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SUMMARY

Computerized analyses were performed on the movement of spermatozoa
recorded with a high-speed camera. These provide evidence for active
bending waves over the entire length of the flagellum and a single equation
for waves in all cases examined. In the equation, the angular direction of
the flagellum at any distance from the base is expressed by a sine function
of time plus a constant, and thus flagellar waves are 'sine-generated'. To
explain the waves a model was proposed in which the active force required
to generate sliding between peripheral microtubules is propagated along
and around the flagellar axoneme.

INTRODUCTION

An accurate description of the bending wave of flagella is important in under-
standing the mechanism of flagellar movement, but detailed analyses have rarely been
carried out. In the present study we have photographed the movement of sperm
flagella at the limit of resolution of the light microscope, analysed the waveforms in
various environments with a computer, and have derived a single equation which
adequately describes the waveforms in all cases examined. In this equation, the angular
direction of the flagellar shaft is expressed as a sine function of time plus a constant,
that is, the wave is regarded as a sine-generated wave which is an approximation of
the wave of minimum energy expenditure (cf. Silvester & Holwill, 1972). It will be
shown that the sine-generated wave can be explained as a result of force generation
for sliding at sites between neighbouring peripheral microtubules in flagellar axonemes
on the basis of a model in which the activation of the force generation propagates
along and around the axoneme.
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MATERIALS AND METHODS

Spermatozoa

Spermatozoa were obtained from the gonad dissected from the starfish, Asterias
amurensis, and from the sea urchin, Hetmcentrotus pulcherrimus, by injection of
o*54 M-KC1 into the body cavity. The sperm sample was observed with a phase-
contrast microscope after dilution with filtered sea water. In the case of the starfish
spermatozoa, the sea water contained i mM-L-histidine, which enhanced the motility
of the sperm (Fujii, Utida & Mizuno, 1955), and sometimes polyvinylpyrrolidone
(< 4%), which increased the viscosity of the medium (see Table 2; cf. Baba &
Hiramoto, 19706).

Recording

The movement of spermatozoa was recorded with a high-speed camera (Himac
16HS, Hitachi) as described in previous reports (Baba & Hiramoto, 1970 a, b). The
filming rate of the camera was set appropriately by controlling the driving voltage
and determined by counting time signals simultaneously recorded on the margin of
film; the framing rate was usually about 500 p.p.s. though it was reduced when
spermatozoa were swimming slowly in media of increased viscosity. The ratio of
exposure time to the interval between frames was adjusted to be about 1/25 by using
a slit of the proper width in the illumination system (cf. Baba & Hiramoto, 1970a, b)
so that the exposure time was always short enough (< 100 fis at 500 p.p.s.) to record
clearly the relatively rapid movement of sperm tails. The phase-contrast objective
lenses used were 40 x (Nikon BM 40/0-65) and 100 x (Nikon BM 100/1-25 an<^ P ^
BM 100/1-30 oil immersion) objectives; the results shown in the present paper were
obtained using the 100 x objectives, unless otherwise stated.

Recordings were made of spermatozoa swimming close (ca. 2 fim) to and far (ca.
300 /jm) from the coverslip surface in a trough 1 mm in depth. For spermatozoa
within 2 /im of the surface, it was not difficult to focus the entire image accurately,
because the cells were swimming along circular paths with the beat plane of their
tails parallel to the coverslip. For spermatozoa swimming far from the coverslip, the
40 x objective was used and its plane of focus was set about 300 /im below the
surface; spermatozoa which swam at this level were recorded. Recordings were also
made of spermatozoa attached by their heads to the jelly layer of eggs or to the
vertical cut edge of a thin layer of agar gel (0-5 %). Because the spermatozoa adhered
firmly to the cut edge of agar gel, it was not difficult to find a spermatozoon with a
beat plane either parallel to or perpendicular to the plane of focus.

Analysis

All cinematographs taken were projected at a normal (16 p.p.s.) or reduced speed
onto a screen, and routine measurements were made by tracing the swimming track
and waveform of spermatozoa. Sharply focused sequences were selected for a de-
tailed frame-by-frame analysis. The time t of frames was determined from the
framing rate of the sequence. On a Cartesian system with the .Y-axis approximately
parallel to the wave axis, the coordinates of points on the head and tail images were
obtained from enlarged prints on a shadowgraph (Nikon, Model 6C) or directly
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from the projection of negatives on a film motion analyser (Osawa, Model F-107);
the final magnification was 25000 times on the shadowgraph and 1000-5000 times
on the motion analyser. The head centre Qg{t) was recorded, and the apex of the
head and the flagellar base were used to define the angular direction <f>H(t) of the
head (with respect to the .Y-axis of coordinates). Points were obtained at intervals
of 1-2 fim along the flagellum, giving about 50 points in all from the image of a single
spermatozoon. In most cases these measurements were repeated three times for each
image (see Fig. 3).

