
HAL Id: hal-04814341
https://hal.science/hal-04814341v1

Preprint submitted on 2 Dec 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Minimal design of a synthetic cilium
Clément Moreau, Benjamin J. Walker, Rebecca N. Poon, Daniel Soto, Daniel

I. Goldman, Eamonn A. Gaffney, Kirsty Y. Wan

To cite this version:
Clément Moreau, Benjamin J. Walker, Rebecca N. Poon, Daniel Soto, Daniel I. Goldman, et al..
Minimal design of a synthetic cilium. 2024. �hal-04814341�

https://hal.science/hal-04814341v1
https://hal.archives-ouvertes.fr


Minimal design of a synthetic cilium

Clément Moreau,1, 2, ∗ Benjamin J. Walker,3, 4, † Rebecca N. Poon,5 Daniel

Soto,6 Daniel I. Goldman,6 Eamonn A. Gaffney,7, ‡ and Kirsty Y. Wan5, §
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We study a slender filament beating in a viscous fluid with novel curvature-dependent bending
stiffness. Our numerical and experimental investigations reveal that such differential stiffness can
sustain planar bending waves far along flexible filaments, in stark contrast to the uniform-stiffness
case which requires more sophisticated control. In particular, we establish basal actuation as a
viable, parsimonious mechanism for generating high-amplitude planar bending waves. Moreover,
the resulting beat patterns closely resemble the power-and-recovery strokes of propulsive biological
filaments such as cilia, suggesting extensive applications in robotic and engineered systems.

INTRODUCTION

The cilium is a complex, highly conserved organelle
found in diverse organisms where it contributes to a
host of important functions, including flow manipulation
and self-propulsion of microorganisms [1, 2]. Inspired by
these natural capabilities, there has been significant in-
terest and progress in the field in fabricating micro or
even nanoscopic devices that can also be used to enable
fluid pumping, swimming, particle mixing and manipu-
lation. Synthetic systems are currently unable to match
the versatility of biological cilia, which has driven the de-
velopment of sophisticated artificial control mechanisms.
Magnetic actuation has become the favoured strategy to
precisely engineer realistic beat patterns in ensembles of
artificial cilia, though many other methods have been
employed, including pneumatic, electrochemical, and op-
tical actuation [3, 4]. Rather than devise increasingly
sophisticated modalities of control, we consider an alter-
native approach: is it possible to engineer the material
properties of a filament to produce realistic, cilia-like beat
patterns using only a simple control mechanism?

To explore this idea, we revisit a seminal study of the
fluid-structure interactions of a swimming mammalian
spermatozoan, Fig. 1a from the 1950s. Here, Machin con-
trasted two popular competing hypotheses of the time [7]:
(1) the filament is driven from the base (at its interface
with the cell body) but is otherwise passive, and (2) it
is driven by active elements along its length. Through
a theoretical analysis of an idealised Euler elastica in
the absence of inertia, Machin concluded that passive,
proximally driven filaments were incapable of reproduc-
ing large-amplitude bending waves that are characteris-
tic of eukaryotic cilia and flagella [2, 8, 9]. In particular,
Machin noted that, depending on parameters, one of two

FIG. 1. Examples of flagellar actuation in biological micro-
swimmers. Beating flagella of (a) a bovine spermatozoon and
(c) Chlamydomonas reinhardtii display large amplitude bend-
ing at their distal ends. (b,d) Traces of the waveforms, color-
coded in time, highlight the symmetric beat pattern for the
sperm cell and marked asymmetry in Chlamydomonas be-
tween the power and recovery strokes. Images (a,b), (c,d) are
reproduced with permission from Walker et al. [5] and Wan
and Goldstein [6], respectively.

things occurred: (1) the amplitude of bending waves de-
cayed rapidly along the flagellum, so that distal ampli-
tudes were effectively negligible (Fig 3 F-J of [7]), or (2)
bending only occurred with long wavelength, with fewer
than approximately 1.5 wavelengths being present along
the flagellum (Fig 3 A-E of [7]).

