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Metachronal coordination is a highly efficient natural strategy for swimming across scales, yet mimetic systems repli-
cating this form of propulsion remain rare, limiting our ability to explore its underlying physics. Here, we investigate
a minimal magneto-capillary system consisting of seven beads that exhibit metachronal-like motion when actuated by
either a rotating or Lissajous-type oscillating magnetic field, resulting in net rotation or translation of the assembly,
respectively. By systematically varying the driving frequency, we identify two distinct swimming regimes, both exper-
imentally and theoretically. At low frequencies and negligible Reynolds numbers, propulsion arises from individual
bead rotations phase-locked to the external field, constituting a linear, quasi-static regime. At higher frequencies, where
the Reynolds number of the appendages exceeds unity, the dynamics transition to a deformation-dominated metachronal
regime. Notably, optimized propulsion emerges near a mechanical resonance, underscoring the increasing role of in-
ertia. While demonstrated on a specific design, we hypothesize that the existence of these regimes and the crossover
between them may be a general feature of mesoscopic swimmers in nature.

I. INTRODUCTION

In living organisms, various locomotion strategies have
evolved through natural selection, depending on the size and
shape of the species, as well as the velocities they can achieve
in their environment. Consequently, macroscopic organisms,
like cetaceans or humans, rely on inertia to propel themselves,
while microscopic swimmers, like bacteria or algae, are dom-
inated by viscous dissipation. Because of these distinct in-
teractions with the environment, different swimming strate-
gies evolved. Organisms achieving large Reynolds numbers
typically use cyclic strokes performed by their extremities,
in combination with coasting, to move their bodies. At low
Reynolds numbers, swimming requires non-reciprocal defor-
mation of the organism’s body or its appendages to over-
come the fluid viscosity, which overdamps all coasting at
this scale1,2. Interestingly, one strategy is employed by nu-
merous organisms at all scales - metachronal coordination3.
Metachronal coordination is a fascinating phenomenon in
which the organism’s periodically moving parts, such as limbs
or appendages, operate in a sequential rhythm, slightly out of
phase with one another. This results in a wavelike motion4

that can be observed across the body of the organism. This
behavior is widely observed in the cilia of microorganisms,
such as Paramecium5,6 and colonies of Volvox algae7, where
it facilitates swimming or fluid flow over their surface. Similar
mechanisms are used in mammals, where metachronal strokes
play a role in respiratory functions by transporting fluids along
lung epithelia8–10.

a)These authors contributed equally to this work.
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FIG. 1. Metachronal waves as an across-scales design principle for
efficient swimming. Reynolds number is set by the characteristic size
and velocity of the organism.

Metachronal waves are not exclusive to microscopic scale;
they are also seen in larger organisms. For example, comb
jellies (ctenophores) display iridescent waves as their ciliary
rows beat metachronally, producing stunning shimmering col-
ors through diffraction and interference of light11. Similarly,
crustaceans, insects, annelids, and arthropods rely on such co-
ordination for locomotion. Figure 1 highlights the diversity
of organisms employing metachronal waves, covering a wide
range of sizes and swimming speeds.

This ubiquity raises a fundamental question: Why has
evolution favored metachronal waves across such diverse
taxa and physical scales? The answer is likely found in
their superior fluid transport and swimming efficiency com-
pared to synchronous strokes12–15. Moreover, the versatil-
ity of metachronal coordination allows for various swim-
ming modes, such as fast-forward swimming, hovering, and
upside-down swimming, by adjusting stroke frequency and
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amplitude16,17. These properties make metachronal coordina-
tion a robust strategy in both natural and artificial swimmers.

The fascinating world of metachronal swimmers has in-
spired the development of bio-inspired robotic systems, par-
ticularly for underwater and interface locomotion. This in-
spiration has materialized in the form of magnetically actu-
ated swimmers18–26, and especially magnetocapillary assem-
blies as swimmers27–32. These devices, composed of soft-
ferromagnetic particles trapped at a fluid interface, are held to-
gether at equilibrium distances through a balance of capillary
attraction and magnetic repulsion33. When driven by time-
dependent magnetic fields, they can reproduce metachronal
coordination patterns32. However, the underlying mecha-
nisms of these dynamics are not well understood.

An important hint about the underlying physics is provided
by the theoretical generalization of bead assemblies34–41.
Namely, by quantitative comparison of analytic approaches
and experiments31,42–44, we and others showed that magneto-
capillary assemblies belong to the class of mesoscale swim-
mers, where the inertia of the beads has a considerable im-
pact on its movement, while the inertia of the fluid remains
subordinate43,45,46.

Building on this experience in constructing and modeling
bead-based swimmers, this study investigates the dynamics of
magnetocapillary swimmers, depicted in Figure 2, under two
distinct metachronal patterns: 1-arm and 2-arm metachronal
coordination. We identify two kinematic regimes, one at
low frequencies (0–1.5 Hz) and the other at high frequen-
cies (3–5 Hz), each exhibiting a unique physical mechanism:
the former is governed by hydrodynamic interactions, while
the latter is dominated by bead inertia. Thus, we finally
prove that, indeed, the mesoscopic regime is vital for efficient
metachronous swimming.

