 1.2 �

Equation (4.4) inputs a period forcing •� into (4.1), which results in a symmetric periodic

function of � b and therefore forward motion. We cannot steer using (4.4), because of this

symmetry. Methods for modifying (4.4) over multiple strokes and cycles (as de�ned in Def-

initions 4.1 and 4.2) to allow for steering will be discussed in Chapters 5 and 9.

De�nition 4.1 (Stroke). A stroke is a period of rotation of the motor in a single direction.

Thus, the period when _� > 0 is one stroke, and the period when_� < 0 is another.

De�nition 4.2 (Cycle). A cycle is two consecutive strokes. It is either a peak-to-peak

oscillation or a trough-to-trough oscillation of � .

4.4. Performance

We can relatively easily integrate equation (4.1) numerically for given forms of the input (4.4)

to evaluate the resulting motion of the Modboat. One such trajectory is shown in Fig. 4.2;

the Modboat turns as it starts from rest, but quickly settles into a straight trajectory. The

inset in Fig. 4.2 shows the back and forth oscillation in both the trajectory as well as the

orientation of the top body, but the overall motion is forwards.

Although the simulation seems to predict excellent performance, real world-performance
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Figure 4.2: A 30s simulation of the equations of motion (4.1) with input � = 2 cos (2�t ) and
parameters from the V2 Modboat. The boat starts at rest with � b(t = 0) = 0 (upward). The initial
location is marked as a green circle, while the �nal is a red X. The blue line plots the COM, while the
arrows indicate the top body orientation � t . The inset shows a magni�ed portion of the trajectory
(marked in black) to clarify detail.

is not adequately predicted by these equations of motion. In particular, we highlight two

issues:

1. The Modboat tends to be unstable in open-loop swimming, curving signi�cantly when

it should go straight. The design presented in Chapter 3 addresses this issue, but see

Appendix B for details.

2. The equations of motion predict much sharper turns than observed experimentally

when using di�erential thrust (see Section 5.4), and much shallower turns than ob-

served experimentally when using inertial steering (see Section 5.5). This behavior

will be discussed in detail in Section 5.7.

Overall, we observe relatively reasonable prediction of planar motion, but completely inef-

fective prediction of turning. We have made some attempts at improving the modeling of

the system. Refael and Degani evaluated the e�ect of Assumptions 4.3 and 4.5 and found
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them geometrically reasonable [97], and our own computations are consistent with this.

4.5. Issues and Improvements

There are a number of clear and considerable issues with the dynamic model presented

in this chapter, especially considering the assumptions made in order to develop it. Al-

though Chapters 5 and 6 will show that the dynamic model as presented can be used to

develop functional and e�ective controls, the limited accuracy of our model relative to other

similar underactuated systems [75, 81, 91] makes planning and development of added func-

tionality di�cult.

Here we identify a number of improvements that could be made to the model that are left

to future work:

1. Evaluate Assumption 4.6 . Each �ipper has a (projected) drag area of1900 mm2,

while the tail has a (projected) drag area of240 mm2. Thus the tail contributes only

11%to the total drag area. While the tail can likely be ignored to a �rst order approx-

imation, accurate dynamic modeling likely requires considering its e�ects. Chapter 6

uses this assumption to develop incredibly e�ective control when average over full cy-

cles, but it is likely the case that vortex shedding o� of the foil tip has a signi�cant

e�ect on the low-level dynamics of the Modboat.

2. Consider the added mass matrix . Conventional modeling of aquatic systems

generally accounts for added mass [53, 80, 130, 131]. Our model, in contrast, does

not consider added mass and (incorrectly) uses steady-state drag models. Added mass

is particularly complex to consider in the case of the rotating hybrid model of the

Modboat, but may play a key role in modeling accuracy.

3. Evaluate Assumption 4.5 . While it is simple to assume the �uid velocity is always0,

this is clearly not the case in general aquatic environments. In particular, the Modboat

creates movement around itself, which it then interacts with. This interaction is likely

to be complex and may play a role in modeling accuracy.
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CHAPTER 5

Single Module Control � Discrete Methods

The work presented in this chapter (except for Section 5.7) is an edited version of the work

done in [95]: Gedaliah Knizhnik, Philip de Zonia, and Mark Yim. Pauses Provide E�ective

Control for an Underactuated Oscillating Swimming Robot. IEEE Robotics and Automation

Letters, 5(4):5075�5080, 10 2020. ISSN 2377-3766. doi: 10.1109/LRA.2020.3005383© 2020

IEEE, reprinted with permission. It was done with V3 Modboats.

5.1. Introduction

In Chapter 4 we introduced (4.4) as a function to drive the Modboat along a straight line

path. While this creates an interesting motion, it isn't useful by itself, since we need to

be able to turn to move e�ectively on an aquatic surface. Therefore in this chapter we

introduce two ways in which we can turn the Modboat. The �rst � di�erential thrust 5 �

is based on Refael and Degani [96, 97]; we present their methodology and introduce closed-

loop control integration for it in Section 5.4. The second � inertial steering 6 � is a novel

contribution [95] and is presented in detail in Section 5.5.

5.2. Modeling

In considering the control of a individual Modboat, we note that in the equations of mo-

tion (4.1) the orientation equation � reproduced in (5.1) � is independentof the position

coordinatesx and y. This suggests that a steering approach may be possible, in which the

system is oriented towards the target and driven much like Dubin's car [63].

(I b + I t ) •� b = � K sgn (_� b) _� 2
b � Cr _� b � I t •� (5.1)

Equation (5.1) is nonlinear and therefore di�cult to use, however. To simplify the control

5 In [95] and some later works, di�erential thrust is referred to as �frequency control� or �frequency
modulation�.

6 In [95] and some later works, inertial steering is referred to as �pause control� or �pause modulation�.
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problem we instead de�ne adiscrete model of the system. We observe that each stroke

imparts angular momentum L as in (5.2), where we assume that the thrust provided by the

�ippers is the primary force, the duration of the integral is such that sgn (_� b) is constant

throughout, and the subscript i 2 f 1; 2g refers to the stroke.

L i = � K sgn (_� b)
Z

_� 2
bdt (5.2)

De�nition 5.1 (Overall Orientation) . The overall orientation � is some single orienta-

tion chosen to be representative of the instantaneous orientation over a full cycle. We might

choose the peak orientation per cycle or the average, among others.

De�nition 5.2 (Overall Angular Velocity) . The overall angular velocity is the change

in overall orientation per cycle. That is 
 = �� =� T, where � T is the length of a cycle.

De�nition 5.3 (Overall Angular Acceleration). The overall angular acceleration is the

change in overall angular velocity per cycle. That is� = �
 =� T, where � T is the length

of a cycle.

Amplitude Control for Parallel Lattices of Docked Modboats Letting the overall orienta-

tion and its derivatives be de�ned as per De�nitions 5.1�5.3, the overall change in angular

momentum L = L 2 � L 1 is proportional to the overall angular acceleration: � L / � .

We assume that some mapf exists from the inputs that de�ne � (t) to � L , and from there

to angular acceleration � imparted by a cycle, as in (5.3). Then for the new input � we

can numerically integrate as in (5.4) for the overall orientation-only state[� 
 ]T at cycle

k, where the discretization time � T is a full cycle. Note that the overall orientation can be

taken for the top or bottom bodies.

� = f (� (t)) (5.3)
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This discrete linear model is far simpler than (5.1), and constitutes a discrete double-

integrator in the new input � . By selecting inputs at the beginning of a cycle, letting

the system run, and then evaluating at the end of the cycle, the problem of controlling the

Modboat becomes more tractable. Moreover, since (5.4) is controllable, we can reach any

desired overall orientation in a �nite number of steps.

Proof. Eq. (5.4) is of the linear form ~zk+1 = A~zk + B~u, for ~z = [ � 
 ]T , which is a linear

time-invariant system. The controllability rank condition is a necessary and su�cient

condition [132] for such a system to be controllable and requires thatrank (C) = n for the

controllability matrix C and system dimensionn (here n = 2 ).

C =
�

B AB : : : A n� 1B

�
=

�

B AB

�

C =

2

6
4

0 (� T)2

� T � T

3

7
5

The controllability matrix C has rank (C) = 2 as long as� T > 0, which is physically

guaranteed to be true. Therefore the system (5.4) is controllable.

5.3. Heading

Since the discrete model in (5.4) is a function of an overall orientation, we focus control

on the grossdirection of motion of the Modboat rather than the instantaneous orientation,

which oscillates as it moves. We therefore de�ne theheading h 2 (� �; � ] as the overall

orientation representative of this direction of motion. The discrete control problem is then

to de�ne the input � (t) for each cycle that will drive the heading to a desired value. For

position control, this desired heading would be the angle from the(x; y) coordinates of the

center of Modboat to the target.
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The Modboat can only produce positive thrust; for a symmetric sinusoidal input� (t) the

net thrust will be generally aligned with the tail at the center-line of the rotation � (t) = � 0.

We can therefore approximate the heading as the average orientation�� t over a cycle, where

� t = � b + � is the orientation of the top body (see Fig. 4.1). Thus if� (t) is at a peak at t i

and then again at t i +1 , then we calculate the headingh as in (5.5).

h =
1

t i +1 � t i

Z t i +1

t i

� t (t)dt (5.5)

While the direction of motion should be accurately determined by the heading (i.e. the

vehicle moves generally towards the direction it is facing), this method may be less accurate

when external �ows are present; translation not caused by the �ippers may not be detected

by (5.5). Chapters 10 and 11 deal with control in the presence of external �ows, but use

more advanced controllers without this particular weakness. Addressing this issue as de�ned

is left to future work.

5.4. Di�erential Thrust

5.4.1. Steering

Following Refael and Degani [97], we can steer the Modboat using inputs of the form given

in (5.6) and illustrated in Fig. 5.1, which de�nes a piecewise continuous sinusoid with varying

angular frequencies! 1 and ! 2. T1 and T2 are the periods associated withcompleterotations

at angular frequencies! 1 and ! 2, respectively, A is the amplitude, and � 0 is the zero-

orientation of the top body. The 4-tuple [T1 T2 A � 0] de�nes the input function. Note

that in the case where! 1 = ! 2, (5.6) is equivalent to (4.4).

� (t) =

8
>><

>>:

� 0 + A cos (! 1t) t 2
�
0; T1

2

�

� 0 � A cos
�
! 2

�
t � T1

2

��
t 2

� T1
2 ; T1+ T2

2

�
(5.6)

The robot's overall orientation can be steered by varying the periods of oscillation from� (t),
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Figure 5.1: An example di�erential thrust waveform � (t) as de�ned in (5.6) with three sections.
The parameters [T1 T2] are given by (a): [1:5 1:5], (b): [0:5 2:5], and (c): [2:5 0:5], with
[A � 0] = [ 2 0] for all. Note that an extra time o�set is added at the beginning because in practice
the initial value of � is 0 rad.

which forces an oscillation of� (t). When T1 = T2, the oscillation is symmetric and results

in oscillations about a straight line. When T1 < T 2, however, the stroke that activates the

left �ipper � t 2 [0; T1=2) � is faster than the stroke that activates the right. The angular

momentum imparted by a single �ipper from (5.2) shows that the faster stroke provides

more thrust resulting in a clockwise rotation.

The Modboat can therefore turn by decreasing one of the periods of its oscillation � either

T1 or T2 � as appropriate. In practice, however, this method will be highly limited by the

maximum velocity of the motor. An alternative method would be to increase the opposite

period of oscillation to reduce its thrust. This method, however, is limited by an ever

increasing cycle time and a low overall available torque.

5.4.2. Control

The discrete system presented in (5.4) is controllable, so if the mappingf in (5.3) were

known and invertible, it would be relatively straightforward to design a controller using �

and then invert it to obtain the control parameters [T1 T2 A � 0]. In theory, f could

be approximated numerically by solving the equation of motion (5.1) numerically on a

reasonable7 submanifold of the input spaceR4. This depends on the accuracy of the model,

however, which is known to lose accuracy asT1 and T2 diverge [97] (this is also discussed

in Section 5.7). Moreover, it is likely that f shows dependence on external factors such as

�ow velocity, and there is no guarantee that it is invertible, making its calculation di�cult

7That is, including considerations such as Ti > 0, A < � , etc.
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and unlikely to yield results without signi�cant machine learning e�ort.

Instead we use PID control. For simplicity, we assume thatA (which can be assumed to

be related to translational velocity) and � 0 are held constant, and onlyT1 and T2 will be

varied. Becausef � 1 is not known, we assume � by an abuse of notation � that for an

initial symmetric input T1 = T2 = T the following inputs will be of the form T1 = T � � k

and T2 = T � � k , leaving the total period unchanged. Then a PID controller can be de�ned

as (5.7) and (5.8) with the terms in (5.8) representing the proportional, derivative and

integral terms respectively; because PID is a very general approach, it is possible that it will

succeed despite all the simpli�cations made to derive it.

ek = � d;k � � k (5.7)

� k = K pek + K d
d
dt

(ek ) + K i

Z
ekdt (5.8)

5.5. Inertial Steering

Although di�erential thrust as de�ned in Section 5.4 is conceptually simple, we have high-

lighted that it faces signi�cant limitations in the torque it can generate on the system. We

proposeinertial steering as a novel controller that addresses these limitations.

5.5.1. Steering

When driven using (5.6), each stroke imparts some angular momentum. WhenT1 = T2, the

angular momenta from the two strokes cancel each other, no net change in overall angular

velocity, a straight heading, and a forward motion (assuming no external rotation produces

a non-zero overall angular velocity). This is clear from (5.4) for a symmetric motion, which

results in � k = 0 .

Consider introducing a pause into (5.6), beginning at timetps and lasting for tpl ; this

waveform is given in (5.9), where� (t) is de�ned by (5.6). For steering, we restrict tps to
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Figure 5.2: An example inertial steering waveform � p(t) as de�ned in (5.9) with three sections.
The base parameters are[T1 T2 A � 0] = [ 1:5 1:5 2 0], and the pause parameters[tps tpl ]
are given by (a): [0 0] (b): [0 0:5] and (c): [0:75 0:5]. Note that an extra time o�set is added
at the beginning because in practice the initial value of� is 0 rad.

either 0 or T1=2, i.e. either the peak or the trough of� (t). An example waveform is shown

in Fig. 5.2.

� p(t) =

8
>>>>>><

>>>>>>:

� (t) t 2 [0; tps)

� (tps) t 2 [tps; tps + tpl )

� (t � tpl ) t 2
�
tps + tpl ; T1+ T2

2 + tpl
�

(5.9)

When the pause is reached we have_� = 0 , but _� lags _� and is non-zero. Thus, for the

duration of the pause the Modboat will drift, a�ected only by drag. For tpl � 0 it can be

expected that � L � 0, becauseT1 = T2, but the drift over t 2 [tps; tps + tpl ] causes a net

change in heading. For true control, it is likely that tpl > 0 will be necessary, violating

our assumption of no net change in angular momentum, but we will see that this does not

impede practical use of this method.

