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Abstract 

 

The utilization of paired biomimetic oscillatory limbs can be taken into account as 

a means of improving the maneuverability of underwater vehicles concurrently with 

either fully providing or assisting propulsion. Past researches on mechanical pectoral fins 

of fish and fore flippers of sea turtle concentrate on certain aspects of them 

(hydrodynamics, material or shape, for instance) and less work has been done on the 

compatibility between underwater vehicles and paired oscillating limbs. 

In this thesis centering on how to apply paired flexible biomimetic flapping limbs 

onto underwater vehicles and how to investigate the effects of their locomotion on the 

swimming performance of their attached bodies, a united methodology is proposed to 

evaluate the performance of flexible artificial pectoral fins and prosthetic fore flippers 

from the aspects of (1) material properties and manufacturing of the paired oscillating 

limbs; (2) 3D kinematics of their movement; (3) the fluid dynamics characteristics. 

Furthermore, as an extension, this dissertation also discusses the characteristics of 

pectoral fins from the viewpoint of the effect of fin form and flexibility on the motion 

control of underwater vehicles by allowing the vehicle to carry out a specific task. On the 

one hand flexible prosthetic flippers are developed for an injured sea turtle “Yu”; on the 

other hand a series of flexible pectoral fin research is done specific to PLATYPUS, a 

biomimetic underwater vehicle. The main conclusions are summarized as below: 

a) On prosthetic fore flippers of sea turtles 

By observing the motion trajectories of fore flippers, it can be seen that on the 

horizontal plane parallel to the body of sea turtles, the fore flippers of Sho (a healthy sea 

turtle) and Yu depict a circular arc with large curvature, but in case of Yu equipped with 

prosthetic flippers, the projecting trajectory on this plane is a circular arc with small 
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curvature; on the vertical plane from the side view of sea turtles, the projecting 

trajectories of the fore flippers of Sho and Yu are ovals but in case of Yu equipped with 

prosthetic flippers the trajectory is similar to an oval with twist at the posterior position 

for the left prosthetic flipper and at the middle position for the right prosthetic flipper.  

The proposed 3D hydrodynamic analysis method based on wing element theory 

can to some extent evaluate the hydrodynamics of sea turtles’ forelimb motion. It shows 

prosthetic flippers can assist generating thrust but the thrust generated by the right flipper 

is larger than that generated by the left one. Therefore from the viewpoint of the 

compatibility between fore flippers and sea turtles, it is better to improve present 

prosthetic flippers to make both flippers generate equal thrust to make sure that Yu’s 

swimming motion become smooth. 

b) On pectoral fins of Fish 

Straight forward and backward swimming experiments of PLATYPUS verify that 

flexible pectoral fins can propel the vehicle faster than rigid ones do within the same fin 

controlling parameters. Iterative computation of spanwise deformation of asymmetric 

pectoral fins between Finite Element software and wing theory shows that flexible softer 

fin can generate larger thrust compared to flexible harder fin and rigid fin; lift force plays 

an important role in generating thrust; the investigation of tip deformation clarifies that 

spanwise deformation has positive influence on the generation of thrust for pectoral fins. 

Point-to-point (PTP) control tests in still water and water currents are employed to 

investigate the effects of fin form and flexibility on the motion control of PLATYPUS. 

From turning ability test of PLATYPUS using only rear fins the azimuth fuzzy control 

range is selected; from swimming ability test of PLATYPUS using only fore fins the 

distance fuzzy control range is selected. From the PTP control tests in still water and in 

water currents, it can be said that the compatibility between underwater vehicles and 
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pectoral fins changes under different given conditions. First, for different pectoral fins the 

suitable controlling scheme of the propulsor is different. Second, asymmetric flexible 

harder fin can propel PLATYPUS faster in straight forward and backward swimming in 

still water than asymmetric rigid fin and symmetric rigid fin do, and therefore it also does 

better in PTP control in still water. But during PTP control in water currents the 

symmetric rigid one has an advantage over the other two. 
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Nomenclature 

 

In Chapter 2  

 ，  Euler angles 

  The relative pitch angle 

1/4  Geometric angle of attack 

,L DC C  Geometric lift and drag coefficients 

eff  Effective angle of attack 

   ,L Deff eff
C C  

Effective lift and drag coefficients 

DiC  Induced drag coefficient 

AR  Aspect ratio of fore flipper of sea turtles 

,L D   Actual lift and drag force acting on the wing segment in o x y z     

,T Z   Thrust and lateral force acting on the wing segment in o x y z     

,T Z  Thrust and vertical force acting on the wing segment in O XYZ  

,   The upper view projecting value and the side view projecting value of 

the angle between the line located at the spanwise middle of the flipper 

and the carapace line of sea turtle 

  

In Chapter 3, 4  

  The shear modulus of the material in the undeformed stress-free 

configuration 

, ,R FL FE    The instant rowing angle, the instant flapping angle and the instant 

flapping angle of pectoral fin 

0 0 0, ,R FL FE    The initial rowing angle, the initial flapping angle and the initial 

feathering angle of pectoral fin 
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, ,RA FLA FEA    The amplitude of rowing angle, the amplitude of flapping angle and 

the amplitude of feathering angle of pectoral fin 

FL  Phase difference between flapping motion and rowing motion of 

pectoral fin 

FE  Phase difference between feathering motion and rowing motion of 

pectoral fin 

fin  Circular frequency of fin motion 

f  Frequency of fin motion 

c  Maximum chord length of pectoral fin 

b  Span of pectoral fin 

AR  Aspect ratio of pectoral fin 

  The azimuth of underwater vehicle 

,E E   Input variables in fuzzy rule of azimuth control 

E   Output variable in fuzzy rule of azimuth control 

X  Current distance of the underwater vehicle 

,Ex Ex  Input variables in fuzzy rule of distance control 

Ex  Output variable in fuzzy rule of distance control 
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Abbreviations 

 

Sym-rigid Symmetric rigid pectoral fin 

Asym-rigid Asymmetric rigid pectoral fin 

Asym-harder Asymmetric harder flexible pectoral fin 

Asym-softer Asymmetric softer flexible pectoral fin 

PTP Point-to-point control test 
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Chapter 1 Introduction 

 

1.1 Background and Challenges 

Natural selection has ensured that the locomotion mechanisms employed by 

aquatic animals, although not necessarily optimal, are highly efficient with regard to their 

habitats and modes of life for each species [1]. Their often remarkable agilities [2] have 

been inspiring innovative designs to improve the ways that man-made systems operate in 

and interact with the underwater environment. Hence by mimicking the swimming of 

marine animals, many biomimetic underwater vehicles were developed. Significant work 

in this area was initiated in the 1990s by Triantafyllou et al., who developed the Robo-

Tuna [3] and its descent, the Vorticity Control Unmanned Undersea Vehicle [4], both of 

which have a flexible, tuna-f shaped hull and are propelled by an oscillating caudal fin. 

Following that, many other robotic fish were manufactured, such as PF200-700 and 

UPF2001 robots (NMRI, Japan) [5], G1-G5 and MT1 robots (Essex Univ., England) [5], 

and so on. The propulsion systems of the first biomimetic underwater vehicles mentioned 

above focuses on cruising/sprinting specialists or acceleration specialists that necessarily 

move by axial undulation [6, 7]. 

However, the existing underwater robots, the motion of which is usually 

controlled by screw-type thrusters and wings, exhibit poor performance not only in 

hovering and turning over intricate seabed terrain in strong currents, but also in dexterous 

manipulation under floating conditions. Based on the fact that many aquatic animals 

employ one or more pairs of oscillating pectoral fins (fish) or flippers (sea turtles, 

penguins, whales, seals, dolphins and so on.) to increase both stability and 

maneuverability, it is reasonable to believe that the utilization of paired biomimetic 
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oscillating limbs can be taken into account as a means of improving the maneuverability 

of underwater vehicles concurrently with either fully providing propulsion or assisting 

propulsion.  

Because of the frequent usage of pectoral fins of fish and forelimbs of sea turtles 

as the models of paired oscillating propulsors, here these two are compared. From the 

view of anatomy, pectoral fins and fore flippers are completely different, as pectoral fins 

are comprised of membranous appendages and connective tissue or fragile bony spines 

protruding from the body but fore flippers, which contain bones similar to a human hand 

with cartilage and connective tissue surrounding the bones in a thicker manner, are 

evolved from legs and become flat broad limbs specialized for an aquatic animal’s 

swimming. Another difference is that fore flippers can be used as legs to walk on the 

land, but pectoral fins usually do not possess this function. But in fact pectoral fins and 

flippers possess many similarities: firstly morphologically most fore flippers and pectoral 

fins are located at both sides of the front end of a marine animal’s body. Secondly from 

the viewpoint of functionalism fore flippers can provide propulsion and maneuvering 

forces, and so can pectoral fins of fishes in the Labriform swimming mode. Thirdly from 

the view of kinematics, for both the fore flippers and pectoral fins, the propulsive forces 

are generated by two primary kinematic modes: flapping and rowing. In flapping 

locomotion, the propulsive appendages reciprocate in a stroke plane largely orthogonal to 

the resultant force vector and the lift force is the predominant component [8, 9]. In 

rowing, propulsive forces are produced during the power stroke by both the drag force 

acting on a translating appendage and the reaction forces generated by the acceleration of 

fluid relative to the body [9].  

Although so many similarities shared by pectoral fins of fish and the fore flippers 

of sea turtles, most researchers in the past studied these two propulsors separately.  
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1.1.1 Reviews on Fore Flippers of Sea Turtles 

Turtle species exhibit a diversity of kinematic patterns in their forelimbs during 

swimming. Generally speaking, the flapping forelimb strokes are usually employed by 

marine turtles and the rowing forelimb strokes are usually used by most freshwater 

turtles, which have been documented in an extensive range of previous studies [10, 11, 

12, 13, 14]. In the case of turtles, flapping strokes are characterized by predominantly 

dorsoventral forelimb movements, whereas rowing strokes are characterized by 

predominantly anteroposterior forelimb movements combined with rotation of the foot 

(perpendicular to flow during thrust and feathered during recovery) [15].  

Inspired by the fore flipper motion of sea turtles, Konno et al. developed a turtle-

like submersible vehicle, which is propelled by fore fins flapping and maneuvered by a 

combination of flapping and feathering motion. The two fore fins are rigid and have two 

degrees of freedom: flapping and feathering motions [16]. Long et al. constructed an 

aquatic robot named Madeleine with four flexible flippers in Vassar College, but each of 

them can only carry out pitching motion [17]. By implementing the kinematics of the live 

sea turtle on the biomimetic vehicle Finnegan, Licht et al. developed four independently 

controlled high aspect ratio rigid fins with two-degree of freedom angular motion, which 

enabled them to simulate the animal’s function to some degree [18]. Kato group designed 

and developed an amphibious robot RT-I equipped with two pairs of rigid fin actuators 

by combining the swimming of sea turtles and the walking of tortoise, and each of the fin 

can carry out four-degree of freedom: flapping, rowing, feathering and elbow rotating 

[19]. Zhao et al. constructed a turtle-like underwater robot with four rigid mechanical 

flippers, and each flipper consists of two joints generating a rowing motion by a 

combination of lead-lag and feathering motions [20]. In order to mimic the soft-morphing 

deformation of a marine animal’s movement, Kim et al. fabricated a turtle-like swimming 
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robot with a novel actuating mechanism. The two fore flippers are made of smart soft 

composite structure and can realize smooth soft flapping motion [21]. Font et al. 

presented the design and implementation of a rigid turtle hydrofoil for an autonomous 

underwater vehicle, and four alternative hydrofoil propulsion mechanisms (four bar 

mechanism, differential mechanism, ball-and-socket mechanism and pulley mechanism) 

were proposed and evaluated in terms of compactness, motion amplitude, sealing and 

torque requirements [22].  

 

1.1.2 Reviews on Pectoral Fins of Fish in Labriform Propulsion Mode 

Kinematic studies of fish swimming indicate that pectoral fin propulsion can be 

utilized for underwater vehicles in the drag-based labriform swimming mode at low 

swimming speeds and in the lift-based labriform swimming mode at high cruising speeds 

[23, 24]. The former is characterized by the rowing action of pectoral fins forming a large 

angle with the horizontal axis of the fish body. The latter is characterized by the flapping 

action of pectoral fins forming a small angle with the horizontal axis of the fish body. 

Rigid pectoral fins have been documented in many papers. But recent studies of 

fish locomotion reveal that fish fins exhibit much greater flexibility than previously 

suspected and that there is considerable deformation of fin surface during locomotion 

[25]. Many aquatic organisms exploit the flexibility of their fins/wings to achieve high 

maneuverability at low speeds. It is probable that flexible fin actuators should have an 

advantage over the rigid ones in both efficiency and maneuverability. 

On the one hand, many researchers developed different kinds of flexible pectoral 

fins to investigate their performance or to propel underwater vehicles. Kato group 

constructed Active Pneumatic Actuator Fin and Passive Flexible Fin to investigate their 

load characteristics [26, 27]. With the pectoral fins of the bird wrasse as the prototype, 
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Palmisano et al. manufactured a pair of flapping fins with actively controlled curvature 

for an unmanned underwater vehicle, each of which is comprised of five independent 

compliant ribs connected by a flexible skin of thickness 0.4mm [28]. By learning from 

the kinematics of bluebill sunfish, Tangorra et al. developed a series of biorobotic fins, 

each of which uses five flexible fin rays attached to hinges mounted in curved, rigid base 

and interconnected by webbings of thin polyester and elastane weaves, and the effects of 

fin stiffness and the shape of fin rays on hydrodynamics were investigated [29]. Geder et 

al. described the tradeoffs between performance and produceability during the bio-

inspired design of an actively controlled curvature pectoral fin and the incorporation of it 

into both two-fin and four-fin swimming underwater flight vehicles [30].  

