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Minimal model of the hydrodynamical coupling of flagella on a spherical
body with application to Volvox
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Flagella are hairlike appendages attached to microorganisms that allow the organisms to traverse their fluid
environment. The algae Volvox are spherical swimmers with thousands of individual flagella on their surface,
and their coordination is not fully understood. In this work, a previously developed minimal model of flagella

synchronization is extended to the outer surface of a sphere submerged in a fluid. Each beating flagellum tip is
modeled as a small sphere, elastically bound to a circular orbit just above the spherical surface and a regularized
image system for Stokes flow outside of a sphere is used to enforce the no-slip condition. Biologically relevant
distributions of rotors results in a rapidly developing and robust symplectic metachronal wave traveling from the

anterior to the posterior of the spherical Volvox body.
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I. INTRODUCTION

Cilia and flagella are ubiquitous among eukaryotic cells.
These small, hairlike appendages extend from cell membranes
and play important roles in locomotion and fluid transport by
undergoing a periodic motion. Examples include the trans-
port of foreign particles out of the lungs [1], the creation of
left-right asymmetry in embryonic development [2], and filter
feeding [3].

These biologically relevant flows are generally created
through the coordinated collective motion of many cilia or
flagella. The origin and means of this large-scale coordina-
tion has been a long-standing area of research [4]. In some
scenarios, hydrodynamic coupling alone has successfully ex-
plained such coordination [5-12]. Experimental approaches
range from investigating colloidal oscillators with optical
tweezers [13] to observing synchronization between lone flag-
ellum pairs, emanating from two separate cells and tethered
at fixed distances via micropipettes [5]. Examples of theoret-
ical approaches include the study of filaments with internal
driving forces immersed in a fluid [8—12,14—16] and so-called
minimal models where the cilia or flagella are represented
as oscillating “rotors” immersed in a viscous fluid [6,17,18].
This latter approach is what we build on in the current work.

Ensembles of large numbers of cilia often exhibit regular
variations in the beating phase of adjacent cilia, which are
characterized as metachronal waves (MWSs) [6,19,20]. The
colonial alga Volvox carteri (Volvox) has become a model
organism for studying the emergence of MWs [6,21]; an in-
formative review of these studies can be found elsewhere [22].
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Volvox is a multicellular green algae whose surface consists
of fairly regularly spaced biflagellated somatic cells, embed-
ded in the extracellular matrix [21,23]. Volvox swimming is
mainly due to the coordinated beating of their flagella, which
exhibit clear MWs traveling from the anterior to posterior of
the spherical Volvox body [6,24]. Further, Volvox flagella beat
towards the posterior of the colony with a small 10°-20° tilt
out of the meridional plane [25,26]. The tilt has long been
thought to allow Volvox to “swirl,” where they rotate during
forward progression swimming [26,27].

Minimal models of coupled rotors [5,17] are particularly
amenable to the theoretical study of MW formation on Volvox
due to the number and spacing of flagella on the Volvox
surface; one flagellum is close enough to another flagellum
to influence its periodic beating (via hydrodynamics) but typi-
cally not close enough to make physical contact. To represent
a single flagellum with a rotor, the tip of the flagellum is mod-
eled as a small, rigid sphere with a preferred circular orbit.
The shape of the orbit is controlled with a system of springs
and the motion is due to a prescribed driving force. The fluid
flow induced by one rotor on another rotor can then be well
approximated by a single Stokeslet [5], along with a corre-
sponding system of images to enforce the no-slip condition on
the surface of the Volvox body. Additionally, the leading-order
far-field flow induced by a rigid sphere is precisely given by a
Stokeslet [28]. Thus, a model rotor (oscillator) captures both
the phase of the beating flagellum and well approximates its
corresponding, induced far-field flow.

