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Background
iologists and zoologists have
been studying sh swimming for
many decades, and several compre-
hensive texts and papers exist (Breder,
1926; Lindsey, 1978; Alexander,
1983; Azuma, 1992; Blake, 1983;
Webb, 1975, 1984; Videler, 1993;
Sfakiotakis et al., 1999). The experi-
mental studies of sh swimming bio-
dynamics have become increasingly
quantitative as measurement technol-
ogy has improved. The use of high-
speed photography shed light upon
the details of n deformation (Gibb
et al., 1994; Walker & Westneat,
1997). Laser light scattering tech-
niques enabled observations of not
only the sh body and n dynam-
ics but also the velocity eld about
the sh and in the wake (Drucker &
Lauder, 1999, 2002; Gharib et al.,
2002; Bartol et al., 2003). Vehicle de-
signers are able to draw upon such rich
data sets as they embark upon designs.
But where does one begin?
A bioinspired vehicle design should
begin, according to Webb (2004), by

specifying the performance goals of

ABSTRACT

We review here the results obtained during the past several years in a series of
computational and experimental investigations aimed at understanding the origin of
high-force production in thiepping wings of insects and titepping and deform-
ing fins offish and the incorporation of that information into bioinspired vehicle
designs. We summarize the results obtained on pefindiaice productiorflap-
ping and deforminfin design, and the emulationfish pectorafin swimming in
unmanned vehicles. In particular, we discuss the main results from the computa-
tional investigations of pectofial force production for a particular coral fessf,
the bird wrasseGomphosus varius), whose impressive underwdtaght and hov-
ering performance matches our vehicle mission requirements. We describe the
tradeoffs made between performance and produceability during the bio-inspired
design of an actively controlled curvature pediorahd the incorporation of it
into two underwatdlight vehicles: a twbn swimming version and fofin swim-
ming version. We describe the unique computational approach taken throughout
thefin and vehicle design process for relafingleformation time-histories to
speciied desired vehicle dynamic behaviors. We describe the development of the
vehicle controller, including hardware implementation, using actuation of the mul-
tiple deformingdlappingfins as the only means of propulsion and control. Finally,
we review the comparisons made to date betweerifoughicle experimental
trajectory measurements and controllsrutation predictions and discuss the

incorporation of those comparisons into the controller design.
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the desired mission rst and then ex-
amining those living creatures whose
performance is relevant. These crea-
tures have evolved to meet all their
needs, and the maneuvering enabled
by these needs may intersect with
the performance requirements driving
a vehicle design. However, since the
living creatures selected for study are
most likely not optimized for the mo-
bility characteristics that are driving
the design, one should not copy na-
ture but instead be guided by it.
This point of caution to designers
has been made many times by biolo-
gists (Combes & Daniel, 2001;
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Wainwright et al., 2002; Collar et al.,
2008).

The mission selected for the Naval
Research Laboratory (NRL) swim-
ming vehicle, which we describe
below, requires precise low-speed ma-
neuvering and excellent hovering in a
complex near-shore environment in
addition to excellent position-keeping
in tidal currents. Cost and mechanical
simplicity constraints demanded a
rigid hull. This eliminated undulatory
swimming sh as a primary means of
design inspiration, and instead we
were lead to consider n-based swim-
ming creatures. Kato and Furushima






be as simple in shape and structure
as possible. But for more effective n
propulsion, it is ideal to maximize the
number of ribs since more control
points result in a smoother t to
desired n curvature time-histories.
Our computational investigations
(Ramamurti et al., 2004) have shown
that the loss of force magnitude over
the stroke cycle is very small if we
considerably reduce the number of
ribs, as long as we maintain the ability
to properly modify the surface curva-
ture. The computations showed that
when the n was made rigid by speci-
fying the motion with just the leading
edge of the n tip, the thrust produced
during the upstroke was less than half
of the peak thrust produced by the

exible n computations. During the
downstroke, the computations for
the rigid and nearly rigid n pro-
duced no positive thrust, while the
partially and fully exible cases pro-
duced substantial thrust. In the case
of the rigid n, there was also a sub-
stantial penalty in lift during the

FIGURE 3

upstroke. An example from these
computational investigations is shown
below in Figure 3.

Assessment of these ndings led us
to reduce the number of ribs from 13
to 5. Five was selected since it enabled
reduced n complexity, thus substan-
tially reducing n size and weight,
while maintaining the critically impor-
tant exural capability. Each of the ve

n rays were individually designed
and constructed from compliant ABS
plastic material using a 3-D printer to
achieve the desired tip de ection with
an achievable linear actuation force ap-
plied to each individual rib at the root
(Trease et al., 2003), as illustrated in
Figure 4. The pushing and pulling of
the ribs at the root of the n is similar
to how sh bend their ribs using mus-
cle actuation.

