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Boxfish (Ostraciidae) have peculiar body shapes, with conspicuous keels
formed by their bony carapaces. Previous studies have proposed various
hydrodynamic roles for these keels, including reducing drag during swim-
ming, contributing to passive stabilization of the swimming course, or
providing resistance against roll rotations. Here, we tested these hypotheses
using computational fluid dynamics simulations of five species of Ostraciidae
with a range of carapace shapes. The hydrodynamic performance of the orig-
inal carapace surface models, obtained from laser scanning of museum
specimens, was compared with models where the keels had been digitally
reduced. The original carapaces showed no reduced drag or increased passive
stability against pitch and yaw compared to the reduced-keel carapaces.
However, consistently for all studied species, a strong increase in roll drag
and roll-added mass was observed for the original carapaces compared to
the reduced-keel carapaces, despite the relatively small differences in keel
height. In particular, the damping of roll movement by resistive drag torques
increased considerably by the presence of keels. Our results suggest that the
shape of the boxfish carapace is important in enabling the observed roll-free
forward swimming of boxfish and may facilitate the control of manoeuvres.
1. Introduction
Aquatic vertebrates display various morphological adaptations for life in water.
To obtain a better understanding of these adaptations, it is necessary to delve
into the dynamic interactions between the body and the medium without
overlooking ecological aspects [1]. Aquatic habitats are characterized by the
presence of non-uniformities and random disturbances in the flow field
around the fish; therefore, during locomotion, the body is subjected to a large
number of external forces that may throw it out of balance [1,2]. Aquatic ani-
mals can overcome these destabilizing forces through active correction using
fin or body movements. Disturbances can also be damped passively, using
various morphological features, such as body proportions in general or the
presence of specific structures on the body [2–5].

The body of boxfish (Ostraciidae) is completely covered by a shell of fused hex-
agonal bony plates, known as the carapace. This rare feature is shared by all
members of the Ostraciidae family, a group of 23 extant species found in the Atlan-
tic, Indian and Pacific Oceans, generally at middle latitudes. Carapace geometry
varies greatly between species [6–8] and serves as a bony armour that provides
protection against bites of coral-reef-dwelling predators [9]. Boxfish have accurate
control over manoeuvres, which is essential for foraging in spatially complex habi-
tats such as coral reefs [10–13]. In fish, propulsion is usually driven largely by
undulations of the body. As the rigidity of the carapace prohibits any bending
of the body, boxfish depend solely on their five fins for locomotion [11,14]. This
situation is similar to many rigid man-made aquatic vessels in which high move-
ment efficiency is strongly pursued; thus, boxfish morphology has fuelled several
studies of bioinspired design in aquatic engineering sciences [15–20].
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A general feature of the carapace of boxfish is the presence
of longitudinal ridges, the keels. In addition to the potential
role of protruding ridges in anti-predator defence (together
with the protection provided by the carapace as a whole) [8],
boxfish carapace keels have been hypothesized to be a critical
factor contributing to different hydrodynamic properties,
namely, by reducing the drag coefficient (hypothesis 1, H1)
[21–23], by generating stabilizing yaw and pitch torques to
help the boxfish maintain straight swimming trajectories
(hypothesis 2, H2) [21–23], and by providing resistance against
rolling (hypothesis 3, H3) [24]. Evidence for the drag reduction
hypothesis (H1) has already been found in other marine ver-
tebrates, such as the leatherback sea turtle (Dermochelys
coriacea), in which the longitudinal ridges suppress boundary
layer separation [5]. Whether the keels of boxfish contribute
to drag reduction, however, remains untested.

The hypothesis that the keels contribute to stabilizing
rectilinear swimming by generating self-stabilizing yaw and
pitch torques (H2) was inferred from vortical flows and press-
ures measured experimentally near the boxfish keels
[22,23,25]. However, recent studies on two boxfish species,
Lactophrys triqueter with a triangular body shape and Ostra-
cion cubicus with a rectangular body shape, demonstrated
that the overall torque by flow past the carapace under yaw
and pitch angles of attack is not self-stabilizing but rather
destabilizing [13,24]. Nevertheless, a role in reducing destabili-
zation seems unlikely, as the destabilizing hydrodynamic
properties of the carapace improve the manoeuvrability of
the boxfish, and the role of the keels to reduce this effect
appears to be in conflict with the ecological demands of the
boxfish in terms of manoeuvrability and agility [10,12].

Lastly, the hypothesis that keels in Ostraciidae dampen roll
rotations (i.e. around the rostro-caudal axis; H3) corresponds
to the function of keels in boats and other engineered aquatic
vehicles. In these systems, keels are ubiquitous as a passive
stability system to reduce the tendency to roll [26–34]; they
are also used in pairs on either side of the ship, what is
known as bilge keels [26–29]. Keels provide a larger lateral
plane and wetted surface area, resulting in increased hydro-
dynamic resistance against roll rotations [30,31,35,36].