This motion primitive is capable of large magnitude turns since rotational drag on the

cylindrical Modboat body is low; Fig. 5.3 shows that for a base cycle ofT1 = T2 = 1 :5s

a pausetpl / 4s is su�cient to turn any amount in (� �; � ]. A major advantage of this

method is that it is free in terms of actuator e�ort, but it requires more time and may be

impractical in safety-critical scenarios. Additionally, a non-constant cycle time is likely to

make planning much more di�cult.
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5.5.2. Control

Although it is possible to modulate both frequency and pauses within the input wave-

form (5.9), for simplicity we choose to focus on modulating only the pause parameters.

To avoid discontinuity in angular velocity the pause start is restricted to either the peak or

trough of � (t): tps 2 f 0; T1=2g. For simplicity, we de�ne the signed pause length as a

single input variable t0
pl 2 R, that maps to [tps tpl ] as in (5.10). This allows us to consider

a 1-dimensional control space consisting oft0
pl only.

�

tps tpl

�
=

8
>>><

>>>:

�

0
�
�
� t0

pl

�
�
�

�
t0
pl < 0

�
T1
2 t0

pl

�
t0
pl > 0

(5.10)

Figure 5.3: Change in overall orientation per cycle for open-loop inertial steering over base pa-
rameters [T1 T2 A � 0] = [ 1:5 1:5 2 0]. The signed pause-lengtht0

pl is de�ned as in (5.10).
The data and best-�t function are shown.

The inertial steering waveform (5.9) was tested on the Modboat by evaluating the trajectories

produced for t0
pl 2 [� 5; 5]s for [T1 T2 A � 0] = [ 1:5 1:5 2 0]. The orientation of the

top body was plotted in each case, and the orientation at successive peaks was taken as the

overall orientation. The resulting trajectories were found to be linear in overall orientation

as a function of time with 
( tpl ) as the overall angular velocity from the slope of the line of

best �t.
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The resulting function is reasonably one-to-one, so we use an optimizer [133] to solve for a

piecewise-linear continuous function that best �ts the data. The results are multiplied by

the cycle-time (T1 + T2)=2 + tpl to get the change in overall orientation per cycle, shown

in Fig. 5.38. This function � implicitly inverted � de�nes a one-to-one map from �� ! tpl ,

which can be used directly as a controller. The double-integrator model in (5.4) can thus be

simpli�ed further to a single-integrator . For any desired heading, we use (5.11) to directly

compute �� and obtain the needed inputt0
pl .

� k+1 = � k + �� k (t0
pl ) (5.11)

In the single-integrator model from (5.11) the control input fully corrects the overall orien-

tation by the end of the cycle. We must therefore modify the heading calculation in (5.5).

We replace t i in (5.5) with t i + tps + tpl , i.e. we use the end of the pause as the start of

integration. This prevents the use of orientation data from before the correction in the

averaging.

5.6. Performance

Swimming performance using these methods was tested using the experimental setup de-

scribed in Section 3.5 and shown in Fig. 5.4. In this iteration, the MATLAB interface was

used to calculate the heading and control parameters, in addition to recording data. Wave

parameters were then sent to the onboard controller for execution. A set of base parame-

ters [T1 T2 A � 0] = [ 1:5 1:5 2 0] was heuristically determined to provide reasonable

open-loop performance9 and was used forall experiments. For the di�erential thrust con-

troller, this de�nes the T1 and T2 that are modi�ed by � k in (5.8), while for inertial steering

this is the set of constant parameters over whicht0
pl is varied.

8Note that the exact values shown on this plot correspond to the version of the Modboat used in [95]
(V3). The controller di�ers slightly for each version of the Modboat as the mass distribution varies, but the
overall procedure and shape remains. Thus this plot is not reproduced for the other boats used in this work.

9This set of parameters provides an oscillation fast and large enough to fully open the �ippers, while
being slow enough to be symmetric to within the motor and microcontroller speci�cations.
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Figure 5.4: A photo of the experimental setup, demonstrating the V3 Modboat during a waypoint
tracking experiment. Approximate locations of the waypoints are superimposed on the image.

Each controller was �rst tested for its response to step inputs. The Modboats were placed

in the tank and � for all tests � commanded a desired heading of � . The boats were

released facing either approximately in the correct direction or� �= 2 o�set from it, which

simulated step inputs of f� �= 2; 0; �= 2g; the boat would begin swimming in the direction

it faced and then correct towards the �xed desired orientation. Due to drift inherent in

aquatic experiments the evaluations performed on the results aim to be agnostic to initial

conditions.

Table 5.1: Summary of experimental results for step input tests. RMS error is measured only after
the rise time.

Inertial Steering Di�erential Thrust

Metric Median
Interquartile

Range Median
Interquartile

Range

Rise time [cycles] 0.82 0.75�0.88 4.2 3.8�5.7
Dist. to rise [m] 0.12 0.11�0.16 0.39 0.36 � 0.62
RMS error [rad] 0.17 0.083 � 0.20 0.25 0.21 � 0.32

For each step response test, we evaluated the following criteria over multiple iterations:
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1. The rise time , here de�ned as the time to achieve 90% of the di�erence between the

initial and �nal heading.

2. The distance over the rise period , de�ned as the Cartesian distance between the

initial location of the boat and its location at the rise time.

3. The steady-state error , de�ned as the RMS error in heading after the rise period.

The results for all tests and starting positions are shown in Table 5.1, and a sample re-

sponse from the data-set is shown in Fig. 5.5. The large interquartile range shown by the

di�erential thrust controller is reasonable since we consider step inputs of0 and � �= 2rad,

but it stands in stark contrast to the consistency shown by inertial steering across inputs.

Inertial steering shows superiority in rise-time and distance traveled during the rise-period;

it achieves the correct orientation in one cycle and only� 12cm, regardless of the step input.

The di�erential thrust controller, meanwhile, takes much longer to rise and travels 3 � 5

times as far. An example of this response is shown in Fig. 5.5.

Figure 5.5: Sample response of the two controllers to a step input of� �= 2 rad; control begins
when the �rst heading measurement is obtained, at1 cycle. The di�erential thrust controller lags
signi�cantly behind the inertial steering controller.

The advantage in steady-state error is less clear but still evident. Inertial steering shows
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a lower median and a smaller range across the various step-inputs, demonstrating more

consistent and better performance. The error range (0:083� 0:20rad or 4:6 � 11� ) is not

ideal, but is still lower than the error for the di�erential thrust controller, despite the integral

term in the PID loop. The addition of an integral term to inertial steering can potentially

reduce steady-state error further.

Thus, while both controllers perform well, inertial steering shows superior performance in

all three metrics when evaluated for response to step inputs10.

(a)

(b)

Figure 5.6: Heading vs. time plots for the waypoint experiments in Fig. 5.7a. Inertial steering is
shown in (a), while the di�erential thrust controller is in (b). Vertical dotted lines show waypoints
reached.

Since both controller designs assume the inability to plan exact trajectories, we approximated

trajectory planning by a series of discrete waypoints. The Modboat was directed to a

waypoint until it was within 20 cm, at which point the next waypoint in sequence would be

swapped into the controller. The waypoints are far enough apart that approximately 10-20

cycles are required before reaching the next one. We tested the ability of the controllers

10 We note that the di�erential thrust controller in Fig. 5.5 begins at a disadvantage, but its response is
su�ciently worse as to not be attributable to this factor, and this e�ect persists across starting conditions
as is clear in Table 5.1, where the step magnitude is not considered.
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(a)

(b)

Figure 5.7: Trajectory during waypoint following executed by both controllers; the di�erential
thrust controller is marked by red dashes, and inertial steering by a blue line. The waypoints are
indicated by dotted circles and are labeled by the order in which they were commanded.
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to swim in di�erent patterns; each test was run for 2min, although it was terminated early

if the �nal waypoint was reached. The resulting trajectories are shown in Fig. 5.7, and a

heading vs. time plot for the square trajectory in Fig. 5.7a is shown in Fig. 5.6.

These trajectories demonstrate that inertial steering is capable of following reasonably linear

trajectories between the waypoints, even when they are only� 1m apart. The di�erential

thrust controller, meanwhile, struggles to follow linear trajectories. Inertial steering can

achieve square ( Fig. 5.7a), triangular ( Fig. 5.7b), and linear (not shown) patterns, yet the

di�erential thrust controller shows increasingly worse performance when sharper turns are

required. We were unable � in fact � to obtain reasonable results for the linear pattern

for the di�erential thrust controller.

These di�erences are largely due to the signi�cant advantages displayed by inertial steering

in rise-time and distance traveled during rise (see Table 5.1). Inertial steering is able to turn

quickly and sharply (see Fig. 5.6a), allowing it to follow tight con�gurations of waypoints.

The di�erential thrust controller is limited in torque, and so it requires a longer time to

turn and much more distance to do so, forcing it to struggle with tight con�gurations. This

can be seen in Fig. 5.6b; the heading lags the desired value and does not converge, and the

associated translation causes the desired heading to vary signi�cantly. Inertial steering, on

the other hand, shows both convergence and stable values of the desired heading (Fig. 5.6a).

The close placement of the waypoints in Fig. 5.7 was largely due to the constraints of

our testing environment. In many ocean applications the waypoints may be much further

apart, and this would allow the di�erential thrust controller more space and time to correct,

resulting in better waypoint following. But these results still demonstrate the fundamental

limitations of the frequency-driven motion primitive and the advantages of the pause-driven

motion primitive. Moreover there are still aquatic applications that require relatively precise

placement, and of the two primitives considered only inertial steering is capable of such tasks.
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5.7. Modeling Issues

Although we have shown experimentally that both di�erential thrust and inertial steering

can be used to steer the Modboat more or less e�ectively, we must address the accuracy of

the model presented in Chapter 4 under these control strategies.

Over the course of multiple iterations of the Modboat design and a signi�cant number of

experiments, we have observed that the model in Chapter 4 is apoor predictor of the

trajectory. It can do a decent job predicting the overall shape and forward velocity, but the

turn radius is not predicted well.

This is clearly visible in Fig. 5.8, where the change in overall orientation per cycle is plotted as

a function of the di�erence in half-periods (� T = ( T1 � T2)=2) when using di�erential thrust.

Two dynamic models are used � one (as described in Chapter 4) that uses Assumption 4.3,

and one that does not make that assumption � and compared to experimental results for the

V3.0 Modboat. Assumption 4.3 makes very little di�erence in the predicted turn (largely

justifying its use in the current model), but both signi�cantly over-predict the resulting

turns. While the models predict that turns of � rad per cycle are easily achievable, the

maximum observed turn11 is only in the range of0:7rad.

We observe very di�erent results if we analyze inertial steering in a similar manner. Fig. 5.9

shows a similar plot for change in orientation per cycle as a result of inertial steering, with

t0
pl de�ned as in (5.10). In this case, Assumption 4.3 makes a signi�cant di�erence in model

prediction but causes drastic under-prediction of turning. The theoretically less accurate

model that uses Assumption 4.3, on the other hand, is actually a reasonable predictor of

turning performance12.

This leads to signi�cant di�culty in modeling the Modboat. The di�ering results in Figs. 5.8

11 The drop in turns on the observed plot as j� T j goes up is likely due to aliasing as the motor struggles to
keep up with the faster period. While the model would not re�ect this hardware issue, the predicted turns
are still signi�cantly sharper than the observed ones.

12 Drag coe�cients could be adjusted to improve prediction, and other coe�cients could be adjusted to
more closely match the V3.0 boat.
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Figure 5.8: Turn per cycle prediction for di�erential thrust over a base waveform of
[1:5 1:5 2:0 0:0], based on two version of the model and observed results for a V3 Modboat.
The �orig� model refers to the model described in Chapter 4, while �W/V� refers to a model in
which Assumption 4.3 is not made. Model parameters are from the V3 boat.

Figure 5.9: Turn per cycle prediction for inertial steering over a base waveform given by
[1:5 1:5 2:0 0:0] based on two version of the model and the observed results for a V3 Mod-
boat. The �orig� model refers to the model described in Chapter 4, while �W/V� refers to a model
in which Assumption 4.3 is not made. Model parameters are from the V3 boat.
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and 5.9 present an unclear picture of the inaccuracy of the model in Chapter 4. More inves-

tigation is certainly needed to understand why di�erential thrust is modeled less accurately

than inertial steering, why Assumption 4.3 makes a more signi�cant di�erence under iner-

tial steering than under di�erential thrust, and which assumptions can be made and which

cannot.

5.8. Conclusion

In this chapter we described two motion primitives for steering the Modboat, described

in Chapter 3. The �rst primitive � di�erential thrust control based on modulating

the frequency of waveform (5.6) � was �rst proposed by Refael and Degani [96, 97], and

wrapped into closed-loop control in this work. The second primitive � inertial steering

based on modulating pauses in waveform (5.9) � is a novel contribution described here and

in [95]. For each motion primitive, we have also presented a closed-loop controller to drive

the measured heading to a desired value.

Through experimental evaluation of step-response and waypoint tracking, we have shown

that our novel inertial steering primitive signi�cantly outperforms di�erential thrust control

due to its ability to sharply correct step inputs of e�ectively arbitrary magnitude. This makes

inertial steering well suited for waypoint tracking on the order of 1m and sensor placement

within � 0:4m in calm waters. We note that these distances are derived heuristically from

the simple orientation-only approach to trajectory planning used in this work, and that more

intelligent trajectory planning that accounts for translation could increase precision.

This work considered only one set of base parameters over which both di�erential thrust

and inertial steering were applied. This choice was made to create a tractable problem and

to evaluate the feasibility of inertial steering as a unique motion primitive, but neglects the

possibilities of the full parameter space. The problems of more fully exploring the parameter

space, mixing the primitives, or evaluating the performance of these strategies in the presence

of external �ows � critical for performance in unpredictable ocean environments � is left

to future work. Chapters 10 and 11 explore the e�ect of external �ows, but use the more
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e�ective control strategy presented in Chapter 6 for low-level motion.

Additionally, the models used in this chapter have been planar, relying on the assumption

that the water is still. The presence of waves may require a full 3D consideration, however,

which is left to future researchers.
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CHAPTER 6

Single Module Control � Continuous Methods

The work presented in this chapter is an edited version of [134]: Gedaliah Knizhnik and

Mark Yim. Thrust Direction Control of an Underactuated Oscillating Swimming Robot.

In 2021 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS),

pages 8665�8670, Prague, Czech Republic (Virtual), 2021. ISBN 978-1-6654-1714-3. doi:

10.1109/IROS51168.2021.9636778© 2021 IEEE, reprinted with permission. It was done

with V4 Modboats.

6.1. Introduction

Chapter 5 presented two discrete controllers that could steer the Modboat using either dif-

ferential thrust (by modifying the frequency of oscillation) or inertial rotation (by inserting

pauses into the oscillation). Di�erential thrust has a constant cycle time, which is good

for planning, but low control authority, resulting in slow response and poor performance.

Inertial control has more control authority to make sharp turns, but its non-constant cycle

time makes coordinating tasks or responding to dynamic environments challenging. Preci-

sion movement in an aquatic environment, however, requires both high control authority for

maneuvering and a constant cycle time for planning and coordinating. In particular, the

Modboat is intended to function as a modular self-recon�gurable robotic system and must

therefore be able to dock to other modules. The large waypoints needed in Chapter 5 are

too large for robust docking, and more precision is needed from an improved controller.

