
Review

Testing the Geometric Clutch hypothesis

Charles B. Lindemann *

Department of Biological Sciences, Oakland University, Rochester, MI 48309-4476, USA

Received 22 May 2004; accepted 12 August 2004

Available online 02 October 2004

Abstract

The Geometric Clutch hypothesis is based on the premise that transverse forces (t-forces) acting on the outer doublets of the eukaryotic
axoneme coordinate the action of the dynein motors to produce flagellar and ciliary beating. T-forces result from tension and compression on
the outer doublets when a bend is present on the flagellum or cilium. The t-force acts to pry the doublets apart in an active bend, and push the
doublets together when the flagellum is passively bent and thus could engage and disengage the dynein motors. Computed simulations of this
working mechanism have reproduced the beating pattern of simple cilia and flagella, and of mammalian sperm. Cilia-like beating, with a
clearly defined effective and recovery stroke, can be generated using one uniformly applied switching algorithm. When the mechanical
properties and dimensions appropriate to a specific flagellum are incorporated into the model the same algorithm can simulate a sea urchin or
bull sperm-like beat. The computed model reproduces many of the observed behaviors of real flagella and cilia. The model can duplicate the
results of outer arm extraction experiments in cilia and predicted two types of arrest behavior that were verified experimentally in bull sperm.
It also successfully predicted the experimentally determined nexin elasticity. Calculations based on live and reactivated sea urchin and bull
sperm yielded a value of 0.5 nN/µm for the t-force at the switch-point. This is a force sufficient to overcome the shearing force generated by
all the dyneins on one micron of outer doublet. A t-force of this magnitude should produce substantial distortion of the axoneme at the
switch-point, especially in spoke or spoke-head deficient motile flagella. This concrete and verifiable prediction is within the grasp of recent
advances in imaging technology, specifically cryoelectron microscopy and atomic force microscopy.
© 2004 Elsevier SAS. All rights reserved.
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1. Introduction

The basis for flagellar and ciliary motility in all eukaryotic
organisms is the microtubule construction called the ax-
oneme. The prototypical axoneme is composed of nine dou-
blet microtubules arranged in a circle and anchored at one
end in a basal body. The circular arrangement is maintained
by bands of protein, called the nexin links, that connect the
outer doublets and the radial spokes that project from each of
the nine doublets toward the center of the circle. At the center
of the circle, the spoke heads appear to contact a complex
made up of two central microtubules surrounded by several
projections, which together form the central pair apparatus.
Evidence is strong that the spoke head-central pair connec-
tions are mobile and can rearrange to accommodate the
bending of the axoneme during the beat (Warner and Satir,

1974). The spoke transitions lag rather than lead the forma-
tion of the bends, and therefore cannot provide the power for
flagellar bending (Cibert, 2003). Power for flagellar and
ciliary beating is supplied by dynein, a motor protein, local-
ized on the outer doublets. Dyneins are arranged either singly
or in groups of two or three in structures called the dynein
arms, located in two rows on the A-subtubule of each of the
outer doublets.

Elegant transmission electron microscopy studies per-
formed by Satir (1965, 1968) first showed that the outer
doublets slide past each other in the course of the ciliary beat
of a fresh water mussel (Satir, 1965). Gibbons and Rowe
(1965) first identified the arms as being composed of an
ATPase and coined the name “dynein”, no doubt to indicate
its role it as the force producing motor. Gibbons and Gibbons
(1973) later showed that removal of the outer arms reduced
the beat frequency of sea urchin sperm models and replace-
ment of the arms restored the original beat frequency. The
free siding of individual doublets was shown by Summers
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and Gibbons (1971). They released the individual doublets
from the axoneme by breaking the flagellum into fragments
lacking the basal body, and digesting the nexin links with
elastase. After this treatment, the addition of Mg-ATP acti-
vated free sliding of the outer doublets and the axoneme
pieces could telescope to as much as eight times the original
fragment length.

These experiments established beyond any doubt that the
dynein motors translocate the outer doublets and provide the
motive force for flagellar and ciliary motility. Sale and Satir
(1977) established that the direction of sliding is the same for
all of the outer doublets, such that the dyneins on each
doublet translocate that doublet baseward and propel the
neighboring doublet distally. This arrangement requires that
the dyneins on opposite sides of the axoneme must alternate
their action to produce bends in the two directions that make
up a complete beat cycle. Brokaw (1972) was the first to
design a computer model of the sliding-doublet working
mechanism and show that the reciprocating action of dyneins
causes shear displacement of incompressible flexible ele-
ments and can produce bending waves similar to those ob-
served in sea urchin sperm flagella. It is now well accepted
that a sliding microtubule mechanism, powered by dynein is
the essential basis for flagellar and ciliary bending.

