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Remora fishes have a unique dorsal suction pad that allows them to form robust, reliable, and reversible
attachment to a wide variety of host organisms and marine vessels. Although investigations of the suction
pad have been performed, the primary force that remoras must resist, namely fluid drag, has received
little attention. This work provides a theoretical estimate of the drag experienced by an attached remora
using computational fluid dynamics informed by geometry obtained from micro-computed tomography.
Here, simulated flows are compared to measured flow fields of a euthanized specimen in a flow tank.

g‘g gordS: Additionally, the influence of the host’s boundary layer is investigated, and scaling relationships between
Attachment remora features are inferred from the digitized geometry. The results suggest the drag on an attached

remora is similar to that of a streamlined body, and is minimally influenced by the host’s viscous boundary
layer. Consequently, this evidence does not support the hypothesis that remoras discriminate between
attachment locations based on hydrodynamic considerations. Comparison of the simulated drag with
experimental friction tests show that even at elevated swimming speeds it is unlikely that remoras are
dislodged by drag alone, and furthermore that larger remoras may be more difficult to dislodge than
smaller remoras indicating that they become more suited to attachment as they mature.

© 2016 Elsevier GmbH. All rights reserved.
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1. Introduction

Remora fishes (Fig. 1A and B) in the Echeneidae family
have adapted a unique dorsal suction pad that allows them to
attach to various host organisms and marine vessels. The list of
hosts includes, but is not limited to, sharks, whales, rays, other
pelagic fish, sea turtles, dolphins, divers, buoys, ship hulls, and
concrete (Strasburg, 1962; Cressey and Lachner, 1970; O’'Toole,
2002; Ritter, 2002; Ritter and Brunnschweiler, 2003; Silva and
Sazima, 2003; Williams et al., 2003; Sazima and Grossman, 2006;
Weihs et al., 2007). Proposed benefits to remoras include trans-
portation (“hitchhiking”), protection from predators, increased
courtship/reproduction potential, enhanced gill ventilation and
expanded feeding opportunities (Fertl and Landry, 1999). With
respect to the benefits of the host organism, certain remora
species have been known to feed on parasites attached to the host

* Corresponding author.
E-mail address: michael.beckert@gatech.edu (M. Beckert).

http://dx.doi.org/10.1016/j.z001.2016.06.004
0944-2006/© 2016 Elsevier GmbH. All rights reserved.

(Strasburg, 1959; Cressey and Lachner, 1970); however, there are
many documented cases of hosts that are either unwilling to serve
(Aughtry, 1953; Strasburg, 1962) or attempt to remove remoras by
various means (Ritter, 2002; Ritter and Brunnschweiler, 2003; Fish
et al., 2006; Weihs et al., 2007). Despite work that has been done
to better understand the attachment strength (Fulcher and Motta,
2006) and physical mechanisms associated with remora attach-
ment (Nadler et al., 2013; Culler and Nadler, 2014; Culler et al.,
2014), very little has been done to quantify the primary force that
remoras must overcome in order to maintain attachment, namely
fluid drag. While some basic estimates of fluid drag on remoras
have been made in relation to their attachment to spinner dolphins
(Fish et al., 2006), a detailed drag analysis has yet to be performed.
The aim of the present work is to provide a more rigorous esti-
mate of the fluid drag on a remora in the context of its association
with a host. The estimates are based on computational fluid dynam-
ics (CFD) simulations informed by real three-dimensional remora
geometry obtained from micro-computed tomography (pCT) and
particle image velocimetry (PIV) of a euthanized specimen.
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Fig. 1. (A, B) Photographs of a remora specimen and (C, D) accompanying three-dimensional model based on wCT scan after digital fin removal and reconstruction.

Corresponding top views are shown in (A) and (C) and side views in (B) and (D).

Traditionally, theoretical and experimental measurements of
drag on fish and other marine organisms were associated with rigid
physical models (Lang and Daybell, 1963; Lang and Pryor, 1966;
Purves et al., 1975; Webb, 1975; Ogilvy and Dubois, 1981). For cer-
tain simple swimming gaits such as gliding between bouts of active
swimming, this technique can deliver reasonable results (Webb,
1975; Miller et al., 2004); however, for more complex swimming
gaits the body motions of the host (swimming kinematics) must be
included to deliver accurate drag estimations (Webb, 1975; Fish,
1993; Anderson et al., 2001). With respect to remoras, it has been
observed that there is a high degree of attachment site fidelity
(Strasburg, 1962), and although it has been noted that remoras may
reposition themselves on the host (Ritter, 2002; Silva and Sazima,
2008), they typically cease undulatory motion once attachment is
created (Sewell, 1925). Therefore, because remoras naturally glide
through the water under the power of their host, treating a remora
as a rigid body should provide a reasonable estimate of the drag
associated with attachment.

