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In this study we used Triton X-100 extracted sea urchin spermatozoa to investi-
gate the mechanical behavior of the basic 912 axoneme. The dynein motors were
disabled by vanadate so that the flagellum is rendered a passive structure. We find
that when a proximal portion of the flagellum is bent with a glass microprobe, the
remainder of the flagellum distal to the probe exhibits a bend in the opposite
direction (a counterbend). The counterbend can be understood from the prevailing
sliding doublet model of axoneme mechanics, but does require the existence of
elastic linkages between the outer doublets. Analysis of the shapes of counter-
bends provides a consensus value of 0.03–0.08/lm2 for the ratio of the interdoub-
let shear resistance (ES) to the bending resistance (EB) and we find that the ratio
ES/EB is relatively conserved for both passive flagella and transiently quiescent
live flagella. This ratio expresses a fundamental mechanical property of the eu-
karyotic axoneme. It defines the contributions to total bending resistance derived
from bending the microtubules and from stretching the interdoublet linkages,
respectively. Using this ratio, and computer simulations of earlier experiments
that measured the total stiffness of the flagellum, we obtain estimates of approxi-
mately 1 3 108 pN nm2/rad for EB and 6 pN/rad for ES, assuming that both elas-
ticities are linear. Our results indicate that the behavior of the flagellum is close
to that predicted by a linear model for shear elasticity. Cell Motil. Cytoskeleton
66: 721–735, 2009. ' 2009 Wiley-Liss, Inc.
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INTRODUCTION

The axoneme of eukaryotic cilia and flagella is a
complex structure composed of more than 250 constitu-
ent proteins [Dutcher, 1995; Pazour et al., 2005]. The
primary function of this elaborate construction is to pro-
vide a supporting scaffold for a large number of dynein
motors and to convert the work output of these motors
into orderly undulations of the scaffold itself. While a
great deal of research attention is currently focused on
the dynein motors, it is equally important to understand
how the axonemal scaffolding responds to applied forces
if we are to fully understand the working mechanism in a
beating flagellum or cilium.

Several well-established principles of axonemal
mechanics provide a starting point for analyzing flagellar

*Correspondence to: Charles B. Lindemann, Department of Biological

Sciences, Oakland University, Rochester MI 48309, USA.

E-mail: lindeman@oakland.edu

Additional Supporting Information may be found in the online version

of this article.

Contract grant sponsor: NSF; Contract grant number: MCB-0516181.

Received 14 November 2008; Revised 7 April 2009; Accepted 20

May 2009

Published online 17 June 2009 in Wiley InterScience (www.

interscience.wiley.com).

DOI: 10.1002/cm.20401

' 2009 Wiley-Liss, Inc.

Cell Motility and the Cytoskeleton 66: 721–735 (2009)



mechanics. Firstly, the nine outer doublets in most
motile flagella are anchored at the base of the flagellum
or cilium by connection to the nine triplet elements of a
basal body. This mechanical connection prevents shear
displacement between the outer doublets at the base.
From a mathematical standpoint this equates to a bound-
ary condition that interdoublet shear is zero at the flagel-
lar base. Secondly, the presence of the spokes and central
pair apparatus in the center of the axonemal scaffold and
the presence of dynein arms between the doublets
imposes limits on the collapse of the structure so that
there is always a conserved minimum spacing between
the doublets and also across the axoneme. Thirdly, and
perhaps most significantly, as a consequence of the inter-
doublet spacing, when the axoneme bends it requires
sliding (shear) to develop between the adjacent doublets.
Since the interdoublet shear must be zero at the basal
anchor, bending the flagellum will induce shear that
accumulates as the angle of the flagellar axis changes
from the axis of the flagellar base. This can be expressed
quantitatively as the relationship [Satir, 1968].

Dln ¼ dn
X

j ¼ dnrðsÞ; ð1Þ

where Dln is the amount of sliding displacement of dou-
blet n relative to its neighbor, dn is the separation dis-
tance, measured in the plane of bending, between dou-
blet n and its neighbor and Sj is the summation of the
curvature or change in angle along the flagellum, from
the basal anchor to the point of consideration, s, along
the flagellum (also referred to as the shear angle, r(s)).

Satir [1965, 1968] showed experimentally that
such sliding displacement is in fact observed at the tip of
the axoneme when cilia beat. Subsequently, by attaching
beads to demembranated and reactivated flagella from
sea urchin, Brokaw [1989, 1991] also verified that the
doublets exhibit the predicted shear displacement in
rhythm with the beat cycle and that the doublets can be
considered to be relatively inextensible under the tension
load that they experience in a real beat. These are direct
confirmations that the sliding doublet mechanism is ro-
bust and does conform fairly closely to the ideal behav-
ior suggested by Eq. 1.

The existence of permanent interdoublet linkages
was first suggested by early electron microscope studies
of the structure of the axoneme [Gibbons, 1965; Ste-
phens, 1970]. These connections were named ‘‘nexin
links’’ and evidence suggests that they play a role in
maintaining the integrity of the axoneme [Summers and
Gibbons, 1973; Warner, 1976]. However, the existence
of permanent elastic connections between the doublets
has been challenged by reports showing evidence that
the structures that appear to bridge the doublets can

translocate during bending [Bozkurt and Woolley, 1993;
Minoura et al., 1999]. This suggests there may be more
than one kind of interdoublet linkage in axonemes.

Recently, a study was published that provided
physical evidence of interdoublet sliding resistance con-
sistent with the existence of permanent interdoublet elas-
tic linkages in rat sperm flagella [Lindemann et al.,
2005]. When Triton X-100-extracted rat sperm are
treated with 50 lM sodium metavanadate (NaVO3) in
the presence of 0.1 mM ATP, bending the basal part of
the flagellum with a microprobe causes the remainder of
the flagellum distal to the probe to bend in the opposite
direction. This ‘‘counterbend’’ phenomenon is consistent
with the sliding doublet conception of how the axoneme
works, but only if there are permanent elastic linkages
between the outer doublets. While the rat sperm data are
unequivocal, rat sperm have very large flagella that ex-
hibit several special structural features which are absent
in most 912 flagellar axonemes. In mammalian sperm
there are nine accessory fibers that connect to the outer
doublets along most of their length. The outer doublets
of mammalian sperm are not anchored to a basal body,
but are anchored to a unique structure called the connect-
ing piece which is continuous with the nine accessory
outer dense fibers [Fawcett, 1975]. This is enough of a
departure from the basic 912 axoneme that the counter-
bend response could be due to some internal structural
interaction other than the interdoublet nexin links.

In this study, sea urchin sperm flagella are exam-
ined using the protocol that revealed the counterbend
phenomenon in rat sperm. We demonstrate that a basic
912 flagellum of a metazoan species exhibits the coun-
terbend response when the flagellum is rendered passive
with NaVO3 and bent with a glass microprobe. We use
the magnitude and shape of the counterbend response to
provide new information about the bending and shear
resistances of the flagellar axoneme.

