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Abstract 

AQUA is an underwater hexapod robot which uses its paddles to propel itself and to 

control its orientation. The use of oscillating paddles for propulsion and control 

represented a novel and challenging problem, which motivated the need for a simulation 

of the motion of the robot based on its paddle oscillations. The most difficult aspect of 

this simulation was the characterization of the forces generated by the paddles oscillating 

in the water. In this work, a model predicting the forces produced by an oscillating rigid 

paddle was developed and validated experimentally. Also, the forces produced by a 

flexible fin were determined experimentally and were compared to those generated by the 

rigid paddle. Rigid paddle and flexible fin experiments were performed on an 

experimental setup, which was designed and built to measure the forces and torques 

produced by a paddle oscillating in a water tank. Finally, a simulation of the AQUA robot 

was developed, based on the validated rigid paddle model. 

Résumé 

AQUA est un robot hexapode sous-marin qui utilise ses palmes pour se propulser et pour 

contrôler son orientation. L'utilisation des palmes pour la propulsion et le contrôle 

d'orientation représente un problème intéressant qui motive le besoin d'une simulation du 

mouvement du robot résultant des oscillations des palmes. L'aspect le plus difficile de 

cette simulation est la détermination des forces produites par une palme oscillant dans 

l'eau. Dans cette oeuvre, un modèle prédisant les forces produites par une palme rigide 

qui oscille a été développé et validé expérimentalement. Aussi, les forces produites par 

une palme flexible ont été déterminées expérimentalement et ont été comparées aux 

forces produites par la palme rigide. Les expériences avec les palmes rigide et flexible 

ont été exécutées sur une installation expérimentale qui a été conçue et construite pour 

mesurer les forces et les couples produits par une palme oscillant dans un réservoir d'eau. 

Enfin, une simulation du robot AQUA a été développée, basée sur le modèle de palme 

rigide validé. 
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1. Introduction 

Underwater vehicle designers rely increasingly on simulations in order to design a 

vehicle and to develop its controllers. This work describes the development of a 

simulation of AQUA: an underwater hexapod robot that is very different from 

conventional underwater vehicles and legged underwater vehicles. AQUA uses paddles 

to achieve propulsion and control whereas convention al underwater vehicles use thrusters 

and control surfaces. In this work, an analytical model was developed to predict the 

forces generated by an oscillating rigid paddle. The model was vaHdated experimentally 

using a test setup of a single paddle in a static water tank. A simulation of the entire 

AQUA vehicle was then developed, based on the validated rigid paddle model. 

1.1. Conventional Underwater Vehicles and Legged Underwater 

Vehicles 

In the present work, the term 'conventional' is used to label a class of underwater 

vehicles comprising Remotely Operated Vehicles (ROVs) and Autonomous Underwater 

Vehicles (AUVs) because most underwater vehicles are of either type. Legged 

underwater vehicles can be autonomous or remotely operated, but they form a class of 

underwater vehicles separate from the convention al ones. An ROV is shown in Figure 

1-1 and an AUV is shown in Figure 1-2. 

Figure 1-1 (left): Remotely Operated Vehicle. Figure 1-2 (right): Autonomous 
Underwater Vehicle 

1 



Remotely Operated Vehicles (ROVs) 

ROVs are unmanned underwater robotic vehic1es, typically box-shaped, which are 

controlled remotely by a pilot. Sorne ROVs work routinely at depths of 3000 to 5000 

meters. ROVs can be small, weighing less than 5 kg, withjust a camera for simple 

observation. They can also be quite large and complex, with several dexterous 

manipulator arms, cameras, tools and other equipment. Basic features of a ROV inc1ude 

thrusters, cameras and various sensors (water temperature sensors, depth sensors, 

sonar ... ). ROVs typically move over short distances at relatively slow speeds - on the 

order of l meter per second or less. For any tasks involving manipulation and requiring 

maneuverability, they are the most cost-effective platform. 

The vehic1e's operator remains on land or on a ship, in front of a remote control console, 

while the vehic1e ventures underwater. Using a joystick, a camera control and a video 

monitor, the operator moves the vehic1e and points the camera to desired locations. The 

vehic1e is linked to the control console by an umbilical cable. The umbilical cable carries 

electric power and control commands to the thrusters and other vehic1e systems. The 

umbilical cable also carries data from the vehic1e's cameras and sensors to the operator. 

The umbilical is one of the ROV's greatest assets because it can carry unlimited power 

for high endurance operation and it can transmit large amounts of data. The umbilical is 

also one of the ROV's greatest drawbacks because it limits the range and speed a ROV 

can travel, and it creates drag. Today, advanced technology is allowing many ROVs to 

shed their cable, and thus bec orne free to roam the ocean without this physical constraint. 

These emerging systems, which are usually battery powered, are called Autonomous 

Underwater Vehic1es (AUVs). 

Autonomous Underwater Vehicles (AUVs) 

AUVs are unmanned underwater robotic vehic1es of varying lengths (1-IOm), which 

resemble torpedoes. An AUV contains a propulsion system consisting of one or two 

thrusters, control surfaces to control the vehic1e' s attitude, a pressure hull to contain 

electronics and power, and a streamlined fairing to reduce hydrodynamic drag. The 
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vehic1e is self-sufficient since it carries its own energy source and is programmed to carry 

out an underwater mission without assistance from an operator on the surface. The 

programs allow guidance and navigation between pre-determined geographic positions, 

obstacle avoidance, and recovery in case of equipment breakdown. Procedures for the 

operation of the payload devices, which the AUV carries, are also provided. 

One disadvantage of the AUV carrying its own energy source is that it has limited 

endurance. On the other hand, an advantage of it not having a tether is that it can 

undertake missions over long ranges at reasonable speeds - on the order of 1.5 to 2 mis. 

For example, Theseus, a large AUV having a possible range of 700km and a speed of 

2m1s, laid a fiber-optic cable in a completely autonomous mode for a distance of 200km 

under Arctic sea-ice and then returned to the launch station for recovery [1]. When an 

AUV is recovered, at the end of its mission, the data stored on the vehic1e is retrieved. 

Figure 1-3 (left): iRobot's Ariel. Figure 1-4 (right): Northeastern University's 
Ambulatory Underwater Robot. 

Legged Underwater Vehicles 

Legged underwater robots are typically multi-Iegged robotic platforms that resemble 

lobsters or crabs. Modeled after a crab, irobot's Ariel (shown in Figure 1-3) is a six­

legged robot capable of walking either on land or underwater in the turbulent surf zone 

[2]. Based on the lobster, Northeastern University's Ambulatory Underwater Robot 

(shown in Figure 1-4) is an eight-Iegged vehic1e that can crawl across the sea floor, 

c1amber over rocks and fight currents [3,4]. Legged underwater robots are able to crawl 
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on the ocean bottom as well as on land. They can traverse a broad range of environments, 

but they are not able to navigate the water column above the ocean bottom. 

1.2. Evolution of RHex 

As stated earlier, AQUA is different from conventional underwater vehicles and legged 

underwater vehicles. It is based on RHex, a terrestrial six-Iegged robot developed in a 

collaboration between the Ambulatory Robotics Laboratory at McGill University, the 

University of Michigan, the University of Califomia at Berkeley and Carnegie Mellon 

University, with sponsorship from DARPA [5,6]. RHex, shown in Figure 1-5, is a power 

autonomous robot with compliant re-circulating half-circle shaped legs, which each have 

only one actuator. RHex uses a clock-driven altemating open-Ioop tripod gait to walk and 

run. The robot is able to traverse rugged and obstacle-ridden terrain that few other robots 

can negotiate at aIl. RHex can walk, run at speeds of up to 2.7 mis on fiat terrain [7], 

traverse height variations weIl exceeding its body clearance, climb slopes over 40°, climb 

stairs [8], pronk [9], bound [10], flip [11] and even run on its two rear legs [12]. 

Figure 1-5 (left): RHex. Figure 1-6 (right): RHex sealed with a plastic bag. 

Because RHex routinely encountered hazards such as rain, mud, sticks and sand, and falls 

from heights greater than 30 cm, it became apparent that the original aluminum frame 

and Lexan cover were not sufficient for rigorous outdoor testing. Moreover, RHex 

demonstrated amphibious abilities for the first time when its body was sealed with a 

plastic bag shown in Figure 1-6. It walked from a sandy beach into a lake, swam on the 
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water surface using its unmodified legs and the tripod gait, and walked back out on land. 

This amphibious experiment, combined with the RHex project' s mandate to demonstrate 

increased ruggedness in aIl outdoor environments, initiated the development of three 

successive robot designs: Shelley-RHex, Rugged-RHex, and AQUA [13]. 

Shelley had a waterproof shell made out of carbon fiber, which enabled it to operate 

amphibiously: it could walk on land, as shown in Figure 1-7, and swim at the surface of 

the water, as shown in Figure 1-8. 

Figure 1-' (left): Shelley out of the water. Figure 1-8 (right): Shelley swimming in the 
water. 

Rugged-RHex has two modes of operation: it can walk on land (Figure 1-9) and swim on 

the water surface using half-circ1e shaped legs, or it can swim underwater (Figure 1-10) 

using flexible paddles. The oscillating flexible paddles propel the robot and act as 

surfaces that control its attitude. When the robot swims underwater, it is ballasted to be 

neutrally buoyant. A tether was required to transmit the robot' s video signal to the 

vehic1e operator and the operator' s control commands to the robot. Since the Rugged­

RHex platform has two NiMH radio batteries onboard, which provide it power to operate 

continuously for more than two hours, there was no need for power wires in the tether. 
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· Figure 1-9 (left): Rugged-RHex with half-circ1e shaped legs. Figure 1-10 (right): 
Rugged-RHex with flexible fins in water. 

The goal of the AQUA project was to develop a platform capable of walking on land, 

crawling at the bottom of the sea, swimming on the surface and underwater, and diving to 

a depth of lOm. The robot had to be able to walk in the water from the shore and, once in 

the water, transition between crawling at the bottom of the sea and swimming. Based on 

the Rugged-RHex platform and with funding from the Canadian Institute for Robotics 

and Intelligent Systems (IRIS), AQUA, shown in Figure 1-11, was developed [14]. 

Figure 1-11 (left): AQUA with flexible fins underwater. Figure 1-12 (right): AQUA 
with amphibious legs exiting the water. 

With amphibious legs, which act as flippers during swimming and legs during walking, 

AQUA was able to walk from the shore into the water or from the water to the shore. 

Figure 1-12 shows AQUA exiting the water. The robot could walk at the bottom of the 

sea if it was ballasted to be negatively buoyant. Before the robot is able to transition 

between swimming and crawling at the bottom of the sea, a computer controlled 
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buoyancy system needs to be developed. That system would enable the platform to 

change its buoyancy depending on wh ether it wants to walk on the bottom of the sea, 

swim underwater or float to the surface. 

1.3. Differences Between AQUA and Other Underwater Vehicles 

Many underwater applications (such as reef or pipeline inspection, fish stock 

surveillance, marine life observation and environmental disaster assessment) involve 

stationary observation. Although mobility is required to bring the vehicle into proximity 

of the task, the task itself relies on the vehicle to maintain a constant pose. Station 

keeping is a complex and energy-consuming task for swimming-only thruster-driven 

aquatic robots because the y must actively control their thrusters and buoyancy in order to 

maintain their pose. Sorne ROVs have the ability to land on the sea bottom, just like 

AQUA, but they cannot move along the sea bottom the way AQUA cano Hence, for 

station keeping, legged robots are more attractive than swimming-only robots. For long 

distance movement, however, swimming robots are more attractive than walking robots 

because swimming is more energy efficient than walking. Hence, for stationary 

observation applications involving long distance movement and station keeping, a robot 

like AQUA, which is capable of both swimming and walking, is very attractive. 

Another issue with thruster-based aquatic vehicles is that they must be deployed and 

recovered from sufficiently deep water in order to be able to maneuver. While it is not 

possible for convention al underwater vehicles to be deployed from the beach or to be 

operated in shallow water, it is possible for legged underwater robots. It is not possible, 

however, for legged underwater robots to navigate the water column above the ocean 

bottom, which conventional underwater vehicles roam in. AQUA can be deployed from 

the beach, operate in shallow water and crawl on the ocean bottom like legged 

underwater vehicles and it can swim underwater like conventional underwater vehicles. 

1.4. Literature Review 

Extensive studies of the how aquatic animaIs swim began with Gray's pioneering work in 

1935 on the energetics of dolphins swimming [15]. In this study, the force required to 
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propel a dolphin shaped body at typical swimming speeds, was compared to the muscle 

strength of the animal. Surprisingly, it was shown that the force required is seven fold 

that of what is available from the muscles of the dolphin. This result, known as the Gray 

paradox, sparked much research amongst zoologists, scientists, mathematicians and 

engineers alike. The key findings of this research reveal that aquatic animaIs can reduce 

their effect drag by manipulating the vortices shed behind them. By controlling the 

heaving and pitching movements of their tail fins, they create configurations of the 

vortices advantageous for propulsion. The observed configuration behind a fish or 

dolphin is similar to that of a Karman street seen behind a bluff body, except that the 

polarity of the vortices is reversed. Unlike a Karman street behind a bluff body, which 

generates a high-speed jet in the direction of the body relative to the rest of the stream 

(and hence a drag force), the reverse Karman street forms a jet rearward. This high speed 

jet generates a powerful propulsive thrust that propels the animal forward. Figure 1-13 

and Figure 1-14 show the Karman street and the reverse Karman street. 

Figure 1-13 (left): Karman street [16]. Figure 1-14 (right): Reverse Karman street [17]. 

The tails of sorne of the fastest swimming animaIs resemble high aspect ratio foils. In 

order to understand the principles of oscillating foil propulsion and apply them to 

underwater technology, oscillating foils have been studied using analytical, numerical 

and experimental techniques. 

A number of researchers have developed analytical models for the forces generated by 

oscillating foils. Harper et al. presented a model for oscillating-foil propulsion in which 

springs are used to transmit forces from the actuators to the foils [18]. Kelly et al. 
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proposed a model for planar carangiform (tuna-like) swimming based on reduced Euler­

Lagrange equations for the interaction of a rigid body and an incompressible fluid [19]. 

Masan et al. built a three-link robot system ta study carangiform-like swimming [20]. 

They experimentally verified a quasi-steady fluid flow model for predicting the thrust 

generated by a flapping tail. 

M.S.Triantafyllou et al. carried out a review of the experimental work done in biomimetic 

foils [21]. For steadily oscillating two-dimensional foils, it was determined that pitching­

only foils [22], heaving-only foils [23], and heaving and pitching foils [24 and 25] exhibit 

reverse Karman streets. Figure 1-15 illustrates the pitch and heave of a two-dimensional 

foil. Wh en two or more foils operate side by side, or when foils operate near a wall or are 

attached ta a vehicle, there are important interaction effects, which may result in a drag 

wake and deterioration of performance. When a foil operates in the wake of an upstream 

body, or in the wake of another foil or propeller, the performance of the foil is affected. 

Sparenberg and Wiersma [26], Koochesfahani and Dimotakis [27], Gopalkrishnan et al. 

[28], Streitlien et al. [29], and BeaI et al. [30] performed theoretical and experimental 

studies on the interaction of foils with upstream vorticity. Gopalkrishnan et al. identified 

interactions resulting in substantial increase of efficiency or increase of thrust at the 

expense of reduced efficiency. 

heave l 
Figure 1-15: Heave and pitch of two-dimensional foil. 

Fish fins present great variability in shape, aspect ratio and flexibility. Kemp et al. [31] 

report experiments with a law-aspect ratio pitching foil, who se propulsive efficiency 

doubles when the flexibility of the fin is optimized. P. Prempraneerach et al. [32] show 

experimentally that properly selected chard-wise flexibility can have a significant effect 

on the propulsive efficiency of two-dimensional heaving and pitching foils (up ta 36% 

compared ta the flexibility of a rigid foil). 
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Numerical techniques have also been used to characterize the forces generated by 

oscillating fins. Ramamurti used a finite element flow sol ver based on unstructured grids 

to study the unsteady flow past oscillating airfoils [33]. Singh et al. used computational 

fluid dynamics to parameterize the forces generated by a mechanical flapping foil [34]. 

Mittal et al. used numerical simulations to examine the performance of flapping foils 

[35]. Mittal states that computational modeling is assuming increased significance in the 

area of bio-hydrodynamics. However, despite these recent advances, computation al 

modeling of flows in complex bio-hydrodynamic configurations remains a challenging 

problem [36]. 

In the mid-nineteen nineties, the oscillating foil was proposed as an alternative to the 

conventional screw propeller to propel underwater vehicles [37, 38]. The idea that AVVs 

may propel themselves by flapping their tails like fish was made popular by Triantafyllou 

et al. through their pioneering work on Robotuna: an 8-link, foil-flapping robotic 

mechanism [39]. During the past several years, growing interest has developed in the area 

of design and control of underwater robots that propel and maneuver themselves with fins 

rather than with a propeller or thrusters. The motivation for this work cornes partly from 

the high maneuverability that fish demonstrate compared to conventional propeller­

driven underwater vehicles. 

Hobson of Nekton Research LLC et al. state that oscillating fin thrusters (OFfs) are 

capable of delivering large and sudden amounts of thrust in a controlled fashion [40]. 

Kemp et al. report that, the magnitude and response time of thrust generated by Nekton's 

OFfs (when operated in high impulsive force mode) could prove invaluable for 

emergency stopping or obstacle avoidance. PilotFish, shown in Figure 1-16, is a vehicle 

with four single actuated degree of freedom foils aimed at demonstrating the capabilities 

of Nekton's OFfs [41]. Fish et al. discuss the conceptual design of a biomimetic AVV 

using two sets of four fins having two actuated of freedom each to effect high 

maneuverability. The biorobotic AVV was to be capable of translating sideways, up and 

down, and forward and backward. The design of the AVV also was to permit hovering 
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and to maneuver with very small radius tums [42]. A representation of the AUV is shown 

in Figure 1-17. Licht et al. discuss a biomimetic flapping foil A UV, shown in 

Figure 1-18, which was designed and constructed as a proof of concept for the use of 

oscillating foils as the sole source of propulsion and maneuvering forces in an underwater 

vehic1e [43]. Each of the four oscillating foils has two actuated degrees of freedom. 

Figure 1-16 (left): Nekton's PilotFish [41]. Figure 1-17 (middle): Biorobotic AUV [42]. 

Figure 1-18 (right): Biomimetic flapping foil AUV [43]. 

1.5. Thesis Motivation and Organization 

As stated earlier, one key difference between AQUA and conventional underwater 

vehic1es is AQUA's use of paddles instead of thrusters and control surfaces for 

propulsion and attitude control. The use of oscillating paddles for propulsion and control 

represented a novel and challenging problem, which motivated the need for a simulation 

of the motion of the robot based on its paddle oscillations. The most difficult aspect of 

this simulation was the characterization of the forces generated by the paddles oscillating 

in the water. The Harper, Kelly and Mason analytical models [18, 19 and 20] could have 

been used with sorne adaptation to represent AQUA's oscillating paddles. These three 

models were not used because they are quite complicated and a model that could easily 

be implemented in a simulation was desired. 

