The Journal of Experimental Biology 206, 725-744
© 2003 The Company of Biologists Ltd
doi:10.1242/jeb.00137

725

Hydrodynamic stability of swimming in ostraciid fishes: role of the carapace in
the smooth trunkfish Lactophrys triqueter(Teleostei: Ostraciidae)

lan K. Barto}*, Morteza GhariB, Daniel Weih3, Paul W. Webfy Jay R. Hové
and Malcolm S. Gordoh

1Department of Organismic Biology, Ecology, and Evolution, University of California, Los Angeles, CA 91606, USA,

20ptions of Bioengineering and Aeronautics, California Institute of Technology, Pasadena, CA 91125, USA,
SDepartment of Aerospace Engineering, Technion, Haifa, 3200, lsna¥School of Natural Resources and
Department of Biology, University of Michigan, Ann Arbor, Ml 48108A

*Author for correspondence (e-mail: ikbartol@lifesci.ucla.edu)

Accepted 11 November 2002

Summary

The hydrodynamic bases for the stability of locomotory
motions in fishes are poorly understood, even for those
fishes, such as the rigid-bodied smooth trunkfish
Lactophrys triquetey that exhibit unusually small
amplitude recoil movements during rectilinear swimming.
We have studied the role played by the bony carapace of
the smooth trunkfish in generating trimming forces that
self-correct for instabilities. The flow patterns, forces and
moments on and around anatomically exact, smooth
trunkfish models positioned at both pitching and yawing
angles of attack were investigated using three methods:
digital particle image velocimetry (DPIV), pressure
distribution ~ measurements, and force  balance
measurements. Models positioned at various pitching
angles of attack within a flow tunnel produced well-
developed counter-rotating vortices along the ventro-
lateral keels. The vortices developed first at the anterior
edges of the ventro-lateral keels, grew posteriorly along
the carapace, and reached maximum circulation at the
posterior edge of the carapace. The vortical flow increased
in strength as pitching angles of attack deviated from 0°,

yawing angles of attack resulted in prominent dorsal and
ventral vortices developing at far-field locations of the
carapace; far-field vortices intensified posteriorly and as
angles of attack deviated from 0°. Pressure distribution
results were consistent with the DPIV findings, with areas
of low pressure correlating well with regions of attached,
concentrated vorticity. Lift coefficients of boxfish models
were similar to lift coefficients of delta wings, devices that
also generate lift through vortex generation. Furthermore,
nose-down and nose-up pitching moments about the center
of mass were detected at positive and negative pitching
angles of attack, respectively. The three complementary
experimental approaches all indicate that the carapace of
the smooth trunkfish effectively generates self-correcting
forces for pitching and yawing motions — a characteristic
that is advantageous for the highly variable velocity fields
experienced by trunkfish in their complex aquatic
environment. All important morphological features of the
carapace contribute to producing the hydrodynamic
stability of swimming trajectories in this species.

and was located above the keels at positive angles of attack Key words: boxfishLactophrys triquetgrstability, hydrodynamics,

and below them at negative angles of attack. Variation of

swimming, pressure, particle image velocimetry, moment.

Introduction

Hydrodynamic stability, as applied to moving, aquaticboulders) in origin. Self-generated perturbations may involve
animal systems, may be best defined as the control afdioyancy forces, gill ventilation and locomotor movements.
regulation of trajectories during steady and intentionaHydrodynamic stability control arises from flow over the body
unsteady motions of maneuvers, such that the body resisiad appendages and is achieved by trimming and powered
movement from an original state, returns readily to an originatorrection systems. In trimming correction systems, control
state, or maintains a desired path after and/or while beingurfaces (effectors) move with the body and are positioned to
affected by external and self-generated perturbations (Weihself-correct a disturbance and/or passively damp the rate of
1993, 2002; Webb, 2000, 2002). In the water column, growth of perturbations (e.g. paired fins extended at a positive
common external perturbation is turbulence, which may bdihedral angle to self-correct for rolling perturbations)
biotic (e.g. wakes of other fishes) or abiotic (e.g. flow af{Aleyev, 1977; Weihs, 1989, 1993; Webb, 2002). Powered
interfaces and over topographic features like coral andorrection systems, as the name suggests, involve active
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movement of the effectors independent of the body to corre@ maintaining this stability. We were particularly interested in
disturbances (e.g. asymmetrical pectoral fin beats to correctttimming self-correcting forces for pitching and yawing.
rolling moment) (Webb, 2000, 2002). We approached this objective using three separate but
Powered correction systems are used by many fishes undeingerrelated techniques. For each approach, an anatomically
multitude of conditions to regulate trajectories. For powere@xact, stereolithographic model of the smooth trunkfish was
systems, neural processing is required before the effectors maksed. The three techniques applied were: (1) digital particle
corrections and may ultimately be the limiting factor for activelyimage velocimetry (DPIV), which provides a global picture
regulating trajectories (Webb, 2000). Many disturbancespf flow structures at various planes along the carapace;
especially those that are external, have low predictability if2) pressure distribution measurements, which provide
terms of direction, period or amplitude. Under these conditionspformation on what is happening at the surface of the
accurate phasing of correction forces with perturbations isarapace, a region that is difficult to resolve using DPIV; and
difficult. Without proper phasing, correction may even amplify(3) force balance measurements, which provide an integrated
the disturbance through ‘pilot-induced error’ (Webb, 1998yiew of forces acting on the carapace.
2000). Trimming self-correcting systems, on the other hand, can
accommodate these unpredictable events more effectively, since
response latency periods are not required. Consequently, fish
relying more heavily on trimming control seemingly are better Model construction
adapted to more turbulent regimes than fish emphasizing One Lactophrys triquetei. (17.0cm total length, 128.8g)
powered-control systems. Support for this hypothesis isvas captured by hook and line in Puerto Rico, frozen
provided by Webb (1998), who discovered that the smallmouttmmediately, and shipped to the University of California, Los
basaMicropterus dolomiepa fish that relies heavily on powered Angeles (UCLA), where it was stored in a —70°C freezer until
control, has greater difficulty holding station in the wake ofit was prepared for computerised tomography (CT) scanning.
cylinders than the river chudocomis micropogagrea fish that This specimen was in excellent condition and had carapace
relies heavily on self-correcting trimming control. features that closely resembled those of smooth trunkfish
Whether using trimming or powered hydrodynamic systems;onsidered in other studies conducted in our laboratory.
controlling trajectories and avoiding growth of disturbanced?reparation protocol involved removing the dorsal and anal
into energy-wasting displacements is essential to organisms ffins, positioning the pectoral fins flush against the body, and
effective and economical swimming. However, surprisinglyaligning the caudal fin with the longitudinal axis of the fish.
little is known about stability of locomotory motions in fishesOnce the exterior of the carapace was thawed completely, the
and other aquatic organisms, as noted by Blake (1981), Weikpecimen was dried off with a towel and placed on a low-
(1993, 2002) and Webb (2000, 2002). An intriguing fish thatlensity block of Styrofoam (floral frog). The Styrofoam block
resides in a highly turbulent environment and may takelevated the fish above the scanner bed during CT scanning,
advantage of both trimming and powered control is the smootivhich made it easier to distinguish ventral portions of the
trunkfishLactophrys triqueterThe smooth trunkfish is a neo- carapace from the bed in cross-sectional exposures.
tropical reef-dwelling fish that has a rigid bony carapace The specimen was scanned using a GE CT/i high-speed
consisting of hexagonal plates (or scutes), which encases absgtnner (General Electric Medical Systems, Milwaukee, WI,
70-75% of its body (Tyler, 1980). The carapace, a feature thalSA). A continuous scan was performed through the entire
distinguishes it from most flexible-bodied marine fishes, idish using a 1.0 mm collimation at 120 kVp/200mAnd a 1s
predominantly triangular in cross-section, with one dorsatotation time. A 50% overlap was used so that images were
and two prominent ventro-lateral keels (Fig. 1). In smoottreconstructed every 0.5mm. A total of 340 consecutive, two-
trunkfishes and other marine boxfishes (Teleosteidimensional (2-D), cross-sectional exposures were generated
Ostraciidae), the carapace limits body movements to locationengitudinally from the snout to the posterior edge of the
posterior to the caudal peduncle. As a result, these fishes redgudal fin. An appropriate threshold (contrast) was selected for
heavily on complex combinations of movement of their fivemaximum resolution of the carapace, and the images were
fins for swimming. converted to digital stereolithography (STL) files using a
Field observations and recent studies on the swimminiylarching Cubes algorithm, a high-resolution 3-D surface
physiology of boxfishes indicate that they are capable ofonstruction algorithm (Lorensen and Cline, 1987). Exact 3-D
remarkably low recoil motions, both when moving in flumesphysical models of polymerized epoxy resin, one in halves
and in highly variable velocity fields in nature, resulting inand the other whole, were created from the files using
smooth, energy-efficient, rectilinear swimming trajectoriesstereolithographic rapid-prototyping (Solid Concepts, Inc.,
(Gordon et al., 2000; Hove et al., 2001). Although there ar®¥alencia, CA, USA).
some studies describing and analyzing swimming in rigid-
bodied ostraciiform fishes (Blake, 1977, 1981, 1983a,b; Hove Measurements of CT images
et al., 2001), little is known about how this remarkable stability A variety of morphological measurements were collected
is achieved. The objective of our study was to understand whisbm the 2-D, cross-sectional CT images to characterize the
role the uniquely shaped carapace of the smooth trunkfish playsique shape of the carapace. Before measurements were