The issue that remains to be resolved is the regulatory
mechanism responsible for the flagellar and/or ciliary beat.
Repetitive beating requires that a large number of dyneins
must be activated to act in concert to produce the torque for
bend formation. The action of the motors must also be termi-
nated in an orderly way, and the opposing group of dyneins
must be brought into play to bend the flagellum in the oppo-
site direction and complete the beat cycle. One hypothesis
that has been advanced to explain the mechanism of the beat
is called the Geometric Clutch hypothesis (Lindemann,
1994a,1994b). The key tenet of the Geometric Clutch hy-
pothesis is that the force that develops on each doublet,
transverse to the axis of the doublet (the t-force), is the
principal regulator of dynein activity.

One of the most highly conserved features of all flagellar
and ciliary axonemes is the spacing between the doublets and
the size of the dynein arms. Even in exceptional flagella that
have a modified structure, such as the lack of a central pair,
this relationship of the outer doublets is maintained. Analysis
of transmission electron micrograph images of relaxed ax-
onemes, where the arms are not bound to the adjacent dou-
blets, showed that the spacing of the doublets is always larger
than can be spanned by the dynein arms (Gibbons and Gib-
bons, 1973; Warner, 1978; Warner and Mitchell, 1978). This
situation changes when the arms are attached to the
B-subtubule in rigor, suggesting that binding of the dynein
motors to the adjacent doublet is accomplished only with a
reduction in the interdoublet distance. In 1972, Dr. Rikmens-
poel and myself noticed that dissected segments of a bull
sperm flagellum often lost coordinated motility, even in the
presence of Mg-ATP. These cut segments could be restored
to motility and would actively propagate bends if the seg-

ments were bent with a microprobe (Lindemann and Rik-
menspoel, 1972). This finding suggested that bending the
axoneme is in some fundamental way linked to the mecha-
nism that activates the dynein motors.

Many years later, in an attempt to understand how the
axoneme is stressed by bending, I constructed a wooden
model of the axoneme. Flexible cylindrical wooden reeds
were glued along their length to form nine doublets, and
these elements were attached to each other in a basal body-
like structure at one end. Strands of silicone rubber adhesive
held the doublets in a circular arrangement. Two of the
doublets, corresponding to doublets 5 and 6 in a real ax-
oneme, where more solidly bonded with additional silicone
adhesive to mimic the 5–6 bridges of real flagella. The
doublets that correspond to 3 and 8 in a real axoneme where
connected by string and adhesive to a centrally located pair of
reeds. The wooden model and the arrangement of internal
connections are shown in Fig. 1. The model, while rudimen-
tary, did effectively demonstrate that all attempts to bend the
composite structure lead to a flattening of the structure in the
plane of the bend. The cause of the flattening turned out to be

Fig. 1. The effect of passive bending on a wooden model of the axoneme. In
(A), a wooden model of the axoneme is progressively bent and exhibits a
collapse in the plane of bending. The model was constructed of nine doublets
made of cylindrical wooden reeds linked to each other by strands of silicone
adhesive. The doublets are also anchored together at the base by additional
reed spacers and silicone adhesive, and are bridged to a central pair of reeds
by string and silicone adhesive. (B) Illustrates the spacing of the reeds in the
straight configuration and (C) shows the change in spacing that results when
the structure is bent. The distorting force that develops during bending is in
the plane of the bend and transverse to the axis of the doublets, as indicated
by the arrows. Hence it is called the t-force.
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longitudinal tension and compression on the wooden ele-
ments resulting from the stretch of the elastic silicone link-
ages. The tension and compression resulted in a transversely
directed force (t-force) on each of the wooden elements, also
illustrated in Fig. 1.

The t-force in turn was forcing the elements toward each
other in the plane of the bend. If the t-force from a passive
bend could similarly force the doublets toward each other in
a real axoneme, could it not be the agent of activation respon-
sible for the initiation of motility in the cut segments of bull
sperm flagella that we had seen earlier?

Taking the idea one step further, I attended to the situation
of active tension applied to the axoneme by dynein motors
from within. If the cumulative tension from the stretch of the
nexin could cause a t-force, so too could the cumulative
tension from the dynein motors acting during an active beat.
Interestingly, as Fig. 2 shows, the tension from an active
component has a similar effect, but the direction of the
resulting t-force is opposite, being directed outwardly, com-
pared to the inwardly directed t-force resulting from the
passive linkages. This fact directly suggested a plausible
mechanism for the beat cycle, which constitutes the core of
the Geometric Clutch hypothesis. In this view, dynein need
not be individually regulated; it can be a free running motor.
That is to say, when it is positioned to find a purchase on the
adjacent doublet it generates force for translocation without
further conditions. (Note: Dynein can, of course, be regu-
lated by phosphorylation with kinase A, but this has so far
only been shown to render it functional or non-functional,
which in turn renders the flagellum active or quiescent). In
this scheme, when dyneins are allowed to contact the adja-
cent doublet they undergo a cross-bridge cycle and a power
stroke. When the t-force prying the doublets apart becomes
sufficiently strong, the dyneins lose their purchase and are
effectively turned “off”. This then constituted the nucleus of
the Geometric Clutch idea.