On the other hand, the collaboration with experimentalists (biologists and 

engineers), through a multi-disciplinary effort, has enabled high-fidelity data to be used 

in the computational analysis, which is helpful in elucidating the role of flexibility in fin 

motions. Liu et al. studied the effect of spanwise flexibility to the performance of 

oscillating propulsors [31]. Bose [32] and Prempraneerach et al. [33]] investigated the 

effect of chordwise flexibility on the performance of a flapping foil separately. Shoele 

and Zhu carried out fluid-structural interaction analysis of skeleton-reinforced fins and 

concluded that structural flexibility of the fin rays leads to passive deformation of the fin, 

which could increase the thrust generation and the propulsion efficiency [34]. Taft et al. 

proposed that the pectoral fin is divided into functional as well as morphological regions 

and that the fin rays in each functional region have distinct roles during steady swimming 

in sculpin [35]. Ramakrishnan et al. reinforced the notion that the dorsal leading edge of 

the bluegill’s pectoral fin dominates the overall performance during steady swimming 

propulsion and further put forward the proposition that besides the dorsal region, the 

ventral region of the pectoral fin also plays an important role in modulating maneuvering 
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forces [36]. Tangorra et al. studied how fins are regulated in response to external 

disturbances and concluded that the response of pectoral fins to large deformation is not 

reflexible and that fin motions are regulated when it is necessary to correct for 

disturbances to the motion of the fish [37].  

 

1.1.3 Objective of This Dissertation 

Close scrutiny of the previous research on mechanical fore flippers of sea turtles 

shows that there are two drawbacks: One is that most of them are rigid ones, while the 

actual flippers are flexible; the other is that its motion is constrained in the certain 

degree(s) of freedom, because the use of conventional actuators, such as motors and 

pistons, can restrict synthesizing the movements and scales of biological mechanisms, 

therefore it cannot mimic biological movements exactly [38]. 

As for the case of pectoral fin, many more types of rigid and flexible fin were 

developed than mechanical fore flippers. And also the implementation of its motion has 

fewer constraints than that of mechanical fore flippers. But most of the researches were 

concentrated on the hydrodynamics study of fin, only a little work was done on how 

flexible fins apply to underwater vehicle propulsion, and even less work on the 

compatibility between underwater robots and flexible pectoral fins. 

Although it seems there should be much more work need to be done for flexible 

mechanical fore flippers than flexible pectoral fin, they possess the some future 

problem—how to apply them onto and how to evaluate the effect of their locomotion on 

the swimming performance of biomimetic underwater vehicles. According to the 

similarities shared by the two, one idea comes up: does any universal methodology exist 

for investigating the performance of both flexible fore flippers and flexible pectoral fins, 

or further other flexible paired oscillating propulsors. 
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In this dissertation a united way is narrated to evaluate the performance of flexible 

artificial pectoral fins and prosthetic fore flippers. A full understanding of the effect of 

flexible paired oscillating limbs on the swimming performance of the attached body can 

be achieved by incorporating descriptions of (1) material properties and manufacturing of 

the propulsors; (2) 3D kinematics of propulsor movement; (3) the fluid dynamics effects 

of propulsor motion on the attached body. In addition, as an extension, the characteristics 

of pectoral fins is also investigated from the viewpoint of the effect of fin form and 

flexibility on the motion control of the attached underwater vehicles by allowing the 

vehicle to carry out a specific task. The duplication of these three components would 

allow for further experimental investigation of changes to propulsor design and for 

testing of hypothesized relationships between movement and force production. Such a 

comprehensive suite of data is not yet available for any flexible paired flapping 

propulsors. 

Here it should be emphasized that the prosthetic fore flippers study concentrates 

on the swimming locomotion of marine turtles and that the pectoral fin study here 

concentrates on the pectoral fins of fish relying on labriform propulsion for sustained 

cruising. On the one hand many flexible prosthetic fore flippers are developed for an 

injured sea turtle “Yu” in order to find the most suitable type; One the other hand, a series 

of flexible pectoral fin research is done specific to PLATYPUS, a biomimetic underwater 

vehicle developed by Kato Laboratory in Osaka University. 

 

1.2 Overview and Contribution of This Dissertation 

This dissertation summarizes our research program with the goal of producing a 

comprehensive data set for each of the three components noted above through evaluating 

the flapping of flexible prosthetic fore flippers on the swimming performance of sea 
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turtles and the flapping of flexible pectoral fins on the swimming performance of 

PLATYPUS.  

It is constructed with five chapters, acknowledgements, appendix and biblio-

graphy. The background and objectives of this dissertation have already been shown in 

this chapter. The other chapters are summarized as follows: 

Chapter 2 illustrates the research on forelimb propulsion of sea turtles with 

prosthetic flippers. Firstly, template matching method is adopted to track and compare the 

3D movements of fore flippers in three cases respectively: that of a healthy turtle named 

“Sho”, that of Yu without prosthetic flippers and that of Yu with prosthetic flippers. The 

trajectories of three cases are discussed and the effect of prosthetic flippers on flipper 

kinematics is clarified. Secondly, 3D hydrodynamic analysis for three cases based on 

quasi-steady wing element theory are carried out to investigate the hydrodynamic effects 

of prosthetic flippers on the swimming performance of the sea turtle comparing with the 

other two cases. Some mechanisms of forelimb propulsion of sea turtle are clarified and 

also remarks for the design of next generation’s prosthetic flippers in the future are given. 

Chapter 3 and Chapter 4 investigate the effects of flexibility and chordwise 

crosssection of pectoral fins on the swimming performance of PLATYPUS by designing 

and making new types of pectoral fins. In Chapter 3 fundamental experiments show the 

roles of both fin flexibility and chordwise crosssection in propelling underwater vehicle, 

and in the meantime iterative computation of spanwise deformation between Finite 

Element software and wing theory analyzes the hydrodynamic characteristics of these 

new pectoral fins. In Chapter 4 Point-to-Point control tests in still water and water 

currents check the different performances of each fin in carrying out specific task and the 

fuzzy control rules are revised to find the most suitable one for each fin respectively. 
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Finally, in Chapter 5, based on the results of the previous chapters, the 

manufacturing, kinematics and hydrodynamics of flexible prosthetic fore flippers of sea 

turtles and flexible mechanical pectoral fins are concluded and the united method of 

evaluating the performance of flexible paired flapping appendages is concluded. Also the 

future works are listed sequentially. 
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Chapter 2 Analysis of Forelimb Propulsion of Sea Turtles with 
Prosthetic Flippers 

 

2.1 Introduction 

An injured female loggerhead sea turtle (Caretta caretta) named “Yu” was found 

and rescued by Sea Turtle Association of Japan at Kiisuido in the summer of 2008. Her 

swimming speed was just 60% of that of healthy adult sea turtle because only a half of 

the left forelimb and two thirds of the right forelimb were left after being attacked by a 

shark. Realizing that we could not put her back into the sea under such a condition, “Yu 

Project” has begun since 2009 to develop prosthetic flippers for her in cooperation with 

veterinarians, a prosthetic company, aquariums, universities and a public administration.  

Yu, as a sea turtle, belongs to the flapping stroke types. But specifically speaking, 

sea turtle species display considerable diversity in their styles of forelimb flapping. So 

quantifying the exact forelimb kinematics and the corresponding thrust forces during 

turtles’ swimming is a key, which is a significant challenge because direct measurements 

of force generated by the free turtles’ flapping are not feasible.  

Davenport et al. estimated the thrust force by attaching a force transducer to the 

shells of turtles [39]. But this still puts some restriction on the free swimming of turtles. 

Walker et al. documented the changes in velocity and acceleration in aquatic locomotion 

by tracking the center of mass of an animal through an artificial locomotor cycle [40]. 

Some other reaearchers tried to obtain the thrust force by examining the properties of the 

flow field around the aquatic animals. For example Drucker et al. employed digital 

particle image velocimetry (DPIV) to examine the vortex wake shed by freely swimming 

fish and then evaluated the thrust force [41].  
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This chapter introduces a new method to quantify the forelimb kinematics and the 

corresponding thrust force by directly observing the forelimb movements of sea turtles 

and calculating the corresponding hydrodynamic forces. Previously Isobe et al. [42] 

compared the 2D (two-dimensional) and 3D (three-dimensional) motions of fore flippers 

between Yu itself, Yu equipped with prosthetic flippers and a healthy sea turtle in a pool 

of an aquarium, an artificial lagoon and a water circulating tank. At the same time 

assuming the flipper consists of a rigid wing with uniform flapping, rowing and 

feathering motion from root to tip, they analyzed 2D hydrodynamic characteristics of 

different flippers under uniform flow.  

On account of the 3D motion of fore flippers, it is thought that 2D hydrodynamic 

analysis cannot accurately evaluate the swimming performance of sea turtles. In the 

following 3D hydrodynamic analyses, the flipper is treated as flexible in spanwise 

direction and consists of several wing segments with different flapping, rowing and 

feathering motion from root to tip. The purpose is to contribute to design and 

development of prosthetic flippers from the viewpoint of 3D hydrodynamic analysis of 

the forelimb propulsion of marine turtles. 

 

2.2 Sea Turtles and Prosthetic Flippers 

2.2.1 Specifications of Sea Turtles 

Specifications of the injured sea turtle Yu and the healthy sea turtle Sho, used as 

comparison, are given in Table 2.1 and Figure 2.1. 
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Table 2.1 Specifications of Yu and Sho 

Name Carapace length Body mass Area (left flipper) Area (right flipper)

Yu 0.797 [m] 100.5 [kg] 0.039 [m2] 0.026 [m2] 

Sho 0.751 [m] 84.8 [kg] 0.063 [m2] 0.067 [m2] 

 

 

Figure 2.1 Photographs of Yu (left) and Sho (right) 

 

2.2.2 Manufacturing of Prosthetic Flippers 

The prosthetic flippers for Yu are made of a kind of copolymers by Kawamura 

Gishi Co. Ltd. The left and right ones are shown in Figure 2.2. At first we let Yu put on 

the specially designed jacket (Figure 2.3). And then the prosthetic flippers are installed 

onto the corresponding forelimb of Yu. Finally Velcro tape is used to tighten the 

prosthetic flippers around each sleeve of the jacket. Honestly speaking, the present shape 

of prosthetic flippers and the procedure of installing them onto the forelimbs are the 

results of many trials and errors in the past. The specially designed jacket has the function 

of avoiding the prosthetic flippers coming off the forelimb. 
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Figure 2.2 Left and right prosthetic flippers for Yu 

 

 

Figure 2.3 Specially designed jacket for Yu equipped with both prosthetic flippers 

 

 

Figure 2.4 Upper view of Yu with prosthetic flippers 
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2.3 3D Kinematic Analysis of Sea Turtle’s Fore Flippers 

2.3.1 Method of 3D Kinematic Analysis 

A motion capturing software using template matching method was utilized to 

observe forelimb movements in the form of time variation of the prescribed points on the 

forelimbs. As Sho is healthy and possesses symmetric fore flippers, only the movements 

of its left fore flipper during swimming is analyzed. But as for the case of Yu, because its 

actual left flipper and actual right flipper show different shapes, the movements of both 

flippers is needed to be analyzed in the following context. Locations of the targeted 

points on Sho’s left flipper, Yu’s flipper and the prosthetic flippers are shown in Figure 

2.5, Figure 2.6 and Figure 2.7 respectively. Two targeted points located in the spanwise 

middle of the flipper are used to obtain the feathering motion of the flipper. The body 

fixed coordinate is defined in Figure 2.8. In the following context Lroot, LM and Ltip 

denote the root, the middle and the tip of left flipper, respectively; Rroot, RM and Rtip 

denote the root, the middle and the tip of right flipper respectively. 

 

 

Figure 2.5 Motion captured points on Sho’s left flipper 

 



Chapter 2. Analysis of forelimb propulsion of sea turtle 

 15

 

Figure 2.6 Motion captured points on Yu’s fore flippers 

 

 

Figure 2.7 Motion captured points on the prosthetic flippers 

 

 

Figure 2.8 Body fixed coordinates during motion analysis 
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2.3.2 Experimental Condition 

Three videos were taken simultaneously from the left side, the right side and the 

upper side of Sho, Yu without prosthetic flippers and Yu with prosthetic flippers at the 

water tank of Suma Aqualife Park KOBE. 

 

2.3.3 Results of 3D Kinematic Analysis 

Figure 2.9 shows the trajectories of the motion captured points on the left flipper 

of Sho in x-y plane of the body fixed coordinate. The period of motion is 3.0s. Figure 

2.10 shows the trajectories of the motion captured points on the left and right flippers of 

Yu without prosthetic flippers in x-y plane of the body fixed coordinate separately. The 

period is 2.4s. Figure 2.11 shows the trajectories of the motion captured points on the left 

and right prosthetic flippers of Yu in x-y plane of the body fixed coordinate separately. 

The period is 2.93s. First of all it is observed that Yu swims with a bigger frequency of 

flipper movements than Sho does, but if the prosthetic flippers are installed, the flipper 

movement frequency of Yu decreases. From these figures it can be seen that the flippers 

of Sho and Yu describe a circular arc with large curvature in both the power stroke (from 

anterior position to posterior position) and the recovery stroke (from posterior position to 

anterior position). On the other hand, in the case of Yu equipped with prosthetic flippers, 

the trajectory of flippers in x-y plane is a circular arc with small curvature. 

Figure 2.12 shows the trajectories of the motion captured points on the left flipper 

of Sho in x-z plane of the body fixed coordinate. Figure 2.13 shows the trajectories of the 

motion captured points on the left and right flippers of Yu without prosthetic flippers in 

x-z plane of the body fixed coordinate. Figure 2.14 shows the trajectories of the motion 

captured points on the left and right prosthetic flippers of Yu in x-z plane of the body 

fixed coordinate. The trajectories of the flippers of Sho and Yu are ovals but in the case 
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of Yu equipped with prosthetic flippers the trajectory of the flippers is similar to an oval 

with twist at the posterior position for the left prosthetic flipper and at the middle position 

for the right prosthetic flipper. 

