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Active droplets are spatially restricted fluid volumes contain-
ing self-propelled and interacting units. They are gaining 
an increasing interest as a model system1–14 to understand 

the dynamics of microscopic organisms that developed sophisti-
cated modes of propulsion and self-replication. Self-propulsion 
at microscales is peculiar since viscosity prevails over inertia, and 
microorganisms should use non-reciprocal modes of movement, 
such as rotation of a flagellum15. Another challenge is maintaining a 
certain direction of propulsion16. Most living and synthetic micro-
swimmers demonstrate an ‘enhanced’ version of the Brownian 
motion. At timescales shorter than the time of realignment by 
orientational fluctuations, the motion is directional, but at longer 
timescales it becomes diffusive with zero net displacements16. Such 
an enhanced Brownian motion was reported for active disk-like 
droplets of microtubules2 and Escherichia coli-containing water 
droplets in an isotropic oil14. As stressed by Marchetti17, an impor-
tant challenge is to find a way to control the propulsion direction 
of active droplets. Extraction of work from active matter has been 
achieved for ratchet gears that rotate when placed in an active bac-
terial bath18,19; in contrast, a controllable rectilinear or curvilinear 
propulsion remains elusive.

Here we demonstrate controllable rectilinear and curvilinear 
propulsion of active droplets enabled by spatially broken symmetry 
of the local environment that the active droplet creates when placed 
in an orientationally ordered nematic fluid. The active droplets rep-
resent aqueous dispersions of motile bacteria Bacillus subtilis. These 
droplets are dispersed in an inactive hydrophobic thermotropic 
nematic and stabilized by a small amount of a surfactant (lecithin). 
The nematic is formed by anisotropic molecules aligned along a sin-
gle non-polar direction n̂ n̂  �n̂; n̂2 ¼ 1

� �

I
, called the director20. 

Lecithin sets n̂ perpendicularly to the surface of the active droplets. 
To match the overall uniform alignment n̂0 ¼ constant

I
 set by the 

bounding glass plates, each droplet acquires a satellite topological 
defect: either a point defect, the so-called hyperbolic hedgehog21  
(Fig. 1a–c) or an equatorial disclination ring resembling a Saturn 
ring22,23 (Fig. 2a,b). We abbreviate these HH and SR configurations, 
respectively. The two differ dramatically in their symmetry and 
in impact on the dynamics of active droplets. The HH structure 

with a polar fore-aft asymmetric director deformation enables 
self-propulsion of the active droplets, by rectifying flows trans-
ferred from the active interior of the droplet to the inactive nem-
atic environment. The SR of quadrupolar symmetry produces no 
net displacement, but once the SR shifts from the equatorial posi-
tion towards one of the poles, the droplet becomes motile since the 
surrounding director field is no longer fore-aft symmetric. Without 
active bacteria, the droplets show no net displacement.

We use B. subtilis, a rod-shaped bacterium 5–7 μm long and 
~0.7 μm in diameter. Two bacteria-containing active dispersions are 
explored: (1) an isotropic aqueous terrific broth (TB) and (2) a nem-
atic lyotropic chromonic liquid crystal (LCLC), 13 wt% dispersion 
of disodium cromoglycate (DSCG) in TB. Bacterial concentrations 
(5–20)c0, where c0 = 0.8 × 1015 cell m−3, are higher than the concen-
trations causing turbulent-like flows in aqueous24,25 (~1015 m−3) and 
LCLC dispersions26 (~1014 m−3) of B. subtilis. Emulsions of active 
droplets in the thermotropic nematic MAT-03-382 are filled into 
cells of thickness d = 200 μm, formed by two parallel glass plates 
with a unidirectional planar alignment, n̂0 ¼ ð1; 0; 0Þ

I
 in Cartesian 

coordinates.
The HH structure forms around droplets of diameter 

10 μm ≤ 2R ≤ 140 μm. In an infinite nematic, the HH structure is 
stable when the ratio WR/K > 1 (ref. 21); W is the surface anchor-
ing strength of perpendicular alignment and K ≈ 10 pN is the aver-
age elastic constant20. Droplets smaller than some critical diameter 
2Rc ≈ 10 μm do not form hedgehogs, which leads to an estimate 
W ≈ K/Rc ≈ 10−6 J m−2. Confinement by two flat plates favours the SR 
when the diameter approaches d (ref. 23). We observe SRs around 
droplets with 80 μm ≤ 2R ≤ 180 μm. The HH and SR configurations 
differ dramatically in their symmetry and in impact on the dynam-
ics of active droplets.