MATERIALS AND METHODS

Sperm Collection and Preparation

Sea urchins of the species Lytechinus variegates
were obtained from Carolina Biological Supply Com-
pany (Burlington, NC). Sea urchin sperm was collected
by inducing shedding with 2 ml injections of 0.5 M po-
tassium chloride. The sperm from the urchins was col-
lected with a transfer pipet and placed into microcentri-
fuge tubes. This is the sperm stock solution.

We also analyzed photographs of spontaneously
quiescent sperm flagella from the sea urchin Tripneustes
gratilla, in Fig. 2B of Gibbons [1980]. This figure,
obtained from the PDF version of the paper on the JCB
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website, was converted to TIFF format, giving a resolu-
tion of 12.3 pixels/lm.

Reactivation and Dynein Deactivation

Sperm were demembranated and reactivated to
motility with Mg-ATP prior to use in the counterbend
studies. This was done to ensure that the cells and the
working medium were both compatible with normal
flagellar beating. 20 ll of sperm stock was added to
3 ml of a reactivation mixture. The reactivation mixture
consisted of the following: 0.024 M potassium gluta-
mate, 0.132 M sucrose, 0.02 M Tris-HCl, 1 mM DTT,
1 mMMgSO4, 1 mMEGTA, 0.01% Triton X-100, 0.1 mM
ATP, 1.0 lM cAMP. The mixture (1 ml) was trans-
ferred into an acrylic chamber (1 3 3 cm opening) with
a glass coverslip bottom and viewed with phase contrast
on a Nikon (Melville, NY) TE 2000U inverted micro-
scope with a diffuser filter in the light path. Once motil-
ity was evident, dynein motors were deactivated with the
addition of 50 lM NaVO3. Loss of motility was con-
firmed visually.

Flagellar Manipulation

Sperm chosen for manipulation were adhered to
the bottom of the chamber by their heads. They pre-
sented without any obvious gross defects and with free-
moving, visible flagella. All experiments were completed
within 1 h of NaVO3 treatment. Sequences of individual
experimental runs were captured as AVI files. A custom
built Pentium IV computer was used to capture stiffness
measurements using Matrox Imaging’s Meteor II digital
framegrabber and Inspector 4.0 or 8.0 software (Dorval,
Quebec, Canada) and JAI Pulnix’s 9710 camera (San
Jose, CA). This camera has a resolution of 5.1 pixels/lm
in the horizontal direction and 4.4 pixels/lm in the verti-
cal direction. For all other experimental imaging,
sequences were obtained via a JAI Pulnix 6710 camera
(resolution 5 2.8 pixels/lm) and a HP Pavillion a6000n
computer equipped with a Matrox Meteor II digital fra-
megrabber and Inspector 8.0 software. Microprobes
were made from 1 mm borosilicate solid glass rod
(Sutter Instruments, Novato, CA). These microprobes
were used to induce bends in the passive flagella by
movement with Sutter Instrument’s MP-285 micromani-
pulator. All experiments were performed on a Technical
Manufacturing Corporation (Peabody, MA) MICRO-g
vibration isolation table. After a bend was induced and
recorded, the stage was moved slightly to facilitate the
release of the flagellum from the probe and establish the
probe equilibrium position.

Stiffness Analysis

Stiffness was measured as previously described by
Schmitz-Lesich and Lindemann [2004] for rat sperm

flagella. Briefly, the point of the probe tip when inducing
a bend was measured and recorded. The flagellum was
released from the probe and the equilibrium point of the
probe tip was measured and recorded. Because the
microprobes were force calibrated [Schmitz et al., 2000]
we were able to determine the magnitude of force the
flagellum exerted on the probe. This force was multiplied
by the distance between the midpoint of the induced
curve and the probe point of contact, which is the lever
arm, to yield a torque. The torque was then divided by
the curvature of the induced curve, to yield a direct mea-
surement of the passive stiffness.

Image Analysis Methods

Each flagellar image was traced by a computerized
method [Brokaw, 1990a] incorporated into the NIH
Image analysis program, to obtain the angular orientation
of 0.5 or 1 lm segments along the flagellum. Repeated
tracings with a variety of tracing parameters gave similar
shear angle curves (not shown). An average of five trac-
ings was routinely used for analysis.

The primary concern in the analysis of the counter-
bends produced by micromanipulation of demembra-
nated flagella with a probe, was keeping the portion of
the flagellum close to the probe in focus. Consequently,
the sperm head and sometimes the distal end of the flag-
ellum were often out of focus. In sea urchin spermato-
zoa, there appears to be a loose hinge connecting the
sperm head and flagellum so that the centerline of the
sperm head does not necessarily represent the orientation
of the basal end of the flagellum [Sale, 1986; Brokaw,
1991]. Manipulation is likely to introduce a difference in
angle between the head axis and the base of the flagel-
lum. These factors combined to create significant uncer-
tainty, possibly as much as 0.5 rad, in determining the
orientation of the basal end of the flagellum as a refer-
ence direction for measuring flagellar shear angle. The
image of the probe also introduced uncertainty in meas-
uring the shear angle of the flagellum close to the point
of contact with the probe.

For the analysis of quiescent spermatozoa, a high
quality image of the entire spermatozoon was obtained.
This made it possible to fit a model of the sperm head to
the sperm head image in order to obtain the angular ori-
entation of the centerline of the sperm head. There was
no evidence of forces acting on the quiescent spermato-
zoa that would cause bending at the hinge. The sperm
head image prevented accurate tracing of the most basal
portion of the flagellum, thus shear angles for the first 1–
2 lm were not used. The tracing and analysis of quies-
cent spermatozoa were limited to the basal 30 lm to
avoid the further increase in shear that corresponds to a
bend of 0.5–1.0 rad in the terminal 10 lm of the flagellar
length. Figure 2D of Gibbons [1981] shows a similar
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shear angle curve, obtained from the quiescent stage
(frame 59) of a transient, spontaneous arrest of a sea ur-
chin spermatozoon.

Elastic parameters were extracted from the data
using multiple methods described in the following sec-
tions in addition to the curve-fitting routine in the
graphics software, KaleidaGraph (Macintosh version
3.6.4, Synergy Software, www.synergy.com).