Machin’s study refuted the first of the two hypotheses
for flagellar beating, a result later confirmed by experi-
ments that culminated in the identification of spatially
distributed dynein as the molecular motors responsible
for force generation inside these filaments [10–12]. As
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these filaments are remarkably conserved across eukary-
otes ([1, 11, 13, 14] and Fig. 1), it is now well-established
that ciliary beating is universally driven by distributed
activity rather than localised actuation. Indeed, cilia
completely isolated from the cell body continue to beat
in the presence of ATP [15–17]. Hence, proximal actu-
ation has been duly passed over as a driver of motility
in eukaryotic systems. This notably contrasts with flag-
ellated bacteria and archaea, which self-propel using a
rotary motor that generates basal torque to spin a heli-
cal flagellum [18, 19].

Thus, the prospect of driving cilia-like beating pat-
terns in elastic filaments via basal actuation alone would
appear to be unrealistic. However, while the material
properties of biological cilia and flagella are restricted
by developmental or evolutionary constraints, engineered
synthetic filaments may be designed with more freedom
[3, 20–22]. This raises a simple question: by modify-
ing the mechanical properties of a filament, can the con-
clusions of Machin’s analysis be sidestepped? Can we
produce realistic bending waves in engineered passive fil-
aments for low-Reynolds number propulsion using only
basal actuation? If so, this simple mechanism would facil-
itate the development of markedly simple synthetic sys-
tems without intricate mechanisms of distributed driving
or control. In turn, these may be designed to exploit
asymmetric ciliary beating either for propulsion, such
as in multi-ciliated swimmers like Chlamydomonas, or
for flow generation, as observed in epithelial cilia. This
strategy is analogous to implementing directional compli-
ance in robotic appendages modelled upon the limbs of
insects [23], the undulatory motion of snakes [24] or mag-
netic metamaterials [25–27], which can greatly reduce the
costs of gait computation.

Seeking to embody novel functionality within simple
synthetic systems, we combine theoretical study with a
novel engineered physical system. In this Letter we es-
tablish how sustained, cilia-like beating patterns can be
driven by basal actuation alone in appropriately designed
filaments.

MACHIN’S LOW-AMPLITUDE MODEL

To motivate our eventual design principle, we consider
(following [7]) the propagation of bending waves along an
elastic filament in a fluid using the dimensionless small-
amplitude beam equation

∂y

∂t
= − ∂2

∂x2

(
E
∂2y

∂x2

)
(1)

with boundary conditions

y(0, t) = 0 ,
∂y

∂x
(0, t) = A sin t , (2a)

∂2y

∂x2
(1, t) = 0 ,

∂3y

∂x3
(1, t) = 0 . (2b)

This system corresponds to a filament with displace-
ment y driven by rotation about a hinge at x = 0, with
moment-free and shear-free conditions at the tip x = 1.
Throughout, we use dimensionless quantities such that
E captures the ratio of bending resistance to drag, the
driving oscillations occur at unit frequency, and the fila-
ment is of unit length. Balancing terms in Eq. (1) gives
rise to a natural dimensionless lengthscale l ∝ 4

√
E, over

which planar elastic waves decay exponentially.
Many studies have generalised Machin’s model, going

beyond the small-amplitude limit and into three dimen-
sions [28–31], or have considered hydrodynamic and basal
synchronisation of several flagella [32, 33], follower force
actuation [34] or non-uniform, spatially-varying stiffness
[35, 36]. Here, we seek an alternative generalisation and
incorporate state dependence into the stiffness, setting

E = E( ∂
2y

∂x2 ) to depend on the local linearised curvature.
For simplicity, we consider E to be piecewise constant,
so that

E(κ) =

{
EL if κ > 0 ,

ER if κ ≤ 0
(3)

for unequal constants EL > ER > 0 and curvature κ ∈ R.
Solving Eq. (1) is now somewhat involved, but we can es-
timate the appropriate decay lengthscale by considering
a further simplification.
Suppose that, instantaneously, the filament is divided

into two equal regions of positive and negative curva-
ture, similar to a sinusoid over a single period. Up
to constants and over a fixed timescale, the appropri-
ate decay lengthscale in the region of positive curva-
ture is lL = 4

