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The essential difference, from the theoretical point of view, between an exter-
nally excited body and a fish is that the latter can apply lateral vibratory
movements at any part of its surface, whereas in the ‘artificial fish’ lateral
vibrations are applied only at the point where the external force acts on the
body. A good example which illustrates how the artificial fish swims is the ‘Pod’.
The Pod is a medical device consisting of a small magnet attached to a plastic
‘tail’. If the Pod is placed in a patient’s blood vessel, and an alternating magnetic
field is applied, the magnet oscillates angularly and the plastic tail causes it to
swim. The purpose of the device is to deliver medicaments at any desired location
in the circulatory system.

In this paper the theory of swimming of elastic slender bodies excited by an
external force is presented. Special reference is made to the hydrodynamic
forces acting on a swimming cylinder in viscous fluctuating flow. The results
obtained are used in the analysis of the propulsion mechanism of the Pod.

1. Introduction

We consider a slender elastic body swimming with uniform velocity U in an
infinite viscous fluid. Figure 1 represents such a body of length [. Let us suppose
that the motion is confined to the #, z plane and let k(x, t) denote the small lateral
instantaneous displacement of the cross-section A(x), where 0 < # <l and ¢ is
the time. F(2,t) is the time-dependent external force per unit length acting in
the z direction and L(z,?) is the local hydrodynamic lift. From the theory of
vibrations of elastic beams the equation of motion of the body can be put in the

form 2h o oh

m@) 55+ e

{EI(x) } = F(x,t)+ L(=,t). (1)
Here m(x) denotes the mass per unit length of the material of the body, E is
Young’s modulus and I(») is the moment of inertia of the cross-sectional area
A(x).

The thrust force P, which causes the body to swim, is calculated by integrating
the product of the lateral forces and the instantaneous slope é%/dx along the
length of the body, i.e.

1
P= j O{F(x,t) + Lz, t)}ﬁ—: da. (2)
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Figure 1. An elastic body of length I. The body is regarded as oscillating in the z direction
in a stream of velocity U in the Oz direction.

When the propulsion force is generated and the body starts moving, it appears
that a drag force is being generated also. The drag D is given by

D = 1pCp ST, (3)

where p is the density of the liquid, Cp, is the drag coefficient and S is the reference
area. When the drag balances the thrust we get P = D, where P is the mean
thrust averaged over a long time. From this equality we can determine the
swimming velocity U.

Longman & Lavie (1966) analysed the swimming of the Pod by using the
results obtained by Lighthill (1960a, b) for the hydrodynamic forces. From
slender-body theory these forces were found to be

Lz, t)y=—p (-;it+ U@%‘) {A‘(x) (8@_7:_}_ Ugg):,

7 <o [E -,

where the bars over the quantities denote their long-time averages and pA(x)
is the ‘virtual mass’ per unit length of a cylinder having cross-sectional area
A(x), for motions in the z direction. Thus A(x) is equal to A(x) when the latter
is circular, while for an ellipse with minor axis in the z direction, A(z) is the
area of its circumscribing circle.

Longman & Lavie used equations (4) in the solution of (1) and calculated the
thrust P accordingly. But since slender-body theory assumes the existence of a
potential inviscid flow around the body and L(z,t) does not include any term
proportional to ok/ét it follows that (1) describes a free undamped motion of the
lateral displacement h(x,f). Hence, when the frequency of the external force
F(z,t) coincides with the natural frequency of the body resonant conditions
appear and the displacement h(z, f) tends to infinity. In practice such conditions
do not exist. This fact was also proved experimentally (see Lavie 19704, b).

In order to improve the theoretical results Longman & Lavie suggested the
inclusion in the expression for the instantaneous lift L(z, ¢) of a term proportional
to poh[ét, where p is the dynamic viscosity. Later on Lavie (1970a) developed

(4)
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a new model for the propulsion mechanism of a slender flexible cylinder in
viscous flow. The new results for L(z, t) and P agree well both with the necessity
to damp out the persistence of free oscillations and with the experiments. When
the viscosity is equal to zero the new forces coincide with the forces in (4). In the
next section we shall describe briefly the paper Lavie (1970a) and in §3 we shall
apply the results to the theory of the swimming of the Pod. Also, a few more
remarks are made about the swimming of slender bodies inside tubes and pipes.