A model for AQUA's paddles could have been developed based on experiments, but that 

model would have been valid only for the fin and the set of oscillations that had been 

tested. It was desired that the model be valid for a paddle of any size undergoing random 
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oscillations. An analytic parametric model for AQUA's paddles was therefore developed 

and it was validated experimentally. In this work, a model predicting the forces produced 

by an oscillating rigid paddle was developed and validated experimentally. A simulation 

of the AQUA robot, which incorporates the validated rigid paddle model, was also 

developed. 

Chapter 2 presents a model to predict the forces generated by an oscillating rigid paddle. 

Chapter 3 describes the experimental setup, which was designed and built to measure the 

forces and torques produced by paddles oscillating in the water. The experimental setup 

was used to cOllect data allowing validation of the rigid paddle model. The setup was also 

used to conduct tests with a flexible fin in order to assess how it compared to a rigid 

paddle. Chapter 4 presents the rigid paddle and flexible fin experimental results. A 

simulation of the AQUA vehicle was then developed, based on the validated rigid paddle 

model. Chapter 5 describes the robot simulation and shows results from the simulation. 
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2. Paddle Model 

In the simulation of AQUA, an underwater robot propelled by six oscillating paddles, 

determination of the forces generated by the paddles presents the greatest difficulty. It has 

been reported that flexible fins are superior to rigid paddles [44], but they are much more 

difficult to model analytically than rigid paddles. Hence, as a first solution to the force 

determination problem, a model of the forces generated by an oscillating rigid paddle was 

developed. That model is presented in this chapter. The accuracy of the model was 

gauged by conducting rigid paddle experiments. The setup on which the experiments 

were performed is described in Chapter 3 and the results of the experiments are presented 

in Chapter 4. 

Section 2.1 discusses the rigid paddle model and explains inflow velocity. Section 2.2 

discusses different types of paddle oscillations. Section 2.3 discusses the forces generated 

by the paddle during oscillation. Section 2.4 discusses an estimate of the inflow velocity 

for situations, like the rigid paddle experiments, where the paddle operates in stagnant 

water. 

2.1. Rigid Paddle Model 

The model for the rigid paddle was based on work done by Healey et al. on the four 

quadrant dynamic response of conventional AUV thrusters [45]. The authors presented a 

model of propeller blade lift and drag forces for angles of attack ranging between 00 and 

3600
• They proposed a formulation for lift and drag coefficients vs. angle of attack, which 

is shown in Figure 2-1. Few researchers have investigated the lift and drag coefficients of 

wing sections over the full 3600 range of angles of attack. Evans [46] compiled drag and 

lift coefficient data obtained by Riegels [47] and Critzos [48]. The model of Healey et al., 

which is in reasonable agreement with Riegels and Critzos' data, was adapted in this 

work to represent rigid paddle lift and drag forces. 
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Figure 2-1: Formulation for lift and drag coefficients vs. angle of attack [45] 

The scenario of a paddle of length 1 and width w moving with respect to an inertial frame 

is considered. Figure 2-2 and Figure 2-3 illustrate the paddle and the inertial frame xyz. 

The paddle, shown from its side, has a width w into the page and the inertial frame has its 

y-axis coming out of the page. The paddle is hinged at the origin of the inertial frame and 

rotates in the xz plane about its shorter edge, which is aligned with the y-axis of the 

inertial frame. The possibility of the fluid having a velocity with respect to the inertial 

frame is also considered. That velocity will hereafter be called inflow velocity. 

\ ...... . 

inflow 
velocity 

{;I---~x 

D 

inflow 
veloci~'y-.. ····· 

z 

~ hipjoint 
x 

Figure 2-2 (left): Paddle, frame xyz and inflow in rigid paddle experiments. Figure 2-3 
(right): Paddle, frame xyz and inflow in robot simulation. 
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In Figure 2-2, which represents the rigid paddle experiments discussed in Chapter 3, the 

xyz frame coincides with the coordinate frame of the sensor measuring the forces 

generated by the oscillating paddle and the inflow velo city is aligned with the z-axis. In 

Figure 2-3, which depicts the robot simulation described in Chapter 5, the xyz frame is 

attached to one of the six hip joints of the robot with the x-axis pointing towards the front 

of the robot and the z-axis pointing towards the bottom. The inflow velocity can come 

from any direction in the plane, but is shown in Figure 2-3 to be coming from the front of 

the robot. 

The normal velocity, shown in Figure 2-2 and Figure 2-3, is due to the paddle motion and 

is perpendicular to the paddle. It is equal in magnitude and opposite in direction to the 

velocity of the point on the paddle where lift and drag forces are applied. The location of 

this point is discussed in Section 5.4.4.1. The flow impinging on the paddle with velocity 

U is a vector sum of inflow and normal velocities, as shown in Figure 2-2 and Figure 2-3. 

The angle f3 represents the direction of flow impinging on the paddle, relative to the z­

axis, while the angle r represents the angular position of the paddle relative to that axis. 

Angles f3 and rare both positive counter clockwise. Angle r in Figure 2-2 as well as 

angles f3 and r in Figure 2-3 are therefore negative. The angle of attack ais the direction 

of flow relative to the paddle and can be ca1culated as a = f3 - r . 

A paddle moving through a fluid generates drag and lift forces. As shown in Figure 2-2 

and Figure 2-3, the lift force L is perpendicular to the flow impinging on the paddle, 

while the drag force D is in line with that flow. Lift and drag forces vary with velocity U 

and angle of attack a as follows [45]: 

L=O.5 pU 2 S CLmax sin(2a) (2.1) 

D=O.5pU 2SCDmax (l-cos(2a)) (2.2) 

where pis the density of water, Sis the surface area of the paddle, a is the angle of attack 

and U is the velo city ofthe flow impinging on the paddle. C Lmax and C Dmax are the 

maximum values of lift and drag coefficients of the paddle. 
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Lift and drag forces can be transformed into forces in the inertial frame of reference, 

using 

Fx = D sin fJ + L cos fJ (2.3) 

Fz = - L sin fJ + D cos fJ (2.4) 

2.2. Paddle Oscillations 

The model presented in Section 2.1 predicts forces generated by the paddle at any instant 

in time given the paddle angular position and velo city, and the inflow velocity. The 

paddle angular position rand velo city r are obtained from the paddle trajectory, which is 

desired to be periodic and differentiable. Two types of curves can he used to characterize 

this type of paddle motion: the sinusoidal wave and the cubic spline, which are shown in 

Figure 2-4. The cubic spline is more general in that it can also describe an asymmetric 

paddle motion. Both types of curves are characterized by three parameters: the amplitude 

of oscillation A, the period of oscillation T and the offset angle ro' The cubic spline is 

described by a fourth parameter, the oscillation ratio R, which defines the asymmetry. 

One oscillation consists of two phases: stroke and recovery. During stroke, the paddle 

sweeps a given angle in one direction. During recovery, the paddle sweeps the same 

angle in the opposite direction. The amplitude of oscillation A refers to the angle swept 

by the paddle. The period of oscillation T is the time it takes to complete one stroke and 

one recovery phase of an oscillation. The offset angle ro is the angular position about 

which the angle swept by the paddle is centered. 

The amplitude A and the offset angle ro are illustrated for a generic oscillation in Figure 

2-5. Oscillations having an offset angle ro of DO, as illustrated in Figure 2-6, will be 

considered in Chapters 2 to 4. 
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Figure 2-5 (left): Amplitude A and angle ~ 0 for a generic oscillation. Figure 2-6 (right): 

Oscillation having an offset angle of 00. 
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The cubic spline and sinusoidal trajectories shown in Figure 2-4 have the same 

parameters. These trajectories are practically identical, the difference between them being 

in the way they are de:fined. The sinusoïdal trajectory is de:fined by 

y(1) = Yo + ASin( 2; t) (2.5) 

As stated earlier, the cubic spline trajectory is de:fined by A, T, Yo and R. The oscillation 

ratio R is the ratio of time taken to perform stroke to the time taken to perform the entire 

oscillation (stroke and recovery). 

ts + tr T 
(2.6) R= 

The stroke time ts and the recovery time tr were labeled in Figure 2-4. Setting the 

oscillation ratio to 0.5 results in a symmetric trajectory, in which the stroke time ts is half 

the oscillation period T and is equal to tr. Setting the oscillation ratio below 0.5 results in 

asymmetric trajectories in which the stroke phase takes place more quickly than the 

recovery phase. Sorne examples of asymmetric trajectories are shown in Figure 2-7. 
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Figure 2-7: Cubic spline trajectories withdifferent oscillation ratios for A = 90°, T = 1s 
and Yo= 0°. 
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Asymmetric trajectories can be desirable in order to investigate more complex paddling 

motions. The cubic spline trajectory uses a third order polynomial in t to de scribe the 

time-varying angular position of the paddle, during each of the stroke and recovery 

phases. The paddle angular position yand the paddle angular velo city r at time t during 

each of these phases are given by 

y(t) = ao + al t + azt2 + a3t
3 

y(t) = al + 2a2t + 3ai2 

where t is zero at the start of each phase. 

(2.7) 

(2.8) 

In order to calculate the coefficients ai, i = 0, ... ,3, the desired boundary conditions at the 

beginning and end of each phase (stroke or recovery) are used. At the beginning of each 

phase, 1=0 and the following conditions apply: 

where Yi is thé initial paddle angular position. y(O) = Yi 

1'(0) = Yi =0 where Yi is the initial paddle angular velo city, which is equal to O. 

At end of each phase, 1= tl and the following conditions apply: 

y(t 1) = YI where YI is the final paddle angular position. 

y(t 1) = YI = 0 where YI is the final padd1e angu1ar ve1ocity, which is equa1 to O. 

After substituting these conditions into equations (2.7) and (2.8), the following 

expressions were obtained. 

ao = Yi 

al =0 

a, ~3(\~r. J 

a3~2(r.? J 
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(2.10) 

(2.11) 

(2.12) 



(2.13) 

(2.14) 

Table 2.1 shows the trajectory parameters (Yi' YI and t 1 ) for stroke and recovery 

phases. 

~ 
Yi YI tl 

Phase 

Stroke A A ts 
Yi =YO-"2 YI =Yo+-

2 

Recovery A A tr =T-ts Yi =Yo+"2 YI =Yo-2 

Table 2.1: Parameters (Yi' YI and t 1) of equations (2.13) and (2.14) for stroke and 

recovery phases. T is the oscillation period, ts is the stroke time and tr is the recovery 
time. 

2.3. Forces Generated During Paddle Oscillations 

In this section, forces generated by a paddle following a cubic spline trajectory will be 

shown. Figure 2-8 shows a symmetric trajectory for which A = 900
, T = 1 s and Yo = 00

• It 

also shows the lift and drag forces generated by a paddle following that trajectory in the 

absence of inflow. The paddle has 1 = 0.2m, w = 0.05m, C Lmax = 0.92 and C Dmax = 1.12 

[49] . 

When there is no inflow, the velocity term U in the equations for lift and drag in 

equations (2.1) and (2.2) cornes solely from the normal velo city of the paddle. When that 

happens, the angle of attack is 900 and lift is equal to 0 throughout the trajectory, as 

shown in Figure 2-8. 
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Figure 2-8: Lift and drag forces generated by a paddle foUowing a symmetrical cubic 
spline trajectory in the absence of infIow. 

As explained earlier, lift and drag forces are calculated in a coordinate frame aligned with 

the fIow impinging on the paddle, and the forces are th en transformed into the inertial 

frame of reference. If the offset angle is 0°, as shown in Figure 2-6, forces along the z­

axis are paraUe1 to the offset angle direction and forces along the x-axis are perpendicular 

to that direction. The forces along the z-axis will hereafter be caUed paraUel forces and 

the forces along the x-axis will be caUed perpendicular forces. Figure 2-9 shows the 

instantaneous paraUel and perpendicular forces obtained by transforming the lift and drag 

forces of Figure 2-8. Figure 2-9 also shows the paraUe1 and perpendicular impulses, 

which are also of interest. The impulse is the integral of a force over time. Ideally, the 

paraUel impulse should continuaUy increase during a series of oscillations in order for net 

thrust to be produced. The perpendicular impulse should be zero after one oscillation or a 

series of oscillations so that no side force is produced. In Figure 2-9, the paraUel and 

perpendicular impulses are both zero at the end of each oscillation. This indicates that no 
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net thrust or side force is produced. Force cancellation occurs when forces generated 

during stroke are equal and opposite to forces generated during recovery. This happens 

when a paddle follows any symmetric trajectory in the absence of inflow. 
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Figure 2-9: Parallel and perpendicular forces generated by a paddle following a 
symmetrical cubic spline trajectory in the absence of inflow. 

2.4. Estimation of Inflow 

3 

3 

As shown in Section 2.3, a paddle performing a symmetric oscillation in a fluid with zero 

inflow velocity produces no thrust. However, as will be shown in this section, a paddle 

oscillating symmetrically in a fluid with non-zero inflow velocity does produce useful 

thrust. In order to gauge the accuracy of the rigid paddle model described in Section 2.1, 

experiments were conducted in a stagnant tank. Even in a stagnant tank, the paddle 

entrains water during oscillation and there is inflow. In order to compare experiments 

with rigid paddle simulations, inflow needed to be quantified. Since inflow was not 

measured during the experiments, a method to estimate it had to be devised. 
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The inflow estimate is based on the premise that flow is created as water in front of the 

oscillating paddle moves to replace the volume of water displaced by the paddle. The rate 

at which the volume of water is displaced by the paddle during sweep or recovery 

corresponds to the rate at which water flows towards the paddle through a cross-section, 

which is equal to half the frontal area of the volume swept by the paddle. The water 

cannot flow through the other half of the area, which is blocked by the paddle. In 

mathematical terms: 

V 
_d =A v 
T/2 f 

(2.15) 

where Vd is the displaced water volume, Tf2 is half the period of oscillation, Af is the 

frontal area of the paddle and v is the inflow velocity. The displaced volume Vd and the 

frontal areaAfcan be obtained by geometry using Figure 2-10. 

Vd ~ w" 1'( 2~ J (2.16) 

Aj ~Sin( ~ Jw 1 (2.17) 

where w is the width of the paddle, 1 is its length and A is the oscillation amplitude in 

radians. 

frontal 
areaAf 

amplitude A 

Figure 2-10: Diagram showing the volume swept by paddle and the frontal area of the 
paddle. 

Substituting equations (2.12) and (2.13) in equation (2.11) allows to solve for v 

lA 

v ~ T Sin( ~ J 

23 

(2.18) 



The variation of inflow velo city with A and T is shown in Figure 2-11. The inflow is 

inversely proportional to period and only weakly dependent on amplitude. The 

dependence of v on amplitude is not strong because the ratio . fA) only varies from 2 
sm -

2 

to 2.2 as amplitude is varied from 0 to rc/2. It must be emphasized that v is a cru de 

approximation of the complex flow that results from paddle motion. Using equation 

(2.15), an inflow velocity of 0.44m/s is found for the case of a 0.20m long paddle 

undergoing the symmetric trajectory for which A = 90° and T = 1 s. 
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Figure 2-11: Estimate of inflow as a function of period and amplitude of oscillation for a 
0.20m long paddle. 

The lift and drag forces generated by a paddle following a symmetric trajectory for which 

for which A = 90°, T = 1 sand Yo = 0° in the presence of inflow are shown in Figure 2-12, 

while the corresponding parallel and perpendicular forces are shown in Figure 2-13. The 

paddle has 1 = 0.2m, w = 0.05m, CLmax = 0.92 and CDmax = 1.12. It can be seen in Figure 
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2-13 that the parallel impulse at the end of each oscillation is non zero while the 

perpendicular impulse is again equal to zero. Practically, this means that, in the presence 

of inflow, there is a net thrust but no net side force. 
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Figure 2-12: Lift and drag forces generated by a paddle following a symmetrical cubic 
spline trajectory in the presence of inflow of 0.44m/s. 
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Figure 2-13: Parallel and perpendicular forces generated by a paddle following a 
symmetrical cubic spline trajectory in the presence of infIow of 0.44m1s. 

As will be explained in Chapter 5, in the vehicle simulation, which incorporates the rigid 

paddle model, the infIow velocity is assumed to be the advance velocity of the paddle 

through the surrounding fIuid. The rigid paddle model implies that the faster the vehicle 

moves through the water, the more thrust the paddle generates. By contrast, conventional 

thrusters typically generate less thrust as their advance velocity increases. 
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3. Thrust Measuring Setup 

The Thrust Measuring Setup (TMS) is an experimental facility for measurement of forces 

and torques generated by an oscillating paddle. The TMS was designed to allow 

validation of the rigid paddle model presented in Chapter 2 and to support later 

development of models for flexible fins. It was constructed so that different paddles and 

modes of oscillation can be tested on it. This chapter discusses the design and assembly 

of the TMS, its main components and its experimental interface. 

Thrust measuring experiments were conducted in a stagnant tank having a length of 6m, a 

width 1.5m and a depth of 1.2m. The TMS in the tank is illustrated in Figure 3-1. The 

paddle oscillates in a plane O.15m below the water surface, while a sensor measures the 

forces and torques generated by the oscillating paddle. Measurements of greatest interest 

are the forces in the plane of oscillation and the torque about the axis perpendicular to 

that plane. 

Figure 3-1: CAD drawing ofTMS in tank 
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The high-Ievellayout of the TMS is shown in Figure 3-2. The main components are: 

• Paddle unit: 

o Paddle under test 

o Maxon motor stack: motor, gearbox and encoder 

o ATI ForcefTorque sensor and its power suppl y 

• Electronics: 

o National Instruments Data Acquisition Card (DAC) and breakout box 

o AMC Amplifier and Filter card 

o 48V and 5V DC power supplies 

o Quadrature encoder decoder (inside breakout box) 

• Personal computer running Lab VIEW software for the graphical user interface. 

Electronics Paddle unit ------------------------------, 

PC 5VDC FfT Sensor FfT 
running power power sensor 

LabVIEW suppl Y supply 

------------------------------ motor 
breakout stack DAC box .---

r--

l 
48VDC servo filter -. -. 
power amplifier card -
supply 

----------------------------------------------

" 1 paddle 1 

Figure 3-2: High-Ievellayout of TMS 

The considerations relevant to testing paddles in a stagnant tank are discussed in Section 

3.1. The structure of the TMS is discussed in Section 3.2. The paddle unit is discussed in 

Section 3.3, the electronics of the TMS are discussed in Section 3.4 and the experimental 

interface is described in Section 3.5. 
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3.1. Tests in Stagnant Tank 

Figure 3-3 and Figure 3-4 illustrate the position of the paddle relative to the walls of the 

tank. They show only the first 3meters of the 6m long tank. Figure 3-3 and Figure 3-4 

also show the xyz frame attached to the force/torque sensor. Axes x- and z- coincide with 

the x- and z- axes of the model presented in Chapter 2. It was conjectured that the tank is 

large enough that effects such as turbulence, recirculation and slosh would not affect 

experimental measurements. The water entrained by the oscillating paddle was estimated 

in Chapter 2. Measuring entrained flow would have eliminated the need to estimate it. It 

is recommended to add a flow velocity sensor on the thrust measuring setup for future 

experiments. It is weIl known that results obtained for a forward-moving thruster would 

be quite different. Future tests in a tow tank would therefore be useful to better 

understand the thruster effectiveness in a moving vehic1e. 

y 

r x 

1 water level O.15m 
~ ..... ~ ~ 

1.5m O.4m ( : z 

l 
:±: ................ 1.2m 

l 
lE 2.0m )1 lE 2.0m )1 

Figure 3-3 (left): Top view of the paddle in the tank. Figure 3-4 (right): Side view of 
the paddle in the tank. 

