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Abstract— To investigate undulating median
fin propulsion and its potential for implementa-
tion in man-made underwater vehicles, a “fin ac-
tuator” has been developed. The device consists
of eight Parallel Bellows Actuators (“fin rays”)
arranged in a series and interconnected via a
flexible material (“fin membrane”). The PBAs
are pneumatically driven and allow for bending
movements in any orientation plane. Position
data are provided by flexible electrogoniometers.
The forces generated from the fin actuator undu-
lations are measured by a pair of tri-axial force
sensors. Initial testing has concentrated on two-
dimensional fin ray motions, whereby each PBA
moves laterally, with the deflection angle per-
forming a sinusoidal variation. Preliminary mea-
surements, for a range of the propulsive wave-
form parameters, demonstrate reversible thrust
generation and good agreement with the theo-
retical predictions of a momentum-based model.

Keywords - biomimetics, gymnotiform, under-
water vehicle propulsion, elongated body theory,
flexible actuator.

I. INTRODUCTION

Most fish generate thrust by bending their bodies
into a backward-moving propulsive wave that ex-
tends to its caudal fin (BCF locomotion). Other
fish have developed alternative swimming mecha-
nisms, involving the use of their median and pectoral
fins, termed Median and/or Paired Fin (MPF) loco-
motion. An estimated 15% of the fish families use
these modes as their routine propulsive means, while
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a much greater number that typically rely on BCF
modes for propulsion employ MPF modes for ma-
neuvering and stabilisation [1]. Undulatory motions
involve the passage of a wave along the propulsive
structure, while in oscillatory motions the propul-
sive structure swivels on its base without exhibiting
a wave formation. Both types of motion result from
the coupled oscillations of smaller elements that con-
stitute the propulsor (i.e. muscle segments and fin
rays for BCF and MPF propulsion respectively) and
should be considered as a continuum [2]. Biomimetic
designs for underwater vehicles have adopted two
main routes, largely outlined by the BCF/MPF clas-
sification: the first includes devices that emulate the
continuously flexing fish bodies for increased propul-
sive efficiency [3] [4], while the second category in-
cludes biologically-inspired appendages, developed
mainly to improve the maneuverability of existing
underwater vehicles [5] [6]. To study undulatory
MPF swimming, we have developed the “fin actu-
ator”, an experimental device based on the struc-
ture of teleost fins, that utilises the Parallel Bellows
Actuator (PBA) as “fin ray” units.

II. BiorLocicaL BACKGROUND

Three modes utilising median fin undulations are
identified: amiiform, gymnotiform and balistiform.
These correspond to propulsion by undulation of the
dorsal, ventral and both dorsal and ventral fins, re-
spectively. They are all highly maneuverable ani-
mals, able to swim as well backwards as they do for-
wards, by reversing the direction of waveform prop-
agation on their propulsor fin. Their body is held
straight during swimming, although it is flexible and



capable of undulations. This has been related to the
absence of the enhanced friction drag (compared to
that of the rigid body) that results from body undu-
lations [7]. For balistiform swimmers; the existence
of two main fin propulsors enables more complicated
undulation schemes, e.g. passing waves at opposing
directions during hovering [8]. In rajiform mode,
found in rays and skates, swimming is by undula-
tions of their greatly enlarged and highly flexible
pectorals.
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(a) Amiiform

(c) Gymnotiform

(b) Balistiform (d) Rajiform

Figure 1 — Fish using undulating MPF modes.