Materials and methods
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taken, the CT images were converted from a UCLA PACS in.02 ms and separated by a period of 1 ms during paired image
house format to a TIFF format. Measurements were collectetbllection. At least 60 sequential images (30 paired images)
from every fourth image using NIH Image v. 1.61 (Nationalwere considered for processing for each trial. In all images
Institute of Health, http://rsb.info.nih.gov/nih-image/). For except those collected in the wake, the model was subtracted
each CT image considered, carapace width (distance froout of the video image prior to processing. The interrogation
ventro-lateral keel tip to ventro-lateral keel tip), carapacevindow (i.e. the area over which the particle shifts were
height (distance from dorsal keel tip to midline of ventralaveraged) was 3pixels with a 16 pixel offset (50% overlap).
region), eye ridge width (distance from eye ridge tip to edgé&he displacement of particles within the interrogation windows
ridge tip), dorsal keel angle (determined using the apex of theomprising the paired images was calculated using cross-
keel (vertex) and the two widest points on either side otorrelation (Willert and Gharib, 1991). Outliers, defined as
keel apex), and both ventro-lateral keel angles (determingghrticle shifts that were 3 or more pixels greater than particle
similarly to dorsal keel angles) were measured along the leng#hifts of neighboring particles, were removed and corrected,
of the carapace (Fig. 1). To characterize levels of lateral arehd data were smoothed to remove high frequency fluctuations
ventral concavity/convexity, a segment connecting the apex afithin the video images.
each ventro-lateral keel and the apex of the dorsal gl (  The resulting flow displacement fields were divided by the
and a segment connecting the apices of the ventro-lateral keélpe difference between the paired images to determine the
(Sv), respectively, were drawn on all CT images consideregelocity field of the flow. Mean velocity and mean vorticity
using NIH image. The maximum distance(s) the body indentefields were determined for each trial usifigpwVision™
and/or extended relative to the segment and location(s) aebftware. Circulation of regions of concentrated vorticity
maximum indentation/extension along the segment werattached to the model was determined by carefully tracing
recorded. along the outline of the model where the region of concentrated
vorticity was present, tracing along the remaining vorticity
Digital particle image velocimetry contour found external to the model, and then computing the
Willert and Gharib (1991) and Raffel et al. (1998) providearea integral within the tracing using an in-house code at the
detailed descriptions of the DPIV technique for flow fieldCalifornia Institute of Technology. Circulation of vortices in
measurements. A general description of the experimentéhe wake was determined by tracing along the outlines of each
techniques relevant to our study is given here. To reduce glaregion of concentrated vorticity and computing the area
from laser light, one of the two fabricated models was paintehtegral of the tracing.
black, which did not obscure the hexagonal scute topography DPIV measurements were collected at transverse planes
at the surface of the carapace. For DPIV measurements maaleng the length and within the wake of the model as it was
along the body, the tail of the model was removed and replacgasitioned at various pitching angles of attack in the water
with a 10cm rod (also painted black and 1.0cm in diametetunnel. The water tunnel was set at a speed of 44tms
which was similar in dimension to the caudal peduncle). Th€.6BLs™), where BL=body length, which corresponds to
rod was connected to a sting that entered the water tunnel framughly half the sustained speed range of boxfish (J. Hove,
above. For DPIV measurements in the wake, the tail wasnpublished swim tunnel data). The water tunnel was also set
reattached, and the sting was affixed to a machined connectatr low speeds (10cm% 0.6BLsY) and high speeds
located at the caudal peduncle. We used a water tunnel with(@0 cm s1, 5.3BLs™1) periodically to confirm that DPIV results
30cmx30cnx100cm test section (Model 503, Engineeringat the intermediate speed were qualitatively applicable over the
Laboratory Design, Inc., Lake City, MN, USA) seeded withrange of swimming speeds of the fish. Data were collected at
silver-coated hollow glass spheres (4 in diameter). Two 2° intervals between —10 and +10°, and at 5° intervals at more
pulsed ND:YAG lasers (wavelength=532nm, power ratingnegative and positive angles of attack, up to —30 and +30°,
50mJ; New Wave Research, Fremont, CA, USA), a series oéspectively. At all pitching angles of attack, flow patterns
front-surface mirrors, and a cylindrical lens were used tavere examined in the wake of the model (5cm downstream
generate and align an illuminated sheet approximately 1.0 mfmom the caudal fin) and at five locations along the body of the
thick. The laser sheet was projected beneath the water tunmabdel: the eye ridge, the point of maximum girth, the midpoint
in a transverseY( plane. A Pulnix CCD video camera (TM- between the point of maximum girth and the posterior edge of
9701) with a frame size of 48068 pixels and frame rate of the carapace, the posterior edge of the carapace and the caudal
30Hz was positioned downstream of the working sectiopeduncle. Several (2—-3) trials were performed at each location
(unobstructed views of oncoming flow were made possiblat each pitching angle of attack. The model was oriented
through a Plexiglas exit tank). sideways, upside-down, and right-side-up in the water tunnel
The video camera, lasers and a Coreco OC-TC10-DIGS#uring the various angles of attack to ensure that no zones
frame grabber (National Instruments, Inc., Austin, TX, USA)around the carapace were ignored because of shadowing. The
were synchronized using a video timing box &tawVisio™  upside-down orientation worked best for positive pitching
software (PixelFlow, Pasadena, CA, USA). The video camerangles, while the sideways orientation worked best for negative
generated timing signals for phase-locking the frame grabbepjtching angles. Lift on the carapace was computed at each
lasers and camera. Generally, the two lasers were pulsed famgle of attack considered using a 2-D airfoil lift equation
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(Tritton, 1998): L=—pwul’, where Ls is lift per unit span USA). Static pressure (N at each of the 36 ports was
(kgs?, pw is freshwater density (kg®, u is flow speed expressed relative to static pressure (Rnat a tunnel wall
(ms™), andrl is mean circulation of each vortex comprising port.
the pair in the wake of the model 481}). These vortices Data were collected while each model was positioned at 2°
represent both the linear and non-linear contributions to slendattervals for pitching angles of attack of —30 to +30° and
wing-body lift (Kichemann, 1978). To obtain total liff Ls  yawing angles of attack of O to 30° (for yawing angles of attack
was multiplied by the span of the ventral region of the boxfislthe pressure ports were both exposed to flow (i.e. positioned in
model. the near field carapace side) and shielded from flow (i.e.
Additional DPIV studies were performed at transversepositioned in the far field carapace side) for each of the angles
planes along the length of the model as it was positioned af attack). For the angles considered, data were acquired at
various yawing angles of attack (0 to +30°) in the water tunnelOOHz for 10s wusing LabVIEW software (National
set at the same speed described above. Data were collectednatruments, Inc.). Wind tunnel speed was set according to the
yawing angles of attack of 0, 10, 20 and 30° at the followindReynolds number considered in water tunnel trials. Pressure
locations: the eye ridge, the point of maximum girth, thecoefficients Cp) were calculated by dividing the pressure
midpoint between the point of maximum girth and the posteriodifference above (Nnd) by dynamic pressur@iU2/2; where
edge of the carapace, the posterior edge of the carapace, @nadis air density (kgmP) and U is wind speed (nv3)],
caudal peduncle. Several (2-3) trials were performed at eadetermined using a Pitot-static tube positioned in the wind
location at each yawing angle of attack. As was the case ftunnel.
pitching studies, the models were positioned in different