3.2. TMS Structure 

The three hip joints on either side of AQUA are aligned, and the middle and rear paddles 

oscillate in the turbulent flow created by the oscillation of the front paddle. Initially, it 

was considered to oscillate three paddles in a tank and measure the forces and torques 

produced by each paddle. Due to budgetary constraints and for the sake of simplicity, it 

was decided to start by testing only one paddle. The following subsections discuss the 

design of the thrust measuring setup and the test structure' s natural frequencies. 
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3.2.1. Design Considerations 

Many issues needed to be considered in designing the thrust measuring setup. The setup 

was attached to the tank's two central vertical beams using a single brace across the 

width of the tank. Other options considered would have been less rigid. Figure 3-5 shows 

the attachment of the setup on the tank's vertical beams. It does not show the rest ofthe 

tank for the sake of giving an unobstructed view of the setup. 

Figure 3-5 (Ieft): CAD drawing ofTMS. Figure 3-6 (right): Picture ofTMS in the tank 

In order for the sensor to properly measure forces and torques, the sens or had to be 

mounted between the structure, which was attached to the tank, and the paddle unit, 

which was partly in the water. In order to simplify the design, the force/torque sensor was 

kept out of the water and was protected from splashes by a cover as shown in Figure 3-6. 

The surface of the water was roughly 0.28m below the point of attachment of the 

structure on the vertical beams. In deciding how deep to position the paddle in the water, 

two issues needed to be considered. On one hand, the paddle needed to be submerged 

deep enough that surface effects would not affect the results. On the other hand, the 

paddle needed to be positioned close enough to the force/torque sensor that moments 

resulting from paddle forces would not exceed the moment ratings of the sensor. When 
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the paddle oscillated O.15m below the water, no ripples could be seen at the surface. At 

that position, the distance between the paddle and the sensor would be 0.43m or less, 

depending on the position of the sens or. Based on the forces predicted by the rigid paddle 

model and the moment ratings of the force/torque sensors available on the market, it was 

determined that positioning the paddle O.15m under the surface of the water was 

acceptable. This is explained further in Section 3.3.3. 

3.2.2. Natural Frequencies of the Test Structure 

In preliminary experiments, it was found that sorne high frequency oscillations were 

present in the data. It was conjectured that these were due to vibrations of the test 

structure. The natural frequencies of the thrust measuring setup were therefore measured 

by conducting an impact test on the structure. The impulse response of Fz, the force along 

the z-axis of the sensor, can be seen in Figure 3-7. From that plot, a dominant damped 

frequency of 15.7Hz was found. The same frequency was found from a plot of the 

impulse response of Fx, the force along the x-axis of the sens or. The impulse response of 

Fy, the force along the y-axis of the sensor, can be seen in Figure 3-8. From that plot, a 

dominant damped frequency of approximately 48Hz was found. 
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Figure 3-7: Impulse response of Fz, the force along the z-axis of the sens or. 

31 



3 

2 

1 
..-.. 
z 
'-' 

CD 0 e 
0 

LL 

-1 

-2 

-3 
0 0.5 1 1.5 2 2.5 3 3.5 

Time (seconds) 

Figure 3-8: Impulse response of Fy, the force along the y-axis of the sensor. 

The damping ratio ç is found via the logarithmic decrement S [50], which is estimated 

from the plot of Figure 3-7. The decrement is measured over multiple cycles for better 

accuracy. The first and the thirty-second peaks are 1.6185N and 0.1938N. Therefore, 

8 = 1 ln( 1.6185) = 0.068 
(32 -1) 0.1938 

(3.1) 

The damping ratio ç is equal to the logarithmic decrement divided by 2n, and is thus 

equal to 0.0108. 

The system is very lightly damped. An attempt was made to increase the damping of the 

vibrations of the thrust measuring setup by adding rubber between the TMS crossbrace 

and the square cross-section beams on which the setup is attached. Rubber was also 

inserted between the force/torque sensor and the plate that it is mounted on. Both 

additions made no significant difference in the damping ratio of the setup. A 

recommendation is made to stiffen the setup in the future. This can be done by adding 

members, which will pre vent the cross brace supporting the sensor from bending or 

twisting. 
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3.3. Paddle Unit 

paddle unit 
support structure 

force/torque sensor 

motor assembly 
(inside top cylinder) 

motor shaft extension 
(inside bottom cylinder) 

paddle 

Figure 3-9: CAD drawing of paddle unit. 

3.3.1. Paddle 

The leg unit is comprised of the 

paddle under test, the motor 

assembly (motor, gearhead and 

encoder) and the force/torque 

sensor. As shown in Figure 3-9, the 

paddle under test is attached at the 

end of the motor shaft extension, 

which protrudes from the bottom 

cylinder. The motor assembly is 

enc10sed in the top cylinder. The 

sensor is mounted between the top 

cylinder and the paddle unit support 

structure. This section discusses 

each of the three components of the 

paddle unit. 

The rigid and semi-rigid paddles as well as the flexible fins that were tested on the TMS 

are shown in Figure 3-10. The rigid paddle was tested to validate the model presented in 

Chapter 2. The other fins were tested to determine the paddle to be used on the robot. 

Results of rigid paddle experiments are given in Chapter 4. AIso, in that chapter, a 

comparison of the results obtained for the rigid paddle and for the flexible fin that was 

chosen for the robot is presented. 
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Figure 3-10: Rigid and semi-rigid paddles, and flexible fins. An paddles, except the rigid 
paddle, were developed by Shane Saunderson at the Ambulatory Robotics Laboratory. 

3.3.2. Motor Assembly 

While the TMS was being designed and built, AQUA was also being constructed. RHex 

has 18V, 20W, graphite-brushed DC motors (Maxon RE 25 series, number 118751) and 

33:1 reduction ratio gearheads (Maxon OP 32 A, number 166163). The RHex motor 

stack has a maximum torque of 5.45Nm and a maximum speed of 309rpm. AQUA was 

going to have 42V, 20W, graphite-brushed DC motors (Maxon RE 25 series, 118754) 

and the same 33: 1 reduction ratio gearheads. The AQUA motor stack has a maximum 

torque of 7.00Nm and a maximum speed of 336rpm. Data sheets for the two motors and 

the gearhead can be found in Appendix A. 

At the time when TMS tests were scheduled, a RHex motor stack was available, but an 

AQUA motor stack was not. In simulation, the RHex motor stack seemed capable of 

delivering enough torque for an oscillations to be tested. It was therefore decided to 

perform the tests with the RHex motor, but to design the motor enclosure of the TMS so 

that experiments could be performed with the AQUA motor at a later time, if desired. 

The mounting pattern of both motor stacks is identical, but the AQUA stack is longer 

than the RHex stack. The motor enclosure was made long enough so that either motor 

stack can fit inside it. 
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3.3.3. Forcefforque Sensor 

Moment capacity was the determining factor in choosing the best force/torque transducer 

for the TMS. The rigid paddle model predicted maximum forces of 20N. Based on that 

and the fact that the point of application of the force would be less than but close to 0.5m, 

a force/torque sensor able to handle up to lONm of torque was required. ATI's Gama SI 

130-10 was used to measure the forces and torques generated by the oscillating paddle. It 

is capable of measuring torques of lONm and forces of 130N. The data sheet for the 

force/torque sensor can also be found in Appendix A. 

3.4. Electronics 

The Electronics of the TMS are comprised of a National Instruments Data Acquisition 

Card (DAC) and breakout box, an amplifier, a filter card, 48V and 5V DC power supplies 

and a quadrature encoder decoder. The DAC resides in the computer. AlI the other 

components are shown in Figure 3-11. 

Figure 3-11: Electronics ofTMS. 
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3.4.1. Motor Amplifier and Filter Card 

Advanced Motion Controls' 25A8B amplifier and FC15030 filter card were used to drive 

the TMS motor stack. The 25A Series PWM servo ampli fiers are designed to drive brush 

type DC motors. They require only a single unregulated power supply of 20 to 80V. The 

amplifier can supply the motors a peak CUITent of 25 A, which is more than the starting 

CUITent of the RHex and AQUA motors, and a maximum continuous CUITent of 12.5A, 

which is also more than the continuous CUITent of the two motors. 

The amplifier' s minimum load inductance is 200JlH. The terminal inductance of the 

RHex motor is only 120 JlH. The FC15030 filter card is designed to complement 

Advanced Motion Controls servo amplifiers and it is used to increase load inductance. 

This is typically necessary with sorne types of mot ors (e.g. basket-wound, pancake), 

which do not have a conventional iron core rotor and thus have a winding inductance that 

is usually less than 25JlH. The 300 JlH inductance on the card is adequate to meet the 

minimum load inductance requirements of the 25A8B amplifier. 

3.4.2. Data Acquisition and Control 

The National Instruments PCI-6035E was used in the thrust measuring setup to acquire 

experimental data and to give motor control commands. This data acquisition card (DAC) 

features sixteen single-ended or eight differential 16-bit analog inputs and two 12-bit 

analog outputs. Depending on the hard drive, the PCI-6035E can stream to disk at rates 

up to 200 kS/s. The SCB-68 is a shielded connector block with 68 screw terminaIs for 

easy connection to National Instruments products, such as the PCI-6035E cardo Inputs to 

the DAC, such as measured forces and torques as weIl as encoder readings, were routed 

through the SCB-68 breakout box shown in Figure 3-2. Outputs of the DAC, such as 

reference signaIs of the amplifier, were also channeled through that same breakout box. 

3.4.3. Quadrature Encoder Decoder 

Agiient Technologies' HCTL-2020 chip was used to decode the signaIs generated by the 

quadrature encoder. It outputs increments or decrements in position. Paddle position is 

obtained by summing these. Paddle velocity is obtained by dividing changes in position 

by time increments between position readings. 
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3.4.4. Power Supplies 

Two DC power supplies were used. The first one was Advanced Motion Controls' 

PS2x300W Series Power Supply. This unregulated power supply, which has been 

designed to complement Advanced Motion Controls' servo amplifiers, provided 48V to 

the 25A8B amplifier. This voltage can drive the 18V RHex motor as weIl as the 42V 

AQUA motor. The second power supply used in the TMS was an ACIDC converter 

outputting 5V. The 5V output was used to power the quadrature encoder decoder. 

3.5. Experimental Interface 

The goal of the experiments is to measure the forces and torques generated by a paddle as 

it oscillates in the water. The acquisition of the experimental data and the control of the 

paddle are done bya program created in LabVIEW. Before performing the oscillations, 

the pro gram calibrates the paddle by doing an angular sweep of 3600 until a Hall effect 

sensor is triggered. This calibration is done to position the paddle accurately relative to 

the force/torque sens or coordinate frame. Once the paddle is positioned, it starts 

following a trajectory for a length of time or number of cycles specified by the user. 

3.5.1. PD Controller in GUI 

The torque command sent to the paddle motor was generated by a PD controller, based 

on the errors in the paddle's angular position and angular velocity. 

The paddle angle PD torque controller generates a torque command according to 

t' = K p (r- rJ- KJt- rd) (3.2) 

where r is the angular position of the paddle, rd is the desired angular position of the 

paddle, K p is the proportional gain, r is the angular velo city of the paddle, rd is the 

desired angular velocity of the paddle and K v is the derivative gain. 

In the experiments, the desired paddle angular position rd is generated from the cubic 

spline presented in equation (2.5). The desired paddle angular velocity rd is the 

derivative of rd and is the second order polynomial presented in equation (2.6). The K p 
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and K v gains were tuned by the user in order to obtain the best possible tracking of the 

desired trajectory. 

3.5.2. Graphical User Interface 

The program for data acquisition and motor control was written in National Instruments 

Lab VIEW software. By connecting block diagrams of the virtual instrument (VI) libraries 

that come with LabVIEW as weIl as those supplied with the ATI Forcefforque sensor, a 

graphical user interface (GUI) was constructed. Figure 3-12 shows the LabVIEW GUI 

developed for the TMS. 

Figure 3-12: LabVIEW GUI developed for the TMS. 

Through pull-down menus, the GUI enables the user to select certain test parameters. 

Each paddle tested on the TMS was named, and that name was written in the title of the 

experiment. The oscillation types that can be selected are sinusoidal, cubic spline, square 

wave and 360°. The type of trajectory is also embedded in the name of the file. 
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Through various entry fields in the GUI, the user can set additional parameters: the test 

length or the numher of oscillations, the amplitude of oscillation (defined as the peak-to­

peak magnitude), the period of oscillation and the oscillation ratio. AIl these parameters 

are also integrated in the name of the file where the results are saved, so that it is easy to 

link a particular file to the corresponding test conditions. 

During experiments, the GUI displays real time test information, enabling the user to 

monitor results and to detect errors. Progress bars display the force and torque 

measurements, the voltage sent to the amplifier, the estimated motor current and the 

estimated motor core teinperature. The estimated motor core temperature is based on a 

paper written by two colleagues at the Ambulatory Robotics Lab [51]. Charts compare 

the paddle position and velocity to the corresponding desired values. A dial displays the 

torque commanded to the motor. Finally, LEDs toggle when the motor has reached a 

critical temperature of 125°C or when one of the forces or torques has exceeded the 

force/torque sensor' s ratings. 

The GUI gives the user access to various functions such as biasing the FfT sensor and 

enabling the motor. Pushing the Bias button resets all force and torque measurements, so 

that static forces and torques acting on the sensor do not appear in the force and torque 

measurements. After the load is enabled, the paddle calibrates and starts oscillating. If 

problems arise, the user can dis able the load or push an emergency stop button, which 

terminates the experiment. The user can also tum off the position, speed, voltage and 

current displays. Since graphic indicators consume processing time, it is usually better to 

tum off the graphical displays and instead read the digital displays, thus allowing 

iteration loops to he completed in a more timely manner. 

The program in LabVIEW was designed to acquire sensor readings at frequencies of 100 

Sis. Figure 3-13 shows how the actual iteration times varied from the set 0.01 second. 

The greatest problem with Lab VIEW was related to unsynchronized occurrence of events 

and unequal iteration times. During a given time step, the encoder and time readings did 

not occur simultaneously. As a result, the paddle velo city calculated from these readings 

39 



was noisy. Noise on velocity resulted in noisy commanded torque for values of the PD 

controller derivative gain that were not very near zero. Unequal iteration times 

contributed to instability of the PD controller because the torque was applied at intervals 

of time that were different from the set iteration time. 
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Figure 3·13: Iteration times of a thrust measuring setup experiment. These should be 
constant at O.Ols, but deviate from that. 
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4. Thrust Measurement Experiments 

Experiments were performed on the thrust measuring setup described in Chapter 3 with a 

rigid paddle in order to validate the rigid paddle model presented in Chapter 2. Tests were 

also performed with various flexible fins. In this chapter, the results of the rigid paddle 

experiments are presented and compared to the results of the rigid paddle model. AIso, 

the forces generated by a flexible fin are compared to those produced by the rigid paddle. 

4.1. Rigid Paddle 

Figure 4-1: Rigid paddle 

4.1.1. Experiments 

Rigid paddle experiments were performed by mounting 

the 20cm long, Scm wide and 3.2mm thick alurninum flat 

plate, illustrated in Figure 4-1, on the TMS and oscillating 

it at different periods and amplitudes. This section 

describes the experiments that were performed, the 

problems that were experienced in controlling the paddle, 

and the conditioning and analysis of the measured data. 

AIso, this section displays the results of the rigid paddle 

experiments and compares them to the results of the rigid 

paddle model. 

The first objective of the paddle experiments was to validate the rigid paddle model. The 

second objective was to determine the oscillation parameters which produce the greatest 

net thrust per unit power. In Chapter 2, the lift and drag forces were transformed into a 

thrust force, which was parallel to the offset angle direction, and a side force that was 

perpendicular to that direction. When the offset angle direction is aligned with the back 

of the robot, the thrust force constitutes the force that propels the vehic1e and should be as 

great as possible. The side force constitutes the force that moves the robot upwards or 

downwards and should be as close to zero as possible. The test matrix was designed to 

include aIl periods and amplitudes of oscillation that produce significant thrust forces. 
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Finding the oscillation parameters which produce the greatest net thrust per unit power is 

useful in applications, such as AQUA, where the power is limited. 

In rigid paddle simulations, oscillations with large periods generated smaller forces than 

did oscillations with shorter periods. Oscillations with a period of 2 seconds resulted in 

forces which were only slightly greater than the noise level on force measurements, while 

oscillations with a period of 1 second produced significant forces. Thus, 1 second was 

chosen as the upper bound for the period and 0.4 seconds was chosen as the lower bound. 

Intermediate oscillation periods of 0.6 seconds and 0.8 seconds were included in the test 

matrix. 

The test matrix for amplitudes of oscillation (defined here as peak-to-peak magnitudes) 

was also chosen based on preliminary tests and simulations. Preliminary tests showed 

that amplitudes of oscillation of 10° resulted in forces which were approximately equal to 

the sensor noise level. Simulations of the rigid paddle indicated that net thrust and 

required power monotonically increase with amplitude of oscillation increasing up to an 

amplitude of 1Ç. Taking the ratio of net thrust to power shows that smaller amplitudes 

produce more thrust per watt than larger amplitudes do. Based on this, it was conjectured 

that the most efficient amplitude of oscillation would be less than 90°. Thus, amplitudes 

of oscillation of 20° to 90°, in increments of 10°, were chosen for the paddle experiments. 

The 4 periods coupled to 8 amplitudes led to a total of 32 experiments. 

For aIl thirty-two cases in the test matrix, the paddle followed a symmetric cubic spline 

trajectory having an offset angle of 0°. This type of trajectory was described in Chapter 2 

and it was shown in Figure 2-4 for an oscillation having a period of 1 second and an 

amplitude of 90°. 

4.1.2. Trajectory Tracking DifficuIties 

In each experiment, the paddle did not track the desired trajectory accurately: the 

amplitude of oscillation was smaller than that desired and the motion tended to lag the 
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commando The paddle's tracking can be seen in Figure 4-2 for a desired amplitude of 60° 

and a period of 1 second. 