√
EL; in the region of negative curva-

ture, the decay lengthscale is lR = 4
√
ER. Note lL >

lR. Hence, the amplitude of planar bending waves af-
ter passing through both regions experiences decay scal-
ing with exp (− 1

2 [1/lL + 1/lR]), as opposed to either of
exp (−1/lL) and exp (−1/lR). Hence, there is an effec-
tive decay lengthscale of 2(1/lL+1/lR)

−1 in the filament,
equal to the harmonic mean of the two individual length-
scales of decay. Notably, this is at least as large as the
smallest lengthscale lR, and approaches 2lR as EL → ∞.
Intuitively, this latter case corresponds to a filament that
is extremely hard to bend in one direction, whilst being
relatively compliant in the other.
This reasoning readily generalises to filaments where a

proportion α ∈ (0, 1) is bent such that E = ER. In this
case, the effective lengthscale is ([1 − α]/lL + α/lR)

−1,
which approaches lR/α > lR as EL → ∞. Whilst clearly
α should not be considered to be a fixed quantity in a
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FIG. 2. Differential stiffness and small-amplitude beating.
(a,b) Computed solutions of the small-amplitude beam equa-
tion over time with (a) EL = ER = 10−4 and (b) EL = 10−3,
ER = 10−4. (c,d) Deviation from the average configuration
ȳ, highlighting increased amplitude with differential filament
stiffness. The envelope of (d) is overlaid on (c) as black dashed
curves. (e) Estimated decay lengthscale l as a function of dif-
ferential stiffness, relative to the lengthscale l0 in the equal-
stiffness case. Here, A = 0.1.

dynamic filament, this back-of-the-envelope scaling anal-
ysis suggests that state-dependent bending stiffness could
greatly enhance the effective decay length, with filaments
thereby being able to transmit bending waves far along
their lengths. Importantly, this mechanism unifies de-
sirable properties of both high and low stiffness regimes:
bending waves can be of high curvature (associated with
the lower bending stiffness) and also propagate far along
the filament (associated with the higher bending stiff-
ness). Thus, filaments with differential stiffness are qual-
itatively different to their constant-stiffness counterparts.

To examine these idealised arguments thoroughly, a
numerical study of filaments with differential bending
stiffness is presented in Fig. 2, computed using FEn-
iCS [37], wherein the state-dependent stiffness is taken
to vary smoothly (but rapidly) between EL and ER

(detailed in the Supplementary Material). We encour-
age readers to explore this system for themselves via a
browser-based VisualPDE simulation [38]. The contrast
between a uniform filament (a) and a filament with state-
dependent stiffness (b) is marked, with the latter being
highly asymmetric. The amplitude of distal motion is
significantly greater in (b) than in (a), visible in the
mean-centered plots of (c) and (d). This enhancement of
both the distal amplitude and the apparent decay length-
scale agree qualitatively with the scaling analysis. This
is further supported by numerical estimation of the de-
cay lengthscale as a function of the degree of differential
stiffness (Fig. 2e), described in the Supplementary Mate-
rial. Thus, at least in the small-amplitude regime, state-
dependent stiffness is a plausible mechanism for propa-
gating planar bending waves along filaments.

LARGE-AMPLITUDE BENDING

To investigate beyond the small-amplitude regime, we
adopt a geometrically nonlinear framework [39, 40]. The
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FIG. 3. Effects of differential stiffness in the geometrically
nonlinear regime (A = π/2), obtained from numerical so-
lution of Eq. (4). (a,b) Relative increase in (a) maximal
curvature and (b) average force at the pinned end, for a
range of stiffnesses ER and differential stiffnesses EL/ER. Ex-
ample waveforms are shown below for (c) medium stiffness
(ER = 1.6 × 10−3) and (d) low stiffness (ER = 1 × 10−4).
(c,d) Example beating patterns (rotated in the beating plane
to align horizontally) and associated curvature kymographs
for filaments of (c) medium stiffness (ER = 1.6 × 10−3) and
(d) low stiffness (ER = 1 × 10−4). From left to right: sym-
metric beating (EL = ER), resembling the classical solution
of Fig. 2; an intermediate case (EL/ER = 10), matching that
studied in the small-amplitude regime; and a highly asym-
metric “locking” case (EL/ER = 103), effectively forbidding
negative curvatures.