Previous studies of Volvox flagella with minimal models of
coupled oscillators were able to reproduce semiquantitative
characteristics of the average metachronal dynamics and the
emergence of MWs [6,24], while also using simplifying as-
sumptions about Volvox geometry, e.g., the surface of Volvox
was treated as a no-slip plane. One study considered flagellum
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FIG. 1. (a) A schematic of the rotor model of the Volvox flagel-
lum in which a small rigid sphere is elastically bound to a preferred
trajectory; adapted from previous work [6,24]. (b) The rotor position
reflects different configurations of the flagellum. In both panels the
normal vector n points out of the page at the viewer.

beating on a spherical body but was limited by using a single
chain of rotors that all beat in the same direction [28]; flagella
on Volvox cover the entire surface and beat from the anterior
to the posterior. In this study we extend these minimal mod-
els of coupled oscillators to investigate biologically relevant
distributions of beating flagella on the surface of a sphere.

II. THE MODEL

Following the studies by Brumley et al. [6,24], each rotor
is a rigid sphere of radius a, elastically bound in a circular
trajectory of radius ry, about a prescribed center point located
a distance d above the spherical Volvox body, as depicted in
Fig. 1(a). The preferred plane of orbit is defined by the center
of rotation and a vector normal to the plane of rotation, n. The
orbit of the rotor is driven by a constant tangential driving
force f¢’ in the ey direction and the preferred trajectory is
elastically enforced through a radial spring and a transverse
spring normal to the plane.

To evolve the positions of the rotors in time, the velocity
of each rotor is determined from a system of coupled, force-
balance equations, one for each rotor. The forces acting on
each rotor are the elastic spring forces that resist stretching,
the net hydrodynamic drag force, and the prescribed constant
driving force.

In the case of one single rotor, the hydrodynamic drag force
is assumed to be equal and opposite to the driving force and
spring forces yielding the force balance:

y(X)WV = —A(r — ro)e, — e, + ey, (1)

where A and 7 prescribe the stiffness of the radial and trans-
verse springs and y is the friction tensor. For simplicity, as in
previous studies, we let y = I where yy = 67 ua, the drag
on a sphere in free space, and u is the dynamic viscosity of the
fluid [28]. With the parameters used in this study we compared
this free-space drag to the case if the rotor was above the
actual spherical body, and estimated a relative difference of
about 2.7%; see the Supplemental Material for details [29].

When considering a single lone rotor, there is no imposed
external fluid flow, and thus the hydrodynamic drag on the
rotor depends only on the rotor’s own velocity. To evolve
N coupled rotors in time, a net drag force on each individ-
ual rotor must be considered that includes the effects of the
external flow induced by all the other rotors. The external
fluid flow imposed on a single rotor by all other rotors is
calculated using a far-field approximation with regularized
Stokeslets [30,31]. Letting G be the regularized Green’s func-
tion in the presence of a no-slip sphere [32], {x;}Y_, be the
rotor locations, and F?’“ be the external forces acting on the
jth rotor, then the net hydrodynamic force on the ith rotor
is Fy = —y(x)[v; — Z#i G(x;, xj)F§Xt]. As such, the force
balance on the ith rotor is given by

—Fi = — A(r; — ro)e, — ntiec + [ ey, 2)
where r; = ||p; — ¢;|| and p; is the projection of the ith ro-
tor’s location onto its respective preferred plane of orbit and
& = ||p; — Xx;|| is the distance from the ith rotor to its preferred

plane of orbit. This gives rise to a 3N x 3N system of linear
equations for the rotor velocities. We note that the free-space
drag assumption results in y having a strictly diagonal form,
which allows for efficient calculation of the unknown fluid
velocities in Eq. (2).

For the regularized Green’s function, G, the regularization
parameter € is chosen to be equal to a/d, and the blob function

15¢
8 (r2 + €2)7/2

is used. The sensitivity of the results to this choice of regu-
larization parameter was investigated by considering its effect
on the phase differences between two rotors above a plane.
As discussed in the Supplemental Material [29], variation in
the regularization parameter led to negligible effects on the
dynamics.

To study MW formation outside a sphere with this model,
we chose one set of parameters close to those from previous
studies and that are reflective of Volvox flagella [6,17,24].
We set d = 10 um, ro = 5 um, and a = 1 um, which ap-
proximates a flagellum that is about 1 pum thick and is about
15 um long when fully extended; refer again to Fig. 1(a). The
driving force is f9 = 2mwryyy/T where T = 1/33 s, to give
an approximate beat frequency of 33 Hz [24]. We also set the
dimensionless spring stiffness ratios to be A = Ad/f% = 0.1
and r;d/fdr = 0.1 [6,17,24]. A Volvox radius of 200 pum is
considered. These parameters are used for all the simulations
presented in this work.