II. INTEGRATED METHODOLOGICAL FRAMEWORK

A. Experimental setup

Using our expertise in magnetocapillary swimmers28–32,47,
we construct the device presented in Figure 2 consisting of
a central bead of 800 µm in diameter, pinned at a water-air
interface thanks to capillary effects. It is surrounded by six
beads of 500 µm in diameter. All beads are made of chrome
steel alloy AISI 52100 at density ρb = 7.8 103 kg/m3. Al-
though the alloy is considered to be a soft ferromagnetic, the
particles exhibit a small remanent magnetization of the or-
der of 100 Am−148. Therefore, the total moment of bead i
is µi = µrem,i +4πa3

i χB/(3µ0), with ai and χ = 3 being re-
spectively the bead’s radius and susceptibility, µ0 the vacuum
permeability, and µrem,i the remanent moment.

The magnetic induction field B is applied on the device
by three pairs of orthogonal Helmholtz coils, each providing
up to 8 mT. The currents in the x- and y-coils are produced
by an arbitrary function generator and a pair of amplifiers to
propel the assembly eventually. The vertical field is typically
constant at Bv = 4.9 mT. The imposed B field, therefore,
yields a repulsive magnetic dipole-dipole force Fm between
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FIG. 2. The magneto-capillary seven-bead assembly. (a) Pho-
tography of the experimental device. (b) Sketch of the model for
the seven-bead assembly. (c) Cut through the assembly along the
x-direction, illustrating the vertical displacement of the central bead
and the left-right asymmetric dipole-dipole interactions.

the beads

Fm =
3µ0

4πr4
i j
[(r̂i j × µ̂i)× µ̂ j

+(r̂i j × µ̂ j)× µ̂i

−2r̂i j · (µi ·µ j)

+5r̂i j · (r̂i j ×µi) · (r̂i j ×µ j)] ,

(1)

and a magnetic torque Tm

Tm = µi ×B

+
µ0

4πr5
i j

(
3µi × (3µi ·ri j)ri j − r2

i j (µi ×µ j)
)
.

(2)

with ei j the unit vector along ri j := r j −ri, and i, j bead in-
dices.
Because the beads deform the water-air interface, they expe-
rience a lateral capillary force F c49, which takes the form

F c =
−2πσ

lc
∑

i
∑
j ̸=i

qiq jK1

(
|r∥i j|/lc

)
. (3)

Here σ = 72 mN/m is the water surface tension, K1 is the
modified Bessel function of the second kind of the first or-
der, and r

∥
i j is the projection of ri j on the xy-plane. Moreover,

with g being the gravitational constant, and ρ the fluid density,
lc =

√
σ/gρ is the capillary length, which, for the water-air

interface, is lc ≈ 2.7 mm. Finally, the capillary charge qi rep-
resents the characteristic length of the vertical deformation of
the liquid interface around each particle, which for the cur-
rent case is around 12 µm for 500 µm beads and 45 µm for
800 µm beads33,47. This difference in qi contributes to the
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overall deformation of the interface as comprised in z1 as de-
picted in Figure 2(c).

Capillary effects bind the beads strongly at the contact line
with the liquid interface31. As a result, the beads mostly move
in the xy-plane and rotate around the z-axis while experienc-
ing repulsive magnetic interactions. The relative orientation
to the x-axis is described by φi as sketched in Figure 2(b).
This motion, together with the difference in capillary charge,
will lead to asymmetric assembly deformation in a horizontal
field, inducing device rotation and locomotion.

B. Equations of motion

To model the behavior of our device, we construct a bead
assembly as shown in Figure 2. The beads explicitly expe-
rience capillary and magnetic forces as well as torques (Eqs.
(1)- (3)). However, magnetic forces in the z-direction are ne-
glected under the assumption that the capillary forces bind
the particles at their contact line with the liquid interface,
as suggested by experiments. For the hydrodynamic interac-
tions between the beads, we use the bulk Rotne-Prager tensor.
As previously shown by Ziegler et al.41 in similar magneto-
capillary systems, interface-resolved simulations indicate that
bulk hydrodynamic approximations utilizing Rotne–Prager
interactions, along with a properly rescaled drag coefficient,
yield accurate predictions for interfacial systems in both low-
Reynolds and mesoscopic regimes. We apply this approach
here to effectively capture the essential hydrodynamic interac-
tions that drive the dynamics once actuation begins. Follow-
ing the strategy for the mesoswimmers presented in our ear-
lier work43, we also include the beads’ masses mi = 4/3a3

i ρbπ

and moments of inertia Ii = 2/5a2
i mi. The ensuing equations

of motion are given by(
mir̈i
Iiφ̈i

)
=

7

∑
j=1

(
R̂tt

i j R̂tr
i j

R̂rt
i j R̂rr

i j

)
·
(
ṙ j
φ̇ j

)
+

(
F c

i
0

)
+

(
Fm

i
T m

i

)
, (4)

with R̂, the resistance matrix calculated in detail in Appendix
A.

The parameters for solving equations of motion are ob-
tained from experiments. This includes the remanent mo-
ments of µrem = 9.35 · 10−9 Am2 for the bead of diameter
800 µm and to µrem = 2.3 ·10−9 Am2 for the beads of diame-
ter 500 µm. These remanent moment values can drift slightly
with storage conditions and usage history, leading to differ-
ences in the effective magnetic torques. Importantly, these
experimental values represent the in-plane components of the
remanent magnetic moments. Consistently, we impose in the
simulations that the remanent moment is parallel to the inter-
face plane by choosing in-plane initial conditions and the as-
sumption that the beads can only rotate in-plane. All beads are
initialized with zero velocities in a six-fold symmetric struc-
ture with the large central bead at the origin. The initial rem-
nant moments of the beads are oriented parallel to the initial
horizontal magnetic field. Equations of motion (4) are solved
numerically using an algorithm with adaptive step size as im-
plemented in Mathematica50.
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FIG. 3. Equilibrium distance between two neighboring beads in
the seven-bead assembly. Experimental data (black symbols) are
compared with simulations for different deformations of the interface
by the central bead.