50 

Ci) 
Q) 

~ 
Cl 
Q) / , 
~ 

1 , 
1 \ 

c: 1 \ 
\ 

0 
0 

\ 

E \ 

!I) 
0 
a.. 
"-
lU 
::J 
Cl 
c: 

<C 

-50 
0 0.5 

, , 
/ , 

1 \ 
1 \ 

1.5 2 
Time (seconds) 

\ 
\ 

desired 
actual 

\ 1 
\ 1 

\ 1 
1 

, 1 
\ 1 

/ 

2.5 3 

Figure 4-2: Rigid paddle trajectory tracking; the desired amplitude of oscillation is 600 

and the actual amplitude is 440
• 

Figure 4-2 shows that for a desired amplitude of 60° and a period of 1 second, the paddle 

sweeps an angle of 44°. The first plot of Figure 4-3 shows that for a desired amplitude of 

90° and a period of 1 second, the paddle sweeps an angle of 70°. In aIl experiments, the 

actual paddle position lags the desired paddle position by 0.1 to 0.2 seconds. This time 

lag causes the actual sweep angle to be smaller than the desired sweep angle. At the 

instant when the desired trajectory reaches a local maximum (shown as 2 in Figure 4-3), 

the actual paddle position is 5°. Between 2 and 3, the desired position is decreasing but is 

still greater than the actual position and the actual position keeps increasing. Where the 

actual and desired curves intersect (3), the component of torque due to position error 

starts being negative. The component of torque due to speed error has been negative since 

1. Thus, the torque must be negative at point 3 and the paddle is driven in the opposite 

direction than the one it is traveling in. When the paddle' s decreasing speed reaches 0, 

the paddle reverses direction (4). 
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The ratio of actual oscillation amplitude to desired oscillation amplitude, hereafter called 

amplitude ratio, is always less than 1 in water for the rigid paddle. Figure 4-4 illustrates 

how the amplitude ratio varies with period and desired amplitude of oscillation. The 

amplitude ratio decreases with increasing frequency (decreasing period) for aIl desired 

amplitudes. 
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Figure 4-4: Amplitude ratio vs. period for different desired amplitudes of oscillation; 
amplitude ratio decreases with decreasing period for aIl desired amplitudes. 

One possible reason why the paddle does not follow the desired trajectory accurately is 

that the applied torque is not great enough. According to specifications, at a continuous 

speed of 33rpm, the motor and gearhead assembly can output a maximum torque of 

O.8Nm. In the experiment of Figure 4-3, the paddle's maximum speed of oscillation is 

33rpm and the commanded torques are smaller than O.35Nm. Increasing the requested 

torques, by increasing the gains of the PD controller, should have resulted in better 

trajectory tracking, but led to uns table paddle motion. Each experiment was conducted 

with the maximum stable gains. The proportional gain of the 32 experiments ranged 
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between 0.25 and DAO. It was lowest for the oscillation with the large st period and 

smallest amplitude and it increased as the oscillation period decreased and/or the 

amplitude increased. The derivative gain of an experiments was 0.01; setting it to any 

value greater than O.Olled to instability. The discrepancy between actual and 

cornmanded paddle travel was not considered to be problematic in the present context, 

since the experiment and simulation could be compared based on the actual paddle 

motion rather than the cornmanded motion. 

4.1.3. Noise in the Collected Data 

During the experiments, peak-to-peak force measurements along the x- and z- axes 

ranged between 0.6N and 6N. These measurements are much lower than the maximum 

force that the load cell can measure along those axes (130N). Noise associated with force 

measurements along the x- and y-axes was O.lN. This noise level represents less than 

0.1 % of the full range, but is a significant percent age of sorne of the recorded forces. The 

signal-to-noise ratio was as low as 6: 1 for sorne experiments. 

In addition to the small amplitude noise originating from the transducer, a larger 

amplitude signal at approximately 16Hz or 47Hz was superimposed on the force 

measurement signais, as can be seen in Figure 4-5. 
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Using a Fast Fourier Transform (FFT), a power spectrum was obtained for each force and 

moment measured during two experiments having oscillation periods of 0.6 seconds and 

1 second. The frequencies corresponding to the highest intensity peaks on the power 

spectra, hereafter called dominant frequencies, are shown in Table 4.1. In the table, Fi 

corresponds to the force measured along axis i of the sens or, while Ti corresponds to the 

moment about axis i, for i = x, y and z. Table 4.1 also shows the dominant frequencies of 

the thrust measuring setup impact test described in Chapter 3. As highlighted with bold 

characters in the table, the dominant frequencies in the impact test are also dominant 

frequencies in the two experiments. Based on this, a conclusion can safely be drawn that 

the higher frequencies observed in the experimental measurements can be attributed to 

natural vibration of the test setup. 

Dominant Impact test Experiment #1 Experiment #2 
frequencies Period = 0.6 seconds Period = 1 second 

of tests (Frequency = 1.66Hz) (Frequency = 1Hz) 
Dominant Dominant frequencies Dominant 

Measurements frequencies (Hz) (Hz) frequencies (Hz) 

Fx 16 1.69 and 15 1 and 16 

Fy 47 1.69 and 47 1 and 47 

Fz 16 3.38 and 15 2 and 16 

Tx 16,47 3.38, 15 and 47 2,16 and 47 

Ty none 1.69 1 

Tz 16 1.69 and 15 1 and 16 

Table 4.1: Dominant frequencies in forces and moments measured during impact test and 
two experiments. 

The lower dominant frequencies that cannot be attributed to the setup vibrations, are in 

integer proportion to the frequency of oscillation. The lower dominant frequencies in Fx, 

Fy, Ty and Tz are equal to the frequency of oscillation of the ex periment, while those in Fz 

and Tx are double the frequency of oscillation. Rigid paddle model simulations, such as 

the one shown in Figure 2-13, also show that the frequency of the perpendicular force Fx 
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is the same as the frequency of oscillation and that the frequency of the parallel force Fz 

is double the frequency of oscillation. 

4.1.4. Data Processing 

As explained in Chapter 3, an attempt was made to darnp the vibrations of the test 

structure by using rubber padding. A recommendation was also made to stiffen the 

structure. For the present work, the unwanted noise at 16 and 47Hz was removed by 

applying a low-pass filter to the measurements. The experiments were performed at 

frequencies of oscillation ranging between 1 and 2.5Hz. As stated in Section 4.1.3 the 

dominant frequencies in forces and torques are equal to the frequency of oscillation or 

double that frequency. The dominant frequencies of aIl experiments therefore range 

between 1 and 5Hz; the latter being double the highest oscillation frequency. The lowest 

frequency of the noise to be removed is 16Hz. Therefore, the cutoff frequency of the 

filter must be greater than 5Hz and lower than 16Hz. A cutoff frequency of 7Hz was 

found to be the best compromise between attenuating the higher frequencies without 

attenuating the lower ones. 

A double-pass third-order Butterworth filter with a cutoff frequency of 7Hz was applied 

to force and torque measurements of aIl experiments. This filter processes the data in the 

forward direction, reverses the filtered sequence and runs it back through the filter. 

Consequently, the resulting sequence has zero-phase distortion. Figure 4-6 shows the 

magnitude response of the filter. Frequencies up to 5Hz are attenuated by less than 12%, 

while frequencies of 16 Hz are attenuated to 0.4% of their original value. A 2Hz force 

signal is illustrated in Figure 4-7 before and after it has been filtered. 
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Figure 4-6: Magnitude response of double-pass third-order Butterworth filter with a 
cutoff frequency of 7Hz. 

2.5.-------~-------.-------.--------.--------.------~ 

2 

1.5 

-1 

-1.5
0 0.5 

\1 li 
'1 
v 

1.5 2 2.5 3 
Time (seconds) 

Figure 4-7: Filtered force measurement along z-axis for an oscillation having A = 70°, 
T =ls and Yo = 0°. 

4.1.5. Rigid Paddle Results 

The rigid paddle was oscillated at four different periods for each of the eight different 

amplitudes. Each of the 32 period/amplitude combinations was repeated twice. Forces 

and torques generated during each experiment were recorded and filtered. Of particular 

interest are two forces: the force parallel to the offset angle (Fz) and the force 
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perpendicular to it (Fx). As stated earlier, the parallel force constitutes the force that 

propels the vehicle forwards, while the perpendicular force constitutes the force that 

moves the robot upwards or downwards. The parallel and perpendicular forces were 

integrated over a fixed integer number of oscillations and divided by the time it took to 

perform the oscillations to obtain the time-averaged parallel and perpendicular forces, 

which are shown in Figure 4-8. The cycle-averaged forces shown in Figure 4-9 were 

obtained by instead dividing by the number of oscillations. As previously discussed, the 

actual amplitude of oscillation was smaller than the desired one. In Figure 4-8 and Figure 

4-9, the average forces are plotted against the actual amplitude of oscillation. 
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Figure 4-8: Time-averaged parallel and perpendicular forces resulting from oscillations 
of different periods and amplitudes. 
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As can be seen from the lower plot of Figure 4-8, the perpendicular force does not 

depend on amplitude of oscillation or period, and is approximately zero for all 

experiments. As is evident from the upper plot of Figure 4-8, the parallel force increases 

with oscillation amplitude and decreases with oscillation period. More oscillations are 

performed in a given time when the period is shorter. Therefore, if two oscillations of the 

same amplitude, but different periods produce the same net force over one cycle, then the 

oscillation with the shorter period will produce more force per unit time. Whether 

oscillations of different periods produce equal net forces over one cycle can be 

determined from Figure 4.9. 
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The upper plot of Figure 4-9 shows, that the cycle-averaged parallel force, like the time­

averaged parallel force, increases with oscillation amplitude. The cycle-averaged parallel 

force, however, increases only slightly with decreasing period. Intuitively, one might 

expect that the thrust per cycle should remain constant with changing period, but the 

results appear to show that a faster oscillation produces a slightly greater net force per 

cycle. 

It was just stated that oscillations of a given amplitude and smaller periods generate a 

greater time-averaged parallel force than do oscillations of larger periods. However, 

oscillations with smaller periods require greater average power than do oscillations with 

larger periods to generate the same amplitude of oscillation, as shown in Figure 4-10. 

Power was calculated as the product of torque and paddle angular velocity. Average 

power was the integral of power divided by the time of integration. Because oscillations 

producing a greater parallel force require greater power to do so, it is important to 

examine the ratio of parallel force to power required as a measure of paddIing efficiency. 

This ratio is shown in Figure 4-11 and represents the average force produced per Watt of 

power. 
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Power-normalized Time-averaged Parallel Force 
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Figure 4-11: Power-normalized time-averaged parallel and perpendicular forces resulting 
from oscillations of different periods and amplitudes. 

The points circled in Figure 4-11 represent an artifact resulting from a division by a value 

of power very close to zero and these points were dismissed from the analysis. The 

results appear to show that longer periods produce greater power-normalized thrust. An 

oscillation period T of 1 second and an amplitude A of 30° appear to produce the highest 

power-normalized time-averaged parallel force. 
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4.1.6. Comparison of Experimental Results and Simulations 

To gauge the accuracy of the model described in Chapter 2, the time-averaged 

experimental forces shown in Figure 4-8 were compared to their corresponding time­

averaged simulated forces. 

For each of the 32 experiments, the instantaneous forces produced by a paddle oscillating 

with the period and amplitude of the experiment were calculated using the rigid paddle 

model incorporating the inflow estimate presented in Chapter 2. Then, the instantaneous 

forces were integrated over time, just as was done for Figure 2-13, in order to ca1culate 

the impulses. Finally, each impulse was divided by the time over which the instantaneous 

force had been integrated in order to find the time-averaged simulated force. 

Taking the experiment of Figure 2-13 as an example, the parallel impulse is equal to 

2.23Ns at 3 seconds. Dividing 2.23Ns by 3s gives a time-averaged parallel force of 

0.74N. Figure 2-13 is the simulation for an actual amplitude of oscillation of 90° and a 

period of 1 second. Since none of the experiments having a period of lsecond had an 

actual amplitude of 90°, the parallel time-averaged force of Figure 2-13 does not appear 

in Figure 4-13. If that point were to appear in Figure 4-13, it would have an x -coordinate 

of 90° and a y-coordinate of 0.74N. 

From Figure 4-12 and Figure 4-13, which show the time-averaged experimental forces 

and the time-averaged simulated forces, it can be seen that there is a good match between 

the two. The time-averaged simulated forces are related to the inflow used in their 

ca1culation. The fact that the simulated forces match the experimental ones indicates that 

the experimental inflow was estimated correctly in the simulation. As stated in chapter 3, 

measuring entrained flow would have eliminated the need to estimate it and it is 

recommended to add a flow velocity sensor on the thrust measuring setup for future 

experiments. 

The simulated parallel time-averages forces increase with oscillation amplitude and 

decrease with oscillation period as do the experimental parallel time-averages forces. 
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The simulated perpendicular time-averaged forces are zero, while those obtained 

experimentally are nearly zero, as shown in the lower plots of Figure 4-12 and Figure 

4-13. This implies that, when the paddle is used as a thruster, it will generate forward 

thrust without producing a net vertical force, which would result in a vertical motion of 

the robot. Of course, since the instantaneous perpendicular force oscillates, it is expected 

that the robot will oscillate vertically unless the s~x paddles can be coordinated to keep 

the net vertical force at zero. 
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Figure 4-12: Comparison between experimental and simulated results for oscillations 
with periods of O.4s and O.6s. 
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Figure 4-13: Comparison between experimental and simulated results for oscillations 
with periods of 0.8s and Is. 

As stated previously, the simulated perpendicular time-averaged forces are zero, while 

those obtained experimentally are nearly zero. Figure 4-14 shows that simulated and 

experimental perpendicular forces vary slightly from cycle to cycle. It also shows that the 

experimental force does not have a perfect sinusoidal shape that the simulated force has. 

It is not the slight variation of the experimental force from cycle to cycle, but rather the 

imperfection of the sinusoidal shape of the experimental force that explains why the 

experimental time-averaged force is not equal zero. 
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Figure 4-14: Superposition of angular position and perpendicular force of 8 cycles. 

The points circled in Figure 4-13, for a period of 0.8 seconds and an amplitude of 42°, 

constitute one of the worst matches between an experiment and its corresponding 

simulation. The parallel and perpendicular forces, which were integrated to yield those 

points, are shown in Figure 4-15 to highlight that, even when the match appears poor, the 

simulated and experimental forces are, in fact, in reasonable agreement. Because the 

forces are integrated, small differences between the simulated and experimental forces 

are sometimes compounded. 
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4.1.7. Parameters Extracted from Experiments 

One of the parameters that was extracted from the experimental results is the paddle's 

moment of inertia, which inc1udes the added mass moment of inertia. As will be 

explained in Section 5.2, when a body is accelerated in water, the fluid surrounding it is 

also accelerated. The effect of fluid being accelerated by the body is represented by 

added mass. 

The torque acting on the paddle was assumed to be a linear combination of the 

acceleration of the paddle and the square of the paddle speed: 

-r = Kd,2 + K2y (4.1) 

The acceleration term is related to paddle inertia, which inc1udes added mass effects, 

while the velo city term is associated with fluid viscosity. The measured torque and 

paddle velocity were both filtered. The acceleration of the paddle was computed from the 

velo city and filtered. Equation (4.1) was written for every sample point of an experiment 

to form an overdetermined system of the form 

• 2 •• 

Yn Yn 

Using a minimum norm solution, the unknown coefficients, KI and K2, were computed. 

Across all experiments, a value of O.0078kg·m2 was obtained for K2. 

Another parameter that was extracted from the experiments is the characteristic length of 

the paddle. This length was determined by decomposing forces along the x- and y-axes 

into forces components parallel and perpendicular to the paddle. Torque is a linear 

combination of the forces parallel (F,,) and perpendicular (Fi.) to the paddle. For each 

sample point of an experiment, can be written 

-r = K3 F" + K4F.L (4.2) 

Solving the overdetermined system allows K3 and K4 to be computed. Since the force 

parallel to the paddle cannot produce a moment, K3 should be O. The constant K4 

represents the characteristic length and must therefore be smaller than the paddle length 
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(20cm). Most experiments resulted in values of K3 and K4 that were physically 

meaningful. Experiments having values of K3 smaller than 1cm were retained. Values for 

K4 in these experiments ranged between 12.2cm and 15.0cm. The variation of K4 with 

amplitude of oscillation is illustrated in Figure 4-16. The apparent linear trend could be 

explained by a rearward shi ft in the center of pressure as the amplitude increases. 
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Figure 4-16: A linear relationship between the amplitude of oscillation and the 
characteristic length emerges from this plot. 

4.2. Flexible Fin 

70 

Flexible fins can have a higher propulsive efficiency than rigid paddles do [32]. A set of 

flexible fins was developed at the Ambulatory Robotics Laboratory and tested on the 

thrust measuring setup. The flexible fins were ranked in terms of the net thrust the y 

produced. The flipper producing the highest net thrust was used on the robot and is 

illustrated in Figure 4-17. This fin's structure is inspired by the morphology of a duck's 

webbed foot. Dimensions of the fin (a length of 20cm and a width tapering from 4cm to 

7cm) are close to those of the rigid paddle. On that basis, the rigid paddle can be 

compared to the flexible fin. This section outlines the difference in the thrust produced by 

a rigid plate and a flexible fin. 
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Figure 4-17: Picture and CAD drawing of flexible fin. 

A subset of the experiments performed on the rigid paddle was also performed on the 

flexible fin. The flexible fin demonstrated the same trajectory tracking difficulties that 

were exhibited by the rigid paddle (described in Section 4.1.2). The rigid paddle and the 

flexible fin tracked a trajectory having a period of 0.6 seconds and a desired amplitude of 

60°, as shown in Figure 4-18. The actual amplitude of the flexible fin trajectory is doser 

to the desired amplitude than that of the rigid paddle, and the time lag between the 

desired and the actual positions is smaller for the flexible fin. 
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actual position of flexible fin 
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Figure 4-18: The flexible fin and the rigid paddle's tracking of a trajectory with a period 
of 0.6s and a desired amplitude of 60°. 
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In all experiments, the flexible fin had a greater amplitude ratio than did the rigid paddle. 

The amplitude ratio of the flexible fin increased with increasing periods, as did the ratio 

of the rigid paddle. For experiments with a period of 1 second, the flexible fin's 

amplitude ratio exceeded 1, meaning that the actual amplitude was greater than the 

desired one. 

The better trajectory tracking of the flexible fin was due to the higher stable gains that 

could be used for the fin than for the rigid paddle. For the trajectories shown in Figure 

4-18, the flexible fin had a proportional gain of 1.5, while the rigid paddle had a gain of 

004. Both paddles had a derivative gain of 0.01. A greater proportional gain resulted in a 

larger applied torque. In order to follow the trajectories illustrated in Figure 4-18, the 

flexible fin and the rigid paddle were supplied with peak-to- peak torques of 1.53Nm and 

0.74Nm respectively. 

For all experiments, the flexible fin produced more net thrust than did the rigid paddle. 

