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Summary

Understanding how the shape and motion of an aquatic
animal affects the performance of swimming requires
knowledge of the fluid forces that generate thrust and
drag. These forces are poorly understood for the large
diversity of animals that swim at Reynolds numbersRe)
between 1@ and 1(®. We experimentally tested quasi-
steady and unsteady blade-element
hydrodynamics of undulatory swimming in the larvae of
the ascidian Botrylloides sp. by comparing the forces

models of the

not play a role in the dynamics of steady undulatory
swimming at Res1(?. We explored the relative
contribution of viscous and inertial force to the generation
of thrust and drag at 1<Re<1(? by running a series of
mathematical simulations with the quasi-steady model.
These simulations predicted that thrust and drag are
dominated by viscous force (i.e. skin friction) atRe=1(°

and that inertial force (i.e. form force) generates a greater
proportion of thrust and drag at higher Re than at lower

predicted by these models with measured forces generated Re However, thrust was predicted to be generated
by tethered larvae and by comparing the swimming primarily by inertial force, while drag was predicted to be
speeds predicted with measurements of the speed of freely generated more by viscous than inertial force aRe<102.
swimming larvae. Although both models predicted mean Unlike swimming at high (>1%) and low (<1®) Re the
forces that were statistically indistinguishable from fluid forces that generate thrust cannot be assumed to be
measurements, the quasi-steady model predicted the the same as those that generate drag at intermediaRe
timing of force production and mean swimming speed

more accurately than the unsteady model. This suggests Key words: swimming, intermediate Reynolds number, morphology,
that unsteady force (i.e. the acceleration reaction) does larvae, ascidian, urochordaBotrylloidessp

Introduction

Understanding how the shape and motion of an aquatimeasurements of the speed of freely swimming animals and
animal affects the performance of swimming requireghe forces generated by tethered animals.
knowledge of the fluid forces that generate thrust and drag. Swimmers that are millimeters in length generally operate
Despite recent advances towards understanding the a hydrodynamic regime characterized by Reynolds numbers
biomechanics of locomotion (see Dickinson et al., 2000 for §Re between 19and 16, which is a range referred to as the
review), these forces are poorly understood in swimmingntermediateRein the biological literature (e.g. Daniel et al.,
animals that are a few millimeters in length. The large diversit}t992).Re(Re=puL/y, whereu is mean swimming speddis
of larval fish and marine invertebrates at this scale generab®dy lengthp is density of water, and is dynamic viscosity
hydrodynamic force that is dependent on both the viscosity araf water) approximates the ratio of inertial to viscous forces
the inertia of the surrounding water. To understand the relativend suggests how much different fluid forces contribute
contribution of inertial and viscous forces to the generation afo propulsion. At intermediat®ke a swimming body may
thrust and drag, theoretical models have been developed for teeperience three types of fluid force: skin friction, form force
hydrodynamics of swimming at this scale (e.g. Jordan, 1992nd the acceleration reaction. Skin friction and form force are
Vlyman, 1974; Weihs, 1980). However, little experimentalquasi-steady and therefore vary with the speed of flow. In
work has attempted to test or refine these theories (exceptiopevious studies on intermedia®e swimming, these forces
include Fuiman and Batty, 1997; Jordan, 1992). The godiave collectively been referred to as the ‘resistive force’ (e.g.
of the present study was to test hydrodynamic theory byordan, 1992). However, we will consider these forces
comparing the predictions of theoretical models withseparately because the present study is concerned with how
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they individually contribute to the generation of thrust andduring swimming, models were used to formulate predictions
drag. in terms of the speed of freely swimming larvae and

Skin friction is generated by the resistance of fluid toforce generation. By comparing these predictions with
shearing. This is a viscous force, which means that it increaseseasurements of force and speed, we were able to determine
in proportion to the speed of flow. Skin friction (also called thevhether larvae generate thrust and drag by acceleration
‘resistive force’ by Gray and Hancock, 1955) dominates theeaction (the unsteady model) or strictly by form force and skin
undulatory swimming of spermatozo®e<1(® Gray and friction (the quasi-steady model). Ascidians are an ideal group
Hancock, 1955) and nematodes (Gray and Lissmann, 196#)r exploring these hydrodynamics because the larvae of
and has been hypothesized to contribute to thrust and dragdifferent species span nearly two orders of magnitud@ein
the intermediatdRe swimming of larval fish (Vlyman, 1974; [e.g. =5x1(P in Ciona intestinalis(Bone, 1992);Re=1(? in
Weihs, 1980) and chaetognaths (Jordan, 1992). Distaplia occidentaligMcHenry, 2001)].

The form force is generated by differences in pressure on the
surface of the body and it varies with the square of flow speed
(Granger, 1995). This inviscid force is equivalent to the resultant Materials and methods
of steady-state lift and drag acting on a bodRet1®®. The Colonies ofBotrylloidessp. were collected in the months of
form force is thought to contribute to the generation of thrusugust and September from floating docks (Spud Point Marina,
and drag forces at the intermedi®eswimming of larval fish Bodega Bay, CA, USA) in water that was between 14°C and
(Vlyman, 1974; Weihs, 1980) and may dominate forcel7°C. Colonies were transported in coolers and placed in a
generation by the fins of adult fish (Dickinson, 1996). recirculating seawater tank at®@within 2 h of collection. To

The acceleration reaction [also referred to as the ‘reactiv&imulate release of larvae, colonies were exposed to bright
force’ (Lighthill, 1975), the ‘added mass’ (Nauen andincandescent light after being kept in darkness overnight
Shadwick, 1999) and the ‘added mass inertia’ (Sane anloney, 1987). Released larvae were used in either force
Dickinson, 2001)] is generated by accelerating a mass of watareasurement experiments, free-swimming experiments or for
around the body and is therefore an unsteady force (Danighorphometric analysis. In all cases, observation tanks were
1984). This force plays a negligible role in the hydrodynamicequipped with a separate outer chamber into which chilled
of swimming by paired appendages Re&<10' (Williams, water flowed from a water bath equipped with a thermostat
1994) but is considered to be important to undulatory1166, VWR Scientific) that kept larvae at 16°C.
swimming at intermediatd&ke (Brackenbury, 2002; Jordan,
1992; Vlyman, 1974) and dominant in some forms of
undulatory swimming aRe>103 (Lighthill, 1975; Wu, 1971).
Although it is assumed that the acceleration reaction does n
play a role in undulatory swimming &®e<1(° (Gray and
Hancock, 1955), it is not understood how the magnitude of t
acceleration reaction varies across intermediate

Weihs (1980) proposed a hydrodynamic model
predicted differences in the hydrodynamics of undulator
swimming in larval fish at different intermediaiRe He