analogue of Eq. (1) in the geometrically nonlinear regime
is

E
∂θ

∂s
+

1∫
s

[x(s̃)− x(s)]× f(s̃) ds̃ = 0 (4)

written in terms of the tangent angle θ (measured rel-
ative to a fixed axis), position x = (x, y), and hydro-
dynamic drag f , each functions of arclength s ∈ [0, 1]
and dimensionless. The derivation of this integral equa-
tion and the underlying assumptions are described in

https://visualpde.com/nonlinear-physics/nonlinear-beams.html
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detail by Moreau et al. [39], recounted in part in the
Supplementary Material. In the nonlinear regime, cur-
vature is κ = ∂θ

∂s , so that E = E(κ). Solving this
integro-differential equation numerically (as described in
the Supplementary Material) allows us to test the pre-
dictions of the linear theory well beyond its regime of
validity. In the following, we set A = π/2.

In this general regime, a quantitative measure of the
effects of stiffness is the relative increase in maximum
curvature over one beating period, averaged over the flag-
ellum, defined for given EL and ER as

K(EL, ER) =

∫ 1

0

maxt |κEL,ER
(s, t)|

maxt |κER,ER
(s, t)|

ds, (5)

where the maximum over t is computed over one time
period in the limiting periodic regime. Naturally,
κEL,ER

(s, t) and κER,ER
(s, t) refer to the curvature for

the asymmetric and symmetric filaments, respectively.
This quantity is presented in panel (a) of Fig. 3, plotted

as a function of ER and the differential stiffness EL/ER,
demonstrating that differential stiffness can greatly en-
hance the curvatures attained by a filament during a
beating period. The relative increase is three-fold around
ER ≈ 1× 10−3.
To confirm that the increase in average curvature is

localised towards the distal end of the filament, we also
determined the maximum value Kmax and its argument
smax over s ∈ [0, 1] of the integrand in Eq. (5), indicating
where the qualitative change between uniform and differ-
ential stiffness is the greatest. For any value of EL and
ER, smax takes values between 0.5 and 0.8, confirming
the trend in Fig. 3. Around ER ≈ 1 × 10−3, the corre-
sponding value of Kmax goes up to 6, further highlighting
the capacity of differential stiffness to transport and even
amplify curvature for large beating amplitudes.

Machin identified (in the small-amplitude limit) that
exponential decay significantly hinders planar wave prop-
agation towards the distal end when the filament length
exceeds five times the characteristic lengthscale 4

√
ER.

Surprisingly, the parameter regime in which we see max-
imal curvature increase due to differential stiffness ap-
proximately corresponds to this case. Moreover, the cur-
vature increase remains markedly high even when con-
sidering very small ER (< 10−4, representing a filament
more than 10 times longer than the relaxation length-
scale), for which the effect of proximal actuation with
uniform stiffness is virtually negligible at the distal end.

Figure 3b displays the magnitude F̄ of the pinning
force, exerted on the point of attachment at the prox-
imal end, averaged over one beating period, and nor-
malised by the time-averaged force without differential
stiffness, F̄sym. As should be expected, maintaining a
prescribed actuation while increasing filament stiffness
for positive curvature comes at the cost of increasing the
average pinning force. However, this relative increase re-
mains smaller than the relative curvature enhancement

through most values of ER and EL, indicating that differ-
ential stiffness constitutes an efficient way of increasing
curvature according to this measure. For all values of
EL/ER, the relative force F̄ /F̄sym has a local minimum
with respect to ER for ER ≈ 1.6×10−3. Simultaneously,
K(EL, ER) is approximately maximal, so that the ratio
between K(EL, ER) and F̄ /F̄sym is also approximately
maximal. This value of ER appears to be optimal for
enhanced curvature generation with differential stiffness.
Panels (c) and (d) of Fig. 3 illustrate filament beats in

the large amplitude regime for various degrees of differ-
ential stiffness. In the left column, we take EL = ER and
reproduce the symmetric, short-lengthscale beating pre-
dicted by Machin’s low-amplitude analysis for differing
baseline stiffness ER. In the subsequent columns, increas-
ing degrees of differential stiffness yield larger amplitude
deviations at the distal end of the filament while also al-
lowing for high-curvature planar bending waves to prop-
agate. These beats are further represented in the plots
of signed curvature κ beneath the beating patterns, from
which the high curvatures of the asymmetric regimes are
evident. The spatial extent of bending waves is also
clearly visible, with differential stiffness giving rise to far-
reaching bending. Moreover, in the case ER ≈ 1.6×10−3