2. The hydrodynamic forces acting on a flexible cylinder swimming in
a viscous flow

Referring to figure 1, the flow field around the slender cylinder will be des-
cribed by solving the Oseen equations. There are several reasons for using the
Oseen equations in this particular case. First of all, we know that in order to
calculate the lift of a two-dimensional cylinder vibrating perpendicularly to its
longitudinal axis it is convenient to use the Stokes equation. Segel (1961) has
remarked that the Stokes equations give better results than the boundary-layer
equations when the lift is calculated. Stuart & Woodgate (1955) found that the
theory is in good agreement with the experiments for a small lateral movement
whose amplitude is 0-1 of the radius of the cylinder (for a more extensive dis-
cussion of the problem see Lavie (19704)).

Here we treat the case when a uniform velocity U is superimposed on the
whole liquid-body system, and the use of the Oseen equations rather than the
Stokes equations is essential. Kaplun (1957) and Kaplun & Lagerstrom (1957)
have also pointed out that as the Reynolds number of the flow tends to zero the
Oseen equations are uniformly valid. In time-dependent flow one must dis-
tinguish between two Reynolds numbers. One of them is related to the uniform
velocity U and the second one is related to the lateral velocity of the cylinder’s
cross-section. For the Pod the first Reynolds number ranges between 10% and
10 and the second Reynolds number is less than 102. We shall assume that the
analysis represented here is restricted to small lateral movements of the cross-
section as found by Stuart & Woodgate (1955). Lavie (1970a) used the Oseen
equations in three dimensions and applied certain assumptions about slender
bodies.

For slender bodies the derivative of a certain hydrodynamic quantity in the
z direction is of the order ¢ in comparison with the derivatives in the y and the
z directions, where ¢ = afl and a is the radius of the cylinder. In fact, if u, v and
w are the fluid velocities in the z, y, and 2z directions respectively, du/ox is of
order €2 relative to dv/oy and dw/dz. To show this, let us assume for the moment
that the flow is inviscid and has a potential ¢ such that du/ox ~ €20%@/0x?, while
ooy = 82¢|oy* and ow[oz = 9?02, Thus for slender bodies we can ignore the «
derivative in the equation of continuity and write

b do v dv dw_
dy dz dx ' dy dz

Equation (5) shows that a two-dimensional flow exists around any cross-section

0. (5)
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of the cylinder. The magnitude of this flow is determined by the distance z, by
the time ¢ and, of course, by y and z. Thus there exists a stream function (%, y, 2,1)
such that

v=0yloz, w= —0dy[oy. (6)

Referring to the Oseen equations and (5) and (6) we see that the equations for
the velocity components v and w are independent of . Therefore we can treat
the following two equations independently of the components in the x direction
in the Oseen equations.

ov dv 1op
5{'}' a—x-f';a—y-—VAz’U—O,
ow ow 10p (7)
—a? Ua_x+;5z-—VA2w—O’
Ayp =0,
where p is the pressure, v is the kinematie viscosity and
A, = 2[oy*+ 02[022. (8)

Equations (7) are the equations of the flow around the cross-section at given
#. One boundary condition related to these equations is that at infinity the
velocity components v and w become zero and the pressure p is equal to the
static pressure p,. Another boundary condition is that on the cylinder the
velocity component w should be equal to the lateral velocity of the cylinder’s
cross-section oh/ot, where h(z,t) is the lateral displacement. However, the last
condition is somewhat questionable. If, for instance, we had potential flow, and
liquid slipping on the cylinder surface were possible, then the lateral velocity
would be oh[ot+ U ohox, where the term U oh[ox accounts for the additional
velocity due to the local instantaneous slope. In actual practice, if separation
does not occur the lateral flow is accelerated from velocity oh/ot on the surface
of the cross-section to some velocity of approximate value 0k/ot + U oh/ox at the
edge of the boundary layer. From there the velocity decreases as the radial
distance increases, and tends to zero at infinity.

Even if we knew the exact distribution of the lateral velocity we could not
describe this distribution by applying sufficient boundary conditions because
the Oseen equations are not suitable for this purpose. The solution of the Oseen
equations implies that once the lateral velocity of the cylinder is given it de-
creases monotonically as the radial distance increases. Hence, in order to get a
good comparison with slender-body theory we assume the following boundary
conditions:

v=0, w="V =0h/ot+Uodh/ox, on r = (y2+2%)t = a,}

9
v=0, w=0, p=p, at T=(yz+z2)é=°0, ®)

where a is the radius of the cylinder. Let us also assume that h(z, ) is small and
has the form of a simple harmonic oscillation, i.e.