Force measurements

Larvae were individually attached to a calibrated glass
micropipette tether in order to measure the forces that they
generated during swimming. Each larva was held at the tip of
htge tether using light suction (Fig. 1) from a modified mouth
pipette. This micropipette was anchored at its base with a rubber
thaftopper that provided a flexible pivot. No bending in the
5fnicropipette was visible under a dissecting microscope when
oaded at the tip of the tether. We therefore assumed that the

proposed a viscous regime Re<10!, where viscous skin m|$ro|p)|ptettt; was rlgtldthand .thit ?_(:]flecnon”s c?t ftlhetF P wire tcri]ue
friction dominates propulsion, and an inertial regime alter:f:rey 0 exmr:j add € pivo i'b tgsmadle elc lons by l:?
Re>2x102, where inertial form force and the acceleration'©- c/ WEr€ recorded during calibration and farval swimming by

reaction are dominant (also see Weihs, 1974). For the range%Pigh'Speed vli?s%o panj:zrg (Re?laklz(ljrg?ging PCI Mono/ﬁOOOS
Rebetween these domains, thrust and drag were hypothesizwt'onscc’pe’ d PIX€ pixe %’l rargeHsA%) moﬁ.nf
to be generated by a combination of skin friction, form forcel @ compound Mmicroscope (Olympus, ), which was

and the acceleration reaction. Although frequently cited irpliaced on itS. side at a right anglg o the micropipette. (Fig. 1.
1Jdeo recordings of tether deflections made at the objective of

research on ontogenetic changes in the form and function éﬁ d mi lated i dial
larval fish (e.g. Muller and Videler, 1996; Webb and Weihs ¢ ¢ompound microscope were translated into radia
eflections at the pivot of the micropipett) (using the

1986), it remains unclear whether Weihs’ (1980) theory, Whiclz lowi . ic relationshin:
is founded on measurements of force on rigid physical model pllowing trigonometric relationship:

accurately characterizes the forces that act on an undulatir 0O & O
body (Fuiman and Batty, 1997). o= arctan%D, (1)
The present study used a combination of empirica objectivel ]

measurements and mathematical modeling of the larvae of tihered is the linear deflection (away from its resting position)
ascidianBotrylloidessp. to test whether the hydrodynamics ofof the tether measured at the objective, Bsskctive iS the
swimming in these animals is better characterized by a quaglistance from the tether pivot to the objective (Fig. 1A). In
steady or an unsteady model. By taking into account therder to avoid changing the mechanical properties of the tether,
acceleration reaction, skin friction and form force generatedoom temperature was held at 22.2°C throughout experiments.
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A N (with units of Nmsradl) and spring coefficient (with units

! _ ’@ ™~ pivot of Nmrad?), respectively]tetheris the moment of inertia of
Radlaf.ltp%SItlm the tethermetherandmpogy are the mass of the tether and the

of tether, ¢ T~ Micropipette body of the.larva, rgspectivelg, is the gcceleration due to
tether gravity, hem is the distance from the pivot to the center of

Nobjective C Edge of micropipette mass of the tether, andip is the distance from the pivot

viewed from high-speel  to the tip of the pipettelether was calculated using the
video camera #2 . . . .
standard equation for a hollow cylinder (Meriam and Kraige,
| 1997a):

Microscope

1 1
objective | ltether= = Methef tethef + — Miethehtip? , (3)

2 12
' where reether is the inner radius of the micropipette. We
calculated the force generated by tethered larvae by solving
________________________________ equation 2 folF, using the measurements of tether deflections.

Lot é) Water level We found that adding second- and third-order terms to
'9 Larva equation 2 had a negligible effect (<0.5% difference) on force

condenser measurements. This suggests that any variation in stiffness
Bottom of glasstank or damping with strain or strain rate did not influence our
measurements.
|©| To calibrate the tether, we measured its stiffness and
damping constants in a dynamic mechanical test. This test
Lens of dissecthg microscope consisted of pulling and releasing the tether and then recording
its passive movement over time (Fig. 2A). The tether oscillated
+ like an underdamped pendulum (Meriam and Kraige, 1997a)
Ventral perspectiverom ) with a natural frequency (101 Hz) well outside the range of tail-
high-speel video camera #1 beat frequencies expected for ascidian larvae (McHenry,

2001). Using the equation of motion for the tether (equation 2,
with F=0), its oscillations were predictable if the mass and the
stiffness and damping coefficients were known. Conversely,
we solved for the stiffness and damping coefficients from
\_ - recordings of position and a measurement of the mass of the
_ i ) _ tether (see Appendix for details).

Fig. 1. The experimental set-up for tethering experiments. (A) We We examined how errors in our measurement of stiffness

recorded the tail motion of a larva and the deflections of the tether . - .
which a larva was attached. The larva is illustrated with thegnd damping coefficients were predicied to affect

orientation that allowed for the recording of lateral forces: thecalculatlons of the force generated by larvae (Fig. 2C-H).

longitudinal axis of the body is perpendicular to the direction of8Y Simulating the input force generated by a larva as a sine
deflections. To measure thrust, the longitudinal axis was aligney@ve with an amplitude of 2(N, we numerically solved
parallel to the deflections of the tether. (B) The ventral perspective gquation 2 (using MATLAB, version 6.0, Mathworks) for
a larva was recorded with video camera #1 mounted to a dissectifige position of the tether over time at 1000 Hz (the sampling
microscope mounted beneath the glass tank. (C) Deflections of tiiate of our recordings). From these simulated recordings of
glass tetherd) were recorded by video camera #2 mounted to aether position, we then solved equation 2 Forthe force
compound microscope. generated by the larva. This circular series of calculations
demonstrated that our sampling rate was sufficient to follow
The tether was modeled as a pendulum, with input forceapid changes in input force (Fig. 2C). Furthermore, we
generated by the tail of a swimming lar¥ @t the end and a found that a minimum of 92% of the instantaneous moments
damped spring at the pivot (Fig. 2). According to this modelfesisting the input force were generated by the stiffness of the
the moments acting at the pivot were described by thtether (i.e. the weight and damping of the tether provided a
following equation of motion (based on the equation for anaximal 8% of the resistance to input force). If the values

damped pendulum; Meriam and Kraige, 1997a): of stiffness and damping coefficients used in force
) measurements differed from those used to simulate tether
a9 do deflections, then measured force did not accurately reflect the

| — 4 — + Kspri
tether dt? dam dt sprinp timing or magnitude of simulated force (Fig. 2D). This

+ (Meethehem + Moocyhtip)gsin(@®) + Fhip =0, (2)  Situation is comparable with using inaccurate values of
stiffness and damping coefficients for measurements of force
wheret is time, ksampandkspring are the damping coefficient in an experiment.
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Fig. 2. The precision and accuracy of force measurements. (A) An example of the measurements of the passive movement aft¢ne tethe
being pulled and released. These data were used to measure the coefficients of stiffness and damping (see Materials) afR) ivdtheeds

body diagram illustrates the forces acting on the tether during an experiment. The input force generated by a swimmirgsistad by a
component of the weight of the tether and the stiffness (illustrated by the spring) and damping of the pivot (illustraediablyptht).