(Fig. 3c), the resulting beat patterns begin to resemble
the power-and-recovery strokes typical of most cilia, in-
cluding Chlamydomonas (Fig. 1d), other protists [41–43],
and vertebrate respiratory cilia [44].

Thus, even beyond the small-amplitude regime, differ-
ential stiffness presents itself as an effective mechanism
for enhancing elastic planar wave propagation.

ENGINEERING CILIA-LIKE BEATING

Given the striking resemblance of the simulated beat of
Fig. 3c with those seen in certain biological specimens, we
now ask if we can realise biomimetic beating in practice
using only basal actuation and differential stiffness? To
explore this, we built a macroscopic robotic realisation of
a basally actuated filament, schematised in Fig. 4a. The
continuum limit is difficult to implement in practice, so
our robotic filament comprises a finite number of links
connected by custom hinges that are designed to quali-
tatively mimic differential stiffness [20].

These hinges, illustrated in Fig. 4b, are asymmetric in
shape, so they only admit bending in one direction, simi-
lar to the “locking” limit EL ≫ ER explored above. Each
of the three links is 1.6 cm long, with a 1.2 cm basal at-
tachment, so that the total length of the filament from its
rotation point is 6 cm. The locking hinges are designed to
reproduce the most extreme case of differential stiffness
in the limit of EL ≫ ER (as seen in Fig. 3c). Notably,
these hinges are simple to customise and produce.

The filament is driven at the base by a XL430-W250
dynamixel motor, which rotates through 180◦ at an an-
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FIG. 4. Experimental realisation of differential stiffness in a
bio-inspired macroscale robotic cilium (Supplementary Video
1). Motion is driven only by actuating the base of the fila-
ment. (a) Diagram of the experimental setup, not to scale.
The cilium is placed in a tank of glycerin, and imaged from
below. The cilium is connected to the driving motor by a
vertical metal shaft. (b) Detail of the locking mechanism.
The links are designed so that each link can rotate freely only
within the 90◦ angle indicated in red. (c) Snapshots of the
robotic filament overlaid in time compared to (d) a simulated
waveform, with A = π/2, ER = 2 × 10−3, EL ≫ ER high-
lighting marked agreement between the synthetic and in silico
systems.

gular velocity of 5 ◦ s−1. To remain in the low-Reynolds
regime, the filament is placed in a tank of glycerin, which
has density of 1.26 × 103 kgm−3 and viscosity 1.4Pa s.
The oscillatory Reynolds number ρfL2/η = 0.3. Visual
inspection of the beating filament confirmed that iner-
tial coasting was negligible. The tank measures 60 cm by
32 cm, with depth 18 cm. The filament is positioned far
from walls to minimise boundary interactions. Imaging
was performed at 1Hz using a Logitech webcam. The
cilia were resin printed using an Anycubic Photon Mono
X, in Anycubic resin, and density matched to the glyerin.

Prescribing a basal amplitude A = π/2, the beat pat-
tern of the robotic filament is showcased in Fig. 4c.
Even without elasticity, the power and recovery strokes
are clearly distinguished, with experimental waveforms
closely resembling the cilia-like beating observed in our
nonlinear simulations (Fig. 4d). Further analysis, in-
cluding a maximum intensity projection of the full video
(Supplementary Video 1, 12 beat cycles in total), shows
that small tracer particles in the fluid move a net dis-
tance of approximately 0.1 cm per beat cycle, evidencing
net pumping of fluid by this artificial cilium. (See the
Supplementary Material for details.) A full and faithful
model of the robotic system and a complete parameter
analysis will be explored in future study.

