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I. NOTATIONS

Following the customary convention, we use throughout the article and the supplemental material the mean ± se
notation to indicate the standard mean error and the mean(sd) notation to indicate the standard deviation.

II. EXPERIMENTAL METHODS

We obtained the starter cultures of T. aceti from two di�erent aquarium supplies stores, to verify that the observed
behavior wasn't particular to a speci�c strain. We grow these populations in a 1:1 solution of water and food grade
apple cider vinegar at ∼ 5% acidity in which we put slices of apples as a food source. The population of nematodes in
the culture reaches a peak density after one to two months, and stays relatively constant afterward. We have observed
that T. aceti can successfully survive for many days with limited access to food and oxygen. The reproduction cycle
of T. aceti takes many days and they can have a lifespan of up to two months [1]. Neither the motility nor the number
of nematodes signi�cantly varies for the duration of our experiments of a few hours.
We do not perform any generation control, which mean that nematodes at di�erent stages of development, and

therefore size, are present in the studied solutions.
For each experiment, 7-14 ml of nematode culture at peak density, is centrifuged for 3-5 minutes at an acceleration of

1700-4700 g. The concentrated blob of nematodes at the bottom of the tube is extracted and mechanically separated
with a pipette to obtain a homogeneous high-density solution of nematodes. The studied densities d in the initial
droplet ranged from 10 to 100 nematodes per μl. We study these high density droplets by depositing them on a glass
slide with volumes in the range of 50-1000 μl. Below the smallest 50 μl volume, the droplet radius is similar to the
length of a single nematode. Therefore the number N of nematodes in each droplet is in the range of 1-100 thousand
organisms. For experiments in distiled water, the blob of nematodes from the �rst centrifugation was transfered to
a tube with �lled with 14 ml of distiled water and centrifuged again. Therefore we estimate the concentration of
vineager in this solution to be of the order of 0.1− 0.2%.
For all the experiments we have coated the glass slide with a hydrophobic solution of Rain-X which contains

polydimethylsiloxane (PDMS) as the main active ingredient. First, this allows the drops to have an initial contact
angle around 90°. This enables study of the whole range of possible contact angles during evaporation. Secondly, the
shape of the droplet on a hydrophobic surface is very close to circular, facilitating measurement of the drop diameter
and contact angle. In contrast, the contact line can be irregularly shaped on wettable surfaces.
The experiments were performed in a room with a controlled temperature of 21(1) °C and humidity 15(5)%.

However, the temperature in the vicinity of the droplet, and therefore evaporation rate, is mostly dependent on the
used illumination. For the Figure 1 of the main article, the droplet was illuminated from the bottom for better
contrast and homogeneity of the image. However, for experiments where the determination of the droplet contact
angle was important, the droplet was illuminated from top/side, to clearly delimit the border. While it is known that
nematodes such as C. elegans are sensitive to light [2], we did not observe any dependence of the results presented in
this article to the intensity or placement of the light source except for cases of extremely bright and close light sources.
In the latter case, we observed the concentration of nematodes on the side opposite to the light source. However we
believe that the nematodes avoided heat rather than light.

III. DATA ANALYSIS

A. Characterization of the metachronal wave

To characterize the metachronal wave we recorded the droplets from the top with frame rates going from 30 to 60
fps. Parameters, such as the oscillation frequency, the metachronal wave speed, and the velocity of displacement of
nematodes were obtained by visual extraction from several dozens to few hundreds consecutive frames (corresponding
to a few minutes of recording).
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To determine the time of the percolation of the metachronal wave, we visually analyzed the recording to determine
the time at which the nematodes started to oscillate synchronously on the whole perimeter of the droplet. The error
on the determination time of the metachronal wave percolation can be estimated of at most a couple of minutes. This
time interval would correspond to an error on the contact angle of the droplet of less than 1 °, smaller than the error
on the determination of the angle itself as explained in the next section.

B. Drop shape determination

The relatively large size of our droplets implies that the gravity force deforms the droplet surface. A spherical
approximation for the drop shape for the contact angle determination is not accurate. Instead we adopt an ellipse
approximation to measure the contact angle for the smaller (≤ 100µl) droplets, using the ImageJ �Contact angle�
plugin, and B-splines �tting [3] for droplets of all sizes, using the ImageJ �DropSnake� plugin. In theory, the axisym-
metric drop shape analysis (ADSA) method[4] should give the best results for our droplets as it �ts an analytical
equation to the data. In practice the built-in arti�cial limitations on acceptable parameters in the ImageJ �LB-ADSA�
plugin[5] were preventing us to obtain a correct �tting in a lot of cases. We were sometime successful in obtaining good
results with the DropUI program[6] which is also based on the ADSA method. However, the impossibility of manually
de�ning the droplet surface, and the regular failure of the automatic algorithm to detect it correctly, precluded us
from using this program for analysis of the majority of our droplets.