ITT. MATHEMATICAL ANALYSIS

According to the qualitative description by Breder
and Edgerton [9], the thrust produced by an un-
dulating fin is analysed into a force F, normal to
the fin base (from the simple oscillation of the fin
rays) and a force F‘; parallel to the fin base (re-
sulting from the passage of the wave along the fin).
There is experimental evidence to support this vec-
tor analysis [10]. Elaborate maneuvering can be
achieved by varying the relative magnitude of F’;
and F;,, to vector the resulting force. Both physical
(variations in the inter-distance, length and flexibil-
ity of fin rays) and behavioristic (amplitude, wave-
length and phase differences along the fin) factors
to perform this are identified in [9]. Three main ap-
proaches have been developed since to estimate the
thrust and/or efficiency of undulating fin propulsion:
actuator-disc method [11], elongated body theory
(ebt) [7] and waving plate theory extended by blade
element analysis [12]. The first is based on a simple
“black box” method, while the other two attempt
to provide insights on the effect of the propulsive
wave parameters, as well as on the effect of fin-body
interactions (in ebt) and wing shape (in extended
waving plate theory). Application to MPF locomo-
tion of the recent wake theories developed for un-
dulatory BCF propulsion [3] presents an interesting
field of research, that along with flow visualisation
experiments could determine whether vorticity con-
trol mechanisms are employed by fish swimming in
these modes.

IV. THE PARALLEL BELLOWS ACTUATOR.

The PBA is a simple, compact and lightweight
mechanism which contains no moving parts, and
yet can generate motion with three degrees of free-
dom. Operation relies on the elastic deformation of
cylindrical bellows with corrugated walls, placed at
equal intervals about a central axis and constrained
by end plates. Both the direction and magnitude
of tip movement can be controlled. The PBA has
been successfully applied to the development of dex-
trous end-effectors, multi-section inspection systems
and walking robots [13]. Being easily depth- and
pressure-compensated, it is well suited to underwa-
ter applications [14].
The input vector of bellows pressures Pj, is

Py
Pin: PZ
Py

= Pogeet + Painr

where the number subscript identifies the pressure
going into the corresponding bellows (Figure 2).
Pogset is the vector of the offset pressures. If the
maximum pressure available for actuation is P ax,
the maximum range of movement is obtained for

1
Poﬂ"sct = 'é‘Pmax

bending
plane H

Figure 2 — Schematic of the Parallel Bellows Actua-
tor, illustrating the bending plane H.

Assuming that the bellows material is homoge-
nous and isotropic, and that all bellows have the
same area, the orientation angle ¢ of the bending
plane is only a function of P;,. For non-zero pres-
sure differential, the relation is [15]

- P
= arctan (\/_3:—]3—3——2——>

2P, — P, — P

2357



The direction and amount of movement generated
in the PBA structure is controlled by the differen-
tial pressure vector Pyig appearing in Equation ?7,
obtained as

cos (7 + @)
Pug = AP | cos(2x +p
Sl cos(fm+o)

where AP is the magnitude of bellows pressure vari-
ation from Pyc.n and providas a measure of the ex-
tend of the actuator bending, which is a function of
its physical properties (length and axial spring rate
of the bellows, bending stiffuess etc.). Their effect
has been investigated largely in [15] and can be de-
termined more accurately for a particular PBA by
calibration tests. For AP = 0 the PBA assumes its
straight position.

The PBA design utilised as a fin ray in the fin ac-
tuator has an active span of b = 0.32m. Actuation
is provided by a 6 bar pneumatic source, coupled to
three proportional valves, adjusting the input pres-
sures. The deflected actuator is modelled as a curve
of constant radius. The main assembly parts are
illustrated in Figure 3.
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Figure 3 ~ Fin ray assembly indicating main com-
ponents.

V. POSITION SENSOR

Continuum devices, including the PBA, present a
novel control problem in that the entire structure
undergoes elastic deformation with no joints to con-
trol or measure. The use of a flexible electrogo-
niometer to provide position data in the form of
angular displacements, was proposed during the fin
actuator design. )

The biplanar flexible electrogoniometer is essen-
tially a composite wire, with two pairs of strain
gauges mounted around its circumference. Because
the sensor has been almost exclusively targeted at
the biomedical community, it hasn’t made its way
into robotics, where a number of applications could
benefit from its features. Disadvantages, at least
in its current form, include the delicate construc-
tion and reported drift problems. Since the PBA is
a flexible actuator, assuming curves similar to the
preferred ones for the electrogoniometer, the sensor
appears to be well suited for use in a measurement
system and even for feedback in closed-loop control
schemes.