As the first step in analysing the flagellar waveform, all combinations of three
neighbouring points along the flagellum were used to define circles of known radius
and hence curvature. The calculated curvature was assumed to represent that of the
flagellar shaft at the middle of the three points and, in the case of both ends of the
flagellum, at the terminal as well as the middle point. Then, every segment between
two neighbouring points was approximated by a single circular arc, the curvature
of which was given by averaging the curvatures determined above at the two points.
The curvature y(s, t) was thus given as a step function of distance s measured from
the base along the flagellum (see Fig. 4). After this procedure, points were taken at
regular intervals of A* (usually 0-5 /an) along the approximate waveform defined by
a connected series of the circular arcs. The coordinates Q(s, t) of the points were
calculated, using each set of data obtained by the repeated measurements referred to
previously, and were averaged for use in reproducing waveforms (see Fig. 3) and in
further analyses.

The angular direction of the flagellar shaft at a point Q(s, t) was approximated by
that of the line connecting two points, proximal and distal to the point by As, i.e.
Q(J + AT, t) and Q(s — As, t), and was computed at intervals of AJ as ^(s, t) with
respect to the AT-axis of coordinates and as (j^{s, t) with respect to the head axis.
The angles 0* and <f>h were fitted using equations of the form:

<f>{s, t) = &,(,) cos{S,(*)-aK*) t} + $b(s), (1)

with fixed s and varying /. The fitting was performed by the method of least squares
for non-linear functions (Powell, 1965; cf. Bevington, 1969), using a program written
by Dr Y. Oyanagi filed in the program library (C7/TCPOW1) of the Computer
Centre of the University of Tokyo. The parameters <j>a, S$ and <o are the amplitude,
phase angle and angular velocity, respectively, of the cosine component of <j>, while
<j>b is a constant which represents mean direction of the flagellum at distance s during
one cycle. In the case of <fr", <f>b may vary when the cell progresses, and therefore it is
not always independent of time t. In the present study <pb was, however, assumed to
remain constant during one cycle and was analysed only as a function of s. Otherwise,
equation (1) was appropriate for $P as well as (jJ1; the suffixes * and h may be omitted
when similar results were obtained for both 0* and <$*•, or when it is not necessary
to refer to the reference line of the shaft angle.

The velocity \(s, t) of a point Q(s, t) on the flagellum and the velocity V^*) of
the head centre Q^t) were calculated from the displacement of the points between
two frames preceding and next to the frame of time t divided by twice the interval,
At, of the successive frames as follows,
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V(*. t) = {Q(x, t + At)-Q(s, t-At))/(zAt),

and VB(t) = { Q ^ + AO-Q^-AOJAaAt) . (2)

The resistance Fg(t) for movement of the head was calculated by the equation,

FH = CHa\m (3)

where a is the radius of the head. In this equation CH is a resistance coefficient,
which is given by

CH - * , / ( , _ £ ( * ) + • $ _ £ ( • ) + ...} (cf. H,ppel& Brenner, ,965),

(4)

where 77 is the viscosity of the medium and h is the distance of the head centre from
the coverslip surface. The resistance AF(J, t), which acts on a minute segment of
length As of the flagellum, is a vector sum of the component forces AFN and AF£

normal to and along the flagellar axis. AF^ and A¥L were calculated from the following
equations,

AFJV = CNVNAs,

and AF^ = CL\LAs (cf. Gray & Hancock, 1955), (5)

where CN and CL are coefficients of resistance for movement of the segment normal
to and along the axis respectively while \N and V£ are the component velocities in
the two directions. CN and CL are given by the equations,

CN = ^mj/ln {zh/r),

and CL = 27rr)/hi {zh/r) (Katz & Blake, 1975), (6)

when the distance h of the flagellum from the coverslip surface is comparable with
the radius r of the flagellum, and when h is much larger than r they are given by

CN = vn}/{ln(2q/r) + o-s},
and CL = zmj/ln {zq/r) (Lighthill, 1976) (7)

with the characteristic length q = o-ogA (where A is wavelength measured along the
flagellum). In the intermediate range of h (e.g. h = 3-0 /im, see Table 1), values for
Cy and CL were corrected by exact equations given by Takaishi (1958) for straight
circular cylinders of flagellar dimensions. Table 1 shows Cn/CL, CN/CL and CL/rj
from the appropriate equations for various values of h.