orientations to ensure that no shadowed region was Force measurements
overlooked. The upside-down orientation worked best for The smooth trunkfish model used in DPIV experiments was
yawing studies. also used in force measurement experiments. The model was
mounted caudally to a sting in a water tunnel with a test section
Pressure measurements 61 cmx46 cnx244 cm in dimension. Force measurements were

The second smooth trunkfish model, constructed in halvesllected using three Interface 2.27 kg strain gauge load cells
but identical in dimensions to that employed in DPIV(Interface, Inc. Scottsdale, AZ, USA) [two load cells measured
experiments, was used for pressure experiments. One of tferces normal to flow (lift), one load cell measured forces
model halves was hollowed out, and 36 holes were drilled iparallel to flow (drag)] connected to an in-house force balance
lateral and ventral regions of the carapace. The holes wetkisoski, 1993). Data output from the load cells were amplified
drilled along body transects similar to those examined in thasing three Interface SGA amplifiers/conditioners and
DPIV studies. Urethane tubing (i.d. 0.068cm, o.d. 0.129 cmjecorded with a Dash 8 Series data recorder (Astro-Med, Inc.).
was inserted into the holes and glued in place so that the tubib@ta were collected at 200Hz for 10s for each angle
was flush with the model surface. The two model halves wereonsidered. As was the case for pressure experiments, force
glued together. Tubing exited the model through a 1.0crdata were collected every 2° from pitching angles of attack of
diameter, 10cm long rod attached to the posterior section ef30 to +30° (some additional angles <—30° and >+30° were
the model. The rod was used to mount the model to a sting aiso considered). Flow speed during trials was identical to that
a 61cm wind tunnel (model 407, Engineering Laboratoryconsidered in DPIV experiments [44 cmé §2.6BLs™Y)].

Design, Inc., Lake City, MN, USA). Tubing exiting the model Coefficients of drag Gp) and lift (CL) were calculated
was connected to a Scanivalve 48-channel rotating pressursing steady-state equationsCpE2xD/(pwxAsxu?)  or
scanner (Scanivalve Inc., Liberty Lake, WA, USA) and aC_=2xL/(pwxApxu?), whereD is total drag (N)L is total lift
barocel electric manometer and capacitative differentialN), pw is water density (kg n$), Ar is maximum frontal area
pressure sensor (Barocel Datametrics, Wilmington, MA(m?), Ay is planform surface area of the ventral region of

Dorsal keel .
l' Eye ridge
Lateral convexity
Lateral concavity . /
Hem L
Ventro-lateral keels Ventral concavity Ventral convexity

Fig. 1. Anterior, posterior and lateral views of a smooth trunkféstiophrys triqueterScale bars, 1 cm.
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the carapace (#), and u is water tunnel speed (myj. broad (140°) and rounded, but then sharpened posteriorly down
Pitching moments M) about the center of mass of the to an angle of 24° at a position 82%. At locations >82%L,
models  were computed using the equation:ventro-lateral keel angles increased, reaching a maximum
M=dq(L2—L1)+(L1+L2)x(dz2comx)+D(dzsina), where di is  angle of 54° at the posterior edge of the carapace. The dorsal
distance (m) between load cell beams in the force baldpce, keel was first noticeable at a location 2€% forming in the
is distance (m) between center of force balance and center middle of the eye ridge. At this location the dorsal keel was
mass of modell1 is lift (N) measured at load cell closest to 98°. The dorsal keel generally became sharper posteriorly until
model,Lz is lift (N) measured at load cell farthest from model,approximately 69%L, where the keel angle was 34°. In more
D is drag (N) on the model, amdis angle of attack (degrees) posterior regions, the dorsal keel began to broaden again,
of the model. Pitching moment coefficient€m) were  especially at the posterior edge of the carapace where the keel
computed using the equatioBu=2M/(pwApcU?), wherecis  angle was 108° (Fig. 2).
the chord length of carapace (m). Significant regions of convexity were present laterally along
the carapace, especially in areas just posterior to the eye
(25-40%CL) and near the edge of the carapace (>84%6
(Fig. 3). Along a given dorso-ventral transect, maximum
Measurements of CT images lateral convexity occurred 0.84—2.85cm below the dorsal keel
The carapace of the smooth trunkfish is predominantlyFigs 1, 3). Ventral convexity, which was always greatest
triangular in cross-section, has no significant ornamentatiogquidistant from the ventro-lateral keels along transverse
and has 1 dorsal and 2 ventro-lateral keels (Fig. 1). Maximurmansects, actually decreased in magnitude posteriorly until
body width (6.4 cm) and maximum body height (7.1 cm) of ther1%CL, at and after which no significant convexity was
scanned smooth trunkfish specimen occurred at locations 518tesent (Figs 1, 3). Lateral concavity was present in locations
and 48% of carapace lengfiL, respectively (37% and 35% from 38-92%CL. Along dorso-ventral transects, maximum
of the total lengtiL of the fish, respectively) (Fig. 2). The eye lateral concavity occurred 0.38-1.23cm above the ventro-
ridge, which was fairly consistent in width (1.8-2.0 cm) at mostateral keels (Figs 1, 3). Ventral concavity was also present in
of the transverse sections where it was present, began atoaations from 58 to 94%L. Along dorso-ventral transects,
location 14%CL and ended at 37%L. Ventro-lateral keels maximum ventral concavity occurred 0.62—1.37 cm from the
were first noticeable at a location 1&% as well. At this ventro-lateral keels (Figs 1, 3).
anterior region of the carapace, the ventro-lateral keels were

