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Synchronized oscillations in swarms of nematode Turbatrix aceti

Anton Peshkov,* Sonia McGaffigan, and Alice C. Quillen
Department of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA

There is a recent surge of interest in the behavior of active particles that can at the same time
align their direction of movement and synchronize their oscillations, known as swarmalators. While
theoretical and numerical models of such systems are now abundant, no real-life examples have
been shown to date. We present an experimental investigation of the collective motion of the
nematode Turbatriz aceti that self-propel by body undulation. We discover that these nematodes can
synchronize their body oscillations, forming striking traveling metachronal waves, which produces
strong fluid flows. We uncover that the location and strength of this collective state can be controlled
through the shape of the confining structure; in our case the contact angle of a droplet. This
opens a way for producing controlled work such as on-demand flows or displacement of objects.
We illustrate this by showing that the force generated by this state is sufficient to change the
physics of evaporation of fluid droplets, by counteracting the surface-tension force, which allow
us to estimate its strength. The relatively large size and ease of culture make Turbatriz aceti a
promising model organism for experimental investigation of swarming and oscillating active matter

capable of producing controllable work.

INTRODUCTION

Collections of biological organisms can be considered
active materials [1] as energy is continuously dispersed
through their motion. Two kinds of collective behavior
can be distinguished for such organisms. On one hand,
the self-propulsion of the organisms can lead to collec-
tively moving states such as “turbulence” in bacterial sus-
pensions [2], flocking of birds [3] or schools of fishes [4].
On the other hand, some organisms performing periodic
actions can synchronize their oscillations, such as the syn-
chronous flashing of bugs [5], crowd synchrony of pedes-
trians walking on a bridge [6] or flagella of microorgan-
isms that beat in phase with one another [7]. The latter
example is particularly interesting as it can lead not only
to “in-phase” synchronization but also to “moving phase”
or traveling motion known as metachronal waves [8-10].

A model that combines these two types of collective
motion into particles that at the same time self-propel
and synchronize their oscillations have recently been pro-
posed in the form of swarmalators studied in [11]. In
this model, the position of the particles and the state
of the oscillator are interdependent, which distinguish it
from previous studies where these two quantities were
assumed to be independent. This model has since been
complemented by more analytical and numerical investi-
gations [12-15], which found states with locally synchro-
nized oscillations and particles traveling in waves. How-
ever, none of these studied models have shown a trav-
eling wave state. A possible experimental realization of
swarmalators has been proposed and numerically studied
in [16] in the form of undulating synthetic active flexible
sheets, reminiscent of our nematodes. However, no exper-
imental realization of collectively moving and oscillating
particles has been demonstrated until this time.

*
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In this study we report on collective behavior in a sys-
tem of undulating nematodes Turbatriz aceti (T. aceti)
commonly known as vinegar eels. The vinegar eels are
widely used in aquaculture as food for young fishes and
crustaceans. Therefore, they can be easily sourced from
aquarium supplies stores and their culture methods are
straightforward. The nematodes need to undulate to self-
propel, and as we show in this paper, the synchronization
of these oscillations leads to the formation of a collective
metachronal wave. While these waves are similar to the
one observed in cilia, the vinegar eels are not affixed to
the wall, and can exit and enter the wave which slowly
moves along the border. We presented a possible theo-
retical description of the synchronization of oscillations
in [17], this article present the experimental results.

The collective behavior of mobile particles can be sen-
sitive to the number of spatial dimensions in which they
evolve [18, 19], as well as to confinement and container
geometry due to interactions with a boundary [20-23].
We show that the formation of the metachronal wave by
T. aceti in a three-dimensional space is induced by con-
finement, in our case that of a contact angle of the droplet
in which they swim. The the confinement geometry not
only controls the location of the collective state, but also
the number of nematodes involved in collective beating
and therefore the strength of the produced flow.

Past experimental investigation using bacterial suspen-
sions have been able to displace objects[24, 25|, extract
energy[26] or produce controlled organized flows[27].
However, extraction of energy and flow productions has
only been achieved by trapping individual bacteria in
special cells and using their outside sticking flagella as
motors [26, 27]. While cilia are well known to produce
fluid flows, they are attached to the surface, and exter-
nal control has only been achieved for synthetic variants
[28]. We show that the force produced by the collective
motion of T. aceti is substantial and sufficient to change
the evaporation mode of a droplet in which they swim.
This let us anticipate the possibility of designing chan-
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nels with controlled flows as well as objects pushed by
the nematodes.