The phase of a given rotor, ®(¢), is computed by postpro-
cessing the dynamic rotor positions such that & is constant
during a given period. In turn, a period of a given rotor is
defined as the time that elapses as ¢ ranges from O to 27
where ¢ is calculated from the projection of the rotor onto its

Ye(r) =
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FIG. 2. The evolution of a chain of 30 rotors above a plane and a chain of rotors extending halfway around a sphere are considered. The
same random initial relative configuration is considered in either case. Panel (a) shows the evolution of the phase over the first 20 periods, and
panel (c) shows the phase after 1200 beats for the case of a plane, while panels (d) and (e) are for the case of a sphere. Panel (b) shows the final
waveform for both a sphere and a plane after 1200 beats. These respective steady states are reached regardless of the initial rotor positions.

preferred plane of orbit. It should be noted that using the reg-
ularized Green’s function in the presence of a no-slip sphere
results in each rotor pushing a larger net volume of fluid at the
apex of each orbit than at the nadir. This naturally mimics the
power and recovery stokes, respectively, of flagella. As such,
the ¢ range of [37 /2,27 ) U [0, 7 /2) and [ /2, 37t /2) can be
thought of as corresponding to power and recovery strokes,
respectively.

For each simulation in this study, the desired spatial distri-
bution of rotor centers was chosen, and each was assigned a
random initial phase. Next, for each rotor, the following steps
were repeated until a final desired time: the rotor velocity, v,
was determined from the full system of coupled force-balance
equations, then the rotor position, x, was updated by numeri-
cally integrating dx/dt = v with a second-order Runge-Kutta
method.

III. RESULTS

To begin, the coupling between two rotors outside of a
sphere was considered. The rotors were placed such that the
arclength between their centers was 2d. No matter the initial
phase difference, the rotors rapidly reached a steady state
with a phase difference of —0.48; this is very similar to the
behavior above a plane where a —0.47 steady-state phase
difference has been reported [6].

Next the evolution of a single chain of 30 rotors with
randomly chosen initial phases above a sphere of radius
200 pm was studied. The rotors were placed above a meridian
extending from a polar angle of O to . The arclength be-
tween the centers of adjacent rotor’s trajectories was set to
2d, to mimic the chain of rotors above a plane in previous
studies [6,24]. No matter the initial phases of the rotors, a
single steady state was always achieved. The resulting phases
from each simulation decreased from one rotor to its neighbor
in the anterior-posterior direction, and thus the steady states
observed are symplectic metachronal waves as previously
observed in Volvox [6,24]. These results are in line with the
parameter choices as they were stated to reside in the sym-
plectic MW regime [24]. To directly compare our results to
previous ones, the simulation was repeated with a chain of 30
rotors above a plane, whose centers are a distance 2d apart,

and using the image system for regularized Stokeslets above
a plane [33]. Figure 2 compares these two cases with the
exact same random initial configurations, relative to the rotor
positions in the chain. The phase profile for the case above
a plane compares well to that of previous studies [compare
our Fig. 2(b) to Fig. 3 for A = 0.1 in Ref. [24]]. The phases
in both the plane and sphere case evolve similarly though
the final waveform in the sphere case exhibits a greater total
variation in phase difference, i.e., on the surface of a sphere,
there is a slightly greater phase difference between each
adjacent rotors.