Fig. 2. The t-force of passively and actively bent flagella, dynein adhesion
forces and excitability. Triplets are displayed corresponding to three outer
doublets in the process of flagellar bending. Both (A and C) depict doublets
in passively bent flagella (bends imposed by an external force), while (B and
D) portray doublets induced to bend by dynein action. The longitudinal force
on the outer elements is displayed, along with the resultant t-force (bold
arrows). While passive (imposed) bending compresses the axoneme in the
plane of bending, active (dynein-induced) bending leads to axonemal dis-

tention. Inwardly directed t-forces (resulting in compression) are assigned a
+ (positive sign), while outwardly directed t-forces (causing distention) are
designated by a − (negative sign). The curvature (dH/ds) multiplied by the
tension yields the t-force. The corresponding signs of the curvature and
tension are shown for each condition, to demonstrate the convention used in
modeling the flagellum. (E). When a dynein bridge forms in a resting
axoneme, the interdoublet spacing is larger than the dynein length. Kinetic
energy must initially contribute to stretching the dyneins, and permitting
random bridge attachment. Once a dynein head with sufficient kinetic
energy forms a bridge, the bridge is elastically stretched across the interdou-
blet space. Each dynein bridge attached in this manner contributes a force,
pulling the doublets closer, which in turn increases the probability of addi-
tional bridge attachments. This makes a cascade of bridge attachment pos-
sible, and it also provides adhesion between the adjacent doublets. The
resulting adhesion can only be overcome by a strong negative t-force. (F)
Attachment of bridges on one side of the axoneme decreases the probability
of a cascade of bridging on the opposite side. This is due to transfer of force
through the interdoublet links. The transferred force increases interdoublet
separation on the passive side. Adapted from (Lindemann 1994 a,b) and
reprinted with permission.
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2. Testing the Feasibility of t-force based switching

A computed model was developed which utilized thresh-
old values of the t-force to switch the force producing bridges
on and off in a simplified representation of the axoneme
(Lindemann, 1994a). The first computed version of the Geo-
metric Clutch mechanism confirmed that this principle could
generate repetitive beating that continued indefinitely utiliz-
ing only the t-force as a regulating principle. If the threshold
of t-force for bridge engagement and disengagement was set
slightly different for the dyneins on the opposite sides of the
modeled axoneme, the beat that resulted was asymmetric,
much like the beat of a cilium. This fortuitous result required
no other modification of the switching mechanism; an effec-
tive and recovery stroke spontaneously arose from the same
rules of engagement/disengagement uniformly applied
throughout the beat cycle.

The first computer model was a greatly simplified repre-
sentation of the axoneme. Furthermore, it could not start a
beat from a straight position. Real cilia and flagella do com-
mence beating from a straight position. A second computer
model was constructed that incorporated a stochastic behav-
ior to the individual bridges. The reasoning was that real
molecules exhibit kinetic behavior from thermal excitation.
If the spacing between the doublets is such that some dyneins
could reach a binding site if thermally excited, it is possible
that a spontaneous cascade of attachments could result in the
onset of beating. One attachment would impart an advantage
to the attachment of neighboring dyneins by decreasing dou-
blet spacing, thereby increasing the probability of additional
attachments. This idea is illustrated in Fig. 2E,F.

This concept was incorporated into the model using a
Monte Carlo style stochastic behavior for the dynein bridges
in the model. The probability of attachment and detachment
was adjusted based on the t-force and a positive probability
contribution from the already attached bridges. This served
as the basis for a second generation of the model (Linde-
mann, 1994b). The newer version of the model also incorpo-
rated, to the extent possible, real physical values for the
passive stiffness of the flagellum, the drag coefficient of the
flagellum and the force/dynein head, along with a physi-
ologically correct number of dyneins per length of flagellum.
The outcome was a simulation of a flagellum, and of a cilium,
that was able to start beating from a straight position, and
exhibited a stable beat cycle and a life-like waveform as
shown in Fig. 3.

In order to obtain a life-like beat pattern for both a flagel-
lum and a cilium the model needed nexin elasticity in the
range of 1.0–3.0 × 10–5 N/m. This was perhaps the first
concrete prediction derived from the modeling (Lindemann
and Kanous, 1995). Within a year, Yagi and Kamiya (1995)
published the first estimate of the nexin elasticity derived
from physical measurements, and reported a nexin elasticity
of 2.0 × 10–5 N/m.