Linear Elasticity Analysis for Axonemal Bending in
2 Dimensions

The fundamental assumption of this analysis is that
a balance of bending moments must be obtained at every
position along the length of an axoneme:

MEBðsÞ þMSðsÞ ¼ 0; ð2Þ

for all positions s along the length. The elastic bending
moment MEB is determined at each position by the cur-
vature of the axoneme:

MEBðsÞ ¼ �EBjðsÞ ¼ �EB
@rðsÞ
@s

; ð3Þ

where EB represents the elastic bending resistance,
resulting from the aggregate elastic bending resistance of
the outer doublets and central pair microtubules. The
curvature, j(s), is equal to the derivative of the shear
angle, r(s). The shear moment MS results from interac-
tions between adjacent doublet microtubules, which
must be integrated along their length to obtain bending
moment:

MSðsÞ ¼
Z

ðESrðsÞ � mAÞdsþ constant: ð4Þ

ES is the elastic shear resistance constant for a lin-
ear shear resistance resulting from elastic linkages
between the outer doublets and possibly other structural
elements. The active shear moment generated per unit
length is represented by mA. The constant is required to
meet the condition MS (L) 5 0 at the distal end of the
axoneme (s 5 L). The curvature must also be 0 at the
distal end of an axoneme. If there is a long, straight
region at the end where j(s) 5 qr(s)/qs 5 0, then ES

r(s) 2 mA 5 0 within this region. For bends on a quies-
cent axoneme with mA assumed to be constant, this
requires that ES (r(L) 2 rD) 5 0, where rD 5 mA/ES.
For distal counterbends, where mA 5 0, r(L) should be
close to 0 if there is a long region at the distal end that is
nearly straight. Even in this case, r(L) may not be
clearly imaged, or may not be close to 0 when obtained
by assuming r(s) 5 0 at the base of the axoneme. In

other cases, the curvature can decrease steeply to 0 at the
distal end, and r(L) does not need to be 0. In all of these
cases, the calculations must use r(s) 2 rD, where rD is
an unknown constant.

Method A

For data obtained as shear angles for a sequence of
N segments of fixed length Ds, the most direct analysis
method is to use these equations, by differencing and
summing the shear angles:

diffðrðsÞÞ ¼ � ES

EB
sumðrðsÞ � rDÞ þ constant: ð5aÞ

rðiþ 1Þ � rðiÞ
Ds

¼ � ES

EB

Xi

k¼1

ðrðkÞ � rDÞDsþ constant

for each joint i from 1 to N� 1: ð5bÞ

A linear fit to a plot of diff(r(i)) against sum(r(i)
2 rD) then yields the ratio of the elastic constants, ES/
EB. This method for obtaining ES/EB will be called
method A. It may require trial and error adjustment of
rD to obtain the best linear fit to the data.

Method B

For both mA 5 0 and mA 5 constant, Eq. 2 can be
differentiated to give

EB
@2rðsÞ
@s2

� ESrðsÞ ¼ 0: ð6Þ

Equation 6 could be used for linear fitting to obtain
ES/EB, by a second differencing of the data shear angles.
This would be method B. However, a second differenc-
ing magnifies scatter in data values, making this method
unusable in practice.

Method C

Alternatively, the differential Eq. 6 can be solved
for r(s). A general solution is

rðsÞ ¼ c1e
bs þ c2e

�bs; with b2 ¼ ES

EB
ð7Þ

Differentiating gives

jðsÞ ¼ c1be
bs � c2be

�bs: ð8Þ

The curvature, j(s), must be 0 at the distal end of
the flagellum, where s 5 L. This boundary condition
gives c1 5 c2e

22bL leading to
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jðsÞ ¼ c2bðebðs�2LÞ � e�bsÞ: ð9Þ

Eq. 9 can be fitted to plots of diff (r(s)) against s,
to obtain b, which then gives ES/EB. This method will be
called method C.

Method D

For method D, the expression for c1 is substituted
into Eq. 7, to obtain

rðsÞ ¼ c2ðebðs�2LÞ þ e�bsÞ þ rD; ð10Þ

where a nonzero rD may need to be obtained by curve
fitting if a correct reference point for 0 shear is not avail-
able. This equation can be fitted to plots of r(s) against
s, to obtain three parameters including b.

An additional analysis method involves trial and
error comparison of the data with the results of computer
simulations of the experimental situation (see below).
For this method, values of ES/EB and applied force are
used to match the total angle of the counterbend, the
angle at the tip of the flagellum, and the shape of the
curve, normally using plots of shear angle vs. position to
make the comparisons. This is an inefficient method, and
is particularly difficult to use with large values of ES/EB,
where the tip shear angle is close to 0 regardless of the
parameters chosen for the simulations.

To gain an understanding of the usage and merits
of these methods, they were used to analyze data
obtained from computer simulations of the experimental
situations. This analysis is presented as Supporting Infor-
mation S1. There is no a priori reason to expect that the
elastic shear resistance of an axoneme will act linearly,
as in the above analysis. We also tried data analysis
using a simple nonlinear model for elastic linkages intro-
duced by Hines and Blum [1978]. This analysis is also
presented as Supporting Information S2.

Computer Simulation Methods

Simulations of static shapes of the flagellum were
performed using a computer program developed for the
simulation of flagellar motility [Brokaw, 2002]. This
program is based on a three-dimensional, 9-doublet
model of the axoneme, but bending was constrained to a
single plane for the present work. Quiescent shapes were
simulated simply by specifying active shear moment,
mA, on one side of the axoneme and setting parameters
so that no switching of activity occurred. The ratio of ES/
mA was adjusted to obtain an appropriate shear in the
distal flagellum. For distal counterbends, with no active
shear moments, the program was modified for the appli-
cation of an external force, perpendicular to the flagel-
lum, at one point along the length. The basal end of the

flagellum was effectively clamped, by specifying very
high viscous resistances to movement or rotation of the
basal end. These simulations produced distal counter-
bends comparable in size to experimental counterbends,
but did not correctly simulate the bending of the basal
region of the flagellum in the experiments where the
force applied by the probe is not constrained to be per-
pendicular to the flagellum.

Simulations were also performed to interpret meas-
urements of the stiffness (flexural rigidity) of demembra-
nated sperm flagella from the sea urchin Lytechinus pic-
tus in the presence of ATP and vanadate, by Okuno
[1980]. For these measurements, the sperm head was
held by a polylysine-coated microprobe, and the flagel-
lum was supported distally by a rigid, hook-shaped
microprobe, at a distance of about 30 lm from the head.
A flexible measuring microprobe was then pushed
against the middle of the flagellum, to produce a deflec-
tion of the flagellum. From the measured deflection and
the applied force, Okuno used a standard equation for
small deflections to calculate a mean value of 9 3 108