For example, flexible fin oscillations with a period of 0.6 seconds and an actual 

amplitude of 37° produced time-averaged parallel and perpendicular forces of 0.70N and 

-O.08N respectively. Rigid paddle oscillations with the same parameters generated forces 

of 0.21N and -O.04N respectively. The thrust force produced by the flexible fin was 3.3 

times greater than the thrust force produced by the rigid paddle. The side force produced 

by the flexible fin was 2 times greater than the side force produced by the paddle, but 

both forces were negligible in magnitude. 

Although the flexible fin is capable of producing greater forces, it requires more power to 

do so. Dividing the time-averaged forces by the average power required to perform the 

oscillations resulted in power-normalized time-averaged parallel and perpendicular forces 

of 0.60N/W and -0.07N/W for the flexible fin and 0.49N/W and -0.05N/W for the rigid 

paddle. It is interesting to note that the fin produces only 1.2 times more thrust than does 

the rigid paddle for a given amount of power. Thus, the flexible fin has the main 

advantage of generating greater thrust than does the rigid paddle, but it does so only 

slightly more efficiently than the rigid paddle. 
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4.3. Paddle Trajectory Development 

Videos of sea turtles provided inspiration to develop a gait mimicking their swimming 

stroke, in wbich the paddles sweep water faster in one directionthan in the other (stroke 

is done faster than recovery). In simulations, a rigid paddle sweeping 1800 rapidly in one 

direction and returning slowly to the starting position generated large net thrust while still 

producing near zero side force. Experiments veritied tbis. Forces generated by the 

flexible :fin as it performed oscillations having a desired amplitude of 1800
, a period of 1 

second and an oscillation ratio of 0.2 are shown in Figure 4-19. The oscillation ratio was 

de:fined by Equation (2.6) as the ratio of the time it takes to perform the stroke to the time 

it takes to perform the entire oscillation (stroke and recovery). The impulses generated by 

the flexible :fin are also shown in Figure 4-19. 

Time-averaged parallel and perpendicular forces generated with the asymmetrical 

oscillation of Figure 4-19 are 2.39N and -o. 14N. The time-averaged forces generated by 

the flexible :fin performing the same trajectory (A = 130°, T = 1 second and ro = 0°) with 

different oscillation ratios are displayed in Table 4.2. A proportional gain of 1.5 and a 

derivative gain of 0.01 were used for all oscillations. Trajectories with smaller oscillation 

ratios generate greater parallel time-averaged forces. 

Oscillation ratio Parallel time-averaged force Perpendicular time-averaged force 

R (N) (N) 

0.2 2.39 -0.14 

0.3 1.86 -0.36 

0.4 1.80 -0.12 

0.5 1.77 0.05 

Table 4.2: Time-averaged parallel and perpendicular forces generated by paddles 
undergoing trajectories with amplitude A = 130°, period T = 1 s, offset angle 
ro = 0° and oscillation ratios R of 0.2, 0.3, 0.4 and 0.5. 
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Figure 4-19: Forces generated by the flexible fin as it perforrned oscillations having a 
desired amplitude of 180°, but an actual amplitude of 130°, a period of Is and an 
oscillation ratio of 0.2. 
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Dividing the time-averaged forces of Table 4.2 by the average power required to perform 

the different oscillations resulted in the power-normalized forces shown in Table 4.3. It is 

interesting to notice that oscillations having an oscillation ratio of 0.3, 0.4 and 0.5 

pro duce the same force for a given amount of power. The oscillation having an 

oscillation ratio of 0.2 appears to he more efficient than the others. In general, 

asymmetric strokes appear to promise an advantage in producing more thrust, but at the 

cost of proportionally more power. 

Oscillation ratio Power-normalized parallel Power-normalized perpendicular 

time-averaged force (N/W) time-averaged force (N/W) 

0.2 0.44 -0.03 

0.3 0.35 -0.07 

0.4 0.34 -0.02 

0.5 0.34 0.01 

Table 4.3: Power-normalized time-averaged parailel and perpendicular forces generated 
by paddles undergoing trajectories with amplitude A = 130°, period T = ls, offset angle 
Yo = 0° and oscillation ratios R of 0.2, 0.3, 0.4 and 0.5. 

4.4. Thrust Measuring Setup Conclusions 

Experiments were performed on the thrust measuring setup with a rigid paddle in order to 

validate the rigid paddle mode! presented in Chapter 2. The rigid paddle performed 

oscillations at four different periods (0.4 seconds, 0.6 seconds, 0.8 seconds and 1 second) 

and eight different amplitudes (20° to 90° in increments of 10°) for each period. For ail 

oscillations, the paddle did not track the desired trajectory accurately: the actual 

amplitude of oscillation was smailer than the desired one. This was due to the time lag 

between the desired position and the actual one. 

Noise from the transducer as weil as noise at two distinct frequencies, 16Hz and 47Hz, 

were present in the force/torque measurements of ail experiments. The two distinct 

frequencies correspond to the natural frequencies of the thrust measuring setup. A 

double-pass third-order Butterworth filter with a cutoff frequency of 7Hz was applied to 
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force and torque measurements of aIl experiments in order to attenuate the higher 

frequency noise. 

The time-averaged parallel experimental forces indicated that larger parallel forces could 

be obtained with paddle oscillations of shorter periods and larger amplitudes. The cycle­

averaged parallel experimental forces indicated that smaller period oscillations produce 

slightly larger parallel forces per oscillation. The power required to perform the different 

oscillations indicated however that smaller period oscillations require greater power. 

Dividing the time-averaged forces by the power required to perform the different 

oscillations showed that the oscillation parameters which produce the greatest net thrust 

per unit power are a period of 1 second and an amplitude of 30°. 

The rigid paddle experimental results were compared to the results of rigid paddle model 

simulations. A good match was observed between the two sets of results, indicating that 

experimental inflow was estimated correctly in the simulations. As stated in chapter 3, 

measuring entrained flow would have eliminated the need to estimate it and it is 

recommended to add a flow velocity sensor on the thrust measuring setup for future 

experiments. 

Two parameters were extracted from the rigid paddle experiments. First, an added mass 

coefficient of 0.OO78kg·m2 was obtained. Second, a characteristic length ranging between 

12.2cm and 15.0cm was obtained. 

Tests were also performed with different flexible fins. In aIl experiments, the flexible fin 

tracked the desired trajectory more accurately than did the rigid paddle. The flexible fin 

was shown to pro duce greater time-averaged forces than the rigid paddle, but do es so 

only slightly more efficiently than the rigid paddle. 

An oscillation whose stroke phase is faster than its recovery phase was tested. The 

asymmetry in the gait is characterized by the oscillation ratio. Trajectories with smaller 

oscillation ratios generate greater parallel time-averaged forces. Dividing the time-
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averaged forces by the power required indicated that oscillations with oscillation ratios of 

0.3, DA and 0.5 produce the same forces for a given amount of power. Oscillations with 

oscillation ratios of 0.2 produce greater forces per Watt. In the future, an optimization 

should be performed to find the types of oscillation as weIl as the oscillation parameters 

that produce the maximum amount of thrust, and the most efficient thrust generation. 

67 



5. Numerical Simulation 

As discussed in the introduction, the goal of this research was to develop a simulation of 

a hexapod underwater robot. The greatest difficulty lay in characterizing the paddles 

accurately, and that task was undertaken first. A model predicting the forces and 

moments generated by a rigid paddle oscillating in the water was presented in Chapter 2 

and that model was validated with experiments presented in Chapter 4. This chapter 

presents a simulation of the robot, which uses the validated rigid paddle model. 

Section 5.1lists the basic assumptions that were made in the simulation of AQUA. The 

equations of motion of a rigid body in water are then derived in Section 5.2. Mass, 

moments of inertia and hydrodynamic derivatives terms in the equations of motion are 

determined in Section 5.3. The forces and moments in the equations of motion are due to 

gravitational, buoyancy, hydrodynamic and propulsive effects. The four types of forces 

and moments are ca1culated in Section 5.4. The expanded equations of motion are 

presented in Section 5.6, and Section 5.7 explains how those equations were solved. 

Section 5.8 discusses the animation of the time-varying position and orientation of the 

robot in order to help visualization of the results. 

5.1. Assumptions and Reference Frames 

The following assumptions were made in the simulation of AQUA: 

• The underwater vehicle is moving in a stationary body of water having constant 

properties 

• The underwater vehicle is rigid 

• The underwater vehicle is of constant mass 

• The acceleration due to gravit y is constant. 

• The accelerations of the underwater vehicle due to motion about a curved rotating 

Earth are negligible 
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The body of the robot is modeled as a rectangular prism. Attached to the body is the 

coordinate frame xyz, which has its origin at the center of mass of the body, its x-axis 

pointing forward, its y-axis out the right side and its z-axis pointing downward, as shown 

in Figure 5-1. XlZ is an inertial coordinate frame. Its origin is at sorne arbitrary :fixed 

point on the sea surface, its Z-axis is pointing down and its X-axis is pointing toward the 

North. The orientation of xyz relative to XlZ is specified by the Euler angles (f/J, 0, If/), 

where f/J is the roll angle, Ois the pitch angle, and If/is the yaw angle [52]. 

sea surface 
y 

X 

Z 

y 

x 

z 

Figure 5-1: Inertial coordinate frame XlZ and robot-fixed coordinate frame xyz. 

5.2. Derivations of the Equations of Motion 

The robot has six degrees offreedom: surge, sway, heave, roll, pitch and yaw. These are 

shown in Figure 5-2. The translational motions (surge, sway and heave) obey Newton's 

law and the rotational motions (roll, pitch and yaw) are govemed by Euler's equation. 

Fossen derived the rigid-body dynamics of a marine vehic1e [53], and expressed the 6 

DOF nonlinear dynamic equations of motion as: 

ft =M ï7 +C(v)v (5.1) 

where F is a vector of forces and moments acting on the rigid body, M is the inertia 

matrix, CCv) is the matrix of Coriolis and centripetal terms and ~ and v are the 
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acceleration and velocity vectors of the robot's center of mass with respect to the body­

fixed frame. Vector v = [u v w p q rt, where u, v and w are the components of velocity 

of the mass center along the X-, y- and z-axes and p, q and r are the components of body 

angular velocity about the X-, y- and z-axes. 

z 

Figure 5-2: Six degrees of freedom of the robot. 

Wh en a body is accelerated in water, the fluid surrounding it is also accelerated. The 

concept of added mass represents the effect of fluid being accelerated by the body. The 

added mass forces and moments are contained in an added inertia matrix MA and a 

matrix of added hydrodynamic Coriolis and centripetal terms CA (v) . 

Matrix M in Equation (5.1) is equal to M RB + MA' where M RB is the rigid-body inertia 

matrix and MAis the added inertia matrix. Matrix CCv) is equal to C RB (ii) + CA (ii), 

where C RB (v) is the rigid-body Coriolis and centripetal matrix and CA (ii) is the matrix 

of added hydrodynamic Coriolis and centripetal terms. 
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The rigid-body inertia matrix M RB and the rigid-body Coriolis and centripetal matrix 

C RB (v) are given by 

m 0 0 0 0 0 

0 m 0 0 0 0 

0 0 m 0 0 0 
M RB = 

0 0 0 Ixx -1 - I xz 
(5.2) 

xy 

0 0 0 -1 xy Iyy -lyZ 
0 0 0 - I xz - lyZ Izz 

0 0 0 0 mw -mv 

0 0 0 -mw 0 mu 

CRB(V)= 
0 0 0 mv -mu 0 

0 0 0 0 -Iyzq-Ixzp+lzzr IYZr+lxyp-lyyq 
(5.3) 

0 0 0 Iyzq+lxzp-Izzr 0 -Ixzr-Ixyq+lxxp 

0 0 0 - 1 YZr - 1 xyP + 1 yyq Ixzr+lxyq-Ixxp 0 

where m is the mass of the robot, Ixx> Iyy and Izz are the moments of inertia of the robot 

about the X-, y- and z-axes and Ixy, Ixz and Iyz are the products of inertia. 

In underwater applications, like AQUA, where the vehicle moves at low speed and has 

three planes of symmetry, MA and CA (v) are as follows [53]: 

-xù 0 0 0 0 0 

0 -Yv 0 0 0 0 

0 0 -Z", 0 0 0 
M - (5.4) A-

0 0 0 -L. 0 0 p 

0 0 0 0 -M. q 0 

0 0 0 0 0 -Nf 
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The terms in the 6x6 added mass matrix MA are called hydrodynamic derivatives; 

x ü' Y,; and Z", have units of mass (kg) while Lp' M q and N; have units of moments of 

inertia (kg·m2
). 

0 0 0 0 -Z",w Y,;V 

0 0 0 Z",w 0 -Xüu 

CA(v)= 
0 0 0 -Y,y Xüu 0 

0 -Z",w Yvv 0 -N;r Mqq 
(5.5) 

Z"'W 0 -Xüu N;r 0 -Lpp 

-Y,y Xuu 0 -Mqq Lpp 0 

In general, the added mass coefficients are different for each direction of motion of the 

body. For example, the hydrodynarnic force in the x-direction due to u is equal to X uu , 

where u is the acceleration in the x-direction and X ü is defined as X ü = a;: . The other 

hydrodynarnic derivatives Yv' Z"', Lp' M q and N; are also defined as partial derivatives 

of forces or moments with respect to accelerations. 

Equation (5.1) can be expanded to obtain the following six non-linear, coupled 

differential equations of motion: 

Fcmx = m (u -vr + wq) - Xüu - Z",wq + Yvvr 

Fcmy = m (v- wp +ur)-Yvv+Z",wp - Xuur 

(5.6) 

(5.7) 

(5.8) 

where Fern x, Fern y and Fern z are components of Fem' the total external force acting at the 

center of mass of the robot, along the x-, y- and z-axes. 

M cm x = 1 xx P + (l zz - 1 yy ) qr - cr + pq) 1 xz + (r 2 - q 2) 1 yz + 

(pr-ij) Ixy -Lpp + (Y" -ZJvw+(Mq -Nf)qr 
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M cmy = [y/J+(Ixx -[,;J rp-(p+qr) rry +(p2 _r2) [xz + 

(qp-f) [yz -Mqq+(Zw -XJuw+(N, -Lp)pr 

M cm z = [ z/ + (I yy - [xJ pq - (q + rp) [yz + (q 2 - P 2) [xy + 

(rq - p) [xz - N ri' + (X li - Yv ) UV + (Lp - M q ) pq 

(5.10) 

(5.11) 

where Mcmx, Mcmy and Mcmz are components of Mcm' the total extemal moment acting at 

the center of mass of the robot, about the X-, y- and z- axes. 

5.3. Determination of Mass, Moments of Inertia and Hydrodynamic 

Derivatives 

AQUA, shown in Figure 5-3, is a neutrally buoyant robot. This means that it weighs as 

much as the volume of water it displaces. The body of the robot is approximated as a 

rectangular parallelepiped having a length L of 0.66m, a width B of 0.21m and a height H 

of O.13m, which is illustrated (not to scale) in Figure 5-4. The volume of the robot is 

0.018 m3 and the mass of that volume of water is 18.0kg. 

y 

z 

Figure 5-3 (left): AQUA. Figure 5-4 (right): Rectangular parallelipiped approximating 
AQUA. 

The robot is approximated to be a homogeneous solid. Formulas for the moments of 

inertia of a homogeneous rectangular parallelepiped were used to calculate an lxx of 

0.091kg·m2
, an [yy of 0.68kg·m2 and an lzz of 0.72kg·m2

. The products of inertia lxy, lxz 

and lyz are aIl equal to zero since the robot has three planes of symmetry. 
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Fossen states that, for slender bodies, an estimate of the added mass hydrodynamic 

derivatives can be obtained by applying strip theory. AQUA was approximated as a 

slender body and its six added mass hydrodynamic derivatives were estimated using strip 

theory. 

5.3.1. Calculation of Added Mass Coefficients Using Strip Theory 

The princip le of strip theory involves dividing the submerged vehicle into a number of 

strips. AQUA is therefore approximated to be a rectangular prism and divided into strips. 

Then, two-dimensional added mass hydrodynamic derivatives are computed for each 

strip and integrated over the third dimension. For a submerged slender vehicle the 

following formulas for three-dimensional added mass hydrodynamic derivatives can be 

used [53]: 

L/2 
Ali =-Xu = J A1(:D) (y,z)dx 

-L/2 

L/2 
A22 =-Y,; = JA~iD)(y,z)dx 

-L/2 

L/2 
A33 = -Z", = J Ai~D) (y, z)dx 

-L/2 

L/2 B/2 H /2 
A44 =-Lp = JA.~';D)(y,z)dx= J y2Aj~D)(x,z)dy+ Jz2AiiD)(x,y)dz 

-L/2 -B/2 -H /2 

L/2 L/2 H /2 
A - M - JA(2D) ( )dx - J 2A(2D)( )dx J 2 (2D) ( )d 55 - -If - 55 y, Z - X 33 y, Z + Z Ali X, Y Z 

-L/2 -L/2 -H /2 

L/2 B/2 L/2 
A66 =-Nf = JA~D)(y,z)dx= J y 2A1(:D)(X,z)dy+ J x2AiiD)(y,z)dx 

-L/2 -B/2 -L/2 

where L = O.66m, B = O.21m and H = O.13m. 

(5.12) 

(5.13) 

(5.14) 

(5.15) 

(5.16) 

(5.17) 

The added mass depends on the shape of the body. Al(~D)(y, z), Ai~D)(X, y), ~(~D)(x, z), 

A~iD) (x, y), ~iD) (y, z), AjiD) (x, z) and Aj~D) (y, z) were computed using experimentally 

obtained two-dimensional added mass derivatives for a rectangular cross-section of width 

2a and height 2b. This cross-section and its direction of motion are shown in Figure 5-5. 
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of motion 

l 
( 2a )1 

2b 

Figure 5-5: Rectangular cross-section of width 2a and height 2b having a direction of 
motion parallel to 2b. 

The subscript i in Ai~2D) represents the direction of motion of the rectangular prism, where 

i = 1,2 and 3 corresponds to motion along the X-, y- and z-axes of the prism respectively. 

The indices in the parentheses following Ai~2D) indicate the plane in which the rectangular 

cross-section is taken. In Figure 5-5, the dimension 2b corresponds to the cross-section 

dimension parallel to the direction of motion of the rectangular prism. The dimension 2a 

corresponds to the other cross-section dimension. The only two-dimensional added mass 

derivative that does not follow this convention is Al(~D) (y, z). 

The two-dimensional added mass hydrodynarnic derivatives of the AQUA robot were 

ca1culated from Table 5.1 [54]. 

a/b A\2D) 
k = -"- where i = 1 2 or 3 2 ' , :rpa 

00 1 

10 1.14 

5 1.21 

2 1.36 

1 1.51 

0.5 1.70 

0.2 1.98 

0.1 2.23 

Table 5.1: Coefficients used in ca1culation of two-dimensional added mass 
hydrodynamic derivatives of a parallelepiped of width 2a and height 2b moving in the 
direction shown in Figure 5-5 [54]. 
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Then, the three-dimensional added mass hydrodynamic derivatives were ca1culated from 

Equations (5.12) to (5.17). Values ofthese derivatives are recorded in Table 5.2. 