In addition to the drag on the remora’s body, it may also be
important to incorporate the hydrodynamics of the host organism,
as this may help explain some aspects of remora/host interaction.
For example, a study by Silva and Sazima (2008) observed the fre-
quency with which remoras (Remora australis) attached to various
locations on spinner dolphins (Stenella longirostris). The authors
suggested that remoras preferentially attach to certain sites to
either minimize interference with the dolphin’s habitual behaviors
and sensitive areas (such as those responsible for vision, respira-
tion, swimming, mating, etc.) or for hydrodynamic reasons (Silva
and Sazima, 2008). While the first conclusion is almost self-evident,
the latter suggests that remoras are taking advantage of reduced
drag associated with the host’s fluid boundary layer. When a sub-
merged body is subjected to fluid flow, a boundary layer naturally
forms owing to the “no-slip” condition on the surface of the body
(fluid in contact with the body remains stationary with respect
to the body) (Munson et al., 2006). Typically, as one progresses
along the length of the body, the boundary layer thickness increases
(Munson et al., 2006). As the thickness of the boundary layer grows,
an attached remora experiences less of the free stream fluid veloc-
ity and lower drag. Thus, some attachment sites may be preferential
to the remora because they offer reduced drag. Here, this concept
is tested by subjecting a remora to different boundary layer thick-
nesses and free stream velocities (host swimming speeds) to assess
whether there is substantial drag reduction.

Once the drag on the remora has been estimated, it is possi-
ble to investigate other aspects of remora/host interaction such
as the power that must be supplied by the host to overcome the
remora’s drag (parasitic drag power), and whether or not a remora
is likely to be removed by elevated host swimming speeds. Remoras
use thousands of spinules, small mineralized tissue projections
on their dorsal pad lamellae, to enhance friction forces between
themselves and their hosts (Hora, 1923; Fulcher and Motta, 2006;
Nadler et al., 2013; Beckert et al., 2015). To assess the poten-
tial for removing a remora by host swimming, the drag must be
compared to the frictional force created by the spinules. In the

work by Fulcher and Motta (2006), the attachment strength of two
remora species (Echeneis naucrates and Echeneis neucratoides) was
investigated by inducing remora adhesion to shark skin, and simul-
taneously measuring the suction pressure in the remora pad and
the posterior-directed load required for detachment. Using their
results as a benchmark, if the estimated drag experienced by the
remora is greater than the attachment strength due to frictional
and suction attachment forces, the remora will slip off its host.

2. Materials and methods

2.1. Specimen preparation for uCT scanning and flow tank
measurements

A remora (Echeneis naucrates) specimen (28.4 cm total length;
TL) was cared for and euthanized in accordance with the guidelines
and principles of the Georgia Institute of Technology Institutional
Animal Care and Use Committee (IACUC), protocol A11085. The
specimen was euthanized by a 0.5g/l dose of MS-222 (tricaine
methanesulphonate). After euthanizing, the specimen was fixed for
ICT scanning in a phosphate buffer solution of 10 volume percent
formalin for a minimum of 24 h. After fixing, the specimen was
washed twice and stored in 1 x phosphate buffer. The specimen
was scanned in air using a WCT50 (Scanco Medical, Bruttisellen,
Switzerland) with a voxel resolution of 200 wm. Tomograms were
converted to dicom format, segmented, and surface-rendered in
OsiriX (v5.5, Geneva, Switzerland) (Rosset et al., 2004).

The resulting three-dimensional (3D) surface model was
imported into Rhinoceros 3D (McNeal, Seattle, WA, USA). There
the pectoral fins of the remora were manually removed, as during
attachment the remora can choose to reduce its drag profile by flat-
tening them against its body. Also, the caudal fin of the remora was
reconstructed based on photographs and physical measurements
due to size constraints of the wCT scanning chamber.

For comparison with simulation experiments, flow tank mea-
surements were made with a separate remora specimen. Initial
flow tank experiments were attempted with live remoras but indi-
viduals would not preferentially attach centered to the position of
the laser light sheet. Instead, to achieve better positioning and avoid
eye injuries from the laser, a preserved specimen was used. Live
remoras were housed and maintained in accordance with IACUC
protocols at the Woods Hole Oceanographic Institution (WHOI)
and the New Jersey Institute of Technology. The preserved remora
(21.4cm TL) was sutured around the perimeter of its disc toa 1 mm
thick plastic sheet with 6/0 silk suture thread (Fine Science Tools,
Inc., Foster City, CA, USA). The pectoral and pelvic fins were sutured
to the body to reproduce behavior of live, attached remoras.

