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Bluegill sunfish pectoral fins represent a remarkable success in evolutionary
terms as a means of propulsion in challenging environments. Attempts to mimic
their design in the context of autonomous underwater vehicles have overwhelm-
ingly relied on the analysis of steady swimming. Experimental observations of
maneuvers reveal that the kinematics of fin and wake dynamics exhibit character-
istics that are distinctly different from steady swimming. We present a computational
analysis that compares, qualitatively and quantitatively, the wake hydrodynamics
and performance of the bluegill sunfish pectoral fin for two modes of swimming:
steady swimming and a yaw turn maneuver. It is in this context that we comment on
the role that flexibility plays in the success of the pectoral fin as a versatile propulsor.
Specifically, we assess the performance of the fin by conducting a “virtual dissec-
tion” where only a portion of fin is retained. Approximately 90% of peak thrust for
steady swimming is recovered using only the dorsal half. This figure drops to 70%
for the yaw turn maneuver. Our findings suggest that designs based on fin analysis
that account for various locomotion modes can lead to more robust performance
than those based solely on steady swimming.
Keywords: computational fluid dynamics (CFD), immersed boundary methods
(IBM), bluegill sunfish, biological locomotion
challenge. Evolution-based design is
Introduction
Robust design based on natural
systems is a significant engineering

inherently a multi-objective optimiza-
tion problem. Natural selection puts
pressure on organisms to produce
locomotion abilities that balance com-
peting requirements of speed, effi-
ciency, and effectiveness. The goals
of ongoing research efforts are to eluci-
date the competing requirements that
have enabled the evolution of highly
maneuverable propulsion/locomotion
at low speeds. Prominent natural sys-
tems of interest are flapping flight in
air and aquatic locomotion and a com-
mon feature among these systems is
the presence of highly compliant con-
trol surfaces. Organisms that employ
these models of locomotion appear to
exploit the flexibility of their wings/
fins to achieve high maneuverability
at low speeds. This paper presents the
analysis of one such control surface:
the bluegill sunfish pectoral fin.

A typical sunfish pectoral fin
consists of 14 fin rays as shown in
Figure 1. We see the fin rays num-
bered sequentially starting from the
dorsal edge (ray 1) to the ventral edge
(ray 14). These rays support an asym-
metric planform shape for the pectoral
fin. Figure 3 shows different frames of
the sunfish executing a maneuver from
a ventral view. The motion of the pec-
toral fin and body are captured using
multiple high-speed video cameras
simultaneously operating at 250 or
more frames per second with a 1024 ×
1024 resolution (Lauder et al., 2006).
The wing surface is digitized at about
300 spatial locations at several points
during the fin cycle. Thus, the kine-
matics of the fin motion is acquired
for the simulation. The collaboration
with experimentalists (biologists and
FIGURE 1

Bluegill sunfish pectoral fin consists of
14 rays, which form the full planform. The
dissected planform is interpolated from rays
1–8 to investigate the flow and performance.



engineers), through a multi-disciplinary
effort (Lauder et al., 2006;Mittal et al.,
2006), has enabled high-fidelity data
to be used in the computational analy-
sis (see Figure 2).

It is clear from looking at the fin
motion during the maneuver (see Fig-
ure 3) that the kinematics of the fin
involves both deformation and transla-
tion. This poses severe challenges for
traditional body-fitted computational
methods. Here, the immersed bound-
ary method, with its ability to handle
complex deforming structures, enables
us to undertake high-fidelity computa-
tional fluid dynamics (CFD) analysis of
the pectoral fin hydrodynamics (see
Computational Methodology). It has
been used to gain valuable insight into
pectoral fin hydrodynamics in steady
swimming (Bozkurttas et al., 2009;
Dong et al., 2010). The experimentally
obtained steady swimming kinematics
was analyzed, and an efficient reconstruc-
tion of the kinematics using proper
orthogonal decomposition (POD)
was obtained. The POD modes using
a combination of the first three modes
(hereafter referred to asMode 1 + 2 + 3)
were successful in reproducing two
July/Au
thirds of the full fin kinematics. More
significantly, this combination of
modes was found to retain 92%
of the thrust produced using the ac-
tual kinematics (Bozkurttas, 2007;
Bozkurttas et al., 2009). Further, de-
tailed analysis of the pressure distribu-
tion over the full fin surface (rays
1-14) during steady swimming also re-
vealed that most of the thrust was pro-
duced by the dorsal part mainly around
the spanwise tip region (Bozkurttas
et al., 2009; Dong et al., 2010) (see Fig-
ure 5). Since different sections of the
pectoral fin trace different trajectories
during a fin stroke, the contribution
of each region of the fin to its overall
performance may not be uniform. Nat-
urally, this leads us to the central theme
of this paper, the idea of examining the
thrust production of different sections
of the fin. The goal is to enable a virtual
“dissection” or “ablation” of the pecto-
ral fin dynamics and the effect of this
ablation on the fin performance. It is
expected that this will yield useful in-
sight into the hydrodynamic function
of the fin in various swimming modes.
Computational
Methodology