 

 

Figure 2.9 Trajectories of motion captured points on the left flipper of Sho in x-y plane 

(period: 3.0s)  

(The arrows in Figure 2.9-2.14 denote trajectory direction with time variation) 

 

 

Figure 2.10 Trajectories of motion captured points on the left flipper (left panel) and the 

right flipper (right panel) of Yu without prosthetic flippers in x-y plane (period: 2.4s) 
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Figure 2.11 Trajectories of motion captured points on the left prosthetic flipper (left 

panel) and the right prosthetic flipper (right panel) of Yu in x-y plane (period:2.93s) 

 

 

 

Figure 2.12 Trajectories of motion captured points on the left flipper of Sho in x-z plane 

 

 

 

 

 



Chapter 2. Analysis of forelimb propulsion of sea turtle 

 19

 

Figure 2.13 Trajectories of motion captured points on the left flipper (left panel) and the 

right flipper (right panel) of Yu without prosthetic flippers in x-z plane 

 

 

Figure 2.14 Trajectories of motion captured points on the left prosthetic flipper (left 

panel) and right prosthetic flipper (right panel) of Yu in x-z plane 

 

2.4 Method of Hydrodynamic Analysis of Turtles’ Forelimb Propulsion 

2.4.1 Coordinates Definition 
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Altogether four coordinates are defined during hydrodynamic analysis (Figure 

2.15). 

O XYZ : The front point of the carapace is set as the origin and the centerline of 

the carapace as the X-axis. 

o xyz : The origin is located at the leading point of one cross section of the 

forelimb. The three axes are parallel to the axes of O XYZ respectively. 

o x y z    : The origin is located at the leading point of the same cross section of 

the forelimb. o x y z    can be obtained by rotating o xyz around axis o z with the angle 

of . 

o x y z    : The origin is also located at the leading point of the same cross-

section. Plane o x z   coincides with the cross section. o x y z    can be got by rotating 

o x y z    around o x  with the angle of . 

 
Figure 2.15 Coordinates definition during hydrodynamics analysis 
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Assume an arbitrary r


has different Cartesian components in different coordinates: 

O XYZ :   ( , , )X Y ZO XYZ
r r r r





 

o xyz :   ( , , )x y zo xyz
r r r r





 

o x y z    :   ( , , )x y zo x y z
r r r r     




 

o x y z    :   ( , , )x y zo x y z
r r r r     




 

Then the following relationships can be given: 

                   
o

o

o

Xx X

y Y Y

z Z Z

    
          

          

                           (2.1) 

             

cos sin 0

( ) sin cos 0
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Z
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z z z

 
  

      
               
            

             (2.2) 

             

1 0 0

( ) 0 cos sin

0 sin cos
X

x x x

y R y y

z z z

  
 

        
               
              

            (2.3) 

 

2.4.2 Determination of Euler Angle and  

During flipper movement, the shape of forelimb changes instantly as a 

combination of flapping, rowing and feathering motions and its flexibility. In order to 

reflect the direction variation as accurately as possible, each forelimb is divided into four 

sections. Every moment inside each section all the body fixed coordinates can be 

assumed to possess the same direction properties, namely at each moment inside each 

section the values of  and  for different cross sections are uniquely determined 

separately. The division of Sho’s left flipper is taken as example below (Figure 2.16). 

The values of and of Section Lroot-LI2-LI1 can be calculated by considering 

the direction of Triangle Lroot-LI2-LI1, which can be assumed to be included in the 
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representative surfaces of this section. For the other three sections the same method is 

adopted. 

 

Figure 2.16 Division of Sho’s left forelimb during the determination of Euler angles 

 

 

Figure 2.17 Determination of Euler angle and  

 

Next only one section is concentrated to get the values of and for that section 

(Figure 2.17). Line segment AB denotes the chord of one cross section (LI1-LI2, LM1-

LM2 or LO1-LO2 in Figure 2.16) that lies in the plane o x z   , and that C denotes one 

point (Lroot, LIM, LOM or Ltip in Figure 2.16) of the triangles above. 
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In coordinate O XYZ , the values of ( , , )A A AA X Y Z , ( , , )B B BB X Y Z  and 

( , , )C C CC X Y Z  can be obtained by movement analysis. Then the expression of surface 

ABC can be given as follows: 

               0
A A A

B A B A B A

C A C A C A

X X Y Y Z Z

X X Y Y Z Z

X X Y Y Z Z

  
   
  

                     (2.4) 

In coordinate o xyz according to (2.1), (2.4) can be converted to the expression: 

                   0B B B

C C C

x y z

x y z

x y z

                              (2.5) 

This determinant can be expanded as follows: 

               0B C C B B C C B B C C By z y z x x z x z y x y x y z                (2.6) 

Therefore m


, a normal vector to surface ABC, should have the following 

expression: 

                  
B C C B

C B B C

B C C B

y z y z

m x z x z

x y x y

 
   
  


                            (2.7) 

On the other hand, the unit vector of axis o y  is given as: 

                     0 1 0o x y zn     


                           (2.8) 

The expression of this unit vector in coordinate o xyz can be got by using (2.2) 

and (2.3). 

                   1 1

0 sin cos

1 cos cos

0 sin
Z Xo xyzn R R

 
   



 


   
       
   
   


           (2.9) 

If we assume o y  is in the plane ABC, we have that m


is perpendicular to n


: 

                             0m n 
 

                         (2.10) 

Because AB is also perpendicular to n


, it also has 

                          0AB n 
 

                          (2.11) 
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Substituting (2.7) and (2.9) into (2.10) and (2.11), finally it is obtainedthat: 

                
( ) ( )

tan
( ) ( )

B B C C B B C B B C

B B C C B B B C C B

y x y x y z x z x z

x x y x y z y z y z
   


  
          (2.12) 

                     tan ( sin cos ) /B B Bx y z                   (2.13) 

Up to here, the values of and can be obtained. 

 

2.4.3 Hydrodynamic Force Calculation 

In the water the fore flippers serve as wings. The movement of forelimb is 

unsteady, but here we use two-point hinge oscillating wing theory, which is a quasi-

steady theory developed by Nagai [43].  

There are altogether three important forces during hydrodynamic analysis: lift 

force, drag force and added mass force. During the calculation of lift and drag force, 2D 

wing theory is modified by using lifting line theory. The vortex wake consists of 

streamwise vortices due to the spanwise circulation gradient and transverse vortices due 

to the variation of the circulation with time. Given the large aspect ratio of flippers and 

the low frequency of flipper motion, it is assumed that the transverse vortices are very 

small, the flow within each chordwise cross section of the flipper can be dealt with 2D 

wing theory and 3D effect is only considered by the difference of induced velocities and 

induced angles of attack. As for the calculation of added mass, given the density of water 

is much larger than that of air, it is chosen to obtain the corresponding value of each 

segment along the spanwise direction without any assumption on the flow because of its 

simplicity. By this way the hydrodynamic calculation is simplified. 

Because the chord length of cross sections varies greatly in different positions of 

the forelimbs, in order to reflect this variation each section of the flipper in the previous 

part is subdivided into three segments respectively, which is shown in Figure 2.18. 
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Figure 2.18 Subdivisions of each segment of Sho’s left flipper 

 

Considering each subsection as a regular 3D wing, each subsection can be 

represented with the middle chord length of each subsection as the representative chord 

length of the 3D wing, with the width of each subsection as the span length of the 3D 

wing. 

For each segment the two-point hinge oscillating wing theory is adopted to 

simulate cross section motion, which is coupled with heaving and pitching motions. Then 

the corresponding thrust in each segement can be calculated. Finally the resultant force 

can be obtained by adding all the thrust forces in each subsection. 

In one cross section of the fore flipper, schematic compositions of velocities are 

given in Figure 2.19. 
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Figure 2.19 Velocity compositions in one cross section 

 

Here the origin o is actually the leading point of each cross section. U andW

are the incoming flow velocity components in the o x  and o y  direction.  is the 

relative pitch angle. 

Here the motion of one quarter point on the chord of wing is used to represent 

wing movement. Assuming that  1 1,x z  is the coordinate of the leading point in o x z   , 

the coordinate of the one-quarter point on the chord of wing can be given as: 

                  1/4 1 1/4 1cos sin
4 4

c c
x x z z                       (2.14) 

Then the velocity at the one-quarter point can be got: 

1/4 1/4
1/4 1 1/4 1cos / sin /

4 4

dx dzc c
u u d dt w w d dt

dt dt
 

              
   

  (2.15) 

1u and 1w are the velocity components of the leading point A of the cross section 

in o x y z   , which can be calculated by movement analysis.  

At the one-quarter point of chord, 

                      
 2 2

1/4 1/4 1/4

1 1/4
1/4

1/4

( )

( ) tanv

U U u W w

W w

U u


 





       

 


 

                 (2.16) 
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The geometric angle of attack is calculated as: 

                               1/4 1/4( )v                          (2.17) 

The geometric lift coefficient CL and the geometric drag coefficient CD can be 

obtained from the curves in Figure 2.20, which is referred from the paper by Okamoto 

and Jinba [44].  

 

 

Figure 2.20 Curves between CL (CD) and angles of attack 

 

Taking into account the downwash phenomenon of 3D wing, the effective angle 

of attack can be calculated according to [45]: 

                   2
1/4 , / , /eff LC AR AR b S                     (2.18) 

Where is induced angle of attack, AR is the aspect ratio of wing, b is the span 

of wing and S is the projecting area of wing. Next the effective lift coefficient (CL)eff can 

be got from Figure 2.20. The effective drag coefficient is the sum of geometric drag 

coefficient CD and induced drag coefficient CDi. 

                       2, /D D Di Di L Leff
C C C C C C AR               (2.19) 

Finally actual lift and drag acting on the wing are: 
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                   2 2
1/4 1/4

1 1
,

2 2L N D Neff eff
L C U S D C U S                 (2.20) 

Here  denotes fluid density and NS is the projecting area of each segment. 

The added mass can be approximated by the added mass of the fluid of the 

column of which diameter is equal to the chord length of the wing c, and of which length 

is the same as the wing span b. Then added mass force can be obtained as below: 

                         2 1/4 1/4( sin )

4n

d U
F bc

dt

 


                    (2.21) 

Up to now, according to the force analysis in Figure 2.21, the expressions of 

thrust force and lateral force in coordinate o x y z    are given below: 

                  
   

   
1/4 1/4

1/4 1/4

sin cos sin

cos sin cos

v v n

v v n

T L D F

Z L D F

  

  

     

    
             (2.22) 

The expressions of lift force and vertical force in coordinate o xyz andO XYZ

can be obtained: 

                   cos sin sin , cosT T Z Z Z                      (2.23) 

T is thrust force along O-X direction and Z is vertical force along O-Z direction. 

 

 

Figure 2.21 Force analysis of one segment 
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2.4.4 The Determination of the Relative Pitch Angle  

 

 

Figure 2.22 Geometric relationship between  and ,  

 

During previous part, parameters except the relative pitch angle  were 

introduced. So in this part the process of how to get the values of will be explained. 

In Figure 2.22, it is assumed that AB is the chord of one cross section. BE and BF 

are perpendicular to plane o xy and o xz respectively. G is the intersecting point 

between plane BEF and line o x . Assume that FAG   and EAG   .  and are 

defined as the upper view projecting value and the side view projecting value separately 

of the angle between the line of the flipper located at the spanwise middle (line segment 

AB in Figure 2.5) and the carapace line (line segment OX in Figure 2.5). Their values can 

be obtained by movement analysis. 

Assume that the coordinates of point B is  , ,B B Bx y z , and then the relationship 

below can be got: 

                        tan , tanB B B By x z x                      (2.24) 

Then the vector parallel toOB


can be written as: 
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                          (1, tan , tan )o xyzc   


                      (2.25) 

According to (2.2) and (2.3), the expression of c


at coordinate o x y z    is: 

          

cos sin tan
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  
      
      



    



  
         

       


      (2.26) 

 can be considered as the angle between o x y zc    


and o x  . And then the value 

of can be obtained: 

                          
2 2 2

arccos x

x y z

c

c c c
 

  


 

                    (2.27) 

 

2.5 Results of Hydrodynamic Analysis 

2.5.1 Hydrodynamic Analysis of Sho’s Left Flipper 

Using the theoretical analysis method mentioned above, the relationship between 

drag force acting on the body of sea turtle and thrust force produced by the left forelimb 

of Sho is discussed. 

Figure 2.23 shows time variation of swimming velocity components of Sho in 

coordinateO XYZ . Figure 2.24 gives the time variation of angles of attack of the 7th 

segment of Sho’s left flipper in Figure 2.18. On the other hand, hydrodynamic drag 

coefficients on turtle body were referred from the paper by Watson and Granger [46]. It is 

plotted the time variation of total thrust force generated by left flipper and body drag 

force in Figure 2.25. The average thrust force generated by the left flipper is -0.9873N, 

the average total thrust force can be got as twice of the thrust generated by left flipper and 

the average body drag force is 2.0114N. Consequently the total thrust force and body 

drag force can be balanced. 
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In order to verify the validity of the method in this dissertation in carrying out the 

hydrodynamic analysis of sea turtle’s swimming, some further calculation was 

performed. The average total thrust force (twice of the thrust force generated by the left 

flipper) and the average body drag force in different swimming velocities were calculated 

and then the tendency of both forces were compared (Figure 2.26). The velocity of the 

intersecting point is 0.269 m/s and the actual swimming velocity during Sho’s calculation 

is 0.278m/s. So it can be said that the method in this dissertation can almost predict the 

hydrodynamic analysis of Sho’s forelimb movements. 

 

 

Figure 2.23 Time variation of swimming velocity components of Sho inO XYZ  
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Figure 2.24 Time variation of angles of attack of the 7th segment for Sho’s left flipper 

 

 

Figure 2.25 Time variation of total thrust force generated by left flipper and total body 

drag force of Sho (Here the sing of body drag force is set as minus to compare easily with 

total thrust force) 
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Figure 2.26 Average total thrust force and body drag force of Sho in different swimming 

velocities (the sign of both forces is set as plus here) 

 

2.5.2 Hydrodynamic Analysis of Yu’s Forelimbs Without Prosthetic Flippers 

Figure 2.27 shows the time variation of swimming velocity components of Yu 

with actual flippers. Figure 2.28 gives the time variation of angles of attack of the 8th 

segment for Yu’s actual left flipper (left panel) and actual right flipper (right panel). 