2.2. Feature scaling

With the aid of a virtual 3D remora model, feature scaling was
investigated. Relationships were sought mainly to convert over-
all fish length to other relevant hydrodynamic features such as
the wetted surface area, pad area, and largest transverse diame-
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Fig. 2. (A)Depiction of the remora model meshed (with 3 sides not shown) for finite
element simulation, showing a close up (B) of refined tetrahedral elements near the
model’s boundaries.

ter. This was useful because it allowed for comparisons between
derived quantities solely on the basis of length. Here it was assumed
that isometric scaling applied to remora features, which is equiv-
alent to normalizing the measured geometric quantities by body
length. Thus, Eq. (1) (Davenport and Thorsteinsson, 1990) was used
to determine the scaling relationships between different model
features:

Y =al®, (1)

where L is overall body length; Y is the other geometric feature of
interest (largest transverse diameter, wetted area, etc.); and a and
b are fitting constants. The constant a is the normalized geometric
quantity associated with Y. The constant b is determined a priori,
and is either 1, 2, or 3 depending on whether Y is a length, area, or
volumetric quantity. All geometric measurements were obtained in
Rhinoceros 3D from the 3D model created from p.CT scans. Area and
volume quantities were acquired from integration of the surfaces,
whereas length measurements were obtained either from bound-
ing box and/or projected edge lengths. The wetted surface area was
calculated as the total body surface area minus the pad area.

2.3. Drag estimation

Simulation of fluid flow over the remora geometry was accom-
plished with the CFD module in COMSOL Multiphysics version
4.3a (COMSOL, Stockholm, Sweden). Under the assumption that
remoras are relatively stationary with respect to their hosts and due
to the high swimming efficiency of fish (Hoerner 1965), the simu-
lated flow was taken as steady and incompressible with standard
no-slip boundary conditions on the surface of the remora model
and host surface. Simulations with Reynolds numbers below 10°
were taken as fully laminar. For simulations with higher Reynolds
numbers, COMSOL’s Reynolds-averaged Navier-Stokes (RANS) k-&
turbulence model was implemented. In both cases, the control vol-
ume surrounding the remora model (far-field) had a square inlet
with side lengths 6.5 times the remora’s largest transverse diameter
and an overall length of 2.5 remora body lengths. Uniform velocity
boundary conditions were prescribed on the control volume’s inlet,
and zero viscous stress conditions were prescribed on the sides.
COMSOL’s built-in, physics-controlled meshing algorithm was used
to generate the free tetrahedral mesh (Fig. 2A). The mesh included
both boundary layer elements (16,990) and refined tetrahedral ele-
ments (250,165) around the remora model to capture the fine local
details of the flow field around the remora (Fig. 2B). Further mesh
refinement in initial simulations showed less than a 2% change in

the computed drag. The simulations were solved using the built-in,
iterative Newton solver.

Because many species of remora are known to attach to vari-
ous shark species (Cressey and Lachner, 1970; O'Toole, 2002), the
remora model was subjected to free-stream fluid velocities typical
of sharks. Tagging studies on different shark species provided esti-
mates of average swimming speeds on the order of 10-100cm/s
(Klimley et al., 2002; Weng et al., 2007; Carlson et al., 2010; Hueter
et al.,, 2013), whereas maximum shark speeds may range between
100 and 1000 cm/s (Webb and Keyes, 1982; Klimley et al., 2002;
Brunnschweiler, 2005). Therefore, the remora model was exposed
to free-stream velocities ranging between 0.5 and 500cm/s to
include both the average and near top speed of many remora hosts.

After solving for the flow conditions around the remora, the drag
force, Fp, was calculated by integrating the pressure, p, and shear,
7, forces acting on the surface of the model in the direction of the
flow, i, using Eq. (2):.

FD:—// (ph) .7dA+// (3) -idA, ()

where fiand Sare the surface unit normal vector and unit tangent
vector in the direction of flow, respectively (Blevins, 1984).
The drag coefficient, Cp, was then calculated using Eq. (3):

Lopu2a’

where p, U, and A are the fluid density, free-stream fluid velocity
(host swimming speed), and the wetted surface area of the remora.
As a means of validation, other studies have used drag coefficients
based on non-lifting, streamlined bodies to estimate the drag on
fish and other marine organisms (Lang and Daybell, 1963; Purves
etal, 1975; Webb, 1975; Ogilvy and Dubois, 1981). Owing to such
an approximation, the drag on streamlined bodies is mainly due
to viscous (skin friction) effects, and less on flow separation and
pressure drag, especially when the body is much longer than it is
wide (Hoerner, 1965; Blevins, 1984). Here, simulation results were
compared to the drag coefficient of a streamlined body given by
Egs. (4) and (5):