Mammalian sperm
Mammalian sperm also have a 9 + 2 microtubular ax-

oneme that forms the core of the flagellar structure. However,

the flagellum of a mammalian sperm is usually very large. A
bull sperm flagellum is 60 µm long and a rat sperm flagellum
is 170 µm. In addition, a bull sperm is approximately
20 times more stiff than a simple flagellum like that of a sea
urchin sperm. If we examine the morphology of a mamma-
lian sperm we find that the nine outer doublets each have an
accessory fiber, called an outer dense fiber or ODF, attached
on the outer surface. These ODFs extend for about two-thirds
of the flagellar length and taper to a point. In addition,
mammalian sperm have a sheath of protein that forms a
cylinder around the axoneme. In the proximal region of the
flagellum, called the midpiece, the sheath contains mitochon-
dria wrapped around the flagellum in a helical pattern. In the
distal region the sheath is composed of fibrous, keratin-like
protein and is referred to as the fibrous sheath. Therefore, in
mammalian sperm the axonemal engine is mounted within a
greatly reinforced flagellar structure. These reinforcing
structures surely contribute to the elevated stiffness of the
flagellum.

The obvious question that arises is this: could the same
central axonemal engine drive the motility of a large and stiff
mammalian sperm?A modified version of the second genera-
tion of the Geometric Clutch computer model was used to
address this question. The computer model was modified to
conform to the stiffness estimates that were available at the
time for bull sperm (Lindemann et al., 1973). The length was
adjusted to 60 µm. In a bull sperm, the ODFs carry the
tension developed by the doublets to the connecting piece at
the flagellar base. Therefore, the calculation of the active
torque in the model was modified to reflect the spacing

Fig. 3. Computed simulations of a flagellum and a cilium. The output from
the Geometric Clutch simulations of both a flagellar and a ciliary beat cycle
are displayed. (A) A 30 µm long “flagellum” with a freely pivoting base is
displayed in A, showing every 12th iteration of a cycle divided into intervals
of 0.0001 s per iteration. A 10 µm “cilium” with an anchored base is
exhibited in (B), showing every 8th iteration, utilizing the same iteration
intervals as that used in the flagellar model. The numbers printed on the
output denote the iteration number of the indicated beat position, correspon-
ding to the first and last elements displayed. Note that the cilium clearly
exhibits a two-phased beat cycle, with well-defined effective and recovery
strokes. The flagellum shows wave propagation tip-ward from the base in
both bending directions. The Geometric Clutch program was capable of
producing both patterns of beating, without any fundamental change in the
switching algorithm. The main determinants of the resultant beat included:
base anchoring, axonemal length, and assignment of base level bridge
attachment probability of the P and R bridges on opposing sides of the
axoneme. The figure is reprinted from Lindemann, 1994b, with permission.
The complete modeling parameters for the figure are given in that original
report.
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between the ODFs, instead of the doublets themselves, as
shown in Fig. 4. Finally, the drag coefficient was changed to
the value computed by Rikmenspoel for bull sperm (Rik-
menspoel, 1965). The resulting model simulated the beating
of a bull sperm with fair accuracy (Lindemann, 1996). In
particular, the frequency and amplitude of the beat was cor-
rect for a living bull sperm. The beat shape was only an
approximate match as it showed less flexibility in the distal
region than a real sperm, as displayed in Fig. 5. This, how-
ever, may be due to the guesswork involved in specifying the
stiffness in the distal region, since it is not known from
measurement.

The major point is that without modification of the work-
ing principle, the Geometric Clutch model was able to simu-
late the movement of a much larger, stiffer and more complex
flagellum. If the beating of a bull sperm could be simulated,
would it also be possible to predict the outcome of experi-
ments on bull sperm using the model as a guide? In other
words, does the model have predictive value at the lab bench?

The basic tenet of the Geometric Clutch model is that the
t-force regulates the switching of the dyneins. The main, or
global, component of the t-force is the product of the linear
force on the doublet and the local curvature. If the t-force is
prevented from reaching the critical value for switching,
either by limiting the development of curvature or by limiting
the linear force on the doublets, then switching should fail
and the beat should arrest. Two experimental situations were
devised to test this hypothesis. In the first, which we called
the “blocking” strategy, the first 20 µm of a bull sperm
flagellum was prevented from developing a bend by blocking
the movement with a specially fashioned glass probe. The
sperm were stuck by their heads to a microscope slide and the
flagellum was beating freely until the glass probe was posi-
tioned to block the beat and prevent the development of a
basal curve. The result was just as predicted by the model and
a modeled simulation of the experiment was also devised for
comparison. Both the real cell and simulated cell arrested
against the probe and continued to push on the probe until
released as shown in Fig. 6. The second strategy, called
“clipping”, involved shortening the flagellum until the force
from the remaining dyneins was insufficient to bend the
flagellum to the critical curvature necessary for switching.
The real cell arrested at a length of 15–20 µm and a simula-
tion of a shortened flagellum arrested at the same length. As
shown in Fig. 6, even the transitional behavior of progres-