We next summarise the working principle of the
electrogoniometer, based on the detailed description
in [16]. The reference frames used by the authors are
shown in Figure 4. If the distal end is positioned so
that Z;, X1, Z2, Xo axes all lie in the same plane
(Figure 4), then if the goniometer is moved away
from the “stretched straight” position, strain gauges
SG3 and SG4 do not change their length, while SG1
and SG2 do. It can then be shown that the output of
channel A is proportional to &, (the angle between
X1 and X3), while the output of channel B is zero. A
similar situation occurs when the distal end is placed
so that the Z1, Yy, Zs, Y3 axes are in the same plane.
Therefore, if the rotation around axis Y7 is &, and
the rotation around X is é&j, the readings of the
two goniometer channels (RCHA and RCHB) will
be:

Motion plane RCHA RCHB
Zle SAdy 0
Z9 Xy 0 sply

where s4 and sp are the sensitivities of the two mea-
surement channels. If the goniometer lies in a plane
H rotated around Z; by an angle ¢, the measur-
ing cable is not twisted if both X; and X5 intersect
the plane with the same angle @. In this case, the
goniometer reads the projection of the flexion angle
& (the angle between Z; and Z3) onto the planes
71X, and Z1Y;. Figure 5 shows that angle ¢ pro-
vides the orientation of the H-plane (measured from
the X axis), while & indicates the flexion of the ca-
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ble. Their values are obtained as:

A fa2 | 22
Q= ay—i—aI

@ = arctan 2 (—é&,, Gy)

flexion angle
orientation angle

The orientation and flexion angles of the PBA with
respect to the global frame are then given as

@ = arctan 2 (&, &)

A (2
__b_ (O/y) 5 n (&m)Q

" (ee)
1+ by—
ybg

where b is the PBA span, b, the goniometer length
and d is the offset placement of the goniometer along
the X-axis (Figure 2 and 3). The deflection angle 6
(defined as the angle subtended between the tip and
the base of the PBA) is § = «/2.
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Figure 5 — Measurement in the no-twist condition.

VI. FIN ACTUATOR DESCRIPTION

The fin actuator consists of eight equally spaced
PBAs arranged in a series along a mounting rail

(Figure 7). Overall length is L = 1m. The PBAs
bend to act in a similar manner to the fin rays and
are interconnected by an elastic material, acting as
the fish fin membrane. The membrane currently
used has been fabricated from a single sheet of two-
way stretch Lycra, folded in half with a “pouch”
created for each fin ray. .

The fin actuator is attached to a support frame via
two sensors measuring the forces generated from the
undulations (Figure 6). Each sensor is a thin-walled
aluminium pillar with a total of 12 strain gauges
attached to its outer cylinder surface. The gauges
are arranged in five bridge circuits to provide tri-
axial force measurement. Two half bridges measure
bending strain on the z- and y-axes, while a full
bridge measures the axial load along the sensor.

___ flexible
membrane

Figure 6 — Fin actuator diagramm.

VII. RESULTS

The fin actuator, coupled to the software used to
drive it, allows for the movement of the eight fin
rays to be individually controlled, in order to form
the desired propulsive wave. This provides a large
number of possible propulsive motions (subject to
the limitations of the PBAs). As a first approach,
and in conjunction with the assumptions of ebt, we
have considered sinusoidal variations of the deflec-
tion angle, whereby the fin rays oscillate with a
(common) frequency f, in the plane lateral to the
fin actuator main axis. Furthermore, the amplitude
envelope and phase difference p between consecu-
tive PBA units, remain constant. This formulation
of the reference PBA trajectories T; provides an ap-
proximation to the model used in the modified ebt:

()] /2
Ti(f,0r0, Ap) = [ ir(t) L - [ 20rosin7(r27rft—ip)
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for ¢ = 0..7, and where 6, is the reference maximum
deflection angle. The wavelength of the propulsive
wave 1s then A\ = 27 L/7p, while its propagation ve-
locity is V = Af. With the fin actuator mounted in
the tank, measurements were performed to deter-
mine the movement characteristics and generated
forces, for a range of f, 6,5, and p values. Re-
sults presented here are limited to 6,9 = 23°, since
performance was consistent for all 8,y tested.. The
maximum deflection angles 6, measured for a spe-
cific PBA (situated at the middle of the device) are
shown in Figure 8a. A complex response has been
recorded; indicating the extend and significance of
the interactions between the fin actuator and the
water in the tank.