C. Equilibrium configuration

The application of only the vertical field balances capil-
lary and magnetic forces, allowing the seven-bead system to
find an equilibrium configuration with a six-fold symmetry, as
shown in Figure 2. For example, for Bv = 4.98 mT in the equi-
librium configuration, the center-center distance between the
outer beads and the central bead is measured 1293 µm while
for for Bv = 5.31 mT we find 1386 µm.

Experimental and theoretical results show that the equilib-
rium distance deq increases linearly with Bv due to the in-
creasing magnetic repulsion, as shown in Figure 3. However,
to obtain quantitative agreement between measurements and
calculations, capillary interactions had to be approximated to
depend only on the projection r

∥
i j onto the liquid interface,

while the extent of the z-displacement of the central bead (z1)
was left as a constrained parameter. Deviations of less than
10 % from the experiments are found only after relatively
strong deformation of the interface is considered theoretically
(150 < z1 < 250 µm). This is consistent with previous find-
ings where the maximum limit for z1 was independently found
to be 330 µm47.

When a horizontal magnetic field Bh is applied, the angles
between ri j and the magnetic field differ for particles posi-
tioned to the left or right of the large particle. This asymmetry
is depicted in Figure 2(c), which highlights the difference in
angles between β5 and β2. This asymmetry, arising solely
from the height difference z1, alters the magnetic repulsion
and, consequently, the equilibrium distances for particles 5
and 2. This mechanism is crucial for generating the arm com-
pression and extension that leads to motion43,47.
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D. Assembly’s eigenmodes and the decomposition of
deformations

To understand the motion of the assembly, we determine its
14 eigenmodes: two translations, one rotation, 11 deforma-
tions, illustrated in Figure 4. Specifically, we consider the as-
sembly in a constant vertical magnetic field and calculate lin-
ear magnetocapillary forces associated with an infinitesimal
bead displacement in the xy-plane, which returns a 14× 14
stiffness matrix K. To account for the inertial response of the
beads, we define the mass matrix M as

M :=


m1 0 . . . 0 0
0 m1 0 . . . 0
...

...
. . .

...
...

0 . . . 0 m7 0
0 . . . 0 0 m7

 , (5)

which maps bead accelerations to inertial forces.
The eigenmodes of the system, therefore, correspond to so-

lutions of the generalized eigenvalue problem(
K −ω

2M
)
u= 0, (6)

where u is the eigenvector representing the mode shape asso-
ciated with the eigenfrequencies f = ω/(2π). The resulting
eigenmodes and the associated eigenfrequencies are presented
in Figure 4. We find four pairs of degenerate deformation
eigenmodes associated with the same eigenfrequencies, with
the first pair, consisting of modes 1 and 2, appearing at the
highest eigenfrequency. For typical experimental conditions,
i.e., device subject to Bv = 4.9 mT), this largest eigenfre-
quency is 5.6 Hz. Each pair of degenerate eigenmodes spans
a two-dimensional subspace, chosen as two linearly indepen-
dent modes of the highest possible symmetry. The 11 eigen-
modes are used to decompose the xy-plane deformation of the
assembly along its trajectory in its own frame of reference,
by systematically calculating the translational and rotational
motion of the assembly. The full procedure used to extract
bead displacements in this frame is detailed in Appendix B.
Such an analysis will prove itself useful in the study of the
mesoscopic motions of the assembly.

FIG. 4. Eigenmodes of the seven-bead assembly. Sketch of the magnetocapillary assembly’s eigenmodes with the modes’ respective
eigenfrequencies.

III. FORCE PROTOCOLS FOR 1-ARM AND 2-ARM
METACHRONAL COORDINATION

A. Inducing the assembly rotation

To reconstitute the metachronal motion, we start with a sim-
ple rotating magnetic field of the form

Bx = Bh cos(2π f t), By = Bh sin(2π f t), (7)

with f the frequency and Bh = 0.74 mT the magnitude of the
horizontal field.
Conservation of torque naturally implies that the device ex-
periences a net rotation. Our calculations, furthermore, reveal
that each bead also rotates around the z-axis as a consequence
of its remanent magnetic moment coupling to the external
B-field as observed in Figure 5(a). These rotations cannot be
resolved in experiments due to the symmetry of the beads.

In addition, the outer beads move both inward and toward
the next outer bead in the direction of rotation of the magnetic
field, as depicted in Figures 5(a) and 5(b). Due to the break-
ing of the axis-symmetry of the dipole-dipole interactions, we
observe metachronal arm compressions and extensions, trav-
eling in a rotating fashion around the assembly (see Movie
1 uploaded to Zenodo51). While some level of pumping is
achieved, translations are not present as there is no net force
and because the device is rotationally symmetric.