In Chapter 5, we transitioned from the complex continuous model of (4.1) to discrete models

to enable tractable control solutions. The complexity and non-linearity of the continuous

model is exacerbated by the non-standard design and propulsion mechanism of the Modboat.

Research into a parallel class of aquatic robots � namely internal-rotor driven foil-shaped

swimmers � has developed continuous control laws in the literature [73�76, 78, 81, 82], as

discussed in Section 2.4.
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These foil shaped robots move by a similar principle to that of the Modboat. Rotation of

a large inertial mass inside the foil (equivalent to the Modboat's top body) causes the foil

shaped outer body (equivalent to the Modboat's bottom body) to counter-rotate. When

the foil oscillates, vortices are shed from the foil tip that create thrust for the robot [81].

Continuous control laws allow this mechanism to simultaneously thrust and steer [73, 76].

In this chapter we present a similar continuous control law, inspired by these works, that

propels the Modboat through its existing paddling dynamics.

Notably, the foil-shaped robots are constrained by the Kutta-Joukowski condition, which

requires �uid to move only tangentially past the foil tip [73], and is equivalent to a terrestrial

no-slip condition. In Chapter 4, however, we presented Assumption 4.6 that the Modboat

foil-shaped tail is thin enough to be negligible (see also Section 4.5). In this chapter, we

demonstrate that the resulting absence of a no-slip constraint on the Modboat actually

increases the maneuverability of the system relative to a foil-shaped robot. The lack of a no-

slip condition must be compensated for, however, when performing waypoint tracking. The

resulting system signi�cantly outperforms both foil-shaped robots and both prior Modboat

controllers from Chapter 5.

6.2. Dynamics

As in Chapter 5, we can analyze the movement of the Modboat by considering only its

orientation. It has already been shown in Chapter 5 that symmetric control laws produce

thrust along the centerline of rotation for the bottom body, which allows the translational

dynamics to be abstracted into thrust along the average orientation.

The orientation equation is reproduced from (4.1) in (6.1), where� is the orientation of

the Modboat's bottom body13 (which contains the �ippers), I b and I t are the moments of

inertia for the bottom and top body, respectively, and � is the motor angle. Cf and Cr are

drag constants related to the �ippers and the cylindrical shape respectively. The top body

13 � is written as � b in (4.1), but the subscript is omitted here for clarity.
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acts as a reaction wheel to transfer angular momentum to the bottom body.

(I b + I t ) •� = � Cf sgn (_� ) _� 2 � Cr _� � I t •� (6.1)

6.2.1. Control to a Limit Cycle

The propulsive mechanism for foil-shaped robots is vortex shedding o� the foil tip [81]. The

Modboat is propelled by �ippers rather than a foil, but it is reasonable to think a similar

control law may be e�ective. Oscillations around a reference heading should cause paddling

in that direction, just as a foil would create thrust.

A number of oscillating control laws have been considered for foil-shaped robots. Pollard

et al. used a sinusoidal forcing termsin (!t ) and an integral term 1
T

Rt
t � T (� r � � )dt for

convergence [74] and showed that it could drive a robot to a desired velocity and reference

heading on average. Lee et al. used an angular velocity term and a sinusoidal convergence

term sin (� r � � ) [76], but did not signi�cantly characterize its performance. Fedonyuk used

a control law of the form in (6.2) for a terrestrial analogue, and this is the form we will

consider [75]14.

� = � K sin (!t ) � � sin (� r (t) � � (t)) (6.2)

In (6.2), sin (!t ) drives the orientation at the angular frequency! , while sin (� r � � ) serves to

drive the orientation � to the reference heading� r on average. This control law is symmetric

about � = � r for constant � r , and so can be expected to produce thrust in the direction� r ,

on average, when applied to the Modboat.

Let •� in (6.1) by given by � in (6.2) and substitute  = � � � r . Then the resulting equation

of motion (6.3) is a nonlinear damped pendulum oscillating around  = 0 , with D( _ )

14 The full form of (6.2) used in [75] includes a constant � 0 that is used for curved trajectories. We do not
consider curving trajectories in this work.
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collecting the linear and nonlinear damping terms.

• + D( _ ) +
�I t

I t + I b
sin ( ) =

KI t

I t + I b
sin(!t ) (6.3)

In (6.3), we see that whileK sin (!t ) acts as a forcing function at angular frequency! , the

second control term� sin ( ) acts as part of the dynamics. In particular, its coe�cient is

related to the natural frequency of the pendulum. To ensure a stable oscillation the forcing

frequency and the natural frequency should be aligned as in (6.4).

! 2 �
�I t

I t + I b
(6.4)

In practice I t � I b to allow most of the Modboat's rotation to transfer to the bottom

body. Moreover we do not need perfect resonance � just enough alignment to avoid large

oscillations in amplitude � so it is su�cient to say � � ! 2.

The controller in (6.2) therefore has two design variables. The angular frequency! controls

the paddling frequency and therefore the controller responsiveness.K , meanwhile, loosely

controls the oscillation amplitude, and functions as a design variable to set forward velocity

relative to a given angular frequency! . We have a constant cycle time because! is generally

constant, and we will show in Section 6.5 that this controller has signi�cant control authority.

6.2.2. Simulation

We can verify in simulation that this control law produces convergence to a desired heading.

Numerically solving (6.1) and (6.2) shows that orientation converges to a limit cycle around

the desired reference heading as long as there is su�cient drag15, as shown in Fig. 6.1.

Note that there is a transient region at the discontinuity in reference heading during which

the system experiences net torques. The extent of this region depends on the phase of the

transition time, but its e�ect on the overall trajectory is negligible. This discontinuity also

15 We leave the analysis of how signi�cant the drag terms must be to future work. For the current analysis,
it is su�cient to note that there is enough drag in water, but not in air.
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violates our assumption that � r is constant, and therefore the symmetry of the control law.

Individual and well-spaced discontinuities like the one in Fig. 6.1 are unlikely to have a

major impact, but this does have consequences for the controller, which will be discussed

in Sections 6.3 and 6.4.

Figure 6.1: Simulated convergence of (6.1) to oscillation about a reference heading under control
law (6.2). In this simulation Cf = 1 :0 � 10� 4, Cr = 0 , I b = 5 :2 � 10� 6, and I t = 1 :0 � 10� 3. For the
controller, ! = 2 � , K = 15, and � = 40.

6.3. Travel Direction

The foil-shaped robots developed by Pollard et al. [74], Fedonyuk [75], and Lee et al.[76] use

either a knife-edge constraint (Kutta condition) or a small periodic slip velocity constraint

on the foil tip. This equates the average orientation and the direction of travel, so (6.2) is

su�cient to e�ectively drive the robot in the plane.

The Modboat does have a foil-shaped tail, but its negligible thickness means that neither a

knife-edge constraint nor a small slip velocity constraint can be applied to it, as discussed

in Chapter 4. This means drift is a signi�cant component of motion, and (6.2) is not su�cient

to drive the Modboat in the plane. This is shown in Fig. 6.2, where the observed change in

the trajectory direction under a step input to (6.2) is consistently about 0:2rad lower than

the commanded change in reference heading under (6.2). This is not a large error, but it

can be compounded every time the reference heading changes.

This behavior is consistent with a simple thrust model, in which thrust is along the direction

of the reference heading� r (balanced by drag). Changing the direction of thrust does not

immediately cancel the previous velocity (like friction would given a knife-edge constraint),
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Figure 6.2: The observed direction of travel is compared to the commanded change in reference
heading under the control law (6.2). The observed change consistently lags the desired change due
to drift.

and the net direction of travel is a vector sum of the old and new thrusts. The trajectory

will converge to the new thrust direction eventually, but this is not a feasible approach for

precise maneuvering.

Note, the control laws presented in this section use vectors. For brevity, we do not include

normalization steps. Instead we usêv to denote the unit vector of ~v, and where relevant

equalities should be understood with an implicit normalization.

6.3.1. Controlling the Direction of Travel

Since simple thrust does not allow us to control the direction of travel, we use an additional

control layer (6.5), where �̂ indicates a unit vector oriented at an angle� relative to the

x-axis. �̂ des is then the feed-forward desired direction of travel, ̂ is the observed direction

of travel, and K p is a proportionality constant.

�̂ r (t) = �̂ des(t) + K p

�
�̂ des(t) �  ̂ (t)

�
(6.5)

Eq. (6.5) acts as a proportional controller on the thrust direction to generate the desired

direction of travel; it cancels disturbances or existing velocity when changing direction.

External �ows can also be included in ̂ if they are known. The vector form of (6.5) ensures
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reasonable outputs regardless of error magnitude or proportionality constant. Together, (6.2)

and (6.5) constitute our novel thrust direction controller.

Fig. 6.3 shows the improvement that results from using (6.5) in addition to (6.2). Under (6.2)

alone, even a single disturbance decouples� r and the direction of travel for signi�cant time.

But under (6.5) as well multiple disturbances can be quickly rejected due to the observed

change in direction of travel. Eq. (6.5) causes the paddling direction to cancel the disturbance

and return to the desired heading. A similar behavior corrects the step-input performance

in Fig. 6.2.

Figure 6.3: Trajectories under a constant reference heading of0rad. When using the control
law (6.2) alone (blue), even a single disturbance (applied at� (1; 0)) is enough to decouple the
reference heading and the direction of travel. Adding the control law (6.5) (orange line) allows the
direction of travel to remain in the face of multiple disturbances. Note that both trajectories have
been rotated to facilitate comparison.

In Section 6.2 we noted that the control law produces thrust along the average orientation

only for symmetric control laws. While (6.2) alone is symmetric for constant� r , the addition

of (6.5) makes� r variable for even constant desired swimming directions. Nevertheless, the

asymmetry this creates does not majorly impact performance, as is shown in Fig. 6.3 and

in Section 6.5. It does mean, however, thatK p cannot be raised inde�nitely without negative
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e�ects on performance.

All the terms in (6.2) and (6.5) are de�ned as continuous functions of time. Although thrust

is still produced over complete cycles, this allows this controller to respond faster than the

discrete controllers in Chapter 5, since a new input can be processed immediately, without

waiting for the next cycle.

6.3.2. Measuring the Direction of Travel

Because the Modboat oscillates and rocks as it moves, and all parts of it rotate, it is di�cult

to quantify the direction of travel  ̂ (t)16. Direct di�erentiation of the trajectory would

yield signi�cant oscillation, which is undesirable when used in (6.5). Let~x(t) = [ x(t) y(t)]0

be the trajectory of the Modboat, and let T be the period of oscillation associated with

the angular frequency! . Then (6.6) represents theperiod-wise velocity, which provides a

smoother measure of motion than the instantaneous velocity. We obtain̂ (t) by taking the

orientation of ~vT (t) and then averaging over the prior periodT as in (6.7). This averaging

has been heuristically determined to provide su�cient smoothness for good performance

of (6.5), since we want to limit the oscillations of � r for stability.

~vT (t) =

2

6
4

_xT (t)

_yT (t)

3

7
5 =

~x(t) � ~x(t � T)
T

(6.6)

 ̂ (t) =
1
T

Z t

t � T
arctan

�
_yT (� )
_xT (� )

�
d� (6.7)

Use of this methodology requires at least2T of initialization data before  ̂ (t) is well de�ned.

This can be shortened toT by letting the orientation of ~vT be �̂ des(t) 8t < T , which is a

reasonable assumption in still water. But it is also not unreasonable to require some startup

time before assuming accurate velocity measurements.

16 We encountered a similar issue in Chapter 5, where we used (5.5) to de�ne a heading that corresponded
to the direction of travel. That method is inapplicable here because it is discrete and this method aims to
be continuous. A variation on the method described here was initially attempted in combination with the
controllers of Chapter 5, but found to perform poorly.
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6.4. Desaturating the Actuator

The controller in (6.2) produces no net torque on the system in steady-state when� r (t)

is held constant. Net torques are generated, however, in the transient regions when� r (t)

changes, particularly where it changes signi�cantly (e.g. due to a change in the desired target

location). If not properly controlled, these torques lead to increasing angular velocity for

the top-body (denoted _� t ), which is e�ectively a reaction wheel in this con�guration. This

introduces the classic reaction wheel problem in that actuators cannot increase in speed

inde�nitely, and torques held for long periods (e.g. steady state) are not possible.

Figure 6.4: A plot of top-body angular velocity over time for two step input tests. At t = 15s the
desired heading is changed by�= 2(� 3�= 2) for the blue(orange) curve. The �nal desired heading is
the same, but the choice determines the change in angular velocity for the actuator.

In conventional reaction wheel systems a number of methods exist to reduce this e�ect, but

the �rst step is to choose an actuator with a high saturation ceiling. This works because

we are not typically concerned with the state of the reaction body, which is the case for the

foil-shaped robots designed by Pollard et al. [74] and Lee et al. [76], in which the reaction

mass is internal. Other solutions can leverage dead-bands in the dynamics; for example,

Dear et al. resets the rotor velocity of their terrestrial snakeboard system by bringing it to

a full stop, at which point the rotor can be slowed without a�ecting the system [92].

The Modboat, however, cannot use these solutions. As mentioned in Chapter 3, and as

will be described in Chapter 7, the Modboat top body houses all sensing structures and is
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intended for use in docking to other modules. To enable docking and e�ective sensing, the

angular velocity of the top body must be kept as low as possible. It is also unreasonable to

require a full stop to reduce the velocity if any other alternatives can be found.

We can, however,desaturate the actuator by leveraging the fact that orientation is cyclic.

For any change in heading� � r , rotating by 2� � � � r produces the same �nal heading but

an opposite transient e�ect. Since the magnitude of the change is determined by exterior

circumstances (such as the location of a target), some angular velocity is likely to remain.

But we can maintain an upper bound to the angular velocity at minor cost to cornering

by always making a choice for� � r that decreases the average magnitude of the angular

velocity.

The controller in (6.2) cannot be used this way, as it cannot discriminate between congruent

angles� + 2 �n 8n 2 Z. We can modify it to achieve this e�ect by rewriting (6.2) into (6.8),

with the additional term � (�; � r ) given by the boolean expression in (6.9). The subscript

(� �; � ] indicates an angle wrapping operation, so the boolean expression in (6.9) serves to

override the convergence term in (6.8) until� approaches the correct unwrapped value of

� r . Then the controller reduces back to (6.2).

� = � K sin (!t ) � � [sin (� r � � ) + � (�; � r )] (6.8)

� (�; � r ) = sgn( � r � � )
h
(� r � � )(� �;� ] 6= ( � r � � )

i
(6.9)

Under (6.8) a reduction in angular velocity is accomplished by adding or subtracting2�

from the reference heading as per (6.10). This is shown in Fig. 6.4, where a nearly identical

angular velocity is maneuvered to be either more positive or more negative by the choice of

the new reference heading. An intelligent choice of reference heading can thus always reduce

(or maintain) the average magnitude of the angular velocity.

� r = � r � 2� sgn (�_� t ) (6.10)
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Note that equation (6.10) can/should be used intelligently. Positive(negative) changes in� r

will cause negative(positive) changes in the angular velocity without additional adjustment.