Figure 1 presents a comparison of the extracted contact angles for the 150μm droplet from Figure 2. b) in the main
text, using the three approaches described above. We can see that the elliptical approximation slightly overestimate
the contact angle as compared to the two other approaches. This can be explained by the relatively large drop size,
where the elliptical approximation is less accurate. Nevertheless, the angle obtained by the di�erent methods are in
reasonable agreement. While spline �tting give the �noisiest� results, it's the method that worked for all of our droplets
and therefore the one we used most frequently. We note that measuring angles below ∼ 20°, is very error-prone, being
higly dependent on the allignment of the camera. However, such small angles are mostly outside of our interest in
this article.
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Figure 1. Contact angle of a 150 μl initial volume evaporating droplet as a function of time as extracted with three di�erent
measurement methods. Red circles, elliptical approximation using the ImageJ �Contact angle� plugin. Yellow squares, B-spline
�tting using the ImageJ �DropSnake� plugin. Blue triangles, ADSA method using the DropUI program.

From Figure 1 we estimate a standard deviation of 4.2° and a standard mean error of 1.2° for the extracted contact
angles in the main article taking into account the most error-prone elliptical approximation. This uncertainty does
not a�ect our results or conclusions. Note that the the angle extraction for the third part of the article was done
using exclusively the ImageJ �LB-ADSA� plugin, for which we estimate a much smaller standard deviation of 1°.
The diameter of the droplets were obtained from the droplet surface approximation by the B-spline �tting of the
DropSnake plugin or the ADSA �tting of LB-ADSA plugin. We estimate a small standard deviation of 0.1 mm for
the diameter.
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C. Nematode Density determination

To determine the initial density of nematodes, we diluted the dense nematode suspension 10-50 times in a 50:1
solution of water and glycerol to prevent droplet diameter shrinkage during evaporation. 10 μl droplets of the diluted
solution were placed on a glass slide and evaporated. The number of nematodes in each droplet was then manually
counted under a microscope. This provides the mean and the error estimate for the initial density.

The number of nematodes per unit length oscillating near the border in Figure 2. b) was obtained by manually
counting the number of oscillating nematodes near the border in 5-7 frames separated by 5 second intervals in the
vicinity of each contact angle providing the mean and error estimate.

IV. INSTABILITIES AND MULTIPLE WAVES

A. Wave stability

In the smaller droplets (<500 μl), the metachronal wave, once formed, appears to be stable until its disappearance,
when the drop completely evaporates. In rare cases we observed a temporal dramatic increase in the size of the central
cluster, which leads to the depletion of the nematodes on the border and a temporal disappearance of the metachronal
wave.

In larger droplets (>500 μl), we observed that the metachronal wave can sometimes split into several parts with
opposite rotating directions (see supplemental video SM7) and even fully reverse the direction of rotation along the
whole border. Two possible explanations can be given to that phenomenon. First, that above some instability length
of the border Li ≈ 50mm, the wave becomes unstable due to an instability in the process of synchronization. Another
explanation may be due to external properties of the droplet. The droplet slightly shrinks during evaporation, and
given the non-perfect nature of the substrate, this shrinkage is not equivalent in all radial directions. This would
lead to the deformation of the border and a potential nucleation of a �defect� in the wave. For larger droplets, the
probability of a substantial deformation of the border is naturally higher.

B. Multiple waves

Note that since the amplitude of oscillation for an individual nematode is approximately 0.1 mm, the nematodes
cannot oscillate in the plane perpendicular to the bottom surface of the drop. Therefore, the oscillations will be
increasingly con�ned to the bottom surface plane as the contact angle decreases. This is indeed what we experimentally
observe. If the contact angle of the droplet becomes really small, one may wonder if the con�nement can induce the
metachronal wave more distant from the droplet border. Indeed, for very small contact angles, we sometimes observed
the creation of a secondary wave in the inner radius as can be seen in the supplemental movie SM8. This wave is
always counter-rotating as compared to the border wave. This is easy to understand, if the nematodes rotated in the
same direction, they will just penetrate inside the border wave, the only way for such wave to exist is to rotate in the
opposite direction. However, such double waves are relatively short living, inevitably leading to the perturbation of
the outer wave, and even sometimes to the reversal of the direction of the latter.