Fig. 4. A functional schematic diagram of the mammalian sperm axoneme.
(A). In the mammalian sperm axoneme, the outer microtubule doublets are
not anchored into a basal body at the flagellar base, but are attached to the
ODFs along much of their length. However, the ODFs are affixed to the
striated columns of the connecting piece. Consequently, when the doublets
slide by the action of the dynein motors, the resultant force is transmitted
through the ODFs to the connecting piece (arrows). The connecting piece
assumes the role of a basal anchor replacing the basal body which disassem-
bles during spermatogenesis. (B). The sliding induced by the dynein-tubulin
cross-bridge cycle during formation of principal and reverse bends results in
maximal sliding displacement between elements #1 and #5-6. Unlike in
simple flagella, the magnitude of interdoublet sliding is not determined by
interdoublet spacing, but is dictated by the inter-ODF distances in the
bending plane (identified as DS in the diagram). Force will also be transmit-
ted to the ODFs, causing the greatest torque to develop from the force
imparted to elements #1 and #5-6 because they exhibit the greatest separa-
tion (the effective diameter, DE). •s and Xs indicate thrust in the directions
into (• ) and out of (X) the page if the axoneme were being viewed baseward.
Reprinted from Lindemann 1996 with permission.

Fig. 5. Tracings of live bull sperm and computed simulations.A–C are traced
positions of live bull sperm at 23 °C from videotaped images using strobed
illumination. Each tracing is at 0.0166 s. D–F are computed simulations
using the version of the Geometric Clutch Model that has been modified to
use the dimensions and stiffness of a bull sperm. All three of the live sperm
were partially immobilized by having the head stuck to a microscope slide.
In A, the head is fairly free to pivot. In B, it is somewhat more restricted by
surface friction with the slide while in C the head is firmly affixed to the glass
slide. Mimicking the same three conditions in the computer model gave rise
to D–F, using no other modifications. The computer output for A and B
display iterations at 0.006 s intervals (every 12th iteration), while C is
plotted at 0.0075 s intervals (every 15th iteration). The first and last itera-
tions or tracings displayed are labeled S and F, respectively. Reprinted from
Lindemann 1996, with permission.
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sively shortened flagella matched the predictions of the simu-
lated model (Holcomb-Wygle et al., 1999).

The blocking study lead to the discovery that a flagellum
would arrest against an immoveable object in a kind of
isometric state. This suggested an even more dramatic test. If
in fact the flagellum continued to push during this arrested
state then it should be possible to measure the force with a
sufficiently flexible force-calibrated glass probe. We fol-
lowed up on this idea and it lead to the first measurement of
the isometric stalling force in a single flagellum (Schmitz et
al., 2000). A force measurement experiment is displayed in
Fig. 7. From the position of contact with the microprobe and
the curvature of the flagellum we could estimate the effective
length of flagellum where the dyneins were contributing to
the measured force. This allowed us to calculate a force per
dynein head of 5 pN/head, if all of the dynein were contrib-
uting.

This value for the dynein stalling force is in good agree-
ment with laser trap measurements (Shingyoji et al., 1998;
Sakakibara et al., 1999; Hirakawa et al., 2000), but it requires
that all the dyneins heads are pulling, which is very contro-
versial. Any fewer contributing heads would make the force
per head too large to coincide with the laser trap estimates. So
the model has also contributed useful information about the
action of dynein. These results suggest that all the dynein
heads must be able to pull together, and therefore each head
must be a functional motor.

3. The outer arm/inner arm experiments

Flagella and cilia continue to beat with little change in the
waveform of the beat when the outer arms are removed by
high salt extraction (Gibbons and Gibbons, 1973; Hard et al.,
1992). On the other hand, disabling the inner arms either
results in immotile flagella or flagella that have a greatly
altered waveform (for review see Brokaw and Kamiya,
1987). This lead to the hypothesis that the inner and outer
arms play markedly different roles in the beat, with the outer
arms mostly contributing force and/or speed and the inner
arms regulating the beat (Brokaw and Kamiya, 1987;
Brokaw, 1994, 1999b). Initial attempts to simulate the outerFig. 6. Beat patterns of experimental and computer simulated bull sperm

subjected to flagellar blocking and clipping. Beat pattern tracings from a
videotaped blocking experiment of bull sperm shows the frames immedia-
tely prior to initiation and during the R- and P-bend blocks (A, C, respecti-
vely). Next to the tracings are the computer simulated outputs for R- and P-
blocks (B, D, respectively) that show the behavior of the Geometric Clutch
model for bull sperm when parameters are similar to experimental blocking
conditions. The computed simulation shows a prolonged arrest of the beat
against the imposed obstacle that is similar to the observed experimental
result. Beat patterns are shown for full-length bull sperm flagella from a
videotape tracing of a live cell (E) and the output of the Geometric Clutch
computer model (F). Also presented are the traced beat pattern for a half
length Triton X-100 extracted bull sperm flagellum reactivated with 1 mM
MgATP (G) and the computer simulated beat pattern for a half length
flagellum (H). Beat arrest occurs in reactivated bull sperm when the flagel-
lum is shortened to 15 µm by clipping (I). This flagellum remained in a
P-bend configuration for 49 frames and a R-bend configuration for 23 fra-
mes of the total 78 frames. Computer simulation outputs of a beat arrest are