B. Inducing the self-propulsion

A precondition for force-free self-propulsion is 2-arm
metachronal coordination, which is achieved by doubling the
frequency along the y-axis to achieve a Lissajous-type field of
the form

Bx = Bh cos(2π f t), By = Bh sin(4π f t). (8)

The result is two waves traveling around the assembly (see
Movie 2 uploaded to Zenodo51) upon compressions of the as-
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1-arm metachronal rotation 2-arm metachronal swimming
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FIG. 5. Driving protocols for metachronal coordination of a seven-bead assembly. (a,b) is dedicated to 1-arm metacronal coordination
induced by the rotating field. (a) Numerical bead trajectories measured over two periods of the field rotation. The induced bead rotation is
depicted by black arrows. (b) Time-dependent arm lengths of the device in the experiments and in the simulations. (c,d) Panels are associated
with the 2-arm coordination emerging when applying Lissajous-type magnetic field. (c) Simulated bead trajectories for three periods of the
field (the turquoise inset). Side bead rotations are depicted by ω2,4,5,7. (d) The arm lengths of the device in the experiments and in the
simulations for f = 1.0 Hz,Bh = 0.5 mT. Colors of trajectories in (b) and (d) correspond to beads of identical colors in (a) and (c).

sembly and alternate displacement of side arms.
The arms, comprising 2 beads and depicted in blue and

green in Figure 5 (c,d), move from the back to the front, with
the frequency f of Bx in Eq. (8). In contrast, the distances of
the front (red) and the back (orange) beads to the central one
oscillate with 2 f , the frequency of By. This Lissajous forcing
creates two deformation waves that propagate along the struc-
ture: one along each lateral arm at frequency f , and another
alternating front-to-back compression at frequency 2 f . The
alternate compressions can be observed in Figure 5(d). These
waves together complete a full cycle over each Lissajous pe-
riod, resulting in very efficient, force-free, translational loco-
motion at speeds up to tens of µm/s along the y-direction
when Bh = 1.2mT. This driving produces a vanishing aver-
age torque. Hence, no net rotation of the device is observed,
although bead rotation occurs particularly at low frequencies.

C. Maximizing the amplitude of metachronal waves

To understand what determines the amplitude of the
metachronal wave, we characterize the deformations of the as-
sembly under both types of magnetic forcings. This requires
expressing the deformation of the assembly in terms of the
eigenmodes shown in Figure 4 and tracking time-dependent
amplitudes of these modes at each frequency of the field. The
resulting amplitudes, averaged throughout each assembly tra-
jectory, are shown in Figure 6.

For both 1-arm and 2-arm metachronal coordination (Fig-
ures 6(a) and (b), respectively), this reveals that the first
two degenerate modes dominate, with additional excitation of
modes 4–5 and 10–11. The effect is more substantial under
Lissajous forcing due to the higher horizontal magnetic field
amplitude Bh = 1.2 mT.

For both driving protocols, the amplitude of the deforma-
tion modes exhibits a non-monotonic dependence on the field
strength. Since the strength of these modes correlates with the
intensity of the metachronal wave, an optimal field strength
for maximizing wave amplitude is near the point where the

principal modes reach their maximum amplitude.
The comparison between simulations and experiments pre-

sented in Figure 6(c) for the 2-arm coordination shows very
good agreement, which validates the model. The observed
differences arise from the restricted time resolution of the ex-
perimental video tracking as well as from the effective viscos-
ity reduction at the interface, which enhances excitation am-
plitudes in experiments. In simulations, we assume the bulk
viscosity. This approximation is reasonable as the drag is es-
timate to be within 10% of the bulk value given that the beads
are more than 90% submerged, as previously shown by De-
lens et al.47, where for these particles the contact line radius
was found to be four times smaller than the bead radius.

D. Cycle-averaged collective dynamics

We now measure and calculate the frequency dependence
of the cycle-averaged angular velocity Ω for the 1-arm
(Figure 7(a)), and the swimming velocity V in the 2-arm
metachronal coordination pattern (Figure 7(b)). Experimen-
tal and numerical results exhibit very good agreement over
the entire frequency range for both driving protocols, con-
sistent with the agreement of mode decomposition observed
in Figure 6(c), strengthening the conclusion that our theoreti-
cal approach captures the physics underlying the experimental
observations. Residual discrepancies stem from slight varia-
tions in bead placement during experiments, lightly affecting
z1 from trial to trial. As the contact line is pinned to the bead,
its placement can also affect the in-plane component of µrem
which has an effect on the rotation of the bead.

Consistently, simulations further reveal that both velocities
tend to increase with the amplitude of the interface deforma-
tion, quantified by z1 (Figure 2(c)). This trend is illustrated
in Figure 7(a), where the rotational velocity Ω under 1-arm
forcing increases when comparing z1 = 165 µm (red dots),
z1 = 200 µm (blue), and z1 = 220 µm (green).