(C,D) Measurements of input force (filled circles) at 1000 Hz from the deflections of a tether (not shown) calculated frortated shmnges

in force (red lines). (C) The input force measured from deflection measurements using accurate values for the stiffnessngnd dampi
coefficients. (D) The input force measured using a damping coefficient that is less than the actual vaile$bin rad?l). (E,F) The time

lag between simulated and measured input force for varying degrees of error in the damping (E) and stiffness (F) c@effibidrts.ratio

of maximum measured to maximum simulated input force for varying degrees of error in the damping (G) and stiffness (gf)tsoeffici

By varying the difference between the stiffness and dampinfprce generated by larvae, but the magnitude of force may be
coefficients used to simulate changes in tether position ovénaccurate by as much as 7.5%.
time (i.e. the actual coefficients) and those used for force
measurements (i.e. the measured coefficients), we explored Midline kinematics
how inaccuracy in measured coefficients was predicted to alter The ventral surface of the body was recorded during
the timing and magnitude of measured force (Fig. 2E-H). Weethered swimming (Fig. 1A) with a high-speed video
simulated changes in force at 18 Hz, to mimic oscillations itamera (Redlake Imaging PCI Mono/1000S Motionscope,
force at the tail-beat frequency (McHenry, 2001), and a820 pixels280 pixels, 500 frames¥ mounted to a dissecting
180Hz, to simulate rapid changes in force. Within the level omicroscope (Wild, M5A) beneath the glass tank containing the
precision (i.e. +2s.0.) of our measurements of stiffness andtethered larva. The video signal from this camera was recorded
damping coefficients, measured force was not predicted toy the same computer (Dell Precision 410, with Motionscope
precede or lag behind simulated force by more than 1mg&,14 software, Redlake Imaging) as was used to record
which is just 1.8% of an 18Hz tail-beat period (Fig. 2E,F).micropipette deflections, which allowed the recordings to be
Error in the damping coefficient may have causedsynchronized.
measurements to overestimate rapidly changing force by asCoordinates describing the shape of the midline of the tail
much as 7.5% (Fig. 2G). Within the precision of measuredvere acquired from video recordings, and the motion of the tail
stiffness coefficients, measured forces may have differed fromf larvae of Botrylloides sp. was characterized using the
actual values by as much as 2.0% (Fig. 2H). These findingaethodology presented by McHenry (2001). A macro program
suggest that our measurements accurately reflect the timing @n an Apple PowerMac G3 with NIH Image, version 1.62)
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found 20 midline coordinates that were evenly distributedeach having a volume @wi, wherei is the element number)
along its length (see McHenry, 2001 for details). In order tavith the position of each element’s center locatex] ahdy;

use the measured kinematics in our hydrodynamic models abordinates with respect to the body’s coordinate system. This
any body length, we normalized all kinematic parameters teystem has its origin at the intersection between the trunk and
the body length of larvad ( the distance from the anterior to tail, its x-axis running through the anterior-most point on the
posterior margins of the body) and the tail-beat period of thetrunk, and its orthogongtaxis oriented to the left of the body,
swimming @; note that asterisks are used to denote nornen the frontal plane (as in McHenry, 2001). The tail fin was
dimensionality). According to McHenry (2001), the following assumed to be rectangular in cross-section, with a thickness of
equations describe the temporal variation in the change in ttfe002 body lengths (measured from camera lucida drawings of
position of the inflection point along the length of the w&i),(  tail cross-sections; Grave, 1934; Grave and Woodbridge,
the curvature of the tail between inflection poirty,(and the  1924). The mass of the body was calculated as the product of
trunk angle §, the angle between the longitudinal axis of thethe tissue densitypfody) and the sum of volumetric elements
trunk and the third midline coordinate, located at 0.15 taithat comprise the body:

lengths posterior to the intersection point of the trunk and tail) q

Z(t) = ert, @) Mbody = pbodyz Awi @)

=
o0 0O t0 O '
K*:? - cos 02t — 0O+ 13, (5) where g is the total number of volumetric elements. The
0 0 o 0 position of the center of masB)(was calculated as (Meriam
0 = xsin(1t*), ©) and Kraige, 1997a):
q .

wheret* is non-dimensional timeg* is the wave speed of B = Pbody ZAW' Ek'g ®)
inflection point,a* is the amplitude of changes in curvature, Moody < g

y* is the period of change in curvature, gpts the amplitude =1

of change in trunk angle. Propagation initiates at the base dhe moment of inertia for the body about any arbitrary axis of
the tail after a phase lag 6f from the time when the trunk rotation was described by the inertia tengjprcalculated with

angle passes through a position of zero. the following equation (Meriam and Kraige, 1997a):
H q .2 — X [
Morphology and mechanics of the body | = pbodyz Awi O x.. | _2y| 0O )
We measured the shape of the body to provide paramet — O Xyi ¥ O
1=

values for our calculations of fluid forces and to estimate thc

body mass, center of mass and its moment of inertia. Th&/e calculated the forces generated by accelerating the mass of

peripheral shape of the body was measured (with NIH Imagi&e tail in tethered swimming. This tail inertia ford@nértia)

version 1.62 on an Apple PowerMac G3) using digital stillwas calculated with the following equation:

images of larvae from dorsal and lateral views that were q dVi

captured on computer (7100/80 PowerPC Macintosh witt Finertia= pb°dyz AW s (10)

Rasterops 24XLTV frame grabber) using a video camer:

(Sony, DXC-151A) mounted on a dissecting microscope ) ) )

(Nikon, SMZ-10A). These images had a spatial resolutiofvhereVi is the velocity of the tail element. In order to remove

of 640 pixels480pixels, with each pixel representing from the measureme_nt_s any force not generated by fluid forcgs,

approximately a fm square with an 8-bit grayscale intensity We subtract_ed the t_aul |nert|_a force from the measured force in

value. Coordinates along the peripheral shape of the body wePdl comparisons with predicted forces. _

isolated by thresholding the image (i.e. converting from In order to test the effect of tissue density, we ran

grayscale to binary; Russ, 1999). We found coordinates at somulations (see ‘Modeling free swimming’ below) with the

points evenly spaced along the length of the trunk and 50 poinfid€an kinematics and morphometncs _at high tissue density

evenly spaced along the length of the tail (using MATLAB).(Pbody=1.250 g mt, the density of an echinopluteus larva of an

From images of the lateral view, we used the same method &hinoid with calcareous spicules; Pennington and Emlet,

measure the dorso-ventral margins of the trunk, cellular tat986) and low tissue densitprody=1.024 gmt*, the density

and tail element. By the same method, we measured the wid®h seawater at 20°C; Vogel, 1981). All other simulations were

of the trunk from the dorsal view. run with a tissue density typical of marine invertebrate larvae
By assuming that the trunk was elliptical in cross-sectiofot ~possessing a  rigid skeletonppday=1.100g mt*;

and that the cellular region of the tail was circular in crossPennington and Emlet, 1986).