The moments AM(J' , s, t) and M^s , t) about a point Q(s, t) due to AF(s', t) and
Fj(<), respectively, were calculated from the equations,

AM(*', *, 0 = AF(s', t) X{Q(*\ t) - Q(*. *)}, (8)

and M^*, t) = F^*) X{QH{t) - Q(s, t)}. (9)

The bending moment m(s, t) about the point Q(J, t) due to viscous resistances is the
sum of the moments due to the resistances acting on that part of the spermatozoon
either distal to or proximal to the point. The moment due to the rotation of the head
about its axis perpendicular to the beat plane by yawing of the spermatozoon was not
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Table 1. Theoretical values of resistance coefficients
of swimming starfish spermatozoa

h(jim) i'2 ' 1-5 2-o 3-0 00

CH/CL 25 19 17 15 12
CN/CL 2'O a-o 2-0 1-95 1'8
Ct/7 2-0 1-9 1-7 i-6 i-6

The values of CH, CN and CL were obtained from equations (4), (6) and (7), where a = i-a /«n,
r = c i /im and A = 30 /un were used. A is the distance of spermatozoa from the coverslip surface.
i] is the viscosity of the medium. See text for further details.

considered because it was calculated to be negligibly small (io~18 N m) from the
rotation speed in the present study. For swimming spermatozoa the bending moment
about a point Q(s, t) was determined by integrating AM(i', s, t) along the flagellum
with respect to s' from the base to that point and adding M ^ j , r). For spermatozoa
adhering to agar it was determined by integrating AM(j', s, t) with respect to s'
from the distal end of the flagellum to the point because the force FH acting on the
head was unknown. The calculated viscous bending moment m(s, t) was then used
to give a convenient expression of the form,

m(s, t) = ma(s) cos {Sm(s) - at} + mb(s), (1 o)

where the parameters ma, Sm and mb were determined by the least squares method.
Most calculations above were performed using programs written in Fortran (JIS

7000) at the Computer Centre (HITAC 8800/8700 System) of the University of Tokyo.

RESULTS

Movement of spermatozoa

Fig. 1 illustrates starfish spermatozoa in normal sea water when swimming and
when adhering to agar gel; Fig. 2 illustrates spermatozoa in sea water of increased
viscosity. The entire length of a spermatozoon is in focus when viewed in the direc-
tion perpendicular to the beat plane (Figs. 1a, b, %a, b). This observation indicates
that the spermatozoa execute planar flagellar beats; in Figs. 1 and 2 simplified planar
beat patterns are shown as superimposed waveforms (c and d). When spermatozoa
are viewed in the direction parallel to the beat plane, the limited depth of focus of
the microscope used produces an effect of optical sectioning, giving images of flagella
which appear as the straight dashed lines seen in Fig. 1 (e). This straightness of the
dashed-line image indicates that the flagellar beat of sperm tails is planar irrespective
of whether the beat plane is parallel to or perpendicular to the coverslip surface.

Table 2 shows the characteristic features of the movement of starfish and sea-urchin
spermatozoa. Close to a coverslip spermatozoa swam along circular paths more fre-
quently in the clockwise direction than the anticlockwise. Increasing the viscosity
of the medium reduced both the speed and the beat frequency while the ratio of the
two remained fairly constant. At about 300 fim from the coverslip, spermatozoa
swam along spiral paths; the sense of the spirals was judged to be left-handed from
the appearance of the image of the head, which moved repeatedly in and out of focus
as the cells progressed. The speeds of their propulsion along the spiral paths calcu-
lated by a geometrical equation of spirals (cf. Gray, 1955) were higher than the
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Journal of Experimental Biology, Vol. 76 Fig. 1

Fig. 1. Movement of the flagellum of starfish spermatozoa (a and <:) swimming close to a
covcrslip and (b, d and e) adhering by the head to the cut edge of agar gel in sea water at
22 °C. The time interval between successive pictures from top to bottom is 21 ms in (a),
3-0 ms in (b) and 25 ms in (e). The beat plane is parallel to the plane of focus in (a) and (6),
and is perpendicular to it in (e). In (c) and (d) the movement of spermatozoa is illustrated by
superimposed waveforms, which are taken at one-quarter-cycle intervals from (a) and (6),
respectively.

HIRAMOTO AND BAB A (Facing p. 90)
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50 fim

Fig. 2. Movement of the flagellum of starfish spermatozoa (a and c) swimming close to a
coverslip and (6 and d) adhering by the head to the cut edge of agar gel in sea water of in-
creased viscosity ( n cP.) at 22 °C. The time interval is 248 ms in (a) and 188 m» in (6).
(c) and (d) illustrate the movement of spermatozoa by superimposed waveforms, which are
taken at one-quarter-cycle intervals from (a) and (6), respectively.

HIRAMOTO AND BABA
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speeds of cells swimming close to the coverslip (Table 2). The beat plane of the
Hagellum seemed to be tangent to the screw surface of the spirals, because spermatozoa
displayed the dashed-line image and hence the beat plane was known to be parallel
to the optical axis when they crossed the spiral axis lying in the microscope field.
Spiral swimming in this manner was interpreted by Gray (1955) to be a result of
the combination of two rotations, one about the axis of propulsion (roll) and the
other about that perpendicular to the beat plane (yaw); the third rotation (pitch) was
not necessary for interpretation. If they were forced only to yaw, spermatozoa might
swim in circular paths similar to spermatozoa swimming close to the coverslip.
However, the radii of curvature of the spiral paths calculated, according to the geo-
metry of the paths, to be 27-3 ± i-o fim (starfish) and 11-2 ± 2-3 fim (sea urchin) were
significantly (P < o-oi) smaller than those of circular paths of spermatozoa swimming
close to the coverslip (cf. Table 2). The observation that the flagellar beat frequency,
the speed of propulsion and the curvature of the path are different in swimming
spermatozoa at different locations, close to or far from the coverslip surface, suggests
that the presence of a solid surface mechanically affects the movement by modifying
hydrodynamic loads during swimming.