V. ESTIMATION OF THE FORCE EXERTED BY THE NEMATODE ON THE DROP SURFACE

We have seen that the force produced by the nematodes is su�cient to deform the surface of the droplet. We can
estimate the force on the surface based on the pressure required for surface deformation with the wavelength of the
metachronal wave. The metachronal wave has a typical wavelength λw ∼ 1 mm and amplitude Aw ∼ 0.1 mm (Figure
2). We describe the surface with a height away from the mean ξ = Aw cos kwx where x is a distance along the surface
and wave vector kw = 2π/λw. The pressure di�erence can be estimated from the curvature of the surface

∆p ∼ γlg
d2ξ

dx2
= γlgAwk

2
w (1)

∼ 287µN/mm−2 (2)
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Figure 2. Diagram of the wave wavelength λW and amplitude Aw.

To estimate force per nematode we need to estimate the number of them per unit area near the surface. If we adopt
snematodes ∼ 25 mm−2, the highest mean density which is present for the contact angle at which we observe surface
deformation, the force per nematode is then given by

Fnematode ∼
∆p

snematodes
(3)

∼ 11 µN. (4)

The two force estimates are similar and consistent with forces measurements of 5 to 30 µN exerted by individual
C. elegans nematodes that were made using an array of pillars that can bend when pushed by the nematodes [7].

VI. C. ELEGANS

We sourced the strain N2 of C. elegans grown on agar plates. We followed the same procedures as described
above for T. aceti to try to obtain a collectively oscillating state. We observed that C. elegans exhibit bordertaxis,
as already reported in [8], and that individual nematodes oscillate with their heads oriented to the border in a
manner similar to T. aceti. However, we never saw a synchronization of motion between the nematodes, whatever
the nematode concentration and droplet shape and size we tried. An example is shown in supplemental movie SM9
and Figure 3. There are two possible explanations. First, C. elegans generally live in soil, and so there may be no
evolutionary advantage in collectively driven �uid �ows. Secondly, the wider and shorter C. elegans has less than a
full-wavelength oscillation along the body, and this di�ers from T. aceti which is longer and more slender. It is known
[9] that C. elegans grown in a liquid medium, as opposed to those grown on agar, are longer and thinner, opening up
possibilities for synchronization. However, given the widespread use of C. elegans in medical research, it is likely that
if a metachronal wave state existed for them, it would have already been noticed and reported.

Figure 3. C. elegans does exhibit bordertaxis and individual nematodes oscillate at the border. However, no wave is observed.

VII. SUPPLEMENTAL MOVIES DESCRIPTION

The movies are available at [10]. All movies are in real time, except movie 6.

Movies: 1-3: 250 μl droplet at di�erent moments of evaporation. Initial density of nematodes d = 30.7± 3.3n/µl.

1. Droplet at time t=1 min. The motion of the nematodes is totally random. Corresponds to �gure 1.a) in the
main text.
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2. Droplet at time t=20 min. Percolation of the metachronal wave. Corresponds to �gure 1.b) in the main text.

3. Droplet at time t=60 min. A fully developed metachronal wave move along all the border. Corresponds to
�gure 1.c) in the main text.

Movie: 4: Metachronal wave observed under a microscope with 4x magni�cation. Corresponds to �gure 1.d) in the
main text.

Movie: 5: A shallow droplet with a formed metachronal wave is observed from the side. The deformation of the
surface of the droplet can be seen.

Movie: 6: Rotation of �uorescent particles in the central part of the droplet from the �ow formed by the nematodes
participating in the metachronal wave. The video is accelerated ten times.

Movie: 7: Two "defects" in the metachronal wave can be observed which lead to the formation of two counter-rotating
metachronal waves. A 750 μl droplet at initial density of nematodes d = 15 n/μl.

Movie: 8: Two counter-rotating waves in consecutive diameters. A 250 μl droplet at initial density of nematodes
d = 31 n/μl.

Movie: 9: C. elegans observed under a microscope at the border of a droplet. Individual nematodes oscillate at the
border, but no synchronization was ever detected.
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