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Abstract

A full understanding of the mechanics of locomotion can be achieved by incorporating
descriptions of (1) three-dimensional kinematics of propulsor movement, (2) material
properties of the propulsor, (3) power input and control and (4) the fluid dynamics effects of
propulsor motion into (5) a three-dimensional computational framework that models the
complexity of propulsors that deform and change area. In addition, robotic models would
allow for further experimental investigation of changes to propulsor design and for testing of
hypothesized relationships between movement and force production. Such a comprehensive
suite of data is not yet available for any flexible propulsor. In this paper, we summarize our
research program with the goal of producing a comprehensive data set for each of the five

components noted above through a study of pectoral fin locomotion in one species of fish: the
bluegill sunfish Lepomis macrochirus. Many fish use pectoral fins exclusively for locomotion,
and pectoral fins in most fish are integral to generating force during maneuvering. Pectoral fins
are complex structures composed of jointed bony supports that are under active control via
pectoral fin musculature. During propulsion in sunfish, the fin deforms considerably, has two
leading edges, and sunfish can rotate the whole fin or just control individual sections to vector
thrust. Fin material properties vary along the length of fin rays and among rays. Experimental

fluid dynamic analysis of sunfish pectoral fin locomotion reveals that the fin generates thrust
throughout the fin beat cycle, and that the upper and lower edges each produce distinct
simultaneous leading edge vortices. The following companion paper provides data on the
computational approach taken to understand locomotion using flexible pectoral fins.

1. Introduction

One of the most obvious aspects of the material design
of organisms is that many of the structures and composite
materials that interact with the environment are flexible. Tree
branches and leaves bend in the breeze, bird wings flex during
flight, insect cuticle deforms as the wings bend and fish fins
and bodies bend during locomotion through the water. Given
the many possible aspects of organismal design that might
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be viewed as inspiration for improving the functioning of
man-made devices, the inclusion of flexible materials could
be argued to be the most important. But incorporating flexible
materials into human-engineered devices has proven to be an
extremely challenging engineering problem. Almost without
exception, man-made devices use rigid materials, gears and
stiff linkages to achieve movement and interact with the
environment. Materials that exhibit bending are most often
considered to be near failure or are avoided due to the risk
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of failure. In contrast, organisms rarely use rigid materials,
and flexibility, deformation and twisting and bending are the
rule both for applying forces to the environment, and for
resisting loading imposed on organisms by the environment
(Vogel 1988, Denny et al 1998, Koehl and Rosenfeld 2006).

Despite the obvious importance of flexibility for the
functioning of biological materials, however, few studies have
quantified the deformation of biological structures involved
in locomotion, and even fewer have undertaken quantification
of appendages bending during in vivo movement. The most
extensive in vitro work to date is that by Combes and colleagues
who studied the flexibility of insect wings (Combes and Daniel
2001, 2003a, 2003b, 2003c¢), but little is known about insect
wing flexibility during flight as most analyses assume that
the wing acts like a rigid flat plate. Theoretical analyses of
the performance of flapping foils with flexibility have been
undertaken (Ramamurti ef al 1999, Katz and Weihs 1978, Liu
and Bose 1997, Miao and Ho 2006, Triantafyllou et al 2004),
although these studies typically involve relatively low levels
of deformation.

Given the near ubiquity of deforming propulsive surfaces
in animals, what type of information would be desirable
to have about flexible biological propulsors?  First, and
arguably most importantly, data on the three-dimensional
kinematics of propulsive surfaces are needed (figure 1).
Without such data, the magnitudes of bending, twisting and
curvature change during propulsion cannot be known. Three-
dimensional kinematic data cannot just consist of tracking a
few points in the x, y and z dimensions: coordinate maps
for the surface of the propulsor and how such maps change
through time must be known in order to quantify both
spanwise and chordwise bending and to calculate curvature
changes through time. Also, without such three-dimensional
coordinate data, computational fluid dynamic analysis (CFD)
cannot be undertaken, as ideally three-dimensional kinematic
data will serve as input into a computational model. Second,
data are needed on the material properties and biomechanical
design of propulsors (figure 1) so that active and passive
components of deformation can be estimated. Third, control
mechanisms for the propulsor need to be understood. How
are propulsors activated and how extensive is the system
for active control?  Fourth, experimental hydrodynamic
analyses of the effect of propulsors on the water or air are
important for understanding how momentum is transferred to
the fluid environment by propulsor movement. How does
propulsor motion correlate with the production of vortices
and momentum fluxes during locomotion? Fifth, having a
fully three-dimensional computational fluid dynamic model
of propulsor function (figure 1) allows both comparison with
experimental flow patterns and calculation of surface pressure
distributions, force production through time, and manipulation
of surface geometry and motion that are not practical in
experiments on living animals.