SUMMARY AND CONCLUSIONS

Through a combination of experiments and theory,
we have demonstrated that enhanced wave propagation
can be achieved with marked simplicity, realising cilia-
like beats in engineered filaments using basal actuation
alone, contrasting for instance with distributed magnetic
actuation in recent similar designs of robots with struc-
tural asymmetric stiffness [25, 27]. By incorporating a
curvature-dependent stiffness we pragmatically generate
biologically realistic planar waveforms using only a sim-
ple modality of control. This highlights and newly es-
tablishes the ready potential for simple, parsimonious
synthetic systems to reproduce this well-studied, broadly
applicable and widely conserved biological phenomenon.
More generally, it paves the way for new avenues of mul-
tidisciplinary enquiry into the motility and actuation of
synthetic systems at the microscale.
It is well known that mammalian sperm flagella have

a spatially heterogeneous bending stiffness with higher
proximal stiffness [45, 46]. This is potentially analogous
to the larger initial link in the macroscale robotic cilium
depicted in Fig. 4b, which prevents proximal bending,
and the functional impact of time-independent axisym-
metric heterogeneity has been explored in a number of
studies [47, 48]. However, biological cilia also possess
numerous protein complexes positioned along axonemal
microtubule arrays that could harbour dynamic struc-
tural heterogeneities that do not possess axisymmetry,
contributing to an effective state-dependent stiffness [49–
52]. The potential for dynamic tuning of apparent and
state dependent bending stiffness in these structures has
not been previously considered. Nonetheless, the dy-
namic modulation of these asymmetries in live cells, e.g.
by phosphorylation, could contribute to the generation
of distinct beat patterns on the same structure, noting
that flagella stiffness changes with the level of ATP [53–
55], which in turn has been associated with the extent
of phosphorylation of outer dynein arm-linked proteins
[56]. In particular, to achieve control systems for mi-
croscale movement, cells must exploit the mechanical or
physical intelligence of their bodies, which could be re-
alised, at least in part, through state-dependent bending
stiffness of their cilia.

ACKNOWLEDGEMENTS

This work was funded by the Japan Society for the
Promotion of Science (Fellowship No. PE22023 and
Grant No. 22KF0197 to C.M) and the Research Institute
for Mathematical Sciences, an International Joint Us-
age/Research Center located at Kyoto University (C.M),
by the Royal Commission for the Exhibition of 1851
(B.J.W), by the European Research Council under the
European Union’s Horizon 2020 research and innovation



6

programme grant 853560 EvoMotion (K.Y.W), and a
Company of Biologists travelling fellowship (R.N.P and
K.Y.W).

For the purpose of Open Access, the author has ap-
plied a CC BY public copyright licence to any Author
Accepted Manuscript (AAM) version arising from this
submission.

∗ clement.moreau@cnrs.fr
† bjw43@bath.ac.uk
‡ gaffney@maths.ox.ac.uk
§ k.y.wan2@exeter.ac.uk

[1] D. R. Mitchell, Evolution of cilia, Cold Spring Harbor
Perspectives in Biology 9, a028290 (2017).

[2] C. Brennen and H. Winet, Fluid-mechanics of propulsion
by cilia and flagella, Ann. Rev. Fluid Mech. 9, 339 (1977).

[3] T. ul Islam, Y. Wang, I. Aggarwal, Z. Cui, H. Es-
lami Amirabadi, H. Garg, R. Kooi, B. B. Venkatara-
manachar, T. Wang, S. Zhang, P. R. Onck, and J. M. J.
den Toonder, Microscopic artificial cilia – a review, Lab
Chip 22, 1650 (2022).

[4] H. Gu, Q. Boehler, H. Cui, E. Secchi, G. Savorana,
C. De Marco, S. Gervasoni, Q. Peyron, T.-Y. Huang,
S. Pane, A. M. Hirt, D. Ahmed, and B. J. Nelson,
Magnetic cilia carpets with programmable metachronal
waves, Nature Communications 11, 2637 (2020).