For both driving protocols, we systematically observe a
low- and a high-frequency regime. At low frequencies, we
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FIG. 6. Decomposition of the bead assembly deformation into
eigenmodes. Degenerate eigenmodes associated with the same
eigenvalue are combined into a single curve. Figures (a) and (b)
show the frequency dependence of modes appearing in experiments
with a rotating and Lissajous magnetic fields, respectively. Figure
(c) compares the excitation of the three main modes between exper-
iments (pluses, solid lines) and simulations (crosses, dashed lines)
under Lissajous driving. The lines are a guide for the eye.

find a linear increase of Ω and V towards a peak, which in
experiments appears at f ≈ 1−2 Hz (black crosses in Figure
7). At high frequencies, we find experimentally and in simula-
tions another peak at around 5 Hz. The peak in self-propulsion
velocity is at somewhat lower frequencies than with rotational
B-fields, because of the frequency doubling of the magnetic
field in y-direction. The depth difference z1 influences the in-

teraction, as it creates an asymmetry in the magnetic inter-
action between the left and right beads and the central bead.
The larger z1 is, the greater the asymmetry and the stronger
the associated restoring force, leading to increased rotation
and propulsion speed. In the simulations, z1 modifies the de-
formation forces through the stiffness matrix K, which in turn
affects the eigenfrequencies shown in Figure 4. These fre-
quencies should therefore exhibit some sensitivity to z1. How-
ever, Figures 6(c) and 7 show that the location of the high-
frequency peaks remains nearly unchanged, indicating that the
observed dynamics are robust across the tested range of z1. In-
terestingly enough, the low-frequency peak is not affected by
z1.

IV. MECHANISMS OF COOPERATIVE MOTION OF THE
ASSEMBLY

To understand the origin of this complex frequency re-
sponse, we resort to a theoretical analysis of the device mo-
tion. Our calculations allow us to evaluate one by one the role
of different mechanical degrees of freedom on the collective
dynamics. For example, tuning the vertical deformation of
the interface modulates the strength of hydrodynamic interac-
tions, as shown already in Figure 7(a). Rotation of individ-
ual beads can be suppressed by setting the remanent magnetic
moment to zero. Deformations are suppressed by setting the
horizontal magnetic field strength to zero in the force calcula-
tions, thus suppressing bead displacements while retaining a
non-zero horizontal component for the torques, allowing bead
rotations to persist. Inertial effects can be evaluated by setting
the mass of each bead to zero. By comparing such constrained
simulations to unconstrained simulations, we isolate the con-
tribution of each modality as discussed in the following sec-
tions.

A. The low frequency regime

1. Interplay of rotations and deformations

We now apply the procedure with the suppression of bead
rotations and arm deformations to both driving protocols. In
the low-frequency regime, we find that the emergent collective
behaviors—namely, the rotation of the assembly (Figure 8(a))
and its self-propulsion (Figure 8(b)), remain present when de-
formations are disabled (green symbols), closely matching the
full simulations (black symbols). However, when bead rota-
tions are suppressed (red symbols), both rotation and propul-
sion vanish entirely. These results indicate that rotational de-
grees of freedom of individual beads and the resulting hy-
drodynamic flows, rather than deformations, are the primary
mechanism driving collective motion at low frequencies.
Under the 1-arm metachronal driving, hydrodynamic interac-
tions transform the local torques applied to individual beads
into net mesoscale rotation of the assembly, with minimal con-
tribution from bead displacements. In the 2-arm Lissajous
driving, periods during which the beads’ orientations follow
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(b)(a)

FIG. 7. Low- and high-frequency regime: comparison of simulations and experiments. Frequency-dependent angular velocity (a) and
self-propulsion velocity (b) for 1-arm and 2-arm metachronal driving with Bh = 0.742 mT and Bh = 1.2 mT, respectively. Experiments are
denoted by black crosses, while simulations are represented by red, blue, and green markers, corresponding to varying depths of the central
bead, z1. The lines are a guide for the eye.

(b)

200
no rotations
no deformations

no rotations
no deformations

(a)

FIG. 8. Effects of bead rotations and arm deformations on assembly dynamics. Frequency-dependent rotation speed (a) and translational
speed (b) of the magnetocapillary assembly in the rotating (a) and Lissajous (b) magnetic field in the full simulations (black dots), in the
absence of forces deforming the assembly (green left-pointing triangles) and in the absence of remnant moments (red right-pointing triangles).
The lines are a guide for the eye.

the magnetic field alternate with periods where the field is
weak and the bead rotations result from the magnetic dipole-
dipole interactions of the beads (see Appendix C for details
of the stroke). While a strong external magnetic field leads to
bead rotations in the same direction for all beads, the dipole-
dipole interactions at instants of a weak external field are
roughly axis-symmetric with respect to the preceding orien-
tation of the external magnetic field. This leads to a breaking
of the rotational symmetry and enables swimmer translation
in a force-free manner.
The dominant contribution comes from the four lateral beads
oriented along the swimmer’s direction of motion (blue and
green beads in Figure 5(c)). These beads rotate continuously
in the same direction, providing rotlets that produce a net flow
in the positive y-direction and propel the swimmer forward.
This effect can be observed in Figure 9(b) where we show

the linear dependence of the swimming speed to the aver-
age angular velocities of the four side beads at low frequency.
This confirms that self-propulsion at low frequencies is purely
driven by rotations and hydrodynamic interactions between
the beads.

2. Phase locking to the magnetic field and the contribution
of hydrodynamic interactions

Now that bead rotation has been identified as the key mech-
anism in the low-frequency regime, we turn to explain the
observed linear increase towards a peak in both rotational
and propulsion speeds in Figures 7 and 8. Due to the linear
torque response of the beads with the magnetic field, the rot-
let strength and thus both the rotation and propulsion speed,
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Ω and V , increase with frequency. As the frequency increases
further, the bead rotations can no longer follow the field, and
Ω and V drop. We, therefore, find that the position of the low-
frequency peak can be associated with the step-out frequency.
This frequency corresponds to the moment the load torque of
the bead, necessary to keep it rotating at a constant speed, and
depending on the viscosity of the system, equals the magnetic
torque52.
Therefore, we found

fso,i =
1

2π

|µrem,i|Bh

8πηa3
i

, (9)

which, for the theoretical model, is calculated as fso ≈ 0.7 Hz.
The higher step-out frequency observed experimentally re-
sults from the decreased hydrodynamic friction due to partial
bead immersion in the fluid. Indeed, as shown in Figure 9,
by theoretically scaling down the hydrodynamic friction (first
term in Eq. (4)), the linear regime is also extended numeri-
cally.