pN nm2 for flexural rigidity. This result depends upon
the values of both EB and ES. If the ratio ES/EB is known,
the individual values of EB and ES can be calculated.
This calculation can be performed numerically, by com-
puter simulation of this experiment. In the situation used
for the measurements of flexural rigidity, the applied
force F at the midpoint between the supports is balanced
by forces -F/2 at the basal and distal supports. These
forces produce a bending moment that increases linearly
from 0 at the ends to a maximum value at the central
probe, which is equivalent to specifying that there is
active shear moment, m, between the head and the meas-
uring needle and -m between the measuring needle and
the distal support. The simulation program was modified
to introduce these shear moments. The deflection pro-
duced by these moments can be measured on a print out
of the equilibrium configuration of the flagellar model.
There is shear in the flagellum at the position of the dis-
tal supporting needle, which decays to produce a coun-
terbend in the distal portion of the flagellum. Conse-
quently, the applied force is resisted in part by the shear
resistance in this distal portion, and inclusion of this dis-
tal portion in the model is necessary. A total length of
45 lm was used for the model. This method is only an
approximation, because it assumes that the deflections
are small, so that differences between distances meas-
ured along the flagellum and along the chord of the
deflection can be neglected. In practice, initial values of
EB 5 9 3 108 pN nm2/rad and ES 5 0 are used, and a
value of F is found that produces a deflection of 2.5 lm,
similar to those shown in Figs. 1B and 1D of Okuno
[1980]. A range of ES values was explored keeping the
same value of EB, and for each ES value, a value of F
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was found by trial and error, to obtain the same 2.5 lm
deflection. This is a low-resolution fitting process and
the results probably have an uncertainty of 65%. The
results can then be rescaled to find a pair of values of EB

and ES that, for each value of ES/EB, produces the same
deflection with the original value of F.

It was not possible to use a comparable method
with the stiffness value determined by measurements in
counterbend experiments, because these experiments
involve measuring a force, a curvature, and a distance to
the point of curvature measurement. Simulations indicate
that this distance varies with ES/EB, so there is no single
measure, such as deflection, that can be maintained con-
stant to compare different values of ES/EB.

RESULTS

Counterbend Examples

Sea urchin sperm flagella inhibited with sodium
metavanadate to eliminate active force production by
dyneins show a counterbend response in the distal por-
tion of the flagellum when the proximal portion of the
flagellum is bent with a microprobe. This response is re-
versible and does not cause permanent damage, since the
flagellum returns to straight, or nearly straight, following

release. The shape of the counterbend is characterized by
the flagellum showing the strongest curvature in the por-
tion of the flagellum adjacent to the probe and diminish-
ing nearly to zero at the flagellar tip (Fig. 1). This is the
expected configuration if the forces responsible for the
counterbend are derived from elastic elements that are
uniformly distributed along the flagellar length. When
the flagellum is bent to a greater shear angle, the angle
of the counterbend also increases; the counterbend effec-
tively limits the increase in shear near the end of the flag-
ellum. The actual shear near the end is difficult to estab-
lish with certainty, because the sea urchin sperm flagel-
lum has a flexible attachment to the head [Sale, 1986]
and the head axis is not a reliable baseline for measuring
shear angle in the flagellum [Brokaw, 1991]. The basal
end of the flagellum is not imaged clearly in these photo-
graphs and even when the head image is clear, microma-
nipulation is likely to introduce an angle at the joint
between the head and the base of the flagellum.

Figure 1 illustrates the wide range of counterbend
shapes obtained after micromanipulation. In examples B
and C, the counterbend is sufficient to eliminate most of
the shear near the end of the flagellum. Figures 1C and
1D are images of the same sperm flagellum. In Fig. 1C, a
shear of approximately 1.6 rad was imposed by the probe

Fig. 1. The counterbend response of sea urchin sperm representative

of the range of examples analyzed. Triton X-100-extracted sea urchin

sperm are manipulated with a glass microprobe after deactivation of the

dynein motors with 50 lM NaVO3. The flagellum is bent to various

shear angles in panels (A–D). The curvature in the counterbend (white

arrows) is greatest just distal to the probe and decreases smoothly to the

tip of the flagellum. The same flagellum is shown in (C, D). The direc-

tion of probe movement (black arrows) is indicated. Bar5 20 lm.
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and was nearly eliminated by a counterbend of about 1.4
rad. When the flagellum was pushed into a larger proxi-
mal bend with a shear angle of about 3 rad (Fig. 1D), the
counterbend only increased to about 1.7 rad, leaving a
large angle, approximately 1.5 rad, between the base and
the tip of the flagellum. This result is not exceptional;
another example is shown in Fig. 1A. With 17 individual
counterbends where the base angle and the tip angle of
the flagellum could be seen with reasonable clarity, eight
had differences between base angle and tip angle that
were greater than 1 rad and an additional four had differ-
ences greater than 0.6 rad, which is probably the largest
value that could be explained by errors in measuring these
angles. All of the differences greater than 1 rad were cases
of large imposed shear, ranging from 2 to 3.6 rad at the
position of the probe. The case illustrated in Fig. 1D
shows a bend that decreases rapidly beyond the probe
position and then becomes nearly straight. This behavior
is expected for a high elastic shear resistance, but the fail-
ure to completely eliminate the counterbend is only
expected with a low elastic shear resistance. There is
clearly something abnormal happening in these examples.

The absence of the full amount of expected shear in
the distal flagellum based on the best determination of the
angle of the flagellum at the base could have two possible
explanations. It could be the result of mechanical compres-
sion of the axoneme in the plane of bending. This would
have the effect of reducing the effective interdoublet spac-
ing which in turn would result in less interdoublet shear
than predicted by Eq. 1 using the full axoneme dimen-
sions. Alternately, it might also be due to detachment of
the elastic linkages after a period of time, or at a specified
limit of interdoublet sliding. We saw no evidence for a

gradual dynamic recoil of the counterbends when they
where held for longer periods of time. We also did not see
any systematic change in the equilibrium position after
release that would suggest that the elastic linkages redis-
tribute their attachment positions. Flagella that were bent
did not subsequently lose their ability to exhibit a counter-
bend when rebent. These observations are inconsistent
with the idea that the linkages are being released. There
was however a definite tendency to see more discrepancy
between the base and the tip angle when the imposed shear
angle was larger, as already noted. Figure 2 shows three
images of the same sperm with the flagellum bent to pro-
gressively higher shear. In the lowest shear image (A) the
flagellar tip angle is very close to the base angle. In the
highest shear image, that is no longer the case. This obser-
vation is consistent with the view that axoneme distortion,
which increases with imposed bending, is the likely cause
of the underproduction of distal shear.

The counterbend itself can be understood as a com-
pensation for the introduced interdoublet shear in the dis-
tal flagellum that arises as a bend is imposed on the prox-
imal flagellum by the microprobe. The shear angle, and
according to Eq. 1 the interdoublet shear, increases dis-
tally from the basal body and reaches a maximum at, or
slightly before, the microprobe. Distal to the microprobe,
the shear angle gradually decreases as a function of posi-
tion along the flagellum. This profile is shown plotted for
an individual cell in Fig. 3.

