US-Japan Cooperative Research on Biology-Inspired Precision Maneuvering of Underwater Vehicles
Naomi Kato
Shimizu, Shizuoka, Japan
phone: (81)543-34-0411 fax: (81)543-34-9982 email: nkato@kurosio.scc.u-tokai.ac.jp
Hao Liu
Wako, Saitama, Japan

phone: (81)48-467-4100 fax: (81)48-462-4634 email: hliu@postman.riken.go.jp
Hirohisa Morikawa

Ueda, Nagano, Japan

phone: (81) 268-21-5444 fax: (81) 268-21-5321 email: hliu@postman.riken.go.jp
Award Number: N00014-01-1-0501
http://mdesign.os.u-tokai.ac.jp/katolab/katolabe.html
LONG‑TERM GOALS
The long-term goal of our project is to develop an improved understanding of the practical applications of oscillating fins and to demonstrate the utility of replacing cumbersome thrusters with a suite of oscillating fins designed to optimize the hovering and low speed maneuvering performance of an undersea vehicle.
OBJECTIVES
The objective of this project is to numerically and experimentally evaluate the underwater precision maneuverability of a cylindrical body, in particular the STOP & HOVER motions, by using fore and aft pairs of pectoral fins, similar to their usage in a fish.
APPROACH 
The study will involve the following major tasks: 
(i) Experimental assessment of three-motor-driven mechanical pectoral fin (3MDMPF) performance in a controlled laboratory environment by Kato and Morikawa. Models of the hydrodynamic forces produced during typical fin motions will be completed by Liu. 
(ii) Construction of test body utilizing fore and aft pairs of 3MDMPF for maneuvering control by Kato.
(iii) Development of automatic control algorithms for guidance and control of the test body in 3D underwater space by Kato and Morikawa. Fuzzy Algorithms will be utilized as necessary to compensate for short-comings in mathematical descriptions of 3MDMPF performance.
(iv) Demonstration of the high maneuverability of the cylindrical underwater vehicle equipped with 3MDMPFs following a prearranged trajectory around undersea obstacles by Kato.

WORK COMPLETED 
We examined the hydrodynamic characteristics of a mechanical pectoral fin through experimental and numerical analyses and the optimal match of the fin motions to generate the maximum hydrodynamic forces. We constructed a test body utilizing fore and aft pairs of 3MDMPF for maneuvering control and tested the swimming performance.
PERSONEL EXCHANGES AND TRAVEL COMPLETED

Table 1. Summary of personnel exchanges and travel conducted under this NICOP

	Name
	Home Institution
	Institution/

Location Visited
	Scientific/Technical

Purpose of visit
	Dates

(mm/dd/yy)

	Naomi Kato
	Tokai Univ.
	UUST01/

Durham, NH
	Participation and presentation of a paper in the conference 
	Aug/26-30/2001

	Hirohisa Morikawa
	Shinshu Univ.
	UUST01

Durham, NH
	Participation in the conference
	Aug/26-30/2001

	Naomi Kato
	Tokai Univ.
	4th WCB/

Calgary, Canada
	Participation and presentation of a paper in the conference
	Aug/3-10/2002

	Hao Liu
	RIKEN
	4th WCB/

Calgary, Canada
	Participation and presentation of a paper in the conference
	Aug/3-10/2002


RESULTS 
Experimental tests by a compact mechanical pectoral fin device (see Fig.1) making a flapping motion, rowing motion, and feathering motion in a precise manner were carried out for the drag-based swimming mode, which is characterized by the rowing action of pectoral fins forming a high angle in relations to the horizontal axis of the fish body, and the lift-based swimming mode, which is characterized by the flapping action of pectoral fins forming a small angle to the horizontal. We revealed that the effects of the flapping motion on the propulsive force coefficient and the propulsive efficiency in the drag-based swimming mode are remarkable not only with uniform flow, but also in still water. 
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Figure 1 Three-motor-driven mechanical pectoral fin 