Therefore (6.10) should only be used if� � r does not already contribute in the correct

direction, and only at discrete intervals to avoid signi�cant transient events. In the waypoint-

tracking experiments in Section 6.5 we apply desaturation only at the transitions between

waypoints when the natural change in heading has the wrong e�ect.

Together, the direction of travel controller (6.5), the adjusted limit-cycle controller (6.8), and

the boolean expression (6.9) constitute our noveldesaturated thrust direction controller.

6.5. Experiments

We quanti�ed the Modboat's performance under the (desaturated) thrust direction controller

in the same testing setup described in Section 3.5 (also see Fig. 6.5). In this case, a MATLAB

script recorded the data, calculated the reference heading, and then transmitted the observed

and desired orientations to the Modboat over WiFi. Thus the outer control loop (6.5) ran

o�-board at 120Hz, but the inner loop (6.8) ran on-board at 250Hz.

Running the full controller in our experimental setup under the parameters in Table 6.1,

the Modboat was observed to produce21� 1:7 mN of thrust on average along the direction

given by � r . This resulted in a top speed of9:3 � 0:37 cm=s, or approximately 0:6 BL=s, in

still water.

Table 6.1: Control parameter values used in (6.5) and (6.8).

! [rad=s] K [N m] � [N m] K p

2� 15 40 1:5

The limit cycle control loop (6.8) was evaluated by running step-input tests under the

parameters given in Table 6.1. An initial swim direction for 15s was followed by a change

of � � , and the direction of travel, as measured by (6.7), was considered for both legs of

the trajectory. With proper calibration of the observed orientation and the internal motor

zero position the initial travel direction was within a few degrees of the desired value. The
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Figure 6.5: Composite image of the Modboat executing a square trajectory in the testing tank.
The associated trajectory plot is shown in Fig. 6.6a.

results for the second leg are shown in Fig. 6.2, where the error is0:2rad � 10� . � � for all

tests was positive, so a negative error is consistent with the presented thruster model.

We evaluated the thrust direction controller (6.5) and (6.8) by tasking the Modboat to swim

to a series of discrete waypoints in sequence under the parameters given in Table 6.1, both

with and without the desaturation term (6.9). The waypoints were placed to approximate

square, triangular, and linear trajectories, with a tolerance used to determine the transi-

tion from one segment to the next. Several resulting trajectories are shown in Fig. 6.6 in

comparison with equivalent trajectories from the inertial controller from Chapter 5. These

trajectories demonstrate the overall linearity of the the trajectory segments and the sharp-

ness with which the Modboat can turn under this control law. Maneuvering capabilities

extracted from these tests are presented in Table 6.2.

Finally, we demonstrated that the existing control laws � without further modi�cation �

allow the Modboat to execute station-keeping maneuvers. Commanding only one waypoint

results in normal swimming behavior that becomes an orbit of radius0:11m (or 1:5 times

the Modboat radius) around the waypoint, as shown in Fig. 6.7.
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(a)

(b)

Figure 6.6: Trajectories of the Modboat following a (a) square waypoint layout (the outer is 1:0m
to a side, while the inner is0:5m) and (b) linear waypoint layout (of length 1:0m) under desaturated
thrust direction (DTD) control (blue solid), inertial steering (red dashed), and di�erential thrust
control (yellow dashed). Displayed waypoints are0:1m in radius as used by thrust direction control,
although the inertial tests used 0:2m radius waypoints. Artifacts of desaturation maneuvers can be
observed in (a) both waypoints 4 and (b) waypoint 2.
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6.6. Discussion

Development of thrust direction control in this work was motivated by a need for increased

maneuverability and responsiveness in aquatic applications, with an eye towards improved

planning and coordination (i.e. for docking). We consider two types of maneuvers:90� turns

as a proxy for normal maneuvering, and180� turns as a proxy for more extreme maneuvers

or abort procedures17. We also consider the minimum size of target that can be achieved

by the controller, the minimum distance in which it can navigate to targets, and the RMS

perpendicular distance to the ideal straight-line trajectory.

As summarized on the left side of Table 6.2, thrust direction control performs better than

our prior techniques on all metrics except RMS error, where it is comparable. It can hit

targets of radius5cm given 1m of distance, and those of radius10cmat 0:25m (although the

trajectories are straighter given0:5m). Since the Modboat radius is7:5cm we should be able

to dock successfully using this technique with a margin of error to account for disturbances

(see Chapter 7 for details). Higher precision can also be obtained by loweringK to decrease

forward velocity and/or raising K p to increase preference for canceling velocity direction

error.

We can increase precision further by using thedesaturated thrust direction controller to

improve trajectory error. This is indicated in Table 6.2, as desaturated thrust direction

control shows a statistically signi�cant improvement in trajectory error over inertial control,

whereas regular thrust direction control does not. The transient e�ects produced by (6.9)

are minimal and do not reduce maneuverability. This is shown in Table 6.2, as maneuvering

characteristics are not worsened by the addition of desaturation, and are actually improved

for abort maneuvers. Minor artifacts that the desaturation term introduces can be seen in

the trajectory corners of Fig. 6.6.

The increased accuracy and maneuverability of our new method are shown in Fig. 6.6a, in

17 It is � of course � possible to do a 180� turn by extending the procedure for a 90� turn. This is not
preferred, however, if there is signi�cant travel during normal turning. Thus Modboat control for 90� and
180� turning is the same, but for the foil-shaped robots it is di�erent.
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Figure 6.7: Trajectory of the Modboat commanded to swim towards the waypoint at (0; 1:5) under
desaturated thrust direction control. The orbit radius is 0:11m, which is 1:5 times the radius of the
Modboat.

which thrust direction control shows increased straightness of inter-waypoint segments and

sharp turns. The inertial controller turns slightly more sharply, but requires more space

and time to do so, which is highlighted in the 90� turn characteristics and target radius

in Table 6.2. The faster and shorter response of the thrust direction controller can be

leveraged into tighter trajectories; this is demonstrated by the smaller square in Fig. 6.6a,

which is only 0:50m=3:3BL to a side and could not be achieved by inertial control.

The superiority of thrust direction control is further shown in Fig. 6.6b. Inertial control

executes a very sharp turn but drifts past the target in doing so, and the maneuver induces

lateral deviation on the return path. The thrust direction controller, meanwhile, turns

without overshooting and maintains a straighter return trajectory. This is highlighted in

the 180� turn characteristics in Table 6.2.

This improved performance and ability to execute fast and sharp turns culminates in allowing

the Modboat � without adjustment of the control law � to station keep with an orbit of

diameter only 1:5BL. Neither of our previous methods could achieve this kind of maneuver,

much less such a small orbit. Thrust direction control with desaturation thus outperforms
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prior Modboat control methods on all metrics.

We can also use Table 6.2 to compare the Modboat performance to the foil-shaped robots

developed by Pollard et al. [74], Fedonyuk [75], and Lee et al.[76], whose controllers inspired

ours. For 90� turns convergence time is signi�cantly faster and the distance traveled is

signi�cantly lower for the Modboat under the control laws given by (6.5) and (6.8). This

can be attributed to using �ippers for propulsion rather than a foil, but it is likely also a

consequence of the sinusoidal convergence term, which is faster than the integral term used

by Pollard et al. [74].

The Modboat also outperforms foil-shaped robots in180� maneuvers, as shown in Table 6.2.

As a consequence of the no-slip (or small-slip) conditions at the foil tip, the foil-shaped

robots cannot perform a180� turn in-place. The Modboat, unrestricted by such dynamic

conditions, can do so within 3:2 � 4:4s with minimal drift. Pollard et al. uses passive

tail segments to reverse the direction of vortex shedding, which aids turning and allows a

180� turn [82]. The Modboat can achieve comparable sharpness and better speed without

modi�cation of design or control technique. Moreover the Modboat's drift is almost entirely

along the direction of travel when executing a180� turn, whereas the foil-shaped robot

executes a more circular turn.

6.7. Conclusion

In this chapter we presented athrust direction control methodology for the Modboat,

which applies an oscillating limit-cycle controller that was originally developed for foil-

shaped robots, to the Modboat. We showed that this method (thethrust direction con-

troller , or TD) is more e�ective at driving and steering the Modboat than the robots for

which it was originally developed and turns the Modboat into a highly capable moving

platform, despite only having one actuator.

On top of this, we presented a novel extension to alleviate the reaction wheel problem, in

which inevitable actuator saturation leads to a loss of control authority. This forms the
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desaturated thrust direction controller (or DTD), which improves overall trajectory

accuracy at next to no cost to large maneuvers. This allows arbitrary trajectories to be

prescribed and makes this a feasible approach for driving Modboats to dock together, as

will be described in Chapter 7.

We have experimentally demonstrated that the (desaturated) thrust direction controller

signi�cantly outperforms the prior control methods for the Modboat described in Chap-

ter 5. This allows �ner-scale maneuvers, more accurate waypoint tracking, and even station-

keeping, which was impossible through previous methods. This allows the Modboat to move

like a far more complex system despite being driven by only one motor and to be used for

precision sensor placement or inspection tasks.

Although this controller is far less sensitive to changes in Modboat parameters than inertial

steering is, it is still sensitive to the balance betweenI t and I b. In particular, when multiple

Modboats dock together their e�ective I t becomes much larger (see Chapters 7 and 9), and

DTD becomes unstable. Extending the desaturated thrust direction controller to remain

stable in the face of such changes is left to future work.

Additionally, the work in this chapter considered only still water. The e�ect of external

�ows is considered in Chapters 10 and 11, but the possibility of including measurements of

the �ow directly into the travel direction measurement, as described in Section 6.3, is left to

future work. Such an extension could allow highly e�ective motion at small scales in moving

water.
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CHAPTER 7

Docking with Underactuated Systems

The work in this chapter (except for Sections 7.3.2 and 7.6) is an edited version of [135]: Gedaliah

Knizhnik and Mark Yim. Docking and Undocking a Modular Underactuated Oscillating

Swimming Robot. In 2021 IEEE International Conference on Robotics and Automation

(ICRA) , pages 6754�6760, Xi'an, China, 5 2021. ISBN 978-1-7281-9077-8. doi: 10.1109/

ICRA48506.2021.9562033© 2021 IEEE, reprinted with permission. It was done with V4

Modboats. It should be noted that chronologically most of the work in this chapter precedes

the work in Chapter 6. Although the strategies presented can be applied to the techniques

of both Chapters 5 and 6, experimental veri�cation was done with inertial steering as the

best single-module control method.

7.1. Introduction

Chapters 5 and 6 presented three strategies for controlling and steering single Modboats on

an aquatic surface. The Modboat is a modular self-recon�gurable robotic system (MSRR),

however, which means that the goal is for the individual modules to dock together in various

con�gurations to perform tasks. The task of controlling these various con�gurations will be

considered in Chapters 8 and 9, but �rst we must show how Modboat modules can physically

dock together, undock from one another, and recon�gure. This is a particular challenge for

aquatic systems, as discussed in Section 2.3.

The critical challenge to note for docking with Modboats is that all parts of the robot oscillate

in order to achieve propulsion, and while swimming its orientation can be controlled onlyin

the average. This means that docking � a process involving precise control of both position

and orientation � quite di�cult. It is not su�cient to just plan a path accounting for the

propulsion-orientation coupling, as with other non-holonomic systems. Instead, additional

modes must be added to allow orientation to be controlled separately from propulsion, and

the two modes integrated e�ectively to set both location and orientation. Accommodating
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docking mechanisms, which are built using permanent magnets and compensate for imprecise

alignment, can also be used to assist in underactuated docking.

This chapter presents a mechanism and strategy that allows a Modboat to dock to/undock

from other moduleswithout additional actuation. This is unique, as all other similar (aquatic

surface vehicle) systems require additional actuators for docking and latching [9, 38, 47�

50, 53, 56, 61], as described in Section 2.3. We also describe a novel motion-primitive for

controlling the instantaneous orientation of the Modboat top body, which allows a choice

of docking con�gurations. This allows the Modboat to self-assemble and recon�gure in 2D

with an a�ordable and easily scalable system.

7.2. Docking Mechanism

Permanent magnets are advantageous in low-cost docking applications, as they can passively

align and guide the modules when docking and remove some of the need for precision ma-

neuvering. The resulting dock consumes no energy when active, which is also advantageous

due to limited onboard energy capacity, and magnetic docks also provide a reasonably large

area of acceptance.

Four permanent magnets are therefore placed at the four cardinal points inside the top

body, as shown in Fig. 7.1 (and visible in Fig. 3.1). This allows the circular Modboat to

form a rectangular lattice when docked. Each Modboat is assigned either a magneticN or S

designation, and each magnet is placed so that the designated pole faces outward; this gives

the boats polarity rather than the docks. Nongendered/hermaphroditic magnetic docking

setups are possible, but they show lower areas of acceptance [64]. A valid square lattice can

easily be formed from such polarized boats (consider a chess-board), and it is reasonable in

large self-assembly applications to assume an in�nite number of modules of either polarity18.

Each magnet used is rated for a pull strength of67N; two layers of 1=8in acrylic and the air

gap due to a �at magnet in a cylindrical shell results in an e�ective docking strength of4:1N.
18 An alternative proposed solution is to use cylindrical magnets, polarized so that radially half of the

cylinder is N and the other half is S. When free to rotate, these magnets will passively align for any incoming
module.
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Figure 7.1: A simpli�ed diagram of the Modboat, with the docking points indicated and labeled
and the approximate area of acceptance of the� �= 2 dock (not to scale) in green. The top body is
shown in black, the bottom body in blue, and the �ippers in gray. We have approximately measured
� cap � 90� and dcap � 15cm. This is approximately one diameter of the Modboat top body. The
other dock points have similar areas of acceptance by symmetry.

Each Modboat weighs0:66kg (or 6:5N), and this docking strength has been experimentally

veri�ed to be su�cient to hold two boats together when swimming (Chapters 8 and 9 will

demonstrate e�ective adhesion for groups of up to �ve boats).

The area of acceptance of a magnetic dock depends greatly on the �uid and robot velocities,

on the particular magnetic con�guration, and on magnetic interactions between the four

magnets on each boat involved, which makes it di�cult to explicitly quantify. We roughly

approximate the area of acceptance, however, as a90� wide region extending to � 15cm

from the boat's edge, which is shown in Fig. 7.1; another magnet entering this region will

be captured assuming the �uid and the boats are approximately at rest and the boats

are approximately aligned in orientation. In fact, our experiments show that even a small

velocity pointed away drastically reduces the area of acceptance, and the goal of the docking

approach must be to limit this e�ect.

The direction of docking is given relevance by the possibility of mounting directional sensors
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in the Modboat modules, as well as by the module's preferred front direction19. It is therefore

desirable to be able to choose which dock is used in each particular situation. We therefore

de�ne a dock by its orientation  2 f� �= 2; 0; �= 2; � g relative to the �front� of the Modboat

(at 0) as shown in Fig. 7.1, and by a subscript identifying each boat. The orientation of the

Modboat top body in the world-frame is given by � t . The method for choosing which dock

is used will then be discussed in Sections 7.3.1 and 7.4. We de�ne:

De�nition 7.1. A front-dock involves the = 0 dock.

De�nition 7.2. A side-dock involves the = � �= 2 docks.