CHARACTERIZATION OF THE COLLECTIVE
STATE

We grow and study 7. aceti in a 1:1 solution of wa-
ter and apple cider vinegar. To investigate the collective
motion, we put droplets of high density solution of ne-
matodes (d > 10n/ul) on glass slides whose surface was
treated with a hydrophobic PDMS compound. Most ex-
periments were done with 100 ul droplets, though we
verified that similar behavior can be observed in droplets
up to 1000 pl and down to 50pnl. Additional information
on the preparation and experiments is available in the
supplemental material SII.

Initially the motion of nematodes in the droplet is ran-
dom as can be seen in Figure 1 a) and supplemental movie
SM1 (movies are available at[29]). After the deposition
on glass, the nematodes start to concentrate on the bor-
der of the drop due to bordertaxis [30]. Individual nema-
todes that approach the border continue moving along
the border as expected for active particles. After a vari-
able period of time, depending on the droplet volume
and evaporation conditions, the oscillation of groups of
nematodes on the border becomes locally synchronized.
If the concentration of nematodes in the initial droplet is
large enough, with number of organisms per unit volume
dwave = 10—20n/pl, the locally synchronized swarms will
grow in size until finally percolating into a metachronal
wave that spans the whole border of the droplet, as repre-
sented on Figure 1 b) and supplemental movie SM2. The
number of nematodes participating in the wave and the
degree of synchronization increase in time until reaching
a maximum wave strength as illustrated in Figure 1 c)
and supplemental movie SM3. To the best of our knowl-
edge, this is the first report of such collective motion in
this, or any other specie of nematodes. The existence
of this, both swarming and oscillating, state is the first
major finding of this manuscript.

Observing this collective wave under a microscope
(Figure 1 and supplemental movie SM4), we can see that
the nematodes orient their head toward the border and
synchronously oscillate at an angle from 0 to 90°. While
nematodes of different ages and sizes are present in the
solution, only similarly sized adult ones participate in the
wave. Smaller nematodes are expelled to the center of the
drop. We were able to observe wave frequencies fyqpe i
the range of 4-8 Hz, consistent with that of individual ne-
matodes. Though the majority of experiments produced
waves with lower frequencies in the 4-5 Hz range. While
the mechanism of selection of beating frequency needs to
be elucidated, once the wave is formed, the frequency re-
mains constant for the lifetime of the wave. In addition
to their oscillations, the nematodes slowly move along
the border with a typical velocity of vporder & 0.1mm/s.
This velocity is lower than that of freely swimming ne-
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matodes Vsyim ~ 0.4mm/s and an order of magnitude
smaller than the velocity of the phase of the metachronal
Wave Uygue = 4-6mm/s. Note that in this state, the po-
sition and the velocity of the nematodes is controlled by
the oscillations of the nearby nematodes. In that sense,
this state is a realization of swarmalotors.

In more than 70% of the experiments that we have per-
formed, the wave rotates in the counter-clockwise direc-
tion. We do not have an explanation for this symmetry
breaking. A similar symmetry breakage was observed in
colonies of rotating magnetotactic bacteria under the in-
fluence of a magnetic field [31]. It was speculated that
this absence of symmetry could be due to the helicity of
the bacteria. Therefore, this skewness of rotational direc-
tion of the wave that we observe could indicate a possible
asymmetry in the motion of individual swimming nema-
todes, though we were not able to observe it in practice
[17].

In addition to the metachronal wave, we often observe
the formation of a compact cluster of nematodes in the
vicinity of the center of the droplet and a strong reduc-
tion in the density of nematodes in the space between
the border and the dense cluster at the center (see Fig-
ure 1b) and c)). When observed under the microscope,
the cluster presents itself as a knot of highly entangled
nematodes similar to the ones recently observed for C.
elegans on solid surfaces [32] as well as T. tubifex [33]
and L. variegatus [34] in liquid. This cluster is not stable
in time and can grow and shrink during the experiment.
The dynamics of these clusters is out of the scope of this
article and will be presented in future works.