Iz, t) = exp [1(Qt — k)] F(x), oF[ox <1, (10)
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where Q is the angular velocity, « is the wavenumber and F(x) is the envelope
of the amplitudes and, in general, is a complex function.

The solution of (6) and (7) using the boundary conditions (9) and (10) was
given by Lavie (19704) in the following form:

¥ =V(z Sl‘(‘f){ K, (cr)— “2K2(ca)}, (11)

where V(z,t) = %’—:+ U%’;’
p=pa2(g+Ug—z)%%%9%s—e, (12)
r- V(x,t)c%:—gg—))sinﬁ. (13)

¥ is the stream function defined by (6), I is the vorticity function, K, K; and K,
are the Bessel functions of orders zero, one and two defined in Watson (1962)
and the coefficient ¢ is defined by
c? =i(Q—«U)/v. (14)
The forces F, and F, acting on the cylinder in the z and in the y directions are
given by on
E, = -—f (ap cos G+ 2pval'sin 6)do,
0 .
o 15)
F,= —fo (ap sin @ — 2pval cos B)db.

Substituting the values of p and I in (15) and evaluating the integrals one gets
F, =0, A=nmnd,

oV __oV\ Ky(ca) 2vc_, K, (ca) (18)
- ((F U5 B T R )

Note that F, is actually the lift and in the following argument we shall use the
notation L(x,t) for this force. The functions K,, K, and K, can be expanded
asymptotically, giving

K, (ca) _ 1+E+ 126 +

K (ca) ca 128(ca)? "’

K,(ca) _ 1
Kyca) " 2ca " 6{cay

(17)

By substituting (17) into (16) and using the definition (14) we can simplify the
result for the lift:

L(x,t)=—pARe{(aV+U?Z)[ “/2(9 ” U) (14)—%-2@«..]
1Vi{~/(2)a( —X )(1+i)+1’3_§a(g—-v;<ﬁ)%%/:2‘i+”']}’

45 FLM 53
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where Re means the real part. If V(z,¢) is real we can write L(x,t) also as
L(z,t) = —pAc, (8V+ UEV) —pAc,V,

_4 2 % o = 2(Q—-xU)}E
%= +[aé<g—_x‘u—) T =T |

The propulsion force P, which causes the cylinder to swim, is calculated as
follows: !
oh o [ev ov oh

The first part of (19) is calculated by integrations by parts:
LoV oV\ oh (o oh tov
[ o)

fat(v )d +U[V‘9’;] o

We are interested in the mean of the thrust force over a long time. Obviously,
when P is averaged, the first term of the above expression becomes zero. Thus
we have the following expression for the average thrust P:

(18)

. Pk —_— v oh
P=—pAc,U|V =| +3pAc, [V —pdc,| V —du, (20)
0z o 0o ©ox

where the bars over the terms denote their mean value over a long time.
The average power W required for swimming was found (Lavie 19704) to be

W = pUde, [ah (3h+ Uah)] +pAe f (21)
The efficiency % of the swimming is related to the following expression:
7 =PU[W, (22)

where P and W are given by (20) and (21).

3. The swimming of the Pod

As has been mentioned already, Longman & Lavie (1966) analysed the theory
of the swimming of the Pod by using the hydrodynamic forces derived by
Lighthill (1960b) from slender-body theory (see equations (4)). In order to
improve their results, they suggested the inclusion in the lift force of an addi-
tional term proportional to wxoh/ot, where u is the dynamic viscosity of the
liquid. The results for the hydrodynamic forces obtained in the last paragraph
are much more appropriate for the swimming of the Pod than the results obtained
from slender-body theory. Therefore we shall try to improve the theory of the
Pod by including the local lift L(x,t) (see (18)) in the equation of lateral move-
ments (1) and also by calculating the thrust force and the required power
according to (20) and (21).

In order to make equations (1) tractable Longman & Lavie made the following
assumptions about the Pod (see also figure 1).
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(i) A(x) = A = constant over the main body of the tail. It is true that it may
be desirable to have A(l) different from A4(0), but nevertheless A(x) will be kept
constant over the main body of the tail. It is probably sufficient to vary A(z)
only over the rigid head of the permanent magnet (where (1) does not apply) in
any case.

(ii) m(z) = m = constant; I(x) = I = constant — in agreement with assump-
tion (i).