De�nition 7.3. A rear-dock involves the = � dock.

7.3. Docking Strategy

Conventional techniques for self-assembly generally add single units to the assembled whole

rather than combining large sub-assemblies [32]. This is often sensible from a dynamics

perspective, since individual modules are often far more mobile than a conglomerate, which

is borne out by the di�erence between the results in Chapters 5 and 6 and Chapters 8

and 9. We therefore consider docking as de�ned in De�nition 7.4, with nomenclature as

in De�nitions 7.5 and 7.6.

De�nition 7.4. The docking problem is guiding a single swimmer from initial location

(x0; y0), top-body orientation � 0, and desired dock b to dock with a target at location(x t ; yt ),

top-body orientation � t , and desired dock t . The target cannot swim or adjust its orienta-

tion.

De�nition 7.5. The mobile boat is the active swimmer being guided in the docking problem.

De�nition 7.6. The target boat is the boat to which the mobile boat is docking. The target

boat may not be �xed but is assumed to be stationary.

19 The controllers in Chapter 5 use a preferred front direction of the top body that is steered, while the
controller in Chapter 6 does not have a preferred front direction for the top body. Nevertheless, even under
DTD the concept of directional sensing remains a motivating factor
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A single targeted Modboat may be able to adjust its orientation to assist in the dock,

simplifying the trajectory for the mobile boat. A target that is docked to other units,

however, is very limited in its ability to do so, as will be shown in Chapter 9. Thus the

mobile boat is tasked with achieving both the position and orientation necessary for docking,

which provides a more general solution for all cases.

7.3.1. Strategy

When swimming using inertial steering, the desired direction of motion for the Modboat

is controlled by a heading from it to a target waypoint. We create a docking strategy by

using a discrete and non-holonomic approximation of the attractive well used by Saldana

et. al [10], and implement it by way of virtual waypoints the Modboat will swim towards.

This strategy can be summarized in three stages:

1. Distancing: Achieve distance from the target so that a perpendicular approach to-

wards the desired dock is available.

2. Homing: Approach the target along the perpendicular to establish a drift velocity

toward the desired dock.

3. Orienting: Control the orientation while drifting to present the desired dock on the

mobile boat to the desired dock on the target boat.

Fig. 7.2 demonstrates the principle elements of this docking strategy, which are implemented

as a �nite state machine as shown in Fig. 7.3. From an initial state in R0 the mobile

boat is driven towards a virtual waypoint at C de�ned by a distance dapp, the orientation

of the target � targ , and the desired target dock t . This serves to establish an (almost)

perpendicular approach to the target dock.

Once it is within R1 (i.e. within the cone and further than dapp from the target), the mobile

boat is directed towards the target at T. This waypoint is maintained within both R1 and

R2, serving to establish a drift velocity towards the target.
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Figure 7.2: A diagram of the docking strategy regions used by a mobile boat (not shown) to dock
to the target boat T. The strategy is shown in detail in Fig. 7.3. Region dimensions are not to scale.

Swim towards C

Swim towards T

Orient to dock

Done

Enter R1

Enter R3 and (7.3)

Dock

Enter R0

Enter R0

Figure 7.3: An illustration of the docking procedure followed by the mobile boat. The procedure
moves linearly unless an abort is triggered, at which point it resets.
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Finally, within R3 the mobile boat orients itself to present the desired dock b using the

method described in Section 7.4. The Modboat cannot simultaneously control its orientation

and the direction of its translation, so it relies on the previously established velocity to drift

the rest of the way to the target while the orientation is being set. The transition to R3

is based both on a distance criterion (being closer to the target thanddock) and an angular

velocity criterion that will be discussed in Section 7.4.

Because the Modboat is underactuated, we insist that transitions occurin order without

skipping. Skipping R1, for example, could create a scenario where the drift velocity was

insu�ciently directed at the target for a successful dock. However, if at any point the

Modboat returns to R0 the dock attempt is aborted and the procedure resets.

7.3.2. Improvements

While the methodology in Section 7.3.1 works, the approach method described for regionR2

� swimming at the target T � is not robust. Consider the vector �eld of desired headings

for this strategy, as shown in Fig. 7.4a. At the extreme, the desired heading pointsalong

the boundary of the approach cone; this provides no restoring force to bring the Modboat

towards the center. Moreover, under inertial steering the desired heading is achievedafter

a full cycle of forward motion in the previous direction, so it is achieved at a location other

than where the desired heading was chosen. Both of these considerations mean that under

the strategy described in Section 7.3.1 the mobile Modboat is highly likely to re-enterR0

and force an abort.

A much better strategy is shown in Fig. 7.4b. In this case, the heading towards the target

T is mixed with a heading perpendicular to the approach cone boundary and scaled by the

distance away from the cone centerline. This new direction simultaneously drives the mobile

module towards the target and towards the approach cone centerline. This does not resolve

the translation issue inherent in inertial steering, but it does provide improved robustness

against triggering aborts, especially when used with the more e�ective control techniques

of Chapter 6.
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(a)

(b)

Figure 7.4: Approach vector �elds for the R2 region of Figs. 7.2 and 7.3, with the original strategy
in (a) and the improved strategy in (b). The target boat is located at the point of the red cone, with
the red region indicating the boundaries of the approach cone as in Fig. 7.2. The arrows indicate
the desired heading within R2.
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7.4. Orientation Control

Chapter 5 presented methods for controlling theheading of the Modboat, de�ned at discrete

time intervals as the average orientation over acycle . Chapter 6 similarly provided only

average control of the bottom body orientation, and none for the top body. Self-assembly,

however, requires that theinstantaneous orientation of the boat top-body matches that of

the target. We therefore need to bridge the transition from swimming � treated on average

� to docking, which must be treated continuously.

An additional motion primitive to control the instantaneous orientation provides this bridge.

We can use the bottom body as a reaction wheel to control the orientation of the top body.

Because angular acceleration activates the �ippers and induces translation, this motion

primitive is of limited use, but we theorize that it can be useful when:

1. The orientation can be controlledslowly , allowing slow motion that does not activate

the �ippers.

OR

2. The orientation needs to be controlled onlybrie�y , so that induced translation is

unlikely to matter.

Item 1 may be relevant in docking scenarios where the target boat is free to rotate. It can

spend a relatively long time achieving its orientation while the mobile boat approaches. For

the docking problem as de�ned in De�nition 7.4, however, we rely instead on item 2; the

orientation control maneuver for the mobile boat will occur in a short period before the

dock, minimizing the e�ect of any induced translation.

Orientation control is therefore achieved by de�ning a PID controller as in (7.1) and (7.2),

where � t is the orientation of the top body and � is commanded as angular acceleration to

the motor. To minimize �ipper activation, we limit the allowable angular velocity of the
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motor during this mode to 4rad=s.

e = � d � � t (7.1)

� = K pe+ K d
de
dt

+ K i

Z
edt (7.2)

It is important to note that � because oscillations induce translations in the Modboat

system � it is desirable that the orientation controller be overdamped, but this induces a

slow rise time. A long drift period could compensate for this, but it would require higher

precision in the approach heading, which we cannot guarantee.

Table 7.1: Orientation control PID coe�cients

Mode K p K i K d

Aggressive 30 0 30
Non-Aggressive 10 0 30

Since magnetic docking can compensate for angular errors, we therefore choose a gain-

scheduled controller model. The initial orientation controller uses an aggressive set of PID

coe�cients to quickly rise most of the way to the desired orientation. Once the orientation

is within 0:15 rad of the target value and the angular velocity is below1 rad=s we shift to

an overdamped non-aggressive controller to prevent oscillations, should the drift period last

long enough. The PID coe�cients are given in Table 7.1.

Fig. 7.5 shows an example of the performance of the gain-scheduled control approach as

compared to using only the non-aggressive controller. The non-aggressive controller takes

9 s to reach the 0:15 rad threshold, while the hybrid controller takes only 3 s without

a signi�cant increase in oscillation. We do observe more translation when using the gain-

scheduled control approach, but this is o�set by the signi�cantly faster correction time when

used for docking as per item 2. Thus, even though the hybrid controller eventually drifts

nearly 20 cm further, it drifts less in the time needed to rise to the desired orientation.

In order to facilitate docking using orientation control, we add an angular velocity criterion
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Figure 7.5: Sample response for non-aggressive (dashed) and gain-scheduled (solid) orientation
controllers to a step input of � � (dotted). Gain-scheduling speeds up the rise-time without an
appreciable increase in oscillations. This results in more drift overall but is comparable in the initial
few seconds, which is su�cient for docking. The vertical lines mark reaching within 0:15rad of the
desired orientation.

to the strategy in Section 7.3.1. The distance transition criterion to R3 is supplemented

with (7.3), where � t is the top-body orientation of the mobile boat, � des is the desired

orientation that will align the mobile and target docks, and the error term is wrapped to

(� �; � ].

This guarantees that the transition occurs when the propulsive oscillations are already turn-

ing the Modboat in the desired direction, easing the presentation of the desired dock b.

The minimum angular velocity ! trans ensures this will happen quickly, and the orientation

controller then brings this rotation to a halt at the desired angle.

j _� t j � ! trans and _� t (� t � � des) < 0 (7.3)

7.5. Performance

Docking and undocking were tested in the test setup described in Section 3.5. A set of base

parameters [T1 T2 A � 0] = [ 1:5 1:5 2 0] was used forall experiments, with inertial

steering applied over these parameters (see Chapter 5). Testing was done in calm water

with no external currents applied.

To simulate docking to a larger assembly of boats the target boat was �xed to the bottom
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of the tank. This target was used for the majority of testing, but we also evaluated docking

with a single free-�oating non-actuated target. This was intended to evaluate if signi�cant

di�erences exist between the two cases, and if the docking strategy would function for a

target that could be pushed away by the water moving with the incoming mobile boat.

The results of the docking tests are presented in Table 7.2; front-docking and side-docking

were performed reliably, while rear-docking was largely unsuccessful and so not attempted

for the free-�oating target. The time taken to dock from 0:5 m is shown in Table 7.3.

Without loss of generality the desired target dock was set to t = 0 for all experiments,

and the desired mobile dock b was varied. The orientation transition velocity was set to

! tran = 0 :2 rad=s and the approach distance todapp = 1 :2 m. The approach cone was set

to � max = 40 � wide.

Two measures of success are presented in Table 7.2. The �rst records whether the mobile

boat hit the desired dock on the target t with any dock  b, which measures the success of

the approach method. The second records if the correct dock b was used, which evaluates

the orientation control method. If the mobile boat hits the wrong target dock  t the  b

criterion is marked as a failure, regardless of which mobile dock was involved.

The mobile boat was started at a random location in the experimental tank and allowed

to run for 3 minutes or until a dock occurred, whichever came �rst. The desired angle

� des maintained by orientation control was dynamically determined by the line from the

mobile boat to the target dock point. This allowed it to compensate for misalignment in

the approach vector. No dock detection has been implemented, so the experiments were

manually concluded when either a dock occurred or if a docking attempt (marked by the

activation of orientation control) failed.

The waypoint tracking presented in Chapter 5 using inertial steeringrequired waypoints

20 cm in radius for reasonable performance. In this work, however, the target waypoint

(another boat) was only 7:6 cm in radius. Nevertheless, our overall docking strategy and
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Table 7.2: Results of docking experiments

Succ./Tries
Target  b;des  t  b ddock [m]

Static

0 8 / 8 8 / 8 0.30
�= 2 7 / 8 7 / 8 0.30

� �= 2 8 / 8 8 / 8 0.30
� 6 / 8 3 / 8 0.27

Free-Floating
0 4 / 4 4 / 4 0.30

�= 2 3 / 3 3 / 3 0.33
� �= 2 2 / 2 2 / 2 0.33

Table 7.3: Docking times from 0:5m away, presented as� � �

Approach [s] Drift [s] Latch [s] Total [s]

Modboats 5:4 � 0:8 2:5 � 1 0 8:0 � 1
TEMP [9] 8 0 4 12

40� wide conical approach region allowed the Modboat to consistently approach and hit the

target. This can be seen in Table 7.2, where the success rate for hitting the target accurately

(as indicated by docking with the correct  t ) is 97%when rear-docks are excluded (and84%

otherwise). An example trajectory is shown in Fig. 7.6.

This performance is due to a combination of factors aimed to combat the poor precision

in the Modboat's low-cost and non-holonomic design. Discrete steering control provides

poor position tracking, because the heading is calculated based on the current position but

achieved at a di�erent one; a wide conical approach provides plenty of room for the heading

to converge. An observed downside of this approach is that heading towards the target does

not drive the mobile boat away from the edges of the cone, which leads to occasional aborts

and retries due to drifting out of it. The improvements in Section 7.3.2 are intended to

address this issue.

Additionally, the magnetic dock points are able to compensate for misalignment of the

approach vector, and the dynamic choice of� des based on the mobile boat's location places

the desired mobile dock in the most favorable orientation for capture. This allows the mobile
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Figure 7.6: Sample trajectory (blue) for docking with a free-�oating target. Dashed regions
correspond to those in Fig. 7.2, but the target (black) is enlarged by the radius of the mobile boat.

boat to achieve initial contact at an o�set point on the target, yet still be captured by the

correct target dock  t . This produces a97% success rate for front and side docking, which

our method performs reliably.

In evaluating docking performance with a free-�oating target, our chief concern was that

the target might be pushed away by the oncoming mobile boat. Since we do not yet have a

strategy for station-keeping with Modboats20, this would mean that an alternative strategy

would be needed to seed structures from single boats. In reality however, this e�ect is

negligible; magnetic attraction is far more prominent, and the free-�oating target is able to

rotate and translate to compensate for misalignment when a front-dock is attempted.

Free-�oating targets do present an issue for side-docking, however. The orientation-control

phase of the docking maneuver brings the mobile side-docks b = � �= 2 close to the target,

and if the approach vector is misaligned they may end up closer to the target side-docks

20 Station-keeping was demonstrated in Chapter 6, but was achieved by orbiting the desired target location.
Clearly, this would not be helpful for positioning when another module is incoming to dock.
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than to the front-dock. For a �xed target this is not a problem, as orientation control will

rotate through that con�guration before magnetic attraction dominates. But if the target

is able to rotate � as the free-�oating target is � then it will do so and a side-to-side dock

results ( t = � �= 2 and  b = � �= 2).

We compensate for this by increasing the dock transition distanceddock, as shown in the

second half of Table 7.2. The extra space allows the orientation controller to rise to the

desired orientation before magnetic forces are signi�cant, and the dock occurs as before.

Rear-docking, however, has proven largely unsuccessful using our approach ( Table 7.2). This

occurs because the orientation-controlled maneuver to perform a180� rotation completely

arrests the drift towards the target, and the oscillations that occur serve to then push the

mobile boat away. This results in a lower t success rate and a b success rate below50%.

Lowering ddock can increase the chance of capture but leaves insu�cient time to complete

the maneuver, resulting in erroneous side-docks.

We can, however, still accomplish docking to all four dock points. As mentioned in Sec-

tion 7.7, the tail can be used to rotate the dock point on the mobile boat by� �= 2 when

the target is docked to at least one other boat. This technique succeeded in 15 out of 16

attempts, so it can be considered a successful primitive for reorienting the mobile dock.