We present a brief description of
the Cartesian grid-based immersed
boundary method for moving bound-
aries starting with the governing
equations. The three-dimensional
unsteady, viscous incompressible
Navier-Stokes equations are given as

∂ui
∂xi

¼ 0

∂ui
∂t

þ ∂ uiuj
� �
∂xj

¼ � 1
ρ
∂p
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∂
∂xj

∂ui
∂xj

� �

ð1Þ

where i; j = 1, 2, 3, ui are the velocity
component, p is the pressure, and ρ
FIGURE 3

A bluegill sunfish during a maneuver: ventral (bottom) view. Images are frames from a high-
speed video. Note the differential motion of the left and right side fins. Top row: t/T = 0, t/T =
0.23, t/T = 0.30. Bottom row: t/T = 0.46, t/T = 0.70, t/T = 0.84.
FIGURE 2

Bioinspired design paradigm.
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and ν are the fluid density and kine-
matic viscosity. We have employed a
conventional notation where repeated
indices imply summation.

1. Numerical Method
The Navier-Stokes equations
(Eq. 1) are discretized using a cell-
centered, collocated (non-staggered)
arrangement of the primitive
variables (ui, p). In addition to the
cell-centered velocities (ui), the
face-centered velocities, Ui, are
computed. A second-order Adams-
Bashforth scheme is employed for
the convective terms while the dif-
fusion terms are discretized using
an implicit Crank-Nicolson scheme
which eliminates the viscous sta-
bility constraint. The spatial de-
rivatives are computed using a
second-order accurate central dif-
ference scheme. The equations
are integrated in time using the
fractional step method (Chorin,
1967). In the first sub-step of this
method, a modified momentum
equation is solved and an interme-
diate velocity u* obtained. The sec-
ond sub-step requires the solution
of the pressure correction equa-
tion which is solved with the con-
straint that the final velocity ui

n+1

be divergence-free. This gives a
Poisson equation for the pressure
correction and a Neumann bound-
ary condition imposed on this pres-
sure correction at all boundaries.
This Poisson equation is solved
with a highly efficient geometric
multigrid method which employs
a Gauss-Siedel line-SOR smoother.
Once the pressure correction is ob-
tained, the pressure and velocity are
updated (see Dong et al., 2006 and
Mittal et al., 2008, for additional
details). These separately updated
face velocities satisfy discrete mass
conservation to machine accuracy
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and use of these velocities in estimat-
ing the non-linear convective flux
leads to a more accurate and robust
solution procedure. The advantage
of separately computing the face-
centered velocities was initially pro-
posed by Zang et al. (1994) and
discussed in the context of the
Cartesian grid methods in Ye et al.
(1999) and Mittal et al. (2008).
2. Immersed Boundary Treatment
The immersed boundary method
used he re employs a mul t i -
dimensional ghost cell methodology
to impose the boundary conditions
on the immersed boundary. The
current solver is designed from the
start for fast, efficient, and accurate
solution of flows with complex
three-dimensional, moving bound-
aries. Also, the current method is
a “sharp“ interface method in that
the boundary conditions on the
immersed boundary are imposed
at the precise location of the im-
mersed body, and there is no spuri-
ous spreading of boundary forcing
into the fluid as what usually oc-
curs with diffuse interface methods
(Mittal & Iaccarino, 2005).
3. Geometric Representation
of Immersed Boundary
The current method is designed to
simulate flows over arbitrarily com-
plex 2D and 3D immersed station-
ary and moving boundaries and the
approach chosen to represent the
boundary surface should be flexible
enough so as not to limit the type
of geometries that can be handled.
A number of different approaches
are available for representing the
surface of the immersed bound-
ary, including level sets (Osher &
Sethian, 1988; Tran&Udaykumar,
2004), and unstructured surface
grids. In the current solver, we
choose to represent the surface of
l

the immersed boundary by an un-
structured mesh with triangular ele-
ments. This approach is very well
suited for the wide variety of engi-
neering and biological configura-
tions that are of interest to us and
is compatible with the immersed
boundary methodology used in
the current solver.
4. Boundary Motion
Boundary motion can be included
into immersed boundary formula-
tion with relative ease. In advancing
the field equations from time level
n to n + 1 in the case of a moving
boundary, the first step is to move
from its current location to the
new location. This is accomplished
by moving the nodes of the surface
triangles with a known velocity.
Thus, we employ the following
equation to update the coordinates
(Xi) of the surface element vertices,

