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Design and Projected Performance
of a Flapping Foil AUV

Stephen Licht, Victor Polidoro, Melissa Flores, Franz S. Hover, Associate Member, IEEE, and Michael S. Triantafyllou

Abstract—The design and construction of a biomimetic flapping
foil autonomous underwater vehicle is detailed. The vehicle was
designed as a proof of concept for the use of oscillating foils as
the sole source of motive power for a cruising and hovering un-
derwater vehicle. Primary vehicle design requirements included
scalability and flexibility in terms of the number and placement of
foils, so as to maximize experimental functionality. This goal was
met by designing an independent self-contained module to house
each foil, requiring only direct current power and a connection to
the vehicle’s Ethernet local area network for operation. The re-
sults of tests on the foil modules in the Massachusetts Institute of
Technology (MIT) Marine Hydrodynamics Water Tunnel and the
MIT Ship Model Testing Tank are both used to demonstrate funda-
mental properties of flapping foils and to predict the performance
of the specific vehicle design based on the limits of the actuators.
The maximum speed of the vehicle is estimated based on the limi-
tations of the specific actuator and is shown to be a strong function
of the vehicle drag coefficient. When using four foils, the maximum
speed increases from 1 m/s with a vehicle Cp of 1.4 to 2 m/s when
Cp = 0.1, where Cp is based on vehicle frontal area. Finally,
issues of vehicle control are considered, including the decoupling
of speed and pitch control using pitch-biased maneuvering and the
tradeoff between actuator bandwidth and authority during both
the cruising and hovering operation.

Index Terms—Biomimetic propulsion, flapping foils, underwater
vehicles.

I. INTRODUCTION

HE PHYSICS of swimming and flying has been the focus

of considerable theoretical, numerical, and experimental
work. Examples of experimental work with live fish include
[1]-[3] and biorobotic devices modeled on the blue-fin tuna [4],
[5] and small-mouth bass [6] have been studied. One of the mo-
tivations has been to improve the design and performance of
underwater vehicles, recognizing that in many ways there is an
extraordinary gap between the abilities of man-made machines
and those of fish and other marine animals. Quantitative compar-
isons between the hydrodynamics of fish and small underwater
vehicles have been formulated, e.g., in [7]. Existing autonomous
underwater vehicles (AUVs) are typically optimized primarily
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for high cruising efficiency with propellers and conventional
lifting surfaces and, as a result are unsuited for use in confined
spaces, at low speeds, near the surface, and in unsteady flow,
conditions in which fish can thrive. A robust vehicle that ex-
ploits the hydrodynamics of fishlike swimming could yield im-
pressive gains in maneuvering and hovering capabilities while
maintaining the ability to cruise from station to station with high
efficiency. Such a vehicle could serve as an extremely powerful
tool in a wide range of applications.

The biomimetic flapping foil autonomous underwater vehicle
(BFFAUV) was conceived as a test platform and proof of con-
cept for the use of flapping foils as the sole source of propulsion
and maneuvering forces in an underwater vehicle.

Extensive testing of oscillating foils has been performed in
the Massachusetts Institute of Technology (MIT) Ship Model
Testing Tank, resulting in a solid understanding of the funda-
mental parameters of thrust production in foils [8]-[10]. The
BFFAUV represents our first attempt to tackle the issues in-
volved in putting this knowledge into practice on a working ve-
hicle scaled to support a significant scientific payload. The focus
of our design has been on those issues that are related specifi-
cally to the foils themselves and the vehicle size, shape, and
control systems were designed to be as flexible as possible.

II. VEHICLE REQUIREMENTS

The performance goals for the vehicle include a desired top
speed of 2 m/s and sufficient maneuvering authority to inde-
pendently control position in pitch, heave, surge, and sway. The
functional requirements include the following:

* foil-based actuation—the primary goal of the program is
to investigate the use of foils for propulsion and maneu-
vering;

* scalability and flexibility—freedom to adjust the foil ac-
tuator numbers, positions, and orientations will allow in-
sights into the tradeoffs between different vehicle layouts
and the corresponding control strategies;

* size constraints—2 m X 0.5 m X 0.5 m maximum dimen-
sions for ease of deployment;

* autonomous operation—preprogrammed mission fol-
lowing, independent error handing, onboard power
source, and data storage capability;

* shallow (10-m) confined water operation—a greater depth
rating adds cost and complexity with no corresponding
increase in experimental functionality;

* inertial navigation—minimal long-term tracking accuracy
is required for short supervised missions focused on local
control issues.
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Fig. 1. Single-housing actuator design.