24 2
o, 1328 1+(§) +0_11(£) , Rep <10°, (4)

Cp (3)

RCL d
3n -3
00303 1+1.5(£) +7(£) . Rey > 10°,  (5)
R(:’Ll/7 d d

where Rey, d, and L are the Reynolds number with respect to body
length, largest transverse body diameter, and body length, respec-
tively wide (Hoerner, 1965; Blevins, 1984) The ratio of body length
to diameter that is prominently featured in Eqgs. (4) and (5) is
known as the fineness ratio. These relationships were determined
from statistical analysis of many experimental studies on stream-
lined bodies and are useful as long as the fineness ratio is above 2
(Hoerner, 1965; Blevins, 1984).

Egs.(4)and (5)were created by the addition of both the frictional
and pressure components of drag, which depend on fineness ratio.
Because isometric scaling of the remora was assumed, the fineness
was fixed. Therefore, Eq. (6), which is similar in form to Egs. (4)
and (5), was fit in a least squares sense to the simulation results,
and was used as a relationship between the drag coefficient and the
Reynolds number, where c1, ¢, and c3, are fitting constants.

C1

Cp= ——+c3.
b ReLC2+3

(6)

In addition to the drag coefficient, a second series of simulations
was carried out to investigate the effect of the host boundary layer
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Fig. 3. Drag coefficient computed for the remora model vs. Reynolds number, and
that of a streamlined body with similar fineness ratio.

by altering the remora model’s distance from the leading edge of a
virtual flat plate. By increasing the distance of the remora from the
leading edge of the plate, it was possible to estimate the drag expe-
rienced by the remora when subjected to increasing boundary layer
thicknesses at different host swimming speeds, similar to moving
the remora to more posterior attachment sites on a host. Although
this procedure does not include pressure drag effects associated
with host shape, it is a reasonable approximation when considering
the hostitselfis likely to be a streamlined body whereby most of the
dragis associated with viscous effects wide (Hoerner, 1965; Blevins,
1984).In these simulations, rather than using uniform velocity inlet
conditions, Eqs. (7) and (8) provided the velocity profile at the inlet:

uxy)=U(2n-2°+n*), m=Y5, 7

5=583, LX - 283X

PU | /Re,

These equations represent the boundary layer profile for flow
over a flat plate, where x and y are the horizontal and vertical
distances from the start of the plate and w is the fluid viscosity
(Pohlhausen, 1921; von Karman, 1921). The distance from the edge
of the plate was varied between 10 cm and 10 m to be comparable to
some of the larger hosts to which remora attach, such as the whale
shark. In theory, as the remora is moved farther from the edge of
the plate and the boundary layer grows, the remora should be fur-
ther engulfed by the plate’s boundary layer and exposed to lower
velocities near the plate’s surface. Therefore, posterior attachment
sites may benefit the remora in terms of reduced drag.

Although remoras are not considered parasites in the sense that
they feed off their host, they are certainly parasites in the sense
that extra swimming effort must be supplied by the host to com-
pensate for the hitchhiking remora (Fertl and Landry, 2002; Fish
etal., 2006; Weihs et al., 2007; Silva and Sazima, 2008). To estimate
the increased rate of energy expenditure by the host, the parasitic
drag power was computed as the product of the drag force and the
host swimming speed (equivalent to the free-stream velocity with
respect to the remora). The parasitic drag power is given in terms
of the drag coefficient in Eq. (9):

(8)

Pp = FpU = 12CppU3A. (9)

2.4. Flow tank experiments

The preserved remora (21.4 cm TL) was mounted 38.5 cm from
the leading edge of a knife-edged (10°) flat plate with the dimen-
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Fig. 4. Simulated drag experienced by remora model at different swimming speeds
including the boundary layer effects of a flat plate. The distance from the leading
edge of the plate is varied from 10 cm to 10 m. The maximum difference in drag for
a given Reynolds number occurs between that experienced nearest the start of the
plate (most anterior location) and that nearest the end (most posterior location).