section, we calculated the body mass, center of mass and

moment of inertia using a program written in MATLAB from Kinematics of freely swimming larvae

reconstructions of the body’s volume. These calculations Freely swimming larvae were filmed simultaneously with two

divided the volume of the body into small volumetric elementsligital high-speed video cameras (recording at 500 frarfes s

i=1
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using the methodology described by McHenry and Strother (i
press). These cameras (Redlake PCI Mono/100S Motionscof
320 pixelx280 pixels per camera, each equipped with a 50 mr
macro lens, Sigma) were directed orthogonally and both wel
focused on a small volume (1 énof water in the center of an

A Moment generated

\ by tail element\
Component i 5
toward thrust \¥/\RJ/ )

aquarium (with inner dimensions of 3 cm widt8 cm depthx E; - \
. o . ; Lateral Tail fin
6cm height). Larvae were illuminated from the side with twa component Trunk
fiberoptic lamps (Cole Parmer 9741-50). Center of mass
We recorded the swimming speed of larvae by tracking, il
three dimensions, the movement of the intersection betwet

h ) . . Quasi-steady model Unsteady model
the trunk and tail during swimming sequences. From the me: B C
values of swimming speed, we calculated _Iaeof the pody Ejs \Ejs
for freely swimming larvae using the following equation: E/f\ E/ >

j / j y;
pLU / /
= N i /
Re . (11) Eja / ,

M S /
N
Hydrodynamic forces and moments generated by the tail
We modeled the hydrodynamics of the tail using a blade
element approach that divided the length of the tail into 50 ta

elements and calculated the force generated by each of the
elements. Each element was dorso-ventrally oriented, meanil

Ei=EirtEis Ei=EirtEjstEja

W)

Force generated Force generatedby both Force generated
104 _by skinfriction skin friction & form force by form force

that the length of each element ran from the dorsal to th 2 . — - —
ventral margins of the fin. For each instant of time in ¢ § 2 103 . . .
swimming sequence, the force acting on each elenignt ( o ; | | |
wherej is the tail element number) was calculated by assumin =~ S 8 ;42 i i i

. N — O 1 1 ]
that it generated the same force as a comparably sized flat pl: S g ! ! !
moving with the same kinematics. Our models assume thi & % 101} | | Total force |
each tail element generates force that is independent %9 i ' i

. . . . o] 1 1

neighboring elements. This neglects any influence that flo\ 8 € 1000 L suin frictidn: !
generated along the length of the body may have on forc 2 & | | |
generation. The total force generated by such a plate is the si = 101 l 1 I 1 i
of as many as three forces: the acceleration readjgn gkin 1002 10t 100 10t 102 108
friction (Ejs) and the form forceHjs; Fig. 3). The contribution
of each of these forces to the total force and momer Re

instantaneously generated by the tail was calculated by takinao

th £ d t ted by all el ¢ <Flg. 3. Schematic drawing of the quasi-steady and unsteady
€ Sum ot forces and moments generated Dy all elements (‘hydrodynamic models. (A) The force generated by a single tail

Appendix). Dividing the tail into 75 and 100 tail elements didgjement ) is drawn on the silhouette of the body of a larva from a
not generate predictions of forces or moments that welqgorsal perspective. The force generated by this element has
noticeably different from predictions generated with 50 tailcomponents acting towards thrust and laterally. The force generated
elements, but models with 25 tail elements did generatoy the whole tail was calculated instantaneously as the sum of force
predictions different from models with 50 elements. Thereforegenerated by all tail elements. The position vector of the eleRgnt (
we ran all simulations with 50 tail elements. with respect to the center of mass describes the lever arm used by the
We modeled the swimming of larvae with both quasi-steadtail element to generate a moment about the center of mass.
and unsteady models. In the quasi-steady model, the for(B.C) Each of the models is iI_Iustrated by the vectors that. comprisg
generated by the taiF} was calculated as the sum of skinthe force ger_lerated by _the tail element. (B) The force acting on tall
friction (Fs) and the form forceFj; F=Fi+F¢), and the total elements ;) in the quasgstez_e\d_y model was calculated as the sum of
moment 1) was calculated as the sum of moments generatethe form force [gjr) and skin friction Ejs). (C) The force acting on tail

. . o elements in the unsteady model was the sum of the quasi-steady
by skin friction Ms) and the form forceMs; M=M+Ms).  forces and the acceleration reactié, (D) The coefficient of force

According to this model, the force acting on a tail element kacting normal to the surface of a flat platedm oriented normal to
equal to the sum of the form force and skin friction acting Olflow. The form force (in green; see equation 21) is found as the
the elementHj=Ejs+Ejs; Fig. 3B). In the unsteady model, the difference between the total force (in black; see equation 18) and the
force generated by the tail was calculated as the sum of all thrforce generated by skin friction (in violet; see equation 19). The total
forces F=Fs+Fst+Fa where F5 is the acceleration reaction force is generated primarily by form force at height-specific Reynolds
generated by the tail), and the total moment was calculatenumbers Rgi) of =10°, skin friction is dominant aRgi<1(°, but the

as the sum of moments generated by all three forcenormal force is a combination of the two at intermedreealues.
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(M=M+MstMa, whereMa is the moment generated by the component of the velocity of the tail element, amds the
acceleration reaction). According to the unsteady model, thi@rce coefficient for the form force. Re=10?, the force acting
force acting on a tail element is equal to the sum of the formormal to the surface of a plate is dominated by the form force
force, skin friction and acceleration reacti@=Eji+EjstEjs; ~ (Granger, 1995; Sane and Dickinson, 2002)csanay be
Fig. 3C). considered equivalent to the coefficient of force measured
normal to the surface of the platgsorm This coefficient may
The acceleration reaction be calculated from measurements of force on a flat plate with
The acceleration reaction generated by a tail element walse following equation:
calculated as the product of the added mass coeffigght (
the density of waterp} and the component of the rate of Ginorm= —————————
change in the velocity of the element that acts in the directio PljVinormV'j normAs

normal to the element’s surface and lies on the frontal plane Wheranorm is the force measured on the plate in the normal

the body Vjnorm Lighthill, 1975): direction,¢jnor=3.42 is an appropriate approximation for tail
dVj norm elements at'hig'Re(Dickinson et al., 1999). '
o (12) The contribution of the form force to the total force acting
on a flat plate is predicted to change viRia(Fig. 3D). Using
The added mass coefficient was estimated as (Lighthill, 1975)he form of the curve-fit equation for changes in the force
coefficient on a sphere at differeRegiven by White (1991),
Gja= } mij2As, (13) the following equation gives the force coefficient generated by
4 both form force and skin frictiorgis+tnorm) Over intermediate
(ﬁe(100<Re<10°’):

2Fnorm
(17)