III. VEHICLE DESIGN
A. Foil Actuators

The focus of much of the design effort for the vehicle was
concentrated on the distinguishing characteristic of the vehicle:
the foil actuation. A key requirement for the vehicle is scala-
bility and flexibility in terms of the number of foils, as well as
their positions and orientations. To meet the flexibility require-
ment, each foil actuator was conceived as part of a waterproof
module that could be mounted anywhere on the vehicle frame
and could be operated independently from the other foils. To
allow for scalability, the modules are designed such that as more
modules are added to the vehicle, there is no complexity added
to the power and communication circuits.

A single foil module contains all the components necessary
to add another foil to the vehicle. Each module contains a 190-
and 15-W direct current (dc) brush motor with optical encoders
(Litton-Polyscientific, Blacksburg, VA), which actuate foil roll
and pitch, respectively. The corresponding motor control circuit
is also housed in the module, with an Ethernet-enabled two-axis
motion control card and two pulsewidth modulation (PWM) am-
plifiers. The addition of a new module entails only two connec-
tions: an Ethernet line to a central hub on the vehicle local area
network (LAN) and a fused connection to the power bus. Since
the hub acts in some sense like a bus connection, no additional
wiring is required.

There are two generations of foil actuator designs. In the first
design, all the components are placed in a single housing, as
drawn in Fig. 1. While the mechanical actuation and internal
wiring are straightforward within the single housing, the sealing
is complex. The dynamic seal between the foil and housing
limits the depth of operation, range of motion, and the fatigue
lifetime. The first prototype was installed in the MIT Propeller
Testing Tunnel for experiments as described later. A second it-
eration was then proposed to increase the depth rating of the
actuator and the range of roll motion of the foil.

The second iteration of the design, which is currently installed
on the vehicle, contains the same electrical components in two
independently sealed cylindrical housings, as shown in Fig. 2.
One cylinder remains stationary with respect to the vehicle and
the second smaller cylinder rotates about its axis with respect
to the larger. The use of two independently rotating housings
simplifies the sealing problem, which improves the robustness
of the seals. In addition, the full range of motion on the roll axis
is improved to 180°, while the pitch motion remains completely
unrestricted.

Fig. 2. Dual-housing actuator design.

B. Electrical Systems and Communication

The power system is run at 24-V dc for reasons of safety
and convenience, supplied by a pair of sealed lead acid (SLA)
gel secondary cells connected in series. Actuator power cutoff,
processor reset and power cycling, and total vehicle power kill
switches are activated with magnetic proximity switches.

The central processor is an Octagon Systems Pentium III
single-board computer running RedHat Linux v7.2, while each
actuator module contains a Galil 1425 two-axis motion-control
processor. A Crossbow six-axis accelerometer is used for navi-
gation, with data collection performed by a 16-channel/12-bit
330-kHz analog-to-digital (A/D) converter from Eagle Tech-
nology (Cape Town, South Africa).

Each of the separate housings that comprise the vehicle are
connected to an Ethernet LAN with a star-shaped topology
centered on a housing containing a wireless access point and
hub. The appeal of Ethernet lies in both high communication
rates and the ease with which new components can be con-
nected. The Galil motion-control cards were chosen in part
for their compatibility with Ethernet communication; power
distribution is controlled entirely through commands to an
embedded server with digital input—output (I/O) capabilities
(a Hello!Device 1100, Sena Technologies, Seoul, Korea). One
result of the system architecture is that any computer running a
web browser and the supplied software for the motion control
card can route power to one or more foil modules and control
the foil motion directly. Communication with the vehicle will
only be possible while the vehicle is at the surface.