presented for a 15 µm basal flagellar fragment (J) and a transitional 17 µm
basal fragment that shows two arrest positions (K). In K, the P arrest is
transient and is followed by a longer duration R arrest. Note the large
number of iterations that have been displayed in the arrest figures (J and K).
For each beat pattern, time is presented as a function of the number of frames
for reactivated sperm tracings (one frame = 0.0167 s) and the number of
iterations for the computer output (one iteration = 0.0005 s). For the compu-
ter simulations, every 40th iteration is displayed in B, every 20th in D, every
30th in F and H, every 10th in J, and every 60th in K. The first and last
iterations displayed are labeled S and F, respectively. All illustrations are
displayed at a constant scale for ease of comparison. The black square
indicates the position of the blocking microprobe. The heads of the
computer-modeled sperm are drawn in for aesthetics in a configuration
similar to the experimental tracings. Bar equals 20 µm. Adapted from
Holcomb-Wygle et al., 1999.
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arm extraction experiments using the Geometric Clutch
model were not successful. Persistent failure of the computed
simulations to behave consistently with experimental obser-
vation would require rejection of the Geometric Clutch hy-
pothesis.

Reconciliation of model and experiment came from an
unexpected quarter. (Brokaw, 1999a,b) published a model for
the kinetics of the inner and outer arm dyneins that used the
same convention for the cross-bridge cycle of both, but with
different kinetics. He showed that this reconciled the behav-
ior of the computed model of a sea urchin flagellum with the
observed waveform and beat frequency of outer arm extrac-
tion experiments performed on sea urchin sperm. One result
from differences in the outer and inner arm cross-bridge
cycle is that it resulted in a force–velocity relationship con-
siderably different for the inner and outer arms as shown in
Fig. 8. The idea seemed elegant and provided an intuitive
understanding of the difference in the inner and outer dynein
arm contribution to the beat. The outer arms have an optimal
force contribution at higher shear velocity and contribute
rather little at the switch-point when sliding is near zero. The
inner arms have a much greater adhesive contribution be-
tween the doublets and are almost completely responsible for
the interdoublet adhesion when the t-force is maximum, and

therefore govern the “off” transition in the beat cycle. When
similar force–velocity characteristics were built into the
Geometric Clutch computer model, with independently
specified inner and outer arms, for the first time the model
would continue to beat with the outer arms deactivated as
shown in Fig. 8. Furthermore, the waveform changed very
little when the outer arms were deactivated just as seen in
experiments. The frequency on the other hand dropped to
about one-third of the original frequency (Lindemann, 2002).

This new generation of the Geometric Clutch Model was
more developed than the first two, adding two more ranks of
doublets that are switched independently (four total) in addi-
tion to the modifications in inner and outer arm function. The
simulations produced by this model are almost an identical

Fig. 7. Sustained force and probe displacement produced by a bull sperm
flagellum during an isometric stall. (A) Triton X-100 extracted bull sperm
was reactivated with 1 mM ATP and subjected to manipulation by a force
calibrated glass microprobe to obtain an isometric stall of the flagellar beat.
The same cell is shown in all six photos. (A) This panel of images depicts the
process of an isometric arrest of the flagellum in the principal (P) bend
direction of the beat and the other panel (B) shows a stall in the reverse (R)
bend direction. Left: A bull sperm stuck to a glass slide by its head with the
flagellum freely beating in both the P-bend (upper photo) and R-bend (lower
photo) directions. The force-calibrated microprobe is at the equilibrium
position. Center: An isometric stall of the flagellum and concomitant displa-
cement of the probe in both directions, P (upper) and R (lower), of the beat.
Right: Sustained force production by the flagellum during the isometric stall
is evident by the maintained displacement of the probe. The same stalls
shown in the center photos are shown 39 frames later in the P-bend direction
(upper photo) and 16 frames later in the R-bend direction (lower photo).
1 frame = 0.033 s. Note the portion of the flagellum distal to the point of
contact with the probe continues to beat while the proximal portion main-
tains the original configuration. Bar = 10 µm. Reprinted from Schmitz et al.,
2000, with permission.