The flagellum beat in a single stationary plane when adhering to agar gel (Figs.
1 b, e and 26), while in the case of egg jelly the spermatozoa stuck to it turned in such
a way that the flagellar beat plane was tangent to a circular cone (this will be referred
to as a boring motion). The beat frequency of starfish spermatozoa was lower when
adhering to agar than when swimming freely (cf. Table 2).

Waveform
Before detailed theoretical analyses were made the waveforms of spermatozoa were

reproduced by plotting Q(*, t). The standard deviation of Q(x, *) rarely exceeded
o*i fim in repeated measurements, so the reproduction was believed to be sufficiently
accurate for further analyses. Fig. 3 shows representative drawings of the waveforms
of starfish spermatozoa (a) swimming about 300 fim from the coverslip, (b) swimming
about 2 fim from it, and (c) adhering to agar.

Fig. 4 shows the variation of curvature y(s) with distance s of starfish spermatozoa
(a) swimming about 300 fim from the coverslip, (b and c) swimming about 2 fim
from it, and (d and e) adhering to agar. Differences in the flagellar waveform between
cells distant from the coverslip (a) and close to it (b) are relatively small, indicating
that the coverslip surface did not have a serious effect on the waveform. The wave-
forms of spermatozoa fixed by the head in agar (d and e) are considerably different
from those of free-swimming spermatozoa (a, b and c) while differences in the wave-
form in media of different viscosities are small both for the free-swimming cells and
for the fixed cells.

Fig. 5 shows the variation of the shaft angle <fF{s, t) for starfish spermatozoa swim-
ming close to the coverslip in sea water (a) and adhering to agar in sea water (b).
In swimming sea-urchin spermatozoa, the peak value of (ft* with varying s (not
shown), which corresponds to the angle that a 'straight region* (Brokaw, 1965)
makes with the head axis, remained constant, as found by Goldstein (1975, 1976),
within limited ranges of s (e.g. 8 fim ~ 23 fim from the base leading to 'principal'
bends (Gibbons, 1975) and 23 fim ~ 42 fim leading to 'reverse' bends) as the wave
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Fig. 3. Waveforms of the flagellum of starfish spermatozoa (a) swimming 300 /im below a
coverslip, (6) swimming close to the coverslip and {c) adhering by the head to the cut edge
of agar gel in sea water at 22 °C. The solid lines represent waveforms reproduced from the
averaged Q(», t) calculated from measurements on the coordinates of points on the flagellum;
in each series of waveforms are indicated all points used in reproduction of one waveform
by symbols • , O and [>, and points for other waveforms are not shown here. Arrows in
circles indicate the orientation of head. In (c) successive waveforms are displaced by i'6 fim
towards the bottom of the figure.
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(d)
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Fig. 4. Curvature y(t) of the flagellum of starfish spermatozoa (a) swimming 300 /im below
a coveralip in sea water, (6) swimming close to a coverslip in sea water, (c) swimming close to
a coverelip in sea water of increased viscosity (11 cP.), (d) adhering by the head to the cut
edge of agar gel in sea water and («) adhering by the head to the cut edge of agar gel in sea
water of increased viscosity (11 cP.) at 22 °C. y(i) is expressed by three stepwise line* in all
graphs; each line is obtained from a set of points recorded along the entire length of the
flagellum. (See text for further details.)

2 r -
(a)

- I

_ - 2

•o
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- I

- 2 1 —

10 20 30 40 50 60

Fig. 5. Angular direction <f>*(i, t) of the flagellar shaft with respect to the X-axis (wave axis)
of starfish spermatozoa (a) swimming close to a coverslip and (6) adhering by the head to the
cut edge of agar gel. Ax = 0-5 /tm (see text).

4 E X B 76
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(*)

1

,\ / • A, .

- 1 -

10 10 120
Frame no. Frame no.

10 20
/(ms)

10 20 30
1 (ms)

40 •50 160

Fig. 6. Angular direction <j^{s, t) of the flagellar shaft with respect to the axis of head of
starfish spermatozoa (a) swimming close to a coverslip and (b) adhering by the head to the
cut edge of agar gel. Symbols D, O, > , + , * and <> represent observed data for s = o,
io, 20, 30, 40 and 50 fun, respectively, and sine curves are least-squares fits to the observed
data, s1 is the variance of fit (see text).

propagates, though it was not always constant in starfish spermatozoa. Curves of <f>
against s appeared similar to sine waves within a short range of s, but both amplitude
and wavelength change with distance s along flagellum.