sions 170cm x 45cm. The flat plate was suspended in a flume
with a working section 170 cm long, 45 cm wide, and 45 cm deep
(Engineering Laboratory Design, Lake City, MN, USA) housed at the
Shore Laboratory at WHOI in Falmouth, MA, USA. The flat plate was
lowered into the flume such that the actual experimental test sec-
tion size was 170 cm x 45 cm x 13.2 cm. Flow speeds ranged from
0.66 cm/s to 120 cm/s leading to Reynolds numbers and flow con-
ditions similar to those in the computational simulations. A pulsed
IR laser (Firefly, 300 W, 808 nm; Oxford Lasers, Shirley, MA, USA)
was used to produce a vertical light sheet positioned mid-sagittal
on the remora. The time delay (At) between flow exposures was set
at 0.4-10 ms depending on flow speed. The flow was seeded with
neutrally buoyant 50 micron plastic particles and imaged using
a digital video camera (SA-3, 1024 x 1024 pixels, 60 frames per
second; Photron, San Diego, CA, USA) with a macro photographic
lens (Micro-Nikkor, 105 mm; Nikon, Melville, NY, USA) to obtain
high-resolution images of the seed particles traveling around the
remora’s body. The field of view was 12.5cm x 12.5 cm. The laser
and camera were synchronized by connecting the v-drive TTL trig-
ger out from the camera to the laser pulse generator. The camera
recorded at 60Hz, and, therefore, image pairs were acquired at
30Hz. The camera and laser were both mounted on a robotic posi-
tioning system built at WHOI for use with the flume. This was used
to move the laser and camera field of view along the remora body
at 7.5 cm intervals to reconstruct flow over the entire body in high
resolution.

Velocity fields were calculated from the particle images using an
off-the-shelf PIV analysis software package (DaVis; LaVision Inc.,
Ypsilanti, MI, USA). Velocity vectors were calculated from image
sub-windows 32 x 32 pixels in size with 50% overlap, resulting in a
grid of 64 x 64 vectors for each image pair. The velocity fields from
150 image pairs at each field of view along the remora were used
to calculate an average velocity field. These fields made up mosaics
that covered the flow over the entire fish.

2.5. Frictional strength vs. drag

Remoras rely on friction to avoid slipping off their host due to
drag (Beckert et al., 2015). The static friction coefficient, s, and the
normal force characterize frictional strength between mating sur-
faces. By increasing the sub-ambient pressure beneath their pad,
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Fig. 5. Simulated velocity fields of the remora at the sagittal plane attached 1 m from the front of a flat plate at a free-stream velocity of (A) 0.5 cm/s and (B) 50 cm/s. At very
low host swimming speeds (A), the boundary layer is thicker, resulting in reduced drag on the remora. However, at moderate speeds (B), the boundary layer is very thin,

which results in minimal drag reduction.

remoras can generate larger normal forces (the product of pres-
sure and pad area) to resist slip. An estimate of frictional strength
developed between a remora and its host came from the results in
(Fulcher and Motta, 2006). There it was found that on average slip
initiated at a posterior-directed force of 17.4 N. The suction pads in
the study operated on average with an area, A, of approximately
16.95 cm?, and were able to achieve maximum sub-ambient pres-
sures, Ppax, of 46.6 kPa (normal force of 79.0 N) on shark skin. In the
framework of static friction, these results suggest a friction coeffi-
cient of approximately 0.22, which is similar to friction coefficients
measured between euthanized remora and roughened glass sur-
faces (Beckert et al., 2015). Assuming the coefficient of friction and
sub-ambient pressure remains constant with respect to the size
of the remora, the drag experienced by a remora was compared
to the frictional strength as a function of remora length and host
swimming speed by combining Eqgs. (1), (3), and (6) into Eq. (10):

N _ 1/2CD,0U2A, (10)
Fr isPmaxApad

where N is the ratio of the drag to the friction forces, Fr. Thus, if N

is greater than 1, then drag is sufficient to overcome friction and

the remora will be removed; otherwise, the remora will remain

attached.

3. Results
3.1. Remora model and feature scaling

The 3D remora model used for drag and feature analysis is
shown in Fig. 1 along with photographs displaying similar views of
the actual specimen. Because the 3D model was constructed from
LCT scans, it is not surprising that the photographs and renderings
bear a strong resemblance. However, there are notable exceptions,
including the lack of pectoral fins and the reconstructed caudal fin.

The fitting constants needed for Eq. (1) were computed and are
shown in Table 1. The results in Table 1 are useful for expressing
derived quantities from the flow simulation solely in terms of the
fish length. For example, the drag coefficient or parasitic power can
be expressed in terms of fish length rather than wetted area. The
length of the remora model as scanned was 28.4 cm, which is in
agreement with the measured value.

Table 1
Feature scaling fitting constants (Eq. (1)).