Results

Digital particle image velocimetry
At positive pitching angles of attack, regions of

1180 concentrated, discrete vorticity began to develop near the
3140 anterior edges of the ventro-lateral keels at a longitudinal
] location corresponding to the eye ridge (Fig. 4). These regions
] of concentrated vorticity intensified posteriorly along the
. 1120 ventro-lateral keels, both in terms of peak vorticity and
£ ] 100 @ circulation, until two well-developed, counter-rotating vortices
}3’ ] ® ultimately formed at the posterior edge of the carapace. The
2 ] e vortices left the body completely at the caudal peduncle. Some
o 180 3 regions of concentrated, attached dorsal vorticity formed along
IS | c . .
5 ] < the body as well, especially around the eye ridge, where vortex
60 circulation was stronger dorsally than ventrally at positive
| angles of attack <20°. However, peak dorsal vorticity and
140 dorsal circulation did not grow steadily along the body, and did
. ] not reach the circulation magnitudes observed in ventral areas
00 10 20 30 40 50 60 70 80 90 '10%0 at the posterior edge of the carapace and at the caudal peduncle.
Percentage of carapacéength In the wake, dorsal and ventral vortices merged with the

vorticity representing the linear lift, producing two well-
developed, counter-rotating vortices with a prominent
downwash of flow between them (Fig. 4).

~— Eye ridge width (cm) At negative pitching angles of attack, regions of
Fig. 2. Characteristics of the carapace of a CT-scanned Smooﬁanentrated, attached Vorticity.als.o began .to develop aropnd
trunkfish (17.0cm total length, 12.3cm carapace length) plotted as@€ ventro-lateral keels at a longitudinal location corresponding
function of percentage of carapace length. Dimensions (carapal@ the eye ridge (Fig. 5). As was the case for positive angles
width, carapace height, and eye ridge width) are depicted on the |} attack, circulation and peak vorticity of ventral vortices
y-axis, while mean ventro-lateral keel angle and dorsal keel angle aiiecreased posteriorly, developing into two counter-rotating
depicted on the right-axis. vortices at the posterior edge of the carapace, and ultimately

—— Carapace width (cm) —.— Mean ventro—latera ked angle
—=— Carapace hght (cm) —— Dorsal ked angle
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leaving the body completely at the caudal peduncle. However, At pitching angles of attack close t8,@he same general
while regions of concentrated vorticity developed above theatterns of vortex development occurred: regions of
ventro-lateral keels at positive pitching angles of attackgoncentrated, attached vorticity formed at the anterior edges of
regions of concentrated vorticity formed below the ventrothe ventro-lateral keels and grew in terms of peak vorticity and
lateral keels at negative pitching angles of attack (Figs 4, 5irculation posteriorly, while weaker regions of dorsal vorticity
Furthermore, vortical flow rotation changed, depending ofiormed sporadically with no consistent antero-posterior
angle of attack. When viewed from the rear, flow around theirculation growth (Fig. 7). However, circulation and peak
right ventro-lateral keel was counterclockwise at positivevorticity of ventral regions of concentrated, attached vorticity
angles of attack and clockwise at negative angles of attack (Figere lower at angles of attack neaitilan at more positive or

6). Some regions of weaker, concentrated, attached vorticityore negative angles of attack (Figs 6, 7). Irrespective of angle
formed around the eye ridge in dorsal locations at negativef attack, circulation of attached ventral vortices was always
angles of attack, but as was the case at positive angles of attagieatest at the posterior edge of the carapace. Interestingly, at
the dorsal vortices did not grow steadily along the body likean angle of attack of 0°, vortical flow rotation and position
the ventral vortices. In the wake, two well-developed vorticesesembled conditions at positive angles of attack.

were present with a prominent upwash of flow between them When the carapace was positioned at yawing angles of

(Fig. 5). attack, vortex development occurred adjacent to far-field
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Fig. 3. Concavity and convexity measurements of the carapace of a CT-scanned smooth trunkfish (17.0cm total length, 12&xcm carapa

length) plotted as a function of percentage of carapace length. Maximum convexity (A) and concavity (C) are the maximesntlégtéme

body extends and indents, respectively, relative to a segment connecting either the tips of the dorsal and ventro-lg@&al &tk

measurements) or the tips of the two ventro-lateral k&ls(yentral measurements). The location of maximum lateral convexity (B) is the

distance from the dorsal keel to the point of maximum extension along the se§me&hg location of maximum lateral/ventral concavity (D)

is the distance from the ventro-lateral keel to the point of maximum indentation along se§msitsral) orSy (ventral). Data on lateral

maximum convexity and concavity are mean measurements of the two sides of the carapace. Data on ventral concavity anreremantseas

of the two regions of ventral concavity found along 8 B the location of ventral maximum convexity occurs equidistant between ventro-

lateral keels.
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Fig. 4. Velocity vector (B) and vorticity contour (C) fields around and in the wake of tHehe shadows beneath the models represent areas that were shielded from laser light=Mean
smooth trunkfish model positioned at a pitching angle of attack of +10°. The data ameulation magnitude and mean peak vorticity magnitude values for a dorsal \chtexg
viewed in transverse planes at various locations along the body and in the wake. EachgidtPwp, respectively) and a ventral vorteky( and Pwy, respectively) are included =

is the mean result of 30 velocity fields (1 representative trial). From left to right, theeneath the vorticity contour plots for measurements along the body. In the wake, d@&sal
locations (A) are: eye ridge, maximum girth, midpoint between maximum girth armhd ventral distinctions are not necessary since ventral and dorsal vortices merge. a
posterior edge of the carapace, posterior edge of the carapace, caudal peduncle and wake. =
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Fig. 5. Velocity vector (B) and vorticity contour (C) fields around and in the wake of tHEhe shadows on the sides of or above models represent areas that were shielded from
smooth trunkfish model positioned at a pitching angle of attack of —10°. The data &ser light. Mean circulation magnitude and mean peak vorticity magnitude values for a
viewed in transverse planes at various locations along the body and in the wake. Eachdaatal vortex [p andPwp, respectively) and a ventral vortex/(andPwy, respectively)