Thus rear-docking can � in all cases except seeding a structure � be replaced by a front

or side-dock followed by a tail-based reorientation.

Docking times following our strategy compare favorably to those displayed by the TEMP

project [9], as shown in Table 7.3. Although we introduce an additional drift phase for

orientation control, time is saved due to the lack of active latching. This allows the Modboat

to dock in a comparable time frame to other modular systems.

7.6. Performance Improvements

The experiments performed in Section 7.5 were implemented using inertial steering as pre-

sented in Chapter 5. Chapter 6, however, presented a better method for controlling single
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modules that o�ered improved performance over inertial steering. It is important to consider

how improved single module motion performance a�ects our docking strategy.

Docking using DTD control from Chapter 6 was evaluated over the course of approxi-

mately forty iterations during the course of development and execution of demonstrations for

ICRA2022, held in Philadelphia, PA. The docking portion of the demonstration consisted of

a single mobile module docking to a four-boat square lattice (see Chapter 9) from a random

start location while following the strategy in Section 7.3.1 with the improved approach cone

as described in Section 7.3.2. Orientation control was omitted, however, in favor of simply

coasting to the target boat and docking in whatever orientation resulted.

This improved docking strategy succeeded in approximately95% of cases, which is com-

parable to the performance given in Section 7.5. But the improvement provided by better

single module control is re�ected most strongly in the parameters used to dock. While the

results of Section 7.5 using inertial steering requireddapp = 1 :2 m to establish a su�ciently

accurate approach velocity, DTD achieved comparable success using onlydapp = 0 :5 m.

This means that docking is possible in much more con�ned spaces using DTD, whereas it

required signi�cant empty space under inertial steering.

7.7. Undocking

Although we have presented a strategy for docking, modular self-assembly and recon�gu-

ration also requires the ability for modules to undock from each other. In the case of the

Modboat, this is achieved without additional actuation by using the tail.

Fig. 7.1 shows a simpli�ed diagram of the Modboat, in which the tail is shown as an extension

of the bottom body. The �ippers are designed to sit within the footprint of the top body

to prevent mechanical interference with neighboring modules (see Chapter 3). The tail, on

the other hand, is designed to protrude at its peak, with its curve parameterized so that

distance to the center of rotation increased linearly with the angle. This means that two

neighboring Modboats (such as shown in Fig. 7.7) can rotate their tails into each other to
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mechanically force separation of the magnetic docks.

(a) (b)

Figure 7.7: (a) Two Modboats A and B docked together, with  A = � �= 2 and  B = �= 2. (b)
To undock, A would rotate its tail by �= 2rad and B would rotate its by � �= 2rad, forcing the boats
apart.

The motors used by the Modboats have su�cient torque to separate two docked boats,

but the separation provided by two tails is insu�cient to completely disable the magnetic

attraction. Thus a re-dock occurs immediately after separation if insu�cient force is applied

by the tail. We therefore must consider strategies for applying su�cient force.

7.7.1. Undocking via Simple Collision

The most straightforward way to ensure that a re-dock does not occur immediately following

an undock is to simply provide enough force to ensure su�cient separation. If the Modboats

drift far enough apart due to the impact, the magnets will not be able to recapture them.

Considering Fig. 7.7, we must examine two cases. Assuming we focus on boatA, either

1. Boat B is itself docked to an unspeci�ed number of other modules (not shown in the

�gure).

OR

2. Boats A and B are the only boats in the structure.

In case 1, the presence of additional modules prevents boatB from rotating and increases

its e�ective inertia during the separation from A. We have experimentally determined that

an angular velocity of 4 rad=s is su�cient to guarantee separation in this case, when both
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A and B rotate their tails through at least �= 2 rad. Thus, considering Fig. 7.7 without loss

of generality, A rotates its tail by �= 2 rad and B rotates its by � �= 2rad, each at 4 rad=s,

which separates the boats and imparts enough force to cause them to drift apart.

In case 2, however, additional energy is spent rotating and moving boatB , which lowers

the imparted separation distance and prevents successful undocking via this method. This

is an edge case in which we have only two modules in the structure, but it must still be

addressed. In this case, however, the technique in Section 7.7.2 can be used.

It is signi�cant to note that in both cases we observed that, while a tail velocity of 1 rad=s

resulted in an immediate re-dock in the original con�guration, a velocity of 2 rad=s consis-

tently resulted in a re-dock in a new con�guration. In case 1 boat A re-docked rotated by

� �= 2rad in 15 of 16 tests while B maintained its orientation, while in case 2 boatB would

also rotate by �= 2 rad.

7.7.2. Undocking via Swimming

The technique in Section 7.7.1 requires relatively high energy because it relies on uncontrolled

drift to generate separation distance. It also cannot reliable undock modules that are docked

simultaneously to more than one neighbor. Better performance can be achieved by using the

control methods of Chapter 6, which allows thrust in a desired direction, while also creating

tail oscillations large enough to interact with neighboring tails for undocking.

Let boat A have possible neighborsN , W , S, and E as in Fig. 7.8, and let � i be the

orientation from boat i to boat A for each i 2 f N; W; S; E g. Let K i be the occupancy of

slot i (i.e. K i = 1 if the slot is occupied and0 if it is empty), noting that if all four slots are

full boat A is not available for undocking. Then (7.4) gives the desired swim direction for

module A to move away from its docked location, which can be achieved using the control

methods from Chapter 6.

� undock =
P

i K i � iP
i K i

(7.4)
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Figure 7.8: Modboat module A has four possible neighbors,N , W , S, and E. Any subset of 1
to 3 may be present during an undock operation, with other modules hidden that would make the
structure continuous.
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Figure 7.9: An example implementation of the swimming based undocking strategy. ModuleA is
tasked to undock from neighborsW and S. W and S are shown with their tails placed to create
interference with A, while A thrusts along the direction shown by both its tail and the black arrow.
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The undocking strategy can then be summarized as follows, with an example in Fig. 7.9:

1. All modules i 2 f N; W; S; E g neighboring moduleA align their tails such that their

tips lie along � i .

2. Module A thrusts along � undock , with the oscillation causing its tail to interfere with

those of modulesi 2 f N; W; S; E g.

This docking strategy has been evaluated for cases where
P

i K i = 1 and 2. It succeeded

in 5 out of 5 cases when there was only one neighbor to undock from, and in 9 o 10 cases

when docked to two neighbors in a corner arrangement. We have yet to evaluate the case

where
P

i K i = 3 , but being able to undock from two neighbors simultaneously is su�cient

to guarantee disassembly of any arbitrary lattice [32].

Compared to the strategy in Section 7.7.1, this strategy is more directed and provides control

of the undocking module immediately upon undocking, since the controller it is operating

under can immediately be given a task-based heading instead of the undocking heading.

7.8. Conclusion

In this chapter we presented a design and a strategy for docking, undocking, and self-

recon�guration of the Modboat modules, allowing them to behave like a modular self-

recon�gurable robotic system (MSRR) capable of constructing a 4-connected planar lattice.

Modboat modules can successfully dock, despite being underactuated, using the control

strategies of Chapters 5 and 6, with a success rate of over90%, undock using their tails,

and recon�gure using what would otherwise have been a failed undock primitive. All of

these actions are achieved using only the Modboat's single motor and passive docking, while

leveraging the unique controllers developed in Chapters 5 and 6.

We also developed an additional motion-primitive for the Modboat, which allows control of

the instantaneous orientation of the top body. In combination with our docking strategy, this

enables the Modboat to dock in either a front-facing or a side-facing con�guration despite
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being able to control its orientation only in the average while swimming. This method cannot

reliably achieve successful rear-facing docks, but we can achieve rear-docks by side-docking

and then reorienting using the tail. The combination of these methods allows Modboats

to achieve a full set of potential con�gurations, with applications for orientation-sensitive

payloads such as �ow sensors.

The docking technique shown in this chapter do not address all of the concerns identi�ed

in Section 2.3. In particular, while our magnetic docking limits the need for precision position

control, it is still highly sensitive to disturbances in the �uid. Chapter 11 will show that it

remains functional in moving water, but �ows away from or lateral to the target can still

disrupt docking. Dealing with these challenges is left to future work, however.

In this chapter we considered docking to only a single target. Docking to multiple targets

simultaneously is left to future work, although docking to larger lattices is shown in Chap-

ter 11. Undocking was considered for both a single docked connection and for two simul-

taneous connections, allowing for full disassembly of large lattices. Whether our techniques

are su�cient for undocking from three modules simultaneously is left to future work.
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CHAPTER 8

Collective Control � Linear Configurations

The work in this chapter is an edited version of [136]: Gedaliah Knizhnik and Mark Yim.

Amplitude Control for Parallel Lattices of Docked Modboats. In 2022 International Con-

ference on Robotics and Automation (ICRA), pages 3027�3033, Philadelphia, PA, 5 2022.

ISBN 978-1-7281-9681-7. doi: 10.1109/ICRA46639.2022.9812381© 2022 IEEE, reprinted

with permission. It was done with V4 Modboats.

8.1. Introduction

In Chapters 5 and 6 we showed that the Modboats are capable of moving as single modules,

and in Chapter 7 we demonstrated that they are capable of docking to and undocking from

each other to form a 4-connected structured arrangement, which we call acon�guration or

lattice , as well as recon�guring when docked. It remains to show that these con�gurations

can be controlled to perform tasks, which will be the challenge of this chapter and Chapter 9.

This is critical to achieve the goal of modular self-recon�gurable robotic systems, which is

to perform tasks with collections of individual modules acting as a single complex robot,

but is challenging for several reasons:

1. Aquatic con�guration control to date has required holonomic modules [9, 38, 54, 59,

60], as desribed in Section 2.2, but Modboat modules are underactuated. Force can be

created in any direction on average over a long time-scale, but not su�ciently quickly

to use holonomic approaches for control.

2. Modboat modules are connected via permanent magnets to enable latch-less dock-

ing/undocking, as described in Chapter 7, but the magnetic bond is relatively weak

and the magnets provide e�ectively no resistance to rotation. Angular acceleration

between modules can cause them to undock if unchecked, as can undue lateral forces.

3. Modboats use intentional self-collision between their tails (see Fig. 8.1 and Section 7.7)
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to undock without additional actuation, but swimming as a unit requires avoiding un-

intentional undocking. This creates a complex constraint on allowable control inputs.

These challenges require signi�cant attention to internal forces, since we cannot create ar-

bitrary forces to balance the con�guration and must account for possible changes in thrust

direction as modules shift on their docks. In this chapter we focus exclusively onlinear

con�gurations (i.e. where all modules are placed on a line perpendicular to the desired

�front� direction, such as shown in Fig. 8.1). The contribution of this chapter is thus a

centralized control strategy for linear (parallel) con�gurations of Modboats that (1) func-

tions for underactuated modules capable of thrust along a single axis, (2) minimizes internal

forces within the con�guration, and (3) guarantees no unintentional undocking of Modboat

modules.

There is one major simpli�cation we can apply, however. When Modboat modules swim

alone their top body section acts as a inertial rotor to allow the propulsive bottom body to

rotate in the water. Nevertheless, some of the motion goes into the top body, and this must

be accounted for in the single boat control schemes of Chapters 5 and 6. However, when

multiple Modboats are docked together the dock acts to signi�cantly reduce the rotation

of the top body. This allows us to equate the orientation of the bottom body� b and the

motor angle � (shown in Fig. 8.1), and consider the input waveform directly as a measure

of propulsion.

8.2. Avoiding Unintentional Undocking

As shown in Fig. 8.1 and described in Chapter 3, the bottom body of the Modboat (blue)

and �ippers (gray) are fully contained within the footprint of the top body (black) except

for the tip of the tail. This ensures that the �ippers of neighboring modules cannot mechan-

ically interact, but the tails can be used to undock from neighboring modules by bringing

them into contact (see Fig. 8.1 and Section 7.7), which is essentially self-collision within the

con�guration. This is advantageous because docking and undocking can be performed with-

out additional actuation, but it introduces a complex constraint for collective control when
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Figure 8.1: Linear con�guration of three docked Modboats; for each boat, the top body is shown
in black, while the bottom body/tail is in blue and �ippers are in gray. Magnetic docking points are
shown at the cardinal points of each boat, and the motor angle� is the angle of the bottom body
relative to the top body. Frame W is the �xed world frame, and frame S is the body-�xed frame
at the COM, which coincides with the body-�xed frame of boat 2. The individual boat frames are
aligned with the top bodies.

Figure 8.2: Numerical model of collision phase space between horizontal neighbors with boat2
to the right of boat 1. The green region represents no collision, while the red diamond marks the
collision space. Collisions occur when phase space trajectories pass through the collision polygon.

93



swimming as a single unit is desired. Formally, we can consider the phase space collision

region shown in Fig. 8.2 for a pair of Modboats21. Collisions occur when the phase-space

trajectory of the tail angles � intersect the polygon de�ning the collision region.

We cannot use either of the single-module control modes de�ned in Chapters 5 and 6 when

the self-collision constraint is considered. Di�erential thrust, shown in Fig. 5.1, uses fre-

quency modulation of the motor angle to steer; inertial steering, shown in Fig. 5.2, uses

pauses in the motor angle waveform to steer. Both control methods quickly lead to phase

di�erences between the tail angles� of neighboring boats such that no guarantees can be

made on avoiding self-collision. We similarly can make no guarantees for phase alignment

of desaturated thrust direction (DTD) control, shown in Fig. 6.1, and wish to avoid simply

limiting the amplitude, which would enforce an overly restrictive thrust limit.

Instead, consider two neighboring Modboats, each executing the waveform shown in (8.1)

with amplitude A, centerline � 0, and angular frequency! , where the subscriptsi and k

indicate the boat and the cycle respectively. The parameters of (8.1) are chosen at the

beginning of each cycle and executed for a complete period. Considering the complex geom-

etry of the tail, characterizing the set of parameters(� 0; A; ! ) for neighboring boats i and

j that would lead to self-collision anywhere in the con�guration is a complex task. We can

instead consider a conservative approach that guarantees no unintentional undocking while

still maintaining controllability for the con�guration as a whole.

� i (t) = ( � 0) i;k + A i;k cos (!t ) (8.1)

Assumption 8.1 (Phase Lock). All boats are in phase with one another for all time, i.e

there is no phase o�set in (8.1) and ! is the same for all boats22. Control decisions are

made simultaneously for all boats in the con�guration at the end of each cycle.

21 Details on the derivation of this collision region can be found in Appendix C, and involve numerical
simulation of the tail shape.

22 The angular frequency ! can change between cyclesk, although without loss of generality we assume it
does not.
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Assumption 8.2 (Forward/Reverse). All boats can choose the centerline of rotation(� 0) i

to be either0 (forward) or � (reverse) in each cycle. No other angles are allowed.

Under Assumption 8.2 we can rede�ne (8.1) into (8.2). This minimizes the discontinuity in

the wave when transitioning between choices of(� 0) i , sincecos ((� 0) i ) = � 1.