(a) (b)

FIG. 9. Characteristics of the low frequency regime. (a)
Frequency-dependent rotation speed of different values of the viscos-
ity. A decrease in viscosity is accompanied by an increasing step-out
frequency fso. (b) Dependence of swimming speed in the y-direction
on the average angular velocities ω2,4,5,7 of the four side beads of the
assembly. At low frequencies, a linear relation is observed, suggest-
ing that swimming speed and bead rotation are proportional.

B. The high frequency regime

1. Interplay of rotations and deformations

A very different origin of motion is found at high frequen-
cies, where beads no longer follow the field. Figure 8 shows
that at higher driving frequencies (above 2 Hz for the rotating
field (Figure 8(a)) and in the 3−5 Hz range for Lissajous driv-
ing Figure 8(b)), the respective global motions persist even in
the absence of remanent magnetic moments (red symbols),
but vanish when deformations are disabled (green symbols).
In the case of Lissajous driving, the results are consistent with
Figure 9(b), showing that the average rotation speed of the
side beads drops to zero after reaching the step-out frequency,
whereas the propulsion speed remains unaffected.

These results confirm that, in the high-frequency regime,
propulsion is no longer driven by individual bead rotations but
rather emerges from collective, deformation-driven dynamics.

In fact, these motions result from the metachronal coordina-
tion of bead displacements within the interface plane, which
dominates the assembly’s response in this regime. The global
motion observed is thus a consequence of coherent shape
changes of the assembly rather than local torque-induced ef-
fects.

2. The role of inertia in metachronal coordination

Given the considerable speed of the device, it is instructive
to verify the characteristic Reynolds numbers43,53. For the
fluid, with L being the total length of the device, and η the
fluid viscosity, Re f = ρLv/η ≈ 0.09, which is well within the
low Re regime. On the other hand, the assembly’s Reynolds
number is Res = 2πρba2

i f/η ≈ 10− 30 near the resonance.
This points to the fact that the swimmer’s inertia likely plays
an important role in metachronal coordination and highlights
the mesoscale nature of the assembly in this regime.

To demonstrate the importance of inertia, we repeat the cal-
culation by setting the bead masses to zero (blue stars in Fig-
ure 10). Concomitantly, high-frequency peaks are lost, both
for the rotational and Lissajous driving, while metachronal co-
ordination persists, although at much lower amplitudes. This
demonstrates that these peaks result from the inertial trans-
lations of the beads in the xy-plane. We therefore return to
the modal analysis of assembly deformation shown in Fig-
ure 6. We find that two main deformation modes, associated
with the eigenfrequency of 5.5 Hz, are excited near the high-
frequency peak. This is in excellent agreement with the max-
imal swimming speed observed in both experiments and cal-
culations. We conclude that this regime peak is indeed associ-
ated with a mechanical resonance induced by the inertia of the
magnetocapillary system. Consistent with the frequency dou-
bling of the magnetic field in y-direction, the peak for trans-
lational self-propulsion is at lower frequencies than with rota-
tional B-fields. Given the Reynolds numbers, the surrounding
fluid remains in a low Reynolds number regime and the flow
is expected to stay laminar and inertia-less throughout. As
such, the transition between low- and high-frequency regimes
does not correspond to a qualitative change in the flow struc-
ture but rather reflects the increasing role of bead inertia and
deformation dynamics in driving propulsion. This interpre-
tation is consistent with previous work on mesoscale swim-
mers, which showed that even in low Reynolds number fluids,
the swimmer’s own inertia can enable propulsion by breaking
time-reversal symmetry43.

V. CONCLUSION

In this work, we reconstituted metachronal coordination,
characterized by sequential oscillatory translations of indi-
vidual components, in a minimal model system composed of
seven beads. We systematically examined how magnetic, cap-
illary, and hydrodynamic interactions, in conjunction with in-
ertial effects, give rise to cooperative motion. This assembly
served as a model platform to identify two distinct regimes of
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(b)(a)

FIG. 10. Effects of inertia. Comparison of results of full simulations (black dots) with simulations with the mass of beads set to zero (blue
stars). Only the low-frequency regime, i.e., small Re regime, was recovered in both the case of rotational (a) and Lissajous magnetic field (b),
confirming that inertia plays an important role in metachronal coordination.

locomotion, governed by the driving frequency of the external
forcing.

At low driving frequencies, we find that metachronal co-
ordination, while present, is not the primary mechanism re-
sponsible for the cooperative motion of the assembly. In
this regime, propulsion arises primarily from rotlet-induced
flows driven by bead rotations, rather than from collective de-
formation dynamics. The observed dynamics are consistent
with a class of theoretically proposed devices in which active
components generate flow fields that act on passive parts of
the system, thereby producing net locomotion54,55. Accord-
ingly, the Reynolds numbers associated with the motions of
appendages, the assembly, and the fluid are very low, and the
system is in the so-called viscous-dominated regime. In our
experimental implementation, this concept is realized through
the linear coupling of the external magnetic field B to the re-
manent magnetic moments of the beads, resulting in bead ro-
tations that closely follow the oscillating field. Depending on
the chosen driving protocol, this can lead to efficient rotation
and directed translation of the entire assembly.