Hydrodynamic derivatives 

-Xu 6.98kg 

-Yv 14.50kg 

-Z", 32.41kg 

-L. p O.40kg·m2 

-M. q 1. 19k9·ml 

-Nf O.55kg·m2 

Table 5.2: Three-dimensional added mass hydrodynamic derivatives of a rectangular 
parallelepiped having a length L = O.66m, a width B = O.21m and a height H = O.13m. 

5.4. Calculation of Forces and Moments 

The force Fem and moment if cm are generated by the following effects: gravitational, 

buoyancy, hydrodynamic and propulsive: 
..... ..... -- -- --

Fem = Fg +B+Fp +Fh (5.18) 

- - -where Fg is the gravitation al force, B is the buoyancy force, Fp is the propulsive force 

and Fh is the hydrodynamic force. 

- -- -- --
M em =Mb +Mp +Mh 

where M b is the buoyancy moment, M p is the propulsive moment and M h is the 

hydrodynamic moment. 

(5.19) 

These forces and moments are discussed in more detail in the following subsections. 
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5.4.1. Gravitational Force 

The gravitational force Fg acts through the center of mass of the robot and is directed in 

the positive direction of the Z-axis of the inertial frame. It is equal to mg, where m is the 

mass of the robot and g is the gravitational acceleration. 

The rotation matrix T transforms vectors in the body-fixed frame into vectors in the 

inertial frame. 

[

Clf/CB 

T= slf/cB 

-sB 

- slf/ crp + clf/ sB srp 

C If/ crp + srp sB S If/ 

cBsrp 

where S· == sine-), C· == cos(·) 

Slf/Srp+clf/crpsB l 
- C If/ srp + sB S If/ crp 

cBcrp 

(5.20) 

Correspondingly, the inverse of the rotation matrix, which is simply its transpose, TT, 

transforms vectors in the inertial frame into vectors in the body-fixed frame. 

Thus, the gravitational force [00 mg]T is pre-multiplied by TT to give 

[

Fgx] [ -mgsinB l 
Fg = Fgy = mgsmrpcosB 

FgZ mg cos rp cos B 

(5.21) 

Since the gravitational force acts through the center of mass, it produces no moment 

about the center of mass. 

5.4.2. Buoyancy Force and Moment 

The buoyancy force jj passes through the volumetrie center of the robot and acts in the 

negative Z-direction of the inertial frame. It is equal to the weight of the water displaced 

by the robot and has a magnitude equal to V p g , where V is the volume of the robot, pis 

the density of the water and g is the magnitude of the gravitation al acceleration. 
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The buoyancy force [0 0 - V pg]T is pre-multiplied by TT to give 

[

BX] [ Vpg sin e ] 
Ë = By = - Vpg sin f/Jcos e 

B z - V pg cos f/J cos e 
(5.22) 

The buoyancy moment M b is the cross product between the position of the center of 

buoyancy with respect to the center of mass, and the buoyancy force. It is equal to: 

[

M
bX

] [Xb] [ Vpgsine ] if b = M by = Y b X - V pg sin f/J cos e 

M bz Zb - Vpg cosf/Jcose 

[

- Yb (V pg cos f/J cos e )+ Zb (V pg sin f/J cos e)] 

= Xb (Vpg cosf/Jcose)+ zb(Vpgsine) 

- xb (Vpg sinf/Jcose)- Yb (Vpg sin e) 

(5.23) 

where Xb, Yb and Zb are the distances from the center of mass to the center of buoyancy 

along the X-, Y- and z-axes. If the center of mass coincides with the volumetric center of 

the robot, Xb, Yb and Zb are zero and the buoyancy moment is null. In the simulation, it was 

assumed that the center of mass and the volumetric center coincide and Xb, Yb and Zb were 

set to zero. 

5.4.3. Hydrodynamic Force and Moment 

The hydrodynamic force Fh is a function of the vehicle motion and its geometry. It is 

ca1culated from relations derived for solid blocks with sharp edges in an unbounded, 

smooth, uniform, low-speed flow [55]. Typically, bodies with sharp edges have drag 

coefficients that do not vary significantly with Reynolds number [56]. It is expected that 

drag coefficient estimates be valid for a wide range of Reynolds numbers. The relations 

that the hydrodynamic force was calculated from are valid for a free-stream Reynolds 

number between 104 and 106
. In the simulation of AQUA, the Reynolds number is 

approximately 1.5 x 104 at a vehicle speed of 0.2m1s. 

It is not straightforward to find relations for the ca1culation of the hydrodynamic force 

acting on a rectangular prism having the free stream at an arbitrary angle with respect to 
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it. Relations were found for an isolated block having the free stream normal to one of its 

faces. To calculate the hydrodynamic force on a block having the free stream at other 

angles, these relations were used in conjunction with the following assumption. 

The drag force on the body of the robot is taken to be the vector sum of the drag forces 

acting on the three faces of the parallelepiped exposed to the incoming flow. If the robot 

has velocities u, v and w along the x-, y- and z-axes, each relative flow velocity 

component causes a drag force on the exposed face of the prism to which it is 

perpendicular. The drag force on each ofthe three faces is equal to O.5pCDi A; v/ , where 

i = x, y or z and, CDi is the drag coefficient of the corresponding face, Ai is the area of the 

face and Vi is the relative flow velo city component perpendicular to the face. Table 5.3 

and Figure 5-6 give CDi, Ai and Vi for the three faces of the robot exposed to the incoming 

flow. 

Face perpendicular to C Di Ai Vi magnitude 

x-axis C Dx BH u 

y-axis CDy LH V 

z-axis CDz BL w 

Table 5.3: Drag coefficient CDi, area Ai and component of relative flow velocity Vi 

perpendicular to the face for the three faces of the rectangular prism exposed to the 
incoming flow. 

<-.. 
-u 

Figure 5-6: Drag coefficient, area and component of relative flow velocity perpendicular 
to the face for the three faces of the rectangular prism exposed to the incoming flow. 
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Coefficients C Dx, CDy and C Dz are the drag coefficients of the front, the right and the top 

faces of the robot. They were found from a set of data for rectangular prisms having the 

free stream normal to one face [55]. Based on the dimensions of the prism, the data set 

gives the drag coefficient of the face to which the free stream is perpendicular. A prism 

having AQUA's dimensions has C Dx, CDy and C Dz equal to 0.90, 1.08 and 1.22 

respectively. 

The drag forces along the x-, y- and z-axes are Fhx, Fhy and Fhz respectively. The 

hydrodynamic force vector acting on the robot is equal to: 

(5.24) 

The robot rotates with velocities p, q and r about the x-, y- and z-axes respectively, as 

illustrated in Figure 5-7. 

y 

x 

Figure 5-7: Angular rotations p, q, r of the robot about the x-, y- and z-axes respectively. 

These angular velocities cause each point of the robot to have a velocity v = vern + {jj X r , 

where vern = [u V W]T is the velocity of the center of mass, {jj = (p q r F is the 

angular velocity vector and r = [x y zF is the position of the point with respect to the 

center of mass. 

In the ca1culation of hydrodynamic forces and moments, vern and {jj x r are treated 

independently. It is assumed that vern is responsible for the drag forces, which were 
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described earlier in this section, and that {jj x r is responsible for the drag moments, 

which will be described later in this section. Because the drag forces and moments are 

functions of the square of the velocity, the contributions of vern and {jj x r are not truly 

independent, and the assumption is only a rough approximation. For the calculation of 

drag moments, the velocity of each point of the robot is given by equation (5.25). 

iM J :]J~] J ~:~:] 
lr l z lpy -qx 

(5.25) 

Illustrations of the velocities due to these terms of the front, right and top faces of the 

robot can be seen in Figure 5-8. 

qz on front face rx on right face py on top face 

-ry on front face -pz on right face -qx on top face 

Figure 5-8: Velocities of the front, right and top faces of the robot due to angular 
velocities p, q and r. 

The velocities on the back, left and bottom faces of the robot are the same as those on the 

front, right and top faces respectively. Figure 5-9 shows the velocity distribution acting 

on the left and right faces due to a positive yaw rate (i.e. rx in Figure 5-8). The resulting 

drag forces have a magnitude proportional to the square of the linear velocities and a 

direction opposite to the linear velocities. Due to symmetry, the drag forces cancel each 

other out. A similar situation holds true for aIl velocities illustrated in Figure 5-8. 
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y 

x 

Figure 5-9: Linear velocities on opposing faces of the robot cause drag forces that cancel 
each other out. 

Although the drag forces on opposing faces cancel each other out, they create a drag 

moment M h ' hereafter called hydrodynamic moment. In the ex ample of Figure 5-9, that 

hydrodynamic moment opposes the robot' s rotation about the z-axis. The hydrodynamic 

moments Mhx, Mhy and Mhz are the robot's "resistance" to rotation about the X-, y- and z­

axes respectively. Mhx is due to linear velocities py on top and bottom faces and -pz on 

right and left faces and acts in the direction opposite that of p. 

The contribution of linear velocities py to Mhx is given by 

L/2 -8/2 

M hx,py = 2 f f D py Y dydx 
-L/2 0 

(5.26) 

where Dpy is equal to the drag force per unit area due to py on element dydx. Dpy is given 

by 

where CDz is the drag coefficient of the face normal to the z-axis. 

Substituting equation (5.27) in equation (5.26), the following equation is obtained. 

The contribution of -pz to Mhx is given by 

L/2 -H /2 

M hx,-pz = 2 f f D_ pz z dzdx 
-L/2 0 
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(5.27) 

(5.28) 

(5.29) 



where D_pz is equal to the drag force per unit area due to -pz on element dxdz. D_pz is 

given by 

(5.30) 

where CDy is the drag coefficient of the face normal to the y-axis. 

Substituting equation (5.30) in (5.29), the following equation is obtained. 

L/2 -H/2 pC p 2H 4L 
M hx,-pz = pCDy f f(- pzY z dzdx = __ D-,--y __ _ 

-L/2 0 64 
(5.31) 

Mhx is the sum of M hx,py and M hx,-pz (equations (5.28) and (5.31)). Similarly, Mhy is due 

to linear velocities qz on front and back faces and -qx on top and bottom faces and acts in 

the direction opposite that of q. Finally, Mhz is due to linear velocities rx on right and left 

faces and -ry on front and back faces and acts in the direction opposite that of r. 

Hydrodynamic moments Mhy and Mhz are calculated similarly to Mhx. The resulting values 

of all hydrodynamic moments Mhx, Mhy and Mhz are given by 

P p2 L(CDZ B
4 +CDy H4) 

64 
pq2 B(CDX H

4 + CDz L4) 

64 
pr2 H(CDx B

4 +CDy L4) 

64 

5.4.4. Propulsive Force and Moment 

(5.32) 

The propulsive force Fp of the robot cornes from the movement of its paddles, which are 

modeled as fiat plates, as explained in Chapter 2. Each paddle's equation of motion is 

given by 

'r= fr-Tres (5.33) 

where 'ris the applied torque. The PD controller generating the applied torque was 

described in Section 2.3, fis the paddle' s moment of inertia, which inc1udes added mass 
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effects. Experimentally, the value of J was found to be 0.0078kg·m2
, as discussed in 

Section 4.1. 7, i is the angular acceleration of the paddle and Tres is the resisti ve torque. 

The latter represents the water's resistance to the paddle's motion. It is equal to the 

moment generated by the lift and drag forces about the hip, as explained in Section 

2.4.4.1. 

For each of the robot's six paddles, equation (5.33) must be solved in order to find the 

paddle's angular acceleration. The angular acceleration is integrated once to find angular 

velocity and once more to find angular position. Both angular velocity and position are 

used to calculate the generated drag and lift forces, as explained in Section 5.5.4.1. These 

forces are then translated from the hips to the center of mass. Finally, the moments, 

which are created at the center of mass by these forces are calculated, as explained in 

Section 5.5.4.2. Figure 5-10 illustrates the actual and the desired angular positions of a 

paddle oscillating with an amplitude of 90° and a period of Isecond. Note that the actual 

position is practically identical to the desired one. This implies that, for the parameters 

that have been used in the simulation, equations (3.2) and (5.33) can be bypassed and the 

actual position can be set to the desired one. 

.--.. 
(J) 
Q) 

~ 
0) 
Q) 
"0 
'-" 
C 
0 

E 
(J) 

0 
a. .... 
~ 
::J 
0) 
C « 

50~----~------~----~------~--~========~ 

0 

1 

1 

-50~------~------~------~------~------~------~ 

o 0.5 1 1.5 2 2.5 3 
Time (seconds) 

Figure 5-10: Simulated actual and desired angular positions of the paddle oscillating 
with an amplitude of 90° and a period of Isecond. 
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Equation (5.33) is a simplified expression that neglects the fact that, in addition to 

oscillating, the paddle is moving with the robot. In the future, it is recommended to write 

paddle equations of motion that take that fact into account. 

5.4.4.1. Generation of Drag, Lift and Resistive Torque 

As explained in Section 2.1, lift and drag forces vary with velocity U and angle of attack 

a. The expressions for lift and drag were given by equations (2.1) and (2.2), which are 

repeated here. 

L = 0.5 pU 2 S C Lmax sin(2a) (2.1) 

D = 0.5 P U 2 S CDmax (l-cos(2a» (2.2) 

where S is the surface area of the paddle, a is the angle of attack and U is the velocity of 

the flow relative to the paddle. C Lmax and C Dmax are the maximum values of lift and drag 

coefficients of the rigid paddle. They are equal to 0.92 and 1.12 respectively. 

In Section 2.1, U was a vector sum of inflow velocity and normal velocity. The normal 

velocity was due to the motion of the paddle, and was equal in magnitude and opposite in 

direction to the normal velocity of the paddle. The inflow velocity estimated there was 

due to the water entrained by the paddle. By contras t, in the simulation of the robot, the 

inflow is due to the motion of the robot. The robot moves with velocities u, v and w along 

the x-, y- and z-axes, and angular velocities p, q and r about these axes. The velocity of 

each hip is a function of u, v, w, p, q and r. The inflow at each hip is taken to be the 

opposite of the velocity of the hip. 

The second difference between the simulation of the rigid paddle experiments and the 

simulation of the robot relates to the transformation of the lift and drag forces. In Chapter 

2, lift and drag were transformed into forces in an inertial frame via equations (2.3) and 

(2.4). In the simulation of the robot, lift and drag forces created by paddle j are 

transformed via the same equations into forces in a coordinate frame xyz, which is fixed 

to the robot at the hip j. 
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These forces are rewritten as components of Fpj: the propulsive force vector ofpaddlej. 

(5.34) 

where Dj and Lj are the drag and lift forces produced by paddle j and f3 j is the angle, in 

the xyz coordinate frame, of the flow ilnpinging on paddle j. 

The resistive torque, Tres in equation (5.33), is found equation (5.35), which is the cross 

product between Pj , the position of the point of pressure in the hip joint-fixed coordinate 

frame xyz, and Fpj' the propulsive force vector. Pj andFpj can be seen in Figure 5-11. 

Detailed calculations explaining this point of application can be found in Appendix B. 

Experimental results presented in Section 4.1.7 indicated that the characteristic length (or 

point of application ofthe force) ranged between 0.61 and 0.75 ofthe paddle length, 

which corresponds to the calculated point of application at 0.75 of the paddle length, and 

so the value of 0.75 was used here. 

inflow 

z 

hip joint 
x 

Figure 5-11: Illustration of Pj , the position of the point of application of the drag and lift 

forces, and Fpj' the propulsive force vector, in the hip joint-fixed coordinate frame xz. 
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(5.35) 

5.4.4.2. Propulsive Force and Moment Vectors Acting on the Center of Mass 

The propulsive force creates a moment if p , which acts on the center of mass. The 

propulsive moment due to the propulsive force acting at hip j is given by 

(5.36) 

where Xhipj, Yhipj and Zhipj give the position of hip j with respect to the center of mass in 

the coordinate frame fixed to the robot, and Fpxj, Fpyj and Fpzj are the components of 

Pp j given by equation (5.34) for paddle j. 

The propulsive force vector of paddle j, Ppj ,is translated from hip j to the center of 

mass of the robot, for j = 1 ... 6. The total propulsive force along the X-, Y- and z-axes is 

the sum of the six propulsive forces along the X-, Y- and z-axes. The components of the 

total propulsive force are given by 

6 

Fpx = L. (D j sin Pj + Lj cos Pj) 
j=1 

6 

Fpz = L. (- Lj sin P + Dj cos Pj) 
j=1 

(5.37) 

(5.38) 

(5.39) 
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The total propulsive moment at the center of mass about the X-, Y- and z-axes is the sum 

of the moments generated by the six propulsive forces at the center of mass about the X-, 

Y- and z-axes. They are given by 

6 

M px = L. (YhiPj (- Lj sinf3 + Dj cos f3j)) 
j=l 

6 

M py = L. (- X hipj (- Lj sin f3 + Dj cos f3 j )+ Zhipj (Dj sin f3 j + Lj cos f3J) 
j=l 

6 

M pz = L. (- Yhipj (D j sinf3j + Lj cos f3J) 
j=l 

5.5. Equations of Motion 

(5.40) 

(5.41) 

(5.42) 

Once the gravit y, buoyancy, hydrodynamic and propulsive force and moment expressions 

(equations (5.21), (5.22), (5.23), (5.24), (5.32), and (5.37) to (5.42)) are substituted into 

equations (5.6) to (5.11), the following six differential equations are obtained: 

6 

-(mg-Vpg)sinB+ L(Djsinf3j +Ljcos/3j)+0.5pCdxBHu 2 = 
j=l 

m (ù -vr+ wq) - Xuù -Zwwq + Yvvr 

(mg - Vp g)sincPcosB + 0.5pCdy LH v 2 = 
m (v - wp + ur) - Yv V + Z w wp - X li ur 

6 

(mg - Vp g)coscPcosB + L (- Lj sin /3 + Dj cos/3J+0.5 pCdz BLw2 = 
j=l 

m (w - uq + vp) - Z w W - Yv vp + X u uq 

6 

- YbVp g coscPcosB+ ZbVp g sin cPeosB + L (YhiPj (- Lj sin /3 + Dj cos f3J)+ 
j=\ 

(5.43) 

(5.44) 

(5.45) 

0.5p p2 L(Cdz B
4 + Cdy H 4

). • 

32 =Ixxp+(/zz-Iyy)qr-(r+pq)Ixz+ (5.46) 

(r2 _q2) IyZ +(pr-ij) Ixy -Lpp+(Yv -Zw)vw+(Mq -N,)qr 
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· 05p 2B(C H 4+C L4) 
xbVpgcos~cosB+ZbVpgsinB+' q ;2 dz + 

6 

L(- Xhipj (- Lj sin P + Dj COspj )+ Zhipj (Dj sin Pj + Lj COSpj)) 
j=1 

= Iy/l + (lxx -Izz) rp - (P + qr) Ixy + (p2 - r2) Ixz + (qp- f) IyZ 

-Mil + (Zw - Xü)UW+ (Nf - Lp) pr 

6 

-xbVpgsin~cosB- YbVpgsinB+ L{- Yhipj (Dj sin Pj + LjcospJ)+ 
j=1 

0.5pr2H(CdxB4+CdyL4)_ . . 
32 -Izzr+(lyy-Ixx)pq-(q+rp)Iyz+ 

(l- p2) Ixy + (rq - ft) Ixz - N/+(Xü - Y.Juv+ (Lp -MJ pq 

(5.47) 

(5.48) 

Equations (5.43) to (5.48) are insufficient to solve for the motion ofthe robot because 

they include ~ and B as variables, but make no provision to solve for them. To obtain 

these variables, relationships between angular rates (p, q and r) and the time rate of 

change of the Euler angles ( ~, 8 and Ifr) must be considered: 

~ = p + (sin ~tanB)q + (cos~tanB)r 

8 = (cos~)q - (sin ~)r 

Ifr = (sin ~secB)q + (cos~secB)r 

It should be noted that the equation for Ifrbecomes singular at 8= ±90. 