Eja=—Cjap

wherel; is the distance between dorsal and ventral margins
the fin (height of a tail element), aAdis the width of the tall
element. Note that this is the added mass coefficient fo
inviscid flow and is assumed not to vary Wik

64
— (18)

1
+ 1
1+/Rg TR
whereRg is the height-specific Reynolds number of the tail
Skin friction element (described below). The first and last terms in this
At Re<1(?, skin friction may generate force that is bothequation describe the force generated at hRgpn<(L0%) and
normal and tangent to a surface. Therefore, the equatidow (Rg<1(°) Reynolds numbers, respectively, and the second
for skin friction on a tail element combines analyticalterm is an intermediary fit to the experimental data reviewed
approximations for skin friction acting tangent (Schlichting,by Hoerner (1965). In the viscous reginfeg(<1(®’), skin
1979) and normal (Hoerner, 1965) to the surface of a fldtiction dominates the force acting on a plate. The force
plate: coefficient in the normal direction for a tail element generated
entirely by skin friction is given by the following equation

(32 I 0
Ejo= = 0 Vinom+ 0.:«;2§J JRgwVj wilils, (14 (Lamb, 1945):

Cjs+fnorm= 3.42—-

64
where Vjtwan is the tangent component of the velocity of the Cjsnorm= ﬂ : (19)
elementsis the distance along the tail from the tail base to the
element, andRgs is the position-specific Reynolds number for The height-specific Reynolds number of a tail element was
a tail element. This Reynolds number was calculated as:  calculated as:

v ™
Rgs= % , (15) Rg =M

(20)
whereg is the position of the element down the length of theSubtracting the contribution of skin friction (equation 19) from
tail, vj is the time-averaged value for tail element speed ovehe coefficient for the total normal force (equation 18) yields
the tail-beat cycle. the coefficient for the form force for a tail element:

Form force
The form force acts normal to a surface and varies with th
square of flow speed, as expressed by the following equation
(Batchelor, 1967): Hydrodynamic forces and moments generated by the trunk
The force acting on the trunk’ was assumed to be the

AliGifVj normVj normAs , (16) same as that acting on a sphere with the same kinematics and

a diameter equal to the length of the trunk. At intermediate
where Vinorm is the magnitude (or speed) of the normalthis force is equal to the sum of skin frictiohs) and the form

Gjf = 3.42- (21)

1+/Rg

Eo = 1
it = 2
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force (T). The form force varies with the square of the velocityintegrals, models were programmed in MATLAB using a

of the trunk P; Batchelor, 1967): variable-order =~ Adams—-Bashforth—Moulton  solver  for
integration (Shampine and Gordon, 1975). This is a non-stiff
— _E multistep solver, which means that it uses the solutions at a
Ts=~- pSkpP, (22) : S \
2 variable number of preceding time points to compute the current
solution.

wherep is the density of wate§is the projected area of the
trunk, p is the speed of the trunk akds the coefficient of the
form force on a sphere, which varies wRkin the following
way (with skin friction subtracted; White, 1991):

We calculated the percentage of thrust and drag generated
by the form force and skin friction in order to evaluate the
relative importance of these forces to propulsion. This
percentage was calculated individually for the trunk and tail
ke = 6 +04, (23) and for both thrust and drag. For example, the following

1+/Re equation was used to calculate the percentage of thrust

generated by the form force on the tédki):
where Re, is the Reynolds number of the trunk (calculated

using equation 11 with the length of the truakused as the o Ft o
characteristic length). The skin friction acting on a sphere i Hitail = Fs+ Fj + Fy+ Fi x100%, (28)
predicted by Stokes law (Batchelor, 1967):

To= 3mapP. (24) where F; and Fg are the form force and skin friction,

respectively, generated by the tail in the direction of thrust (i.e.
Given the relatively low value for the added mass coefficientowards the anterior of the trunk). Similar calculations were
of a sphere (0.5) and the low accelerations expected by tléso made for the percentage of skin friction generated by the
trunk during steady swimming, we assumed negligible forceail, form force generated by the trunk, and skin friction
generation by the acceleration reaction acting on the trunk. Thgnerated by the trunk.
trunk generated a momer@) about the center of mass, which  In order to examine how the relative magnitude of form
was the sum of moments generated by the form force and skitvce and skin friction changes with tReof the body, we ran
friction acting on the trunk: a series of simulations using model larvae of different body

O=DxTi+D xTs, (25) Iength;. Each simulation used the mean morphomgtrics

and kinematic parameter values. The non-dimensional

whereD is the position vector for the center of volume of themorphometrics and kinematics were scaled to the mean

trunk with respect to the body’s center of mass. measured tail-beat period and the body length used in the
simulation. This means that animations of the body movements
Modeling free swimming in the model appeared identical for all simulations (i.e. models

Using the equations that describe the hydrodynamics dFere kinematically and geometrically similar), despite being
swimming, we modeled the dynamics of free swimming todifferent sizes.
calculate predicted movement by the center of mass of a

swimming ascidian larva. The acceleration of the bédyvas Statistical comparisons between measurements and

calculated as the sum of hydrodynamic forces acting on the predictions
body, divided by body mass: We tested our mathematical models by comparing the
measured forces and swimming speeds of larvae with model
A= F+T (26) predictions. We measured the mean thrust (force directed

towards the anterior) and lateral force generated by a tethered
larva and used our model to predict those forces using the same

ematics as measured for the tethered larva and the mean
ody dimensions. Such measurements and model predictions

Mbody .

The angular acceleration about the center of mass w
calculated using the following equation (based on Symorl3

1960): were made for a number of larvae, and a paired Student’s
do _1D 5 B O test (Sokal and Rohlf, 1995) was used to compare measured
Eﬂ E(M +0) -l '9)‘E QB (27)  and predicted forces. Such comparisons were made with
predictions from both the quasi-steady model and the unsteady
where Q is the rate of rotation vector about the center ofmodel.
mass, andP is the inertia tensor given in the body’s coordinate Predictions of mean swimming speeds from both models
system (with the center of mass as its origin). The velocity andere compared with measurements of speed. Model
position of the body’s center of mass were calculated in twpredictions of swimming speed were generated using
dimensions from the respective first and second time integraleke mean body dimensions and the tail kinematics of
of equation 26, and the rate of rotation and orientation oihdividual larvae measured during tethered swimming. This
the body were calculated from the respective first and secoradsumes that the midline kinematics of freely swimming
time integrals of equation 27. In order to calculate theséarvae were not dramatically different from that of tethered
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Fig. 4. The undulatory motion typical of tethered larvae. (A) The shape of the tail of a larva at any instant was descealirthkyatiglef),
position of inflection points on the taid)(and the curvature of the tail between the inflection pokifs The trunk angle was positive when the
tail was bent to the right and negative when bent to the left of the body. (B) Changes in the midline of the tail of a larsiagieetail beat.
Notice that as time progresses (to the right), inflection points (filled circles) move down the midline in the posterior @Hreajidrom the
base of the tail). (C—E) Points represent measurements of each kinematic parameter and the curves are found by a fadstfsqutices
described in the Materials and methods. (C) The curvature of bends between inflection points (with ¢ permmh concave-left and
concave-right bends (having an amplitwde (D) The propagation of inflection points begins at the tail base with a phase(lagtbfrespect

to a zero value of the trunk angle. (E) The trunk angle oscillates with time (with a Peritite vertical gray bands show when the trunk angle
is directed towards the left side of the body, and white bands occur when the trunk angle is directed to the right.