[5] B. J. Walker, S. Phuyal, K. Ishimoto, C.-k. Tung, and
E. A. Gaffney, Computer-assisted beat-pattern analysis
and the flagellar waveforms of bovine spermatozoa, Royal
Society Open Science 7, 200769 (2020).

[6] K. Y. Wan and R. E. Goldstein, Rhythmicity, recurrence,
and recovery of flagellar beating, Physical Review Letters
113 (2014).

[7] K. E. Machin, Wave propagation along flagella, J. Exp.
Biol. 35, 796 (1958).

[8] D. M. Woolley and G. G. Vernon, A study of helical and
planar waves on sea urchin sperm flagella, with a theory
of how they are generated, J. Exp. Biol. 204, 1333 (2001).

[9] M. T. Gallagher, G. Cupples, E. H. Ooi, J. Kirkman-
Brown, and D. Smith, Rapid sperm capture: high-
throughput flagellar waveform analysis, Human Repro-
duction 34, 1173 (2019).

[10] I. Gibbons, Studies on protein components of cilia from
tetrahymena pyriformis, PNAS 50, 1002 (1963).

[11] I. Gibbons and A. Rowe, Dynein - a protein with adeno-
sine triphosphatase activity from cilia, SCIENCE 149,
424 (1965).

[12] K. E. Summers and I. R. Gibbons, Adenosine
triphosphate-induced sliding of tubules in trypsin-treated
flagella of sea-urchin sperm, PNAS 68, 3092 (1971).

[13] C. B. Lindemann, The flagellar germ-line hypothesis:
How flagellate and ciliate gametes significantly shaped
the evolution of organismal complexity, Bioessays 44,
10.1002/bies.202100143 (2022).

[14] S. S. Merchant, S. E. Prochnik, O. Vallon, E. H. Harris,
S. J. Karpowicz, G. B. Witman, A. Terry, A. Salamov,
L. K. Fritz-Laylin, L. Marechal-Drouard, W. F. Marshall,
L.-H. Qu, D. R. Nelson, A. A. Sanderfoot, M. H. Spald-
ing, V. V. Kapitonov, Q. Ren, P. Ferris, E. Lindquist,

H. Shapiro, S. M. Lucas, J. Grimwood, J. Schmutz,
C. A. Team, I. V. JGI Annotation Team Grigoriev,
D. S. Rokhsar, and A. R. Grossman, The chlamydomonas
genome reveals the evolution of key animal and plant
functions, Science 318, 245 (2007).

[15] V. F. Geyer, J. Howard, and P. Sartori, Ciliary beating
patterns map onto a low-dimensional behavioural space,
Nature Physics 18, 332 (2022).

[16] M. Bessen, R. B. Fay, and G. B. Witman, Calcium con-
trol of waveform in isolated flagellar axonemes of chlamy-
domonas, The Journal of Cell Biology 86, 446 (1980).

[17] K. Y. Wan, The beat of isolated cilia, Nature Physics 18,
234 (2022).

[18] H. C. Berg and R. A. Anderson, Bacteria swim by rotat-
ing their flagellar filaments, Nature 245, 380 (1973).

[19] M. Beeby, J. L. Ferreira, P. Tripp, S.-V. Albers, and D. R.
Mitchell, Propulsive nanomachines: the convergent evo-
lution of archaella, flagella and cilia, FEMS microbiology
reviews 44, 253 (2020).

[20] K. Diaz, T. L. Robinson, Y. O. Aydin, E. Aydin,
D. I. Goldman, and K. Y. Wan, A minimal robophysical
model of quadriflagellate self-propulsion, Bioinspiration
& Biomimetics 16, 066001 (2021).

[21] S. Sareh, J. Rossiter, A. Conn, K. Drescher, and R. E.
Goldstein, Swimming like algae: biomimetic soft artificial
cilia, Journal of the Royal Society Interface 10, 20120666
(2013).

[22] S. Lim, Y. Du, Y. Lee, S. K. Panda, D. Tong, and
M. Khalid Jawed, Fabrication, control, and modeling of
robots inspired by flagella and cilia, Bioinspiration &
Biomimetics 18, 011003 (2023).