5.6. Numerical Simulation 

Equations (5.43) to (5.51) can be written in the form l = f(x,u) where 

(5.49) 

(5.50) 

(5.51) 

x = [u v w p q r ~ 8 VIF represents the state of the system and U, a vector 

of variables characterizing the oscillation of the paddles, represents the input to the 

system. Based on the initial state Xo and the input, which varies with time, the goal is to 

find the time-varying state X. In. order to obtain x, l is calculated and is integrated. The 

outputs of the simulation are the position and orientation of the robot in the inertial frame 

XYZ. 
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The state .x and the integral of .x were found by numerical integration using Simulink®: 

a software package for modeling, simulating, and analyzing dynamical systems. 

Simulink® successively computes the states and outputs of the system at intervals from 

the simulation start time to the finish time, using information provided by the model. At 

the start of the simulation, the model specifies the initial states and outputs of the system 

to be simulated. At each step, Simulink computes new values for the system's inputs, 

states, and outputs and updates the model to reflect the computed values. To perform this 

task, Simulink® can use an assortment of sol vers each geared to solving a specifie type 

of model. The model of AQUA was simulated using variable-step continuous solver. 

These solvers decrease the simulation step-size to increase accuracy when a system's 

continuous states are changing rapidly and increase the step size to save simulation time 

when a system's states are changing slowly. The average time step in the simulation of 

AQUA was approximately 0.05 seconds. At the end of the simulation, the model reflects 

the final values of the system's inputs, states, and outputs [57]. 

Simulink® provides a graphical user interface (GUI) for building models as block 

diagrams, and includes a comprehensive block library of sinks, sources, linear and 

nonlinear components, and connectors. The user can also customize and create blocks. 

The built models can be simulated using a choice of integration methods. Using scopes 

and other display blocks, the user can see the simulation results while the simulation is 

running. The simulation results can be routed to the MA TLAB workspace for 

postprocessing and visualization. 

5.6.1. Implementation of Hardware Limits 

As explained in Section 2.2, a proportional derivative controller calculates the torque 

requested from each motor. The motor cannot always supply the requested torque. A 

model predicting the output torque of the battery-amplifier-actuator-geartrain 

combination of the hexapod robot RHex, based on the requested dut y cycle of the PWM 

amplifier, battery voltage and motor speed was developed by Dave McMordie at the 

Ambulatory Robotics Laboratory [51]. The model was implemented in the simulation, 

along with specifications of the hardware (voltage suppl y, amplifiers, motors and gear 
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heads), in order to ensure that the torques supplied by the motors were within the physical 

limits of the system. 

5.6.2. Simulation Results 

The simulation inputs are the variables characterizing the oscillation of the paddles: the 

amplitude of oscillation, the period of oscillation, the offset angle and the amplitude ratio. 

The outputs of the simulation are the position and orientation of the robot in the inertial 

frameXYz. 

For an input where aIl paddles oscillate with a period of 0.7 seconds, an amplitude of 27°, 

an offset angle in line with the back of the robot and an oscillation ratio of 0.5, the robot, 

which has an initial velocity of Omis, traverses 2m in 21 seconds. It should be recaIled 

from Section 4.2 that the flexible fin produced 3.3 times more thrust than the flat plate for 

a given oscillation. Assurning that the flexible fin produces about three times more thrust 

than the flat plate for aIl oscillations, the forces produced by the rigid paddle were 

multiplied by 3 in the simulation and the robot traversed 6.7m in 21 seconds, as shown in 

the first plot of Figure 5-12. As a point of comparison, pool tests were performed with the 

real vehicle with flexible fins in July 2004. For the same paddle motion, the real vehicle, 

which also had an initial velocity of Omis, traversed 6.4m in 21 seconds. The real vehicle 

also performed oscillations in pitch such as the ones shown in the fifth plot of Figure 

5-12. Thus, the simulation of the robot gives outputs that are very consistent with those 

observed in the pool. 

It should be noted from the upper plot of Figure 5-12 that the acceleration of the robot is 

initially very low. Between 3 and 8 seconds, the robot accelerates quickly and it then 

reaches a constant velocity. This behaviour can be explained as follows: as noted in 

Section 5.4.4.1, the inflow velocity in the simulation is taken to be the opposite of the 

velocity of the hip. It was shown in Section 2.3 that the net thrust over one cycle in the 

absence of inflow was O. The reason why the robot is able to move forward at aIl is due to 

the fact that it generates forces in the first half of its first oscillation, which give it a small 

acceleration. The ensuing velocity creates a nonzero inflow, which results in a force 
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propelling the vehicle. The initial thrust of the paddles is very nearly zero and the vehicle 

has a very low acceleration. As the velocity of the robot increases, the propelling force 

increases as well. After a certain point, the forces produced by the paddles are used 

entirely to counter drag acting on the body and the robot stops accelerating. 

The flow induced by the paddle displacing water, which was described in Chapter 2 for 

the rigid paddle model in stagnant water, is not accounted for in the simulation of the 

robot. Future experiments of a rigid paddle oscillating in a tow tank would help to gauge 

the accuracy of the rigid paddle model in the robot simulation and to determine whether 

inflow related to water dis placement should be incorporated in the simulation of the 

robot, particularly at low speeds. 

Figure 5-13 shows a maneuver which is more involved than the rectilinear swimming 

shown in Figure 5-12. The robot pitches down, as it turns right and rolls 

counterclockwise. While doing that, the robot moves very little along the X-, Y- and Z­

axes. In order to perform that man eu ver, all paddles of the robot except the middle left 

paddle oscillate with a period of 1 second, an amplitude of 6°, an offset angle in line with 

the back of the robot and an oscillation ratio of 0.5. The middle left paddle oscillates with 

a period of 1 second, an amplitude of 46°, an offset angle that is half way between the 

back of the robot and the bottom of the robot, and an oscillation ratio of 0.5. 
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Figure 5·12: The robot position and orientation resulting from aIl paddles oscillating 
with a period of 0.7s, an amplitude of 27°, an offset angle in line with the back of the 
robot and an oscillation ratio of 0.5. 
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Figure 5-13: The robot position and orientation of the robot pitching down, as it tums 
right and roUs counterclockwise. 
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5.7. Animation 

The simulation results were output to a scope, which displayed them as in Figure 5-9. 

When many of the time-varying positions and orientations are not zero, like in Figure 

5-13, it can be difficult to visualize the motion of the robot in three dimensions. For that 

purpose, an animation of the motion of the robot was created using 3ds max®, a graphies 

and animation software. 

The robot position along the inertial frame's X-, Y- and Z-axes, the robot orientation 

about the se axes as we11 as the angular position of the paddles with respect to the robot 

were written to a file. A pro gram was written in 3ds max® to read the file and produce an 

animation of the motion of the robot. Figure 5-14 shows a: few frames of an animation of 

the maneuver illustrated in Figure 5-13. 

Figure 5-14: A few frames of an animation showing the robot pitching down, as it tums 
right and ro11s counterclockwise. 
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6. Conclusions and Recommendations for Future Work 

6.1. Conclusions 

The main goal of this work was to develop a simulation of the motion of the AQUA 

swimming robot based on its paddle oscillations. The challenging task of characterizing 

the forces generated by the paddles oscillating in the water was undertaken first: a model 

predicting the forces produced by a rigid paddle was developed. A setup measuring the 

forces generated by a paddle oscillating in the water was designed and built. Rigid and 

flexible paddles were tested on the setup and the rigid paddle model was validated. 

Lastly, a simulation of AQUA, which incorporates the rigid paddle model, was 

developed. 

The model predicting the forces generated by a rigid paddle oscillating in stagnant water 

was presented in Chapter 2. The model inc1uded inflow, which is the water entrained by 

the paddle during oscillation in a stagnant tank. Simulations showed that, in the absence 

of inflow, no net thrust is produced. The inflow was estimated based on the size of the 

paddle, the period of oscillation and the amplitude of oscillation, and was found to be 

inversely proportion al to period and only weakly dependent on amplitude. 

The experimental setup, which was designed and built to measure forces and torques 

produced by a paddle oscillating in the water, was described in Chapter 3. The graphical 

user interface developed to acquire force/torque measurements and to control the paddle 

was also described in that chapter. The thrust measuring setup can accommodate paddles 

of different design and geometry and oscillate them through symmetric and asymmetric 

trajectories of different amplitude and period. An impact test was performed on the 

structure of the thrust measuring setup. From the vibrations of the setup, natural 

frequencies of 16Hz and 48Hz were found. 

Rigid paddles were tested on the setup in order to gauge the accuracy of the rigid paddle 

model. To assess the validity of the rigid paddle model, the forces predicted by the model 

were compared to the forces obtained experimentally. Flexible fins were tested on the 

96 



setup in order to assess how the y compare to rigid paddles. The rigid paddle and flexible 

fin experimental results were presented in Chapter 4. In aIl experiments, difficulties were 

experienced in controlling the paddle. The paddle did not track the desired trajectory 

accurately: the actual amplitude of oscillation was smaller than the desired one. One 

possible reason for which the paddle did not follow the desired trajectory accurately is 

that the applied torque was not great enough. Increasing the requested torques, by 

augmenting the gains of the PD controller resulted in instability. The poor tracking was 

not a serious impediment in validating the rigid paddle model. The actual trajectory was 

used in the simulation instead of the desired trajectory and the forces predicted by the 

rigid paddle model were compared to the ones obtained experimentaIly. 

Noise at two distinct frequencies, 16Hz and 47Hz, were present in the force and torque 

measurements of aIl experiments. Since the two distinct frequencies corresponded to the 

natural frequencies of the thrust measuring setup, a hypothesis was made that the higher 

frequencies in the experimental measurements could be attributed to vibrations in the 

setup. A low-pass filter was applied to force and torque measurements of aIl experiments 

in order to attenuate high-frequency noise. 

Of aIl the forces and torques measured during rigid paddle and flexible fin experiments, 

two were of interest: the force parallel to the offset angle direction and the force 

perpendicular to that direction. The parallel force is the force that propels the vehicle and 

should be as large as possible. The perpendicular force should be as close to zero as 

possible. It was found that, for a given period, time-averaged parallel forces increased 

with amplitude and frequency of oscillation. Time-averaged perpendicular forces were 

approximately zero, as they should be. It was also found that flexible fins produce greater 

time-averaged forces than rigid paddles. One last finding of interest is that asymmetrical 

oscillations, where sweep is done faster than recovery, produce greater time-averaged 

forces than symmetrical oscillations. 
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The validity of the rigid paddle model was assessed by comparing the forces predicted by 

the model to the forces obtained experimentally. The match between the two sets of 

forces was good and it provided the model validation that was sought. 

After being verified, the rigid paddle was used in the simulation of AQUA to predict the 

forces generated by the oscillating paddles. The robot simulation was developed, as 

described in Chapter 5, to determine the motion of the robot resulting from the oscillation 

of its paddles. To visualize the motion of the robot in three dimensions, an animation was 

created using 3ds max, a graphics and animation software. The simulation was used to 

develop simple gaits that were implemented on the robot and were used to control it 

remotely. Comparisons between the output of the simulation and the motion of the robot 

during swimming pool tests are preliminary but appear to be good. 

6.2. Recommendations for Future Work 

There would have been no need to estimate inflow in the rigid paddle model presented in 

Chapter 2 if the water entrained by the oscillating paddle during experiments had been 

measured. To avoid having to estimate the inflow, it is suggested that future experiments 

include a flow sensor on the thrust measuring setup. 

In Chapter 3, a recommendation was also made to stiffen the thrust measuring setup. 

From the response of the setup to an impact test, it was determined that the setup is very 

lightly damped. To dampen the vibrations of the setup, rubber was added at two places, 

but it made no significant difference in the natural frequency of the setup. Stiffening the 

setup can be done by adding members, which will prevent different parts of the setup 

from bending or twisting. 

The data acquisition program in LabVIEW was designed to read force and torque 

measurements at a frequency of 100 Sis. One of the greatest problems with Lab VIEW 

was that the time steps at which measurements were obtained had a 20% variance on the 

desired 0.01 seconds. Unequal iteration steps contributed to instability of the controller. 

Another problem with Lab VIEW was that the encoder and time readings did not occur 
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simultaneously. As a result, the paddle velocity ca1culated from position and time was 

noisy. The noisy velocity signal resulted in noisy commanded torque. In order to improve 

the stability of the controller, it is suggested to find a way to minimize variance in the 

time step length. It is also suggested to determine how encoder and time readings can 

occur sequentially so as to obtain a smooth velocity signal. If these tasks cannot be 

accompli shed in LabVIEW, it could be worthwhile to consider using a real-time 

operating system to perform the data acquisition and motor control of the experiments. 

Tests of the flexible fin used on the robot showed that it produced approximately 3 times 

more thrust than a rigid paddle of the same size. A model of the forces generated by the 

fin as a function of the inflow, the amplitude of oscillation and the frequency of 

oscillation must be developed. The flexible fin model can then be validated, similarly to 

the rigid paddle, and implemented in the robot simulation, which will then bec orne more 

representati ve of the robot. 

Beyond developing a model for flexible fins, further work can be done to characterize 

paddles. Sorne optimization can be done to find the types of oscillation as weIl as the 

oscillation parameters that produce maximum thrust, for example. As was stated in 

Chapter 1, when foils operate in the wake another foil or propeller, their performance is 

affected. Additional experimental work can be conducted to determine how the turbulent 

flow caused by the front paddle affects the forces produced by the middle and rear 

paddles. In Chapter 1, it was also stated that, when foils operate near a wall or are 

attached to a vehicle, there are important interaction effects, which may result in 

deterioration of performance. It would be useful to test the effect that the body has on the 

performance of the paddles. 

Before having a simulation that is truly representative of the robot, several issues need to 

be looked at. First, the accuracy of the hydrodynamic forces acting on the robot have to 

be verified. Conducting tow tank tests would allow determination of the validity of the 

assumption that the drag force on the body of the robot is the vector sum of the drag 

forces acting on the three faces of the robot exposed to the incoming flow. If this 

99 



assumption is not valid, modifications need to be made to the calculation of the 

hydrodynamic forces in the simulation, in order to obtain forces that correspond to those 

observed during the tow tank tests. Second, in the calculation of hydrodynamic forces 

and moments, a rough assumption was made that the velocity of the center of mass is 

responsible for the drag forces and that the angular velocities are responsible for the drag 

moments. In future calculations of hydrodynamic forces and moments, it is recommended 

to simultaneously consider the velocity of the center of mass and the angular velocities, 

when calculating the velocity of each point of the robot. Third, future experiments of a 

rigid paddle oscillating in a tow tank would help to gauge the accuracy of the rigid paddle 

model in the robot simulation and to determine whether inflow related to water 

displacement should be incorporated in the simulation of the robot, particularly at low 

speeds. Fourth, the equation of motion of the paddle in the simulation neglects the fact 

that, on top of oscillating, the paddle is moving with the robot. In the future, it is 

recommended to write equations of motion that take that fact into account. 

Once the simulation of the robot is validated, it can be used to develop and optimize 

swimming gaits. The simulation can also be used to develop an algorithm, which would 

allow the robot to track a 3D trajectory. In this scenario, the simulation would be used to 

determine the paddle oscillations that will result in the desired trajectory. Altemately, if 

the robot is equipped with an inc1inometer, a compass and/or an inertial measurement 

unit (IMU), the algorithm can determine the paddle oscillations that will correct the error 

between the actual and the desired robot position and orientation. Trajectory tracking 

would be a big stepping-stone towards autonomy. The robot needs to be able to follow 

prescribed trajectories before being able to decide the trajectories that it should follow. 