C. Primary Vehicle Layout Options

The two primary layouts envisioned for the vehicle involve
four foils, placed so as to take advantage of port—starboard and
top—bottom symmetry. The first consists of two pairs of foils
placed port—starboard along the median line, at bow and stern,
as drawn in two views in Fig. 3. (This configuration additionally
results in fore—aft symmetry.) The second option shifts one pair
of the foils 90° about the vehicle primary axis, so that they are
oriented up—down, a configuration not unlike that adopted by
the boxfish.

The primary advantage of maximizing symmetries is the re-
sulting simplification of the control problem. The motion of the
foils can be properly phased with respect to one another so as to
cancel the unwanted cyclic forces that oscillating foils generally
produce perpendicular to the desire impulse.
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(a)

Fig. 3. Two views of fore—aft paired fin layout.

Initially, the vehicle is being assembled in the paired fore—aft
fin arrangement. Maximum dimensions without foils are 2 m x
0.5 m x 0.5 m, while the foils protrude 0.4 m from each side,
with 0.1-m average chord. All foils have a 180° range of mo-
tion in roll and unrestricted motion in pitch. The actuators are
mounted to an aluminum spine that measures 5 cm X 10 cm
with a rectangular cross section. All other vehicle components,
including battery and electronics housings and foam for buoy-
ancy, will be mounted directly to the same spine.

IV. ACTUATOR TESTING

The first and second iterations of foil modules designed for
the vehicle were instrumented and tested in the MIT Hydrody-
namics Laboratory and the MIT Ship Model Testing Tank, re-
spectively. Measurements were made of thrust forces, lift forces,
and power consumption.

The initial goal of the testing program was to assess the likely
performance of the vehicle in three specific instances: high-
speed cruising, transient maneuvering at speed, and hovering or
station keeping.

A. Kinematics

The large displacement flapping motion of the wing is re-
ferred to as the roll motion. The twisting or feathering of the
wing is referred to as the pitch motion. The basic motion tested
involves sinusoidal roll-and-pitch motions, often referred to as
“simple harmonic” foil kinematics.

The roll position of the foil is defined as

P(t) = ¢posin(wt) + Phias (D

where ¢ is the roll amplitude in radians and w is the frequency
of the foil motion in radians per second. ¢p;a,s 1S a static roll bias
used to change the mean roll position of the foil. For the purpose
of testing with a single foil, ¢y, is arbitrary, but when multiple
foils are in use on a vehicle, the absolute and relative values of
®bias for the different foils comes into play as part of any control
strategy.
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The pitch position of the foil is defined as

0(t) = o sin(wt + 1) + Opias )

where 6 is the pitch amplitude in radians and ) is the phase
angle between pitch and roll in radians. 6y, is a static pitch bias
used for maneuvering. The phase angle v, for all experiments
described herein, is 7/2; therefore, we can write 6(t) as

6(t) = 0o cos(wt) + Oias. (3)

For heaving and pitching foils, the motion is nondimensional-
ized using three parameters: Strouhal number (St), maximum
angle of attack (aupax ), and heave amplitude to chord ratio. The
corresponding parameters in rolling and pitching motion for a
flapping foil are the St and .., as calculated at a location 70%
of the distance from the root of the foil to the tip. The distance to
this point from the axis of roll rotation is denoted by ¢ 7. (Note
that rg.7 > 0.7s where s is the span of the foil.) The ratio of the
arc length at r 7 to the chord, denoted as hg.7/c, replaces the
heave amplitude to chord ratio from the two-dimensional (2-D)
case.

Now, for three-dimensional (3-D) kinematics, we can express
the angle of attack at rg 7 as

wrp. 760 cos(wt)

a(t) = —arctan ( ) + 6o cos(wt) + Opias-

U
“4)
For 3-D kinematics, the Strouhal number is defined as
2r9.7¢0f
St = ———~ 5
i 5

The Strouhal number can be thought of as a measure of the ag-
gressiveness of the flapping motion with respect to the incoming
flow speed. Maintaining the same St while increasing the flow
speed requires an increase in flapping frequency, amplitude, or
both. The factor of two results in scaling as a function of approx-
imate wake width, which emphasizes the relationship between
St and vortex shedding patterns in the foil wake.
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Fig. 4. Effect of pitch bias on C';, and C'r-. (a) Mean C'y versus pitch bias €p,i.s. (b) Mean C'f, versus C.