A CFD simulator for modeling of unsteady hydrodynamics not only for a single flapping fin, but also for a body with a single flapping fin, has been developed and clarified the unsteady mechanism of generating propulsive force in the drag-based swimming mode.　Good agreement of the hydrodynamic forces with our experimental results　demonstrated the feasibility of the present CFD simulator in assessing hydrodynamic characteristics of the mechanical pectoral fin.
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Figure 2 Comparison of hydrodynamic force coefficients in a complete cycle

The experimental study on optimal match between the fin geometry and motions in terms of optimal control-force generation of the mechanical pectoral fin clarified that the lift-based rather than the drag-based swimming mode is suitable for generation of propulsive force in uniform flow, while the drag-based rather than the lift-based swimming mode is suitable for generation of propulsive force in still water. Figure 3 shows variation of propulsive force coefficients during procedure of optimization on the generation of the maximum propulsive force coefficient under the constraint of the generation of the minimum vertical force for drag-based swimming mode in still water. 
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Figure 3  Variation of propulsive force coefficients during procedure of optimization for drag-based swimming mode in still water

We constructed an underwater robot equipped with 2 pairs of 3MDMPFs as shown Fig.3. The fuselage has the principal particulars of 1.36 m in length, 0.12 m in diameter and 14.5 kg in mass. Each pectoral fin has the chord length of 0.1 m and the span of 0.08 m.  It has tilt sensors for pitching and rolling, azimuth sensor, rate sensors for pitching rolling and yawing. depth sensor, acoustic positioning system, force sensors on fins and angular sensors on fin motion. Each mechanical pectoral fin has the maximum frequency of 3 Hz with rowing angle of 
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. The power is supplied from the ground through a cable and the data are transmitted through a cable between the computer on board and the computer on the ground. 
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Figure 3　 Photograph of underwater robot with 2 Pairs of 3MDMPFs
The comparison of the forward swimming performance from rest with a constant frequency of fin motion of the robot between the optimized lift-based mode in uniform flow and the optimized drag-based mode in still water actually proved that the propulsive force using the optimized drag-based swimming mode in still water is larger at the beginning of the start than the optimized lift-based mode in uniform flow, and that vice versa after the robot has an advancing speed (see Fig.4).


[image: image11]
Figure 4 comparison of the forward swimming performance from rest  between the optimized lift-based mode in uniform flow and the optimized drag-based mode in still water

We also revealed that the robot has a high maneuverability in 3D space both in forward advancing condition and hovering condition. Figure 5 shows loci of underwater robot, using the fin angular frequency of 1 Hz , during the forward swimming, backward swimming to hover, turning of about 180 degrees, descending in vertical direction, lateral swimming and forward swimming. 
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Figure 5 Loci of underwater robot in 3D space

IMPACT/APPLICATIONS 
There is no known current or successful effort that can match the precision maneuvering capability of the potential full-scale transition targeted by this project. Few researchers except our joint team considered the utilization of fish fin motion with the range of movements described in this project, to maneuver and stabilize underwater vehicles. It should be noted that much of the recent, biologically inspired engineering work on fish-like propulsion has focused on cruising/sprinting specialists or acceleration specialists that necessarily move by axial undulation. 
This project can be applied to design and control of underwater robots for surveying in near-shore, high-energy environments created by surges, currents, and breaking waves, because the ability to achieve stability and precision hovering is required of these underwater robots. 

TRANSITIONS
Until now, these results are not being utilized by others.

RELATED PROJECTS
Triantafyllou et al. of MIT are carrying out the project on maneuvering performance of a rolling and pitching wing (ONR N00014-99-1-1082), focusing on the fluid loading on a three-dimensional flapping wing. They use a flapping wing with two degrees of freedom mounted to a cylindrical fuselage, while we use a flapping flat fin with three degrees of freedom (see Fig. 1) mounted to a cylindrical fuselage.

Kemp et al. of Nekton Research LLC are carrying out the project on maneuvering performance of oscillating fin thruster vehicles (ONR N00014-97-C-0462 and N00014-C-00-0445). They use 4 oscillating fins mounted to a cylindrical fuselage. Each oscillating fin has one degree of freedom around a rotating shaft, while we use a flapping flat fin with three degrees of freedom and we will mount fore and aft pairs of the flapping fins to a cylindrical fuselage as a test vehicle. 
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