The alleged hydrodynamic properties of boxfish in terms of
drag reduction, passive stability andmanoeuvrability make them
an interesting subject for robotic engineers, with several proto-
types of boxfish-inspired micro underwater vehicles already in
existence [15–20]. As interest in autonomous underwater vehicles
is expected to grow significantly in the near future, there should
be more clarity concerning the hydrodynamic properties of
model species for bioinspired designs. Here, we investigated
whether the keels on the carapace reduce drag during forward
swimming (H1), increase the stability of the carapace in pitch
and yaw angles of attack (H2) or increase roll stability through
increased rotational drag and/or rotational added mass about
the centre of volume of the carapace (H3). This was studied
across five boxfish species using a computational fluid dynamics
(CFD) approach in which the scans of the original specimens
were compared to ‘reduced-keel models’ that had the most
protruding parts of the keels blunted.

2. Material and methods
2.1. 3D laser scanning of museum specimens
Not all species will benefit equally from possessing keels as keel
efficiency will vary between body shapes; therefore, we selected
five species to represent the diversity of carapace shape in
Ostraciidae: Acanthostracion guineensis Bleeker, 1865 (pentagonal
cross-section) from the Academy of Natural Sciences of Drexel
University (accession no. ANSP 102873); smooth trunkfish
Lactophrys triqueter Linnaeus, 1758 Jordan & Evermann, 1898
(triangular cross-section); longhorn cowfish Lactoria cornuta Lin-
naeus, 1758 (trapezoidal cross-section); yellow boxfish Ostracion
cubicus Linnaeus, 1758 (square cross-section) from the Natural
History Museum of Los Angeles County (accession nos. LACM
8088, LACM 38229, LACM 42481, respectively); and horn-nose
boxfish Rhynchostracion rhinorhynchus Bleeker, 1852 (square
cross-section) from the former Stanford University collection,
now housed in California Academy of Sciences (accession no.
SU 28102). Despite studying only one specimen per species, the
analysed effects of interspecific variability in carapace shape on
keel function will also cover the potential effects of smaller
intraspecific variability. Three-dimensional surface scans were
obtained by laser scanning of the preserved specimen using a
NextEngine 3D scanner HD (NextEngine, Santa Monica, CA,
USA). One 360° set of scans captured the body and tail, and
one set of three scans at 36° offset captured the head. These
scans were later merged. A clean-up of the 3D model was per-
formed using Scanstudio software and Geomagic (v. 2017,
Geomagic, Research Triangle Park, NC, USA) to remove the pec-
toral, dorsal and anal fin(s) and to eliminate artificial sharp edges
and holes in the model when present.

2.2. Digital manipulation of the keels
Apart from these original models, the second set of carapace
models was prepared in which the keels were significantly
reduced in size. To do so, the sharpest part of the keels was
cut out of the surface mesh, leaving holes that were subsequently
filled with the curvature-based filling function of Geomagic.
Standardization of the keel reduction was hampered by the inter-
specific variation in keel shape and sharpness. To quantify to
what extent the keels had been reduced, we calculated the differ-
ence compared to the original mesh (figure 1), which, despite the
variation in the strength of manipulations between species,
allowed us to evaluate the pre–post effects on the different func-
tions for each species. Lastly, we placed all carapace models with
their centre of volume in the origin of a coordinate system, and
their orientation was aligned with the three orthogonal axes
(figure 2).

2.3. Flow domain and meshing
The boxfish carapace models were imported into Ansys Fluent
with TGrid meshing (release 19.1, Ansys Inc., Canonsburg, PA,
USA) in a cylinder-shaped flow domain with a radius of 0.3 m
and a length of 1.9 at 0.4 m from the velocity inlet (figure 2a).
To simulate the water surrounding the body using CFD, the par-
tial differential equation that describes the state of the fluid was
numerically solved for each partial volume of the flow domain;
therefore, a mesh was constructed that divided the space into
small tetrahedral partial volumes or mesh elements. To obtain a
higher resolution close to the body without unnecessary high res-
olution far from the fish, a refinement box was constructed around
the body (length = 320 mm; width and height = 120 mm;
figure 2a). Outside the refinement box, the growth factor of the
mesh elements was set at 1.1, while inside the refinement box a
growth factor of 1.04 was used. This resulted in slower growth
and smaller mesh elements inside the refinement box.

To validate the precision of the mesh, a mesh convergence
test was performed for one of the studied boxfish (O. cubicus)
using six meshes of increasing refinement (figure 2c). Drag
force (using CFD settings as outlined below) differed negligibly
(1.3%) between the calculation that used a mesh of 20.7 million
elements (mesh edge length at boxfish = 0.1 mm) and the
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Figure 1. Deviations between the reduced-keel and original model projected on the reduced-keel model for (a) Acanthostracion guineensis, (b) Lactophrys triqueter,
(c) Lactoria cornuta, (d ) Ostracion cubicus and (e) Rhynchostracion rhinorhynchus. The contours of the original keels are illustrated by a black line. Maximal deviations
for these models were, respectively, 3.90, 3.47, 3.30, 4.05 and 1.57 mm. Views are lateral (top left), dorsal (top right), frontal (bottom left) and posterior (bottom
right).

y
z
x

velocity
inlet

moving wall

no slip wall

mesh refinement box

pressure
outlet

water
flow

+20° pitch

– 20° yaw

(a) (b)