When the wave is formed, it is generally stable until
the end of its life. However, instabilities can be observed
for large droplet sizes (>500 ul) and in droplets with low
contact angles (< 30 °). A temporal increase in size of
the central cluster can lead to the depletion of nematodes
at the border and the disappearance of the wave. More
information on instabilities is provided in supplemental
part IV.

If the contact angle of the drop is low enough, a strong
deformation of the border of the drop will occur, as can
be seen in the supplemental movie SM5. This deforma-
tion of the border stems from the motion of the bodies
of the nematodes as we argue in the following section.
The ondulatory motion of nematodes body also produce
strong fluid flows. Indeed we were often able to observe
a rotational motion of the free swimming and clustered
nematodes, which were not part of the wave, as well as
of tracer particles, in the center of the droplet, as illus-
trated by the supplemental movie SM6. In the mentioned
movie, we measured the rotational velocity in the cen-
ter of the drop to be around 1.3 rpm. Given that the
fixed quantity is the above-mentioned metachronal wave
travel velocity vyqve, the rotational velocity will decrease
in larger droplets and will increase in smaller ones.
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Figure 1. Top: a-c) Photos of evaporation of a 250 pl droplet at different moments in time. Initial density of nematodes in the
droplet was d = 30.7 £+ 3.3n/ul. Scale bar is 5 mm. a) t=1 min, random motion. b) t=20 min, percolation of the metachronal
wave at the border. ¢) t=60 min, fully developed metachronal wave. d) A view of the metachronal wave similar to that in c)
under a microscope with 4x magnification. Scale bar is 0.5 mm.

CONDITIONS FOR THE COLLECTIVE STATE

We are interested in identifying parameters that con-
trol the appearance of the metachronal wave during the
evaporation of the droplet. One hypothesis would be that
the metachronal wave appears when the density of nema-
todes reaches a threshold value. However, as mentioned
before, we see the appearance of metachronal wave for
all the droplets as soon as the initial concentration of ne-
matodes is sufficiently large > 10 — 20n/ul. Neither the
time, nor the size of the droplet is a determining factor
as we show below. We have discovered that the control
parameter for the formation of the metachronal wave is
the drop contact angle.

Figure 2 a) shows the contact angle of several selected
droplets as a function of time. We selected several rep-
resentative droplets of different densities, volumes, ini-
tial contact angles and evaporation rates. We indicate
with a vertical bar, on each curve, the time at which the
metachronal wave spanning the whole drop perimeter ap-
pears. We can see that time is not a determinant param-
eter for the formation of the collective state, with times

ranging from several seconds to several hours. However,
the metachronal wave appears for all the droplets at ap-
proximately the same contact angle. We have measured
the critical angle for the percolation of the metachronal
wave to be 6, = 68.5 &+ 1°.

This phase transition to the collective state at a partic-
ular angle is confirmed by analyzing the number of oscil-
lating nematodes at the border of the droplet d; (Figure
2 b). For droplet contact angles superior to 6., the den-
sity of nematodes at the border is mostly independent of
the angle and is directly proportional to the density of
nematodes in the initial solution (Figure 2 c¢). However,
past the critical angle the density of nematodes start to
increase. In the case of an initial density insufficient to
form a full wave, we see only a small increase in density
up to an angle of around 60°, and staying constant af-
terwards. In contrast, for droplets in which a collective
wave appears, the density at the border grows until reach-
ing a maximum at an angle close to 35°. The maximum
density at the border seems to be independent of the
initial concentration of the solution. This can be easily
explained, as the maximum instantaneous density that
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Figure 2. a) Contact angle of evaporating droplets over time.
Different lines represent different experiments with different
initial volumes and concentrations, as well as different evap-
oration conditions. The 250 pl droplet is the same as Figure
la)-c). Colored vertical lines represent the approximate time
when the full drop spanning metachronal wave was formed.
The shadowed gray area corresponds to the angles < 68.5°
where the metachronal wave exists. The estimated standard
deviation on angle determination is 4°. b) Density of nema-
todes at the border as a function of the contact angle for
three different initial density of nematodes in the solution.
No metachronal wave was observed for the lowest density.
Error bars are standard mean error. c) Ratio of border to
bulk density for contact angles superior to 6.. d) A possible
explanation of the dependence of the collective state on the
droplet contact angle. At high contact angle (left), the nema-
todes are unlikely to touch each other. At low contact angle
(right), the nematodes will touch each other and therefore
synchronize their motion.
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we were able to observe was 29.9n/mm. Given that the
typical width of a single nematode participating in the
wave is 29(5) pm, this allows us to estimate the densest
“close-packing” at 34.5(6.0) n/mm, for nematodes per-
pendicular to the surface. However the nematodes bod-
ies are oscillating at a tilt of ~ 20°[17], which limits the
maximum density to ~ 32.4n/mm, slightly higher than
the value we measured. For droplet contact angles infe-
rior to 30°, we observe a sharp decrease in the number of
the nematodes on the border and a disappearance of the
collective wave. This can be explained by the space con-
straint which does not allow the nematodes to effectively
fit into the fluid volume near the border . The depen-
dence of the location and strength of the metachronal
wave on the contact angle of the droplet is the second
major finding of this manuscript.