In this study, we will assume that the somatic cells on
the surface of Volvox are roughly equally spaced [21,23]. To
represent this in our simulations, we used spherical centroidal
Voronoi tessellation with the package STRIPACK [34,35] to
distribute 1257 rotors on the surface of a sphere with a dis-
tance of approximately 2d between adjacent rotors, where the
200 um Volvox radius was fixed. We numerically evolved the
rotor positions in time until steady states were reached. We
ran a total of 30 simulations, each with random initial phases,
and observed only one type of steady state, a symplectic MW.
Figure 3(a) shows snapshots of the evolution of the MW,
using a type IV Eckert projection [36] to visualize the rotor
phases all around the sphere in one 2D image. At =0 s,
the random phases are initialized; by ¢+ = 0.12 s, patterns in
the phases are beginning to form; by + = 0.3 s, thick, solid-
colored horizontal regions have formed, indicating symplectic
MWs traveling from the anterior to posterior of the colony.
The wave is symplectic because adjacent rotors in the direc-
tion of the posterior (the direction of the power stroke and
hence the downstream direction) lag in phase behind rotors
in the direction of the anterior (the direction of the recovery
stroke and hence the upstream direction). In each simulation,
the general shape of the symplectic MW emerged rapidly,
coherent within approximately 10 beats.

Previous minimal rotor models of flagellar coordina-
tion used regularly spaced rotors, whether along a chain
or a two-dimensional array [6,7,24,28], which allowed for
straightforward computations and comparisons of phase dif-
ferences among neighboring rotors. With approximately
uniform distributions of rotors on the surface of a sphere,
exact linear chains of rotors do not exist. To look at the trends
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FIG. 3. Snapshots of the evolution of the phase of an approximately uniform distribution of 1257 rotors beating without (a) and with tilt
(f), using a type IV Eckert projection starting from random initial phases. The time between snapshots correspond to two and four periods of a
lone rotor for panels (a) and (f), respectively. The phase along a chain of idealized rotors around the equator of the Volvox without (b) and with
tilt (d). The phase of along a chain of idealized rotors in the meridional direction from the anterior to the posterior without (c) and with tilt (e).

in rotor phases in the equatorial and meridional direction,
we created chains of idealized rotors in each direction. The
idealized rotors in these chains were placed at equidistant
points (& 2d apart) along the true equator and meridians (see
Supplemental Material [29] for a schematic). The phase for
each of the idealized rotors was computed by sampling and
averaging the phases of actual rotors within a small neigh-
borhood (radius = 2.5d). Let the jth idealized rotor in a
chain have N; rotors within its local neighborhood, denoted
as @1, @y, ..., Dy;. The phase for the jth idealized rotor, Ej,
is then computed as

Y
A = — E et
N; '
J p=1

Phases for the idealized rotor chains along meridians were
computed with the same formula. Representative dynamics of
idealized rotors along an equator and a single meridian are
shown in Figs. 3(b) and 3(c), respectively. These dynamics
are tracked for the length of approximately two beats after the
system has reached a steady state.

To better quantify the collective dynamics, we followed
Wollin and Stark [37] and computed the complex order
parameter for the idealized rotors in the meridional and equa-
torial directions. Letting the neighboring phase differences
of the idealized rotors be given by AD, = <I>k+1 — @ the
complex order parameter is computed as

N-1
AV = —— eiAE".
N—1
n=1
A complex order parameter near 0 (A =~ 0) means the
phases are random, and near 1 (A &~ 1) means there is sta-
ble metachronism, where pairs of neighboring oscillators are
phase locked with the same phase difference [37,38].
Along the equator we found that A = 0.99 and ¢ = 0.00.
In the meridional direction, the results were found to be
dependent on the meridian chosen. To report a robust mea-
surement, the complex order parameters were computed for
200 randomly chosen meridians. Averaging A and i across
the 200 meridians considered yielded A = 0.9969 with a
standard deviation of 0.0012 and ¥ = —0.1488 with a stan-
dard deviation of 0.0093. This strongly indicates a stable
metachronal wave in the meridional direction [37].

Overall, the steady state results share similar charac-
teristics with previous studies of arrays of rotors above a
wall [6] where an average neighboring phase difference of
—0.19 and 0 was found along the streamwise and lateral
directions, respectively, with periodic boundary conditions in
the latter.

It is well known that the flagellar beat in Volvox has some
tilt out of the meridional plane estimated at 10°-20° [26,39].
Volvox are observed to swim with a consistent rotational spin
and it is thought that this tilt in the flagellar beat causes
the rotation [26,27,39]. This tilt can be prescribed within the
context of the present minimal model by altering the normal
vector n, which determines the plane in which the preferred
orbits are situated. We proceeded by selecting n for each rotor
to have a 15° tilt from the respective meridional plane and
quantifying the dynamics of the evolving rotors.