(iii) Except in the immediate neighbourhood of z = 0, the amplitude of the
transverse velocity oh/ct of the Pod is much higher than that of the relative
fluid velocity U dh/éx produced by the small instantaneous slope of the tail, i.e.t

oh oh ©oh

+U

Vs~ % (23)

(iv) The small magnetic head of the Pod was considered to be executing small
angular vibrations about a fixed pivot located at the origin O. As a simulation
of the moment applied by the external electromagnetic field to the magnetic
head it was assumed that

F(x,t) = ksin (Qt + B) {8(z—e)}/e, (24)

where ¢ is small and tends to zero, while the hypothetical pivot was assumed to
be at z = 0. k is the amplitude of the alternating moment having the form of a
standing wave with angular velocity 2 and phase angle f. Substituting (18) and
(19) into (1) and using the preceding assumptions we obtain the following
differential equation:

oh

r—e€
L (x—e)

4
+EI% = ksin (Qt 4 5)°E =9 (25)

€ .

%h
(m+pde,)

'é;z"'i'pA

The above equation was solved by Longman & Lavie (1966) but using (m +pA4)
instead of (m + pAe,) and, furthermore, it was assumed that pAc, = k = constant
(note that, in our case, according to (31) either ¢, or ¢, is dependent on the fre-
quency Q and on the kinematic viscosity). Hence, following Longman & Lavie,
the solution of equation (25) is

@

hzt) = 3 {Sha—’;f / sinha, + (= 1)74/2 sin%lf} {An exp (- 17t) cos t (@3 — 152k

n=1
2_ (2
+ B, exp (— 7t)sint (02 — 12)} +WQ1%1;)2—+%2 sin (Qt+ B)
, QY
_ (—‘——wg_%zm S5 008 (O + /5’)}, (26)

t The assumption (23) implies some restrictions. As we said before, one must distinguish
between two Reynolds numbers: one related to the uniform stream velocity U and the
other related to the lateral velocity of the cross-section. The Oseen equations imply that
dhjet <€ U sothat Udhfox < oh|ot < U. Let us suppose that at given  wehave h = a sin v,
8hjot = aw cos wl. The derivative oh[ox will be of the order afl, where [ is the length of the
body. In addition to that we remember that the Oseen equations are valid to about
Re = 5 which means Re = (dohfat)[v = awd[v = 5, where d is the diameter of the body.
It follows therefore from assumption (23) together with the validity of the Oseen equations
that all € aw|U <€ 1; a < 5vfwd,

45-2



708 A. M. Lavie
@, = k(— 1), \/2[(m +pAc,) 12,
o, =m+hm, o, =alafl?, a®= El[(m+pdc,) (27)

pde,  pd (2vQ)}
m+pde;” m+pAday[pdfim+pAd)] (2v]Q)R

Note that since the external force F(x,t) has the form of a standing wave,
h(z,¢) represents also transversal movements of standing waves. Therefore the
wavenumber k in (18) is zero and the constants ¢, and ¢, have, in our particular
case, the form

P =

(28)

¢, =1+ (2v/a2Qp+ ..., ¢, = (20Qfa2) + ...

The constants 4, and B, in (26) depend on the initial conditions of the problem,
but these terms are damped out by the exponentially decaying terms, and for
steady operation we can drop the free oscillation and obtain

TN R

n=1
[ Quwt— 0¥ Q,0
(w2 — Q22 £ QP (03— Q%2 Q52
In order to calculate the thrust P and the power W we use the following
relations: _

oh o\ Ok [0R\® o  (3R\E . [7h\?
where the mean-square values of the above derivatives at % = 0 and at = = [ are
obtained directly from (29).

sin (Qf + 8) — cos(Qt+/)’)}. (29)

om?
(5[).1:=0 - 0’
oh\ 2 2B ([ & od(@h—0Q% T2 qgal 2 a? 2
(Ea})x=0 = W{L@l (@R — P mvz] + [El 09T sz] }
2 2
= 2 4y o, (31)
N AP ap(— MR- QP [ & an(—1r T2
(7).~ % |2, B ) o[ £ ot
20)2
- %21% {C2+ QD7 (32)

(9h)2 i’ﬁ{[ga%(—i)n<wa—92>]2+w[§ ap(— 1) ]}

)omy W[, (0} — QOE+ O n=1 (0} — QP)2+ Q22

4k2 2 2552 P2
= W{An‘i‘ Q*2B%}, (33)

where m = m +pAc,. We still need the values of the integrals

NFTAY] 1 /oh\2
@ e T
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1 3
The value of f (%) dx
0 ox

can be computed numerically and this gives:

oh k2 M"‘ _
f (31.) dz —~2ls {AIIm QszB%Im}’