A natural question is why the formation of the wave
would depend on the contact angle. Our hypothesis is
represented in Figure 2 d). In [17] we suggested that
the synchronization of nematodes is facilitated by steric
interactions between them. If the contact angle of the
droplet is high, the probability that two nematodes os-
cillating at the border and located nearby one another
will touch is relatively low, as they will in most cases os-
cillate at different angles to the surface, making synchro-
nization less likely. In the opposite case, if the contact
angle of the droplet is low and the drop is very shallow,
two nematodes oscillating nearby will almost certainly
touch each other and strongly interact and synchronize
their motion. Note that the synchronization of the mo-
tion of nematodes, will “free-up” the space at the bor-
der, as they can be closer to one another. This explains
the increase in concentration near the border as the an-
gle of the droplet decrease, and the wave becomes more
synchronized. It is also important to remark that, the
concentration of nematodes at the border is dependent
on the contact angle, but not the “history” of achieving
this angle as illustrated by the droplet that started at an
angle of 70° on Figure 2 a). Thus the bordertaxis is not
due to any outward flows due to droplet evaporation like
in the “coffee-ring” effect, as opposed to for example the
motion of microalgae Chlamydomonas reinhardtii inside
droplets [35].

DROPLET EVAPORATION

The physics of drop evaporation is relatively complex
and depends on the properties of the liquid, the surround-
ing gas and the surface on which the drop resides [36].
The process of drop evaporation is generally divided into
two or three main stages [37]. In the following we will
focus on the first stage of evaporation, neglecting the
later stages of very sharp reduction in the droplets con-
tact angle or diameter. There exist two different modes
[38] of this phase of drop evaporation as shown in Fig-
ure 3 a). The first, and most common case, notably for
water on glass, is a constant contact surface area, when
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the drop evaporates through the decrease of the contact
angle. For simplicity we will refer to this mode as the
one at a constant diameter, as diameter is the parameter
that we measure. This mode of evaporation will appear
if the wetting contact forces to the surface are greater
than the surface tension forces. For most common flu-
ids, such as water, the initial contact angle of the drop
will be less than 90° [39]. However, on some hydrophobic
surfaces, the wetting force will be less than the surface
tension force. In that second case, the drop will reduce its
surface area while maintaining a constant contact angle
during evaporation, and the drop diameter will decrease.
Examples of such surfaces for water are polytetrafluo-
roethylene (PTFE, commonly known as Teflon) and the
PDMS that coat our glass slides [39]. For most fluids,
including water, the initial contact angle on such surface
will be typically equal or greater than 90° [39].

F

surface
0
Fwetting / \
Fsurface > Fwetting Fsurface < Fwetting

Constant contact angle Constant diameter

d =50%

d = 100%

Figure 3. a) Diagram of two different possible modes of drop
evaporation depending on the force balance between the fluid
and the surface. b) Side view of four 100 pl droplets with
different nematode concentrations during evaporation. The
concentrations of nematodes are from left to right 0%, 25%,
50%, 100%, with the rightmost drop with a density of d =
90.2 n/pl taken as a reference. Vertical yellow lines show
initial borders of the 0% and 100% concentration droplets.