X nþ1
i � X n

i

Δt
¼ V nþ1

i ð2Þ

where Vi is the vertex velocity. The
vertex velocity can either be pre-
scribed or it can be computed
from a dynamical equation if the
body motion is coupled to the
fluid. The next step is to determine
the ghost cells for this new im-
mersed boundary location and
recompute interpolation weights
associated with the ghost point
methodology. Subsequently, the
flow equations, which are written
in Eulerian form, are advanced
in time. The general framework
described above can, therefore, be
considered as Eulerian-Lagrangian,
wherein the immersed boundaries
are explicitly tracked as surfaces in
a Lagrangian mode, while the flow
computations are performed on a
fixed Eulerian mesh. Additional



details regarding the current im-
mersed boundary methodology
may be found inMittal et al. (2008).
Computational Setup
All simulations are conducted in

a rectangular computational domain.
The boundary conditions on the
bounding box of the domain are free-
stream on the left (x direction), out-
flow on the right while the remaining
boundaries (top and bottom ( y direc-
tion) and front and back (z direction))
employ slip boundary conditions (see
Figure 4). The fin surface and fish
body are considered as no-slip bound-
aries. The fins are treated as deforming
membranes while the body, where ap-
plicable, is treated as rigid body under-
going general motion. The Reynolds
number in the present work is defined
as Re = ULs/ν where U, Ls , and ν are
the swimming velocity, spanwise fin
length, and the kinematic viscosity of
water (ν = 1.007 × 10−6 m2 s−1 at room
temperature), respectively.

Based on a swimming speed of
1.1 body length per second, the
Reynolds number for the steady swim-
ming is 6300. However, a compari-
son of the force coefficients obtained
at Re = 1440 with those at the experi-
mental Reynolds number appear to be
in good agreement both quantitatively
and qualitatively (Bozkurttas, 2007).
So, for computational expediency, we
use the lower Reynolds number in the
steady swimming analysis (Dong et al.,
2010). As mentioned earlier, low di-
mensional model performance anal-
yses have shown that Mode 1 + 2 + 3
gait that accounts for 67% of the fin
motion still produces 92% of the
thrust (Bozkurttas et al., 2009). There-
fore, in lieu of the experimentally
extracted fin kinematics, this simpli-
fied model has been used here. The
grid size in these simulations is 153 ×
161 × 97, which is about 2.35 million
July/Au
grid points. A domain size of 3.8Ls ×
4.5Ls × 1.8Ls is selected where Ls is
the span wise size of the fin. Compre-
hensive studies have been carried out
to assess the effect of the grid reso-
lution and domain size on the salient
features of the flow and also to demon-
strate the accuracy of the selected grid
(Bozkurttas, 2007).

The Reynolds number for the turn-
ing maneuver based on a freestream
velocity of 0.5 body lengths per second
is approximately 3500. The domain
size employed for the maneuver is
7.5Ls × 5Ls × 5Ls. The pectoral fins
and an idealized body, immersed in
the computational grid, are shown in
Figure 4. The nominal grid size used
in the current simulation is 241 ×
145 × 145 (see Figure 4). Finally, the
domain size for the maneuver with
just the strongside (outside) fin is
4Ls × 4Ls × 4Ls with a non-uniform
grid using 128 points in all three
dimensions.

We note in passing that all the steady
swimming cases and ablated fin sim-
ulations (for the maneuver) do not in-
clude the fish body. This is reasonable
since we have observed that the dif-
ference in the thrust coefficients with
and without the body is minimal. As
we shall see shortly, the wake dynamics
for both steady swimming and maneu-
ver are dominated by vortex structures
generated far from the fish body (see
Figures 5 and 8). Thus, the interaction
between the body and the fin hydrody-
namics is minimal.