N . Results
larvae. Mean swimming speeds were measured on a different

sample of freely swimming larvae, and an unpaiteest Hydrodynamics aRe=10?

(Sokal and Rohlf, 1995) was used to compare predictions dfethered larvae

swimming speed with measurements. We verified that Using measured kinematics (Fig. 4, Table 1), we tested the
samples did not violate the assumption of a normahbility of hydrodynamic models to predict both the timing and
distribution by testing samples with a Kolomogorov—mean values of forces generated by larvae. The magnitude of
Smirnov test (samples witR>0.05 were considered to be predictions of form force and the acceleration reaction
normally distributed). (Fig. 5A-C) were approximately two orders of magnitude



336 M. J. McHenry, E. Azizi and J. A. Strother

Table 1.Swimming kinematics of tethered larvae

L P el add yO X
Individual (mm) (ms) (body lengths per tail-beat period)  (rad per bodylength) (tail-beat periods)  (rad)
1 191 41.7 1.18 0.77 1.25 0.08
2 1.93 445 1.13 0.87 1.11 0.28
3 2.07 41.0 1.14 1.16 1.29 0.20
4 1.93 41.8 1.27 1.06 1.18 0.27
5 2.10 50.0 1.13 1.13 1.04 0.32
6 1.90 47.6 1.39 0.99 1.19 0.16
7 1.76 41.8 1.17 0.81 1.25 0.16
8 1.72 43.6 1.26 0.93 1.03 0.34
9 1.90 394 1.10 1.07 1.04 0.28
10 1.71 40.2 1.30 0.94 1.37 0.28
11 2.07 41.8 1.12 1.04 1.40 0.14
12 1.85 40.2 1.47 0.84 1.26 0.11
13 2.02 41.8 1.03 0.86 1.22 0.16
14 2.09 42.7 1.31 1.07 1.37 0.16
Mean * 1s.D.= 1.93+0.13  42.7+2.9 1.21+0.12 0.97+0.12 1.21+0.12 0.21+0.08

L, body lengthpP, tail-beat periodg, wave speed of inflection poirtt; amplitude of tail curvaturey, period of tail curvaturey, amplitude &
trunk angle.
All data are time-averaged values for the duration of at least three tail beats.

Table 2.Model verification in tethered and freely-swimming larvae

Model predictions

Quasi-steady Unsteady
Measurements FeF+Fs) P (F=F+Fst+Fg) p N
Lateral force |iN) 5.11+2.31 4.09+1.59 0.181 4.74+1.45 0.600 11
Thrust (N) 6.07+1.93 3.72+1.36 0.297 4.56+1.29 0.450 3
Swimming speed (mnt$ 31.3645.17 27.63+7.09 0.123 41.29+6.09 <0.001 14

All values are means +4p. P values are the results of a Studebtest that compared measurements with predictions. These wem paire
comparisions of force and unpaired comparisons of speed.

greater than the predictions for the tail inertia and skin frictiorsteady model R=F¢++Fs) oscillated in phase with measured
forces (Fig. 5D,E). Due to the low magnitude of skin friction,lateral forces. However, the unsteady modetRi+FstFa)
the tail force predicted in the lateral direction by the quasipredicted peaks of force generation by the acceleration reaction
steady model R=F¢+Fs) was qualitatively indistinguishable acting in the direction opposite to the measured force (Figs 5,
from the prediction of form force (Fig. 5F). The prediction for 7). At instants of high tail speed, the form force was large and
the tail force in the lateral direction by the unsteady model hadas followed by the acceleration reaction acting in the opposite
the addition of the acceleration reacti¢ixfs+FstFa), which  direction as the tail decelerated and reversed direction.
generated peaks of force when the form force was low iAlthough both models accurately predicted mean forces (Table
magnitude (Fig. 5F). These force peaks were not reflected R), the timing of force production suggests that the acceleration
the measurements of lateral force (Fig. 5G). This measura@action does not generate propulsive force in the swimming
force oscillated in phase with trunk ang@ phase lag mean of ascidian larvae.
+ 1 s.0.=0.03£0.02 tail-beat period8=0.230,N=11; Figs 5H,
6), unlike the acceleration reaction, which was predicted to bereely swimming larvae
out of phase with trunk angle. Both quasi-steady and unsteady Simulations of free swimming allowed the body of larvae to
models predicted mean thrust and mean lateral force that westate and translate in response to the hydrodynamic forces
statistically indistinguishable from measurements (Table 2). generated by the body. As such movement could contribute
The force predictions by the quasi-steady model moréo the flow encountered by a swimming larva, the forces
closely matched the timing of measurements than those of tigenerated by freely swimming larvae were not assumed to be
unsteady model (Fig. 7). The force predicted by the quasthe same as those generated by tethered larvae. Therefore,
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Fig. 5. Measured and predicted forces for a tethered
larva. (A) The legend for the direction of force data
(B-H). Violet traces represent lateral forces that are
directed to the right of the body when negative and to the
left when positive. Green traces show force along the

B antero-posterior axis of the trunk that is directed toward
B | the anterior when positive and toward the posterior when
negative. (B—H). As in Fig. 4, the vertical gray bands

show when the trunk angl8)(is directed toward the left
side of the body, and white bands occur when the trunk

angle is directed to the right. Note that (B) the form force
B 7 and (C) the acceleration reaction are on the same scale as

the measured force, but both (D) the tail inertia force and
(E) skin friction are plotted on smaller scales. (F) The tail

D i force predicted for quasi-steadfF=Fs+Fs, heavy line)
= - and unsteady model§£Fi+FstF, thin line) illustrate
025 the differences between these models. (G) Force

— generated by the larva against the tether, in the lateral
direction for unfiltered (points) and filtered (line) data
(see text for details). (H) Variation in trunk angle with
time (the line is filtered data and the points are
J unfiltered).