(c)

y
z
x

pressure
outlet

pressure outlet

no slip wall

mesh refinement box

pressure
outlet

(d)

dr
ag

 f
or

ce
 (

m
N

)

40

20

0
0 10 20 30 40

no. mesh tetrahedra (106)

imposed
roll

Figure 2. (a) Cylinder-shaped flow domain used for computational fluid dynamics, with indication of boundary conditions for drag, pitch and yaw calculations.
(b) Overview of simulated angles of attack: +20° pitch (around the x-axis) to assess pitch stability, and −20° yaw (around the y-axis) to assess yaw stability.
(c) Calculated drag forces of O. cubicus using six different meshes with the various resolution, indicating mesh convergence around 20 million mesh elements.
(d ) Flow domain and boundary conditions for imposed roll simulations. Note that in (d ) the entire mesh is rotated, but the water remains unaffected apart
from the vicinity of the boxfish where it is moved by the rotating carapace.
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calculation that used a mesh of 38.5 million elements (mesh edge
length at boxfish = 0.05 mm), showing that using meshes of 20.7
million elements was sufficiently accurate. Therefore, we used
20.7 million element meshes for all further calculations.

2.4. Steady-flow computational fluid dynamics
In the first type of CFD simulation, a steady water flow was
simulated over a stationary boxfish carapace at different angles
of attack. The boundary face in front of the boxfish was defined
as a velocity inlet with a flow velocity of 0.5 m s−1, which is
equivalent to a fish swimming at 0.5 m s−1 in still water. This
velocity was used in previous research and is considered the vel-
ocity of boxfish during fast swimming [22,24]. Additional
simulations run at 0.1 m s−1 for A. guineensis and O. cubicus
showed similar relative differences, indicating that the reported
results at 0.5 m s−1 apply to slower swimming speeds as well.
The boxfish carapace surface was defined as a ‘wall’ where the
no-slip boundary condition applies. The mantle of the cylinder
was modelled as a wall moving posteriorly at the same velocity
as the water. The circular boundary face at the back was set as a
pressure outlet with zero gauge pressure (figure 2a), as they were
assumed too distant from the fish to encounter pressure disturb-
ances in the flow. The fluid in the model had a water density (ρ)
of 998.2 kg m−3 and a dynamic viscosity of 1.001 Pa s. To account
for the effects of turbulence at relatively low Reynolds numbers,
Menter’s shear stress transport (Transition SST) model was used,
which is a robust four-equation eddy-viscosity turbulence model
widely used in CFD [37]. This model was previously validated
against force and torque measurements in a flow tank [13,24].
Convergence was safely reached before the end of the imposed
2000 iterations. This was monitored through the scaled residues
of each of the equations and by checking if the drag force evolved
towards a constant solution.
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2.5. Drag force, pitch and yaw stability
The drag force (H1) was determined for the models with their
rostro-caudal axis parallel with the incoming water flow. As the
reduced-keel models have a slightly smaller wetted and projected
surface area, the dimensionless drag coefficient (CD) (equation
(2.1)) was used to assess the effect on drag by the altered shape of
the carapace (by reducing the keels) independently of absolute
size and swimming speed, in a certain flow regime. Both pressure
drag and viscous drag are taken into account in this coefficient. To
measure the (de)stabilizing pitch and yaw moments in a static set-
up (H2), boxfish models were placed in a flow at a slight pitch (+
20° around the x-axis; right-hand rule; nose-up) or yaw angle (−
20° around the y-axis), respectively (figure 2b). This was a represen-
tation of the boxfish no longer oriented in line with its direction of
motion. When the body is inherently stable, it will automatically
return to its aligned position; if not, it will rotate further away
from its alignmentwith thewater flow. Thepresenceof apassive sta-
bilizingmechanism canbe evaluated from theCFD through the sign
of rotational moments. For the orientations used in our simulations
(figure 2a,b), stabilizingmoments were negative for pitch, and posi-
tive for yaw (i.e. opposing the sign of the angle of attack).

Similar to the drag coefficient, to assess the effect on
(de)stabilizing moments by the altered shape of the carapace
independent of size and flow velocity, pitch (equation (2.2))
and yaw moment coefficients (equation (2.3)) were calculated
[22,38]. The drag and moment coefficient equations were

CD ¼ 2Fz
r u2Az

, ð2:1Þ

CMpitch ¼ 2Mx

r u2Ay Lz
, ð2:2Þ

and CMyaw ¼ 2My

r u2Ax Lz
, ð2:3Þ

with the drag force (Fz), pitch moment (Mx) and yaw moment
(My) about the centre of the volume calculated by Ansys
Fluent, the frontal projected area of the boxfish carapace in the
direction of the flow (Az), the dorsoventral projected area in the
direction of the y-axis (Ay), the lateral projected area in the direc-
tion of the x-axis (Ax), the chord length of the body (Lz), the water
density (ρ) and the velocity of the flow (u) [22,24,39,40].
2.6. Transient computational fluid dynamics of an
imposed roll rotation