Unlike the case of no tilt, in which only a single final steady
state was exhibited, simulations run with a 15° tilt exhibited
two possible steady states. One hundred simulations with a
15° tilt were run with different random initial conditions,
and 94 simulations reached a steady state with a horizontal
simplectic metachronal wave traveling from the anterior to the
posterior of the Volvox body. This steady state is qualitatively
identical to that exhibited by simulations run with no tilt; see
Fig. 3(a). This will be referred to as the horizontal steady
state. Out of the 100 simulations run with random initial
conditions, six simulations reached a steady state exhibiting
a simplectic metachronal wave traveling diagonally to the
anterior-posterior axis; see Fig. 3(f). This steady state will be
referred to as the diagonal steady state.

The complex order parameters in the meridional and equa-
torial directions were again calculated for both steady states
exhibited by rotors with a 15° tilt. For the horizontal steady
state the complex order parameters for a chain of idealized
rotors around the equator yielded A = 0.99 and ¢ = 0.00.
In the meridional direction, the complex order parameters
were again averaged over 200 randomly chosen meridians
yielding A = 0.9973 with a standard deviation of 0.019 and
¥ = —0.1492 with a standard deviation of 0.0304. This is
nearly identical to the steady stated exhibited when there
is no tilt.

For the diagonal steady state, the complex order parameters
for a chain of idealized rotors around the equator yielded A =
0.9994 and ¢ = —0.1026. In the meridional direction, the
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FIG. 4. The velocity, averaged over one full period, induced in
the surrounding fluid when the rotors’ preferred orbits have a tilt of
15°. (a) The fluid velocity in a meridional plane. (b) The azimuthal
fluid velocity in the plane coinciding with the equator of the Volvox.
The tilt in the rotors orbits creates a clear swirling motion. In both
panels (a) and (b) the white circle represents the Volvox body, and
the white line demarcates a distance of 20 um from the surface: ve-
locities within this line are set to zero since far-field approximations
would not be applicable in this range. This figure shows the results
from a horizontal steady state; it should be noted that the diagonal
steady state does not have a discernibly different averaged velocity.
Interestingly, this is despite the fact that the two steady states induce
starkly different fluid velocities at different snapshots in time, as
shown in Ref. [29].

complex order parameters were again averaged over 200 ran-
domly chosen meridians yielding A = 0.9991 with a standard
deviation of 3.7 x 10™* and ¥ = —0.1335 with a standard
deviation of 0.0037. The idealized-rotor phases for this steady
state around the equator and along a meridian are shown in
Figs. 3(d)-3(e).

Prescribing a tilt out of the meridional plane to the rotors’
preferred orbits was motivated by the question of whether
this is indeed the origin of the swirling motion exhibited by
Volvox. While the current model does not incorporate move-
ment of the Volvox body, we can examine the velocity induced
in the surrounding fluid. Just as the influence one rotor has on
another can be estimated by using the far-field approximation
of a Stokeslet and its image system for a spherical geometry,
the fluid flow away from the Volvox body can be estimated
by summing the far-field approximations of the fluid flow
induced by each rotor. Figure 4 shows the far-field fluid flow
induced by the rotors with a 15° tilt when horizontal steady
state is reached. The time-averaged velocity magnitude (color)
and direction (black vector) are shown in the meridional plane
in Fig. 4(a) and in the plane coinciding with the equator
in Fig. 4(b). The far-field approximation is demarcated by
the white line at a distance of 20 um from the Volvox body
and velocities within this line are set to O since the far-field
approximations used are not applicable within this range.

As seen in Fig. 4(b), a clear rotational velocity is observed
in the surrounding fluid when a tilt is induced in the rotor

orbit. The spatial distribution of the time-averaged veloci-
ties in a meridional plane also compares well with previous
laboratory measurements of in vivo Volvox [6], however it
should be noted the magnitudes are roughly three times as
small. In previous studies, magnitudes of Stokeslets were fit
to experimental data from a single Volvox somatic cell and
its flagella [S]; the fit values were approximately three times
the forces exerted in the present model. Since velocity scales
linearly with force in Stokes flow, if the present forces were
scaled by a factor of three, the fluid velocity magnitudes
would match the previous experimental data very well.