Figure 2.29 is the time variation of total thrust force generated by both actual flippers and 

body drag force. The average thrust force generated by left flipper is -0.3789N, the 

average thrust force generated by right flipper is -0.5381N, and the average body drag 

force is 0.9228N. Consequently the total thrust force and body drag force can be almost 

balanced. 

The verification calculations in different swimming velocities were also done 

(Figure 2.30). The total thrust force is the sum of the thrust force generated by the left and 

right actual flippers. The velocity of the intersecting point is 0.203m/s and the actual 

swimming velocity during Yu’s calculation is 0.187m/s. Although there exist some 
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discrepancies, the method in this dissertation can predict the hydrodynamic analysis of 

Yu’s forelimb movements. 

 

 

Figure 2.27 Time variation of swimming velocity components of Yu with actual flippers 

 

 

Figure 2.28 Time variation of angles of attack of the 8th segment for Yu’s left actual 

flipper (left panel) and Yu’s right actual flipper (right panel) 
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Figure 2.29 Time variation of total thrust force generated by Yu’s both actual flippers and 

total body drag of Yu (Here the sing of body drag force is set as minus to compare easily 

with total thrust force) 

 

 

Figure 2.30 Average total thrust force and body drag force of Yu with actual flipper in 

different swimming velocities (the sign of both forces is set as plus here) 
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2.5.3 Hydrodynamic Analysis of Yu’s Forelimbs With Prosthetic Flippers 

Figure 2.31 shows the time variation of swimming velocity components of Yu 

with prosthetic flippers. Figure 2.32 gives the time variation of angles of attack of the 7th 

segment of Yu’s left (left panel) and right prosthetic flippers (right panel). Figure 2.33 

gives the time variation of total thrust force generated by Yu’s both flippers and body 

drag force with prosthetic flippers. The average thrust force generated by left prosthetic 

flipper is -1.0399N, the average thrust force generated by the right one is -1.1661N, and 

the average body drag is 2.573N. The average thrust and body drag can be balanced. 

The verification in different swimming velocities is shown in Figure 2.34. The 

velocity of the intersecting point is 0.268m/s and the actual swimming velocity is 

0.293m/s. Although the discrepancy is a little bigger, almost it can be said that if 

installing prosthetic flippers, the method in this dissertation can also predict the 

hydrodynamic analysis of Yu’s forelimb movements. 

 

 

Figure 2.31 Time variation of swimming velocity components of Yu with prosthetic 

flippers 
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Figure 2.32 Time variation of angles of attack of the 7th segment of Yu’s left forelimb 

(left panel) and right forelimb (right panel) with prosthetic flippers 

 

 

Figure 2.33 Time variation of total thrust force generated by Yu’s both flippers and body 

drag of Yu with prosthetic flippers (Here the sign of body drag force is set as minus to 

compare easily with total thrust force) 
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Figure 2.34 Average total thrust force and body drag force of Yu with prosthetic flippers 

in different swimming velocities (the sign of both forces is set as plus here) 
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but for Yu’s cases with and especially without prosthetic flippers, there exist some 

discrepancies. The first reason is from the verification method itself: sea turtle’s 

swimming velocity is not constant, but during the validation the relationship of average 

velocity and average forces (both thrust and body drag) was adopted to inspect the 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 0.1 0.2 0.3 0.4 0.5

thrust
bodydrag

force (N)

velocity (m/s)



Chapter 2. Analysis of forelimb propulsion of sea turtle 

 39

validity of the method. And the asymmetry of Yu’s real and prosthetic flippers aggravates 

this inconstancy of swimming velocities. The second reason may come from that when 

Yu swims with prosthetic flippers it cannot suit itself with the appendages and therefore 

cannot swim regularly, which increases the difficulty of taking high-quality videos. 

 

2.6 Conclusion and Discussion 

To contribute to design and development of prosthetic flippers, in this chapter it is 

contradistinguished the 3D kinematics and hydrodynamics of three cases of sea turtles’ 

swimming and it is verified that the proposed method in this chapter can predict well the 

hydrodynamics of se turtles’ forelimb motions. 

Tries have been taken on finding some bijective correspondence between 

kinematics and propulsive force generation. One is that flipper flexibility plays a great 

role during the generation of thrust force. Flexible Sho’s flippers and Yu’s actual flippers 

behave curvilinear motions and can bend actively in both chordwise and spanwise 

directions, which correspondingly produce effective thrust force. But Yu’s prosthetic 

flippers behave nearly linear motions and can only passively utilize the flexibility, which 

to some extent affect the effective generation of thrust. 

From the viewpoint of making prosthetic flippers, it can be seen that the thrust 

generated by the right prosthetic flipper is larger than that generated by the left one. So in 

the future it is better to develop new prosthetic flippers or only install left prosthetic 

flipper, which can make both flippers generate equal thrust and therefore Yu’s swimming 

motion will become smooth. 
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Chapter 3 Analysis of Flexible Pectoral Fin Propulsion on the 
Swimming Performance of Underwater Vehicle 

 

3.1 Introduction 

Pectoral fins of fish present great variability in shape, aspect ratio and structure, 

depending on the application they are intended for, resulting in different movement 

expressions. Also the flexibility of pectoral fins ranges greatly. They can flex along their 

spanwise and/or chordwise direction. Many studies show that a fin’s oscillation 

parameters must be tuned to its stiffness for optimal performance [47, 48]. Kato et al. 

investigated the optimal parameters for rigid pectoral fin installed on BIRDFIN, a fixed 

compact three-motor-driven mechanical fin device with high-speed capacity and precise 

movement designed to assess the hydrodynamic characteristics of pectoral fin motions 

[49]. Following that, they developed a free biomimetic underwater vehicle PLATYPUS 

with two pairs of the same rigid mechanical pectoral fins to achieve dexterous hovering 

and low-speed maneuvering performance [50, 51, 52]. But the performance of 

PLATYPUS was limited as lift-based swimming mode was adopted to propel the vehicle 

but those rigid pectoral fins were designed as drag-based rigid ones.  

This chapter introduces the research aiming at improving the swimming 

performance of PLATYPUS by designing and making new types of pectoral fins from 

the viewpoint of fin flexibility and chordwise crossection. The change of pectoral fin 

shapes and the use of flexibility necessitate the investigation of those effects on the 

hydrodynamic characteristics of the new pectoral fins.  
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3.2 PLATYPUS and Four Types of Pectoral Fins 

3.2.1 PLATYPUS and Experimental System 

3.2.1.1 Specifications of PLATYPUS 

The specifications of PLATYPUS are 1.36m in length, 0.12m in diameter and 

14.5kg in mass. The fore pair of pectoral fins is arranged in horizontal plane and the rear 

pair in vertical plane (Figure 3.1). Each pectoral fin is controlled by using Three-Motor-

Driven Mechanical Fin system (3MDMPF), which will be explained in details in the 

pectoral fin kinematic part of this chapter. Each 3MDMPF has a maximum frequency of 

3H with a rowing angle of -50° ~ 70°, flapping angle of -30° ~ 30° and feathering angle 

of -180° ~ 180°. A cylindrical float is attached to the fuselage to adjust its buoyancy. The 

vehicle has tilt sensor for pitching and rolling, an azimuth sensor, rate sensors for 

pitching, rolling and yawing, a depth sensor, an acoustic positioning measurement system 

and angular sensors on fin motion. 

 

 

Figure 3.1 Photograph of PLATYPUS 

 



Chapter 3. Analysis of Flexible Pectoral Fin Propulsion 

 42

3.2.1.2 Experimental System 

The experiments of PLATYPUS were carried out in the towing tank of Osaka 

University (length 100 [m], width 7.8 [m], depth 4.35 [m]). 

The power of PLATYPUS is supplied from the ground through a cable, and the 

data are transmitted through a cable between a computer on board and a computer on the 

ground. The computer on board has the functions of controlling the motions of two pairs 

of 3MDMPFs every 10ms, sending the data from sensors to the computer on the ground, 

and receiving the control command data from the computer on the ground. The computer 

on the ground has the functions of receiving the data from acoustic positioning 

measurement system, receiving and sending the data between the two computers every 

100ms, and computing controlling parameters for each 3MDMPF every 100ms.  

To measure the location of the vehicle, Long Baseline (LBL) Acoustic 

Positioning System is used to track the underwater vehicle. LBL systems are unique in 

that they use networks of seafloor mounted baseline transponders (receivers) as reference 

points for navigation. During our experiment three acoustic transponders were set up on 

the wall surface of the towing tank and one acoustic interrogator (pinger) at the bottom of 

PLATYPUS (Figure 3.2).  

The vertical coordinate Z of the pinger is obtained directly from the depth sensor 

installed on PLATYPUS. The horizontal plane coordinate (X, Y) of the pinger is 

obtained through the geometrical relationship in Figure 3.3.  

                    

   

   
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L X X Y Y

   

   
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                       (3.1) 

If we assume the auxiliary parameters below: 
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Figure 3.2 Positioning measurement system 

 

 

Figure 3.3 Horizontal plane of the positioning measurement system 
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                  (3.2) 

Thus the horizontal plane coordinates of the pinger can be obtained as: 

  
2 2 2 2

2 2

X  (L1  -L3  - F - E L1  / B  E L2  / B  E  C / B) / (D - E  A / B)

Y  (L1  -L2  - C - A  X) / B                                                                       

      

 
   (3.3) 

Up to now the coordinates of PLATYPUS are calculated. 

 

3.2.2 Four Types of Pectoral Fins 

3.2.2.1 Fabrication of Four Kinds of Pectoral Fins 

In nature, the pectoral fins that employ drag-based mode usually have a short and 

round shape, for example largemouth bass (Microptepus salmoides); while those that use 

lift-based mode, usually have a narrow and long fin shape, Bluegill (Lepomis 

macrochirus) for example. 

At present PLATYPUS employs lift-based swimming mode for propulsion but 

original fins were designed as drag-based ones. It is better to make some lift-based 

pectoral fins for PLATYPUS to improve its swimming performance. The original rigid 

fin is made from a stainless-steel plate with a thickness of 0.7mm. Specifications of the 

original fin are listed in Figure 3.4. 

Two types of lift-based fin shapes are designed: symmetric and asymmetric. 

Symmetric fin has the elliptic cross section, while the cross section for asymmetric fins is 

NACA0015. They are given in Figure 3.5 and Figure 3.6 respectively. 
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Span: 0.1m 

Chord: 0.08m 

Aspect ratio: 1.72 

(AR=b2/s, b: Span, S: Area) 

Project area: 0.0058m2 

Young’s modulus: 1.8×1011N/m2 

Figure3.4 Specifications of original fin 

 

 

Span: 0.13m 

Chord: 0.055m 

Aspect ratio: 3.0 

Project area: 0.005595m2  

Thickness: 0.00825m 

Figure 3.5 Symmetrical fin (plan view and chordwise cross section) 

 

 

Span: 0.13m 

Chord: 0.055m 

Aspect ratio: 3.0 

Project area: 0.005595m2 

Thickness: 0.00825m 

Figure 3.6 Asymmetrical fin (plan view and chordwise cross section) 
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In total, four kinds of pectoral fins were made: Symmetric rigid fin, Asymmetric 

rigid fin, Asymmetric harder flexible fin, and Asymmetric softer flexible fin. The 

material of rigid fins is ABS resin (Young’s modulus: 2.3×109N/m2) and flexible fins are 

made of two types of silicon gums, the properties of which will be given in the following 

section. As in nature most of pectoral fins show asymmetric properties, here only 

asymmetric flexible fins were made but symmetric flexible fins were not. Hereafter, 

“asymmetric softer flexible fin” is abbreviated to “Asym-softer”, “asymmetric harder 

flexible fin” to “Asym-harder”, “asymmetric rigid fin” to “Asym-rigid”, and “symmetric 

rigid fin” to “sym-rigid”. 

 

3.2.2.2 Hyper Elastic Materials 

The typical properties of silicone rubber include: 

a) The ability to remain elastic even given large deformation; 

b) A highly nonlinear relationship between load and extension; 

c) Nearly incompressibility. 

These characteristics can be generally defined as hyper elastic [53, 54]. Hyper-

elasticity is defined as a material that has an elastic potential function W . A stress tensor 

is derived by differentiating W with respect to the conjugate strain tensor as 

                            ij
ij

W
S

E





                                (3.4) 

Where the following definitions can be applied: 

                          E = (C − I)/2                               (3.5) 

Where E denotes the Green-Lagrange strain tensor, C the right Cauchy-Green 

deformation tensor, and S the second Piola-Kirchhoff stress tensor. The elastic potential 
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function W is defined as the functions of the ratios of expansion and contraction, λ1, λ2, 

λ3, in three dimensions. 

                         1 2 3, ,W f                                 (3.6) 

In this analysis the Ogden model [55] for W was used since this model can 

represent the behavior of slightly compressible rubber, and Downhill-Simplex method 

was employed to obtain the values of the corresponding parameters in the following 

equation. 

               
21

3 3
1 2 3

1

3 4.5 1
n

n n n

N
n

n n

W J K J


     






   
       

  
          (3.7) 

n , n : material constants;             K : initial bulk modulus; 

1 2 3J    : volumetric ratio;             : principal stretch. 

For practical purpose the sum in (3.7) is restricted to a finite number of terms, 

while, for consistency with the classical theory, the constants must satisfy the 

requirement below [56]: 

                            
1

2
N

n n
n

  


                             (3.8) 

where  is the shear modulus of the material in the undeformed stress-free 

(natural) configuration. 

Tensile tests of two kinds of silicon gums give the stress-strain relationship 

(Figure 3.7). Table 3.1 and Table 3.2 show the values of corresponding parameters in 

(3.7). (Here N is set as 3). 

