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Abstract— The development of amphibious robots requires Over the last five years we have developed, constructed and
actuation that enables them to crawl as well as swim; sea turtles tested a biomimetic, rigid hull vehicle, roughly in the shayf
are excellent examples of amphibious functionality, that can serve a sea turtle, namefinnegan the RoboTurtléThe vehicle is

?jbé?s biomimetic model for the development of amphibious 1.5m long, and 0.55n wide, and is propelled exclusively by

In this paper we have implemented the observed swimming four independently controlled high aspect ratio fir,([?]).
kinematics of Myrtle, a green sea turtleChelonia Mydas residing Each fin allows two-degree of freedom angular motion; each
in the Giant Ocean Tank of the New England Aquarium, on the degree of freedom is actuated by a separate motor, allowing a
1.5-meter long biomimetic vehicleFinnegan the RoboTurtle. It is high-power rolling motion (angular motion about theaxis),
shown that these kinematics result in outstanding performance e . .
in (a) rapid pitching, and (b) rapid level turning. The turning and a lower-power pitching motion (angular motion about the
radius for the rigid hull vehicle is 0.8 body lengths, a remarkable y-axis); see ].

improvement in turning ability for a rigid hull vehicle. . .
Still Finnegan’s performance lags the live turtle’s performance ~ EXtensive tests have demonstrated that the vehicle can pro-

by about 20%. Careful observations have shown that turtles pel itself efficiently at speeds up tor2/s, while it has superior
employ a fin motion in-line with the direction of locomotion; maneuverability 7], far exceeding the maneuverability of rigid
this degree of freedom was not available to the Finnegan fins, as hull, torpedo-shaped autonomous underwater vehicles JAUV
presently designed. Experimental tests on a flapping fin equipped = ’ le. t f th t | d AUVs. th
with this third degree of freedom have shown that the in-line or example, wo 9 e mos common_y use . S, the
motion enhances the fin’s performance_ Remusand theBlueﬂn Odysseyhave turr“ng ra.d” betWeen
This hydrodynamic result is doubly beneficial to an amphibi- 2 and 3 body lengths, while Finnegan has a turning radius
ous robot, because it allows for further enhancements in the of about 0.8 body lengths. Flexible body animals have even
hydrodynar_nic function of fins, whi_Ie the in-line motion allows better maneuverability; the sealion, for example, has mirigr
the same fins to be used for crawling on land. radius of 0.3 body lengths at a speed of 2.5 body lengths per

I. INTRODUCTION second.

The growing interest in robots operating in the surf zone paia on turning turtles are not available in the literature.
has inspired underwater vehicle designers to develop amph|A number of studies exist, detailing the kinematics of syead

ous robots capable of operating on land as well as in ¢;mming in juvenile and hatching sea turtles, and reseasch
ocean. This problem is challenging because different gaji§e extensively studied the limb beat frequencies of stia tu
are required for walking/crawling on land and for SWIMMING\imming during diving and foraging tasks, but no published

in the ocean. Sea turtles are excellent biomimetic examplgggies of limb kinematics during transient maneuverstexis
for amphibious robot development, because of their abidty 14 getermine how sea turtles use their limbs to controlatit

swim and maneuver effectively, yet they can crawl on theshofy girection in confined spaces, the limb kinematics and

using their flippers as well. _ associated body motions Myrtle, a green sea turti€helonia
While flexible bodies and conformable propulsive structurq\ﬁydaS residing in the Giant Ocean Tank of the New England

are nearly ubiquitous in marine animal locomotion, bOdy'ﬂe)SAquarium were recorded and analyzed. Through the use of

ibility dramatically reduces underwater vehicle paylopd®, 1 tiple cameras, her behavior while she was encouraged to
and the advent of compact actuation for conformable fing,neuver in pursuit of food was captured.

awaits dramatic improvement in artificial muscle technglog

Sea turtles demonstrate that body flexibility is not esaétdi This paper presents the efforts to emulate the limb kine-
achieve high maneuverability and good motion control whematics of Myrtle using Finnegan, which have been highly

using flapping high aspect ratio foils, and may serve assaccessful, while new insight on the mechanisms employed by
powerful inspiration for the design of underwater vehiclesigid hull animals to enhance maneuverability are idertifie