Since our slides were covered with hydrophobic PDMS,
we will expect the contact angle to remain constant dur-
ing evaporation. However we have seen in the previous
section that this was actually not the case for our droplets
with the nematodes. To confirm these, we perform an ex-
periment with four droplets of different concentrations,
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prepared from the same initial dense solution. Because
vinegar and other suspended particles in the grow so-
lution will inevitably affect the droplet evaporation, for
this experiment we transfer the nematodes into distilled
water as described in the methods section. While such a
transfer present a risk of nematodes swallowing and bust-
ing due to osmosis[40], we have not observed a change of
their behavior in the short time span of up to four hours
of these experiments.

Figure 3 b) shows the side view of four droplets
at different moments of time for four different concen-
trations of nematodes: 0%, 25% (d = 22.5 n/ul), 50%
(d =45.1 n/ul) and 100% (d =90.2 £5.3 n/ul). As ex-
pected for water, the 0% density droplet evaporates by
reducing the diameter. On the contrary, the droplets
with the nematodes initially evaporates with a constant
diameter and decreasing angle. Figure 4 shows the ex-
tracted contact angles and diameters of these droplets.
The d=0% droplet evaporates with a constant contact
angle and a continuously decreasing diameter until reach-
ing the second phase of evaporation when the contact an-
gle starts to rapidly decrease. For the droplets with the
nematodes, we observe a reduction in contact angle until
it reaches a transition angle 6;, which is different for each
droplet. After reaching 6;, the droplets transition from
the constant diameter mode of evaporation to the con-
stant contact angle mode. Finally, at even later times,
the second stage of evaporation with a sharp decrease in
contact angle is observed. Surprisingly, the diameter of
the droplets with the nematodes slightly increase at the
beginning, an observation made by us in many experi-
ments. This maybe explained by the facilitation of the
contact point hysteresis by the random motion of the ne-
matodes near the border. That the collective motion of
nematodes can affect the physics of droplet evaporation
is the third major finding of this work.

Note that the prevention of the diameter decrease by
the nematodes and the associated accelerated decrease in
the contact angle means that the critical contact angle
0. will be reached sooner. This means that the collective
motion of the nematodes in an evaporating droplet is a
self-enhancing process. The metachronal wave will accel-
erate the decrease in the contact angle, which in turn will
make the metachronal wave even stronger as seen in the
previous part of the article.

FORCE PRODUCED BY THE NEMATODES

To explain the existence of the transition angle 6, , let
us go back to the physics of droplets evaporation. The
balance between the different forces acting on a droplet
in contact with a flat solid surface is given by the Young’s
relation

Ysg = Vsl + Yig cOSO. (1)

Here 744,7s1,719 are the surface tensions of solid/gas,
solid/liquid and liquid/gas interfaces and 6 is the con-
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Figure 4. Contact angles (a) and diameters (b) of the droplets
from Figure 3 as a function of time. The estimated standard
deviation is 1° for the angle and 0.1 mm for the diameter.

tact angle as explained in the inset of Figure 5. In sim-
ple words, 7,4 measures how much the liquid and ambient
air molecules repel one another; 5 how much the liquid
molecules repel the solid ones; and 54 how much the solid
molecules repel the surrounding gas. Therefore, ;4 and
~vs1 tend to decrease the diameter of the droplet (assum-
ing # < 90°), while v, tend to increase it. In addition
to these forces, the nematodes could exert and outward
horizontal force ~,, on the boundary. We modify Young’s
relation to include this force per unit length giving

Ysg + Yo = Vst + Yig cOS . (2)

Note that as the angle 6 will decrease, the horizontal
force on the contact point coming from the surface ten-
sion contribution +y;, will become stronger. Thus at some
critical angle, the force from the nematodes -, would not
be able any longer to oppose the surface tension force,
and the mode of evaporation will change from that at
constant diameter to the one at a constant contact an-
gle. To verify this hypothesis let us assume that the force
exerted by the nematodes is proportional to the density
of the nematodes at the border v, = F,d,, where F, is

6

the force exerted by an individual nematode and dj, the
density of nematodes at the border that we have previ-
ously measured. Our Young’s relation at the transition
angle then becomes

F.dy, = Vsl — Vsg + Yig COS 0. (3)