Additional Information From Micromanipulation
Experiments

The counterbend was completely eliminated in a
flagellum that was mechanically pulled apart lengthwise

Fig. 2. A Triton X-100-extracted, vanadate-treated sea urchin sperm is manipulated with a glass microp-

robe. The flagellum is bent with the probe to an increasing shear angle in the sequence (A–C). As the

imposed shear introduced by the microprobe increases, the curvature of the distal flagellum beyond the

microprobe increases in a counterbend (white arrows) to the imposed bend. Black arrows indicate the

direction of probe movement and point of contact with the flagellum. Bar 5 15 lm.
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along a portion of its length. As seen in Supporting Infor-
mation 3, bending the split flagellum produced no trace
of counterbend development. This observation was
repeated on three flagella with the same result for each.
It is a strong indication that the behavior depends on the
integrity of the axoneme ring of nine doublets and is lost
when the ring is breached. Figure 4 shows that removal
of the basal end of the flagellum by microdissection
greatly attenuates the counterbend response. This is con-
sistent with the interpretation that the shear that produces
the counterbend is in large part dependent on the resist-
ance to sliding provided by the basal body.

In one fortuitous instance a flagellum became stuck
to the glass along the middle of its length. Bending the
basal free end induced a distinct counterbend in the distal
free end, but interestingly bending the distal free end
produced only a very small movement of the basal end.
This is revealed in Fig. 5 and a Supporting Information

video sequence of the manipulation (SI 4). The observa-
tion is noteworthy because it demonstrates that the coun-
terbend is a product of induced internal shear. Shear is
not transmitted to any great extent to the basal segment
when the distal segment is bent because there is no
anchoring structure at the tip of the flagellum to prevent
the induced shear from being accommodated at the distal
end. When the basal end is bent, the shear that results
can only be accommodated by transmission of the shear
all the way to the distal flagellum. This is a visible conse-
quence of the operation of the sliding doublet mecha-
nism that underlies flagellar motility.

Measurement of Flagellar Stiffness

The total stiffness of sea urchin sperm was mea-
sured previously [Okuno, 1980; Okuno et al., 1981] by
using a microprobe to bend a flagellum supported both at
the head and by a microneedle placed about 30 lm from
the head. The measured value was approximately 9 3

108 pN nm2. We made a similar measurement with cali-
brated glass microprobes producing counterbends, using
the same technique used for measurements of mamma-
lian sperm flagella. The results, plotted in Fig. 6, give an
average stiffness of 6 3 108 pN nm2, but there is a range
of values, from 4 to 9.5 3 108 pN nm2. The two compo-
nents of the total stiffness, with resisting torque from ES

being shear dependent and the resisting torque from EB

being curvature dependent, are expected to make differ-
ent contributions to the measured stiffness in our meas-
urements and the Okuno measurements. It is not possible
to separate these contributions when the measurement
yields only a single stiffness parameter. Additional infor-
mation must be obtained to resolve the contributions of
the two components.

Elastic Parameter Ratio Obtained From Linear
Elastic Analysis of Distal Counterbends

In the counterbend we have a unique situation
where the shear-dependent torque from ES and the curva-
ture-dependent torque from EB are directed against each
other in a Newtonian balance, which depends upon the
shape of the flagellum. Although the distal portion of the
flagellum in Fig. 1A is out of focus, this flagellum pro-
vides an example where multiple fitting methods applied

Fig. 3. The shear offset observed in most high shear counterbend

images. The graph is a plot of the shear angle as a function of flagellar

position for one of the highest quality high shear images used in the

analysis of the counterbend response. The counterbend in the distal

flagellum fails to return the flagellum to the angle of the basal flagel-

lum, even though the flagellum is close to perfectly straight in the last

10 lm. The difference between the tip angle and the base angle neces-

sitated the concept of a shear offset in the analysis of the true shear re-

sistance. Apparently, only a fraction of the entire expected shear from

the imposed bend actually shows up in the distal counterbend region.

The cell used for the plot is shown in the inset. Bar 5 15 lm.

Fig. 4. Requirement of the basal anchor in the counterbend response. (A) A NaVO3-treated sea urchin

flagellum is cut into a basal and a distal segment. Manipulation of the basal segment with the microprobe

produces a counterbend in the portion of the segment distal to the probe as seen in (B, C). Manipulation

of the distal segment into a forced bend produces no counterbend as shown in (D). Both segments return

to a straight configuration in (E). Bar 5 15 lm.
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to data from the proximal region worked well and
yielded nearly identical values for ES/EB, from 0.034 to
0.036/lm2. The upper set of points in Fig. 7 (curve A) is
a plot of shear angle vs. position (method D plot), meas-
ured relative to the apparent orientation of the basal end
of the flagellum. This image provides a better than aver-
age estimate of the orientation of the base of the flagel-
lum, Curve A was obtained by fitting the data with
method D and provided ES/EB 5 0.035/lm2. A simula-
tion using this value produced curve B, indicating that
the shear at the tip of the flagellum should be only 0.05
rad. The measured angle between the base and the tip is
far larger than the 0.05 rad value predicted by the simple

elastic model. The data points shown with curve B were
located by subtracting 1.10 rad from the values measured
relative to the apparent basal end of the flagellum. After
release from the probe, this flagellum returned to a
nearly straight conformation, showing no sign of perma-
nent damage.

Counterbends with very shallow bends are difficult
to analyze, because there is very little change in curva-
ture with length. Figure 8 is a plot of shear angle vs.
position that illustrates the difficulties encountered in
analyzing such examples. There is clearly no smooth
change in curvature over the length of the curve; a sig-

Fig. 5. Directional polarity of counterbend formation. A NaVO3-

treated sea urchin flagellum was fortuitously stuck to the glass in only

a short mid-flagellar section as seen in (A). Manipulation of the basal

free portion resulted in the formation of a counterbend in the distal

free portion as in (B). Similar manipulation of the distal free portion

resulted in only a very small response in the position of the basal free

section as in (C). This illustrates the importance of the basal anchor in

the transmission of locally induced shear, a visual manifestation of the

sliding doublet mechanism. A video sequence of this manipulation is

provided as Supporting Information S4. Bar 5 15 lm.

Fig. 6. Stiffness estimates in the counterbend configuration. Stiffness

as a function of position, measured for 16 sea urchin sperm flagella.

Each point represents the stiffness value obtained by a force measure-

ment with a force-calibrated glass microprobe under the experimental

conditions of the study. Inset shows a cell manipulated for a stiffness

determination. Force of recoil is determined by a force-calibrated

microprobe. L indicates the lever arm to the midpoint of the induced

bend, where curvature (dy/ds) is measured. The measured force was

used to determine the torque producing a bend in the flagellum and

this bending torque was divided by the measured curvature to find an

apparent stiffness. Note that the stiffness does not show a strong corre-

lation with flagellar position. The line was obtained by linear regres-

sion analysis of the data. Bar 5 15 lm.