The resistance against roll rotation (H3)was determined by calculat-
ing the z-component of the moment as a function of time during a
short period, during which we imposed a roll rotation of constant
acceleration on the body of the boxfish in stagnant water. To
impose such a roll rotation, a DEFINE_CG_MOTION user-defined
function was used, which was assigned to the carapace, the outer
boundary faces, and the interior mesh elements, but not to the
fluid. This was a mathematical approach to simulate the effect of
an external torque on the fish’s body. In natural situations, this
could be the result of variable water currents, or of the fish’s fin
forces during manoeuvring. Since all meshes rotated, there was no
deformation of themesh.Although a spherical domain surrounding
the boxfish would be optimal to reduce computational times, to
avoid having to remake themesh,weused the samedomain geome-
try and mesh as in the steady-flow simulations. The boundary
conditions for these roll simulations (figure 2d) weremodified com-
pared to the steady-flow simulations (figure 2a): the front face, the
back face and themantle of the cylinder were set as pressure outlets
(zero gauge pressure). By imposing roll rotation intrinsically rather
than exposing it to an external current, the velocity vector field
was easier to interpret. Over time, a rotation with constant accelera-
tion led to a linear increase in angular velocity, and the rotated angle
increased in a quadratic manner [41].
A laminar flow model was used because the simulations were
of such a short duration (0.2 s) that a transition to turbulence
should not occur. To simulate the course of the imposed rotation
and the moments experienced in time, a transient-state simulation
was used instead of a steady-state simulation. This meant that
for each variable, the instantaneous value was calculated in each
time step. Simulations were run for three different rotational accel-
erations: 20 rad s−2, 40 rad s−2 and 80 rad s−2, imposed on the
carapace for a time period of 0.2 s, which resulted in a total rotation
of 0.4 rad, 0.8 rad and 1.6 rad, respectively. We used 50 time steps
of Δt= 0.004 s, with each time step calculated in 25 iterations. This
choice was justified by a convergence test for O. cubicus, which
showed scaled residuals to reach the standard 103 drop criterion.
We also tested whether the time step size was sufficiently small
for O. cubicus by comparison to a simulation with 100 time steps
of Δt = 0.002 s. This simulation only resulted in a difference in the
calculated moment of 0.7%, and therefore did not justify doubling
the computational time. By rotating only for a very short time inter-
val, the flow patterns were representative of small perturbations.
2.7. Roll stability assessment
Unlike resistance against forces and moments for stationary
objects (equations (2.1)–(2.3)), resistance against imposed roll con-
sisted of geometry-dependant rotational drag, as well as added
mass [38,42–45]. The moment Mz(t) that is needed to overcome
the rotational resistance for a certain imposed rotation w(t), was

MzðtÞ ¼ �j _wðtÞj _wðtÞ L5z r CrotD � €w L5z r CrotAM, ð2:4Þ
with the rotational drag moment coefficient (CrotD), the rotational
added mass moment coefficient (CrotAM), the chord length of the
body (Lz) and the density of water (ρ) [46]. No standard equations
are known for resistance against rotation as is the case for resistance
against translation. However, when Reynold numbers are not too
small, it is common practice to use the approximation that terms
of drag are proportional to angular velocity ( _w(t)) squared (with
drag always opposing the direction of motion, hence best written
as /� j _w(t)j _w(t)) [39,40,44,47]. Furthermore, in aquatic environ-
ments, added mass is an important term in the resistance against
roll, as the density of the body and the surrounding media is simi-
lar so that the added mass is not negligible. Added mass is the
effect of the inertial forces exerted by the surrounding fluid on an
accelerating (or decelerating) body. The moment that is required to
accelerate the addedmass is proportional to the angularacceleration
(€w(t)) of the body [46,48]. Tomake the rotational drag coefficient and
the rotational added mass moment coefficient dimensionless, a
factor of length to the fifth power was added. We chose the chord
length of the body (Lz) to the fifth power as this normalization
factor to account for the dimensions of the body [46]. These coeffi-
cients are useful for assessing the change in rotational drag and
rotational added mass of the carapace due to keel reduction,
independently of instantaneous acceleration and velocity.

To separate the drag and added mass components from the
Mz(t) output from the CFD, for each simulation, a quadratic
equation was fitted to the time-dependent moment function using
Matlab (The MathWorks Inc., Natick, USA) to determine the
rotational drag moment coefficient and the rotational added mass
moment coefficient. Since the coefficients were independent of the
acceleration experienced by the body, the arithmetic mean was cal-
culated from the three results obtained with the three accelerations.
2.8. Statistics
Our main goal was to qualitatively evaluate the magnitude and
direction of the hydrodynamic difference between the original cara-
pace model and the carapace model with reduced keels for each
species; and to assess whether the effects are consistent among the
different species. Additionally, to evaluate the generality of the
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effects of the keel-reducing treatment for boxfish as a group, we per-
formedpaired Student’s t-tests (N = 5 species). Topass the normality
test (Shapiro–Wilk), drag coefficient data were log10-transformed.
One-tailed test results are reported because of the directional predic-
tion of the hypotheses, unless the mean direction of the effect is
opposite to the prediction. In the latter case, two-tailed test results
were performed. Note, however, that these statistical results
should be interpreted with care, as species were not entirely ran-
domly selected but rather selected to maximize carapace shape
diversity, and the strength of the keel-reducing treatment inevitably
differed slightly between species as well (figure 1).
rnal/rsif
J.R.Soc.Inte
3. Results
3.1. Drag forces and coefficients (H1)
According to the drag hypothesis, a function of the keels
would be drag reduction. However, the effect of removing
Table 1. Drag forces and coefficients at a zero angle of attack in 0.5 m s−1 water fl

drag force FD (N)

original
model

reduced-keel
model

percentage
differencea (%

A. guineensis 0.0431 0.0415 −3.72
L. triqueter 0.0596 0.0599 0.48

L. cornuta 0.0332 0.0323 −2.65
O. cubicus 0.0600 0.0597 −0.42
R. rhinorhynchus 0.0233 0.0210 −9.94

aPercentage difference = (xreduced-keel− xoriginal)/xoriginal. This indicates how much the
original model.