The results of these simulations support the
result from tethering experiments that the
acceleration reaction does not play a role in the
hydrodynamics of swimming. The quasi-steady
model E=F¢+Fs) predicted a mean swimming
speed that was statistically indistinguishable from
measured mean swimming speed. By contrast, the
unsteady modelF=Fs+FstF3) predicted a mean
swimming speed that was significantly different
from measurements (Table 2). We found small
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(<4%) differences in predicted mean speed
between models using a higpbgdy=1.250 g mt?)
and low pnody=1.024gmtl) tissue density,
suggesting that any inaccuracy in the tissue density

-
120

simulations of free swimming were a closer approximation otised for simulationspfody=1.100gmtl) had a negligible
the dynamics of freely swimming larvae and provided a testffect on predictions.
for whether the results of tethering experiments apply to freely Reynolds number values varied among different regions of

swimming larvae.
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the body (Table 3). The mean Reynolds number for the whole
body Re=7.7x10%) was larger than the Reynolds number for
the trunk Re=2.8x10%) because the whole body is greater in
length than the length of just the trunk. The mean height-
specific Reynolds numbeR§r) and the mean position-specific
Reynolds numberRgs) were larger towards the posterior
(Table 3).

Fig. 6. The phase relationship between lateral force generation and
tail kinematics. Positive values are directed to the left of the body
and negative values are directed to the right. Each blue curve shows
the mean values over four tail beats for a single larva, with time
normalized to the tail-beat period. The black solid lines represent the
mean, and the black dotted lines representssl for all larvae
(N=11). As in Fig. 4, the gray band shows when the trunk angle is
directed towards the left side of the body, and white bands show
when the trunk angle is directed to the right. Measurements of lateral
force (A) are plotted above trunk angle (B).
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Fig. 7. Comparison of predicted and measured lateral forces. Graphs to the left (A and C) show mean measured laterdd fpeoesnEgar

+1 s.p. (light gray fill) of measured forces (the same data as in FigN5A1) and the mean (solid black line) &b. (dotted black line) of

predicted lateral forces for the same 11 larvae. Graphs on the right (B and D) present the same data, but the measeretbftedesgainst

predicted forces for each instant of time in the tail-beat cycle. Points vary in color from blue to red as the tail-eagcgskes. The green
regression line was calculated by a least-squares solution to a linear curve fit of the data (slopar€:8@pt=0r2=0.50 in B; slope=0.13,
y-intercept=0y2=0.05 in D). The gray line has a slope of 1, which represents a perfect match between measured and predicted data. (A,B) The
forces predicted for the lateral force by the quasi-steady model compared with measurements. (C,D) The forces predititerdbfdre

by the unsteady model compared with measurements.

Hydrodynamics at 18 Re<10? Discussion

Predictions by the quasi-steady model showed how thrust The acceleration reaction
and drag may be generated differently by form force and skin It is surprising that our results suggest that the acceleration
friction at differentRe At Res1(P, both thrust and drag were reaction does not contribute to thrust and drag in the steady
predicted to be dominated (>95%) by skin friction acting orundulatory swimming ofBotrylloides sp. larvae. Vyman’s
the trunk and tail (Fig. 8A,B). ARe=10%, most drag (63%) was (1974) model for the energetics of steady swimming in fish
generated by skin friction acting on the trunk, and most thrusarvae assumes that the acceleration reaction should operate at
(69%) was generated by skin friction acting on the taithe Reynolds number at which these larvae svRe=10?).
(Fig. 8C,D). AtRe=1(?, drag was generated by a combinationAlthough the energetic costs of locomotion predicted by
of skin friction and form force, but thrust was generatedvyman (1974) show good agreement with measurements,
almost entirely by form force acting on the tail (Fig. 8E,F). Bythese predictions from an unsteady model have not been
running simulations throughout the intermedi®e range compared with the predictions of a quasi-steady model.
(10°<Re<10?), we found that form force gradually dominates Furthermore, the hydrodynamics assumed by Vyman (1974)
thrust generation (up to 98%) with increasitg Although the  have yet to be experimentally tested. By contrast, Jordan
proportion of drag generated by form force increases Réth  (1992) did compare quasi-steady and unsteady predictions
skin friction generates a greater proportion of drag (>62%) thawith measurements of the startle response behavior of the
does form force, even &e=10(2. chaetognathSagitta elegans This study found that the
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unsteady model better predicted the trajectory of swimmindpr the acceleration reaction coefficient (used in elongated
than did the quasi-steady model, which suggests that thmdy theory; Lighthill, 1975). However, chaetognaths attain
acceleration reaction is important to undulatory swimming aRe=10% and more rapid tail accelerations than ascidian larvae.
intermediateRe If the actual acceleration reaction coefficient is lower than the
This discrepancy between our results and Jordan (1992) amviscid approximation at thRe of ascidian larvaeRe=10?),
the relative importance of the acceleration reaction may bihen predictions of the acceleration reaction would be smaller
reconciled if the acceleration reaction coefficient varies witin magnitude. The chaetognath may still generate sizeable
Re The acceleration reaction is the product of the acceleraticacceleration reaction in this regime by beating its tail with
reaction coefficient (which depends on the height of the tailelatively high accelerations.
element), the density of water and the acceleration of a tail Although swimming aRe>10? has not been reported among
element (equation 12). Both Jordan (1992) and the preseascidian larvae, numerous vertebrate and invertebrate species
study used the standard inviscid approximation (equation 13jo swim in this regimewe predict that aReapproaches £
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{ T L B L L T T T T T 11T Fig. 9. The percentage of thrust and drag generated by

D 1001 Skin friction A ] skin friction and form force predicted by the quasi-steady
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8 body lengths. Lines show the percentage of (A) thrust
g 40 - Form force g ?nd (B) drag generated by skin friction (violet) and form
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> 1007 B 1 consider the differences between viscous and inertial
g g \\\*‘ 41 regimes (e.g. Webb and Weihs, 1986), it is valuable
© 60 | torecognize that these domains are at opposite ends
ga of a continuum spanning three orders of magnitude
s 40 1 in Re This distinction makes it unlikely that larval
§ 20 // | fish grow through a hydrodynamic ‘threshold’ where
inertial forces come to dominate the hydrodynamics
0% 1 IR R R ! v )” of swimming in an abrupt transition with changing
10° 10t 10?  Re(e.g. Muller and Videler, 1996).
Reynolds number of the whole bodyg In summary, our results suggest that the

acceleration reaction does not play a large role in the
the acceleration reaction contributes more to the generation bfdrodynamics of steady undulatory swimming at intermediate
thrust in undulatory swimming. Although it remains unclearRe(1(P<Re<1(?). Our quasi-steady model predicted that thrust
how the magnitude of the acceleration reaction changes wigmd drag are generated primarily by skin friction at Res
Re the unsteady models proposed hdfeFi+Fs+Fs) and  (Re=10°) and that form force generates a greater proportion of
elsewhere (Jordan, 1992; Vlyman, 1974) should approximathrust and drag at higRethan at lowRe Although thrust is

the hydrodynamics of undulatory swimmingRe=105. generated primarily by form force Re<10?, drag is generated
o more by skin friction than form force in this regime. Unlike
Skin friction and form force swimming atRe>10? andRe<1(?, the fluid forces that generate