Finally, the construction of a robotic model of the
propulsor is an extremely useful adjunct to the five
experimental and computational approaches noted above
as such models permit experimental modification and
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Figure 1. Schematic overview of the major elements of research on
flexible propulsors using the pectoral fin of sunfish as the main
example discussed in this paper. A photograph of the bluegill
sunfish with its left pectoral fin extended is shown in the
background. A complete understanding of fin function involves
each of the components shown in yellow boxes, as well as
construction of robotic models to test functional hypotheses (green
boxes). Further description in the text.

manipulation of design features not found in nature. Models
can also be implemented with non-biological actuators such
as conducting polymers (Madden et al 2004a, 2004b) with
different properties and hence a different set of design
constraints (figure 1) than either traditional or biological
actuators. Robotic models can also be useful, as is widely
acknowledged, for understanding how lessons learned from
biology can be applied to the construction of a working
representation (Long et al 2006). However, it is not
often appreciated that such models can also be useful for
testing biological hypotheses directly by modifying movement
patterns and material properties.

Our goal in this paper is to provide a broad overview of
the approach that we are taking to understanding locomotion
achieved with flexible propulsors, using as our focal example
the pectoral fin of bluegill sunfish, Lepomis macrochirus
(figure 1). For each of the five major classes of data on
flexible propulsors outlined above, we provide sample data
and summarize selected recent research results. An extended
discussion of the computational approach that we have taken
to studying the flexible sunfish pectoral fin is detailed in the
following companion paper (Mittal et al/ 2006), and other
papers summarize additional aspects of this research program
which is still in progress (Tangorra et al 2007, Lauder et al
2005, Lauder and Madden 2006, Fish and Lauder 2006,
Bozkurttas et al 2006, Dong et al 2006). Additional recent
papers provide a more general review of fish propulsor function
from a biological perspective (Lauder 2006, Lauder and Tytell
2006, Shadwick and Gemballa 2006, Drucker and Lauder
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Figure 2. Pectoral fins of fish undergo considerable deformation during locomotion, and the pectoral fin may have two simultaneous leading
edges. (A) Pectoral fin motion in a yellow perch, Perca flavescens, showing the upper (dorsal) edge of the fin leading (red arrows) during
propulsion. (B) Pectoral fin motion in a yellow perch, Perca flavescens, showing the lower fin edge leading during maneuvering (white
arrows). (C) Pectoral fin motion during propulsion in the bluegill sunfish, Lepomis macrochirus, showing two simultaneous leading edges as
the fin moves away from the body (red and white arrows). (D) Pectoral fin motion in the killifish, Fundulus diaphanus, also showing two

simultaneous leading edges (red and white arrows.

2002a, Drucker et al 2006, Wilga and Lauder 2004, Westneat
and Wainwright 2001, Westneat et al 2004).

2. Overview of methodology

There are a number of notable experimental challenges in
studying a complexly deforming biological propulsor like fish
pectoral fins. Quantifying the three-dimensional geometry
of the fin throughout the fin beat cycle can be difficult due
to the significant deformation which requires that multiple
high-speed cameras be used. A minimum of two views is
needed but we have found that three or more simultaneous
cameras provide the best reconstructions of fin positions.
In addition, high-resolution cameras (1024 x 1024 pixels
minimum) are necessary to see structural details required for
accurate reconstruction of surface geometry, and a sample rate
of 500 Hz is ideal to provide sufficient time resolution of fin
motion. Meeting these technical requirements also facilitates
the generation of a kinematic data set that is appropriate as
input for computational fluid dynamic analysis. A three-
dimensional calibration (see Hsieh (2003), Standen and Lauder
(2005), Hedrick et al (2002) and Lauder er al (2005)) allows
quantification of x, y, and z positions of points on the fin
surface; for our three-dimensional fin reconstructions we

digitized 200-300 points on the fin surface at each of 20 time
steps throughout the fin beat cycle. Reconstructed fin positions
are illustrated in the following companion paper (Mittal et al
2006).