_ ~ asl.( - l)n(wn - Q2) Sn,i
A, = n§1 (W —2E L (2% °

R - aﬁ( - l)nSn,i
B]‘Im - 'n2=: (l:)2 — Qz)z+ Q232

Sni'—M M 3

where M is some large number which depends on the designed computation
accuracy. The integral L /oh\e
J &) e
o \of

can be computed analytically owing to certain orthogonality conditions satisfied
by (25). These conditions are explained in the article of Longman & Lavie and
also in Bisplinghoff, Ashley & Halfman (1955). Thus

T, o0 [ Qald—0?) .05
f (8t) o =10 nzl{(w?.,—m)?mzizws(g”ﬂ )+(w3,—92)2+mv2}'

i1
L{c osh %l +2)/snha + \/2003—”g—+—2)

. . l 2 2
This brings us to ok dz = k_Q {O% + Q%2 D%, (35)
0 3t 2l4

4 “i(wn - Qz)2
2
where PR (o e

(36)
@ ai
R (A

With the above results we find the average thrust P and the average power
W according to (19) and (21):

2(
P = pde, 25;,3{ 2+ Q2D —

Dy =1

2
%‘5[‘4%1+92723%1*4(A%+925232)]

Uzclmz s (Anm+s22v28%1m)} (37)

W =pUdc,—r- k2l4 {O%+ Q272 D2 +

+ sz“’D%I)}, (38)

At this point we have to make a few remarks about the thrust and the power
equations (37) and (38). W is the power required to produce the transverse
movement h(z,{). The power W, supplied by the electromagnetic field can be

calculated from i oh
W, = f F(u,t)  da, (39)
0
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where F(z,t) is the external force induced by the electromagnetic field and its
value is defined by (24). Thus

—€)oh ,  lksin(Qt+ B)oh(e)
W = f ksin ( Qt+,8) atdx— p ot
When ¢ 0, we get
W = Il.m]csin (Qt+ p)oh(e)
e—0 € ot
Qe - Q2
= ksin (Qt 4+ B) Z‘, (—1)™(2) —l—"{(—Q——-£—(22—)-——£—-2-2)—2008(Qt+ﬁ)
Q, Q0% .
+ RO gEein (Qt+ ﬂ)}_

To find the average value of W, we recall that the electromagnetic field supplies

energy even when the product of sin (Qt + ) and cos (Q¢t + £) is negative, hence

= kPQP 2, (0E—Q%)+Qp

W = mi® ,E‘l *n (wE — Q%)% 4 Q%%

The swimming velocity can be found by comparing the thrust P (see (37)) to

the drag D in (3). To illustrate this, for the moment we ignore the viscosity
7 and confine ourselves to regions when Q =+ w,,. Then

= 2k2Q2
P~ pA mels {OI lez [AII A%]} = %pSOD U2’

2p AL2Q2C3 [l
180+ (2p AR TwlD) (A3, — 3 A7)

(40)

or U2 = (41)
From (41) we see that U is proportional to Q, and one would expect U to increase
without bound as Q assumes large values. This however is impossible because
= k2Q =® a? 4202
W, = 7—ﬂl3n21( Q2) > W =pAdU —— T 3
forv=10,Q =+ w,. o
If we assume that (41) is correct it follows that W would increase as Q3 while
W, would only increase like Q. Let us assume that

W =W, (42)
where 7, is the efficiency of the conversion of electromagnetic power into
mechanical power. Thus
mly, & ol

U= 4pAQO%n21 —

(43)

and it follows that from the power point of view the velocity U would decrease
as £ increases, regarding 7, as independent of Q. In practice we would expect
U to increase with Q until Q reaches certain value Q; then it might decrease
as () increases further. This behaviour of U was also noticed from experimental
results, Lavie (19705).
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4. Discussion of results

In §2 the hydrodynamic forces acting on a circular flexible cylinder were
derived. It was assumed there that the cross-sectional area 4 remains constant
over the whole length of the cylinder. The results obtained may be generalized
to the case of slender cylinders having a local cross-section A(») which varies
along the longitudinal axis of the body. Since the body is slender and A4 (x) varies
slowly we note that, locally, the body shape differs little from that of an infinite
cylinder whose cross-section is A(z) throughout its entire length. Referring to
equations (22), we can write the potential @ for the more general case when pA
is not a constant, but represents the virtual mass p4(z), as