B. Water Tunnel Test Results

The prototype of the initial foil module design module was
mounted under a six-axis dynamometer in the MIT water tunnel.
Details of the tunnel actuator construction and experimental ap-
paratus can be found in [11].

Along with extensive testing of pure thrust producing modes
across arange of St number and «p,, With flow speeds between
0.4 and 1.0 m/s, the production of maneuvering forces, i.e.,
forces perpendicular to the fluid flow, was investigated. The ma-
neuvering forces were generated by adding constant bias 0},;,s
to the foil pitch angle throughout the entire propulsive stroke.

The experiments were performed at five points in the sample
space of Strouhal number and .y, Where relatively high thrust
coefficients were observed. Bias angles from —10° up to 40° in
5° increments were tested at St of 0.4 and 0.7 and hg 7/c values
of 1.0 and 1.5. Bias angles from —10° up to 30° were tested
at St = 0.4 and (ho.7/c) = 0.5. apay for all tests was held
at 40°. Nondimensional lift and thrust coefficients C, and Cr
were calculated as

T
Op=—r ©6)
g U2 Agoin
L
Cr=——+—— @)
. 30U Agoi

where T" and L are the thrust and lift force, p is the fluid density,
U is the flow velocity, and Ag,; is the foil area.

In each case, as shown in Fig. 4(a), this relatively simple
pitch bias strategy results in a near-linear relationship between
lift coefficient and bias angle. A similar relationship is also
found in experiments with heaving and pitching foils in the MIT
testing tank [10]. Much higher lift coefficients are available in
this manner than with the foil acting as a traditional, nonflap-
ping, or static control surface, with mean lift coefficients over 3
recorded in two cases, at #,;,s of 25° and 30°, in contrast to a
maximum lift coefficient of 0.5 before stall for the static foil.

Fig. 5.

Towtank actuator test apparatus.

Fig. 4(b) plots the lift coefficient against the thrust coefficient
for each of the five sets of kinematics. The effect of higher am-
plitudes is seen to be much less significant than the Strouhal
number in determining the location and shape of the curve. Note
that maximum angle of attack is held constant throughout. For
a more detailed discussion of the tests, including flow visualiza-
tion results, see [11].

C. Testing Tank Results

One of the four actuators constructed for use on the vehicle
was mounted to the Model Testing Tank towing carriage below
a two-axis dynamometer with the foil submerged (Fig. 5).
Testing was performed across a four-dimensional (4-D) test
matrix, varying St, amax, ¢o, and foil aspect ratio. All of the
towed experiments were performed at a towing velocity of 0.5
m/s. Details of the experimental apparatus and the complete
experimental results can be found in [12].

Fig. 6 consists of plots of C'r developed as a function of the
nondimensional parameters at three different values of ¢, to



790

50

IEEE JOURNAL OF OCEANIC ENGINEERING, VOL. 29, NO. 3, JULY 2004

N
=]

Maximum Angle of Attack [°]
(4]
(=]

Maximum Angle of Attack [°]

\/:

0.5

20

Maximum Angle of Attack [°]

0.6 0.8 1 1.2 0.4 0.6
Strouhal Number

(a)

0.2

St‘muhal Number

0.6 0.8 1
Strouhal Number

(©

0.8 1 1.2

(b)

Fig. 6. Contours of thrust coefficient, roll angle (20° 40°, 60°). (a) 20° roll amplitude; (b) 40° roll amplitude; (c) 60° roll amplitude.

demonstrate the insensitivity of the developed thrust coefficient
to the amplitude of the roll motion at any given Strouhal number
and ap,ax. The plots represent data from experiments using a
foil with a span of 40 cm and constant chord of 10 cm, with
roll angles of 20°, 40°, and 60°. There is little to distinguish
between the results other than the increased operational range of
the actuator, in terms of the nondimensional coefficients, when
the roll amplitude is increased to 60°. Note that for the 60° roll
angle, thrust coefficients between 0 and 7 are available to the
actuator.