Besides autonomy, the other goal of the AQUA project that has not yet been met is to 

enable the robot to transition between crawling at the bottom of the sea and swimming. In 

order to do this, a buoyancy control system would need to be developed. The system 

would change the buoyancy of the robot, making it negatively, neutrally or positively 

buoyant depending on whether it needs to walk, swim or float. Wh en the system is 

developed, it should also be modeled and implemented in the simulation. 
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RE 25 025 mm, Graphite Brushes, 20 Watt 

@ T .rmiool 2.8.0.4 

M 1:2 
_ Stock program 
CJ Standard program 

. _ Special program (on requestl) 

L~_.~!I 

9.9~1 

12.8~ 554.5 15.7 -1.1 

Order Number 

~lnID;·w:r1!IIlla752'iit.î&nID~liIDEil~~ 

• 
2 Nominal voltage Volt 9.0 15.0 18.0 24.0 30.0 42.0 48.0 48.0 48.0 

·ifj!t.1~J'{;:·~1.~Ii\;:~ •• ;!PiQ;tl~;~_'1s1_::~§!!11U.;ljB.~;~,:œ99·>~~qf::fjQ$):.·{,~;;.t!.··.· 
4 Stail torque mNm 232 225 220 243 249 283 264 210 129 

1?~jf~~~<b:.,~~::!r>!:,:;!!t~::~ti!l~lI; ft«.~l:~;B~1't·:;;47::9Ak~;~tt%~~ :·$$;7:AZ~~tj,t~17X;·:Ç~t7' 
6 No load current mA 110 61 54 37 31 25 20 15 9 

;;~C~~';!i:;;i;çl\:;:.:'~!tt:,,;;$\~l~,~~'.~.~. __ lIQl!f~7l1Qlt1î~jl,ij~1*a1~2,~~:t ~·il;~·rO~}i.~440\;·;\:i·~\;{·t·; :\;~'.' 
8 Terminai reslstance Ohm 0.309 0.953 1.33 2.32 3.44 5.29 7.96 12.6 33.4 

·f;.Œ_i_~ril\1tll: .. ·I~}:::\i'lS·' .. ··SlJJl!llilï'mft't@;t1~lï'gl~m'~.jJ:!t!!f:i1î.1@l:Il!PPl)j41~ 
10 Max. contlnuous current mA 1500 1500 1500 1210 992 800 652 519 318 
itlti:~PJ.\;?Si~tlil?":?:~:t;(.)l;~~?'1I:~l~~!:_;''''I~;.'it~;:~1h~e'~;~;'0~'@;l'.:~;a(\1'$;~ . A.·; 
12 Max. power output at nominal voltage mW 52000 52800 55500 58300 62200 80400 70200 44400 16800 
;~_Jl\~'lli_~t~~f:~~It~:1~.~~k:1U~~;~<0~'J.4~,ül~IIJ;i~W&~~;~i~\l~t~~,:f;'~~~t~~~t~<M~~~: ,:~~S2L::! :,>: ,3tl.t:t~:}t~,X:;(~t~W\~,~:, ji;~ 

14 Torque constant mNm 1 A 7.97 14.3 18.3 23.4 28.5 35.7 43.8 55 89.7 
t~~:,s;: __ ll~0J.~~Y~m~'(œl!;;Œe.li~~I;;;WIt':;_0!L:~wii~~;: ,;;173,:1Q6 ;\d)\~j\i 
16 Mechanlcal time constant ms 5 5 5 4 4 4 4 4 4 
~=~~_{{e&~~};kf:ùtz~;j~:f&:~~~~;'ti~~ ~:;tit'%fIKl~!~\~1~~~;t~Jpiîf~~%itt~~:~~'?f~,,'()':~~c,'9~~~;?~~9;~:n~: ;~Y,~T~.i);\ .. ~, ",,~~}~~~!*t\~ ~r;:~V~::~::~tf~~«f:;~t~,\·n; f {.}:\p:~< 

18 Terminai inductance mH 0.03 0.09 0,12 0.24 0.35 0.55 0.83 1.31 3.48 
z;l~!~_l\.~l:~œIiNlIîJlllij~W';t;:rl<1,:W;:~1Biii,;;~it..~;;··;j~::;:::;;'Ji.1}<;t'i401;\\;llffl,~·:~. ·~14 •• ' 14: ,'·;;··1.4" 
20 Thermal reslstance rotor-houslng KI W 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1 
;~;~:~;;~:;~i;,;·~:':_.\l ••• ~~~~~:,:,'()t;0.~.,,;0l~î~;î~1~.Q%;L'h"ï%;?·'1:j;;·::·; 

Specifications 

• Axial play 
• Max. bail bearlng loads 

axial (dynamic) 
not preloaded 
preloaded 

radial (5 mm from flange) 
Force for press fits (static) 
(static. shalt supported) 

• Radiai play bail bearlng 
• Amblent temperature range 
• Max. rotor temperature 

0.05 - 0.15 mm 

3.2 N 
3.2 N 
16N 
64N 

270N 
0.025 mm 

• Number of commulator segments 

-20 ... +1OO·C 
+125·C 

11 
• Welght of motor 130g 
• 2 pole permanent magnet 
• Values IIsted ln the table are nominal. 

For applicable tolerances see page 43. 
For additional details please use the maxon 
selection program on the enclosed CD-Rom. 
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1 

Planetary Gearhead GP 32 A 032 mm, 0.75 - 4.5,Nm 
Metal Version ,; , ,'\; 

A ~ 
12 +1 

-"'-
or> 
or> 

~ ~t - f-'-

!SI st 

21 -1) 

M 1:2 
_ Stock program 
o Standard program 
_Special program (on raquest!) 

Gearhead Data 

485 -CI,II 

2,25~7 

~ ._. __ .-
Pj 
!SI 

<L1 

Technical Data 

PI Geàrtléad o 'ft 
t mm lrom flange 

Axl$1plaY 
Mill'. radJ81load, 1'2 mm from lIange 
MIPC. . e~axlalload 
MiDi; " ~foi'~ for press flts 
SèriSe,' 'il>t~pOn;di1ve to output 
R.çïmlmlii1~ Inputspeed 
Reco~m,,"dedterriperature range 

stralght teeth 
stalnless steel 

bail bearlng 
max. 0.14 mm 

max. 0.4 min 
140N 
120 N 
120 N 

< 6000 rpm 
-15 ... +80·C 

1 Reduction 3.7: 1 : 1 181: 4380: 1 
;~~~'1~\ii·.i.~:*gJ;1jl:.: ~0&i\1':l't,.,~tfliti\~'.;,.g.ll~li~:,1:t,rtl.1I.l •• ~1"'.',Vii~81 .. ·1..~lI.:~I'!!1~~~t.wm!.t!'lf,:sp~tü'i 

3 Max. motor shalt dlameter mm 6 8 3 6 4 4 3 3 4 4 3 3 
Order Number III!m!mIII!I!IliD~E2j:!);!t'~1IIillII!l!I1166170n 166175111l!mEiJ11661851~ 1661931166198 ~ 

1 Reduction 4.8: 1 18: 1 66: 1 123: 1 295: 1 531: 1 913: 1 1414: 1 2189: 1 3052: 1 5247: 1 
~"~.l.m~.!'i~.I;,IIl~lmtl.~J~':l~%'*.:\t~l_.~L~!!mI,ri'ii~~l~{j.f!IJ. ___ Jiiii' 

3 Max. motor shalt dlameter mm 4 4 4 3 3 4 3 3 3 3 3 
Order Number Imm lmIilll .~.'i!'il11661661166171IB1i.1fD~IImJ~ 

1 Reduction 5.8:1 21:1 79:1 132:1 318:1 589:1 1093:11526:12362:13389:16285:1 
"~[_îllt~~!i(~\t:fi\'1i~?€2\);1ill:t::,f!i(Ji;7f!~~~~::;"'f.~~'~,~Ii~;~;:;;â~~~~~~_;~\~r-~~.~it.lf.~.~/i2U~e~_œi!'Alilf~_iit~ 

3 Max. motor shalt dlameter mm 3 3 3 3 4 3 3 4 3 3 3 
Order Number i\tiit,;;4i)mm:IIF~;''i;.1l\ID116617211lD1D1166182 t;±'4î0'y't'14tI166190 11ImIllliJ1166200 kiiit~,"!jih 

1 Reduction 23: 1 86: 1 159: 1 411: 1 636: 1 1894: 1 2548: 1 3656: 1 
;'S"~é4h4!; •• iii_;~1;,~,,*~';iii;tt:t:i0'i~!'iiZ~t,~'·' .. · .• ·~1:~IRt':';wt~;~i);i\1,~.~!ml~'i;~i~*~ii~;I;\,i.;!,d·;"t~"'_lIl1aw.Wt4i;"+~,\. 

3 Max. motor shalt dlameter mm 4 4 3 4 3 3 4 3 
Order Number /~';;:<>~\\(iI1661621.\\';1;;1.i~i::J;;.·i,1~i~;\<t;li.;' 

1 Reduction 28: 1 103: 1 190: 1 456: 1 706: 1 1828: 1 2623: 1 4060: 1 

iiim 
5 contlnuous torque Nm 0.75 2.25 2.25 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 4.50 

fi.illilm!!Iti!iI& ..... ilmlyt;;,;\i"!»:; ·,.~('Z;}·ûi, •. !\Imils,,·kjl"~11§l\~J4i%~â:dîm;il.I~$w;~;';,~:$~;~,·;";~i&;;1;,;8~,~1! ;(;§;$;Y'~" iMlrc,0·~i!.;_W*~lBiit),Q:~~:;i 
7 Max. efficiency % BO 75 75 70 70 60 60 60 50 50 50 50 

:iit"\W,glU .... ~I*·~:*.?i?'.:;·i;.~·,, w;r~1:B':it;~;.j~,J8· .. ::.>ttœ,;. ~1œtl*ii:::1~~szœi4:!;4~è;;ii.gaIi:U~_l#.?",:25lI·~'jj02.Îi:~_;·;\h'llî'i.$$&;.i 
9 Averagebecklashnoload • 0.7 0.8 0.8 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

~~""'i!ilt;'i:.~::,« >:: :~~t.'1l\\'~;':J. . ·;)~:;!~~'l.\~!;ML'JKlI;li.:·j :~:Ql"B)~: ;<?Jl,l;' ,;.' lj;h'~': 1: (!!;,,;;". :b;1 i i i ·'QIt4ii:.·\.~Q.'t.j,.i ,.;fliZ;\. i~ •. O;t·,.;& \OJ1;S" 
11 Gearhead length L1 mm 26.4 36.3 36.3 43.0 43.0 49.7 49.7 49.7 56.4 56.4 56.4 56.4 

--- ---1 1. overalllength.1 1. overaillength .1 

Combination 

:~:;a"l'1ll_."'lI_:ftJ_.~~~.:Mî~~îIIlM'~~~~:I~K\:%.:~~~l 
RE25.10W 76 81.0 90.9 90.9 97.6 97.6 104.3 104.3 104.3 111.0 111.0 111.0 111.0 
;a ..... __ ?!>iii~a.~'i!;4_1it)\:û;ù~U({_.9,t:(!Fi\:'imjlti;i;i;!.mm!21~i1ikjll_.:;~;,kUila;:;:;,n.q;;Jt';i,1;f:}~S$1:~';f~.Qlit1J::I.l*mj;:~~I:m()~1'· ··t~l!r\ 
RE25,10W 76 Digital Encodar22 234 95.1 105.0 105.0 111.7 111.7 118.4 118.4 118.4 125.1 125.1 125.1 125.1 
:auœ.~m;&iÀ'j .. rfil!lIl!Utll;t~~iml'ia";ii':I:~:t'.\Y"!i~_Jl:d;Ii'l'i:C!:,'i~{'I~a.'!li~\t1mt~;1_1~" ;R1~:il.~lm3}~~:ata'; ;'1~~:Ul)k.i.,;,1~1~U< 
RE25.10W 76 DCTach022 246 103.3 113.2 113.2 119.9 119.9 126.6 126.6 126.6 133.3 133.3 133.3 133.3 
1.1u.. ... llrjifv;··:r:ili~~il:l\ji*.i\:~;i;3;i!;il;~J~?,!;!~l~1Jl!:(! ·.i;;:~J1m\41l!1'~);\\+§\fiaSf; .,~tt~~t!;.lI!Di'i\.,m:;),}111;P:;i:;'JlrQ;GlSll!.il;~îiir4111r:9.< 
RE25.20W n MREncoder 232 92.0 101.9 101.9 108.6 108.6 115.3 115.3 115.3 122.0 122.0 122.0 122.0 
.fl.~_t'1i~~~""",;?fT!_$~~4;.~tr;(Ô~D:'!;}(:fOt.~~lttwi~;'D'l.a'lt0nlkiJ;';?11.8:'~;;:T1!fm4;·i;;,e:ltti>1l!~~:;«~#iîJ}\i;;t.'~51'I:'·. 
RE25.20W n Digital EncoderHED_55_ 236/238 101.8 111.7 111.7 118.4 118.4 125.1 125.1 125.1 131.8 131.8 131.8 131.8 
:alg~.Ut*:;.j<ia_~;~;,\i:;.t·_.%\Y;\il.Q3i3;{.httIJ;g;;iitm!at~t;;.\1,1ll.iB"i:iflflllïii\Îkn.u.:o . ,t~l!)1\liBll~.~;t~;$. t .JiV~T;~taa,~,~;133.3;; 
RE25,20W n Brake40 269 115.1 125.0 125.0 131.7 131.7 138.4 138.4 138.4 145.1 145.1 145.1 145.1 
il!lœtJ:~;USb.;:\;;t;·~~\:i&St; .~/ .. c"."sh&:; .. ' . ';;1':. ;\.;~l.W;!V'; 95;l(~%;:I§ig.~·fk;j~l\9. *}1~,!t,· ;."l~:;:"t!!ft<QI. ,Jtlft~§~.~H!ï;'$'~':\il,t$1I;;i:",tt~#I~'i; .• .t1§'~3, 
RE26.18W 78 MREncoder 232 96.3 106.2 106.2 112.9 112.9 119.6 119.6 119.6 126.3 126.3 126.3 126.3 
.fI..-t.D,I rm;ébÙ'.I;,~Pi)Qq!Mlt.,i ,;;I,'HI~lf . ?;j,". i~it1~'é,lf,;;;.J~~iiUm~';;ii~l~Ji.'1,l xlBi.Q,.;:1~\Q.l ..• 1BiO·~'*':8~17!.;~_,;",~il1\I).t'~;;l 
RE26.18W 78 Digital EncoderHED_55_ 236/238 103.7 113.6 113.6 120.3 120.3 127.0 127.0 127.0 133.7 133.7 133.7 133.7 
:]i!Il~.\1iZ~~li ':.P.œ~~K\j'i:;4i4i:il46;1;t;r,:;'0fE$><l.t~.e> .. ' Hl';."_':·'laglii;.;;'~iQ">\f~;lf$>i;;t_;!;; 1~13'"" .' • .$j3#?'1$1l:~'i 13$;:" 
A-mex26 113-120 71.2 81.1 61.1 87.8 87.8 94.5 94.5 94.5 101.2 101.2 101.2 101.2 
!_~;&:~:1!111'BllllBi.:~~13.~it\~,j;iii~~~~:;:;i~;?f';;'~Q$\~.*;}~\~~~11:~_~kl;lP.1i8 : ·.\r(l';lI~î'f~~·;h~ii;;il~~iii',œi.\ 1.:."I~~~;Ji~!>$;~.;< 
A-mex26 114-120MREncodar 232 80.0 89.9 89.9 96.6 96.6 103.3103.3103.3110.0110.0110.0110.0 
:M*~>1W;;lfImimi"'~.~1*;s\','\î~k;;.;b~.'t;0~;;9$:tI"1f:·· ·.5e%41!.f~,!~,;};tœil: ·;'1~~::.t}œll;;'i~~;;{t'lll'à;j[1'·I~e;\ùtt'$;1I: 1: 11$;$;' 
A-mex26114-120 Digital EncoderHED_55_ 2371239 90.0 99.9 99.9 106.6.106.6 113.3 113.3 113.3 120.0 120.0 120.0 120.0 
;Ill".)~' iI_m.tt?1ii,,~iii~:~~.;?r:t:~f ,;/: '/" ;~,~~, .;i$,1.iVt; •. zê~lf1S:::;JI;;tf;v \P'lIt,;8!: ii;~1Jl0'.'! 9'if5F;i:'.;$,~s3~1:ol~~i ';,'1412 '1l1.1;~: i 101:'2)' 
RE·max29 1441146 MREncoder 232 80.0 89.9 89.9 96.6 96.6 103.3 103.3 103.3 110.0 110.0 110.0 110.0 

~~ ~~ 

" 
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The Gamma FIT transducer 

"1 high~r l'ccoltU/wm/1TI \' jfJu:e/jof'que tl'lwsducen ftl !lUpin!' 

who flceds a râiahlr.', pre-cufihl'l!{l'd, cœ,:if)' programnlllhlr.· 
tranwluu'i'. ft is 1.1 rru(r vel'sfltile plag-and-p!o)' \l'srem . .. 
Prof. Francisco Valera-Cuevas 
Neuromuscular Biomechanics Laboratory 
Cornell University, Ithaca, NY 

BENEflTS AND fEATURES 
Extremely High strength 
• Precision machined from high-strength aircraft aluminum. 
• Maximum allowable overload values are 7.8 to 27 times 

rated capacities. 
High Signal-to-Noise Ratio 
Silicon strain gauges provide a signal 75 times stronger than 
conventional foil gauges. This signal is amplified, resulting in near­
zero noise distortion. 

TYPICAl APPliCATIONS 
• Real-time force control 

The transducer and the standard mounting adapter 
are made of high-strength aircraft aluminum. 

• Haptics feedback 
• Prosthetic device testing 
• Robotic assembly 
• Automotive part testing 

Fz (±lb) 25 50 100 

Tx, Ty (±in-Ib) 25 50 100 

Tz (±in-Ib) 25 50 100 

Fx, Fy (lb) 1/160 1/2560 1/80 1/1280 1/40 1/640 

Fz (lb) 1/80 1/1280 1/40 1/640 1/20 1/320 

Tx, Ty (in-lb) 1/80 1/1280 1/40 1/640 1/20 1/320 

Tz (in-lb) 1/80 1/1280 1/40 1/640 1/20 1/320 

Fx, Fy (±N) 32 65 130 

Fz (±N) 100 200 400 

Tx, Ty (±N-m) 2.5 5 10 

Tz, (±N-m) 2.5 5 10 

Fx, Fy (N) 1/40 1/640 1/20 1/320 1/10 1/160 

Fz (N) 1/20 1/320 1/10 1/160 1/5 1/80 

Tx, Ty (N-m) 1/500 1/8000 3/1000 3/16000 1/200 1/3200 

Tz (N-m) 1/500 1/8000 3/1000 3/16000 1/200 1/3200 

Contact AT! for complex loading information. Resolutions are typical. t CON = ControlJer FIT System, DAQ = 16-bit DAQ FIT System 
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Fxy 

Fz 

Txy 

Tz 

X-axis & Y-axis force (Kx, Ky) 

Z-axis force (Kz) 

X-axis & Y-axis torque (Ktx, Kty) 

Z-axis torque (Ktz) 

J.2 ---11:::=:-1- 19.1 

016+0.018 150 Hlm 
-0 

3.6 DEE!' ISI'E NOTE 4) 
CHAMFER 1.0 X 45' 

STANDARD TOOl 
ADAPlOR 

----.---------.-.---.--.------.-.---. Il NëTi$: iJNt[51'btïië~iiSrtëifii:-o --­
oo-..roi"SCAi'rotAW!tJC. OPJ.WHIN!t)~~~ 
J.U.OMH:sION$Âi:E.INMll.l~. e 7• flAI4t. 

±270 lb ±1200 N 

±9101b ±4100 N 

±690 in-lb ±79 N-m 

±730 in-lb ±82 N-m 

52xl03 lb/in 9.1x106 N/m 

100xl03 lb/in 18x106 N/m 

93xl03 in-lb/rad llxl03 N-m/rad 

140xl03 in-lb/rad 16xl03 N-m/rad 
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Appendix B 

Theoretical derivation of the point of application of the drag force on the paddle 

1 w 2 

D= ffO.5PCD(rz) dydz 
00 

3 1 

= O.5pCDy2 yi; ~ 
3 0 

° 5 C ·2 1
3 

= . P DY W) 

= o.spcD(r ~ J' wl 

.------,.---,. y 

z 

where D is the drag force, w is the width of the paddle and 1 is the length of the paddle 

The velocity in the ca1culation of the drag force is that of the point which is at 1/.J3 from 

the y-axis. 

1 w 2 

M = ffo.5PCD(rz) zdydz 
o 0 

4 1 

=O.5pcDy2YI;~ 
4 0 

° 5 C 
·2 1

4 

= . P DY W4 
= D x point of application of D 

=o.spcD(r ~J'W1X!1 

The point of application of the drag force is at ~1 from the y-axis 
4 
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