(e)

(b)

(a)

(c)

(d )

(a¢)

(b¢)

(c¢)

(d¢)

(e¢)

Figure 3. Static pressure experienced by the carapaces with their rostro-caudal axis pa
of (a) A. guineensis, (b) L. triqueter, (c) L. cornuta, (d ) O. cubicus and (e) R. rhinorhync
are lateral, dorsal and frontal.
the keels on the drag force and drag coefficient was generally
small; in most cases, the keels increased (rather than
decreased) the drag force, and the direction of the effect on
the drag coefficient (increase or decrease) was not consistent
(table 1). Except for L. triqueter, the original models experi-
enced a larger drag force than the reduced-keel models
(table 1). However, the differences were relatively small,
usually less than 4%. The difference was largest in R. rhinor-
hynchus, despite the shape differences between the original
model (i.e. original scan) and the reduced-keel model being
the smallest, both absolute as relative to its body size
(figure 1). For A. guineensis, L. triqueter and O. cubicus, the
drag coefficient of the original model was smaller than that
of the reduced-keel model, which means that the presence of
keels slightly decreased the drag coefficient in these species.
L. cornuta and R. rhinorhynchus, however, showed a difference
in the opposite sense. The differences in drag coefficient were
ow.

drag coefficient CD

)
original
model

reduced-keel
model

percentage
differencea (%)

0.127 0.131 2.65

0.168 0.172 2.36

0.168 0.165 −1.92
0.164 0.167 1.61

0.196 0.181 −7.93

reduced-keel model is larger (positive) or smaller (negative) relative to the

pressure
100

0

–100
(Pa)

rallel to a water flow of 0.5 m s−1 as calculated by CFD for the original model
hus; and (’) their corresponding reduced-keel models. From left to right, views

rface
19:20210942
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again relatively small (a few per cent, with the exception of R.
rhinorhynchus) (table 1). As mean differences for the drag force
and the drag coefficient were opposite to the prediction of H1,
the non-directional null hypothesis that the keels of boxfish do
not affect drag was tested, and could not be rejected for both
absolute drag forces and drag coefficients (two-tailed paired
t-test; p = 0.11 and p = 0.82, respectively).

To obtain a better understanding of the measured
drag forces in connection with the presence of keels and
the different body shapes, pressure contour plots of the
carapace surface were created, as well as 3D iso-surfaces of
the vorticity (curl of the velocity field ∇ × u). For all five
species, the pressure patterns (figure 3) and 3D iso-
vorticity surfaces (electronic supplementary material,
figure S1) were almost identical in the original model and
the reduced-keel model.
Table 2. Pitch moments and coefficients about the centre of volume at a 20° angle

pitch moment Mpitch (N m)

original
model

reduced-keel
model

percentage
differencea (%

A. guineensis 0.00247 0.00236 −4.38
L. triqueter 0.00325 0.00321 −1.16
L. cornuta 0.00186 0.00200 7.50

O. cubicus 0.00554 0.00518 −6.39
R. rhinorhynchus 0.000898 0.000904 0.70

aPercentage difference = (xreduced-keel− xoriginal)/xoriginal. This indicates how much the
(negative) relative to the original model.

(e)

(b)

(a)

(c)

(d )

(a¢)

(b¢)

(c¢)

(d¢)

(e¢)

Figure 4. Static pressure on the carapaces at a 20° pitch angle of attack in a wat
guineensis, (b) L. triqueter, (c) L. cornuta, (d ) O. cubicus and (e) R. rhinorhynchus;
are lateral, dorsal and frontal.

I

3.2. Pitch moments and coefficients (H2)
The observed pitch moments were positive for all studied
species (as defined in figure 2), which suggests that the body
would be forced to pitch further away from a horizontal pos-
ition. The pitch moments about the centre of volume of the
carapaces were thus consistently destabilizing (table 2). Over-
all, the presence of keels made the pitch moment more
destabilizing, except in L. cornuta and R. rhinorhynchus.
These differences were relatively small in magnitude; only
for L. cornuta and O. cubicus was the percentage difference
larger than 5% (but still maximally 7.5%) (table 2). The pitch
moment coefficient, which only conveys the effect of the
shape of the carapace—in contrast to the pitch moment,
which is also dependent on absolute size and movement
speed—was always smaller for the original model than for
the reduced-keel model, except for O. cubicus. This suggests
of attack in 0.5 m s−1 water flow.

pitch moment coefficient CMpitch

)
original
model

reduced-keel
model

percentage
differencea (%)