The reaction force F exerted by the water to the
device during undulations is measured by the force
sensors and analysed into its Cartesian components
F,, F, and F; (see Figure 6). Results for F2"¢ (av-
erage value) are shown in Figure 8b. The fin actu-
ator is successful in generating thrust that can be
reversed, by changing the propagation direction of
the propulsive wave (i.e. for p < 0). Values of F2"®
up to about 1.5N are calculated. Absolute thrust
force can be seen to increase with p for |p| < 60°.

Elongated body theory (modified to take into ac-
count the shape of the deflected fin rays) provides
a theoretical upper limit for the average propulsive
momentum imparted to the water along the z-axis,
obtained as

2 3 fsing, 3
Mo = 7 pbo fb (RM——g_ + 0.530gbcos 1/}a1,>
where p is the density of the water and v,, is the
average angle of momentum shedding, calculated as

b 2 -1
/0 <1+-_/s:2m4> dm
lb b2 _1/2
/0 (1 + -/§1277’L4) dm

The momentum reduction factor Ry is defined as

Sin g, =

Ry = %(1 + RA)

where R, is the reduction of swept area, resulting
from the flexible nature of the fin rays, compared
to the case of rigid units oscillating, for the same
deflection angle 6. It can be shown to equal

Rs= (sin 200 + 26 cos 20 — 4604 + 498 Si200) /498

where Si is the sine integral. Using the deflection an-
gle measurements of Figure 8a, the theoretical pre-
dictions are shown in Figure 8d. Estimations for

M,,, obtained from the experimental F, data are
shown in Figure 8c.

Due to the symmetrical movement of the oscillat-
ing fin rays, the average value of F), was found to be
close to zero for the great majority of the test runs.
The maximum instantaneous values of | Fy,| (denoted
as F"**) are also of interest (Figure 8e). For every
combination of f and g, the maximum occurs in the
area —10° < p < 10°, as it represents the case where

" the rays oscillate more or less in phase. As |p| is

increased, F,"** is reduced quite sharply, reflecting
the progressive cancellation of sideforces, that oc-
curs as the wavelength is increased. A local minima
is reached in the area 40° < |p| < 50°, that approx-
imates the condition for which L/A = 1. This is in
accordance to theoretical and intuitive predictions,
since sideforces are more adequately cancelled out
for an integer number of wavelengths present across
the undulating fin. Accordingly, as |p| is further in-
creased, higher F)"®* values are generated.

Force generation along the z-axis is independent
of the waveform propagation direction, as the re-
sponse is generally symmetrical about the p = 0
axis (Figure 8f). Response for F2'¢ was generally
consistent for all the frequencies tested (apart from
f = 0.95Hz), whereby F*® is initially negative,
and increases gradually, assuming positive values for
|p| > 20°. A local maximum appears in the region
40° < |p| < 60°. The response is differentiated,
rather abruptly, for f = 0.95Hz: for |p| < 20°, the
average force is positive, then reverses direction for
30° < |p| < 50° approximately. As |p| is further
increased, F2¥¢ once again assumes positive values.

Figure 7 — Array of PBAs forming the fin actuator.

VIII. CONCLUSIONS

These preliminary results demonstrated the ability
of the fin actuator to generate reversible thrust, pro-
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viding data on the relation between the generated
forces and the propulsive wave parameters. The
modified elongated body theory appears to be a use-
ful analytical tool for estimating the propulsive mo-
mentum. Future research will concentrate on al-
ternative propulsive waveforms (including three di-
mensional movements of the fin rays), improving the
membrane design and implementing closed-loop po-
sition control of the fin rays. Better testing facili-
ties (a flow channel or drag tank), will permit more
comprehensive tests, across a range of relative veloc-
ities imposed between the fin actuator and the fluid.
Scaling issues necessary to produce adequate force
for given underwater vehicle sizes are also being con-
sidered. Finally, a hydraulic version of the device,
benefiting from increased bandwidth, accuracy and
bending ability is planned.
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measurements in water of deflection angles for 6 ) =23°
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Figure 8 — Fin actuator test results.
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