The three values of the transition angle in Figure 4
a) are 6; (25%) = 63° £+ 0.15, 6; (50%) = 56° &+ 0.25 and
0 (100%) = 53°+£0.27. The densities at the border for the
two smallest density droplets can be directly taken from
Figure 2 ¢) with d;, (25%) = 9+0.5 n/mm and d;, (50%) =
16+0.7 n/mm. While we have not directly measured the
border density of droplets at such a high concentration
as of our 100% droplet, we can reasonably assume that
because of the final possible packing, this density will be
approximately the same that the one that we measured
for our highest concentration droplet on Figure 2 c. By
linearly interpolating between two points, we therefore
obtain dp (100%) = 19 &+ 1.1 n/mm. Plotting d; versus
cos f; we obtain a perfect straight line as predicted by
our theory (Figure 5).

The value of v, = 72.59 (0.36) uN/mm [41] for wa-
ter in contact with air at 21°C temperature is well
known and allows us to extract from the fit the force
exerted by an individual nematode on the border F,, =
1.08(0.11) puN. This in turn allow us to compute 75 —
Ysg = 19.9(5.0) puN/mm. While we do not know ex-
actly the composition of the PDMS coating that we used,
the numerically and experimentally estimated values at
room temperature of different varieties of PDMS in con-
tact with vapor are v,, ~ 20 — 23 uN/mm and PDMS in
contact with water v4 &~ 40 —42 yN/mm [42]. This gives
Vsl — Vsg A 17— 22 uN/mm, in excellent agreement with
our measurements, which further validate our theory and
hypothesis.

Note, that one can argue that equation 3 should hold
everywhere above the transition contact angle, as no
droplet diameter change is observed in this region. How-
ever, the simplified equation 3 does not take into account
the pinning force acting on the contact line [43]. Never-
theless, in the regime that we are studying, the droplet
diameter has already started to move and the pinning
force is negligible. This is proven by the fact that we
find the value of 74 — 744, equivalent to the one in previ-
ous experiments, which indicate that an additional term
for the pinning force is not needed.

Contrary to the nematodes in water, no transition to
a constant contact angle evaporation can be observed on
Figure 2 a) for the nematodes in the growth solution.
Indeed, the surface tension of a mixture of acetic acid
and water at 5% concentration and 21°C' temperature
is Yyinegar = 51.8(0.5) pN/mm [44], smaller than that
of water. This alone would have changed the transition
angles above to 6; (25%) = 55.1°, 0 (50%) = 44.1° and
0; (100%) = 38.7°. Additionally, the suspended particles
in the growth medium should further oppose the reduc-
tion of the droplet diameter by contact line pinning [45].
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Figure 5. Expected density at the border versus the cosine of
the transition angle 6; for the three droplets from Figures 3,
4. Inset: Diagram of forces acting on the contact point in a
droplet residing on a flat surface.

Both of this reasons explain, why a transition to a dif-
ferent mode of evaporation is generally not observed for
droplets of the initial growth solution.

Is the measured force of approximately 1 uN per ne-
matode reasonable? Forces where directly measured on
the similarly sized C. elegans by observing the deviation
of micropillars when pushed by the nematodes bodies
and gave values in the range of 5 to 30 uN [46]. An al-
most order of magnitude difference can be explained by
two considerations. First, the nematode is not oriented
perfectly perpendicular to the surface, but at an angle
of ~ 20°, using a part of it’s force to move along the
wall. However, such a small angle will provide only a
very small decrease in the force (cos (20) ~ 0.94). Sec-
ond, if one looks at Figure 1 d), we can see that only
a small proportion of nematodes touch the border at a
given time, which should further reduce the average force
exerted over time. Finally, we expect that the force asso-
ciated with forward motion that we measured, is only a
small fraction of that exerted by the entire nematode on
the fluid when swimming. Indeed, we have seen in the
first part of the manuscript, that the motion of the nema-
todes is capable of deforming the droplet surface. Such
deformation is directly proportional to the force exerted
by the undulating nematode body on the droplet sur-
face. The force needed to produce this curvature of the
surface can be easily computed as described in the sup-
plemental material SV, and give an estimated value of
Fundutation = 11 pN, in good agreement, with the forces
produced by C. elegans.