In addition, fish fins are composed of a diversity of
composite materials arranged in a complex layout. This makes
estimating active and passive properties of fin motion difficult,
and especially so in the case of fish fins that have active
curvature control (see below, and Lauder (2006)).

The data described below were obtained on bluegill
sunfish, Lepomis macrochirus, swimming in a recirculating
flow tank. Sunfish swam at 20 °C and ranged in size from 15.0
to 18.5 cm in total length (L). Locomotor speeds ranged from
0.5 to 2.0 L s~'. Comparative kinematic data were obtained
from several other species (figure 2) to confirm that the fin
motions observed in bluegill are not unique to that species.

Selected details on the techniques discussed below are
provided in the relevant section.

3. Pectoral fin kinematics

High resolution digital videos of fish pectoral fin motion during
locomotion reveal that the pectoral fins of most fish species
are highly flexible (figure 2). Fish have active muscular
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Figure 3. Pectoral fin motion in bluegill sunfish, Lepomis
macrochirus, during turning and braking. (A) Pectoral fin on the
inside of the turn in side view showing the twisted conformation of
the fin with the upper (dorsal edge, red arrows) held away from the
body. (B) Pectoral fin on the outside of the turn shown in bottom
view, with the lower fin edge (white arrows) held against the body.
(C) Pectoral fin position during braking, in bottom view. The lower
fin edge (white arrows) has moved forward of the upper edge (red
arrows), and the whole fin has been moved forward to an angle
greater than 90° (the position of the body perpendicular is shown by
the dashed black line).

control over the leading and trailing edges of their fins through
adductor and abductor muscles and these muscle groups
possess individual bundles that insert on the base of each
individual bony fin ray that supports the fin. As a result,
during locomotion fish pectoral fins exhibit changes in area,
bending in both the chordwise and spanwise directions, distinct
correlated movement of the upper (dorsal) and lower (ventral)
edges (while the middle of the fin often lags behind) and
waves of bending that pass out along the fin (figure 2). Two
simultaneous leading edges are present on the sunfish pectoral
fin during propulsion (figure 2(C)), and similar patterns of fin
motion are observed during propulsion in perch and killifish
(figure 2).

The pattern of pectoral fin motion during braking and
maneuvering can be very different from that seen during
propulsion (figure 3) (see also Drucker and Lauder 2001,
2002b, 2003, Higham et al 2005, Geerlink 1987). Fish that
change vertical position during locomotion often bring the
ventral pectoral fin edge away from the body prior to the
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dorsal edge (figure 2(B)), generating upward fluid momentum
and rotational torques on the body, sending the fish down.
During yawing turns (figure 3), the fins on the inside and
outside of the turn exhibit very different movement patterns
(Drucker and Lauder 2001). Figure 3(A) shows a side view
of the twisted conformation of the pectoral fin in a bluegill
on the inside of the turn, while the fin on the outside of the
turn (figure 3(B)) has the ventral rays held against the body.
Braking involves bringing the pectoral fin forward, and the
ventral rays have effectively reversed their anterior—posterior
position compared to the fin conformation during braking.

4. Fin anatomy and material properties

What is the structure of the pectoral fin in sunfish and what
are the material properties of the fin components that produce
such locomotor deformations? Each bluegill sunfish pectoral
fin typically has 14 individual pectoral fin rays (figure 4)
that support a thin collagenous membrane stretched between
adjacent rays. Each fin ray, termed a lepidotrich, is composed
of two semilunate half rays (hemitrichs), seen in the inset
to figure 4(B), which are connected to each other by small
collagenous and elastic fibers (Geerlink 1979, Geerlink and
Videler 1987).

Each half ray has expanded sites at the base for the
attachment of the fin ray muscles, and each hemitrich is itself
composed of a series of small bony segments (figure 4(C))
attached end-to-end with short collagen fibers. Hemitrichs
slide past each other when the two hemitrichs are moved
differentially by the pectoral fin muscles at the base of the
fin. Fish thus have active control over the curvature of their
propulsive appendage since differential movement of the two
fin ray hemitrichs causes the fin ray, and hence the fin surface,
to bend (Lauder 2006, Lauder and Madden 2006, Geerlink and
Videler 1987).