Fig. 8. Output of the Geometric Clutch computer model using a force–
velocity relationship for inner and outer arm dynein. The graph is a plot of
the inner arm dynein (open circles) and outer arm dynein (closed circles)
force per dynein head as a function of sliding velocity where the Gaussian
curve for outer arm dynein from Brokaw’s force–velocity relationship (Bro-
kaw, 1999a) is modified to decrease the dynein force at zero shear velocity.
Data for the graphs is the direct output from the force-assigning function of
the Geometric Clutch computer model. Consequently, they are exact repre-
sentations of the force–velocity profile as implemented in the functioning
model. One full beat cycle of the model is displayed for the force–velocity
relationship shown in a. (b) Represents the beat with both inner and outer
arm dyneins active (wild type), while output (c) correspond to simulated
experiments where the outer arms have been disabled (oad = outer arm
deficient). To obtain a full beat cycle for the wild type every 25th iteration
was plotted, while every 75th iteration was plotted for the oad model output.
The beat displayed is after the model stabilized from the start-up cycle. The
labels s and f correspond to the start of the computer model output (first
plotted iteration) and the final output (last iteration) of the model, respecti-
vely. The beat frequency is given in the lower left corner of both outputs.
Adapted from Figs. 2 and 3 in Lindemann, 2002.
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match to the ciliary beat shown in Weaver and Hard (1985)
for lung cilia and can replicate the effects of outer arm
extraction on the ciliary beat (Hard et al., 1992). This dem-
onstrated that both the characteristics of the ciliary beat cycle
and the effects of outer arm extraction could be simulated
with the Geometric Clutch model when differential outer and
inner arm function is incorporated in the calculations. This
result would at minimum suggest that the Geometric Clutch
hypothesis is compatible with the known differences in inner
and outer arm function.

4. The size of the t-force

The major premise of the Geometric Clutch hypothesis is
that the t-force plays a key role in the switching events of the
beat cycle. In order for this contention to be valid, the t-force
must be able to interact with the dynein motors in a way that
is feasible. The dynein motors generate force for microtubule
sliding through their attachment to the adjacent doublet. The
part of the dynein molecule that makes the connection to the
B-subtubule must transmit the force for sliding, and also be
subject to the t-force that develops between the doublets.
Consequently, if there is a maximum force that each dynein
bridge can bear, the vectorial sum of both the lateral force and
t-force cannot exceed that limit without disrupting the
bridge.

Recently, the values of the t-force near the switch-point
for beat reversal was estimated for sea urchin and bull sperm
using two independent estimation methods for bull sperm
(Lindemann, 2003). The t-force was estimated to be in the
range of 0.25–1.0 nM/µm, with a most likely value of
0.5 nN/µm. The values were consistent for both beating and
arrested bull sperm and for beating sea urchin sperm. Fur-
thermore, they were based on very conservative assumptions
and the best information available on the force–velocity
behavior of dynein.

How does the size of the t-force compare to the maximum
force generated by the dynein bridges? Results from laser
trap experiments (Shingyoji et al., 1998; Sakakibara et al.,
1999; Hirakawa et al., 2000) and the force developed by an
intact flagellum, as discussed above (Schmitz et al., 2000),
show that the maximum force that can be generated by a
dynein head is approximately 5 pN. Multiplying this upper
limit value by the number of dynein heads on a micron of
outer doublet gives a maximum force that all the dyneins can
develop of ≈0.5 nN/µm. This is the same as the best estimate
of the t-force per micron. Of course, this does not prove
causality, but is a rather provocative coincidence.

5. Tests: present and future

The Geometric Clutch hypothesis is built on the t-force,
but it also requires that the axoneme respond to t-force in a
manner that alters the interdoublet spacing. If the Geometric

Clutch hypothesis is correct, the axoneme must distort during
the beat as the t-force exerts its effects on the doublets,
dyneins, and spokes as summarized in Fig. 9. The absence of
data supporting changes in the axoneme diameter and inter-
doublet distance during the beat cycle has limited the cred-
ibility of the Geometric Clutch hypothesis. New methods of
observing the axoneme in action may finally resolve this
issue.

In a recent study, Mitchell (2003) was able to rapidly fix
beating Chlamydomonas flagella by a method that preserved
the waveform of the beat. Preservation of the waveform
implies that internal stresses must also be trapped by the
fixation. Mitchell was able to section some of the flagella so
perfectly in the beat plane that the same microtubules could
be followed through a complete bending cycle. The study