At high driving frequencies, metachronal organization be-
comes essential for self-propulsion. In this regime, the
Reynolds number of the assembly spans from fluid-dominated
values (≪ 1) to mesoscopic values exhibited by moving body
parts (1–10), especially near its mechanical resonance. In our
model system, this transition is reflected in the amplification
of the swimming stroke due to bead inertia, as confirmed by
quantitative agreement between experiment and theory.

For organisms on the micro and mesoscale, these results
suggest that employing high-density components provides a
promising strategy to overcome the slow locomotion in highly
viscous environments. An alternative strategy is fast actua-
tion, which is indeed commonly associated with metachronal
coordination, for example, in beating cilia. Larger organ-
isms, such as krill56 and jellyfish57, naturally access the meso-
scopic regime due to their size. In these systems, optimizing
self-propulsion while minimizing energetic cost has been di-

rectly linked to resonance phenomena58, an idea further sup-
ported by analogies with damped harmonic oscillators59. Sim-
ilar resonance-enhanced swimming strategies have also been
demonstrated in bio-inspired flapping and flexible foil sys-
tems, where structural compliance and fluid–structure interac-
tions tune propulsion performance60,61. Our observation that
swimming speed peaks near a mechanical resonance echoes
these biological and engineered strategies: in both natural
and artificial systems, locomotion is enhanced when actuation
aligns with an optimal flapping frequency.

Additional investigation is, however, necessary to estab-
lish the broader relationship between metachronal coordina-
tion and inertial effects across diverse biological contexts. Our
work contributes a comprehensive phenomenological frame-
work that elucidates how mechanical degrees of freedom, cou-
pled with hydrodynamic and inertial effects, govern emergent
motion across a wide parameter space, provided the flow re-
mains within the laminar regime. Our findings, therefore,
may be relevant to understanding the common occurrence of
metachronal coordination in nature.

Together, these two propulsion regimes – hydrodynamic
interaction-driven motion yielding microswimming, and
resonance-enhanced inertial motion accessing the mesoscale –
offer complementary design strategies for synthetic swimmers
and microfluidic actuators. By combining dense components
with coordinated actuation such as metachronal waves, future
devices could adaptively switch between mechanisms depend-
ing on scale, fluid environment, or functional demands. This
dual-mode framework opens new avenues for engineering ag-
ile, energy-efficient systems capable of pumping and navigat-
ing complex fluidic landscapes with biological-level sophisti-
cation.
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Appendix A: Numerical methods

In the simulations, the bulk low Reynolds number hydro-
dynamics at the level of the Rotne-Prager approximation, i.e.,
including all terms up to the order O (a/r)3, is used. Since at
the Rotne-Prager level, the expressions for the mobility matrix
µ̂ are simpler than for the resistance matrix R̂ = −µ̂−162, we
implement in the simulations the mobility matrix and invert it
later. The corresponding expressions for components of the
mobility matrix are63,64:

µ̂
tt
i j =

1
8πη |ri j|

(
1̂+

ri j ⊗ri j

|ri j|2

)
+

a2
i +a2

j

24πη |ri j|3

(
1̂−3

ri j ⊗ri j

|ri j|2

)
(i ̸= j),

µ̂
tt
ii =

1̂
6πηai

, (A1)

µ̂
tr
i j =

1
8πη |ri j|3

(ri j×) (i ̸= j), µ̂
tr
ii = 0̂, µ̂rt

i j =
(
µ̂

tr
ji
)T

,

µ̂
rr
i j = 0 (i ̸= j), µ̂

rr
ii =

1
8πηa3

i
.

Here, the upper indices t and r denote translation and rotation,
respectively, while i and j refer to two beads of the assembly.
The symbol ⊗ denotes the tensor product of two vectors and
(ri j×) is a rank-two tensor defined as

(ri j×) := εpqr (ri j)qeper, (A2)

with ε the Levi-Civita symbol, p,q,r spatial indices, and ep
the unit vector in the direction associated with the index p.
The water viscosity η is assumed as η = 1.0 mPas.

Since we consider rotations only around the z-axis, we use
for the components of the mobility matrix of the form µ̂ tr

i j , µ̂rt
i j

and µ̂rr
i j only the entries associated with rotation about the z-

axis. For instance, µ̂rr
i j then becomes a scalar while µ̂ tr

i j and µ̂rt
i j

are represented as tensors of dimensionality 3× 1 and 1× 3,
respectively.

We then define the full mobility matrix as

µ̂ =



µ̂ tt
11 . . . µ̂ tt

17 µ̂ tr
11 . . . µ̂ tr

17
...

. . .
...

...
. . .

...
µ̂ tt

71 . . . µ̂ tt
77 µ̂ tr

71 . . . µ̂ tr
77

µ̂rt
11 . . . µ̂rt

17 µ̂rr
11 . . . µ̂rr

17
...

. . .
...

...
. . .

...
µ̂rt

71 . . . µ̂rt
77 µ̂rr

71 . . . µ̂rr
77


. (A3)

Inverting this expression gives rise to the components of the
resistance matrix R̂ that are used in Eq. (3) of the main text.