have extensively studied the limb beat frequencies of stia tu
swimming during diving and foraging tasks, but no published
studies of limb kinematics during transient maneuverstexis
A number of useful general observations are possible before
proceeding to analysis of selected maneuvering behaviors.
Myrtle appeared to be negatively buoyant at all times within
the 10m deep Aquarium tank. Myrtle controlled her position
in the tank almost exclusively through actuation of yaw and
pitch, whether during active maneuvering or steady swingmin
Myrtle did not translate directly in sway or in heave, and
rolled no more than 15 to 20 degrees from level during the
experiments.
Body pitch ranged from -10 to +90 degrees during exper-
iments. Myrtle preferentially swam with body pitch ranging
: ; from approximately 10 to 60 degrees when positioning hersel
, 1 | for feeding or swimming steadily against the prevalent enirr
W : i within the cylindrical tank. She appeared to be stable iolpit
1e——().75m | e and roll, but not so stable that her attitude was unaffected
Mass =255kg _ by the large roll and pitch moments generated during routine
swimming or maneuvering.
Fig. 1. Geometric features of the New England Aquarium seietiyrtle When presented with fOQd above her .head’ Myrtle pltChed
and the biomimetic roboinnegan up as far as 90 degrees, using large amplitude forelimb motio
however, when presented with food below her head, Myrtle
spiraled down with level body (i.e. zero body pitch) if urabl
Il. METHODOLOGY to reach the food by extending her head downwards. When

Figure 1 shows side by side the features of the Ne@ftempting to retrieve food or search for food behind her,
England Aquarium sea turtiyrtle and the biomimetic robot Myrtle changed her heading through yawing turns, rathem tha
Finnegan The turtle has carapace length Inland width 0.75 large angle maneuvering in roll or pitch. In this paper we wil
m, mass 255;91 and is driven by two forelimbs with a span OﬁOCUS on the motions that involved lift based StrOkeS, which
0.71m and chord 0.25n; and hindlimbs with span 0.6: and are the rapid pitching and level turning.
chord 0.40m. The robotic vehicle has comparable dimension : oo
but with a more elongated shape: Lengt[r)l 5 width 0.55 B Rapidly Pitching Turtle
m, while it is driven by four identical foils spanning 0.46  Myrtle was observed rapidly pitching upwards and ascend-

each. ing, both prompted and unprompted by the diver offering food
) ) When prompted by food presented above her head, Myrtle
A. Turtle Kinematics typically pitched upwards rapidly and then allowed both her

The hard shelled Green turtl&Chelonia Mydas swims forward and her upward motion to stall while craning her neck
and maneuvers with a pair of high aspect ratio forelimbs to reach the food. During unprompted ascents to breathe at
combination with a pair of lower aspect ratio hind limbs. Thtéhe surface Myrtle typically continued to use both forelamb
hard shell and limited conformability of the limbs makes thd swim up and out of the camera viewing area.

Green turtle an excellent candidate to inspire vehiclegiesi Pitch was initiated with a large-amplitude synchronous
and control. Although turtles exhibit several other modés forelimb downstroke, with a moderate anterior componeamd, a
motion, the focus of this study is on the power stroke whege high induced angle of attack during the fastest portion of
the turtle uses the fore limbs to produce thrust, while timel hi the stroke. The initial downstroke was followed by a highly
limbs are used as rudders. These strokes employ a lift-baseathered upstroke with approximately the same duration as
mechanism of generating thrust, as confirmed by the angletbé downstroke. The hind limbs were stretched out to the
attack measurements done by Davenport et 3l [ side and held nearly horizontal (i.e. parallel to the grqund

To determine how sea turtles use their limbs to contrtfiroughout the motion, presumably either acting as passive
attitude and direction in confined spaces, the limb kinegsaticontrol surfaces, or simply reducing the opposing pitch mo-
and associated body motions of Myrtle, a green sea turtieent created by drag; i.e., both, reducing drag directly by
Chelonia Mydasesiding in the Giant Ocean Tank of the Newpresenting a lower angle of attack, and by bringing themeclos
England Aquarium, were recorded and analyzed. Throug¢hthe center of gravity.
the use of multiple cameras, her behavior while she wasThrough this combination of limb action, Myrtle was able to
encouraged to maneuver in pursuit of food was captured.a&hieve pitch angles of up to 80 degrees within a single cycle
number of studies exist detailing the kinematics of steaay forelimb motion. In Figure 2, Myrtle is pitching up withéh
swimming in juvenile and hatching sea turtles, and reseaschintention of swimming to the surface, and continues to eteecu
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Fig. 3. Side view of representative steady swimming stroke.

Myrtle was also observed accelerating straight and lewshfr
a nearly stationary state.
The following observations were noted:

« The forelimbs remained in phase during steady swim-

t- 0.75sec : ming.
« A limited anterior/posterior component to the forelimb
Fig. 2.  Front view of rapid pitching maneuver to retrieve foddyrtle motion was observed during steady swimming.

achieved a high pitch angle through a single rapid down- anaédrd- stroke

of her pectoral fins with a high angle of attack to the flow. « Speed was controlled using variable forelimb frequency

- to accelerate from a standing start, forelimb frequency
was double that of the steady swimming case.
swimming strokes after she exits the last frame. As a result,® 1he duration of the forelimb down stroke during through-

she is motivated to maintain surge speed even as she pitches OUt observed level forward swimming ranged from 1.0
up to a significant angle. In this case, the very beginning seconds (recorded during acceleration) to 1.7 seconds.