is the mean result of 30 velocity fields (1 representative trial). From left to right, tlege included beneath the vorticity contour plots for measurements along the body. In the
locations (A) are: eye ridge, maximum girth, midpoint between maximum girth andake, dorsal and ventral distinctions are not necessary since ventral and dorsal vortices
posterior edge of the carapace, posterior edge of the carapace, caudal peduncle and makge.
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Fig. 6. Velocity vector (B) and vorticity contour (C) fields around the posterior edge oépresentative trial). The shadows underneath or to the side of models represent are% that
the carapace of the smooth trunkfish model positioned at pitching angles of attack of (fleéte shielded from laser light. Mean circulation magnitude and mean peak vortiGly
to right): +20°, +10°, 0°, —10° and —20°. The data are viewed in transverse planes, arapnitude values for a dorsal vortéx@ndPwp, respectively) and a ventral vortex/( £
sampling locations are indicated (A). Each plot is the mean result of 30 velocity fieldsgdPwy, respectively) are included beneath the vorticity contour plots.
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Fig. 7. Velocity vector (B) and vorticity contour (C) fields around and in the wake of thenderneath the model represent areas that were shielded from laser light. Mean circulation
smooth trunkfish model positioned at an angle of attack of 0°. The data are viewedriagnitude and mean peak vorticity magnitude values for a dorsal vbgend Puwp,
transverse planes at various locations along the body and in the wake. Each plot isr¢éspectively) and a ventral vortek\( and Pwy, respectively) are included beneath the
mean result of 30 velocity fields (1 representative trial). From left to right, the locatiomsrticity contour plots for measurements along the body. In the wake, dorsal and ventral
(A) are: eye ridge, maximum girth, midpoint between maximum girth and posterior eddgstinctions are not necessary since ventral and dorsal vortices merge.

of the carapace, posterior edge of the carapace, caudal peduncle and wake. The shadows
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Fig. 8. Velocity vector (B) and vorticity contour (C) fields around the posterior edge tfie mean result of 30 velocity fields (1 representative trial). The shadows underngath
the carapace of the smooth trunkfish model positioned at yawing angles of attack of (eftdels represent areas that were shielded from laser light. Circulation magnitudeZand
to right): 0°, 10°, 20° and 30°. The data are viewed in transverse planes, and sampfiegk vorticity magnitude values for a dorsal vortEy &nd Pwp, respectively) and aé

locations are indicated using illustrations of models viewed from above (A). Each plotventral vortex [v andPwy, respectively) are included beneath the vorticity contour plo
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regions of the carapace (i.e. portions of the carapace that avieculation of far-field vortices intensified (Fig. 8). As was the
shielded somewhat from oncoming flow), but little case with pitching angles of attack, peak vorticity and
concentrated vorticity formed in near-field locations of thecirculation of attached vortices were always greatest at the
carapace (i.e. portions of the carapace that are exposed posterior edge of the carapace, irrespective of angle of attack.
oncoming flow) (Fig. 8). At the far-field side of the carapace

(the far-field side in this case is the right side of the carapace Pressure measurements

when viewed from the rear), a clockwise region of Locations ofthe concentrated, attached vorticity observed in
concentrated, attached vorticity developed around the e)@PIV experiments were closely correlated with locations of
ridge/anterior edge of the dorsal keel and grew posteriorly itow pressure detected in pressure experiments. Along the eye
terms of circulation and peak vorticity along the keel. Thaidge dorso-ventral transect, regions of attached vorticity
resulting vortex left the body at either the posterior edge of théeveloped around the eye ridge and above the ventro-lateral
carapace or caudal peduncle. One or two counterclockwideel at positive pitching angles of attack. At these locations
regions of concentrated, attached vorticity developed at th&ong the transect, which correspond to pressure ports B4 and
anterior edge of the ventro-lateral keel and grew posteriorl31, respectively, low pressure was also detected (Figs 4, 9).
along the keel, before leaving the body at either the posteriddong the maximum girth dorso-ventral transect, regions of
edge of the carapace or the caudal peduncle. As yawing angtancentrated vorticity were detected laterally and above the
of attack deviated farther from 0°, peak vorticity andventro-lateral keel, which correspond to pressure ports B7 and
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Fig. 9. Pressure coefficient€f) plotted as a function of location (pressure port) along various dorso-ventral transects on the smooth trunkfish
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the carapace and (D) posterior edge of the carapace. Values are meams + 1
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B11, respectively. Low pressure at B11 was clearly apparent Along the eye ridge dorso-ventral transect, regions of
at all positive pitching angles of attack along the transect. Lowttached vorticity formed around the ventro-lateral keel and
pressure at B7 was less apparent, but there was a droptie eye ridge at negative pitching angles of attack. Consistent
pressure at B7 relative to its dorsal neighbor B6 at angles @fith this observed vorticity pattern, a clear decrease in
attack >4° (Fig. 9). Along a transect half way between the poirpressure was observed at B1, a pressure port just above the
of maximum girth and the posterior edge of the carapace, botkentro-lateral keel (Fig. 10). As angles of attack increased,
attached vorticity and low pressure were observed just aboyessure dropped at B1, just as vortex circulation increased at
the ventro-lateral keel (pressure port B12) at positive pitchinghore negative angles of attack. A drop in pressure was also
angles of attack. At the posterior edge of the carapace, a stroolgserved at pressure ports near the eye ridge; for angles of
vortex was observed above the ventro-lateral keel at positivegtack 0 to —10°, pressure was low at B4, and for angles of
pitching angles of attack; at this location (B20 on pressurattack —20 to —30°, pressure was low at B5. For dorso-ventral
model) low pressure relative to other points along the dorsdransects located at maximum girth and at more posterior
ventral transect was observed. Furthermore, pressure droppedations, regions of concentrated vorticity were located
at ports near regions of concentrated, attached vorticity dargely just below the ventro-lateral keel at negative angles of
angles of attack increased, which is consistent with thattack, an area where no pressure port was located. As a result,
observed increase in peak vorticity and circulation with highethere were no consistent declines in pressure at ports just