IV. CONCLUSION

Previous biological studies of Volvox have established that
there is clear large-scale flagellar coordination across the al-
gae body [6,24]. Minimal models of the flagella coupling
have thus far only assessed coordination above a planar sur-
face [6,7,24] or a linear chain of rotors outside a spherical
surface all beating in one direction [28]. The present model
considers a biologically relevant distribution of rotors exte-
rior to a sphere and reproduces the experimentally observed
flagellar coordination of Volvox. We note that the qualitative
coordination obtained with this model does not differ signifi-
cantly from studies above a planar surface, suggesting that an
array of rotors above a plane well approximates the coupling
of a patch of rotors above a sphere. However, considering a
distribution of rotors around a sphere allows the generation
of more pertinent flows to the actual organism. For example,
prescribing a tilt to the preferred rotor orbit to mimic the tilt of
Volvox flagella generates a swirl in the flow around the spher-
ical body that can not be captured with a planar geometry.
To our knowledge, there have been no published experimental
results showing the different horizontal and diagonal steady
states that our model revealed; we hope that our study will
inspire more experiments to investigate such behavior.

The present study has not addressed the sensitivity of the
steady-state synchronization to such parameters as the spacing
between rotors, the stiffness of the springs determining the
rotors preferred path, and the rotor tilt. Similarly, detuning
of the inherent frequencies of the rotors and the addition of
noise was not considered. This will be explored in subsequent
studies. Additionally, the organized flagellar beat exhibited
across the surface of Volvox allows the organism to undergo
phototaxis. An extension of the current work would be to
model the Volvox as a free swimming organism, which would
involve a force- and torque-free requirement on the Volvox
body; in that framework the steady-state dynamics and the
induced velocity in the surrounding fluid could vary from
those reported here. Our study also lays the groundwork for
future investigations of spatially varying densities of somatic
cells and how varying flagellar beat forms due to light might
play a role in phototaxis [40].

[1] A. E. Tilley, M. S. Walters, R. Shaykhiev, and R. G. Crystal,
Cilia dysfunction in lung disease.Annu. Rev. Phys. 77, 379
(2014).

[2] J. J. Essner, K. J. Vogan, M. K. Wagner, C. J. Tabin, H. J. Yost,
and M. Brueckner, Left-right development: Conserved function
for embryonic nodal cilia, Nature (London) 418, 37 (2002).

033114-5


https://doi.org/10.1146/annurev-physiol-021014-071931
https://doi.org/10.1038/418037a

MANNAN, JARVELA, AND LEIDERMAN

PHYSICAL REVIEW E 102, 033114 (2020)

[3] R. Mayne, J. G. Whiting, G. Wheway, C. Melhuish, and
A. Adamatzky, Particle sorting by paramecium cilia arrays,
Biosystems 156, 46 (2017).

[4] G. L. Taylor, Analysis of the swimming of microscopic organ-
isms, Proc. R. Soc. London A Math. Phys. Sci. 209, 447 (1951).

[5] D. R. Brumley, K. Y. Wan, M. Polin, and R. E. Goldstein, Flag-
ellar synchronization through direct hydrodynamic interactions,
eLife 3, 02750 (2014).

[6] D. R. Brumley, M. Polin, T. J. Pedley, and R. E. Goldstein,
Metachronal waves in the flagellar beating of volvox and their
hydrodynamic origin, J. R. Soc. Interface 12, 20141358 (2015).

[7] A. Vilfan and F. Jiilicher, Hydrodynamic Flow Patterns and
Synchronization of Beating Cilia, Phys. Rev. Lett. 96, 058102
(2006).

[8] R. E. Goldstein, E. Lauga, A. I. Pesci, and M. R. E. Proctor,
Elastohydrodynamic synchronization of adjacent beating flag-
ella, Phys. Rev. Fluids 1, 073201 (2016).

[9] R. H. Dillon and L. J. Fauci, An integrative model of internal
axoneme mechanics and external fluid dynamics in ciliary beat-
ing, J. Theor. Biol. 207, 415 (2000).