Appendix B: Decomposition of the assembly deformation

For the decomposition of the assembly deformation in
eigenmodes, the displacement of each bead in the device’s
frame of reference is required for each instant of time. Since
the beads cannot move in the z-direction by assumption, we
restrict our focus to the x- and y-components of the bead po-
sition vectors rk. We calculate the assembly orientation for
each time step by

αs = arg

(
7

∑
k=2

exp
(

i(αk −
2π

6
(k−2)

))
, (B1)

with αk the orientation of rk − r1, i.e. the orientation of the
arm associated with bead k, with k ∈ {2, ...,7}, and arg the
argument of a complex number. We then calculate the center
of mass

rCOM :=
∑

7
k=1 mkrk

∑
7
k=1 mk

, (B2)

as well as the rotated bead positions such that the average as-
sembly orientation is zero and the center of mass is in the
origin of the coordinate system,

r′k =

(
cos(−αs) −sin(−αs)
sin(−αs) cos(−αs)

)
· (rk −rCOM). (B3)

The bead displacement is then calculated as the difference
between each r′k and the symmetric six-fold structure with the
central bead in the origin and all other bead positions defined
by

req
k = leq

(
cos
(

2π

6
(k−2)

)
,sin

(
2π

6
(k−2)

))T

. (B4)

Here, leq denotes the assembly’s time-averaged arm length.

Appendix C: Stroke of the 7-bead assembly during
self-propulsion

At low frequencies, we find that the assembly rotation re-
sults from continuous rotations of outer beads around the z-
axis. In Figure 11, we sketch the mechanism that leads to
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FIG. 11. Swimming mechanism of the seven-bead assembly in the
low-frequency regime. (a) Sketch of the orientations of the remanent
moments during one full cycle of the Lissajous-type horizontal mag-
netic field. (b) Plot of the Lissajous field, with the B-field of the
different snapshots in part (a) indicated.

the single bead rotations in the simulations. Here, the black
arrows indicate the current bead orientation while the green
arrows indicate the cumulative rotation since step 1. The pale
gray arrows indicate the initial bead orientation, and the blue
arrows indicate dipole-dipole torques.
In detail, when the horizontal magnetic field switches direc-

tion, the three beads on the lower left side rotate counterclock-
wise (CCW), while the others rotate clockwise (CW) (Figure
11, step 2). After the external field has switched direction
(step 3), all beads follow the CCW rotation of the external
field (step 5). When the horizontal field switches direction
again (steps 6 and 7), the orientation of the remanent bead
moments is again aligned with the preceding orientation of
the magnetic field, which is, however, different from that of
the first switching event. As a consequence, the three beads
on the upper left side rotate CCW while the beads on the lower
left side rotate CW. After the horizontal field has switched di-
rection, all beads again follow the CW rotation of the mag-
netic field.
After a full cycle of the Lissajous-type magnetic field, the two
beads on the swimmer’s left side have performed a full CCW
rotation, while the beads on the right side have undergone a

full CW rotation. The resulting flow field points upwards at
the central bead as well as at the beads above and below it.
Consequently, this leads to upward swimming of the magne-
tocapillary ensemble.

REFERENCES

1E. M. Purcell, “Life at low reynolds number,” American journal of physics
45, 3–11 (1977).

2E. Lauga, “Bacterial hydrodynamics,” Annu. Rev. Fluid Mech. 48, 105–130
(2016).

3E. Lauga and T. R. Powers, “The hydrodynamics of swimming microorgan-
isms,” Rep. Prog. Phys. 72, 096601 (2009).

4M. Byron, A. Santhanakrishnan, and D. Murphy, “Metachronal Coordina-
tion of Multiple Appendages for Swimming and Pumping,” Integr. Comp.
Biol. 61, 1561–1566 (2021).

5H. Machemer, “Ciliary activity and the origin of metachrony in Parame-
cium: effects of increased viscosity.” J. Exp. Biol. 57, 239–259 (1972).

6N. Narematsu, R. Quek, K. H. Chiam, and Y. Iwadate, “Ciliary metachronal
wave propagation on the compliant surface of Paramecium cells,” Cy-
toskeleton 72, 633–646 (2015).

7D. 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).

8M. J. Sanderson and M. A. Sleigh, “Ciliary activity of cultured rabbit tra-
cheal epithelium: beat pattern and metachrony,” J. Cell Sci. 47, 331–347
(1981).

9L. B. Wong, I. F. Miller, and D. B. Yeates, “Nature of the mammalian
ciliary metachronal wave,” J. Appl. Physiol. 75, 458–467 (1993).

10O. Mesdjian, C. Wang, S. Gsell, U. D’Ortona, J. Favier, A. Viallat, and
E. Loiseau, “Longitudinal to Transverse Metachronal Wave Transitions in
an in Vitro Model of Ciliated Bronchial Epithelium,” Phys. Rev. Lett. 129,
038101 (2022).

11S. L. Tamm, “Cilia and the life of ctenophores,” Invertebr. Biol. 133, 1–46
(2014).

12N. Osterman and A. Vilfan, “Finding the ciliary beating pattern with opti-
mal efficiency,” Proc. Natl. Acad. Sci. U.S.A. 108, 15727–15732 (2011).

13A. Vilfan and F. Jülicher, “Hydrodynamic flow patterns and synchronization
of beating cilia,” Phys. Rev. Lett. 96, 058102 (2006).
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