It was found that the curves of <j> were well fitted to simple sine curves when the
shaft angle <f> was plotted as a function of time for fixed t. To check the goodness
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K fit, the applicability of equation (i) was tested using the method of least squares
th varying t for various values of s at 0-5 pm intervals. Fig. 6 shows fitted sine curves

and individual observed values of ^ as functions of t at various points of 10 /im
intervals along the starfish flagellum in a swimming spermatozoon (a) and an adhering
one (b). Similar tests were also carried out on starfish spermatozoa in sea water of
increased viscosity when swimming and when adhering, and sea-urchin spermatozoa
swimming in sea water. The fit was always very good over the entire length of the
flagellum examined. The variance s2 of fit, which is a convenient measure of the
goodness of fit (cf. Bevington, 1969), was usually o-ooi ~ o-oi rad*. <j> was replotted
against s using equation (1) on the basis of this fitting and was found to compare
favourably with that drawn directly from the original data. These results indicate
that the directions of the flagellar shaft change sinusoidally with time at all parts
along the flagellum, with the amplitude and the phase depending on distance s.

Fig. 7 shows the parameters <fia(s), Sf(s), (o(s) and <j>b(s) in equation (1), determined
by the least-squares method. As shown in this figure, amplitude <j>a(s) first increases
sharply and then changes slowly as distance s increases. It is noted that co(s), repre-
senting 2n cimes the beat frequency, remains fairly constant along the entire length
of the flagellum. S^(s) sharply increases in the range of about io/tm from the base
and increases at a constant rate as s increases. Since the conduction velocity of the
wave is defined by a^dS/ds)^, it is concluded that the conduction velocity increases
within about 10/im from the base, approaching a constant value as the wave prop-
agates. In the case of cells swimming in sea water (cf. Fig. 7 a), <frb(s), representing
mean direction of the flagellum at s, changes almost linearly as s increases, though it
is not always linear with s under other mechanical conditions (Fig. 7b-d). It should
be noted that the asymmetry of waveforms (cf. Gibbons, 1975; Goldstein, 1977) is
attributed to the variation of (j>b with s, and that d<fi/dt, which is directly proportional
to the rate of sliding in the sliding microtubule model (see Discussion), is a pure sine
function of time.

The curvature y of the flagellar shaft can also be described by an equation similar
to equation (1), that is,

7(*» 0 = Ya(*) cos {Sy(s)-(ot} + yb(s), (11)

since y is defined as Zty/ds. Amplitude ya, phase angle SY and a constant representing
mean curvature, yb, were determined, on the basis of the fitting of <f> with equation
(1), from the equations, ya = ^(a1^-/?2), Sy = 5^ + 77/2 - arctan (a//?) and yb = ixpj
ds, where a = tyjds and /? = ^>a(8S^/8s). As shown in Fig. 8, y(s, t) calculated
directly from Q(s, t) and averaged in repeated measurements favourably agreed with
the theoretical curve of equation (11). The amplitude of curvature, ya, vs. distance s
for a starfish spermatozoon swimming in sea water is shown in Fig. 9(0) and that for
a starfish spermatozoon adhering to agar is shown in Fig. 9(6). ya has a prominent
peak at s = 5 ~ 10 /an, and changes rather slowly in the distal region of the flagellum.
yb (not shown), which represents the degree of asymmetry of waveforms, is less than
10% of ya in these spermatozoa. In starfish spermatozoa yb was thus small relative
to ya while in swimming sea-urchin spermatozoa yb was nearly 40% of ya at t
exceeding 5

4-*
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I 1

<* 0

1 2

-1 - " 0

0-2

20 30 40 50

Fig. 7. Parameters #(O), # ( • ) , SJ (V), u> (A) and # (D) in equation (i) (see text) of
starfish spermatozoa (a) swimming close to a coverslip in sea water, (6) adhering by the head
to agar gel in sea water, (c) swimming close to a coverslip in sea water of increased viscosity
( n cP.), (<f) adhering by the head to agar gel in sea water of increased viscosity ( n cP.), and
(«) a sea-urchin spermatozoon swimming close to a coverslip in sea water at 22 °C. The para-
meters were determined by the method of least squares at intervals of 0-5 fun in t and are
represented by continuous lines and the symbols given at intervals of 5 fan.

Bending moment due to external viscous resistance

Bending moment m(s, t) due to the viscous resistance of the medium changed
sinusoidally (cf. Brokaw, 1965). The moment about a point (s = 20 /an) on the
flagellum is shown in Fig. 8 for a starfish spermatozoon swimming (a) and for one
adhering (b), obtained from calculations using resistance coefficients CH, C^ and CL

for model spermatozoa 2-0 /im from the coverslip surface (ft = 2-0 fim in Table 1).
It is noted that, in both cases, the change in the moment is preceded by the change
in the curvature of the flagellum at the same point. In Fig. 9, amplitude of the cur-
vature, ya, amplitude of the bending moment, ma, and phase difference between the
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Fig. 8. Curvature y(i = ao fan, t) and bending moment m(i = 20 /*m, t) of starfish sperma-
tozoa (a) swimming close to a coverslip and (6) adhering by the head to the cut edge of agar
gel in tea water at 22 °C. Solid aine curves are determined to match the observed data of
the curvature (open circles), and dashed sine curves match the observed data of the bending
moment (solid circles). The distance (A) of spermatozoa from the coverslip surface was
assumed to be 2-0 fitn in calculations of the bending moment.