Three-point bending experiments on individual fin rays
showed considerable differentiation in fin ray material
properties depending on the location along the ray, and also
changes in stiffness among rays. Figure 5 shows fin ray 8
in a bluegill undergoing three-point bending, and the results
of one experiment showing that the proximal portion of the
ray is considerably stiffer than the distal part. Calculation
of fin ray Young’s modulus (for the whole, composite, ray)
gave values of about 1 GPa, and values of 0.3—1 MPa for the
fin ray membrane (Lauder and Madden 2006, Tangorra et al
2007). These data will be used in future work to design a
robotic flexible fin propulsor of comparable stiffness to the
sunfish pectoral fin, and as a starting point for experimental
explorations of the effect on varying fin stiffness on thrust
generation.

5. Muscular control of pectoral fin function

How do fish control the movement of individual fin rays?
By implanting recording electrodes within the abductor and
adductor muscles of the sunfish pectoral fin (figure 6), we
measured muscle activity in the major muscle groups that move
the pectoral fin rays, and recorded from individual muscle
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pectoral fin
pelvic fin

Figure 4. Pectoral fin structure in bluegill sunfish, Lepomis
macrochirus. (A) Position of the pectoral fins on the body.

(B) Sunfish typically have 14 bony, jointed fin rays that support the
fin membrane and form the pectoral fin. Micro CT scanning of fin
ray structure shows that each fin ray is composed of two distinct
curved elements (inset panel shows cross-sectional
geometry—white indicates bone). (C) Photograph of pectoral fin
rays with bone stained red (2, arrows); the collagenous membrane
between the fin rays is shown in tan color (arrow 1).

bundles attaching to different regions of the pectoral fin. Such
recordings demonstrate the pattern of muscle activation by the
nervous system, and are particularly useful for investigating
differential control and when anatomically antagonistic fin
muscles are co-activated (Drucker and Jensen 1997, Westneat
and Walker 1997, Jayne and Lauder 1994, 1995a, 1995b, Jayne
et al 1996).

Figure 6 shows that during maneuvering (time 1),
complete separation of adductor and abductor muscle activity
can occur. Fish thus are able to activate the adductor muscles
moving the fin toward the body completely independently
of the abductor muscles that move the fin away from the
body. Later in this same sequence, both adductor and abductor
muscles are coactivated, but this time clear differential activity
within the adductor muscle mass is observed: fin rays near the
bottom of the fin (rays 8 to 10) are activated while those in the
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Figure 5. Experimental measurement of fin ray material properties.
(A) Three-point bending conducted on fin ray 8, removed from a
bluegill sunfish pectoral fin. A triangular force probe is pressing on
the fin ray. (B) Measurements of fin ray stiffness at two separate
locations: one-third of total ray length from the base (proximal) and
two-thirds ray length from the base (distal).

middle of the fin (rays 6 and 7) are not subject to muscular
force. At this same time, the antagonistic abductor muscles
also show differential activity among rays. Later in this same
sequence, a clear alternating pattern of activity is observed
between adductor and abductor muscle activity. Coactivation
of the antagonistic muscle pairs during time 2 (figure 6) could
reflect active bending of the pectoral fin rays by the controlled
differential movement of the ray hemitrichs.

Sonomicrometry is a technique that allows quantification
of muscle strain during natural behavior by measuring the
time taken for sound to be transmitted between two small
crystals implanted into the muscle (e.g., Donley and Shadwick
(2003) and Shadwick et al (1999)). In order to construct a
biomimetic robotic pectoral fin, it is useful to know values of
strains experienced by the fin muscles; actuator materials could
then be selected with good power output at the in vivo strains
required by the fin to generate propulsive forces (Madden et al
2004a, 2004b). We implanted one pair of sonomicrometry
crystals into the abductor superficialis pectoral fin muscle
and measured muscle strain during steady swimming, yawing
maneuvers and during backward swimming (figure 7). Muscle
strains during steady swimming are relatively low, on the order
of 6.3% (figure 7). But strains increase remarkably during
maneuvers and backward locomotion using the pectoral fins,
where strains range from 18% to 23% respectively. High
strains during maneuvers may be a partial consequence of
passive hydrodynamic loading on the fin, which forces the
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Figure 6. Pectoral fin electrical activity patterns during locomotion at 2.0 body lengths (L) per second. (A) Bluegill sunfish swimming in a
recirculating flow tank with electrodes implanted into the musculature of the left pectoral fin to measure muscle motor patterns. The cable
leading from the dorsal fin connects to recording amplifiers and a computer out of view. (B) Close view of the electrode cable sutured to the
fish surface just anterior to the left pectoral fin. (C) Pectoral fin muscle electrical activity recordings during locomotion. Abductor muscles
(AbdSup and AbdProf) move the fin away from the body in the outstroke, while adductor muscles (ADDProf, fibers attaching to two
different groups of fin rays are shown) pull the fin back toward the body. Note that at time 1, there is no overlap in abductor and adductor
muscle activity, while at time 2 electrical activity of these antagonistic muscle groups overlaps. Also note the differential activity within the
adductor profundus muscle, as muscle bundles attaching to the different fin ray groups show different activity patterns.

fin surface away from the body, but high strain during steady
backward pectoral fin locomotion is most likely a result of
required stretching of the abductor muscle to generate thrust
in the opposite direction to that of normal forward swimming.