V. VEHICLE PERFORMANCE AND CONTROL

A. Projected Vehicle-Cruising Performance

The data in this paper is presented in normalized form, which
tends to hide practical effect of the limits of the actuator mech-
anism on the foil performance. We would like to extrapolate the
experimental results to higher speeds in order to make predic-
tions about vehicle performance limits, specifically speed limits,
with this actuator design. Several assumptions allow us to do so,
as follows.

¢ Distance r.g from the roll axis to the effective center of
force on the foil is solely a function of Strouhal number
and ovpax.

e Maximum lift is generated at the maximum roll angular
velocity (which coincides with zero roll angular accelera-
tion).

e Maximum roll motor torque coincides either with max-
imum lift or maximum foil acceleration.

* Effective added mass of water in rotation about the roll
axis is always much smaller than the rotational inertia of
the moving parts of the actuator.

Previous tests have confirmed that these are a realistic, if not
comprehensive, set of assumptions. Under these assumptions,
the question of whether the vehicle can operate up to some speed
can be answered by answering two separate questions.

* First, can the foil actuator motors supply the power needed
to overcome the water resistance at the moment of max-
imum foil angular rotation?

Motor output power requirements peak at the coinci-
dence of maximum foil angular rotation and maximum foil

lift. The relations for torque and for speed at this moment,
in terms of the kinematics and measured lift coefficients,
are

®)
©)

= Lmaxroﬂ’

d)max = QSOW-

To extrapolate from known data points, we can maintain
St and apax so that, by the assumptions above, reg is
constant. Hence, the roll motor torque requirement at the
moment of maximum lift scales with U?

Tm ax

1
Lmax = EpUzAfoiICL max "~ UZ- (10)

From (5), we see that shaft speed scales with flow velocity
as well if St is held constant

U-St
Pow = ~ U. (11)
T0.7T
Since output power for the motor is calculated as
P=rw~U3 (12)

it follows that power output required at the moment of
maximum lift scales with the flow velocity cubed (when
St and a,., are held constant).

» Second, can the motors supply the zero-speed torque re-
quired to overcome the rotational inertia of the foil appa-
ratus at the moment of maximum foil angular accelera-
tion?

Foil roll axis angular acceleration and maximum an-
gular acceleration are given by

(13)
(14)

(}5 = — pow? sinwt

|§£max| = (bowz-

Discounting the added mass of the fluid, we find that the
torque required to overcome the rotational inertia in the
roll scales linearly with the roll amplitude and with the
square of the frequency.

The discussion of actuator limits here has focused on the roll
actuation, as it is clear from experiments with the current design
that the pitch motor is overpowered with respect to the roll motor
for the simple harmonic kinematics described above.
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motor torque-speed requirements with flow-speed increase.

It is now possible to make a quantitative estimate of the ac-
tual velocity limit for a vehicle using four of the existing foil
modules, with 0.40 m X 0.10 m foils. In both configurations de-
scribed previously, all four foils are oriented with the foil thrust
direction directly forward in the vehicle body frame. Defining
a drag coefficient for the vehicle based on the vehicle projected
frontal area Cp = (D/((l/Z)pUzAvehide)) , the equation for
the total thrust force required of the foils is

1
Tiot =Cr - <§PU2> - Asoils (15)
| —
= CD . EpU . Avehicle (16)
Avc icle
or Cp = (Cpyehicle, (17)
Agoils

The maximum speed of the vehicle, as a function of the drag
coefficient of the vehicle, is the maximum speed at which a foil
actuator can produce the required C'y.

For the following analysis, power and acceleration require-
ments are extrapolated from six data points, representing six dif-
ferent sets of foil kinematics tested at a flow speed of 0.5 m/s.
These kinematics are considered to be desirable because of their
relatively low maximum current draw as a function of thrust co-
efficient, as experimentally demonstrated in the Towing Tank.
The foil thrust coefficients range from 0.10 to 7.19. For a ratio
of foil area to vehicle frontal area of 0.8, these values correspond
to vehicle drag coefficients of 0.08-5.86.