According to (3.8), Table 3.1 and Table 3.2, it can be obtained below: 

μ(Asym-softer) = 1.05×105,         μ(Asym-harder) = 4.25×105 

The shear modulus of the material of Asym-softer is smaller than that of Asym-

harder, which validates that Asym-softer is more flexible than Asym-harder. 
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Figure 3.7 Relationship between stress and strain 

(A: material of Asym-softer; B: material of Asym-harder) 

 

Table 3.1 Ogden parameters of material of Asym-softer (N=3) 

No. Moduli n  Exponents n  Initial modulus K  

1 0.19e+02 0.228 0.67e+09 

2 0.68e+02 0.17e+02 0.67e+09 

3 0.11e+07 0.19 0.67e+09 

 

Table 3.2 Ogden parameters of material of Asym-harder (N=3) 

No. Moduli n  Exponents n  Initial modulus K

1 0.87e+07 0.14e-01 0.21e+10 

2 0.15e+08 0.18e-01 0.21e+10 

3 0.24e+08 0.19e-01 0.21e+10 
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3.3 Kinematic Expression of Mechanical Pectoral Fin System 

There are five basic types of movements for pectoral fins of fish in real world: 

rowing motion (back-and-forth movement), feathering motion (twisting movement), 

flapping motion (up-and-down movement), bending motion and spanning motion as 

shown in Figure 3.8.  

 
 
 
 
 

 
 
 
 

 
 
 
Bending motion                     Spanning motion 

     
  

 
 
 
 
 

Figure 3.8 Basic motions of pectoral fin of fish 

 

Based on the available literatures and previous demonstrations [57, 49], it is 

apparent that rigid pectoral fin motions can be expressed by the combination of flapping, 

rowing and feathering movements. Each fin of PLATYPUS is a compact Three-Motor-

Driven Mechanical Fin (3MDMPF), which can generate combined rigid pectoral fin 

motions. The coordinate system of each 3MDMPF is shown in Figure 3.9 and the 

corresponding movement controlling equations are listed below. 
 

Rowing motion Flapping motion Feathering motion 
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Figure 3.9 Coordinate system for each 3MDMPF 
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       

       

                   (3.9) 

 

R , FL , FE ---instant rowing angle, flapping angle and feathering angle of pectoral fin; 

0R , 0FL , 0FE ---the initial value of rowing angle, flapping angle and feathering angle; 

RA , FLA , FEA ---the amplitude of rowing angle, flapping angle and feathering angle; 

FL ---phase difference between rowing and flapping movement; 

FE ---phase difference between rowing and feathering movement; 

2fin f  , t ---the angular frequency of pectoral fin motion and time, and f is the 

frequency of pectoral fin motion. 
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The flapping angle FL is defined as the rotation angle around theO X axis in 

Figure 3.9 along the longitudinal axis of the fuselage, by which coordinateO XYZ is 

transformed to coordinateO X Y Z   . The rowing angle R is defined as the rotation 

angle around theO Z  axis in Figure 3.9, by which coordinateO X Y Z   is transformed 

to coordinateO X Y Z   . The feathering angle is defined as the rotation angle around the

O Y  axis in Figure 3.9, by which coordinateO X Y Z   is transformed toO X Y Z   . 

 

3.4 Experimental Analysis of Flexible Pectoral Fin Propulsion 

Generating the maximum propulsive force is an important factor for an 

underwater vehicle in near-shore, high-energy environments to achieve stable and precise 

hovering. Therefore this section focuses on optimization of the motion parameters of 

mechanical pectoral fin to generate maximum thrust force within the testing range. Here 

the maximum swimming speed of PLATYPUS is chosen as the indicator of the optimal 

combination of parameters within the testing range. 

Because PLATYPUS was designed to perform high maneuverability in low speed 

under disturbances such as water currents and waves, the optimal combination of 

parameters of the new pectoral fins should be found from the aspect of maximizing the 

maneuverability in low speed under disturbances. Ideally speaking, it is better to 

enumerate all combinations of fin parameters to find the optimal one. But PLATYPUS 

has its own mechanical limitations. In this way no choice has been left but only to find 

the optimal combination under the given conditions. For example, the fin installed on 

PLATYPUS can perform the maximum flapping amplitude of 30°, and it was restricted 

to explore the optimal combination of fin parameters under these constraints. 
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3.4.1 Straight Forward Swimming 

Straight forward swimming experiments of PLATYPUS using two pairs of fins 

were carried out to find the optimal forward combination of amplitudes for each type of 

fin within the testing range. Fin controlling parameters are listed in Table 3.3, where FEA

was set as 20°, 30°, 40°, 50° and 60°, and FLA as 15°, 20°, 25°, 30°. The frequency of 

the fin motion was taken as 2.5Hz. Results are given in Figure 3.10. With the increment 

of flapping amplitudes, the speed of the vehicle increases under each feathering 

amplitude. Under constant flapping amplitude, the speed of the vehicle initially increases 

and then decreases with the increment of feathering amplitudes. It can be seen that the 

optimal parameters within the testing range for four types of pectoral fins are: 30FLA   , 

40FEA   . 

 

Table 3.3 Fin parameters for straight forward swimming 

0R  RA  R  0FE  FEA  FE  0FL  FLA  FL  

0 0 0 -90 Var1 0 0 Var2 90 

(Unit: degrees) 

 

Table 3.4 Fin parameters for straight backward swimming 

0R  RA  R  0FE  FEA  FE  0FL  FLA  FL  

0 0 0 90 Var1 0 0 Var2 -90 

(Unit: degrees) 
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Figure 3.10 Results of straight forward swimming experiments of PLATYPUS 

 

3.4.2 Straight Backward Swimming 

Straight backward swimming experiments of PLATYPUS under two pairs of fins 

were carried out to find the optimal backward combination of amplitudes for each type of 

pectoral fins. Fin controlling parameters are listed in Table 3.4, where FEA was set as 

20°, 30°, 40°, 50° and 60°, and FLA as 15°, 20°, 25°, 30°. The frequency of the fin 

motion was taken as 2.5Hz. Results are given in Figure 3.11. With the increment of 

flapping amplitudes, the speed of the vehicle increases under each feathering amplitude. 

Under constant flapping amplitude, the speed of the vehicle shows an almost decreasing 

tendency with the increment of feathering amplitudes (except the point of Sym-rigid 
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under 30 , 20FLA FEA     ). It can be seen that the optimal parameters within the 

testing range for four types of fins are: 30 , 20FLA FEA     . 

 

 

Figure 3.11 Results of straight backward swimming experiments of PLATYPUS 

 

3.4.3 Discussion on Experiment Results 

From the results in Figure 3.10 and Figure 3.11, the below items can be 

concluded: 

a) Asymmetric rigid fin shows just a little superiority than that of symmetric rigid fin, 

although theoretically asymmetric rigid fin (NACA0015 cross section) is supposed to 

have a great advantage over symmetric rigid fin (elliptic cross section); 
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b) The performance of flexible pectoral fins is better than that of rigid ones, which 

verifies that flexibility takes a positive role in the generation of hydrodynamic forces; 

c) Comparing two asymmetric elastic fins, the performance of harder one is almost the 

same as that of softer one in generating thrust force, although softer fin possesses 

much more flexibility than harder fin does. 

 

3.5 Hydrodynamic Analysis of Flexible Pectoral Fin Propulsion 

In last section based on the swimming experiments of PLATYPUS, some 

conclusions are listed just above. This section concentrates on elucidating the mechanism 

that lies behind the phenomena. 

At first MSC.Marc software was used to calculate the natural frequency for the 

two kinds of elastic pectoral fins: f(Asym-softer) = 21.25Hz and F(Asym-harder) = 40Hz. 

They are relatively much larger compared to the frequency of fin motion (2.5Hz). So it 

can be said that natural frequency has little influence on the performance of pectoral fins 

during the swimming experiments. 

Then it come the deformation and hydrodynamics analysis of flexible fins. 

Actually it is very difficult to investigate the whole deformation of the fin surface during 

fin movements, as spanwise and chordwise deformation would couple together, which 

causes a big problem during the calculation of hydrodynamics. To simplify the problem, 

firstly during the following calculation only the deformation along the spanwise direction 

is observed. 
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3.5.1 Method of Spanwise Deformation Calculation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 Flow chart of iterative calculation 
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Figure 3.13 Segments of pectoral fin along spanwise direction 

 

 

 

Figure 3.14 Point load applied on the one-quarter chordwise position for each segment 

 

The calculation of spanwise deformation is an iterative process between 

MSC.Marc (Finite Element Method software) for structural computation and unsteady 

2D wing element theory for hydrodynamic computation. The general calculating flow is 

given in Figure 3.12. The pectoral fin is divided into 18 segments along the spanwise 

direction (Figure 3.13). Inside each time step firstly theory of wing section is adopted to 

calculate the hydrodynamic force, which will be applied onto the one-quarter chordwise 
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position of each segment (Figure 3.14). And then MSC.Marc software is utilized for 

structural analysis, from which the spanwise deformation of elastic fins under each 

working condition can be obaserved. 

 

3.5.2 Hydrodynamic Force in One Segment 

During the calculation each fin is divided into eighteen segments. For each 

segment the 2-point hinge oscillating wing theory is adopted simulate the motion of the 

cross section, which is coupled with heaving and pitching movements. 

 

 

Figure 3.15 Compositions of velocities in one cross section 

 

In Figure 3.15, the ordinate is along the linear velocity direction of flapping 

movement and the abscissa is along the chordwise direction assuming no feathering 

motion exists. Then the following relationships exist: 

 

                         
  /FL

FE

v d R dt



  

 
                           (3.10) 
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Where R is the distance from the roof of shaft to that segment. The value of U is 

set as 0.45m/s during this calculation for three kinds of pectoral fins. Then it can be 

obtained below: 

                            

2 2

1tanv

U U v

v

U








 


                           (3.11) 

The angle of attack is calculated as 

                             v                                 (3.12) 

Lift force, drag force and added mass force are obtained as follows: 
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2
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F bc d U dt




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





                (3.13) 

Here, CL and CD are lift and drag coefficients separately, the value of which can 

refer to the relationship curve between angle of attack and CL and CD [44], which is 

shown in Figure 3.16. S is the projecting area of each segment. b and c are the span and 

chord length of each segment separately. 

 

 

Figure 3.16 Relationships between CL (CD) and angles of attack 
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Finally the hydrodynamic force along x and y directions can be given as: 

                       
sin cos sin

cos sin cos
v v n

v v n

T L D F

Z L D F

  
  

  

  
                 (3.14) 

T is the force along the abscissa and Z is the force along the ordinate for each 

segment. Sequentially the hydrodynamic force applied onto each segment, which will be 

utilized during structural calculation on each time step, can be calculated.  

 

3.5.3 Results of Spanwise Deformation Calculation 

Here it should be mentioned ahead of time that during the following hydro-

dynamic analysis, all forces are un-dimensionalized by 20.5 U S   except Figure 3.23. 

Figure 3.17 shows that the non-dimensional average thrust force generated by 

each asymmetric pectoral fin first increases and then decreases with the increment of 

feathering amplitude under constant flapping amplitude 30FLA   , reaching maximum at

30FEA   . The thrust coefficient when 30FEA   is a little larger than that when

40FEA   , which is different from the experimental results. (But in the following Point 

to Point control test in next chapter 40FEA   is still adopted based on the experiments’ 

results). Another result is that the thrust forces produced by Asym-softer and Asym-

harder are larger than that produced by Asym-rigid. Therefore, the forward speeds of 

PLATYPUS propelled by Asym-harder and Asym-softer are larger than that propelled by 

Asym-rigid, as shown in Figure 3.10. Comparing two elastic pectoral fins, it can be seen 

that Asym-softer has a little advantage over Asym-harder. 

In order to find the reason why Asym-softer has an advantage over the other two 

asymmetric fins, it is analyzed that the spanwise distribution of mean thrust coefficients 

per segment for three asymmetric fins when 30FLA   and 40FEA    (Figure 3.18). It 

can be seen that for the segments nearer to the tip the average thrust coefficients of 
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Asym-softer are larger than those of Asym-harder and Asym-rigid. This result can be 

explained by the tip spanwise flexibility. Because the stiff shaft reaches up to the 12th 

segment, since the 13th segment flexibility can bring into effect along spanwise direction. 

Furthermore, the following are also analyzed: the spanwise distribution of the component 

of mean lift coefficients along x direction (namely the thrust direction), the component of 

mean drag coefficients along x direction and the component of mean added mass force 

coefficients along x direction, which are shown in Figure 3.19, Figure 3.20, and Figure 

3.21 respectively. From three figures, it can be said that lift force component plays a great 

role in the generation of thrust force. The value of the component of added mass force 

coefficients along x direction can be negligible compared to those of lift coefficients and 

drag coefficients. 

Furthermore, the variation of angles of attack and lift coefficients of No.17 

segment in one period was investigated for three kinds of asymmetric fins (Figure 3.22 

and Figure 3.23). It can be clearly seen that the angles of attack of Asym-softer vibrate 

between 30° and 50° during one period, which provides some advantage to the generation 

of lift force. 

In order to clarify why thrust force reaches the maximum when 30FEA   , we 

investigated the time variation of thrust force during one period in different feathering 

amplitudes for Asym-harder when 30FLA    (Figure 3.24). From these five curves it 

can be seen that the time variation of thrust force when 30FEA  has an advantage over 

those of other feathering amplitudes. 

During the result analysis, tip deformation is used to describe the spanwise 

deformation in different feathering angle amplitudes for two flexible fins. It is defined as 

the maximum distance difference of fin tip between the elastic fin and rigid fin during fin 

motions. Figure 3.25 shows that the tip deformation of Asym-softer becomes larger when 
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the value of feathering amplitude increases, but the tip deformation of Asym-harder 

shows almost constant value. So it can be probably said that for our two kinds of elastic 

fins, spanwise deformation has positive influence on the thrust force generation. 