[10] X. Yang, R. H. Dillon, and L. J. Fauci, An integrative computa-
tional model of multiciliary beating, Bull. Math. Biol. 70, 1192
(2008).

[11] H. Guo, L. Fauci, M. Shelley, and E. Kanso, Bistability in the
synchronization of actuated microfilaments, J. Fluid Mech. 836,
304 (2018).

[12] B. Chakrabarti and D. Saintillan, Hydrodynamic Synchroniza-
tion of Spontaneously Beating Filaments, Phys. Rev. Lett. 123,
208101 (2019).

[13] J. Kotar, M. Leoni, B. Bassetti, M. C. Lagomarsino, and P.
Cicuta, Hydrodynamic synchronization of colloidal oscillators,
Proc. Nat. Acad. Sci. USA 107, 7669 (2010).

[14] F. Mannan and R. Cortez, An explicit formula for

singly-periodic  regularized  Stokeslets
flow bounded by a plane wall, Commun. Comput. Phys. 23,
142 (2018).

[15] D. Oriola, H. Gadélha, and J. Casademunt, Nonlinear amplitude
dynamics in flagellar beating, Roy. Soc. Open Sci. 4, 160698
(2017).

[16] B. Chakrabarti and D. Saintillan, Spontaneous oscillations,
beating patterns, and hydrodynamics of active microfilaments,
Phys. Rev. Fluids 4, 043102 (2019).

[17] T. Niedermayer, B. Eckhardt, and P. Lenz, Synchronization,
phase locking, and metachronal wave formation in ciliary
chains, Chaos 18, 037128 (2008).

[18] D. R. Brumley, N. Bruot, J. Kotar, R. E. Goldstein, P. Cicuta,
and M. Polin, Long-range interactions, wobbles, and phase de-
fects in chains of model cilia, Phys. Rev. Fluids 1, 081201(R)
(2016).

[19] J. Elgeti and G. Gompper, Emergence of metachronal waves in
cilia arrays, Proc. Nat. Acad. Sci. USA 110, 4470 (2013).

[20] S. M. Mitran, Metachronal wave formation in a model of pul-
monary cilia, Comput. Struct. 85, 763 (2007).

[21] G. Matt and J. Umen, Volvox: A simple algal model for embryo-
genesis, morphogenesis and cellular differentiation, Dev. Biol.
419, 99 (2016).

[22] R. E. Goldstein, Green algae as model organisms for biological
fluid dynamics, Annu. Rev. Fluid Mech. 47, 343 (2015).

two-dimensional

[23] D. L. Kirk, Volvox: A Search for the Molecular and Ge-
netic Origins of Multicellularity and Cellular Differentiation,
Developmental and Cell Biology Series, Vol. 33 (Cambridge
University Press, Cambridge, 2005).

[24] D. R. Brumley, M. Polin, T. J. Pedley, and R. E. Goldstein,
Hydrodynamic Synchronization and Metachronal Waves on the
Surface of the Colonial Alga Volvox Carteri, Phys. Rev. Lett.
109, 268102 (2012).

[25] H. J. Hoops and G. L. Floyd, Ultrastructure and development of
the flagellar apparatus and flagellar motion in the colonial green
alga Astrephomene gubernaculifera, J. Cell Sci. 63, 21 (1983).

[26] H. J. Hoops, Motility in the colonial and multicellular volvo-
cales: structure, function, and evolution, Protoplasma 199, 99
(1997).

[27] S. O. Mast, Reactions to light in volvox, with special reference
to the process of orientation, Z. Vgl. Physiol. 4, 637 (1926).

[28] B. Nasouri and G. J. Elfring, Hydrodynamic interactions of cilia
on a spherical body, Phys. Rev. E. 93, 033111 (2016).

[29] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevE.102.033114 for a discussion of the assump-
tions for the rotor drag, regularization parameter sensitivity, and
videos showing the steady states reached from random initial
conditions. The Supplemental Material includes Ref. [41].

[30] R. Cortez, The method of regularized Stokeslets, SIAM J. Sci.
Comput. 23, 1204 (2001).

[31] R. Cortez, L. Fauci, and A. Medovikov, The method of reg-
ularized Stokeslets in three dimensions: Analysis, validation,
and application to helical swimming, Phys. Fluids 17, 031504
(2005).