Note, that such a good accuracy of the hypothesis that
the force exerted by the nematodes is proportional to
their density is actually surprising. We would expect that
due to hydrodynamic interactions between the closely
spaced nematodes, the force that they produce will de-
pend on the spacing between them. Indeed, the measure-
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ment of produced flow, both in experiments on artificial
cilia [47] and simulations of straight paddles moving with
metachronal wave motion [48], shows that it depend on
the spacing between the beating organisms. The border
density of dj &~ 10 — 20 n/mm lead to a spacing between
the nematodes of s, ~ 0.05 — 0.1 mm. Given the typical
length of the nematodes is L,, &~ 1 mm, this provide a
relative spacing of s,,/L,, ~ 0.05 — 1, at which we would
expect a noticeable decrease in efficiency with the reduc-
tion of spacing according to the simulations of straight
paddlers [48] (assuming Re = 0.4 as explained in the next
section). However, the applicability of a simplistic model
of straight paddles to the much more complex shape of
nematodes is questionable.

DISCUSSION AND CONCLUSIONS

We have studied the collective motion of the nema-
tode T. aceti inside droplets deposited on a flat surface.
We have shown that if the concentration of eels is high
enough, a metachronal wave will form on the edge when
the contact angle of the droplet is below a critical value
of 6. = 68.5°. This collective state is an experimental
illustration of swarmalators, particles that at the same
time align their motion and their oscillations. We pro-
pose that the dependence of the collective wave on the
contact angle of the drop is due to the increased prob-
ability of interactions between the nematodes bodies at
low contact angle. The number of nematodes partici-
pating in the metachronal wave increase as the contact
angle of the drop decreases, which can be explained by
the fact that synchronization will increase the free space
available at the border. We also show that the collec-
tive motion of the nematodes can change the physics of
drop evaporation. Initial evaporation of droplets con-
taining synchronously moving nematodes occurs mostly
at constant diameter rather than at constant contact an-
gle. This allows us to estimate the magnitude of the force
exerted by self propulsion of the nematode on the border
at F,, = 1.08 uN. This is the force of interest for possible
use of nematodes for displacing objects. Conversely, the
force produced by the undulation of the nematodes bod-
ies can be estimated from the deformation of the drop
surface and is Fypduiation = 11 pN, in good agreement
with direct measurements of the force produced by the
specie C. elegans.

Another novelty of our system stems from the rela-
tively large length of our nematodes, L,, ~ 1mm, which
combined with a typical swim velocity vsyim &~ 0.4mm/s
[17] leads to a characteristic Reynolds number of Re =
0.4. This places our system in the intermediate Reynolds
number regime [49] in contrast to the low Reynolds num-
ber regime in which most microorganisms, which exhibit
collective or synchronous motion, reside [50-53]. This
means that the inertia in the motion of the nematodes
cannot be neglected. The full Navier-Stokes equations
should be used to describe such systems, which become
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non-linear and time dependent, and thus can lead to
many interesting new states [54].

To better understand what drives the formation of the
collective state it could be interesting to be able to ge-
netically choose the properties of the nematodes such as
sensitivity to light or touch, in the same way as it is done
for the much more studied C. elegans. While it is in
theory possible to apply the same genetic toolkit to T.
aceti, this will certainly be a major undertaking. For this
reason, we tried to reproduce the collective states of T.
aceti in suspensions of C. elegans. However, as described
in supplemental material part VI, we were unable to ob-
serve any synchronization of oscillations of C. elegans for
the various densities and droplet shapes that we tried.
This absence of synchronization may be explained by the
shorter bodies of C. elegans.

We believe that T. aceti is an extremely promising or-
ganism both for exploring the behavior of swarmalators
and the states of active matter at intermediate Reynolds
numbers. Much of the physics of this nematode remains
to be explored; the nature of the phase transition to
collective motion, the formation of clusters, its behavior
in liquids of different viscosity or inside confined spaces.
Given that the theoretical exploration of the motion of
the nematode will require the study of the full Navier-
Stokes equations, this could lead to new developments in
numerical and theoretical approaches. As we have shown
in this article, the collective motion of the nematode pro-
duces strong fluid flows. As we have an external control
parameter for the collective motion, in the form of the
contact angle, we may in the future produce on-demand
flows using specially designed channels. 7. aceti com-
bine ease of culture and experimentation with extremely
interesting physics. We hope that this article will start
a new thriving direction of research in the field of active
matter.
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