Fig. 9. Force transfer in the flagellar axoneme. (a) The proposed configura-
tion of the axoneme during the active formation of a new bend. The dyneins
on the left side of the axoneme (doublets 6–9) are engaged and pulling, while
those on the opposite side (doublets 1–4) are inactive. The force from each
engaged set of dyneins is relayed to the first and last outer doublet in the
active group as indicated by the double-headed arrow, in this case doublets
1 and 5–6. In the case illustrated, doublet 1 is pulled tip-ward and is under
tension while the 5–6 complex is pushed baseward and is under compres-
sion. (b) When a bend has formed and reached the critical curvature for
switching, the t-force becomes large enough to disengage the dyneins on the
active side as illustrated.At this crucial instant the t-force is transferred to the
spokes and central pair projections as indicated by the outwardly directed
arrows. The central pair projections not only flex outward bearing the
t-force, but also limit the distortion of the axoneme. The increased spacing of
the doublets on the active side, coupled with the restraining action of the
spoke and central pair projections makes it possible for dynein arms on the
inactive side to begin to engage. (c) This illustration shows the putative
condition of Chlamydomonas spoke head deficient mutants. In the absence
of the spoke heads, the nexin links bear the full t-force, exerted in the
direction of the arrows, as the dyneins on the active side disengage. Based on
estimates of nexin elasticity (see text), the t-force causes a major distortion
of the axoneme preventing reengagement of dyneins on either side of the
axoneme. This interrupts the beat cycle until the t-force diminishes suffi-
ciently to allow reengagement. Reprinted from Lindemann, 2003, with
permission.
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showed, without a doubt, that the central pair changes its
orientation and aligns itself flat to the plane of the beat at the
points of greatest curvature and perpendicular to the beat in
the straight segments between the bends. This makes it clear
that in Chlamydomonas the central pair is mobile and rotates
or oscillates with the beat.

The same report also quite clearly showed that the ax-
oneme became wider in the curved regions when the central
pair was flat to the plane of the section. The distortion
appears to be approximately 30% of the flagellar diameter in
the principal bend. The principal bend represents the point of
greatest t-force in the beat cycle, and a distortion of 30%
requires a significant increase in the interdoublet spacing.

As predicted by Lindemann (2003) the greatest distortion
of the axoneme should be found in spoke head deficient
mutants of Chlamydomonas where the spokes would not be
able to restrain the distortion of the axoneme in response to
the t-force, as shown in Fig. 9c. The same techniques used in
the Mitchell (2003) study could verify the prediction that the
spoke head deficient mutants experience an even larger diam-
eter distortion during bending.

Sakakibara et al. (2004) used the Atomic Force Micro-
scope in a novel way to record diameter oscillations in sea
urchin flagella. They showed that when Triton X-100 ex-
tracted sea urchin sperm are stuck to a slide and given
Mg-ATP the flagella develop high frequency oscillations. If
an AFM cantilever tip is gently placed on the axoneme, the
oscillations are shown to have both a horizontal and vertical
component. The vertical component is due to an ATP depen-
dent diameter variation. These results must be interpreted
with caution, since the axoneme is stuck, and therefore true
beating is not present. However, it is still noteworthy that an
active process that likely involves engaging and disengaging
the dynein motors results in a change in the axoneme diam-
eter, and therefore a change in the interdoublet spacing. This
diameter change is most likely due to the decrease in ax-
oneme diameter that accompanies the adhesion of one or
several dyneins in a cycle of attachment and detachment (as
shown in Fig. 2). If so, it would confirm the adhesive action
of the dynein on reducing the interdoublet spacing, which is a
necessary part of the Geometric Clutch mechanism.

The new technique of cryoelectron tomography has the
capacity to reconstruct the axoneme in three dimensions
(Medalia et al., 2002) Furthermore, it can be used to examine
unfixed living cells that were vitrified (or glassed) by rapid
cooling in liquid ethane. Flagella and cilia prepared in this
way should preserve the exact relationship of internal struc-
tures at the instant of vitrification, without fixation effects. It
is quite likely that this new approach will show us exactly
what goes on in the axoneme during the beat cycle and put all
speculation to rest. Application of this technique to spoke
head deficient mutants of Chlamydomonas should easily
confirm or reject the hypothesis that the axoneme distorts
during the beat cycle. The technique should also be able to
confirm or reject the general importance of central pair rota-
tion by applying it to systems, other than Chlamydomonas,

where the central pair is unlikely to rotate freely (Gibbons,
1961; Tamm and Horridge, 1970; Sale 1986; Tamm and
Tamm, 1981; Lindemann et al., 1992).

Modeling the complete Geometric Clutch mechanism into
a computed simulation will require that the elastic and vis-
cous properties of all the axonemal components be specified
in the computation. That in turn requires that a complete set
of structures that compose the axoneme are represented with
authentic elastic behavior. The computed model is not yet at
the level of detail and sophistication to do this. The physical
properties of many of the components are not known. These
include the spokes, the central pair projections and the dy-
neins arms. Progress is being made in this direction. Re-
cently, some information on the elastic behavior of the dy-
nein heavy chain has become available (Burgess et al., 2003;
Lindemann and Hunt, 2003). Application of new techniques
such as optical trapping and atomic force microscopy to cilia
and flagella is expanding our knowledge of the mechanics of
the axoneme (Shingyoji et al., 1998; Sakakibara et al., 1999,
2004).
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