Remora feature Fitting parameters

Y a b
Pad area (m?) 0.0141 2
Wetted surface area (m?) 0.166 2
Volume (m?3) 2.23 3
Largest transverse diameter (m) 0.0952 1
Pad perimeter (m) 0.522 1
Table 2
Fitting constants for drag model (Eq. (6)).
Value
C1 34
(o) 0.58
C3 0.002

3.2. Simulation results (drag coefficient) and flow tank
measurements

Overall, the simulations showed the drag characteristics of an
attached remora were similar to those of a streamlined body with
an equivalent fineness ratio. The relationship between the drag
coefficient, Cp, and Reynolds number (103 <Re < 10%) with respect
to the remora model is seen in Fig. 3. The trend of the simulation
compares favorably with those of a streamlined body using Eqs.
(4) and (5), and the length to diameter (fineness) ratio given in
Table 1. Eq. (6) and the constants in Table 2 are also seen to pro-
vide an excellent fit to the simulation data, and are more accurate
at lower Reynolds numbers where the simulation results deviate
slightly from the streamlined body approximation.

Placing the remora model at different locations on a virtual flat
plate allowed for a comparison between the drag experienced at
anterior and posterior attachment sites on a streamlined host. It
was found that the distance of the remora model from the start of
the plate had the largest effect on drag at lower vs. higher swim-
ming speeds. Fig. 4 shows the relationship between the Reynolds
number based on the remora model’s length and the drag on the
remora including the effects of the induced boundary layer. The
maximum difference occurs between the drag experienced nearest
the start of the plate (largest) and that nearest the end (smallest).
Fig. 5 shows examples of the fluid flow field along the remora’s
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Fig. 6. Experimental flow field measurements (left) vs. corresponding simulated flow fields (right) 1.8 body lengths (38.5 cm and 51.1 cm, respectively) from the start of a
flat plate. The scale bar at the bottom corresponds to the minimum (zero) and maximum (host speed, U) velocity. The respective values of U are given for each flow field.

sagittal plane when the remora is attached 1 m from the start of the
plate with free-stream velocities of 0.5 cm/s and 50 cm/s, respec-
tively. This figure illustrates the boundary layer has the largest
impact at lower Reynolds numbers (swimming speeds) when the
remora is engulfed by the viscous boundary layer as seen in Fig. 5A.
At higher Reynolds numbers, the effect of the boundary layer is
negligible as can be seen by the narrowing of the darkened region
in Fig. 4 and the reduced boundary layer thickness compared to the
height of the remora in Fig. 5B. Additionally, it was found that the
simulated boundary layers generated with Eqgs. (7) and (8) were
slightly larger than the measured boundary layers. This makes the
simulation an upper bound for estimating the potential for drag
reduction, as a thicker boundary layer would engulf a larger fraction
of the remora with slower moving fluid.

As a means of validating the simulations, good agreement was
found between the experimentally measured flow fields and the
corresponding simulations. Fig. 6 compares the measured velocity
flow fields for the euthanized specimen in the flow tank to the sim-
ulated flow fields on the rigid remora geometry. The flow fields are
very comparable, as both data sets have similarly located stagna-
tion points towards the anterior of the specimens, and the fastest
flow/lowest pressures occur over the pectoral girdle. Additionally,
each data set shows a wake that is about as tall as the remora. How-
ever, one important distinction to be made is that in the flow tank
measurements, the euthanized specimen’s caudal fin was more col-
lapsed/flattened than the simulated rigid remora model. Because
the caudal fin was free to collapse, as was observed in live remoras,
its disturbance of the flow was reduced and its wake is not as pro-
nounced.

With respect to parasitic drag, the results show that at relatively
brisk (>200 cm/s) swimming speeds a host must generate only a few
extra watts (<10 W) to compensate for a relatively long, attached
remora (50 cm). Of course, the extent to which this extra power bur-
dens the host depends on its metabolic requirements. Using Eq. (9)
with theresults in Tables 1 and 2, an estimate of the additional (par-
asitic drag) power that must be supplied by the host to overcome
remora drag is seen in Fig. 7. The parasitic drag power is shown as

1

10

Remora Length = 50 cm

Parasitic Drag Power (W)
=)

1 . . \
0 0 100 200 300 400 500

Swimming Speed (cm/s)

Fig. 7. Parasitic drag power required by host to overcome attached remora at dif-
ferent swimming speeds. Remora length is varied from 5 to 50 cm.

a function of swimming speed for several different remora lengths
ranging from 5 to 50 cm.