angles of attack (Fig. 9). above the ventro-lateral keel (i.e. B11, B12 or B20) along
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Fig. 10. Pressure coefficientSH) plotted as a function of location (pressure port) along various dorso-ventral transects on the smooth trunkfish
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dorso-ventral transects as observed at positive angles af B1, the only location along the transect where regions of
attack. Interestingly, at the point of maximum girth, there wasoncentrated vorticity were prominent. Along an antero-
a noticeable drop in pressure at A4, a pressure port locatedposterior transect where regions of attached dorsal vorticity
the middle of the ventral region of the carapace thatvere frequently observed, pressure was lowest above and/or
presumably was influenced by regions of ventrally locatedhyehind the eye ridge (D4, B5) at both positive and negative
concentrated vorticity (Figs 5, 10). angles of attack (Fig. 11), areas where regions of concentrated,
Although peak vorticity and vortex circulation increasedattached dorsal vorticity were frequently greatest. Dorsal
consistently along the ventro-lateral keels from the anterigpressures at positive angles of attack were lower than at
edges of the keels to the posterior edge of the carapaceegative angles of attack, which too is consistent with the
pressure values did not decrease antero-posteriorly at positisbserved vorticity patterns, i.e. there was stronger concentrated
pitching angles of attack. Instead, pressure just above therticity around the eye ridge at positive as opposed to
ventro-lateral keel decreased from the snout to the point afegative angles of attack.
maximum girth (B11), but then increased posteriorly thereafter At yawing angles of attack, vortex formation occurred at the
(Fig. 11). Pressure along the antero-posterior path followed biar-field side of the carapace, most prominently in regions
regions of concentrated ventral vorticity at negative angles afdjacent to the dorsal and ventro-lateral keels. Low pressure
attack was not measured because of a lack of pressure portss consistently detected in these regions along dorso-ventral
However, along the D1-B20 antero-posterior transectransects. For example, at the point of maximum girth, pressure
considered for positive angles of attack, pressure was lowesat D7 (port just below dorsal keel) and B11 (port just above
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locations of the pressure ports included in each graph are highlighted in the image of the model. A4 is located in thietimeidciatial

region of the carapace.

ventro-lateral keel) was low when models were positioned @b drag ratio occurred at —16°. Nose-down pitching moments
yawing angles of attack with the ports in the far field (Fig. 12)about the center of mass were detected at angles of attack >-2°,
Moreover, a clear drop in pressure at lateral locations betweevhile nose-up pitching moments about the center of mass were
the dorsal and ventro-lateral keel (i.e. B7-B9) was frequentlgetected at angles of attack <-2° (Fig. 13).

observed, which is where additional regions of concentrated When compared to lift measurements from force balance
vorticity were detected using DPIV (Figs 8, 12). As circulationexperiments, lift values predicted from DPIV circulation
and peak vorticity increased with increasing yawing angle ofalues (using 2-D airfoil equations) were consistently of higher
attack, pressure in regions of concentrated vorticity droppednagnitude (paired samplétest, mean difference=0.045,
When the model was positioned so that the holes were in thief.=6, t-value=4.322P=0.005). At positive angles of attack,
near field, i.e. directly exposed to flows, a very differenDPIV lift estimates were 29-33% higher in the positive
pressure distribution occurred. As the pressure ports werdirection than force balance lift measurements. At negative
exposed to a larger normal velocity component in the near-fielangles of attack, DPIV lift estimates were 25-38% higher in
side (i.e. higher angles), pressure actually rose at all the latethe negative direction than force balance lift measurements
ports (Fig. 12). (Fig. 14).

Force balance measurements Discussion

No obvious stall occurred at angles of attack up to £30°, and This study is the first to our knowledge that applies multiple
overall lift coefficients of the carapace were similar toaerodynamic and hydrodynamic engineering methods to
coefficients of delta wings of similar aspect ratio (Fig. 13). Theaddress an important question in the functional morphology of
lift coefficient of the carapace was closest to 0 at —2fish locomotion, i.e. what are the physical bases for the
(CL=-0.005). At 0°C. was 0.027. The drag coefficient of the exceptional hydrodynamic stability of swimming found in the
carapace was lowest at —45p=0.157) and was 0.167 at 0°. ostraciid fishes? The results demonstrate that: (1) it is possible
At positive angles of attack, the lift-to-drag ratio was highesto obtain internally consistent, independent lines of data that
at +20°, which is consistent with delta wings that often haveollectively address the question; and (2) morphological
maximum L/D ratios >15° (Bertin and Smith, 1989). At features of the carapace contribute to hydrodynamically stable
negative angles of attack, the highest downward-directed lifwimming. This paper establishes the foundations for a larger,
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similar, comparative study of carapace morphologies and fluidentro-lateral keels provide channels for vortices to develop, and
flow properties for each of the major variations in body formserve to fix developing vortices in place at various pitching and
that occur in the ostraciids. Those results will be presented yawing angles of attack. The steep lateral sides and prominent
another paper. dorsal ridge also play important roles in isolating developing
ventro-lateral flows, allowing counter-rotating vortices to form
Morphological features without interaction with one another. The eye ridge, which was
The results of this study indicate that prominent vortices fornconsistent in width and present at 14-37Rpand dorsal keel,

along the body when smooth trunkfish triqueter pitch and  which became sharper posteriorly up until approximately
yaw. The morphological features of the carapace play an0%CL, are responsible for forcing flow separation and the
instrumental role in the generation, growth and persistence gkeneration of vorticity in dorsal regions when smooth trunkfish
these vortices. The anterior origins of the ventro-lateral keelpjtch and yaw, respectively. During yawing, vortex circulation
which were present at locations approximately ©Cl%force  growth along the carapace is facilitated by the dorsal keel when
flow separation and the generation of vorticity during pitchingone side of the keel is exposed to larger normal velocity
and yawing. The ventro-lateral keels extend along the majoritpomponents than the other. However, during pitching, the lack
of the length of the carapace, becoming sharper posteriorly @ multiple, laterally extended dorsal keels, which would allow
to a location 82%L and providing a large area for vorticity the two regions of vorticity shed from the eye ridge to grow in
buildup along the body. These characteristics facilitate vortestrength posteriorly with minimal interaction with one another
circulation growth in areas adjacent to the ventro-lateralas in ventral regions), inhibits vortex circulation growth along
keels. Regions of lateral concavity found 38-92%and the carapace. Consequently, vortex circulation in posterior
0.38-1.23cm above the ventro-lateral keels and ventraegions of the carapace is weaker dorsally than ventrally during
concavity present 58-94@4 and 0.62-1.37cm below the pitching.
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(D) indicate a nose-down pitching moment about the center of mass, whereas negative pitching coefficients indicate achosgmpmient
about the center of mass.
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040 e Tritton, 1998; Vogel, 1994). Consequently, for those ports
F o Lift (DPIV) located near the vortex core, a low-pressure region is detected
0'30;' —e—Lift (f orcebalancg 1 and becomes more conspicuous as angles of attack increase.
020F 3 Along some dorso-ventral transects, a high-pressure region
— : adjacent to the low-pressure vortex core region was present
% 0-10§ ] (e.g. B2 and B10 in Fig. 9). This high-pressure region is
= ok ] indicative of a slow flow area where separated flow comes to
= ; reattachment, a process that is visible in the velocity vector and
5 —010¢ ] vorticity contour fields for the respective transects (Fig. 4). The
_o20F ] farther the vortex core migrates from the carapace surface, the
: less effect it has on pressure at the surface because the induced
—030¢ 1 velocity drops with growing distance. This point is illustrated
0. 405 . . . . , , , by the observed increase in pressure along an antero-posterior
-40 30 20 <10 0O 10 20 30 40 transect above the ventro-lateral keel, beginning at maximum