0.0270 0.0274 1.47

0.0405 0.0410 1.32

0.0445 0.0519 16.72

0.0483 0.0461 −4.47
0.0559 0.0571 2.04

magnitude of the reduced-keel model is larger (positive) or smaller

pressure
100

0

–100
(Pa)

er flow of 0.5 m s−1 as calculated by CFD for the original model of (a) A.
and (’) their corresponding reduced-keel models. From left to right, views

nterface
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that after correcting for size differences between the models,
the carapace shape was slightly less destabilizing in pitch
for these species when keels were present. The pitch moment
coefficient in L. cornuta was relatively high compared to
those of the other species. In the absence of keels, the pitch
moment coefficient was 16.7% larger, that is, 16.7% more
destabilizing without keels for L. cornuta (table 2). As mean
differences for the induced pitch moment were opposite to
the prediction of H2, for the absolute pitch moments, instead
of the original directional null hypothesis, the null hypothesis
that the keels of boxfish do not affect pitch stability was tested
and could not be rejected (two-tailed paired t-test; p = 0.43).
The null hypothesis that the keels of boxfish do not increase
pitch stability could not be rejected for pitch moment
coefficients (one-tailed paired t-test; p = 0.21).

No clear difference could be noted in the pressure
patterns (figure 4) and vorticity (electronic supplementary
material, figure S1) between the original model and the
Table 3. Yaw moments and coefficients about the centre of volume at a −20° ang

yaw moment Myaw (N m)

original
model

reduced-keel
model

percentage
differencea (%

A. guineensis −0.00976 −0.00974 −0.20
L. triqueter −0.00597 −0.00607 1.74

L. cornuta −0.00236 −0.00236 −0.10
O. cubicus −0.00699 −0.00691 −1.13
R. rhinorhynchus −0.000836 -0.000825 −1.21

aPercentage difference = (xreduced-keel− xoriginal)/xoriginal. This indicates how much the
(negative) relative to the original model.

(e)

(b)

(a)

(c)

(d )

(a¢)

(b¢)

(c¢)

(d¢)

(e¢)

Figure 5. Static pressure experienced by the carapaces at a −20° yaw angle of attack
A. guineensis, (b) L. triqueter, (c) L. cornuta, (d ) O. cubicus and (e) R. rhinorhynchus;
lateral, dorsal and frontal.
reduced-keel model under a 20° pitch angle of attack. With
the snout rotated up, the ventral region of the snout breaks
the water flow, causing a high-pressure area beneath the
snout and centred between the eyes and mouth. Negative
high-pressure areas were present over the length of the ven-
tral keels, dorsally between the eyes and for some species
centrally on the flanks.
3.3. Yaw moments and coefficients (H2)
The observed yaw moment (around the ventral-to-dorsal axis
through the centre of volume) was negative for all studied
species, which indicates that the body experienced a force to
rotate further away from a position in which the rostro-
caudal axis was parallel to the water flow. Thus, the yaw
moments were consistently destabilizing (table 3). Except for
L. triqueter, the yaw moments for the original models were
more strongly destabilizing, indicating that the presence of
le of attack in 0.5 m s−1 water flow.

yaw moment coefficient CMyaw

)
original
model

reduced-keel
model

percentage
differencea (%)

−0.0730 −0.0739 1.21

−0.0644 −0.0667 3.61

−0.0572 −0.0584 1.98

−0.0565 −0.0562 −0.59
−0.0592 −0.0589 −0.58

magnitude of the reduced-keel model is larger (positive) or smaller

pressure
100

0

–100
(Pa)

in a water flow of 0.5 m s−1 as calculated by CFD for the original model of (a)
and (’) their corresponding reduced-keel models. From left to right, views are

ce
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keels lowers stability (table 3). However, the differences were
always relatively small: less than 2% for each species. In com-
paring the yaw moment coefficients, except for O. cubicus and
R. rhinorhynchus, the yaw moment coefficients of the original
models were lower than those of the reduced-keel models
(table 3). The coefficient was slightly less destabilizing for
these species when keels were present; however, the differ-
ences were very small (smaller than 4%). As mean
differences for the induced yaw moments were opposite to
the prediction of H2, for the absolute yaw moments, the null
hypothesis that the keels of boxfish do not affect yaw stability
was tested, and could not be rejected (two-tailed paired t-test;
p = 0.94). The null hypothesis that the keels of boxfish do not
increase yaw stability could not be rejected for pitch moment
coefficients (one-tailed paired t-test; p = 0.098).
Table 4. Rotational drag moment coefficient CrotD and rotational added mass mome
are means and standard deviation for simulations at three constant accelerations.

rotational drag moment coefficient CrotD

original
model (10−5)

reduced-keel
model (10−5)

percentage
differencea

A. guineensis 49.6 ± 5.3 23.9 ± 1.2 −51.84
L. triqueter 179 ± 20 110 ± 16 −38.90
L. cornuta 45.5 ± 2.2 30.9 ± 4.1 −32.07
O. cubicus 20.24 ± 0.81 9.6 ± 1.7 −52.43
R. rhinorhynchus 127.8 ± 6.2 79.4 ± 5.3 −37.87

aPercentage difference = (xreduced-keel− xoriginal)/xoriginal. This indicates how much the
(negative) relative to the original model.