Fig. 7. Analysis of the image in Fig. 1A. The same set of data points

(filled circles) is plotted at three levels. In (A), the shear angles are

measured relative to the apparent direction of the basal end of the flag-

ellum. The curve is the result of fitting with method D, and gives a

value of ES/EB of 0.035/lm2. In (B), the curve is from a computer

simulation using a linear elastic resistance ratio of 0.035/lm2. The

data have been shifted downward by 1.10 rad to match the curve and

the result of method A fitting. In (C), the curve is the result from a

computer simulation using a nonlinear elastic resistance ratio of

0.056/lm2. The data have been shifted downward by 0.57 rad to

match the curve and the result of method NL-A fitting that produced

NLES/EB 5 0.056/lm2.
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nificant portion of the curve appears to have a constant
curvature rather than a gradually decreasing curvature.
Similar regions are seen in other examples, but in those
examples the totality of the bend is often adequate to
determine a reasonable method D fit. In this example, fit-
ting curvature data vs. position (method C) or summed
shear angle (method A) is not reasonable, neither is
attempting to fit the shear plot (method D, Fig. 8). This
method fails by giving unreasonably large values for the
other constant (c2). In this situation, we fall back on trial
and error fitting by computer simulations.

In Fig. 8, the curve overlying the data points was
obtained from a simulation with ES/EB 5 0.011/lm2,
with the probe force adjusted to obtain the observed
counterbend angle of 1.05 rad. The data shear values
were measured relative to the horizontal axis of the pho-
tograph, which in this case is almost identical to the ori-
entation of the visible basal portion of the flagellum. The
head centerline angle, on the other hand, is at an angle of
0.2–0.3 rad, which should possibly be subtracted from
the data shear angles to obtain true values of shear within
the flagellum. This puts the tip shear of 0.33 rad pre-
dicted by the simulation just within the range of 0.05–
0.35 rad obtained from measurements on the image.
Simulation with ES/EB 5 0.020/lm2, adjusted to give
the same counterbend angle, gives a result with a tip
shear of 0.16 rad, which is acceptable, but the shape of
the curve is noticeably different and appears to be a
poorer match to the shape of the data curve. The simula-
tions can be used in this manner to obtain a range of pos-
sible values of ES/EB from about 0.01–0.02/lm2, but
clearly measurements on this flagellar image do not pro-
vide data that support the shape predicted by the simple
elastic model we are using. Two additional images of
this flagellum (2B and 2C) were analyzed. The well-

focused portions of the counterbends provided good fits
to plots of shear angle vs. position (method D), and were
confirmed by simulations. Analysis of these images by
method D yielded values of ES/EB close to 0.009/lm2

and were consistent with tip shear measured, by assum-
ing 0 shear in the straight portion of the flagellum near
the head. The consensus value of ES/EB for this flagel-
lum is 0.011/lm2.

The flagellum in Figs. 1C and 1D is shown with
two different amounts of imposed shear, which produced
rather similar counterbends. However, closer inspection
of the counterbends, including plots of shear angles vs.
position, reveals a small difference, particularly evident
as a difference in slope of shear angle vs. position in the
proximal portion of the counterbend (Fig. 9). Fitting the
shear angle vs. position plots (method D) gives values
for ES/EB of 0.066 and 0.106/lm2, respectively. Apply-
ing methods A and C to the Fig. 1C data confirms this
value, but the Fig. 1D data are less satisfactory and gives
a range of ES/EB values with other methods. In both
cases, the shear angle vs. position curves can be fitted
well with results of computer simulations using the val-
ues of ES/EB determined by method D, but the differen-
ces are small, and it would be difficult to contest the
proposition that both shapes are generated by an interme-
diate value of ES/EB such as 0.086/lm2.

The shapes of distal counterbends having well-
focused images of at least a portion of the counterbend
were analyzed in detail, using all of the methods
described in Methods. The best estimates of the ratio ES/
EB are summarized in the left side of Fig. 10. The values

Fig. 8. Analysis of the image in Fig. 2A. Data points are from two

sets of tracings, using 1 lm segments to reduce variations in curva-

ture. The solid line is from a computer simulation with ES/EB 5

0.011/lm2, and the dashed line is from a computer simulation with

ES/EB 5 0.02/lm2.

Fig. 9. Results from images in Fig. 1C (circles and dashed line,

upper curve) and Fig. 1D (diamonds and solid line, lower curve) com-

pared with computer simulations shown by the lines. Both sets of data

have been shifted to match the 0 tip shear predicted by the simula-

tions, using ES/EB 5 0.066/lm2 for 1C and ES/EB 5 0.106/lm2 for

1D. For presentation clarity, the scales for the two examples have

been shifted, so that the curves are matched near the probe, but sepa-

rated at the tip.
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of this ratio are plotted against the total counterbend
angle, which is a more accurate measurement that does
not depend upon measurement of the orientation at the
base of the flagellum. The values of ES/EB shown by
filled circles are the ones that did not show anomalous
shear at the tip of the flagellum. Our best estimate of a
mean value of ES/EB for these flagella is 0.05/lm2.

Elastic Parameter Ratio Obtained From Linear
Elastic Analysis of Spontaneous Quiescence

Results from analysis of the five examples in Fig.
2B of Gibbons [1980] are on the right side of Fig. 10.
Since these flagella have a region 20–30 lm from the
base that is essentially straight, where bending moments
must be 0, it is trivial to adjust the shear angles for use of
analysis method A. Results from the two examples hav-
ing the highest ES/EB, of about 0.07/lm

2, are considered
more reliable, based on lower root mean square differen-
ces and inspection of the fittings. The other three exam-
ples showed noticeable deviations from the theoretical
curve, frequently as a rather abrupt change to near-0 cur-
vature somewhere beyond 10 lm from the base.

Nonlinear Elastic Analysis

Most of these images were also analyzed using a
model for nonlinear elastic resistance introduced by
Hines and Blum [1978]. As discussed in Supporting In-
formation 2, this model can be incorporated into method
A, to obtain method NL-A. The flagellum shown in Fig.
1A yielded data suitable for method NL-A analysis,

which yielded a value of nonlinear ES/EB of 0.056/lm2

and required a shear angle adjustment of 0.6 rad. In Fig. 7,
the shifted data are shown in next to curve C, which is
the result from a computer simulation using nonlinear
ES/EB 5 0.056/lm2. Although the plots suggest that
curves A and B fit the data points slightly better than
curve C, there is not enough difference between the
shapes of the linear and nonlinear computer simulation
curves to support a firm conclusion that one or the other
is a better fit to these data. More conclusively, the use of
nonlinear elastic resistance does not eliminate the dis-
crepancy between the shear angles generated by the elas-
tic models (curves B and C) and the shear angles meas-
ured relative to the basal end of the flagellum (curve A).