The root section of the n was se-
lected to be of rectangular cross section
with rounded leading edges and a ta-
pered trailing edge in order to accom-
modate the actuators at the base of the
ribs as shown in Figure 5a. A translu-

FIGURE 4

Representative rib cross-sectional geometry
and bending analysis showing a 20° rib

deflection.

cent silicone rubber membrane skin,
optimized in thickness to approxi-
mately 0.5 mmvia nite-element anal-
ysis (Palmisano et al., 2007), provided
the continuous surface covering for
the rays as shown in Figure 5b.

After several parametric 3-D un-
steady computational uid dynamics
(CFD) studies had been carried out
(Ramamurti & Sandberg, 2006), vari-
ous n parameters were chosen that
optimized thrust performance, given
the mechanical constraints of the n.
An example of these computations
showing the variation of lift and
thrust as a function of n exibility,
stroke amplitude, and n stroke bias
is shown in Figure 6.

The angle of attack of the root sec-
tion of the nwas chosen to be 20°, the

Effect offin flexibility on the time variation of thrust forces (from Ramamurti et al., 2004jnplitude of the oscillation to be 114°,
(Color versions dfigures available online at: http://www.ingentaconnect.com/content/mjgé apping frequency to be 1 Hz, and

mtsj/2011/00000045/00000004.)
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the rib spacing to be the minimum
possible value of 1.2 cm dictated by
the size of the actuators. These speci ¢
values, selected for maximizing n
force production, are for a solitary

apping and deforming n. Incorpo-
ration of the n into a vehicle design
presents challenges to retain n per-
formance while maintaining vehicle

simplicity.

Two-Fin Test-Bed Vehicle

A simple vehicle was designed and
built to serve as a test-bed for evaluat-
ing the performance of all aspects of



FIGURE 5

Mechanicalin (a) CAD image without skin and (b) actual with skin.

(a)

the controlled curvature n technol-
ogy, including its capability for vehicle
propulsion, low-speed maneuvering,
and hovering. It was, therefore, inten-
tionally, a minimalist design that
served to house the ns, actuators,
and a battery. We described above
how the parameters that govern the
force production by the n were cho-
sen. However, due to mechanical
constraints and a desire to easily
manufacture a vehicle prototype, addi-
tional 3-D unsteady CFD studies of

the apping ns incorporated in the

FIGURE 6

Meanfin generated (a) thrust and (b) lift as functions of non-dimensionalized stroke ampliﬁ}&1

(b)

test-bed vehicle led us to modify the

n-alone values. The angle of attack
of the root section of the n was cho-
sen to be 0°, and the rib spacing was
reduced to 0.8 cm. It is during con-
struction tradeoffs of this type that
one relies upon what has been learned
from the studies of nature to meet op-
erational performance goals while bal-
ancing that with the desire to create a
vehicle that is producible at a reason-
able cost. Fixing the n root at a spe-
ci ¢ angle deviates from nature, but
the construction simplicity and cost

savings are so substantial that some
performance penalty was accepted.
The apping stroke amplitude and
frequency, as well as the phasing of
the individual n tip de ection time
histories, were retained as controllable
parameters, and we have performed
CFD analyses of force production
with this n con guration (Ramamurti
etal., 2010).

In keeping with the review nature
of this paper, we are emphasizing he
process carried out for our speci ¢
bio-inspired vehicle design. The details
of the controlled curvature n design,
the linear actuator design and con-
struction, the isolated n construction
and testing, the vehicle design, the ve-
hicle construction, the experimental
testing, and the validation of com-
putations were previously reported
(Palmisano et al., 2007, 2008; Sandberg
& Ramamurti, 2008). The n tech-
nology test-bed demonstration vehicle
incorporated two actively controlled de-
formation ns. The two- n vehicle is
shown in Figure 7.

Four-Fin Test-Bed Vehicle

The test results for the two- n ve-
hicle demonstrated that the controlled
deformation n force production was
capable of meeting our vehicle pro-
ion (position-keeping in a current)

andfin flex, or curvature. The surfaces indicate a bias ifirtrstroke angle of 0° (red), 20° fequirements (Geder et al., 2008).

(green), and 40° (blue).
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However, by design, this test-bed n
technology demonstration vehicle
had restricted options for sensor pay-
load and did not have the fore-aft
force production capability needed
for heave-pitch control. Hence, the
design of a larger 41-cm long four- n
vehicle was initiated (Figure 8). The
fore-aft symmetry of the four- n de-
sign enables hover and higher precision
positioning capabilities by decoupling
vehicle pitch and heave control.
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