 

 

 

Figure 3.17 Thrust coefficients generated by asymmetric fins under different feathering 

amplitudes within flapping amplitude 30FLA    
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Figure 3.18 Spanwise distribution of mean thrust coefficients per segment for three 

asymmetric pectoral fins ( 30FLA   and 40FEA   ) 

 

 

 

Figure 3.19 Spanwise distribution of mean lift coefficient component along x direction 

per segment for three asymmetric pectoral fins ( 30FLA   and 40FEA   ) 
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Figure 3.20 Spanwise distribution of mean drag coefficient component along x direction 

per segment for three asymmetric pectoral fins ( 30FLA   and 40FEA   ) 

 

 

 

Figure 3.21 Spanwise distribution of mean added mass force coefficient component along 

x direction per segment for three asymmetric pectoral fins ( 30FLA   and 40FEA   ) 

 

0

0.5

1

1.5

2

2.5

1 3 5 7 9 11 13 15 17 19

No. of segment along spanwise

Asym-softer

Asym-harder

Asym-rigid

drag coefficient

root tip 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

1 3 5 7 9 11 13 15 17 19

No. of segment along spanwise

Asym-softer
Asym-harder
Asym-rigid

added mass force coefficient

tip root



Chapter 3. Analysis of Flexible Pectoral Fin Propulsion 

 65

 

Figure 3.22 Variation of angles of attack of No.17 segment in one period  

( 30FLA   and 40FEA   ) 

 

 

 

Figure 3.23 Variation of lift coefficients of No.17 segment in one period  

( 30FLA   and 40FEA   ) 
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Figure 3.24 Time variation of thrust coefficients during one period in different feathering 

amplitudes for Asym-harder ( 30FLA   ) 

 

 

Figure 3.25 Relationship between tip deformation and feathering amplitude under 

flapping amplitude 30FLA    
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3.6 Conclusion and Discussion 

Aiming at investigating the effects of flexibility and chordwise cross section of 

pectoral fins on the swimming performance of the biomimetic underwater vehicle 

PLATYPUS, two types of asymmetric elastic pectoral fins, one asymmetric rigid pectoral 

fin and one symmetric rigid pectoral fin were manufactured. The material properties of 

these pectoral fins are described in details and the kinematical controlling mechanism of 

mechanical pectoral fins is also introduced. 

Fundamental experiments on the straight forward and backward swimming 

performance of PLATYPUS verify that asymmetric flexible pectoral fins have an 

advantage in propelling underwater robots over symmetric rigid fin and asymmetric rigid 

fin. The optimal combination of flapping movement amplitudes and feathering movement 

amplitudes within the testing range for each pectoral fin to propel PLATYPUS is 

obtained at the same time. 

Iterative computation of spanwise deformation of asymmetric pectoral fins 

between Finite Element software and wing theory shows that asymmetric softer flexible 

fin can generate larger thrust force compared to asymmetric harder flexible fin and 

asymmetric rigid fin. Lift force plays an important role in generating the thrust force. The 

investigation of time variation of thrust force for three asymmetric pectoral fins in one 

period shows that the thrust force when the feathering amplitude is 30 degree has an 

advantage over those of other feathering amplitudes under constant flapping amplitude. 

Furthermore the investigation of tip deformation clarifies that spanwise deformation has 

positive influence on the generation of thrust force for the developed two kinds of elastic 

pectoral fins. 

Because during iterative calculation simple wing theory was used to obtain the 

hydrodynamic force, only point loads were applied onto certain positions of pectoral fins, 
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which cannot describe the actual phenomena clearly. It is better to validate these results 

in the future by adopting computational fluid dynamics method to get the pressure 

distribution around the fin surface. Besides in order to clarify the mechanism more 

clearly, it is advisable to investigate what happens to the chordwise deformation. Finally 

The validation of the jointing effect of spanwise deformation and chordwise deformation 

of the flexible fins on hydrodynamics should be discussed. 
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Chapter 4 Effects of Pectoral Fin Form and Flexibility on the 
Motion Control of Underwater Vehicle 

 

4.1 Introduction 

Neurobiology studies have shown that the locomotion of animals is controlled 

hierarchically by the central nervous system, from the cerebral cortex level, the brainstem 

level to the spinal cord level [58]. During the controlling process, sense and feedback is 

important for different levels’ central nervous systems to make the necessary and correct 

analysis and give the quick and efficient orders, which will affect the locomotion 

expression consequently. So are the biomimetic underwater vehicles. One challenge of 

underwater vehicle controlling lies in the need to consider the adjustment of the transient 

status of propulsors from the feedback information about surrounding environments. This 

adjustment process has close relationship with the selection of controlling mechanism of 

propulsors. 

Many researches have been done on the controlling scheme for biomimetic 

underwater vehicles. Barret et al. developed a self-optimizing motion controller based on 

a generic algorithm in order to overcome two difficulties: that the overall intractability of 

the hydrodynamics of a flexible body precludes a purely analytical solution and that the 

immense size of the experimental variable space prevents a purely empirical one [59]. 

Harper et al. proposed the design of an optimal spring constant to actuate the oscillating 

foil [60]. Using discrete-time continuous feedback and iteration of motion planning step, 

Bullo et al. presented the motion control algorithms for an underactuated mechanical 

control system to solve the PTP reconfiguration, static interpolation, and exponential 

stabilization, which can typically be applied to the model of underwater vehicles [61]. 
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Saimek et al. proposed a practical maneuvering control strategy for an aquatic vehicle 

that uses an oscillating foil as a propulsor, which consists of an off-line motion planning 

step and an on-line feedback control step [62]. Yu et al. developed an experimental 

closed-loop control system for a 4-link and free-swimming biomimetic robotic fish and 

the fish’s motion control task is decomposed into online speed control and orientation 

control [63]. By using Central Pattern Generator-Based, Zhao et al. developed a flipper-

actuated turtle-like underwater robot [20] and Zhou et al. developed a robotic manta ray 

(RoMan-II) [64]. 

Although much work on the controlling scheme of the propulsors for underwater 

vehicles, much of them are based on the rigid propulsors and little work has been done 

about the compatibility between underwater robots and flexible fins. Is it necessary to 

adjust the controlling mechanism of underwater vehicles if propelled by pectoral fins 

with different elastic properties? In real target mission carryout, what kind of flexible fins 

can achieve the best performance? Focusing on these questions, this chapter will explore 

the controlling schemes of paired oscillating pectoral fins.  

Previous chapter describes the effect of flexible paired oscillating pectoral fins on 

the swimming performance of biomimetic underwater vehicle with the aspects of 

materials properties and manufacturing of the propulsors, kinematical expression of 

propulsor movement and the fluid dynamics evaluation. It shows that rigid and flexible 

pectoral fins can propel the underwater vehicle with different swimming velocities. This 

intrigues our curiosity that if rigid and flexible pectoral fins are used to propel 

PLATYPUS separately to achieve a prescribed mission, is there any difference about the 

controlling schemes and how about the results. This chapter could be thought of as an 

extension of the previous chapter, discussing the characteristics of flexible pectoral fins 
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from the viewpoint of the effect of their movements to the motion control of the attached 

underwater vehicles.  

In this chapter Point-to-point (PTP) control, namely guiding an underwater 

vehicle move continuously and steadily from an initial point to a target point, is 

employed to verify the performance of different kinds of pectoral fins. PTP control is one 

of the basic problems concerning the robot’s controllability. Many complex motions of 

the fish such as obstacle avoidance and formation control could be simplified into a series 

of PTP controls. In our case, the vehicle PLATYPUS is guided from a far point to a near 

target point and finally hovers around the target point with a prescribed attitude (Figure 

4.1). 

 

 

 

Figure 4.1 The trajectory of PLATYPUS in PTP control 
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4.2 Control Laws of PLATYPUS 

Because the motion of vehicle is highly nonlinear about the control variables and 

also because it is difficult to express the equations of the motion explicitly in terms of 

control variables, fuzzy control algorithm is adopted here. 

 

4.2.1 Fuzzy Control Theory 

Fuzzy control systems are developed based on fuzzy mathematics, a branch of 

applied mathematics. While talking about fuzzy mathematics and its application, 

particularly in intelligent control systems, a typical question of common concern is first 

to be addressed: why is fuzzy mathematics necessary when there already exist well-

developed deterministic as well as stochastic mathematics? Indeed, deterministic and 

stochastic mathematics has been developed for a long time. But both require precise 

knowledge and perfect information, such as certainty (crisp numbers, explicit functions, 

exact distributions, accurate means and variances, etc.), and when data information is not 

ideal (only partial, vague, or even conflict) they cannot be applied to formulate and solve 

any problems. Ironically, the majority of real-world problems are very often inexactly 

formulated and imperfectly described. Therefore fuzzy mathematics, beginning with the 

fundamental concept of fuzzy sets, come up to handle such abnormal and irregular 

problems [65]. 

Fuzzy set theory basically extends the classical set theory that has membership of 

its elements described by the classical characteristic function (either “is” or “is not” a 

member of the set), to allow for partial membership described by a membership function 

(both “is” and “is not” a member of the set at the same time, with a certain degree of 

belongings to the set). Roughly, fuzzy membership functions bridge the idealized, crisp, 

sharp, and discontinuous gap between “yes” and “no”, between “in” and “out”, between 
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“true” and “false”, etc. As a result, it demonstrates great capabilities and flexibilities in 

solving many real-world problems which classical mathematics fails to handle.  

Fuzzy systems are the application of fuzzy mathematics to control systems. In a 

sense, fuzzy systems can be “trained” and can “learn” how to perform throughout a 

control task, and to some extent fuzzy controllers can act in a humanlike fashion in 

making “decisions” to what actions to take under various conditions. Compared to 

classical mathematics and conventional control theory, fuzzy logic control theory has the 

advantage in modeling and controlling complex nonlinear dynamics systems, particularly 

ill-formulated and partially described physical systems. 

The entire process of fuzzy control system can be decomposed into fuzzification, 

fuzzy operation and defuzzification. The overall structure of a fuzzy logic controller is 

shown in Figure 4.2. The key step—fuzzy operation—is executed by a logic rule base 

consisting some IF-THEN rules established by fuzzy logic and human analysis of the 

physical problem at hand. 

 

 

 

 

Figure 4.2 A typical fuzzy logic controller 

 

4.2.1.1 Fuzzification 

As mentioned earlier, the fundamental feature of fuzzy set theory that 

distinguishes itself from classical set theory is that it allows partial membership of an 

element with respect to a set: an element can partially belong to a set and, in the 

meantime, partially not belong to the same set. For example, Figure 4.3 shows grades of 

fuzzification fuzzy rule defuzzification 
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an element, x , belonging to the set, X , specified by normalized triangle membership 

function,  : 0,1X X  . There are two extreme cases:   0X x  means x X and

  1X x  means x X in the classical sense. But   0.3X x  means x belongs to X only 

with grade 0.3, or equivalently, x does not belong to X with grade 0.7. A set, X , along 

with a membership function defined on it,  X  , is called a fuzzy set and is denoted

 , XX  .  

 

1.0 

 

 

 

0 

 

      X1       X2      X3       X4        X5      X6       X7 

Figure 4.3 Normalized triangle membership function 

 

Given a classical set of real numbers,  1,1X   , a point x X assumes a real 

value, say 0.4x  , This is a crisp number without fuzzification. However, if a 

membership funtion  X  is introduced to associate with the set X , then  , XX  becomes 

a fuzzy set, and the same point 0.4x  has a membership grade quantified by  X x (for 

instance,   0.9X x  ). As a result, x has not one but two values associated with the 

point: 0.4x  and   0.9X x  . In this sense, x is said to be fuzzied. For convenience, 

instead of saying that “ x is in the set X with a membership value  X x ”, in common 

practice it is usually said “ x is X ”. If a member, x , belongs to two fuzzy sets, one says 

“ x is 1X  AND x is 2X ”, and so on. Here, the relation AND needs a logical operation to 
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perform. As a result, this statement eventually yields only one membership value for the 

element x , denoted by  
1 2X X x  . There are several logical operations to implement the 

logical AND; they are quite different but all valid within their individual logical system. 

A commonly used one is to take the minimum or maximum value between the two 

membership values of the same element x , namely, 

           
1 2 1 2

min ,X X X Xx x x     or       
1 2 1 2

max ,X X X Xx x x       (4.1) 

 

4.2.1.2 Fuzzy Logic Rule 

The majority of fuzzy logic control systems are knowledge based systems. This 

means that either their fuzzy models or their fuzzy logic controllers are described by 

fuzzy logic IF-THEN rules, which can be expressed in the following languages (in the 

case of two input variables): 

 

IF x1 is A1, AND x2 is B1    THEN y is C1 

IF x1 is A1, AND x2 is B2    THEN y is C2 

IF x1 is A2, AND x2 is B1    THEN y is C3 

IF x1 is A2, AND x2 is B2    THEN y is C4 

       :                       : 

       :                       : 

       :                       : 

IF x1 is An, AND x2 is Bn    THEN y is Cn2 

 

Here, x1, x2 are input variables, y is output variable. And, A1, A2, …, An B1, B2, 

…, Bn C1, C2, …, Cn are fuzzy sets. The logic relationship is called fuzzy rule. If there 

are two input variables, fuzzy rule can be expressed as Table 4.1 below. 
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These rules have to be established based on human expert’s knowledge about the 

system, the controller, and the performance specifications, etc., and they must be 

implemented by performing rigorous logical operations. 

 

Table 4.1 Fuzzy rule 

x1  

x2 
A1 A2 A3 ··· An 

B1 C1 C3 ··· ··· ··· 

B2 C2 C4 ··· ··· ··· 

B3 ··· ··· ··· ··· ··· 

··· ··· ··· ··· ··· ··· 

Bn ··· ··· ··· ··· Cn2 

 

4.2.1.3 Defuzzification 

After fuzzy reasoning a linguistic output variable is obtained, which needs to be 

translated into a crisp value. The objective is to derive a single crisp numeric value that 

best represents the inferred fuzzy values of the linguistic output variable. Defuzzification 

is such an inverse transformation which maps the output from the fuzzy domain back into 

the crisp domain. The result of defuzzication usually is a physical quality acceptable by 

the original real system. Whether or not this defuzzification result works well depends on 

the correctness and effectiveness of the logic rule base, while the latter depends on the 

designer’s knowledge and experience about the physical system or process for control. A 

general weighted average formula for defuzzification is the following convex 

combination of the individual outputs, which tends to produce an integral output 

considering all the elements of the resulting fuzzy set with the corresponding weights.  
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4.2.2 Azimuth and Distance Control of PLATYPUS 

The PTP control of PLATYPUS includes azimuth control and distance control 

during the guidance of the vehicle, which will be explained sequentially.  