[32] J. K. Wrébel, R. Cortez, D. Varela, and L. Fauci, Regularized
image system for Stokes flow outside a solid sphere, J. Comput.
Phys. 317, 165 (2016).

[33] J. Ainley, S. Durkin, R. Embid, P. Boindala, and R. Cortez, The
method of images for regularized Stokeslets, J. Comput. Phys.
227, 4600 (2008).

[34] Q. Du, M. D. Gunzburger, and L. Ju, Constrained centroidal
Voronoi tessellations for surfaces, SIAM J. Sci. Comput. 24,
1488 (2003).

[35] R. J. Renka, Algorithm 772: Stripack: Delaunay triangulation
and Voronoi diagram on the surface of a sphere, ACM Trans.
Math. Softw. 23, 416 (1997).

[36] M. Kennedy and S. Kopp, Understanding Map Projections (En-
vironmental Systems Research Institute, Redlands, CA, 2000).

[37] C. Wollin and H. Stark, Metachronal waves in a chain of rowers
with hydrodynamic interactions, Eur. Phys. J. E 34, 42 (2011).

[38] J. A. Acebrén, L. L. Bonilla, C. J. P. Vicente, F. Ritort, and R.
Spigler, The Kuramoto model: A simple paradigm for synchro-
nization phenomena, Rev. Mod. Phys. 77, 137 (2005).

[39] T. J. Pedley, D. R. Brumley, and R. E. Goldstein, Squirmers
with swirl: A model for volvox swimming, J. Fluid Mech. 798,
165 (2016).

[40] N. Ueki, S. Matsunaga, I. Inouye, and A. Hallmann, How 5000
independent rowers coordinate their strokes in order to row into
the sunlight: Phototaxis in the multicellular green alga Volvox,
BMC Biol. 8, 103 (2010).

[41] J. Happel and H. Brenner, Low Reynolds Number Hydrody-
namics: With Special Applications to Particulate Media, Vol. 1
(Springer Science & Business Media, The Hague, 2012).

033114-6


https://doi.org/10.1016/j.biosystems.2017.04.001
https://doi.org/10.1098/rspa.1951.0218
https://doi.org/10.7554/eLife.02750
https://doi.org/10.1098/rsif.2014.1358
https://doi.org/10.1103/PhysRevLett.96.058102
https://doi.org/10.1103/PhysRevFluids.1.073201
https://doi.org/10.1006/jtbi.2000.2182
https://doi.org/10.1007/s11538-008-9296-3
https://doi.org/10.1017/jfm.2017.816
https://doi.org/10.1103/PhysRevLett.123.208101
https://doi.org/10.1073/pnas.0912455107
https://doi.org/10.4208/cicp.OA-2016-0266
https://doi.org/10.1098/rsos.160698
https://doi.org/10.1103/PhysRevFluids.4.043102
https://doi.org/10.1063/1.2956984
https://doi.org/10.1103/PhysRevFluids.1.081201
https://doi.org/10.1073/pnas.1218869110
https://doi.org/10.1016/j.compstruc.2007.01.015
https://doi.org/10.1016/j.ydbio.2016.07.014
https://doi.org/10.1146/annurev-fluid-010313-141426
https://doi.org/10.1103/PhysRevLett.109.268102
https://jcs.biologists.org/content/63/1/21
https://doi.org/10.1007/BF01294499
https://doi.org/10.1007/BF00342378
https://doi.org/10.1103/PhysRevE.93.033111
http://link.aps.org/supplemental/10.1103/PhysRevE.102.033114
https://doi.org/10.1137/S106482750038146X
https://doi.org/10.1063/1.1830486
https://doi.org/10.1016/j.jcp.2016.04.043
https://doi.org/10.1016/j.jcp.2008.01.032
https://doi.org/10.1137/S1064827501391576
https://doi.org/10.1145/275323.275329
https://doi.org/10.1140/epje/i2011-11042-7
https://doi.org/10.1103/RevModPhys.77.137
https://doi.org/10.1017/jfm.2016.306
https://doi.org/10.1186/1741-7007-8-103