� i (t) = ( � 0) i;k + A i;k cos (!t ) cos ((� 0) i;k ) (8.2)

Assumptions 8.1 and 8.2 ensure that each boat maintains its ability to create both for-

ward and reverse thrust, but guarantee that collisions can not occur. This allows us to

propose Theorem 8.1.

Theorem 8.1 (No Unintentional Undocking) . When Modboats swim under Assumptions 8.1

and 8.2, with waveform given by(8.2), and distributing forces by (8.7), we can guarantee

that no unintentional undocking events due to tail collisions, as de�ned by Fig. 8.2 will occur

within a linear con�guration.

Figure 8.3: Linear con�guration of three docked Modboats, with red-blue tiling used in proof
for Theorem 8.1. Modboat 2 is shown in the reverse paddling con�guration (� = � 0 = � in (8.1)),
while the rest are in the forward con�guration ( � = � 0 = 0 ), shown at t = 0 .

Proof. Construct a con�guration of neighboring red and blue regions, as shown in Fig. 8.3.

For any con�guration size, it is trivial to periodically tile. Consider some time t0 when
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cos (!t 0) = 1 . Then � i = ( � 0) i + A cos ((� 0) i ) 8i , and

� i =

8
>>>>>>>>>><

>>>>>>>>>>:

(� 0) i t = t0 + T=4

(� 0) i � A cos ((� 0) i ) t = t0 + T=2

(� 0) i t = t0 + 3T=4

(� 0) i + A cos ((� 0) i ) t = t0 + T

8i

Thus the tail segments areall in red regions23 when t 2 (t0; t0 + T=4) \ (t0 + 3T=4; t0 + T),

and blue regions whent 2 (t0+ T=4; t0+3T=4). Thus, at all times all tails occupy identically

colored regions. By construction, no neighboring regions share a color, so no collisions are

possible.

Note that waveform (8.2) and Theorem 8.1 rely exclusively on internal motor position. Thus

their guarantees remain in place despite external disturbances, unless water conditions cause

large enough forces to detach the magnets and undock modules. Dealing with disturbances

of such magnitude is outside the scope of this work.

8.3. Controlling the Con�guration

Consider a linear con�guration of Modboats as shown in Fig. 8.1. A surge forceFy and

torque � applied to the con�guration are su�cient to control it in the plane [63], and for

N � 2 boats these can be arbitrarily set by the modules (within actuation limits), even under

the restriction of thrusting only along their y-axes. ForN > 2, however, the con�guration

is overdetermined. Thus the challenge is to determine what forces each Modboat module

must apply to steer the collective. In fact, this challenge appliesgenerally to any modular

system in which the modules can thrust only along a single aligned axis, although such a

construction is motivated by the particular Modboat design.

Let frame W denote the �xed world frame, and let frame S represent the body-�xed struc-

23 The tail tip will eventually enter the neighboring boat's blue region. For the purposes of the proof, we
consider a slightly interior point that remains within the red region.
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tural frame centered at the center of mass (COM) of the con�guration. For each boat

i 2 [1; : : : ; N ], frame B i is then attached to its own COM and aligned with the top body

orientation. Without loss of generality, we can de�ne B i 8i to be aligned with S so that

only a translation is needed to transform between them. We de�nex i to be the distance

along x̂S from S to B i .

In the following we assume a planar model (i.e. the water is �at and no waves are present),

and that there are no hydrodynamic interactions between boats in the con�guration. The

extent to which this latter assumption is valid is left to future work, but the controller

performance presented in Section 8.4 shows that it is not unreasonable.

8.3.1. Dynamic Model

When executing the waveform given in (8.2), each Modboat can be considered to be pro-

ducing thrust f i 2 [� f max ; f max ] on averagealong the direction given by (� 0) i over a full

cycle of length T (where T is the period corresponding to the angular frequency! ). Un-

der Assumption 8.2 each forcef i acts along theŷi axis, which is equivalent by construction

to the ŷS (surge) axis.

We de�ne vy and ay as the velocity and acceleration along the surge axis, respectively. We

can then write the equations of motion for the con�guration as in (8.3) and (8.4), where

m =
P

mi is the total mass of the con�guration, and I is the total moment of inertia about

the z axis. The angular acceleration and velocity of the con�guration are given by� and


 , respectively, and CL and CR are drag coe�cients in the forward and yaw directions,

respectively. Note that the equations are written continuously in time since the average

thrust is used.

may =
X

i

f i � CL jvy j vy (8.3)

I� =
X

i

f i x i � CR j
 j 
 (8.4)
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Our desired controller will track a commanded surge velocityvc. Since this velocity will

remain generally consistent, we can consider forward motion as occurring in steady state, in

which thrust balances drag on average. Thus we can takeay = 0 . The yaw angle is allowed

to change more frequently, so we do not assume steady state in yaw.

Let ~f 2 RN represent the vector of boat forces~f = [ f 1 : : : f N ]T . We can then de�ne a

structural matrix P as in (8.5), and (8.3) and (8.4) can be rewritten in vector form (8.6).

P =

2

6
4

1 1 : : : 1 1

x1 x2 : : : xN � 1 xN

3

7
5 (8.5)

P ~f =

2

6
4

CL jvcj vc

I� + CR j
 j 


3

7
5 (8.6)

In (8.6), P ~f 2 R2 represents the surge force and yaw torque that steers the con�guration

as a whole. Applying suitable forward force will create surge velocity, while torquing the

con�guration allows it to maintain a desired yaw and heading. We can then use the Moore-

Penrose pseudo-inverseP+ = PT (PPT ) � 1 to �nd the forces desired from each boat, as

in (8.7).

~f = P+

2

6
4

CL jvcj vc

I� + CR j
 j 


3

7
5 (8.7)

Using (8.7) to distribute forces among the modules results in a linear distribution along

the x-axis of the con�guration; a similar approach was used by Gabrich to distribute forces

in a con�guration of docked quadrotors [40]. Other distributions are possible, but a linear

distribution most closely matches the internal dynamics that would be observed if the con-

�guration were a single rigid body. As discussed in Chapter 7, Modboat modules are docked

using passive magnets that allow the units to rotate somewhat relative to one another,

and signi�cant intra-con�guration forces can cause enough rotation to undock. Maintaining

a rigid-body force distribution minimizes such forces and oscillation between neighboring
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modules.

8.3.2. Control Input

The control structure given in (8.7) can track a desired surge velocityvd and yaw angle

� d. Since forward motion occurs in steady-state, it should be su�cient to use the desired

velocity vd as the commanded velocityvc in (8.7). In practice it is observed that this is not

su�cient, however, and using vd directly results in very slow observed velocityvobs. Instead,

an arti�cial linear acceleration is calculated in (8.8) and (8.9) and used to integrate the

commanded velocity as in (8.10). This discrepancy betweenvc and vd may be a result of

hydrodynamic interactions between neighbors, but a full consideration is left to future work.

ev = vd � vobs (8.8)

~ay = K pvev + K dv
dev

dt
(8.9)

vc = vd +
Z t

0
~ayd� (8.10)

The yaw angle can be commanded by a standard PD control loop on the angular acceleration,

as given in (8.11) and (8.12), where� and � des are the observed and desired yaw angles for

the con�guration, respectively.

e� = � des � � (8.11)

� = K p� e� + K d�
de�

dt
(8.12)

8.3.3. Input Values

Eq. (8.7) gives the force distribution for each module and is valid for any single-thruster

robot, but the required input for the Modboats is the choice of centerline(� 0) i and oscillation

amplitude A i . Theorem 8.1 guarantees there will be no unintentional undocking, so we can

safely map the desired forces to those values. Since there is a practical maximum to the

force the Modboats can generate,f i is �rst capped by f max . Leveraging the symmetry of
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the Modboat the centerline for each boat(� 0) i is determined bysgn (f i ), and the amplitude

is determined by jf i j.

The mapping f i = f 0(A i ) can be determined experimentally as follows. We created a linear

con�guration of three Modboats and commanded only the center module to execute the

waveform in (8.2) with T = 1 :5 s and A 2 [0:5; 3:0] rad. The period-wise surge velocityvy

was calculated for the con�guration as in (8.13), and the steady-state velocity was converted

to force via the quadratic drag relationship f i = CL v2
y and the drag coe�cient as calculated

below.

~vT (t) =
~x(t) � ~x(t � T)

T
(8.13)

Figure 8.4: The experimentally determined force vs. amplitude curve for a period of oscillation
T = 1 :5 s. Data points are shown in blue, and red stars indicate poor force generation due to
incomplete �ipper activation (at low amplitudes) or signi�cant reverse thrust (at high amplitudes).

Fig. 8.4 shows the resulting mappingf = f 0(A), which is linear within the range A 2

[0:75; 2:75] rad. Below 0:75 rad (with T = 1 :5 s) the �ippers do not fully open, so negligible

thrust is produced. Above 2:75 rad, the tail rotates enough to produce signi�cant reverse

thrust during a portion of the cycle. Thus we intentionally limit the maximum allowable

amplitude to 2:75 rad24.

24 In practice the maximum amplitude used experimentally is 2:5 rad, since higher amplitudes are found
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The mass of an individual boat mi can be measured, and the moment of inertia for an

individual boat I i can be calculated from its Solidworks model �les. The total moment of

inertia I can then be calculated via the parallel axis theorem for any con�guration. The

drag coe�cients CL and CR can be experimentally calculated; a linear(angular) impulse

is delivered to the con�guration, and the resulting linear(angular) velocity is tracked. A

nonlinear least-squares �t to a quadratic drag model then givesCL and CR . The resulting

drag coe�cients are shown in Fig. 8.5, whereCL is shown to be roughly linear andCR

is roughly quadratic. Note that while experiments can exhaustively determine the drag

coe�cients for linear con�gurations, this will not be feasible for arbitrary con�gurations

in Chapter 9.

8.4. Experiments

Experiments were performed in the testing setup described in Section 3.5. In this iteration,

an o�-board MATLAB script calculated control inputs and transmitted waveform parame-

ters to the various boats over Wi-Fi. All experiments were performed for con�gurations of

2�5 boats aligned in parallel (as in Fig. 8.1), and their measured parameters are presented

in Table 8.1.

Table 8.1: Mass and inertia for each linear boat con�guration.

N Boats 1 2 3 4 5

M [kg] 0.66 1.32 1.98 2.64 3.30
I [g � m2] 2.05 11.8 36.8 84.8 164

CL [kg=m] 2.48 4.67 7.00 9.75 13.7
CR [g � m2] 0.40 6.50 32.0 107 307

The drag coe�cients for parallel con�gurations of 1�5 boats 25 were evaluated by applying

impulses and performing a least-squares �t of a quadratic drag model to the resulting velocity

data. The resulting coe�cients are shown in Fig. 8.5, where the linear drag is roughly linear

in the number of boats, and the angular drag is roughly quadratic.

to cause the con�guration to shake internally.
25 Although our controller is degenerate for a single boat, we include its parameters in Table 8.1 for

completeness.
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(a)

(b)

Figure 8.5: Experimentally determined drag coe�cients (a) CL and (b) CR vs. number of boats
in a linear con�guration, as de�ned in (8.3) and (8.4). The linear drag coe�cient CL is roughly
linear in the number of boats, while the angular drag coe�cient CR is roughly quadratic. Error bars
indicate one standard deviation.
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Given the drag coe�cients and the thrust-amplitude map in Fig. 8.4, we evaluated the yaw

and velocity tracking abilities of the controller. Yaw control was evaluated by commanding

vy = 0 and a step input for � des; results are shown in Fig. 8.6, and a sample trajectory

is shown in Fig. 8.7. Velocity tracking was similarly evaluated by commanding a step

input forward velocity of either 4 cm=s or 6 cm=s while not commanding a desired yaw;

representative results are shown in Fig. 8.8. Finally, the combined controller was evaluating

by commanding a desired yaw� des and velocity for 45 s and then changing the yaw to

� des + � (i.e. a 180� turn) with the same velocity for another 45 s. A sample such trajectory

is shown in in Fig. 8.9.

Figure 8.6: Yaw response to a step input of�= 2 rad for con�gurations of 2�5 boats. The controller
provides comparable rise time performance regardless of the number of boats in the con�guration,
but oscillation amplitudes decrease as the con�guration grows.

To evaluate the stability of the controller for various con�gurations, we also considered how

the system would behave under mismatched drag coe�cients. To consider the most extreme

example of this, the �ve-boat con�guration evaluations were repeated with the assigned drag

coe�cients as measured for a two-boat con�guration, and the results are shown in Fig. 8.10.

8.5. Discussion

The controller presented in Section 8.3 is intended to allow parallel con�gurations of Mod-

boats to be controllable as a single unit. The experimental results presented in Section 8.4

show that this is the case: linear con�gurations of Modboats can be driven at a desired
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Figure 8.7: Trajectory of �ve boat con�guration responding to a � rad step input without a desired
velocity. Dotted lines show individual boat trajectories, while the solid line follows the center of mass.
The con�guration turns in place until the desired yaw is achieved, and then drifts uncontrollably
sideways due to the discontinuity in (8.2).

Figure 8.8: Velocity response to a step input of 6 cm=s for con�gurations of 2�5 boats. The
controller provides comparable performance regardless of the number of boats in the con�guration.
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Figure 8.9: Five boat con�guration tracking a yaw of � rad (left) for 45 s, then tracking a yaw of
0 rad (right) for 45 s, all while maintaining a velocity of 6 cm=s. Each dashed color is an individual
module, and the the solid black line is the center of mass.
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(a)

(b)

Figure 8.10: (a) Velocity and (b) yaw step response for the5 boat con�guration where the drag
coe�cients are chosen asCL (n) and CR (n) with n = 5 and n = 2 . Two tests are shown for each.
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surge velocity and to a given yaw angle. With a suitable control law, this performance can

easily be extended to waypoint tracking and more complex behaviors.

Table 8.2: Controller performance across all con�gurations� as IQR. RMS error is after the rise
time, from 0:3 � 0:9 of the step.

Swim/Yaw only Swim and Yaw

vy RMS [cm=s] [0:13; 0:38] [0:23 ; 0:42]
vy Rise [s] [4:6 ; 6:4 ] [4:5 ; 8:0 ]
� RMS [rad] [0:10; 0:24] [0:065; 0:15]y

�= 2 step � Rise [s] [3:7 ; 5:0 ] N/A
� step � Rise [s] [3:9 ; 6:9 ]y [5:7 ; 13:3]

y Statically signi�cant improvement over the other case in each row.
� Data split by con�guration can be found in Tables 9.3�9.5.

Velocity tracking, presented in Fig. 8.8 and summarized in Table 8.2, is highly e�ective

regardless of the con�guration width. All tested con�gurations tracked the desired velocity

to within 0:3 cm=s and achieve it within 5:7 s, which shows that the controller is not sensitive

to con�guration width. The controller can achieve velocities from 3:0� 8:0 cm=s, bounded

by the minimum amplitude needed to activate the �ippers and the maximum allowable

amplitude. While a maximum speed of0:5 body-lengths per second (the Modboat diameter

is 15:2 cm) is not fast, it is su�cient. Velocity tracking performance is comparable during

combined yaw/velocity testing for both rise time and RMS error. There is a noticeable drop

in velocity during the turning maneuver (see Fig. 8.9), but it recovers similarly once the

turn is complete.