Then one problem comes up—how to define the range of control variables. From 

the point of carrying out specific task by underwater vehicles, sometimes the vehicle has 

to swim fast and turn quickly in order to reach the prescribed location, and in this case 

large velocity is required. But sometimes the vehicle has to finely adjust its gesture to 

hover or track certain trajectory, and here it means the vehicle can be able to slow down 

itself by offsetting initial motions or achieve zero velocity freely. 

So it is better to investigate the direct relationship between control variables and 

vehicle locomotion expression. Then range of control variables can be chosen by the 

standard that the vehicle can achieve from low to high velocities monotonically.  

 

4.2.2.1 Azimuth Control of PLATYPUS 

In water currents, dexterous turning ability is necessary to keep the posture of 

underwater vehicles. As for PLATYPUS, azimuth control is performed by using the 

upper and below rear pectoral fins through controlling the rowing angles of the 

3MDMPFs on the basis of motion parameters shown in Table 4.2, where ΔΦFE is set as a 

control variable for azimuth control. As Figure 4.4 shows, the azimuth fuzzy control of 
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PLATYPUS is adopted in a range of ±20° to the target azimuth. If it is out of this range, 

the maximum turning force is output to adjust the gesture of PLATYPUS as quickly as 

possible. 

 

Table 4.2 Basic parameters for azimuth control 

0R  RA  R  0FE  FEA  FE  0FL  FLA  FL  

0 30 0 0 40 Var 0 0 0 

(Unit: degree) 

 

 

Figure 4.4 Azimuth control of PLATYPUS 

 

 

 

 

Figure 4.5 Azimuth fuzzy controller for PLATYPUS 
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As shown in Figure 4.5, two input variables E and E are defined from the 

azimuth of the vehicle and the target azimuth 0  as follows: 

                       0E E                                  (4.3) 

where denotes the yaw rate. Each value is transformed into five fuzzy sets of 

Negative Big (NB), Negative Small (NS), Zero (Z), Positive Small (PS), Positive Big 

(PB) using continuous triangle membership functions (Figure 4.3). The output variable

E  is also represented by five fuzzy sets. Here the i-th fuzzy rule is expressed as below: 

                 IF ,E Ai E Bi      THEN E Ci                   (4.4) 

where Ai , Bi andCi denote the corresponding fuzzy sets to the i-th fuzzy rule in 

Table 4.3. The values of the parameters of membership function in azimuth control are 

given in Table 4.4. 

The membership fuction  E   is obtained as: 

                      
1 25
max min ,

i
E Ai E Bi E Ci E        

 
            (4.5) 

The crisp value of the output variable E  , denoted by 0E   is given by: 

                 0 /E E E d E E d E                               (4.6) 

Finally the phase angle _ ( )FE ur t and _ ( )FE lr t for the upper-rear 

feathering phase angle and the low-rear feathering phase angle are given as follows: 

 

                 0

0

_ ( ) _ ( )

_ ( ) _ ( )
FE FE

FE FE

ur t ur t t E

lr t lr t t E

 
 

    
    

                  (4.7) 
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Table 4.3 Fuzzy rule for azimuth control 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 

Table 4.4 Values of the parameters of membership function in azimuth control 

 X1 X2 X3 X4 X5 X6 X7

E (degree) -100 -20 -10 0 10 20 100 

E (degree/s) -100 -5.0 -1.0 0 1.0 5.0 100 

E  (degree) -15 -10 -5 0 5 10 15 

 

In order to confirm the control range of FE , basic experiments were carried out 

to test the turning ability using only rear fins by changing FE from -110° to 110° for 

four types of fins. During the turning ability test, both fore fins were set into no motion. 

The results are given in Figure 4.6. From the graph, it can be seen that the control range 

of FE can be chosen in the range from -90° to 90° for Sym-rigd, in the range from -70° 

to 90° for Asym-rigid and Asym-harder. Asym-softer cannot be used in fuzzy control 

because it could not drive PLATYPUS to turn in counter-clockwise direction. 

ZO NS NB NB NB 

PS ZO NS NB NB 

PB PS ZO NS NB 

PB PB PS ZO NS 

PB PB PB PS ZO 
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Due to a mechanical limitation of PLATYPUS, asymmetric fins have to employ 

their trailing edge as leading edge to generate the force to rotate the vehicle. It shows that 

among three asymmetric fins, Asym-harder shows the best performance in turning.As for 

Asym-softer, it cannot turn in counter-clockwise direction. From experiment videos, it 

was observed that the thin and soft trailing edge of Asym-softer fin swings freely 

underwater, which does not act in harmony with the motion of fins and therefore impairs 

the generation of thrust force. Consequently, fin flexibility can improve hydrodynamic 

performance; however, too much softness may have a negative effect. 

 

 

(sign of angular velocity: + clockwise; - counter-clockwise) 

Figure 4.6 Turning ability test of PLATYPUS using only rear fins 
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4.2.2.2 Distance Control of PLATYPUS 

Distance control is performed by using the right and left fore pectoral fins through 

controlling the flapping angles of the 3MDMPFs on the basis of motion parameters in 

Table 4.5. 

 

Table 4.5 Basic parameters for distance control 

0R  RA  R  0FE  FEA  FE  0FL  FLA  FL  

0 0 0 -90 40 0 0 30 Var 

(Unit: degree) 

0X and X are defined as the target distance and the current distance respectively. 

Then two input variables are defined as: 

                  0 ( ( ) ( )) /Ex X X Ex Ex t Ex t t t                    (4.8) 

where t and t denote time and time step. The fuzzy control rule used in distance 

control is shown in Table 4.6.  Ex  , the membership function of the output variable

Ex , and the crisp value of the output variable, denoted by 0Ex are calculated as: 

                
1 25
max min ,

i
Ex Ai Ex Bi Ex Ci Ex    

 
             (4.9) 

                  0 /Ex Ex Ex d Ex Ex d Ex                         (4.10) 

The values of the parameters of membership function in distance control are given 

in Table 4.7. 

Then the flapping phase angle _FL lf and _FL rf for the left-forward 

flapping phase angle and the right-forward flapping phase angle can be calculates as: 

                     0

0

_ ( ) _ ( )

_ ( ) _ ( )
FL FL

FL FL

lf t lf t t Ex

rf t rf t t Ex




    

    
              (4.11) 
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Table 4.6 Fuzzy rule for distance control 

 

 

 

 

 

 

 

 

 

Table 4.7 Values of the parameters of membership function in distance control 

 X1 X2 X3 X4 X5 X6 X7 

Ex (m) -100 -1.0 -0.3 0 0.3 1.0 100

Ex (m/s) -100 -0.1 -0.05 0 0.05 0.1 100 

Ex (m) -15 -10 -5 0 5 10 15 

 

In order to confirm the control range of FL , basic experiments were carried out 

to test the straight swimming ability using only fore fins for four types of fins. During 

swimming ability test, both rear fins were set into no motion. The results are given in 

Figure 4.7. From the graph, it can be seen that the control range of FL can be chosen 

from -130° to 60° for four types of fins. 

From the graph, it can also be seen that Asym-harder can achieve larger working 

range compared to the other three pectoral fins, which is a very important advantage in 

precise control of underwater vehicles. 
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Figure 4.7 Swimming ability test of PLATYPUS using only fore fins 

 

4.2.3 Determination of the Azimuth Value 

 

 

Figure 4.8 The azimuth map in the experimental area 
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Table 4.8 Coordinates and azimuth value parallel to X axis of each peak of azimuth map 

 X (m) 

0.54 1.54 2.54 3.54 4.54

Y (m) 

1.505 133.93(1) 111.12(2) 154.94(3) 127.75(4) 129.2(5) 

2.505 125.95(6) 111.63(7) 125.39(8) 130.79(9) 126.97(10)

3.505 106.1(11) 122.98(12) 135.78(13) 128.5(14) 152.62(15)

4.505 111.27(16) 124.49(17) 131.73(18) 90.13(19) 114.38(20)

(Unit of azimuth: degree) 

 

We constructed an azimuth map (including twelve 1m×1m squares, Figure 4.8) in 

the experimental area and measured the azimuth value ( , )X Y of each node parallel to X 

axis. Table 4.8 shows the coordinates and the azimuth value parallel to X axis of every 

node in the azimuth map. 

With the azimuth map measured in Table 4.8, the azimuth of PLATYPUS

( , )X Y can be calculated from its location. At first, the nearest nodes to the location of 

PLATYPUS should be picked up and be numbered clockwise from (i) to (iv) as shown in 

Figure 4.9. Then by interpolating in the X direction, it can be obtained that: 

 

( )( ) 1 1

( )( ) 1 1 1 1 1

( , ) ( , ) ( , ) ( , ) / ( ) ( )

( , ) ( , ) ( , ) ( , ) / ( ) ( )

k k k k k k k k k

k k k k k k k k k

X Y X Y X Y X Y X X X X

X Y X Y X Y X Y X X X X

 

    

        

        
ⅰⅱ

ⅲ ⅳ

｛ ｝

｛ ｝
 (4.12) 

Next by interpolating in the Y direction, the azimuth value of PLATYPUS 

parallel to X axis can be calculated. 

          ( )( ) ( )( ) ( )( ) 1 1( , ) / ( ) ( )k k kX Y Y Y Y Y         ⅰⅱ ⅰⅱ ⅲ ⅳ｛ ｝            (4.13) 

However, due to the method in defining the numbers from (i) to (iv), sometimes 

the value of 1k kX X  , 1k kY Y  will be zero. In that case, the numbers are adjusted as: 
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{(i)→(iv), (ii)→(i), (iii)→(ii), (iv)→(iii)}. 

Furthermore, if PLATYPUS is outside the azimuth map, its azimuth value is 

defined as 110.15   . 

 

(Xｋ,Yｋ,    (Xｋ,Yｋ))

(Xｋ,Yｋ-1,     (Xｋ,Yｋ-1))(ⅳ)

(ⅰ)

(ⅲ) (Xｋ+1,Yｋ-1,    (Xｋ+1,Yｋ-1))

(Xｋ+1,Yｋ,    (Xｋ+1,Yｋ))

1
 (

m
)

P(X,Y)

1 (m)

(ⅱ)

(ⅰ)(ⅱ)

( , )X Y


 

 

    (ⅲ)(ⅳ)

 

Figure 4.9 Surrounding nodes to the location of PLATYPUS 

 

4.3 Control Strategy during Point-to-Point Test 

The PTP control strategy consists of two modes: 

Mode1: The center of the vehicle is located outside of the circle with the radius

0R . The fore pair of mechanical pectoral fins play a role in distance control about Dist

and the rear pair of mechanical pectoral fins play a role in azimuth control about E

defined in Figure 4.10. 

Mode2: The center of the vehicle is located inside the circle with the radius 0R . 

The fore pair of mechanical pectoral fins play a role in distance control about Dist  and 
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the rear pair of mechanical pectoral fins play a role in azimuth control about E defined in 

Figure 4.11. 

The switch between two modes in PTP control test is given in Figure 4.12. 

 

 

Figure 4.10 Notations for Mode1 

 

 

Figure 4.11 Notations for Mode2 
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Figure 4.12 Switch of two modes in PTP control 

 

4.4 PTP Control Test in Still Water 

4.4.1 Evaluation Criteria of the Performance of Pectoral Fins in PTP Control 

The performance of PTP control propelled by different pectoral fins can be 

evaluated quantitatively by the following three criteria: 

a) Time that PLATYPUS spends in approaching the target point. The shorter the time, 

the faster the speed; 

b) The average value of distance and azimuth difference between the current location of 

PLATYPUS and the target point. The smaller the difference, the more precise the 

control; 

c) The standard deviation of distance and azimuth difference between the current 

location of PLATYPUS and the target point. The smaller the deviation, the more 

stable the control. 
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4.4.2 PTP Control for Three Kinds of Pectoral Fins in Still Water 

Experiments were carried out at the towing tank of Osaka University (100m long, 

7.8m wide and 4.35m deep). 

During this stage we tried finding out the most appropriate fuzzy control rule for 

each asymmetric fin, namely the control rule that can minimize the distance and the 

change of azimuth to the target point. The reason lies in that original fuzzy rule was 

developed based on the properties of symmetric fins but during PTP experiments Asym-

rigid and Asym-harder are also employed to propel the vehicle as well as Sym-rigid. 

Therefore different kinds of fuzzy rules were tested to find out the most appropriate one 

for each fin. 

 

4.4.2.1 Fuzzy Rule Revision for Asymmetric Rigid Fin 

The original and modified fuzzy control rules in azimuth control for Asym-rigid 

are given in Figure 4.13. Because Asym-rigid is not good at counterclockwise turning, 

the original azimuth control rule was modified strengthen its turning ability in the 

counterclockwise direction. For example, E NS  and E PS  mean that the vehicle 

is now a little over the target direction and turning slowly in the counterclockwise 

direction to the target azimuth from the definition in (4.3). According to the original 

azimuth control rule in Figure 4.13, the output is E ZO   at this stage, which means the 

vehicle will keep the previous state from the definition of (4.7). But in the modified 

azimuth control rule, the output is E PS   at this stage, which means the vehicle will 

strengthen its counterclockwise rotation from the definition of (4.7). 

The original and modified control rules in distance control for Asym-rigid are 

given in Figure 4.14. Because the vehicle swims fast when inside the target circle, the 
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original distance control rule was modified to slow down the speed when the vehicle is 

near around the target point. 

The corresponding real-time azimuth and distance comparisons of PTP control 

tests under original and modified fuzzy rules are given in Figure 4.15 and Figure 4.16 

separately. It can be seen that modified fuzzy control rule can improve the performance 

of Asym-rigid in PTP control. 