The performance of the fin is eval-
uated using the computed force co-
efficients which are defined as,

CT ¼ 2Fx
ρU 2

∞Afin
;CL ¼

2Fy
ρU 2

∞Afin
;

CZ ¼ 2Fz
ρU 2

∞Afin
ð3Þ
FIGURE 4

Cartesian grid (4.8 million grid points) and unstructured mesh employed for yaw maneuver:
(a) x-y plane section, (b) x-z plane section, (c) y-z plane section (strongside fin on the left
and weakside on right of the body), and (d) unstructured surface mesh (pectoral fin only, num-
ber of nodes = 10,000, number of elements = 19,602).
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where Fx, Fy and Fz are the forces re-
spectively in the streamwise (drag/
thrust), vertical ( lift), and spanwise
(lateral) directions, Afin is the nominal
fin area, and ρ is the density of the
fluid. U∞ is the forward swimming
velocity. The force components are
calculated by directly integrating the
computed pressure and shear stress
on the fin surface.
Results
Steady Swimming

A snapshot of the vortex dynamics
at the end of a steady swimming fin
beat is shown in Figure 5. Note the
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complex interaction of among vortices
generated by the path traversed by the
fin tip during a fin beat. Clearly, both
adduction and abduction appear to
produce distinct vortex structures.
This is in stark contrast with a simple
ring vortex created during the maneu-
ver (see Figure 8). The time variations
of the force coefficients (CT, CL and
CZ) for three fin planforms are plotted
in Figure 6. Note the presence of two
distinct and comparable peaks cor-
responding to the adduction and ab-
duction phases. This force signature
bears the trademark of efficiency where
the fin sustains net forward thrust
throughout its fin beat. Clearly, the
chordwise and spanwise compliance
of the fin allows the simultaneous for-
mation and persistence of two distinct
vortex structures within a single fin
beat. A rigid planform would lead to
a more restrictive envelope for the fin
tip path resulting in vortex dynamics
that have stronger interactions detri-
mental to sustained net thrust produc-
tion (see Akhtar et al., 2007).

We now construct two different
ablated fin models: one that contains
only the rays 1-4 and one that contains
rays 1-8 (see Figure 1). The motion of
these dissected fins is precisely the
l

same as that for the full fin and we
carry out flow simulations for both of
these cases. Examining the results from
our virtual dissection, we notice that
the dorsal half of the fin (rays 1-8) cap-
tures the two main peaks of the thrust
and preserves 90% of the thrust pro-
duction of the full fin planform. Con-
sequently, the ventral contribution of
the fin, represented by rays 9-14 in
Figure 1, to the thrust production is
found to be insignificant. Also, the
planform interpolated from rays 1-4
has a similar trend in thrust variation
during the entire fin-beat cycle albeit
with smaller amplitudes. Interestingly,
it has twomain peaks and even the two
local peaks in the abduction phase as in
the full fin case. This further reinforces
the notion that the dorsal leading edge
of the bluegill’s pectoral fin dominates
the overall performance during steady
swimming propulsion. This planform
produces almost 40% of the thrust
produced by the fish fin while under-
going Mode 1 + 2 + 3 gait. Finally,
we observe similar tendencies for lift
and spanwise force coefficients for the
three planforms, except the case with
just rays 1-4 where the values show at-
tenuation. The key observation here is
that the dorsal half of the pectoral fin
FIGURE 6

Comparison of time variation of force coefficients for three different fin planforms (rays 1–4, rays 1–8, full planform) at Mode 1 + 2 + 3 gait:(a)
streamwise force, (b) vertical force, and (c) lateral force.
FIGURE 5

The anatomy of the principal vortex dynamics
involved in steady swimming.



(rays 1-8) is responsible for producing
a majority of the thrust. These results
bring into question the need for the
ventral portion of the fin. We explore
this in detail as we consider the case of
the yaw turn maneuver.

Yaw Turn Maneuver
The evolution of wake structure

from the strongside fin, that drives
the maneuver, is shown from two van-
tage points: lateral (Figure 8 (a,c,e))
and dorsal (Figure 8 (b,d,f )). The
well-defined vortex ring formed during
the outstroke (abduction) produces a
lateral jet oriented normal to the fish
body (see Figure 9). This type of vortex
ring and associated lateral jet shown in
Figures 8 and 9 have also been ob-
served in experimental visualization
(Drucker & Lauder, 2001). The peak
lateral velocity is found to be greater
than three times the freestream veloc-
ity. Consequently, the lateral forces
developed are several times that ob-
served in forward thrust for the steady
swimming case (Bozkurttas, 2007).
Preliminary estimates for stroke-aver-
aged force coefficients ratio between
lateral force in maneuvering (

―
CZ =

6.1) to steady swimming thrust (
―
CT =

1.29) is approximately 4 ((‐) denotes
average over stroke). This factor is in
reasonable agreement with the forces
measured experimentally (Drucker &
Lauder, 2001).