6. Experimental hydrodynamics

Experimental hydrodynamic analysis of pectoral fin function
in bluegill sunfish during locomotion was conducted by
injecting dye streams near the fin, and with particle image
velocimetry (PIV) to quantify fin wake flow patterns.

Dye stream patterns were obtained by swimming bluegill
in a recirculating flow tank. Fish were induced to swim
near the ends of dye wands that released a steady stream of
dye close to the base of the pectoral fin. High-speed video
recordings were used to obtain image time series of the dye
stream interacting with the pectoral fin during locomotion.
Numerous trials resulted in a number of sequences showing a
clear effect of pectoral fin motion on the dye stream. Figure 8
shows a series of frames from one sequence illustrating the
effect of the pectoral fin on a dye stream as it passes over the
upper edge of the fin during the fin beat. During fin abduction,
dye can be seen moving over the upper fin edge, and curving
back anteriorly in the upper fin edge vortex. In figure 6(B), a
small amount of dye is trapped in the dimple just behind the
leading edge formed in the spanwise wave that passes out the
upper half of the fin during the transition from abduction to
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adduction. As the finretracts during adduction, vorticity thatis
shed by the upper portion of the fin is visible as a tightly rolled
up dye region that continues to wrap up as the fin completes
its stroke (figure 8(D)).

Digital particle image velocimetry (DPIV) on freely
swimming fishes has been a technique that has proven very
useful for understanding the hydrodynamic function of fish
fins (Drucker and Lauder 1999, Nauen and Lauder 2001,
2002, Wilga and Lauder 2002, Drucker and Lauder 2002a,
Lauder and Drucker 2002). We have recently modified our
previous approach and used a transversely oriented laser light
sheet to image flow in the wake of the sunfish pectoral fin
(figures 9(A), 9(B)). This gives a good estimate of wake
flows as the full wake can be imaged as it moves toward
the camera. And with a rapid filming rate of 500 fps, an
accurate reconstruction of time-dependent wake flow patterns
can be obtained. Using two simultaneous high-speed cameras
(figure 9(B)) makes it possible to obtain stereo-DPIV wake
data (Nauen and Lauder 2002). Pectoral fin wake flow data
obtained from the transverse plane clearly show the presence of
two simultaneous, attached, leading edge vortices on both the
upper and lower fin edges in the cupped configuration during
the movement away from the body (figure 9(C)). Quantifying
the momentum flux from the pectoral fin in the upstream—
downstream direction using DPIV data indicates that the
pectoral fin generates thrust throughout the fin beat cycle.
Data from the horizontal light sheet plane (figure 9(D)) also
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Figure 7. Sonomicrometry data showing muscle strain patterns
from the abductor superficialis muscle during (A) steady forward
swimming at 0.5 L s7!, with a transition to backward swimming, and
(B) maneuvering locomotion following a period of slow forward
swimming. The distance between sonomicrometry crystals is shown
on the y-axis. Values of muscle strain during the various locomotor
behavior are indicated on the graph. Note the dramatic increase in
muscle strain during backward locomotion and maneuvering.

show that the fin, during abduction, generates downstream
momentum, a point consistent with the forces calculated
from the computational fluid dynamic model presented in the
following companion paper (Mittal et al 2006).