Angle of attad (degrees) girth and progressing posteriorly to the edge of the carapace.
g)espite an observed increase in vortex circulation along the

using a force balance (filled circles) and DPIV (open circles) plottegnte'ro—posterlor transect, localized surface pressures did not
as a function of angle of attack. Values are meanssb.1In the continue to decrease along the transect because the vortex core

force balance measurements. bars are often smaller than the Migrated away from the carapace, thus having less effect on
symbols used to denote values. surface pressure (see Figs 4, 11). This result highlights the
importance of using pressure and DPIV data in conjunction;
linking global flow features with their concomitant localized
Self-correction for pitching effects on the smooth trunkfish carapace is critical for fully
DPIV measurements, which provide a global picture of flomunderstanding flow effects.
around the body within planar domains, indicate that pitching Force measurements, which afford an integrative view of the
angle of attack has a large impact on ventral vortex formatioriorces acting on the entire carapace, provide further support for
As angles of attack increased from approximately 0° in théhe flow patterns detected in DPIV and pressure experiments.
positive direction, vortices with stronger peak vorticity andBased on DPIV and pressure results, vortices are generated
circulation developed along concavities above ventro-lateraiear the anterior of the fish and grow in strength as they move
keels, beginning at the anterior origins of the ventro-latergbosteriorly down the carapace, most prominently in regions
keels and reaching maximum strength at postero-lateraldjacent to ventro-lateral keels. Delta wings, which have
regions of the carapace. As angles of attack increased frooomparable planforms to smooth trunkfish, produce similar
approximatey 0° in the negative direction, vortices withflows. In delta wings, a coiled vortex sheet with a core of high
stronger peak vorticity and circulation developed along ventralorticity forms at the leading edge of the wing and grows
concavities below the ventro-lateral keels, beginning again giosteriorly along the wing generating lift — a process that
the anterior origins of the ventro-lateral keels and reachindiffers from lift created through bound circulation in
maximum strength at postero-ventral regions of the carapaceonventional wings and leads to higher angles of attack for stall
At angles near 0°, weak vortices with the lowest circulatior(Bertin and Smith, 1989). The observed similarity in lift
developed along the ventro-lateral keels. coefficients and L/D ratios between delta wings and smooth
Pressure measurements, which provide useful informatiomunkfish is thus further evidence of vortex generation and
on flow conditions at the surface of the carapace, an aresabsequent growth along the ventro-lateral keels. Based on
difficult to resolve with DPIV because large velocity gradientsforce measurements, lift coefficients were closest to 0 at —2°
within the boundary layer require high particle densities anénd were slightly positive at 0°. This too is in agreement with
small interrogations windows to resolve, were consistenDPIV data. DPIV results indicate that lowest vortex circulation
with the global flow patterns. In regions where attachedpccurs at angles of attack near 0°, and vortices are generated
concentrated vorticity was observed, areas of low pressusbove ventro-lateral keels at 0°, providing beneficial lift for
were consistently detected on the carapace surface. Moreoveounteracting negative buoyancy present in rigid-bodied
as angles of attack deviated farther from 0°, either in a positivestraciids (Blake, 1977).
or negative direction, and circulation of attached vortices The vortical flow patterns summarized here produce
increased, pressure dropped accordingly. These correlatiott@nming forces that self-correct for pitching motions, i.e.
are in agreement with Bernoulli’'s Law, which states that higherotation in the vertical, head up/down longitudinal plane.
local speeds result in lower static pressure. Near the cordtached vortices with the strongest peak vorticity and
of each vortex, flow speeds are higher than the surroundirgrculation generally develop posterior to the center of mass;
fluid and consequently static pressure is low. As the vortethe center of mass of smooth trunkfish is located at a
intensifies in strength and local speeds increase, pressuoagitudinal location corresponding approximately to the point
becomes more negative (McCormack and Crane, 1978f maximum girth (Bartol et al., in press). These vortices form

Fig. 14. Lift forces acting on a smooth trunkfish model measure
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above (positive angles of attack) or below (negative angles @brtices, which pick up vorticity and energize flow close to the
attack) ventro-lateral keels that extend laterally at an angle afrapace surface. Based on the observed positive pressure
25-40° relative to a horizontal axis when viewed in crosgoefficients at the posterior edge of the carapace in dorsal
section. Consequently, suction derived from the presence ofl@cations, flow separation appears to occur in dorsal, posterior
vortex above or below the ventro-lateral keels, which wasegions of the carapace for angles of attack >4°. According to
evident as low pressure zones in pressure experiments, shoplagssure distribution measurements of other aquatic organisms,
act largely upward and posterior to the center of mass #ibw separation occurs near the eye and anterior to the arms of
positive angles of attack (which also occurs in delta wings) ansquid Loligo pealeiswimming tail-first (Vogel, 1987), at the
downward and posterior to the center of mass at negativeosterior quarter of the body of penguigyoscelis papua, P.
angles of attack. Based on pitching moments recorded in foraseliaeand P. antarticaand tunaTrachurus mediterraneus
balance measurements, where nose-down pitching momerfsleyev, 1977; Bannasch, 2000), and at the posterior half of
occurred and became progressively stronger as angles of attabk body of a swordfisKiphias gladiugAleyev, 1977). Using
became more positive, and nose-up pitching moments occurrsdrgically implanted catheters, Dubois et al. (1974) found that
and became progressively stronger as angles of attack becafiesv does not separate anterior to the caudal peduncle in
more negative, this is exactly what happens. Therefore, tHduefishPomatomus saltatrixResults from both Dubois et al.
ventro-lateral keels are effectively generating self-correcting1974) and the present study are significant because they
forces for pitching motions; the self-correcting couple issuggest that fin motion may not be necessary to keep flow
proportional to the angle to which the fish is perturbed from attached to the body, as suggested in other studies (Aleyev,
horizontal swimming trajectory. 1977; Blake, 1983b).