Fig. 7(a) shows how the power and zero-speed torque limits of
the actuator roll motor limit the maximum speed of the vehicle.
As the vehicle speed increases (from left to right on the hori-
zontal axis), the corresponding power and torque required are
shown to increase. For each set of kinematics, the motor limits
are reached at some vehicle speed. The zeros-speed torque limit
shown is a conservative value of 101 rad/sz, which is based on
the maximum acceleration achieved by the actuator during tests

with the 0.40 m foil in water. The motor power limit results from
current limiting the roll motor amplifier to 12 A at 24 V, com-
bined with and the manufacturer’s estimate of 75% efficiency
across the motor’s two-stage planetary gear head. These figures
indicate that regardless of the vehicle drag coefficient, the pri-
mary limitation on the vehicle maximum speed is the power re-
quired to drive the foil at maximum velocity.

For further visualization of the motor power limit, Fig. 7(b)
shows the change in the motor operating point as vehicle speed
increases. This plot indicates how the maximum power limit
is approached for each of the six different thrust coefficients
selected. Curve I represents maximum power output of 201 W,
while curve Il is the nominal motor torque-speed curve at 24 V.
Each point to the right along a curve represents a vehicle-speed
increase of 0.25 m/s, starting from a speed of 0.5 m/s. (The 0.5
m/s point is circled for each curve.)

For a streamlined vehicle, a drag coefficient of 0.1 is attain-
able with difficulty, which would yield a vehicle maximum
speed of greater than 2 m/s. Without a streamlined fairing, a
drag coefficient between 0.8 and 1.4 is more appropriate, from
[13] based on the drag on a blunt cylinder with aspect ratio
(1/d) = 4, indicating a maximum speed under 1 m/s.

Typical propeller-driven ocean-going AUVs, as detailed in
[14], are operated at speeds between 0.7-2.5 m/s. The compa-
rably sized MIT Sea Grant Odyssey class vehicles cruise at be-
tween 1.5-2 m/s. The REMUS vehicles from the Woods Hole
Oceanographic Institution (WHOI), Woods Hole, MA, which
have a frontal area of 0.029 m? and a measured drag coeffi-
cient as low as 0.267, can be operated at 1.5 m/s using around
20 W for propulsion [15]. The Autonomous Benthic Explorer
(ABE), a 1200-1b AUV from the Deep Submergence Labora-
tory at WHOI is generally run at 0.7 m/s with an approximately
200-W mean propulsive power requirement [16]. While all three
of these vehicles use elongated and streamlined body shapes
in order to reduce drag and increase range, it should be noted
that, at present, propeller-driven AUV can achieve speeds in the
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range postulated for the flapping foil vehicle with lower power
consumption.

B. Control Considerations During Cruising Operation

Fig. 4(b) demonstrates that a foil should be able to generate
maneuvering forces perpendicular to the vehicle motion while
it is being used to propel the vehicle. The shape of the curves
about the zero-mean lift point in each case indicates that for
small bias angles (less than 5°), significant lift can be devel-
oped with a relatively slight drop in thrust. The weak coupling
between thrust and lift generation for small pitch bias for a given
operating point should allow for the decoupling of speed and
pitch control in a vehicle being controlled to constant forward
speed. In the fore—aft paired fin configuration, there is the op-
tion to use either one or both pairs of foils in concert to generate
pitch moments. In the boxfish orientation, yaw can also be ac-
tuated by using pitch bias on the up—down oriented fins.

For speed control, accurate measurement of flow speed will
be necessary to ensure that effective kinematics are chosen for
the foils. Once a steady-state speed has been achieved, main-
taining that speed may be as straightforward as a proportional-
integral-derivative (PID) controller that varies the frequency of
the foil motion, as the foil thrust coefficient generally is a strong
function of Strouhal number at high a,,ax. In both speed and
pitch control, some higher level decisions about the relative
merits of adjusting frequency and amplitude to achieve the de-
sired Strouhal number will need to be made as well. As demon-
strated in Fig. 7(a), the rotational inertia of the apparatus does
not limit the vehicle speed when using a consistent roll ampli-
tude of 60° for cruising, indicating that lower roll amplitudes
and higher frequency motions could be used to achieve the same
total thrust.