Similar results were obtained with other flagella. In
cases where there was no significant discrepancy
between the shear values generated by the linear elastic
model and the data values measured with respect to the
apparent basal end of the flagellum, as in examples in
Figs. 1B and 1C, the nonlinear model introduced a large
discrepancy. There was no example where the use of
nonlinear shear elasticity eliminated the discrepancy
between the shear values generated by the linear elastic
model and the data values measured with respect to the
apparent basal end of the flagellum. Simulations with
models with lower shear elasticity (ES/EB 5 0.01/lm2)
and shallow counterbends show that under these condi-
tions there is a recognizable difference between the
shapes of the curves obtained with linear or nonlinear
elastic resistance. However, none of our data from exam-
ples with shallow counterbends, such as the example
illustrated in Figs. 2A and 9, are good enough to exploit
these differences.

DISCUSSION

Counterbend Observations Confirm the Existence
of Interdoublet Shear Elasticity

The flagellar axoneme of sea urchin sperm exhibits
a counterbend phenomenon consistent with the existence
of a permanent interdoublet elastic resistance. The mag-
nitude of the counterbend response is progressive,
increasing with the amount of externally imposed shear.
It is also reversible with the flagellum returning to a
straight, or nearly straight, configuration when the probe
is withdrawn. Removal of the basal body by dissection
of the flagellum greatly attenuates the response and lin-
ear fracture of the intact ring of nine outer doublets elim-
inates the response. All of these observations are consist-
ent with the hypothesis that the counterbend response
results from the effects of interdoublet shear acting on an
interdoublet elastic resistance. This resistance acts as if it
results from interdoublet linkages with permanent attach-

Fig. 10. Results of elastic analysis to obtain values of the ratio of

shear and bending elasticities, ES/EB. Measurements of counterbends

are shown by circles, and measurements of quiescent sperm are shown

by diamonds. The filled circles represent results with expected tip

shear values close to 0. The open circles represent results with anoma-

lous tip shear values. The letters identify flagella shown in Fig. 1 and

the three points at the bottom were obtained from the flagellum in Fig. 2.

Vertical lines represent a range of uncertainty, based on differences

obtained with results using the different analysis methods. The gray

region represents our best estimate of ES/EB.
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ments to the doublets, rather than linkages that detach
and reattach during sliding. This hypothesis is supported
by computer simulations based on a simple elastic
model, which produce results such as curve B in Fig. 7.
In an earlier study with the more robust rat spermatozoa
[Lindemann et al., 2005], it was possible to show that
the counterbends could be completely eliminated by
exposing the demembranated sperm flagella to elastase.
Elastase-sensitive shear resistance was originally demon-
strated by measurements of bend angle in demembra-
nated sea urchin sperm flagella [Brokaw, 1980]. Subse-
quently, elastase became a choice reagent for removing
interdoublet shear restrictions for the measurement of
doublet sliding during axonemal disintegration.

Our observations with sea urchin spermatozoa
appear to reveal two distinct types of counterbend
response. In the first type of response, the counterbend
appears to compensate for most of the induced shear, so
that the tip of the flagellum returns to an orientation
close to the orientation of the flagellar base (Fig. 8). This
is the result predicted by computer simulations, even for
very large imposed shears. In only one case did the tip
angle of the flagellum appear to exceed the base angle
(Fig. 1B), and even this case was questionable because
of uncertainties in measuring orientations at both the
base and the tip. This is an informative divergence from
the behavior observed with rat sperm flagella [Linde-
mann et al., 2005]. With rat spermatozoa, all but one of
the counterbends analyzed had a negative shear angle at
the tip of the flagellum. A negative shear angle repre-
sents recoil in the counterbend to an angle at the tip that
went past the starting base angle. This difference was
explained by the presence of the outer dense fibers,
which increase the effective diameter in the basal two
thirds of the rat sperm flagellum. Bending the basal por-
tion of the flagellum generates a greater shear because of
the dependence of shear on effective diameter (Eq. 1).
When that additional shear is passed along to the distal
flagellum, it augments the counterbend response where
the effective diameter is smaller because the outer dense
fibers are not present in the distal third of the flagellum.
This interpretation is supported by the absence of nega-
tive shear at the tips of sea urchin flagella, where the
induced shear cannot exceed the shear angle multiplied
by a constant interdoublet spacing, as given in Eq.1.

In the second type of response, seen primarily with
large induced shears, the counterbend stopped well short
of full compensation for the induced shear, leaving a
large difference in angle between the base and tip orien-
tations. Examples are shown in Figs. 1A and 1D. The
differences are too great to be explained by uncertainties
in measuring base and tip orientations. This result cannot
be obtained from computer simulations based on Eqs. 1
and 2. When the distal-most region of the flagellum is

nearly straight, as in Fig. 1D, there can be no residual
interdoublet shear moment in that region. An absence of
shear moment in the distal region could be explained by
a breakage of interdoublet linkages, as in the experiment
shown in Supporting Information 4. That explanation
would lead us to expect no bending beyond the probe (SI
2B), but that is clearly not what is seen in examples such
as Fig. 1D. Alternatively, these results require that the
imposed shear is much less than calculated by Eq. 1
from the difference between angle at the base and at the
position of the probe. Equation 1 is only an accurate de-
terminant of the shear between the doublets if the inter-
doublet separation remains constant. We do not know
for certain that the interdoublet separation remains con-
stant under all conditions. Transverse forces (t-forces)
that might alter this separation develop within bends.
Bends generated by active sliding tend to expand the
axoneme in the bending plane, while passive bends gen-
erated by micromanipulation tend to compress the axo-
neme in the bending plane, if there are interdoublet link-
ages that pull the doublets closer together when sheared
[Lindemann, 1994a and b]. Under most conditions, these
forces do not seem to alter the use of Eq. 1, with a con-
stant separation, dn. Our observations suggest that under
extreme conditions, there might be a nonlinear collapse
of the axoneme to produce smaller values of dn in the
proximal bend, such that the shear calculated from Eq. 1
would be significantly less than expected. We do not
know enough about axonemal structure and physics to
determine whether a collapse of the axoneme could be
quantitatively sufficient to explain the large shear dis-
crepancies that we observe. Since there is evidence that
even larger, visible separation of doublets can be
reversed to restore an apparently normal axoneme
[Brokaw, 1997], reversibility of the type of collapse that
we are considering may be reasonable.