(e)

(b)

(a)

(c)

(d )

(a¢)

(b¢)

(c¢)

(d¢)

(e¢)

Figure 6. Static pressure experienced by the body while undergoing an imposed ro
calculated by CFD for the original model of (a) A. guineensis, (b) L. triqueter, (c) L.
reduced-keel models. From left to right, views are lateral on the leading side, dorsal
(clockwise rotation in this view).
The pressure patterns on the carapace of the boxfish at yaw
angles of −20° showed only subtle differences between the
original models and the reduced-keel models (figure 5). As
the left side was exposed to the current, high-pressure areas
were present from the mouth up to the left eye. Furthermore,
there was a strong negative pressure area situated on the right
side of the head and over the length of the (left) dorsal keel.
3.4. Resistance against an imposed roll rotation (H3)
The observed rotational drag moment coefficients for roll
were all positive. Such positive values indicate that the
imposed roll rotation experienced resistance from the hydro-
dynamic forces on the carapace. The rotational drag moment
coefficient was larger for the original model than for the
nt coefficient CrotAM of the boxfish carapace for imposed roll rotation. Values

rotational added mass moment coefficient CrotAM

(%)
original
model (10−5)

reduced-keel
model (10−5)

percentage
differencea (%)

49.0 ± 3.2 40.4 ± 1.8 −17.53
115.7 ± 9.3 101.4 ± 9.3 −12.33
47.7 ± 2.2 41.3 ± 1.2 −13.45
16.6 ± 1.3 11.74 ± 0.38 −29.44
94.2 ± 7.0 82.1 ± 4.4 −12.85

magnitude of the reduced-keel model is larger (positive) or smaller

pressure
10

0

–10
(Pa)

ll rotation of constant angular acceleration €w = 40 rad s−2 for Δt = 0.2 s as
cornuta, (d ) O. cubicus and (e) R. rhinorhynchus; and (’) their corresponding
with the leading side at the top and trailing side at the bottom and frontal

oc.Interface
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reduced-keel model in all studied species (table 4). For
A. guineensis and O. cubicus, the rotational drag coefficient
for the original model was twice as large as for the
reduced-keel model: the absence of keels resulted in a
reduction of the coefficient with 51.8% and 52.4%, respect-
ively. For the other species, the percentage difference lay
between 30% and 40%. The rotational added mass moment
coefficient was also consistently larger for the original
model than for the reduced-keel model for all studied species
(table 4). The rotational added mass moment coefficient was
between 10% and 30% lower in the reduced-keel carapaces,
depending on the species. The null hypothesis that the
keels of boxfish do not increase resistance against roll was
rejected for both roll rotational drag moment coefficients
(one-tailed paired t-test; p = 0.019) and roll rotational added
mass moment coefficients (one-tailed paired t-test; p =
0.0031). Thus, the keels significantly increased the body’s
resistance to imposed roll rotations through both drag and
added mass effects. This should not be confused with roll
stability, which was not studied here; this result specifically
demonstrates that a boxfish body that possesses keels will
be brought out of balance less quickly.

High-pressure areas were present on the side of the keels
to which the body rotated, as this side had to push aside the
water (figure 6). Negative pressure areas were created at
the rear end of the keels. Both of these pressures counteracted
the rotation at the two sides of the keels. High-pressure areas,
but especially the negative high-pressure areas, were larger in
the original model than in the reduced-keel model.
4. Discussion
The goal of this study was to test three hypotheses regarding
the potential hydrodynamic functions of the keels on the
carapaces of boxfish proposed in the literature. This was
achieved by quantifying how strongly the performance of
the carapace shapes with normal keels differed compared to
the modified carapace shapes, in which the size of the keels
was reduced (figure 1). The results of our CFD analysis
(tables 1–4), also summarized in electronic supplementary
material, figure S2, show that only one of the evaluated hydro-
dynamic quantities benefits strongly, and consistently among
the five species, from the extending, sharp shape of the
keels: an increased resistance against rolling. A few millimetres
of rounding and flattening of the keels (figure 1) resulted in
significant roll drag increases between 32% and 52% (table 4).

These results firmly suggest a functional resemblance to
ship keels. The resistance of the carapace to roll, which can
be induced by external torques originating from its own fin
movements or from water currents onto the body, could be
an important factor in the dynamic stability of boxfish.
A first contributing factor to rotational stability is inertia.
The mass of the body, or more precisely, the mass moment
of inertia about the roll axis, is an important part of inertia,
although not specifically addressed in this study. However,
our data show that the keels notably increased the inertial
resistance against rolling by increasing the added mass
effect by the surrounding water (i.e. acceleration reaction)
for roll by between 12% and 30%. As the definition of inertia
indicates, such increased rotational inertia opposes roll accel-
eration, which is useful because less kinetic energy is built
up for a given perturbation impulse. However, once a certain
roll velocity has been built up, higher inertia will have an
adverse effect and will impede the halting of an undesired
roll motion. Therefore, the non-inertial factors of resistance,
in our study included jointly into the roll drag coefficient
CrotD (table 4 and electronic supplementary material,
figure S2) are probably more important, as they will
dampen roll perturbations by dissipating roll energy. More-
over, the results showed that the increase in rotational drag
due to the keels (32–52%) was consistently higher than the
increase they caused in the rotational added mass. Damping
of roll motions is also the main function of keels in boats [49].