Returning to Figure 7(a), we note
that the CZ peak is reached between
t/T = 0.15 and t/T = 0.3. Shortly there-
after, the CT peak occurs between
t/T = 0.3 and t/T = 0.4. As expected,
the first priority in the maneuver is
to evade the stimulus (an obstacle or
predator in the wild) by quickly gener-
ating a strong lateral force (maximum
occurs at t/T = 0.2). Thereafter, the
drag force developed in the streamwise
direction is likely used to modulate the
direction of the resultant force as the
sunfish turns away from the stimulus.
The evolving vortex ring, clearly seen
in Figures 8(d) and 8(f ), continues to
be oriented nearly parallel to the fish
body. Consequently, the lateral jet ori-
entation ensures that the maximum
lateral force continues to act normal
to the fish body for the duration of
the maneuver. Here, the inherent flex-
ibility of the pectoral fin structure and
the ability to continuously alter plan-
form area is likely to be very useful.

Finally, an examination of the force
histories for the dissected fin reveals
that the peak lateral thrust developed
by the dorsal part (rays 1-8) is approxi-
mately 70% of the total as opposed to
30% for the ventral (rays 8-14) portion
(see Figure 10 and Figure 11c). The
streamwise drag is slightly more compa-
rable, although the dorsal part peak is
higher (see Figure 11a). Overall, while
the dorsal portion contributes to the ma-
jority of lateral force production, the ratio
of dorsal to ventral contribution appears
to be more equitable than the steady
swimming case.
Conclusions
A comparative analysis of the pec-

toral fin performance in steady swim-
July/Au
ming and yaw turn maneuver reveals
that the dorsal part of the pectoral fin
is responsible for the majority of force
production. The chordwise and span-
wise flexibility of the pectoral fin and
its ability to have them function either
in concert or independently seems to
enable the bluegill sunfish to achieve
a variety of maneuvers. The virtual
dissection reveals a significant loss of
performance with maneuvering with
respect to peak lateral thrust when
the ventral portion is removed. Thus,
a fin design using just the dorsal por-
tion of the pectoral fin might perform
as well as the full fin in steady swim-
ming but will not retain the same
maneuverability. Hence, any effective
design based on the pectoral fin that
aims to preserve its performance over
all locomotion mode needs to retain
a greater portion of the fin than that
suggested by steady swimming alone.

The pectoral fins of fishes display a
diversity of shapes (e.g., Drucker &
Lauder, 2002; Thorsen & Westneat,
2005), and although some general
conclusions about correlations of fin
shape with fish ecology have been pos-
sible (see Wainwright et al., 2002),
there are very few data on functional
regionalization of pectoral fins and on
the role that different fin rays within
FIGURE 7

Comparison of time variation of force coefficients: (a) strongside and (b) weakside.
gust 2011 Volume 45 Number 4 61



FIGURE 8

Formation of the vortex ring due to the strongside pectoral fin motion: (a), (c), and (e) are lateral views at t/T = 0.22, t/T = 0.49, and t/T = 0.66,
respectively; (b), (d), and (f) are the corresponding dorsal views at t/T = 0.22, t/T = 0.49, and t/T = 0.66, respectively.
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the pectoral fin might play in control-
ling locomotor performance. Taft et al.
(2008) discussed functional regional-
ization during steady swimming in
sculpin, but the role that different fin
rays play during maneuvering behav-
iors has not previously been analyzed.
The results presented here suggest that
the ventral region of the fin plays an
important role in modulating maneu-
vering forces, and future studies on the
diversity of fish pectoral fin shapes
could focus on the surface area and
mechanical properties of this region
of the fin in correlation with maneu-
vering performance. No data are cur-
rently available that would permit
even general conclusions about the di-
versification of pectoral fin structure in
relation to maneuvering capability,
and this represents a new and very in-
teresting direction for future work that
integrates approaches from biome-
chanics and fluid dynamics with be-
havioral and ecological studies of fish
locomotion.
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