3.3. Frictional strength vs. drag

For the host speeds and surfaces investigated, it was found that
drag on an attached remora is much less than that required to dis-
lodge it. By combining Eq. (10) with the results in Tables 1 and 2,
the drag on an attached remora can be compared to the fric-
tional force required to maintain attachment, as seen in Fig. 8.
The figure shows that at low swimming speeds (5-50 cm/s) drag
is several orders of magnitude below the critical frictional force
(above which an attached remora is dislodged). At higher swim-
ming speeds (500 cm/s) drag reaches almost 10% (ratio of drag to
frictional forces (N)=0.1) of the frictional strength, which is still
well below the point of detachment (N =1). The shape of the curves
in Fig. 8 indicates that as remora length increases frictional forces
increase faster than drag.
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Fig. 8. Ratio of drag to the experimentally measured frictional strength (Fulcher
and Motta, 2006) as a function of overall remora length for selected host swimming
speeds.

4. Discussion

An important metric for determining the drag on a stream-
lined body is its fineness ratio. For a streamlined body exposed to
the free-stream, the optimal fineness ratio is typically close to 4.5
(Hoerner, 1965; Webb, 1975; Blake, 1983) but can be as high as 7
(Gertler, 1950). According to (Hoerner, 1965) the optimal fineness
ratio of a streamlined body close to the ground is approximately
10. The fineness ratios of the remoras used in the simulations and
flow tank measurements in the present study were 10.5 and 9.3,
respectively. This provides strong evidence that the shape of the
remora is better suited for hitchhiking on a host surface rather than
free-stream swimming,.

Another interesting result was that the host boundary layer did
not provide the remora with a substantial drag reduction at pos-
terior attachment locations in terms of skin friction. This is likely
due to the boundary layer thickness being a stronger function of
free-stream velocity than position. Even at moderate host speeds
near 50 cm/s, comparable to the migratory speeds of remora hosts
(Klimley et al., 2002; Weng et al., 2007; Carlson et al., 2010; Hueter
etal.,2013), the viscous boundary layer was so thin that most of the
remora was exposed to the free stream, and therefore little benefit
was realized. Although differences between the most anterior and
posterior attachment sites investigated were as high as 80%, these
large relative differences occurred at low host speeds where the
drag is already so low that such differences are likely impercep-
tible to the remora. As host speed (Reynolds number) increases,
the maximum difference between the drag experienced at poste-
rior and anterior attachment sites tends toward zero. This result
casts doubt on the hypothesis that remoras are discriminating in
their attachment location based on hydrodynamic reasons (Silva
and Sazima, 2008), at least with respect to frictional drag, especially
considering the flat-plate simulation results had slightly thicker
boundary layers than the flow tank measurements, which makes
them an upper bound estimate for drag reduction.

However, it remains a fact that certain attachment sites are
occupied with greater frequency than others, at least with respect
to dolphins (Silva and Sazima, 2008) and sharks (Brunnschweiler,
2006), and therefore some other benefit likely exists instead of
reduced drag. It is known that the local conditions of the attach-
ment site play a role in remora adhesion both from experimental
observation (Strasburg, 1962; Fulcher and Motta, 2006) and theo-
retical considerations (Culler et al.,2013). Because remora adhesion
is strongly suction-based, an important condition for maintaining
attachment is the presence of reduced pressure inside the suction
pad. In order for such a pressure difference to exist, a robust seal
must be maintained by the remora. One explanation for attachment

site preference could be based on reduced deformation of the host
tissue at the attachment site. For example, because contractions of
the underlying muscles may create folds, or at least strain, in the
host’s skin and thereby break the remora’s suction seal, the remora
may choose attachment locations on the host where the underly-
ing muscle groups are not primarily responsible for swimming. In
fact, with respect to dolphins, most of the curvature (and there-
fore deformation of the skin) associated with locomotion occurs
posterior to the dorsal fin (Pabst, 1993) where remoras seldom
attach. Furthermore, flank and belly attachment sites, which are
preferred by remoras, are insulated from the underlying muscles
by a stiff subdermal connective tissue sheath and blubber layer
(Pabst, 1990). Thus, just as it was suggested that remoras attach to
locations that do not interfere with the habitual behaviors and sen-
sitive areas of their hosts (Silva and Sazima, 2008), perhaps remoras
also choose attachment locations that do not interfere with the
nature of their own attachment. Hence their attachment site pref-
erences may reflect a balance between maximizing their chances of
remaining attached while minimizing interference with their host.