Studies on swimming in live boxfish seem to confirm their
high resistance against roll. Hove et al. [11] did not observe any
notable roll rotations during straight swimming in Ostracion
meleagris, whereas low levels of yaw and pitch rotation were
observed. This suggests that stabilization against roll rotation
is at play. The source of these roll stabilizations could be hydro-
dynamic, as investigated here, but may also result from
hydrostatic (or buoyancy) effects. However, since the centre
of mass of boxfish lies at approximately the same height as
the centre of buoyancy [11], it is unlikely that gravity and
hydrostatic lift cause strong torques to keep the midsagittal
plane vertically and thereby resist roll. Therefore, we hypoth-
esize that hydrodynamic damping of roll rotations is the
main factor contributing to dynamic roll stability in boxfish.

Other properties of the carapace shape of boxfish may
also contribute to roll stability. In our study, only the influ-
ence of the edges of the keels was analysed. The square or
triangular cross-section of many ostraciid species will be
superior in roll damping compared to more cylindrical
shapes. The concaveness of large parts of the surfaces of
the carapace of boxfish [23], which indirectly form the
keels, may aid in roll stability as well. The anal fin may also
play a role in this process. Further research is required to
evaluate the contribution of these anatomical characteristics
to roll damping.

Several morphological and behavioural traits may call for
additional structures to aid in roll stabilization in boxfish, that
are different in other fishes. Unlike many fishes, boxfish do
not have pelvic fins or sturdy, elongated median fins that
can be erected to passively dampen roll torques by enlarging
the surface area [50,51]. As pectoral fin movement is one of
the main drivers of their manoeuvres, these fins cannot be
engaged as passive stabilizers at the same time. Moreover,
Their relatively wide body, due to the carapace, implies that
the pectoral fins are relatively distant from the roll axis.
This increases the potential to produce undesired roll torques
during swimming and manoeuvring. A laterally compressed
body shape with a large body depth, which is common in
shallow water reef fish [52], has a higher roll resistance
than the boxy shapes of Ostraciidae. For these reasons, the
adaptive value of keel-like structures on the body may be
higher in boxfish than in other aquatic animals that have
different morphology and swimming styles.

By contrast to the consistent increase in resistance against
roll that was observed (H3), no evidence was found that keels
contribute to drag reduction (H1), or to stability by the gen-
eration of stabilizing yaw or pitch torques (H2). First, drag
forces were generally lower for the reduced-keel models
with digitally reduced keels (table 1). As selective pressures
to reduce drag are assumed to be weak because of the rela-
tively slow-moving, non-migratory lifestyle of boxfish,
morphological adaptations to reduce drag are unlikely to
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have evolved [24]. Second, the effect of the keels on the over-
all pitch and yaw torques exerted by the water on the
carapace, when placed at a small angle of attack with respect
to the water (figure 2b), was generally small, and the direction
of the effect varied between species (tables 2 and 3 and elec-
tronic supplementary material, figure S2). This indicates that
the keels have no function in increasing or decreasing the
pitch or yaw stability of the body. Moreover, with regard to
the instability of the boxfish body for pitch and yaw, overall
destabilizing torques about the centre of volume of the cara-
pace are now confirmed for three more species in addition to
the two species that were previously studied [24]. As men-
tioned in the introduction, the absence of stabilizing effects
of the keels on yaw and pitch could be expected, as this
would be in line with the ecological demands of the boxfish
to maintain sufficient manoeuvrability and agility [10,12]. To
manage yaw and pitch, boxfish seem to rely on active control
by the fins to tune their level of stability or manoeuvrability
according to the circumstances [13].
9:20210942
5. Conclusion
Our study has shed new light on several hypotheses on
hydrodynamic functions that were previously attributed to
the presence of keels on the carapace of boxfish. Compu-
tational modelling simulations on the effects of reducing
the keels showed that keels have no drag-reducing effect
and do not contribute to passive stability for pitch and yaw
rotations, but they significantly increase the damping of
roll. These results open up new avenues of research on how
this improved roll damping and roll-added mass by the
keels could contribute to swimming and manoeuvring per-
formance. This knowledge can, in turn, be used to enhance
roll stability in autonomous underwater vehicles without
undermining manoeuvrability.

Ethics. For the five covered species, models were obtained by laser
scanning museum specimens. Specimen number and the institution
holding it for each species: Acanthostracion guineensis (accession no.
ANSP 102873; Academy of Natural Sciences of Drexel University).
Lactophrys triqueter (accession no. LACM 8088; Natural History
Museum of Los Angeles County). Lactoria cornuta (accession no.
LACM 38229; Natural History Museum of Los Angeles County).
Ostracion cubicus (accession no. LACM 42481; Natural History
Museum of Los Angeles County). Rhynchostracion rhinorhynchus
(accession no. SU 28102; former Stanford University collection, now
housed in California Academy of Sciences).
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