The appeal of higher frequency motions is greater control
bandwidth, assuming that the kinematics of the foil motion are
adjusted only after complete swimming strokes. For example,
reducing roll amplitude to 20° from 60° at a flow speed of 0.5
m/s, assuming a desired thrust coefficient of 1.4, would increase
the flapping frequency from 0.3 to 1 Hz. Eventually, a frequency
and amplitude combination would be reached, at which the rota-
tional inertia of the actuator would effectively limit the motion.

C. Control Considerations During Hovering Operations

A tradeoff is also found between bandwidth and actuator au-
thority when considering zero speed maneuvers, i.e., hovering.
Fig. 8 qualitatively illustrates how the available actuator au-
thority can decline with increasing frequencies, as explained
later. The plot shows idealized contours of thrust as a function of
foil oscillating frequency and roll amplitude. Overlaid on these
contours are the various limits that come into play as frequency
and/or amplitude increase.

Experiments with the foil actuator, operated in the towing
tank with no forward speed, suggest that both mean thrust and
maximum current draw are primarily functions of the maximum
roll angular velocity. Fig. 9 shows contours of mean thrust, while
Fig. 10 shows the corresponding contours of maximum current.
All tests were performed using simple harmonic motion about
the roll-and-pitch axes, with roll amplitudes from 20° to 60° and
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a pitch amplitude of 60°. In each case, contours of maximum
roll angular velocity are included to illustrate the correlation.
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Curve I on Fig. 8 indicates the “inertial” limit that is imposed
by the finite roll motor stall torque. The motor stall torque limits
the maximum angular acceleration of the motor, which scales
with ¢ow2. Curve L is, thus, the shape of the contour line repre-
senting a single value of the motor stall torque—foil kinematics
above and to the right of this line require a higher value of the
stall torque.

Curve II indicates the roll motor power limit. The current to
the roll motor is limited for safety purposes and since both max-
imum current draw and mean thrust are proportional to max-
imum angular velocity, a limit on the current must be repre-
sented by a line that follows a thrust contour. Foil kinematics
above and to the right of curve II require a higher current limit.

Finally, Curve III indicates a hard physical limit on the roll
amplitude ¢,, which is 90° for this actuator. Foil kinematics to
the right of this line are physically impossible with the current
actuator.

Thrust contours increase following the arrow from the bottom
left to the top right, so a level of thrust can be achieved only if
the corresponding contour at some point is to the left and below
each of the limit curves. As the level of thrust of the contours in-
creases up to curve II, the intersection with curve I, the “inertial”
limit occurs at lower frequencies. Hence, as thrust is increased,
the maximum frequency and, hence, the control bandwidth de-
creases.

VI. CONCLUSION

A design is detailed for a biomimetic flapping foil underwater
vehicle. By focusing attention on the design of independently
housed actuators, an easily reconfigurable vehicle was created.
This configuration flexibility will allow the vehicle to be used
as a platform for experimentation with different vehicle shapes,
foil properties, and even varying numbers of foils.

Due to the unsteady nature of the foil actuation, evaluation of
vehicle performance limits must focus on analysis of the max-
imum power output requirements for the actuators, which can
be several times the mean. Estimates of the maximum cruising
velocity of an underwater vehicle powered by four of the foils
described above are found to be between 1 and 2 m/s. The re-
sult ultimately depends on the vehicle drag coefficient, which is
assumed to be in the range from C'p =0.1 to 1.4. While com-
parably sized AUVs are capable of achieving these speeds with
lower power consumption than the BFFAUV, there are many
possible means for improvement of operating efficiency that
have not yet been explored.

In addition to projecting the performance of the vehicle, is-
sues of vehicle control using flapping foils were discussed. One
promising point is the ability to generate maneuvering forces
linearly proportional to an easily adjustable parameter, the foil
pitch bias angle, without significantly degrading thrust. This
linear relationship between bias angle and lift force is appealing,
as it suggests that control strategies used with traditional control
surfaces can be extended to include flapping foils.

At low vehicle speeds, a tradeoff is demonstrated between
control bandwidth and actuator authority. There is a choice be-
tween large forces supplied by high-amplitude motions at low

frequencies and smaller forces supplied by low-amplitude high-
frequency motions.
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