In addition to choosing attachment sites that minimally
interfere with the host, a shape that affords minimal drag is advan-
tageous to both the remora (drag is the primary force it must over-
come to maintain attachment) and host (reduced effort required for
swimming with an attached remora). Using detailed knowledge of
the drag, quantitative estimates of the extra swimming power (par-
asitic drag) that must be generated by a remora’s host can be made,
as in Fig. 7. For example, consider a bottlenose dolphin (Tursiops
truncatus) outputs approximately 3000 to 4000 W when swimming
at500 cm/s (Fish 1993; Fish etal.,2014). When moving at that speed
with an attached remora, 10 W of the dolphin’s thrust go into over-
coming remora drag (less than 1% of the dolphin’s output). At a
speed of 150cm/s, which is closer to a dolphin’s average swim-
ming speed, a dolphin may output approximately 90 to 280 W (Fish,
1993; Fish et al., 2014), and the drag of an attached remora con-
sumes 0.23 W. Again, a single attached remora requires less than
1% of the dolphin’s output. From a metabolic standpoint, the dol-
phin must consume an extra 2.5-110 g/day of sardines to move at
150and 500 cm/s, respectively (assuming sardines have 8 kJ/g (Rosa
et al.,, 2010)). While this seems low, remora are known to asso-
ciate with hosts for prolonged periods, so while the short-term net
reduction in the dolphin’s thrust is relatively small, the long-term
effects of remora attachment are cumulative. Additionally, it often
happens that a host may have many attached remoras which exac-
erbates the dolphin’s situation (Silva and Sazima, 2003; Williams
etal.,2003; Sazima, 2006; Sazima and Grossman, 2006). In this case,
the additional drag can be estimated by multiplying the drag of a
single attached remora by the total number of attached remoras.
However, this provides only a lower-bound estimate because by
disrupting the flow field, the drag on the combined remora and
host body may be greater than the sum of the drag experienced
by each of them individually (Hoerner, 1965; Vogel, 1994). While
this example illustrates that the negative consequences of remora
attachment to a dolphin are likely to be accumulated long-term,
smaller hosts may also be affected in the short-term if the parasitic
drag power is a larger fraction of their swimming thrust.

Another conclusion derived from the simulation results is that
the ratio of drag to frictional forces (N) decreased with increasing
length, suggesting that larger remoras are slightly more likely to
remain attached to their host when compared to smaller remoras
at the same swimming speed. Though this effect diminished rather
quickly as length was increased, it may suggest, for example, that
remoras become more suited to attachment as they mature and
grow in length. In any case, the effect is explained by decreased
drag coefficients resulting from larger Reynolds numbers of longer
remoras compared to those of shorter remoras at the same swim-
ming speeds.
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More importantly, it is clear that regardless of remora size, it
seems unlikely a host (at least a shark) will dislodge a remora by
increasing its swimming speed. This is especially apparent when
considering that large free-stream velocities (~500cm/s) create
drag slightly less than 10% (N=0.1) of the force required to dis-
lodge aremora (frictional strength). This is in line with observations
of both captive and wild remoras as they are typically removed
by impact with the surface of the water or other objects rather
than by elevated host swimming speeds, even those proceeding
jumps (Aughtry, 1953; Ritter, 2002; Weihs et al., 2007). This is
somewhat expected given that remoras depend on their hosts for
many important needs including food, protection, and transporta-
tion. These survival benefits provide strong selective pressures that
favor robust attachment.

In summary, the remora’s low drag profile is a critical compo-
nent of its overall suction-based attachment strategy, and to these
ends, a detailed estimate of the drag it experiences while attached
was presented. In general, the shape and drag experienced by an
attached remora compared favorably to those of a streamlined
body optimized for hitchhiking. From the estimated drag, it was
found that a remora is unlikely to be removed by elevated host
swimming speeds alone (at least with respect to sharks), and that
larger remoras are slightly less likely to be detached from their
hosts than smaller remoras at the same swimming speed. Also,
the lack of substantial drag reduction when the remora was sub-
jected toits host’s viscous boundary layer casts doubt as to whether
remoras discriminate between attachment sites due to hydrody-
namic considerations (at least with respect to frictional drag). A
likely alternative explanation is that remoras choose attachment
sites to maximize their own potential for success by choosing areas
of the host that are minimally deformed during locomotion.
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Symbol Description

XY Feature dimensions in scaling equation

a,b Fitting constants for scaling equation

Fp Drag force

p Pressure

T Shear stress

i Unit vector for direction of flow relative to remora
fl Surface unit normal vector

s Surface unit tangent vector

Cp Drag coefficient

P Fluid density

U Host velocity

A Wetted surface area

Re; Reynolds number with respect to length

d Largest transverse diameter

L Largest body length

c1,C2, C3 Fitting constants

u(x,y) Boundary layer profile on flat plate with respect to the horizontal and vertical axes
n Dimensionless parameter

§ Boundary layer thickness

I Fluid viscosity

Rey Reynolds number with respect to distance from edge of flat plate
Pp Parasitic drag power

N Ratio of drag and friction forces

Fr Friction force

s Friction coefficient

Prax Sub-ambient pressure in pad

Apad Pad surface area
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