Dorsal and antero-posterior flows Self-correction for yawing

Regions of attached, concentrated vorticity detected around The flow patterns and pressure distributions detected around
the dorsal eye ridge in this study did not grow in a uniformand along the carapace at various yawing angles of attack
manner antero-posteriorly during pitching, as was the case fordicate that the carapace also generates self-correcting forces
ventral keel induced vorticity. Instead regions of concentratetbr yawing, i.e. rotations in the left/right horizontal frontal
dorsal vorticity largely broke down along the body posterior tgplane. Dorsal and ventral vortices clearly formed on the far-
the eye ridge, irrespective of pitching angle of attack. Theskeld side of carapace, especially in areas adjacent to the dorsal
results again are consistent with the observed pressuamd ventro-lateral keels, when the smooth trunkfish model was
distributions. If dorsal carapace morphology does not facilitatpositioned at various yawing angles of attack. Circulation of
the growth of vortices posteriorly, is there an advantage tattached vortices increased posteriorly along the carapace, such
producing vorticity and creating the observed pressuréhat maximum vortex circulation occurred posterior to the
distributions at the eye ridge, i.e. is there a hydrodynamicenter of mass. Vortex circulation and peak vorticity also
purpose of the eye ridge? Given that ambient pressure occungreased as yawing angles increased. In areas where
around the eye ridge regardless of angle of attack, the eye ridgencentrated attached vorticity was observed, low pressure was
may generate the observed flows to ensure an optimal pressdegected, and as circulation of attached vortices increased with
distribution around the eye. Maintaining ambient pressuréncreasing angle of attack, pressure dropped accordingly.
around the eye is advantageous because the eye (and n®sttion derived from the presence of vortices at far-field
importantly the lens) will not be pushed in or pulled out as flowocations of the carapace acts largely opposite the direction of
moves along the body, which improves eye function. Detectiothe yaw and posterior to the center of mass, thus providing
of ambient pressures around the eyes has been reported in otfnenming forces that self-correct for yawing motions. As with
nekton, such as squid, bluefish, and tuna (Aleyev, 197%itching, the self-correcting couple is proportional to the angle
Dubois et al., 1974; Vogel, 1987). In addition to creating ario which the fish is perturbed.
optimal pressure distribution around the eye, the eye ridge may
generate some lift to counteract the nose-down pitching Hydrodynamic stability in boxfishes
moment produced by the ventro-lateral keels at a 0° angle of Hove et al. (2001) found that boxfishes exhibit some of the
attack, thus allowing for more uniform lift generation about thesmallest amplitude recoil moments known among fishes. As a
center of mass to counteract negative buoyancy. This proposegbult, they swim in smoother trajectories than either body- and
function is analogous to the role of canards on delta wingaudal-fin (BCF) or single-complex median- and paired-fin
aircraft, which provide nose-up trimming moment to(MPF) swimmers. Results from the three independent but
counteract nose-down pitching (Bertin and Smith, 1989).  complementary experimental approaches applied in this study

Based on pressure distributions along antero-posteriandicate that the keeled bony carapace plays an important role
transects, there is no appreciable flow separation from the producing both longitudinal and latitudinal stability in at
posterior edge of the carapace in ventro-lateral regions (i.&east one species of boxfish, the smooth trunkfighiqueter.
pressure coefficients are not greater than ambient pressure addition to producing self-correcting forces, the bony
(CPp=0) and pressure gradients are gradual). Flow remairgarapace of the smooth trunkfish also appears to incur high
bound to the carapace, presumably because of the ventdahg; the drag coefficients reported in this study are higher than
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those typically recorded in other fish, by as much as an ord&rucker and Lauder, 2001b), flows around the caudal peduncle
of magnitude (Blake, 1981, 1983a). Given that Anderson et ahnd finlets (Nauen and Lauder, 2001), vorticity control in fish-
(2001) found that live, flexible-bodied swimming fish havelike propulsion (Beal et al., 2001), and boundary layer flows
much greater friction drag than has been reported in th@nderson et al., 2001). However, DPIV has one significant
literature because of boundary layer thinning and streamwidinitation: it is a 2-D measurement platform that does not
acceleration of the near-field, drag differences between boxfigtonsider all three flow-field components, which may ultimately
and flexible-bodied fish may be less pronounced than expectddad to some error when calculating propulsive and resistive
Nonetheless, control for pitching and yawing is presumablyorces. An example of such error was encountered in the present
more important than drag reduction for fishes like smootlstudy. Lift forces determined using DPIV were consistently
trunkfish. These fishes generally move relatively slowly, buhigher than those measured directly using a force balance. A
live in highly energetic waters with frequent externalcomparable situation was also detected by Noca et al. (1997)
disturbances, like turbulence, that can lead to large&when measuring instantaneous forces on a cylinder in an
displacements and significant energy-wasting trajectories. Thecompressible cross-flow. These errors occurred because a 2-D

trimming self-corrective forces produced by the carapace limitather than a 3-D velocity field was used to determine force.
these displacements and are especially advantageous for théuture studies on live smooth trunkfish will be performed
unpredictable velocity fields experienced by smooth trunkfislusing defocusing digital particle image velocimetry (DDPIV),
because rapid neural processing — a factor that may limét new method that allows us to visualize and quantify flows in
correction responses to sudden, erratic perturbations — is nbree dimensions as they move along the body and around the
required, as in powered control systems (Webb, 2000). Ifins (Pereira et al., 2000; Pereira and Gharib, 2002). Since
addition to the energy savings associated with self-correctiathis technique allows for the quantification of flows over a

for disturbances, maintenance of smooth

swimmingsignificant volume of fluid, it is an improvement on, not only

trajectories also presumably improves sensory acuity of botturrent 2-D DPIV systems, but also stereo-DPIV technology,
hostile and target objects because it reduces complexity @fhere 3-D flows are imaged in a thin slice of fluid. Employing
movement, a factor that improves sensory perception in oth&DPIV technology to study stability in live rigid-bodied

animals (Land, 1999; Kramer and McLaughlin, 2001).

boxfishes promises to provide unprecedented information on

Trimming and powered forces provided by the fins alsdhe control and regulation of trajectories in rigid-bodied multi-
presumably play an important role in the control and regulatiopropulsor swimmers.

of trajectories. Like spotted boxfish, smooth trunkfish have
four low aspect-ratio median and paired fins of nearly identical
area that assuredly move in complex ways together with the
caudal fin to minimize recoil motions (Hove et al., 2001; I.Af
Bartol, unpublished morphological measurements of smoothAp
trunkfish). The pectoral fins, in particular, may play an
important role in the structure of vortices forming along theBL
ventro-lateral keels since the pectoral fins are located near the
path of body-induced vortex formation. Studies focusing on th€p
interactions between flows over the fins and over the bodies GfL
live boxfishes are underway in our laboratories. Although firC.
flow and body flow interactions are present in live fishes, th€w
results of this study are applicable to freely swimming fishe€p
because the underlying physical functioning of the carapade
self-correcting system is not affected by fin/body flowdy
interactions. When angles of attack deviate frdninOeither  do
the positive or negative direction, vortex strength increases

along the carapace. The self-correcting effect of these vortic&PIV

will still occur, irrespective of whether vortex strength L
increases relative to magnitudes measured for the body alorg,
or for some fin-modified value. Lo
Quantifying and visualizing flow patterns around oscillatingLs
fins poses a significant challenge for understanding stability i
smooth trunkfish. DPIV is a powerful tool that has been applie&
to a number of interesting areas of fish locomotion, ranging from
wakes around flexing bodies (Stamhuis and Videler, 199%/
Wolfgang et al., 1999; Mdiller et al., 2001), fin function (Drucker
and Lauder, 1999, 2000, 2001a; Wilga and Lauder, 1999, 2000)L
fluid forces during turning maneuvers (Wolfgang et al., 1999u

List of symbols

maximum frontal area

planform surface area of the ventral region of the
carapace

body length of fish

chord length of carapace

drag coefficient

carapace length of fish

lift coefficient

pitching moment coefficient

pressure coefficient

total drag

distance between load cell beams in the force balance
distance between center of force balance and center
of mass of model

Digital particle image velocimetry

total lift

lift measured at load cell closest to model

lift measured at load cell farthest from model

lift per unit span

pitching moment

segment connecting the apices of ventro-lateral and
dorsal keels

segment connecting the apices of the two ventro-
lateral keels

total length of the fish

flow speed
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