of the synchronous downstroke which initiates the pitching ¢ 1€ duration of forelimb up stroke ranged from 1.5
maneuver, from = 0 to ¢ = 0.25 s, is accompanied with seconds (recorded during acceleration) to 2.7 seconds.
some forward motion. This foil motion appears to be intended® The ratio of down stroke to following upstroke period
to set up the rest of the downstroke, during which the forletim .ranged from 0.6-0.7. o

are swept backwards with respect to the pitching and surgingFigure 3 shows a side view of Myrtle swimming past a
body, most importantly during the highest velocity portiah Single camera, which is set back from and at angle to the
the downstroke fromt = 0.5 to ¢ = 1.0 s. The portion of the aquarium window. This view illustrates typical variation i
upstroke which is visible before Myrtle swims out of framé0dy pitch angle on the time scale of a single stroke, as well
(from ¢t = 1.75 s on) is a highly feathered recovery stroke@s the lower twist angle of the downstroke as compared to that
which brings the forelimbs back forward level in prepamatioOf upstroke, which results in a higher angle of attack, gneat
for the next downstroke. The period of the total stroke here thrust force, and higher torque requirements.

greater thar2.75 s. [11. BIOMIMETIC MANEUVERS USING FINNEGAN

In Figure 4 we show the biomimetic maneuver achieved
using Finnegan and implementing the kinematics observed in
Myrtle was observed during multiple instances of swimminilyrtle for the rapid pitch maneuver, achieving 60 deg pitch
as she circled around the tank against the slight prevailiigless than 1.5, as shown in Figure 2 above. As shown, the

current. During all the instances recorded in detail beklve resulting motion is very close to the live animal’s; Finnega
swam within a body length of the tank window, which forcegerformance in rapid pitching is close, but about 15% lower
her to continuously adjust her heading slightly. Her deptth athan Myrtle’s

body pitch angle vary within a few meters and approximately A different biomimetic maneuver was attempted next to
30 degrees within each recorded instance of steady swimmiaghieve a rapid turn by 180 deg. Figure 6 shows a side view

C. Swimming Turtle
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Fig. 5. Biomimetic maneuver bljinneganemulating the sea turtle kimemat-

6l ics observed in Myrtle (Figure 6).

t=27sec

1.75

Fig. 4. Biomimetic maneuver byinneganemulating the sea turtle kinematics
observed in Myrtle (Figure 2).

t=17sec

of representative level turn with active participation aftlo
forelimbs. This view highlights the extension of the ouésid
forelimb as it is thrown forward just as the downstroke is
initiated. 207
In Figure 6, both forelimbs are near the maximum possible
downward excursion in the first frame at= 0 s. From
t = 0 to betweent = 1 s, both limbs are in the recovery
stroke. While the recovery stroke of the outside limb corgsu
until betweent = 1.7 andt = 2 s, the upward stroke
of the inside limb ends around t=1.3 sec, after which it Fig. 6. Biomimetic maneuver bilyrtle.
starts a downward sweep with the blade perpendicular to
the resulting flow. The downward stroke of the inside limb
continues through té = 2.7 s, during which time the outside average of 16 deg per second, about 25 to 30% lower than
limb has completed significant anterior motion, with thedela Myrtle’s. The turning radius was less than one body length,
feathered, and begun the lift-based power down-strokeglwhiclearly a superior turning performance for a rigid hull \@éi
continued to the last frame at= 3.7 s. From this view it is
apparent that while the motion of the outside limb contains IV. Discussion
a significant posterior component with respect to the bady, i By implementing the kinematics of the live turtle on the
is brought down nearly vertical with respect to the labamato biomimetic vehicle Finnegan, we were able to emulate the
frame as a result of the turning motion of the body. It is cleanimal’s function to a significant degree. However, Finméga
that the inside forelimb downstroke ends with the limb weliigid fins are constrained to move in two degree of freedom
past vertical underneath the body. The effect of the forwandotion (two angular motions), one degree of freedom indycin
motion of the outside forelimb is illustrated - contrast thenotion perpendicular to the direction of the robot’s motion
forelimb position in frames at= 1.3 and1.7 s to the forelimb and a second degree of freedom consisting of a twisting angle
extension from the frames from= 2.3 to ¢t = 3.7 s. Myrtle whereas Myrtle’s fins are flexible and, in addition, they can
achieves a heading change of betwedndeg and90 deg move in a third degree of freedom, in-line with the direction
during the period pictured here, for an average heading ratiemotion.
of between21 deg/s and24 deg/s. Careful observation of the kinematics of Myrtle show
In Figure 5 we show the biomimetic maneuver achievetiat the in-line motion appears to play a significant effect
using Finnegan and the same kinematics observed in Myrtle its hydrodynamic performance. As already observed by
and shown in Figure 6. Finnegan's performance was &avenport P] and Wyneken 7], the fore-limb kinematics




of sea turtles, even in steady forward swimming, are highly
asymmetric, because they involve a significant in-line oruti