(a)
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Fig. 9. The amplitude of curvature (ya, a and b) in equation (11), the amplitude of bending
moment (mB( c and d) in equation (10) and the phase difference (Sy— Sm, e a n d / ) between
the curvature and the bending moment vs. the distance (1) from the base along the flagellum
in the same spermatozoa swimming (a, c and e) and adhering (6, d and/ ) as shown in Fig. 8.
Note that the amplitudes of the solid curves and those of the dashed curves shown in Fig. 8
and the phase differences between the solid and dashed curves are represented here as values
at 1 = 20 /im in the corretponding graphs (thick curves), h is the distance of spermatozoa
from the coverslip surface. (See text for further details.)

curvature and the moment, Sy — Sm, are shown as functions of distance s for sper-
matozoa shown in Fig. 8; the moment was calculated for various values of ft from
i'2/an to 00, because h could not be determined with exactitude. Although the
moment calculated largely depends on h values in the case of the swimming sper-
matozoon (Fig. 9 c and e), the result for h = 2-0 /im. is most realistic because ma

almost diminishes at the free terminal of the flagellum where the moment should be
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zero. In the case of the adhering spermatozoon (Fig. gd,f) calculations for varioua
h values do not differ so much as in the case of the swimming spermatozoon.

As shown in this figure, no direct correlation was found in amplitude and in phase
difference between the bending moment and the curvature with varying s either in
the swimming or adhering spermatozoa (compare Fig. 9 a, b with Fig. gc, d, respec-
tively). The observation indicates that the bending of the flagellum is not a result
of passive deformation due to the viscous resistance of the medium. This will be
discussed later.

DISCUSSION

Is the bending wave planar ?

The fact that the bending wave was observed to be in focus over the entire length
of the flagellum of spermatozoa indicates that the wave is substantially planar.
However, if the bending wave were exactly planar, it would be difficult to explain
the rotation of spermatozoa about the axis of propulsion (roll). The roll does not
seem to need progression of cells, because spermatozoa adhering to egg jelly rotated
without actual propulsion in boring motions. It is also unlikely that the roll of sper-
matozoa is induced by the rotation of the beat plane relative to the head, because the
beat plane did not rotate when spermatozoa were adhering to agar gel. Therefore,
the roll seems to be induced by some three-dimensional factors inherent in the
flagellar movement.

It is possible to explain the roll of spermatozoa by assuming the existence of a
minor component perpendicular to the major beat plane of the flagellar movement.
The torque due to the viscous resistance acting on the head of swimming starfish
spermatozoa is estimated to be 6 x io~19 N m by the equation,

T = ^TrVa3, (12)

where 77 is the viscosity of the medium, n is the frequency of the roll and a is the
radius of the head. The corresponding torque for swimming sea-urchin spermatozoa
was found to be 9 x io~18 N m, by using an equation for the torque acting on a
prolate spheroid rotating about its polar axis (cf. Jeffrey, 1915). By calculating the
torque for helical waves (cf. Coakley & Holwill, 1972), it was found that a torque of
the order of io~18 N m can be generated if there is a component of 0-2 /tm amplitude
perpendicular to the major beat plane of the flagellum (5 /an major amplitude and
45 Hz frequency). By ordinary microscopic observation such a minor component
would hardly be recognized and the movement would appear to be almost planar.

It has been noticed that the direction of propulsion is usually anticlockwise in
spermatozoa moving in circles on the upper surface of slide glass and opposite when
on the lower surface of coverglass (cf. Holwill, 1966). Gray (1955) interpreted this
observation by assuming that spermatozoa travel in the manner of left-handed screws
when swimming freely and that they are trapped by the surface that they reach. He
also pointed out that spermatozoa should roll in the anticlockwise direction around
the axis of propulsion, regardless of the direction of yawing, if they travelled in left-
handed spirals and kept the beat plane in contact with the screw surface. The above
facts and Gray's explanation are well in accordance with the observation in the present
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study of starfish and sea-urchin spermatozoa. The sense of the three-dimensional
nagellar movement (flattened helical wave), which explains the roll of spermatozoa,
should be right-handed to account for the left-handed spiral swimming of spermatozoa.

Reliability of bending moment calculations

The results of calculations of the bending moment acting on the flagellum due to
the viscous resistance of the medium depend on the applicability of Gray & Hancock's
(1955) local resistance coefficient theory to the present problem, the choice of the
values of the resistance coefficients and the accuracy in recordings of the actual
waveform of the flagellum. Gray & Hancock's (1955) theory appears to be reliable
in calculations of resistance and moment, if appropriate values for the resistance
coefficients are used, though the evaluation of the theory is beyond the extent of
discussion in the present study (cf. Lighthill, 1976).