Ky (ca) cost
O =Vt A ) TKoa) 1 (44)
The pressure p therefore becomes
_ {0 K K,(ca) cosf
p = p(g+ Uz ) (VA@) 2L, (45)
where a is the local radius.
Using equation (45) to calculate the local lift in (25) we obtain
0
L{a,t) = —pc, (—a—t +U 3%) (V(x,t) A(x)) —pcy Vi, t) A(x) (46)
and consequently find that
P= {Vﬂ(x } + 30, {A(2) VI — pczf Ax V dx (47)
— 1 t b .
w =pUcl{£( )ah(ah+U )} +pczf J(w)V%’:dx. (48)
0 0

Comparing (46) and (47) with the results obtained from slender-body theory
(equations (4)) we see that when the viscosity v is zero, and thus ¢; = 1 and
¢y = 0, the results are identical. Note that the apparent mass pA(x) can be
applied also to the case where the body swims in liquid bounded by a circular
rigid boundary, such a pipe. In this case

@) = =2 ) (49)

where a() is the local radius of the swimming body and b is the radius of the
pipe. However, this is true when b is much larger than a(x). When a() approaches
b a further investigation is required because the effects of viscosity.

We can now modify the results obtained for the Pod in the more general case
when its cross-sectional area varies slowly such that A(0) + A(l). We seek the
equation for the swimming velocity U by comparing the thrust P with the drag
D,ie.

P =D = }pC,SU,
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12}

U (cm/s)

(8%
I

Q (Hz)

Ficure 2. The swimming velocity of Pod 4 as a function of the frequency.

Let the reference area S be equal to A(1), then we find the following quadratic
equation for the velocity U:

2
0s{h0p+ ot [t + et ~ 00 ctp - oy |
ke, M A’ z+§ 2o
+UZES z z) (A2, + Q22BY, )
27001 23,2 7)2 i
A (C3+ Q%2D}) =0. (50)

Equation (50) already takes into account the fact that 4(0) & A (/) and assumes
that the drag coefficient Cy, is referred to the cross-section A(l). As we pointed out
previously (50) is expected to be true while U is proportional to Q (see (41)).
Afterwards it is expected that U will remain constant for certain values of Q
and that further increase in Q will cause the velocity U to decrease according to
(43).

At the Weizmann Institute of Science, experimental tests were conducted to
measuring the swimming velocity of Pods of different sizes (Lavie 1970).
Typical results for the velocity U as a function of Q are given in figures 2 and 3
for two Pods. The first one was 52-7 mm long, its diameter was 3-5 mm and
the permanent magnet was Alnico 5, 13-3 mm long. The second Pod was
70-8 mm long. The solid and the dotted lines show the expected behaviour of
the Pod (which was calculated) and the points describe the experimental results.
The resonance frequency of the first Pod was about 11 Hz. The current wave’s
shape in the electric coil was not sinosoidal and it happened that the third
harmonic played an important role. This harmonic also explains the pick ob-
tained at one third of the first natural frequency.

The efficiency of the swimming of the Pod can be calculated according to (36).
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0 2

Ficure 3. The swimming velocity of Pod B as a function of the frequency.

Although the expressions for P and for W are quite complicated it can be shown
that the efficiency will be less than 0-5. Lighthill (1960a) has pointed out that
the swimming efficiency of any body performing lateral movements of standing-
wave form will be at most 0-5. Therefore, in order to increase the efficiency of
the Pod, a lateral movement in the form of travelling wave such as

h(z,t) = g(x) cos (wt — kx)

must somehow be produced. These movements cannot be produced by the
present construction of the Pod system.

Another important problem concerning the Pod is how to increase the supplied
power W,. This power is only a small fraction of the total power of the electro-
magnetic field produced by an electric coil. One way to increase W, is, of course,
to increase the current in the coil and consequently to increase the amplitude %
of the applied moment. Another possibility is to install more than one permanent.
magnet in the plastic tail. This would require a special construction of the Pod,
and special considerations about the interference between the magnets and the
lateral movement would have to be made. Lastly it is desirable to push away the
critical angular velocity and to use the mechanism of absorbing energy from the
electromagnetic field more efficiently. However, for a Pod with given dimensions.
it seems that increasing Q,, is not practicable.

5. Conclusions

Taking into account both viscous and inertial forces, the hydrodynamic:
forces acting on deformable slender bodies placed in a uniform stream have been
found. Then the results have been applied to derive the theory of the swimming:
of a Pod and of elastic bodies excited by an external force. Methods for increasing:
the swimming velocity of these bodies have been suggested.
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