Yaw can be tracked very accurately when the con�guration is moving. Small adjustments

to the amplitude of each boat's oscillation yaws the con�guration and tracks the desired

heading to within 0:11 rad (6:5� ), as shown in Table 8.2. Yaw tracking su�ers, however,

when no velocity is desired; although the yaw can be driven to the desired value overall,

the tracking error increases signi�cantly, as shown in Table 8.2. This occurs because the

con�guration attempts to remain in place, but �ner adjustments require reversing thrust. If

there is enough initial overshoot, signi�cant oscillations around the desired value begin and

are not damped by the derivative term, such as for the two and three boat con�gurations
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in Fig. 8.6 with �= 2 rad step input and for the four and �ve boat con�gurations in Fig. 8.10b

with � rad step input. Otherwise, a signi�cant settling time is seen as the boats overcome the

large inertia of the con�guration, such as for the four and �ve boat con�gurations in Fig. 8.6.

Pure yaw control, however, displays reasonable rise times that are not signi�cantly a�ected

by the step input, as shown in Table 8.2, whereas rise time when swimming is signi�cantly

slower.

A secondary problem with controlling yaw alone is shown in Fig. 8.7; after achieving the

desired yaw with minimal COM motion, the con�guration drifts sideways. Since our con-

troller can produce forces only along its surge axis, we cannot counteract this. Both issues

stem from the same cause: the Modboats' unique propulsive mechanism cannot smoothly

transition from forward to reverse. Eq. (8.2) is discontinuous when(� 0) i changes, especially

if A i is small. The transition from forward to reverse thrust thus creates sideways forces

and yaw torques that disrupt the controller.

We also consider the sensitivity of the controller to the drag coe�cients Fig. 8.10 shows

the controller performance when given incorrect drag coe�cients. Behavior for velocity

(Fig. 8.10a) matches what might be intuited: it takes longer to achieve the desired velocity,

but the feedback controller is su�cient since the desired velocity is achievable. The �nal

velocity tracking, which is based on a thrust/drag balance, is comparable to that achieved

with the correct drag coe�cients. The behavior in yaw (Fig. 8.10b) shows similar behavior,

although the transient region is closer to the original behavior. This is likely because the

I� term dominates the transient region, minimizing the e�ect of the mismeasuredCL . This

behavior is encouraging, as it is likely that non-parallel con�gurations will be controllable

even if their drag coe�cients are not explicitly characterized.

8.6. Conclusion

In this chapter we presented a centralized approach that allows linear (parallel) con�gura-

tions of underactuated modules to swim as a single unit. When applied to con�gurations of

docked Modboats, it minimizes internal forces and guarantees no unintentional undocking.
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The controller is capable of tracking a desired surge velocity and yaw angle for con�gurations

of various sizes, and has been experimentally veri�ed for con�gurations consisting of two to

�ve boats. Velocity tracking is shown to be highly e�ective, and yaw tracking is shown to be

e�ective when the con�guration is moving forward, which means that we can move towards

using collections of Modboats as a single unit for completing tasks.

The controller struggles to track yaw angle while stationary, however, generating oscillations

and sideways drift that cannot be counteracted by the given control law. This is poorly

suited for docking or station keeping, both of which require precise orientation control while

stationary. A method for controlling orientation without sideways drift is presented in Sec-

tion 9.7, but ways to add control of the con�guration's sway axis and reduce the observed

oscillations in orientation are left for future work.

We theorize that our controller will continue to perform well as con�gurations get larger,

although problems may arise as the yaw authority of individual boats scales linearly with

their distance from the center of mass, but the angular drag and inertia scale quadratically.

Velocity tracking is likely to remain e�ective, but our testing tank is too small for larger

con�gurations. Consideration of such scaling and work with larger con�gurations is left to

future work.

Additionally, our force model assumes no movement of the �uid environment. Some e�ec-

tiveness in a moving �uid is shown in Section 9.7, but a full consideration of the impact of

�uid motion of the force model is left to future work.
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CHAPTER 9

Collective Control � Arbitrary Structures

The work in this chapter is an edited version of [137]: �Collective Control for Arbitrary

Con�gurations of Docked Modboats�. The manuscript is available on arXiv and is in the

process of being submitted to journals for publication.

9.1. Introduction

In Chapter 8 we considered the challenge of controlling docked con�gurations of Modboats

as a single unit. This is made challenging by the non-rigid nature of the docks that connect

the individual modules, but most signi�cantly by the undocking mode described in Sec-

tion 7.7. Modboat modules undock by intentionally colliding their tails, which forces the

magnetic docks apart and breaks the connection. Since the tails are mechanically linked to

the propulsive bottom body, however, the undocking maneuver is inherently coupled with

the motion needed for propulsion. The challenge of collective motion for the Modboats,

then, is to avoid undocking self-collisions while moving as a single unit.

In Chapter 8 we limited our consideration to linear con�gurations , i.e. con�gurations of

boats docked in a line perpendicular to their front direction. While the results of Chapter 8

were great in terms of e�ective control, the limitation in shape means that a docked group of

Modboats cannot function as a modular self-recon�gurable robotic system (MSRR), which

requires varying the con�guration. With this in mind, in this chapter we expand our con-

sideration to arbitrary con�gurations of docked Modboats, and consider if the methods

of Chapter 8 can be extended to allow this.

As in Chapter 8, we consider a strategy that models the Modboat modules as capable of

thrust along a single axis, and we consider lattices where all these axes are aligned. These

restrictions allow this method to generalize toany structure of aquatic modules docked in

a rectangular lattice, since most (non-docking) aquatic robots are built in either a thruster-

rudder or a di�erential thrust arrangement [62], which �nd their ability to yaw greatly
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reduced when docked due to the relative scaling of thrust and inertia that grows unfavorably

for modular systems [40].

Moreover, a signi�cant issue to consider when controlling any aquatic robots swimming in

close proximity, and especially when they are docked together, is the e�ect of hydrody-

namic interaction between individual actuators. This e�ect is highly challenging to model,

especially for �ipper based systems [138�147], but cannot be ignored once arbitrary con�g-

urations are allowed. At the very least, we must acknowledge that actuator dynamics must

be adjusted when applied to con�gurations of coordinating swimmers.

The contribution of this chapter, therefore, is to develop a relatively simple centralized con-

trol strategy that can be applied to arbitrary rectangular con�gurations of docked aquatic

swimmers, each capable of thrusting alonga single axis , aligned with each other. We

show how such a strategy can be implemented using the Modboat whileguaranteeing

that modules will not unintentionally undock during collective swimming, and demon-

strate that a relatively simple model of hydrodynamic interaction provides strong

performance when tracking yaw and surge velocity.

9.2. Dynamics

Consider a set of swimming robotic modules arranged on a rectangular lattice, as shown

in Fig. 9.1 (this is an extension of Fig. 8.1 to arbitrary structures). As in Chapter 8,

each module is capable of producing both positive and negative thrust along its own body-

�xed y axis on average over a period of lengthT by executing waveform (8.2), and we

assume that all the y axes are aligned with a body-�xed frameS at the center of mass

(COM) of the con�guration. For the sake of clarity in this chapter we will use both 2-

dimensional and linear numbering for the modules in the con�guration where appropriate;

a tuple of subscripts indicates a 2-dimensional numbering, and a single subscript indicates

linear numbering. Any suitable mapping between the two can be used for conversions.

We can construct a structural matrix P and write the equations of motion, obtaining a result
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Figure 9.1: Con�guration of six docked Modboats; for each boat, the top body is shown in black,
while the bottom body/tail is in blue and �ippers are in gray. Frame W is the �xed world frame,
and frame S is the body-�xed frame at the COM, which coincides with the body-�xed frame of boat
2. The individual boat frames are aligned with the top bodies.

identical to (8.5) and (8.6), with the only di�erence being that the columns of P no longer all

unique. As in Chapter 9, we assume that surge velocity changes infrequently and so occurs

in steady-state, while yaw is used for steering and is not steady-state. Appropriate choices

of forcesf i , i 2 [1; N ], for each individual module can generate desired surge (forward, or

y axis) forces and yaw torques on the con�guration, which is su�cient to control it in the

plane. As in Chapter 8, no express control is given along thex axis, so disturbances along

the x axis are assumed to be small.

As long as the number of modulesN � 2 and the con�guration is at least two modules wide,

the structure is controllable under these assumptions.

Proof. As a proof, consider the equations of motion in (8.6), which is a linear equation in

the form P ~f = ~b. Becauserank (~b) = 2 , the map P is surjective as long a rank P � 2.

This is true as long as the con�guration is at least two modules wide, meaning we have at

least two unique values forx i . This means any combination of acceleration and yaw torque
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(within actuator limits) is achievable, and our con�guration can be modeled as a Dubin's

car, which is controllable in the plane [63].

Eq. (8.6) can be solved using the Moore-Penrose presudo-inverse in the case on arbitrary

con�gurations as well, obtaining identically (8.7). Using (8.7) to distribute forces among the

modules in an arbitrary con�guration results in a linear distribution along the x-axis of the

con�guration and an equal split along the y-axis for each column; a similar approach was

used by Gabrich to distribute forces in a con�guration of docked quadrotors [40]. Other dis-

tributions are possible, but a linear distribution most closely matches the internal dynamics

that would be observed if the con�guration were a single rigid body. This minimizes intra-

lattice forces and oscillation between neighboring modules, which may cause the structure

to disintegrate.

Control inputs to determine the commanded velocity vc and yaw-acceleration � can be

constructed identically to those for linear con�gurations, as in Section 8.3.2.

9.2.1. Drag Coe�cients

Using (8.7) to drive the Modboat con�guration requires knowledge of the constants relevant

to the system, namely the moment of inertia I and the linear and angular drag coe�-

cients CL and CR . The moment of inertia for an individual boat I i can be calculated from

its Solidworks model �les, and the total moment of inertia I can then be calculated in a

straightforward way via the parallel axis theorem for any con�guration.

In Chapter 8 the drag coe�cients CL and CR were experimentally determined for linear

con�gurations of each width used experimentally. While this is feasible for linear con�g-

urations, it is clearly not a feasible strategy when arbitrary con�gurations are considered.

Doing so would be highly expensive experimentally, as every possible arrangement of boats

would have to be evaluated. Two factors combine to allow us to avoid such labor intensive

experimentation. First, experimental evaluation on a small selection of non-parallel con�g-

urations (see Fig. 9.3) shows that their drag coe�cients correspond reasonably well to the
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value given based on theirprojection for linear con�gurations, as shown in Fig. 9.2. Second,

the results presented in Section 8.4 on mismatched drag coe�cients showed that even using

signi�cantly mismatched drag coe�cients results in only minor performance penalties after

feedback is applied.

Thus, we project the con�guration onto its axes and use the drag coe�cients predicted for

parallel con�gurations when applying (8.7) for control. For linear drag CL , this is the width

along the x̂S axis xw . For rotational drag CR we use the maximum width along either the

x̂S or the ŷS axes.

(a)

(b)

Figure 9.2: Experimentally determined drag coe�cients (a) CL and (b) CR vs. boat projection, as
de�ned in (8.3) and (8.4). Labels xw and yw indicate the width along the x and y axes, respectively.
Connected plot shows results for linear (parallel) con�gurations, while the single bars indicate arbi-
trary con�gurations shown in Fig. 9.3, o�set slightly along the x axis for clarity. Error bars indicate
one standard deviation.
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(a) (b) (c) (d)

Figure 9.3: Diagrams of Modboat con�gurations evaluated for drag coe�cients and shown
in Fig. 9.2. (a) 3L , (b) 4S, (c) 4LT , (d) 4LW . Note that while 4LT and 4LW are distinct for
linear motion, as in Fig. 9.2a, they are identical for rotation, as in Fig. 9.2b.

9.3. Hydrodynamic Interactions

As noted in Section 9.1, it is di�cult to accurately model hydrodynamic interactions be-

tween swimming bodies located close to one another. Signi�cant work has been done in the

literature to determine the e�ects of swimmers in a con�guration [138�147], but � to the

best of our knowledge � none has achieved a model simple enough for e�ective control use.

This is especially di�cult for �apping swimmers, where the time scale of the wake behavior

is comparable to that of the actuation.

In Chapter 8 we considered only linear (parallel) con�gurations. Considering that thrust was

limited to the structure's y axis we assumed no hydrodynamic interactions between horizon-

tal neighbors for ease of control, and the resulting performance was reasonable enough to

justify this simplifying assumption. For arbitrary con�gurations, however, this assumption

can no longer be justi�ed, as performance decreases signi�cantly when it is made26. Some

hydrodynamic modeling is therefore necessary, but it is desirable that the model be readily

integrated into the dynamics and control method presented in Chapter 8.

The most obvious wake interaction to consider when extending to arbitrary con�gurations

26 E.g. yaw tracking error while swimming for the L con�guration increases by 89%, with mean 0:21 rad and
IQR [0:15; 0:26] rad. Compare with mean 0:11 rad and IQR [0:051; 0:17] rad in Table 9.3 when hydrodynamic
e�ects are modeled.
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is the interaction between vertical neighbors. Since the Modboat's thrust is based on the

relative velocity between its �ippers and the �uid, swimming in the rearward wake of another

boat would be expected to decrease the thrust produced. For a �rst approximation we

consider interactions only along they axis of Fig. 9.1 (i.e. the wake does not spread laterally).

This is reasonable since � in any case � we are restricting thrust to be along the y axis.

We consider the simplest model of hydrodynamic interactions: a linear thrust loss due to

interactions with the wake of neighbors in front. Thus, if Section 8.3.3 introduced the thrust

map f = f 0(A) for a Modboat swimming alone, then under the thrust loss model each boat

i would produce f i = � i f 0(A i ) for some constant� � 1.

Since we are considering wakes that move only vertically, it is su�cient to consider a column

of the con�guration to determine the coe�cients � i . We can experimentally model this

thrust loss by placing a column of Modboats on a thrust stand and measuring the thrust

produced at various oscillation amplitudes. All the Modboats were given the same amplitude

A; �rst one boat only was actuated, then the �rst two, and then three 27. Fig. 9.4 shows the

experimental setup, and the results are given in Fig. 9.5.

The data shown in Fig. 9.5 is reasonably linear, so we are justi�ed in pursuing a linear thrust

model. To �t the coe�cients � we found the line of best �t for the basecase (with slopem0)

in Fig. 9.5 and then determined the best �t slopes for lines sharing anx intercept for the

remaining data sets28. Then the � coe�cients can be found via (9.1), where� (k) indicates

the coe�cient � for a boat that has k � 1 Modboats in front of it. The results are given

in Table 9.1; wake e�ects reduce the rearward Modboats' thrusts by around30%.

� (k) =
mk � mk� 1

m0
k 2 [1; 3] (9.1)

27 More than three boats can be tested this way, but we did not test further due to practical limitations.
28 We note that the best �t line for the thrust of the base case is approximately 3x bigger than the

equivalent line from Fig. 8.4. This may be attributed to the low-cost thrust stand used in Fig. 9.4 and/or
to poor �ltering of the data. Nevertheless, only the relative slopes of the lines in Fig. 9.5 are used, with the
absolute magnitude taken from Fig. 8.4
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