In the case of the swimming spermatozoa the bending moment was calculated by
integrating moments, given by equations (8) and (9), due to the local resistances
acting on the proximal part of the spermatozoon to the point in question, while in
the adhering spermatozoon it was calculated using the resistances on the distal part.
Theoretically, the bending moment calculated from the resistances of the proximal
part must be equal to that from the resistances on the distal part, but there were some
discrepancies between them; for example, the bending moment at t = 20 fim for
a swimming spermatozoon calculated from proximal resistances (shown in Fig. 8 a)
was smaller by 38% in amplitude than that calculated from distal resistances (not
shown) and preceded by I-I radian in phase. The bending moment calculated from
distal resistances seemed to be less reliable than that from proximal resistances, since
the thin terminal piece of the flagellum (end piece, cf. Afzelius, 1955, 1959; Brokaw,
1965; about 7 fim long in starfish spermatozoa) recorded rather inaccurately or
missed in recordings must be taken into account.

Evidence for active bending toave

Baba & Hiramoto (19706) found in cilia of Mytilus that the major increase and
decrease in the curvature of the shaft preceded those of the bending moment due to
the viscous resistance of the medium. This observation verified the conclusion,
obtained by Machin (1958) from his theoretical calculations in flagella, that the bend-
ing wave is generated by active internal forces rather than external ones applied to
the flagellum, because the bending moment would change in parallel with or precede
the change of the curvature, if the bending wave were passive in nature. The same
conclusion was obtained by the analysis of flagellar movement in starfish spermatozoa
in the present study. Furthermore, the present observation that the variation of the
curvature is not directly correlated with the bending moment both in amplitude and
in phase confirms the above conclusion.

Sine-generated bending wave

Gray (1955) obtained the first photographic recordings of the waveform of the sea-
urchin sperm flagellum. He described the waveform as a sine wave and used it to
explain the propulsion of the sperm in hydrodynamic terms. After a decade, Brokaw
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(1965) recorded the waveform in some invertebrate spermatozoa by an improved
technique, and reported that the waveform could be well matched by circular arc!
connected by straight lines (arc-line curve) rather than sine waves. However, it was
found by careful measurement in the present study that the waveforms of beating
fiagella are matched neither by sine curves as shown in Fig. 3, nor by Brokaw's arc-
line curves as shown in Fig. 4, in which curvature changes along the flagellum in a
continuous fashion rather than a stepwise fashion (from zero to a steady value expected
from arc-line curves).

It has been pointed out by several investigators (Brokaw, Goldstein & Miller,
1970; Brokaw, 1972; Rikmenspoel, 1971; Silvester & Holwill, 1972) that the wave-
forms of flagella, especially those of a large amplitude, appear similar in shape to
the meander of a river. By using sine-generated curves which approximate well
meander curves (Langbein & Leopold, 1966; Leopold & Langbein, 1966), Sarashina
(1974) obtained a good approximation to the waveform that Brokaw (1965) photo-
graphed and described to be an arc-line curve. Direct measurement of flagellar
movement in the present study has clearly shown that the angular direction at any
point along the flagellum changes as a sine function of time in all cases examined:
spermatozoa in normal sea water and sea water of increased viscosity when swimming
and when adhering to agar. It seems to be one of the fundamental natures of the
flagellar movement that the angular direction changes in a sinusoidal fashion, because
this nature is always kept while the parameters of the sine function vary with a
variety of mechanical conditions. Since equation (1) is a good approximation to the
bending wave, the curvature y (= <ty/ds) of the flagellum should also be a sine func-
tion of time, which was confirmed by observation.

It has been observed by previous investigators (e.g. Kaneda, 1965; Brokaw, 1966,
1974; Brokaw & Gibbons, 1975; Okuno & Hiramoto, 1976) and is confirmed in the
present study that various mechanical conditions (e.g. whether the head is free or
fixed, and increased viscosity of the medium) may significantly change the flagellar
waveform and the beat frequency. This suggests that the external loads can influence
the internal regulatory mechanism of the flagellum. In order to elucidate this internal
regulatory mechanism, various hypotheses have been proposed (Lubliner & Blum,
1977; Rikmenspoel, 1971; Brokaw, 1976a, b; Brokaw & Gibbons, 1975 and further
references therein), and their legitimacy was examined by comparing the conclusion
derived from hypotheses with experimental data of flagellar movement obtained under
various conditions. The quantitative results including parameters of the wave equation
in the present experiment (cf. Fig. 7) may provide useful data for theoretical works
in this field.

It has been observed that the microtubules in the axoneme slide during flagellar
movement while the length of the microtubules remains constant (cf. Satir, 1974). In
this case, the amount of sliding (u) between outer doublet microtubules would be
directly proportional to the angle 0° formed by the axis of the axoneme and the
tangent to the basal region (where no sliding occurs). Because the basal region is
believed to be fixed in direction to the head, equation (1) is applicable to (f>° as well
as ^ ; suffix o will be omitted in the following discussion when it is not necessary to
refer to the reference line of the shaft angle.