In support of prior work (e.g. Fuiman and Batty, 1997;thrust cannot be assumed to be the same as those that generate
Jordan, 1992; Vlyman, 1974; Webb and Weihs, 1986; Weihglrag at intermediate Reynolds numbers.
1980), our quasi-steady modéi=f++Fs) predicted that the
relative magnitude of inertial and viscous forces is different a
differentRe At Re=10°, skin friction (acting on both the trunk Table 3.Reynolds numbers
and tail; Fig. 8) dominated the generation of thrust and dra

. g . . . . . Characteristic
(Fig. 9). This result is consistent with the viscous regime length (mm) Reynolds number
proposed by Weihs (1980) for swimmingRe<10. Also in
accordance with Weihs (1980) are the findings that form forc Whole body L=3.0320.27 Re=7.7x10'+2.3x104
contributes more to thrust and drag at hgthan at lowRe Trunk a=1.09+0.15 Re=2.8x10'+1.0x10!
(Fig. 9) and that tr_lr_ust (Flg. _8) is dominated by form force a 1 elements
Re=10°. However, it is surprising that drag was generated mor < 1q. 0.23+0.01 Rgs=1.1x10°+0.4x10P
by skin friction than form force @&e=1(? (Figs 8, 9). Contrary 1=0.41+0.02 Rg=1.9x10°40.7x10°
to Weihs’ (1980) proposal for an inertial regimeRat2x10?, =0.30 0.70+0.03 Rgs=1.5x1010.5x10L
this result suggests that the fluid forces that contribute to thru 1=0.37+0.02 Rg=7.8x10742.5x10°
are not necessarily the same forces that generate drag. Thit  —qg5q +1.18+0.06 Rgs=5.7x1011.5x10L
unlike swimming in spermatozoa (&e<1(P), where both 1=0.29+0.02 R@=1.4x10L0.4x10L
thrust and drag are dominated by skin friction acting on bot g 7q =1.66+0.08 Rgs=1.4x10%0.3x 102
the trunk and flagellum (Gray and Hancock, 1955), or som 1=0.21+0.01 Rg=1.7x10L0.4x10L
adult fish (atRe>10°), where thrust and drag are both =0.90 =2.16+0.10 Rgs=2.4x10%0.4x 102
dominated by the acceleration reaction (Lighthill, 1975; Wu 1=0.12+0.01 R@=1.4x10L£0.2x10L
1971).

Our results suggest that ontogenetic or behavioral chang L, body lengtha, trunk length;s, distance along the tail from the
in Recause gradual changes in the relative contribution of skitail base to the element; height of tail elementRe, Reynolds
friction and form force to thrust and drag. As pointed out bynumber of the trunkRg Reynolds number of the whole bodg,
Weihs (1980), differences in intermedid®ewithin an order  height-specific Reynolds number of a tail elemédgs, position-
of magnitude generally do not suggest large hydrodynamiSpeC'f'C Reynolds number of a tail elemert=14 for all
differences. Although it has been heuristically useful gcmeasurements.
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Appendix n
Tether calibration Ma= z Rj X Eja. (34)
We used a least-squares method (described by Hill, 1996) i1

find the stiffness and damping constants of the tether from ) )

recordings of its position when allowed to oscillate without any! '€ Same calculations were used to determine the total force
larva attached. This method uses the equation of motion for tif&d moment generated by skin friction and form force for each
tether given any position measuremak instant of time in a swimming sequence.

LU L hersi 29
c ot d)e— tether a2 Miethed cmSln(d)e)- ( )

List of symbols
length of the trunk
acceleration of the body
position of the center of mass
added mass coefficient

coefficient of force on tail element due to form

Moments generated at the pivot of the tether may be caIcuIat%d
with a version of this equation with different parameter value%
for each instant of time in a series @position recordings.
Such a time series of equations may be represented by t 12
linear expression: i

force
Ag=r, (30) gnorm  coefficient of total force on tail element in the
normal direction
where Cs coefficient of force on tail element due to skin
@é1 O O s d?p10 friction
Eﬁ ¢1E B—mg emSin(@1) = | FE Gis+fnorm coefficient of force on tail element in the normal
%132 0 O 0 0 d!r_ection due to form force and skin friction
A= g ¢2E, q= S(D, r= B—mghcmsin(q)z) -1 ?E D position of the center of volume of the trunk
B 0 u 0 t 0 Ej total force acting on a tail element
0: Q0 0 : 0 Eja acceleration reaction on a tail element
[dow O _ d?pwt! Ejf form force on a tail element
Eﬁ ¢WE %mghcmsm(q)w) -1 FE Ejs skin friction on a tail element
total force generated by the tail
(31) Fa tail force generated by acceleration reaction
Best fits for values ot and k were found by solving the F¢ tail force generated by form force
following equation: Ft tail force generated by form force in the direction
4= (ATAIATY (32) of thrust

Finertia tail inertia force
where (ATA)1 is the inverse of the product & and the Fnom force in the normal direction measured on a plate

transpose ofA. Solutions to this equation were found usingFs tail force generated by skin friction

MATLAB. This method was verified by analyzing fabricated Fg tail force generated by skin friction in the

position data that were generated by numerical solutions to direction of thrust

equation 2 (a fourth-order Runge—Kutta in MATLAB) with g acceleration due to gravity

known values ok andc. hem distance from the tether pivot to the center of
mass of the tether

Calculating tail force Httail percentage of thrust generated by form force on
The total force generated by the tail of a larva was calculated the tail

as the sum of forces acting on all elements of the tail. Fdiopjective distance from the tether pivot to the objective
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htip

i
|
1B

I tether
i
kdamp
ks
kspring
I

L
Mbody
M

Ma
Mt
Ms
Mkether
O

L T VDT

distance from the tether pivot to the tip of the
pipette

volumetric element number

inertia tensor for the body of a larva

inertia tensor for the body in the body’s
coordinate system

moment of inertia of the tether

tail element number

damping coefficient

coefficient of the form force on the trunk

spring coefficient

height of a tail element

body length

mass of the body of a larva

total moment

moment generated by the acceleration reaction

moment generated by form force

moment generated by skin friction

mass of the tether

moment generated by force on the trunk

speed of the trunk

tail-beat period

velocity of the trunk

total number of volumetric elements

position of the tail element with respect to the
center of mass

Reynolds number for whole body

Reynolds number of the trunk

height-specific Reynolds number of a tail element

position-specific Reynolds number for a tail
element

inner radius of the micropipette

distance along the tail from the tail base to the
element

position of the element down the length of a tail

projected area of the trunk

time

force acting on the trunk

form force acting on the trunk

skin friction acting on the trunk

mean swimming speed

mean tail element speed

velocity of a tail element

o linear deflection of the tether

As width of a tail element

Awi volume of a volumetric element

wave speed of inflection point

radial deflection of the tether at its pivot

measurement of tether deflection

period of change in curvature

tail curvature

dynamic viscosity of water

trunk angle

density of water

density of tissue

rate of rotation about the center of mass

phase lag of inflection point relative to trunk
angle

non-dimensional quantity

NODD OE X< M
g o
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