Determination of Elastic Parameters
of the Axoneme

We have analyzed the moment balance between
elastic bending moment and elastic shear moment in
counterbends and in quiescent sperm, by assuming linear
elastic response to curvature and shear angle, respec-
tively (Eqs. 2–4). This analysis provides values of the ra-
tio between elastic shear resistance and elastic bending
resistance, ES/EB. The values we have obtained are
shown in Fig. 10. There is a large range in values of ES/
EB, from 0.01 to 0.13/lm2. This range does not appear to
be explained by measurement errors, because it corre-
sponds to differences in the shapes of the counterbends
that are clearly visible in the photographs. In Fig. 2A,
the flagellum has a shallow counterbend with a slow
decrease in curvature throughout the length of the coun-
terbend and yields ES/EB 5 0.011/lm2. At the other
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extreme, analysis of Fig. 1D gives ES/EB 5 0.11/lm2,
shows a larger counterbend, with the curvature decreas-
ing rapidly within about 5 lm, followed by a nearly
straight distal region. Much of the range is attributable to
the results from the analysis of three images of just one
cell (Fig. 2). These images are responsible for the three
very low values in Fig. 10 where the overall data is sum-
marized. It is quite possible that this one cell may have
been degraded, as we have no way using the current pre-
paratory procedure to identify if the specific cell was
alive prior to the vanadate treatment. Proteolytic degra-
dation is known to cut interdoublet linkages, which
would reduce the value of ES. Therefore, it is more likely
that the higher values represent the normal condition in
the living cells than the low value. This is also supported
by the fact that the higher cluster of values is a fairly
good match with the estimate obtained from the sponta-
neous arrest images of Gibbons [1980].

The range of ES/EB values obtained from photo-
graphs of quiescent sperm flagella, with intact flagellar
membranes, is smaller (0.04–0.08), with the two best
examples near the high end of this range. The range of
variation of values for counterbends is greater than is
usually reported for bending wave parameters of demem-
branated sperm flagella. However, measurements of
bending wave parameters of demembranated flagella are
typically performed within a few minutes of reactivation
by ATP. In contrast, micromanipulation experiments
require longer times and involve longer exposure of the
demembranated flagella to reactivation conditions and
vanadate. Modification of shear elasticity during longer
incubation times could reflect either decreases resulting
from proteolytic breakage or increases resulting from
formation of artifactual cross-bridging between doublets.
Without further information, the best we can do is to
suggest that the best estimate of ES/EB from our analyses
is 0.03–0.08/lm2.

The total stiffness, or flexural rigidity of a flagel-
lum results from effects of both bending resistance and
shear resistance. Measurements from pushing a cali-
brated microneedle against a sea urchin sperm flagellum
lying between two supports, under similar conditions of
ATP and vanadate, were reported by Okuno [Okuno,
1980; Okuno et al., 1981]. The mean value was 9 3 108

pN nm2. Computer simulations of these measurements
were performed with various combinations of ES and EB,
and results are shown in Fig. 11. From these simulations,
we conclude that ES/EB values of 0.03–0.08/lm2, and a
total stiffness of 9 3 108 pN nm2, would be obtained
with EB of about 1 3 108 pN nm2/rad and ES of about 6
pN/rad. This value for ES is in reasonable agreement
with an indirect estimate of ES 5 3 pN/rad [Brokaw,
1990b], which was based on the amplitude of thermal
vibrations of a bead attached to a demembranated sea ur-

chin sperm flagellum [Kamimura and Kamiya, 1989].
Our value of ES is considerably smaller than the value
obtained by Minoura et al. [1999], who measured the re-
sistance to movement of a microneedle placed on top of
a demembranated Chlamydomonas flagellum in the
relaxed state. Their force value of 0.002 pN per nm of
displacement for a 1 nm length of axoneme has to be
converted to a shear moment for 1 rad displacement by
multiplying by 1802, if the diameter of the axoneme is
assumed to be 180 nm. This conversion gives a value of
ES 5 65 pN/rad. Most recent computer simulations of
flagellar movement by Brokaw [1999, 2002] have used
EB 5 2 3 108 pN nm2/rad and ES 5 2 pN/rad or less.
Simulations by Lindemann [1994b; 2002] used EB 5

2 3 108 pN nm2/rad and 1.3 3 108 pN nm2/rad, respec-
tively, for bending resistance. Shear resistance values of
ES 5 3 pN/rad–6 pN/rad were used and both versions
utilized a nonlinear algorithm similar to the Hines and
Blum [1978] treatment. The new values reported here
provide better estimates that can be used to refine the
models.

Our own measurements of stiffness, under the con-
ditions used for the counterbend experiments in this
study, yielded a somewhat lower value of about 6 3 108

pN nm2. These measurements involved proximal bends
with relatively high curvature, and therefore could be
expected to be more dependent upon EB than ES. It is
therefore reasonable that our value of total stiffness has
decreased towards the value of EB determined above and
is lower than the Okuno value of 9 3 108 pN nm2. It was
not possible to resolve the stiffness value obtained in our
measurements into separate values for EB and ES.

Fig. 11. Results from computer simulations of the stiffness measure-

ments of Okuno (1980). The curves show values of EB (solid line) and

ES (dashed line) that, in combination, will give the measured total

stiffness of 9 3 108 pN nm2 at the values of ES/EB, shown on the ab-

scissa. The gray region represents our best estimate.
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Is Shear Elasticity Linear or Nonlinear?

Linear shear elasticity is mathematically convenient,
but is exhibited by simple materials only for very small
strains. To deal with the large amount of interdoublet shear
occurring in flagella, a much more specific structural
model for shear elasticity is required. Hines and Blum
[1978] proposed a model for shear elasticity, based on lin-
ear elastic extension of interdoublet links attached to outer
doublets with freely pivoting (pinned) joints. Assuming
that the position of 0 shear strain also corresponds to 0
extension of the interdoublet links, the effective shear elas-
ticity is determined by simple geometric analysis (see Sup-
porting Information 2). Many models can be designed that
would predict elastic behavior intermediate between linear
and Hines-Blum nonlinearity, but more structural informa-
tion is needed to choose between these models.

We have examined the applicability of Hines-
Blum nonlinearity to interpretation of the elastic behav-
ior of counterbends and quiescent bends. With quiescent
bends, the shapes of the bends can be fit successfully
with both linear or nonlinear models and the nonlinear
ES/EB ratios (obtained with method NL-A) differed only
slightly from those obtained with the linear elastic
model. With counterbends, the situation is different. The
shapes of most counterbends can be fitted with the non-
linear model equations nearly as well as with a linear
model. However, computer simulations with models
using Hines-Blum nonlinearity predict tip shear that is
clearly different from all of the experimental results,
including the results from cases with tip shear that is
consistent with the linear elasticity model.

The quantitative results in this paper are based on
data of lower quality than we would like, yet our analysis
may be valuable for clarifying what needs to be done to
obtain more definitive results, including a determination of
the degree of nonlinearity in the elastic shear resistance.
More importantly, the evidence that the behavior of the sea
urchin sperm flagellum is close to that predicted by a linear
shear elasticity challenges us to define a structurally realis-
tic model for shear elasticity that behaves close to the lin-
ear ideal. It should be noted that a simple linear model for
ES would require a nonlinear elasticity of the nexin links
themselves, as was suggest by the analysis of the counter-
bend response in rat sperm [Lindemann et al., 2005].
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