The upstroke can take up to twice as long as the downstrok o4
to complete, and there is also significant limb motion irelin

with the swimming direction, as the fore limbs are pulledkbac 0.35
along the body during the downstroke, and pushed forwarc A
against the flow during the upstroke. 03

This is to be expected, because the sea turtle morpholog <
is such that the forelimbs can produce much more torque ir %%
the downstroke than the upstroke. Especially juvenildesirt 0a O st=02
are barely capable of raising their limbs out horizontally St=0.3
from the shoulder when held in aiP][ Large torque during 015 X aoe
downstroke, but only small upstroke torque, is required for St=0.6
crawling along the beach, where the fins are moved alsc - p ~ p
in the in-line direction, to drag the body along the ground. Advance Angle

Steady swimming in turtles typically consists of a powered,
high angle of attack downstroke, generating forward thanst Fig. 7. Efficiency,n, of thrust production versus the advance angle for foils
maneuvering forces, followed by a feathered upstroke, teinoWith downstrokea,,a. = 40°, upstrokeamae, = 0°, for parametrically
b ken P|. Direct observation of Myrtle, also ShOW(::dvarylng Strouhal numbefKt. Filled symbols indicate; for symmetric foil

y Wyne : Rt . yrtie, X ) motions, with downstrokex,,qe = 40°, upstrokeama: = 40°, and no
that there can be a significant anterior-posterior motion fline motion, for each value aft.

high aspect ratio oscillating foils during transient marexing

behaviors.

In-line motion is very useful to amphibious robots fokan be designed, which are capable of crawling on land
crawling, hence it is interesting to establish whether rtheand can use the same kinematic for efficient swimming and
use also during swimming and maneuvering is detrimentahaneuvering.
indifferent, or beneficial to efficiency of locomotion. Wevea  Future tests will show whether the in-line motion will allow
investigated the effect of in-line motion on an isolatedhhig Finnegan to fully achieve the performance of the live turtle
aspect ratio foil, allowed to move in three degrees of freedo
The rectangular foil was towed at constant velodifyand
forced to move (a) in linear oscillatory motion transveysiel

:EZ ]t:g\\;vv ((25;’:1\/636)) a(rt:é I(nc)“inneZL Ojglrla;g?i/";g:lonmggggigxc We have implemented the observed kinematics of Myrtle, a
9e). 9 y live turtle of the New England Aquarium, to the biomimetic

about an axis parallel to its span and located at the oné-thir . :
) . . . robot Finnegan. We show results for two rapid maneuvers, a
point from the leading edge. The oscillatory motion corslst ~ "~ . . . .
? ; rapid pitching maneuver, and a rapid level-turning maneuve
of a power downstroke with large maximum angle of attack . ! : )
rI|r‘1 both cases Finnegan provided outstanding maneuvering

@maq around 40 deg; and a feathering upstroke with a nea[gérformance, coming close to the live animal’s performance

V. CONCLUSION

zero angle of attapk. For a stationary obser.ver we def'”‘? )(/anearly 75% to 80%. The radius of turning was less than one
advance angledefined as the angle of the foil trajectory W|ti‘b0d lenath. a superior performance for a riaid-hull vehicl
respect to the direction of motion, evaluated at the middile 0 y lengin, P P g

the power downstroke. This parameter measures the effect oThde fins of fFflnnedgan were ”g'g abnd capablebof moving 'E a
in-line motion, since it can reach large values as the aogsit two degree of freedom motion. Subsequent observations have

of in-line motion increases. shown that turtles employ a third degree of motion, in-line
Figure 7 shows the propulsive efficiency of the foil agvi_th the_direction of rr_lo_tion. An investig_ation of the effentt _

function of the advance angle and with parametrically vagyi this motion on the efﬂmency of pr_o_puIS|on has shqwn that it

Strouhal numberSt. The advance angle was changed for gan have_g substantial and. beﬂeflmal_ hydrod_ynan."lm (_effect.

given Strouhal number by changing the in-line motion (spirge The abl_llty to move the fm_s in the in-line direction is alsq

The Strouhal number is defined 86 =2 A f/U, whereAis a0 es;ennal fegture for cravyllpg on the ground, hence eadi

the amplitude of cross-flow motion (heave),the frequency IO efficient designs of amphibian vehicles.

of oscillatory motion andU the forward speed of tow. The

experiments were conducted at Reynolds number 13,000 and ACKNOWLEDGMENT
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important result because it signifies that amphibious Vesic CEROS.
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