[23] J. C. Spagna, D. I. Goldman, P.-C. Lin, D. E. Koditschek,
and R. J. Full, Distributed mechanical feedback in arthro-
pods and robots simplifies control of rapid running on
challenging terrain, Bioinspiration & biomimetics 2, 9
(2007).

[24] T. Wang, J. Whitman, M. Travers, and H. Choset, Direc-
tional compliance in obstacle-aided navigation for snake
robots, in 2020 American Control Conference (ACC)
(IEEE, 2020) pp. 2458–2463.

[25] S. Wu, Q. Ze, R. Zhang, N. Hu, Y. Cheng, F. Yang,
and R. Zhao, Symmetry-breaking actuation mechanism
for soft robotics and active metamaterials, ACS applied
materials & interfaces 11, 41649 (2019).

[26] N. Obayashi, A. Vicari, K. Junge, K. Shakir, and
J. Hughes, Control and morphology optimization of pas-
sive asymmetric structures for robotic swimming, IEEE
Robotics and Automation Letters 8, 1495 (2023).

[27] M. Mohaghar, A. A. Connor, S. Wu, R. R. Zhao, and
D. R. Webster, Effects of symmetry-breaking mechanisms
on the flow field around magnetic-responsive material ap-
pendages that mimic swimming strokes, Physical Review
Fluids 9, 023101 (2024).

[28] C. J. Brokaw, Effects of increased viscosity on the move-
ments of some invertebrate spermatozoa, J. Exp. Biol.
45, 113 (1966).

[29] M. Hines and J. J. Blum, Bend propagation in flagella I.
Derivation of equations of motion and their simulation,
Biophys. J. 23, 41 (1978).

[30] S. Camalet and F. Julicher, Generic aspects of axonemal
beating, New J. Phys. 2, 24.1 (2000).

[31] B. Rallabandi, Q. Wang, and M. Potomkin, Self-
sustained three-dimensional beating of a model eukary-
otic flagellum, Soft Matter 18, 5312 (2022).

mailto:clement.moreau@cnrs.fr
mailto:bjw43@bath.ac.uk
mailto:gaffney@maths.ox.ac.uk
mailto:k.y.wan2@exeter.ac.uk
https://doi.org/10.1039/D1LC01168E
https://doi.org/10.1039/D1LC01168E
https://doi.org/10.1038/s41467-020-16458-4
https://doi.org/10.1126/science.149.3682.424
https://doi.org/10.1126/science.149.3682.424
https://doi.org/10.1002/bies.202100143
https://doi.org/10.1088/1748-3190/aca63d
https://doi.org/10.1088/1748-3190/aca63d
https://doi.org/10.1039/D2SM00514J


7

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

[33] H. Guo, Y. Man, K. Y. Wan, and E. Kanso, Intracellular
coupling modulates biflagellar synchrony, Journal of The
Royal Society Interface 18, 20200660 (2021).

[34] Y. Man and E. Kanso, Morphological transitions of
axially-driven microfilaments, Soft Matter 15, 5163
(2019).

[35] Z. Peng, G. J. Elfring, and O. S. Pak, Maximizing propul-
sive thrust of a driven filament at low reynolds number
via variable flexibility, Soft Matter 13, 2339 (2017).

[36] C. V. Neal, A. L. Hall-McNair, J. Kirkman-Brown, D. J.
Smith, and M. T. Gallagher, Doing more with less: The
flagellar end piece enhances the propulsive effectiveness of
human spermatozoa, Phys. Rev. Fluids 5, 073101 (2020).

[37] A. Logg, K.-A. Mardal, and G. Wells, eds., Automated
Solution of Differential Equations by the Finite Element
Method , Lecture Notes in Computational Science and
Engineering, Vol. 84 (Springer Berlin Heidelberg, Berlin,
Heidelberg, 2012).

[38] B. J. Walker, A. K. Townsend, A. K. Chudasama, and
A. L. Krause, VisualPDE: rapid interactive simulations
of partial differential equations, Bulletin of Mathematical
Biology 85, 113 (2023).

[39] C. Moreau, L. Giraldi, and H. Gadêlha, The asymptotic
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