7. Discussion

The sunfish pectoral fin is a deformable propulsor of
considerable complexity that has an extensive control system
and hydrodynamic function that permits near continuous thrust
throughout the fin beat cycle (see also Mittal et al (2006),
Lauder et al (2005) and Bozkurttas et al (2006)). In many
ways, the pectoral fin might be viewed as a special case of
a heaving and pitching foil-based propulsor, and numerous
experimental and computational studies have analyzed how
flapping foils generate thrust and might be used to power
underwater robotic vehicles (Dong et al 2006, Gopalkrishnan
et al 1994, Guglielmini and Blondeaux 2004, Akhtar and
Mittal 2005, Streitlein and Triantafyllou 1998, Blondeaux et al
2005, Long et al 2006, Triantafyllou et al 1993, 2004, Hover

Figure 8. Water flow patterns over the pectoral fin during
unrestrained locomotion as revealed by dye. Images are frames
from a high-speed movie (250 fps) of a dye stream impinging on the
pectoral fin during a single fin beat cycle. In panel A the tips of two
dye wands can be seen at the left with a strong dye stream emerging
from the upper wand. The pectoral fin just starts to cut through the
dye stream, which has been deflected slightly by motion of the head
and body just anterior to the fin. (B) The pectoral fin moves away
from the body and the upper edge has a characteristic ‘dimple’
which has trapped a small amount of dye (red arrow). (C) The upper
fin edge moves back toward the body, revealing an attached upper
edge vortex (red arrow). (D) the pectoral fin has moved back toward
the body at the end of the fin beat, and the leading edge vortex has
separated (red arrow).

et al 2004). A common result in these studies is that, as
flapping foils reverse direction during the flapping stroke, drag
forces momentarily exceed thrust, with a consequent loss of
efficiency. In contrast, the flexible fish pectoral fin appears to
avoid drag production by continuously generating at least low
levels of thrust even during the stroke reversal.
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Figure 9. Digital particle image velocimetry of pectoral fin
locomotion in the bluegill sunfish. (A) A transverse light sheet
(projected perpendicular to the body) was used to image flow from
the pectoral fin. (B) Two high-speed cameras filming at 250 fps
allowed time-resolved stereo particle image velocimetry. These
cameras were aimed at a mirror located downstream in the flow,
which generated views of water flow in the free-stream direction.
(C) Water flow pattern around the sunfish pectoral fin at
mid-outstroke. Note the cupped shape of the fin, and the
development of two strong leading edge vortices simultaneously on
both the upper and lower fin edges as the pectoral fin moves away
from the body. (D) Other experiments used a horizontal light sheet
with a ventral view camera. This image shows the accelerated flow
resulting from fin movement away from the body as revealed by
particle image velocimetry in the horizontal plane. Sunfish pectoral
fins generate thrust both during motion away and toward the body.

Indeed, due to the considerable flexibility of the pectoral
fin, it is difficult even to apply standard foil terminology to
the fin beat cycle, because at no time does the entire fin
surface move in one direction. Throughout the fin beat cycle,
beginning at the start of the stroke, some portion of the pectoral
fin is directing water downstream and adding momentum. As
the fin moves away from the body, it bends in both chordwise
and spanwise directions, and during the outstroke a wave of
bending passes along the fin length (figure 2). Even as the fin
reverses direction and begins to move back toward the body,
portions of the fin continue to generate thrust (Mittal et al
2006) so that drag is never produced.

Control of this flexible foil propulsive system is a topic
that remains largely unstudied, especially the control of
individual fin ray motion and differential activity within
larger muscle masses. However, the data presented here
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point toward future studies in which multiple electrodes
implanted within adductor and abductor muscle masses could
provide data on the control of individual fin rays, and hence
contribute to understanding how individual elements within
the pectoral fin are moved under the control of the fish nervous
system.

A key topic for future investigation is the extent to which
the motion of the fin surface is passive. Certainly the motion of
the whole fin surface will prove to be due to some combination
of active and passive components. Future experimental work
using precise motion control could move a freshly removed
pectoral fin in the manner observed for the fish pectoral fin
base in an effort to duplicate fin motion during locomotion.
Differences between the movement observed under motion
control and fin kinematics during locomotion could help
determine which components of in vivo fin motion are active.
Development of a fully coupled fluid-structure model could
also contribute significantly to understanding the active and
passive aspects of fin motion.

Finally, the design of a robotic pectoral fin would allow
alteration of fin ray material properties and testing of different
fin motions to examine the effect on fin kinematics and force
production. Current robotic fin models based on the sunfish
pectoral fin (Tangorra et al 2007, Lauder et al 2005) are a
good step in this direction, but further development work is
still needed to achieve the necessary flexibility for detailed
examination of the active and passive components of fin
function. A fully integrative research program (figure 1)
that combines elements of robotic design and biological
investigation will facilitate understanding the function of the
remarkable biological propulsors that fish have evolved during
the past 500 million years.
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