 

 

Figure 4.13 Original and modified fuzzy rules for azimuth control of Asym-rigid 

 

 

Figure 4.14 Original and modified fuzzy rules for distance control of Asym-rigid 
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Figure 4.15 Comparison of azimuth in PTP control in still water for Asym-rigid under 

original and modified fuzzy rules 

 

 

Figure 4.16 Comparison of distance in PTP control in still water for Asym-rigid under 

original and modified fuzzy rules 
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4.4.2.2 Fuzzy Rule Revision for Asymmetric Harder Flexible Fin 

The original and modified fuzzy control rules in azimuth control and distance 

control for Asym-harder are given in Figure 4.17 and Figure 4.18. Because Asym-harder 

is not good at turning counterclockwise, the azimuth control rule was modified to 

strengthen its turning ability in the counterclockwise direction. And also because the 

vehicle swims fast when inside the target circle, the distance control rule was modified to 

slow down the speed when the vehicle is near around the target point. 

The corresponding real-time azimuth and distance comparisons of PTP control 

tests under original and modified fuzzy rules are given in Figure 4.19 and Figure 4.20 

separately. It can be seen that modified fuzzy control rule can improve the performance 

of Asym-harder in PTP control. 

 

 

Figure 4.17 Original and modified fuzzy rules for azimuth control of Asym-harder 
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Figure 4.18 Original and modified fuzzy rules for distance control of Asym-harder 

 

 

 

Figure 4.19 Comparison of azimuth in PTP control in still water for Asym-harder under 

original and modified fuzzy rules 
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Figure 4.20 Comparison of distance in PTP control in still water for Asym-harder under 

original and modified fuzzy rules 

 

4.4.2.3 Comparisons of PTP Control Under Three Types of Fins in Still Water 

Comparisons among the results of PTP control for three kinds of pectoral fins 

under modified control rules are shown in Figure 4.21 and Figure 4.22. Statistical 

comparison is given in Table 4.9 (The statistics sample was taken from t=30s to the end 

moment). It can be seen that in still water the performances of the distance control are 

almost the same for three kinds of fins. But from the viewpoint of the performance of the 

azimuth control, Asym-harder exerts the best control performance in terms of standard 

deviation of offset azimuth from target azimuth, because fluctuation of azimuth decreases 

workability of the robot like observation by cameras. 
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Figure 4.21 Comparison of azimuth in PTP control in still water for three pectoral fins 

under modified control rules 

 

 

Figure 4.22 Comparison of distance in PTP control in still water for three pectoral fins 

under modified control rules 
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Table 4.9 Statistical comparison of PTP control in still water 

Category Azimuth (degree) Distance (m) 

Properties Average Standard-deviation Average Standard-deviation

Sym-rigid -10.76 27.68 0.15 0.108 

Asym-rigid 18.99 22.47 0.17 0.069 

Asym-harder 10.18 8.01 0.21 0.065 

 

4.5 PTP Control Test in Water Currents 

Three thrusters were set up at the water depth of 0.55m to generate water currents 

in the lateral direction of the towing tank. Figure 4.23 gives the positions of the thrusters, 

start point and target point within experimental area and Figure 4.24 shows the 

distribution of water currents at the water depth of 0.55m. The mean value of water 

currents is 0.095m/s. 

Comparisons among the results of PTP control under three kinds of pectoral fins 

in water currents are shown in Figure 4.25 and Figure 4.26 separately. Statistical 

comparison is shown in Table 4.10 (the statistics sample was taken from t=30s to the end 

moment). Generally speaking, the performance of three pectoral fins in water currents is 

worse than that in still water. From Figure 4.23 it can be seen that the target point is 

located very near to one thruster and from Figure 4.24 we can also know that the water 

currents along the axes of thrusters are stronger than those in other areas. Both reasons 

above cause the underwater vehicle difficult to hover stably around the target point. 

It is found that there is not so much difference in distance control among three 

types of pectoral fins, but Sym-rigid is superior to other two asymmetric fins in 

fluctuation of azimuth. Asymmetric fins cannot produce enough force to turn against 
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water currents, especially for the flexible one. Sometimes the robot can turn to the target 

azimuth only when it is pushed away from the thrusters. The reason lies in that due to the 

mechanical limitation of PLATYPUS, symmetric fin can use both edges of the fin 

effectively during both clockwise and counterclockwise rotation, but asymmetric fins can 

use their leading edge for production of lift force more effectively in clockwise rotation 

than in counterclockwise rotation. 

 

 

Figure 4.23 Allocation of thrusters, start point and target point 

 

 

Figure 4.24 Distribution of water currents 
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Figure 4.25 Comparison of azimuth in PTP control in water currents for three fins 

 

 

Figure 4.26 Comparison of distance in PTP control in water currents for three fins 
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Table 4.10 Statistical comparison of PTP control in water currents 

Category Azimuth (degree) Distance (m) 

Properties Average Standard-deviation Average Standard-deviation

Sym-rigid 28.25 23.31 0.31 0.17 

Asym-rigid 58.91 46.58 0.29 0.16 

Asym-harder 60.78 33.21 0.32 0.11 

 

4.6 Conclusion and Discussion 

In this chapter PTP control tests were employed to check the performance of 

different kinds of pectoral fins and verify its effect to the controlling mechanism of 

underwater vehicles in real target mission carryout.  

First of all, from turning ability test of PLATYPUS using only rear fins the 

azimuth fuzzy control range is selected and it also shows asymmetric flexible softer fin 

cannot be used in PTP control because it could not propel PLATYPUS to turn in counter-

clockwise direction; from swimming ability test of PLATYPUS using only fore fins the 

distance fuzzy control range is selected. Secondly, during the PTP control test in still 

water, fuzzy control rules for asymmetric fins are improved to find the most suitable one 

for each fin; asymmetric flexible harder fin behaves better compared to asymmetric rigid 

fin and symmetric rigid fin. Thirdly, during the PTP control test in water currents 

symmetric rigid fin does better compared to the other two asymmetric fins. This is due to 

the feathering motion limitation of PLATYPUS, leading to asymmetric fins have to 

employ their trailing edges as leading edges to generate force to rotate the vehicle. 

The work in this chapter shows that compatibility between underwater vehicles 

and pectoral fins and fin design process is a series of try-and-trial stages. During this 
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process different factors may dominate the performance in different working conditions. 

For instance, flexibility plays a positive role during swimming test, but during rotation 

test of PLATYPUS flexibility instead becomes a disadvantage factor because of the 

mechanical limitation of the vehicle itself. 

Therefore it can be said that the performance of the fin is limited to the 

mechanical workout and depends on the working conditions of the vehicle. During fin 

design, it is advisable to take into account the matching among many factors: fin shape, 

fin flexibility, mechanical workout probability, working conditions and so on. Then 

according to the specific characteristics of each fin, the designers have to find out the 

suitable controlling mechanism for each one to achieve certain prescribed mission. 
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Chapter 5 Conclusion 

 

5.1 Conclusion 

In this dissertation centering on how to apply paired flexible biomimetic flapping 

appendages onto and how to investigate the effects of their locomotion on the swimming 

performance of their attached bodies, a united methodology is tentatively narrated to 

evaluate the performance of flexible artificial pectoral fins and prosthetic fore flippers 

from the aspects of (1) material properties and manufacturing of the propulsors; (2)3D 

kinematics of propulsor movement; (3) the fluid dynamics effects of propulsor motion on 

the attached bodies. Furthermore, as an extension, this dissertation also discusses the 

characteristics of pectoral fins from the viewpoint of the effect of fin form and flexibility 

on the motion control of the attached underwater vehicles by allowing the vehicle to carry 

out a specific task. The repeating of these steps would allow for further experimental and 

computational investigation of changes to propulsor design and for testing of 

hypothesized relationships between movement and force generation. The accumulation of 

such a comprehensive suite of data would possibly provide some references for other 

researchers in this area. 

 

a) Material Properties and Manufacturing of Flexible Propulsors 

Although in the past research elastic fin rays and webs or shape memory alloy are 

always employed to construct flexible pectoral fins or flippers, in this dissertation elastic 

materials only are used directly to manufacture paired flexible oscillating limbs. The 

prosthetic flippers are made of a kind of copolymer and the flexible pectoral fins are 
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made of silicon gums. The manufacturing processes for different pectoral fins and 

flippers are also different because of their special material properties and locomotion 

workout. The results show these elastic pectoral fins and prosthetic flippers can perform 

the corresponding movements well.  

 

b) 3D Kinematics of Propulsor Movement 

On the one hand, by observing the motion trajectories of fore flippers of sea 

turtles, it can be seen that on the horizontal plane parallel to the body of sea turtles, the 

fore flippers of Sho and Yu depict a circular arc with large curvature in both the power 

stroke and the recovery stroke, but in case of Yu equipped with prosthetic flippers, the 

projecting trajectory on this plane is a circular arc with small curvature; on the vertical 

plane from the side view of sea turtles, the projecting trajectories of the fore flippers of 

Sho and Yu are ovals but in the case of Yu equipped with prosthetic flippers the 

trajectory is similar to an oval with twist at the posterior position for the left prosthetic 

flipper and at the middle position for the right prosthetic flipper. On the other hand as for 

the mechanical pectoral fin system, the fin controlling equations and parameters are 

explained in details.  

Actually the fore flippers of marine turtles and the pectoral fins of fish relying on 

labriform propulsion for sustained cruising adopt the similar swimming kinematic 

mode—flapping locomotion, during which the propulsive appendages reciprocate upward 

and downward in a stroke plane largely orthogonal to swimming direction of aquatic 

animals. This provides a new sight in the future development of flexible paired flapping 

limbs for biomimetic underwater vehicles—to absorb and merge the advantages of both 

propulsors considering the concrete conditions. 
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c) Hydrodynamic Effects of Propulsor Motion on the Attached Body 

The 3D hydrodynamic analysis method based on quais-steady wing element 

theory proposed in this dissertation can to some extent evaluate the hydrodynamic 

characteristics of sea turtles’ forelimb motion. It shows prosthetic flippers play a positive 

role in generating thrust force but the thrust generated by the right flipper is larger than 

that generated by the left one. Another finding is that flipper flexibility plays a great role 

during the generation of thrust forces. Flexible Sho’s flippers and Yu’s actual flippers 

behave curvilinear motions and can bend actively in both the chordwise and spanwise 

directions, which correspondingly produce effective thrust force. But Yu’s prosthetic 

flippers behave nearly linear motions and can only passively utilize the flexibility, which 

to some extent affect the effective generation of thrust. 

Fundamental experiments on the straight forward and backward swimming 

performance of PLATYPUS verify that: (1) asymmetric rigid fin shows a little 

superiority than symmetric rigid fin although they possess different cross-sections; (2) the 

performance of flexible pectoral fins is better than that of rigid ones, which is a proof that 

flexibility plays a positive role in the generation of hydrodynamic forces; (3) the 

performance of two asymmetric elastic fins is almost the same, although softer fin 

possesses more flexibility than harder fin does. Iterative computation of spanwise 

deformation of asymmetric pectoral fins between Finite Element software and wing 

theory shows that asymmetric flexible softer fin can generate larger thrust force 

compared to asymmetric flexible harder fin and asymmetric rigid fin; lift force plays an 

important role in generating the thrust force; the investigation of tip deformation clarifies 

that spanwise deformation has positive influence on the generation of thrust force for 

elastic pectoral fins. 
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Two things have to be noted here. One is that wing element theory can be 

employed to roughly calculate the hydrodynamics of flapping-based swimming modes of 

both fishes and sea turtles, or probably even other aquatic animals (needing verification). 

The other is that the positive influence of fin or flipper flexibility on the thrust generation 

can be clearly seen from both the experiment and calculation results. 

 

d) Effect of Fin Form and Flexibility on Motion Control of Underwater Vehicles 

Point-to-point control tests in still water and water currents are employed to 

investigate the effects of pectoral fin movements to the motion control of PLATYPUS. 

From turning ability test of PLATYPUS using only rear fins the azimuth fuzzy control 

range is selected and it also shows asymmetric flexible softer fin cannot be used in PTP 

control because it could not propel PLATYPUS to rotate in counterclockwise direction; 

from swimming ability test of PLATYPUS using only fore fins the distance fuzzy control 

range is selected. During the PTP control tests it can be said that for different flexible 

pectoral fins it is advisable to adjust the controlling scheme of the propulsor and 

asymmetric flexible harder fin behaves better compared to asymmetric rigid fin and 

symmetric rigid fin. During the PTP control test in water currents symmetric rigid fin 

does better compared to the other two asymmetric fins. This is due to the feathering 

motion limitation of PLATYPUS, leading to asymmetric fins have to employ their 

trailing edges as leading edges to generate force to rotate the vehicle. 

 

5.2 Future Works 

1) One important thing that needs to be done in the future is to improve the hydro-

dynamic calculation method. 2D wing element theory is adopted in both the hydro-
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dynamics prediction of sea turtles’ forelimb propulsion and the iterative computation of 

spanwise deformation of asymmetric pectoral fins. But from this method only 

concentrated point loads can be obtained on the one quarter position of the chord for each 

cross-section of the pectoral fin or fore flipper. In the future it is advisable to employ 

more precise computational fluid dynamic method to calculate the hydrodynamic 

pressure around the surface of the fore flipper or pectoral fin, by which the hydrodynamic 

prediction of sea turtles’ forelimb motion would become much more accurate and the 

whole deformation both in the spanwise and chordwise direction of flexible pectoral fins 

can be investigated. 

2) From the viewpoint of making prosthetic flippers for Yu, it can be seen that the thrust 

generated by the right flipper is larger than that generated by the left one. So in the future 

it is better to develop new prosthetic flippers or only install left prosthetic flipper, which 

maybe can make both flippers generate equal thrust and therefore Yu’s swimming motion 

can become smooth. 

3) During PTP control tests in water currents, it can be seen that asymmetric flexible 

pectoral fins do not behave very well due to the mechanical limitation of PLATYPUS 

itself and the special properties of the fin. In the future it is advisable to improve the 

shape and flexibility of pectoral fins to let them perform better in water currents or even 

more complicated environments. 
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