Silvester & Holwill (1972) calculated the energy stored in or required to deform
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.hypothetical elastic elements in flagella, and showed that the total elastic energy,
fAwhich is proportional to {cty/dsf ds in one wavelength A measured along the

Jo
flagellum, is smallest in the case of a meander (which is virtually a sine-generated
wave) among the cases of three proposed waveforms (sine wave, meander, and arc-
line wave) with the same wavelength and the same propulsion velocity. In the sliding
microtubule model, the rate of energy expenditure due to internal friction by sliding
would be proportional to the square of the rate of sliding, (du/dt)*, and consequently
to (ckffl/dty. The frictional energy expenditure for one beat cycle T is, therefore,

proportional to I (d<po/8tf dt, which is equivalent to (ty/faf ds if the wave had a
Jo Jo

constant amplitude and wavelength along the flagellum. Therefore, in the case of
sine-generated waves, both the elastic potential energy and the frictional energy ex-
penditure become minimal for a given propulsion velocity. This conclusion suggests
that the flagellar movement is regulated to give an optimum condition for the system.

In the sliding microtubule model, active sliding force has to be equal to the internal
resistance due to the deformation of the axoneme and the resistance exerted by the
medium. The internal resistance includes the elastic and frictional resistances set up
by the sliding (shear) and the elastic resistance due to the bending of the microtubules;
these resistances would be proportional to <f>°, d<f>°/dt and d<f>/ds (= y), respectively.
Since <ffl, d<f>0/dt and cty/ds could be expressed by sine functions of time of the same <o
(angular velocity) plus different constants, the total internal resistance would change
as sine functions of time of the same w. Since bending moment m due to the external
resistance of the medium was observed to change sinusoidally with the same w as
shown in Fig. 8 (cf. Brokaw, 1965), the resistance for sliding (= dm/ds) due to the
external resistance would also change sinusoidally with time. Therefore, it seems
likely that the sliding force is generated as a sine function of time.

From observations of microtubule sliding in trypsin-digested axonemes (Summers
& Gibbons, 1971, 1973) and of cross-bridging of microtubules in rigor flagella
(Gibbons & Gibbons, 1974), Gibbons (1975) suggested that almost all peripheral
tubules would participate in force generation and would always slide in one direction
with respect to their adjacent tubules (unipolar sliding hypothesis), and Sale & Satir
(1977) and Satir & Sale (1977) determined the sense of polarity of sliding by electron
microscopy. The unipolar sliding between microtubules would require well-regulated
activation of force-generation in the axoneme. Attempts have been made to explain
flagellar movement by regulated activation of the contractile machinery in the axoneme
by several authors (e.g. Gray, 1955; Bradfield, 1955; Parducz, 1967; Rikmenspoel,
1971; Costello, 1973; Machemer, 1977; Sale & Satir, 1977; Brokaw, 1977).

The authors propose a model for flagellar movement as follows. In this model, it
is assumed that the site at which sliding force is generated changes from one tubule
couple to the neighbouring one around the nine peripheral doublet microtubules and
at the same time in the longitudinal direction of the microtubules, so that the active
site propagates around the axoneme forming a helical path. To explain the three-
dimensional movement of flagella, similar models were proposed by Rikmenspoel
(1971) and Machemer (1977) on the basis of sliding model and by Bradfield (1955),
Gray (1955), Parducz (1967), and Costello (1973) assuming helical propagation of
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contractile activity or bending of microtubules. The site of tubule interaction should
propagate towards the tip along the axoneme and anticlockwise around it (viewed
from base) to account for the left-handed spiral swimming observed in sperm, and
clockwise for ciliary movement in Paramechtm (Machemer, 1977). For the planar
movement of flagella, it is assumed that only the component in the beating plane of
the couple of forces by tubule interaction is effective by a special (presumably,
structural) mechanism in the flagellum. The observations that the principal bending
plane is almost perpendicular to the central pair of singlet tubules and the presence
of bridging between No. 5 and No. 6 doublet microtubules (Afzelius, 1959; cf.
Summers, 1975) suggest existence of this mechanism. In the present model, it is
possible for the flagellum to generate the active motive force in a sinusoidal fashion
in the principal bending plane, even when the motive force generated by tubule
interaction at each site does not change sinusoidally, because the effective component
to the bending plane of the sliding couple by any tubule interaction is the couple
multiplied by the sine of the angle made by the vector couple and the plane, and
therefore the effective sliding couple in this plane change practically in a sinusoidal
fashion as the site of interaction propagates at a constant speed around the axoneme.
The present model is compatible with the unipolar sliding model mentioned above.

In the present study the authors described bending waves in some echinoderm
sperm flagella using a simple equation of the same form. Further experimental works
will be done for analysis of parameters in the equation under various experimental
conditions. The automatic tracking system of the photographic images, which was
recently achieved by Silvester & Johnston (1976), will be useful for such an analysis.
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