The hedgehog structure is of a polar symmetry (Fig. 1a–c) and 
rectifies the chaotic motion of bacteria inside the droplet into 
polar locomotion of the droplet along the x axis (Fig. 1d–f). Both 
the LCLC-based (Fig. 1d) and isotropic droplets (Fig. 1e) propel 
with the hedgehog leading the way, with the velocity v = (v,0,0) 
(Supplementary Video 1). The distance rd of the point defect from 
the centre of the drop fluctuates (Supplementary Fig. 1) within the 
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range rd = (1.2 ± 0.1)R, which is wider than rd = (1.18 ± 0.05)R mea-
sured for inactive drops. Angular fluctuations of rd are ±(10–15)°, 
similar to the case of an inactive sphere moved by gravity27, but 
much larger than ±1° expected for an equilibrium HH structure28. 
The enhancement of rd fluctuations should be attributed to the 
active flows transferred through the interface.

The self-produced locomotion is not strictly unidirectional, 
when observed within short time intervals such as 0.05 s in Fig. 1f:  
the droplet makes steps forward and backward along the x axis, 
but the motion towards the hedgehog prevails (Fig. 1d–f). Shifts 
along the y axis perpendicular to n̂0

I
 are random and produce no 

net displacement over time (Fig. 1d,e). The speed of active drop-
lets along n̂0

I
 depends on the composition: LCLC-based droplets 

move about ten times faster than their isotropic counterparts. For 
example, an isotropic droplet with 2R = 90 μm and c = 20c0 moves 
with v ≈ 2 μm min−1 (Fig. 1e), while a similar LCLC droplet shows 
v ≈ 24 μm min−1 (Fig. 1d). The propulsion speed increases with the 
droplet’s diameter (Fig. 1g) and with the concentration of bacteria 
(Fig. 1h). As time goes by and the bacteria consume nutrients and 
oxygen, their activity diminishes, and v decreases, as illustrated 
for one such drop in Fig. 1i. Droplets without bacteria show no 
locomotion.

The SR configuration around active droplets is of a quadrupo-
lar symmetry (Fig. 2a,b) and yields no rectified propulsion. The 
SR droplets show anisotropic diffusion29,30; with the displacements 
along n̂0

I
 longer than in the perpendicular direction (Fig. 2c,d). The 

SRs fluctuate, being perturbed by active flows inside the droplets, 
similarly to SRs around active nematic spherical shells31. The fluc-
tuations shift the SR from the equatorial location, which we quan-
tify by the ratio rd/R, where rd is the distance from the drop’s centre 
to the plane of the ring (Fig. 2f). Left and right shifts are of equal 
probability. Once the SR shifts, the director field becomes polar and 
the droplet starts to move along the direction of shift, with v ∝ rd/R 
(Fig. 2e,f). If the SR returns to the equatorial location, the droplet 
stops. The same droplet can move to the right and left, following the 
direction of the SR shift (Fig. 2f and Supplementary Video 2). The 
highest speed is achieved when the SR shrinks into the hedgehog, 
thus maximizing |rd/R| (Fig. 2e,g). Although a hedgehog can expand 
into an SR, say, by applying an electric field32,33, we do not observe a 
full reversal of an HH back into an equatorial SR.

The shift of the SR towards the front of the moving droplet in Fig. 2  
is opposite to the SR shift downstream observed for passive isotro-
pic droplets moved through a thermotropic nematic by gravity34. 
Another interesting observation is that in the case of an SR (Fig. 2), 
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Fig. 1 | Self-propelled active HH droplets. a, Director configuration around a sphere with perpendicular surface anchoring that produces a point-defect 
HH. b, Optical microscopy texture (no polarizers) of a self-propelled droplet; the red trajectory is traced for 10 min. c, Fluorescent confocal polarizing 
microscopy texture of the vertical cross-section of a sample with the LCLC-based active droplet in the middle; colour corresponds to the intensity of the 
fluorescent signal from the sample. d, Displacements Δx along n̂0

I
 and Δy in the perpendicular direction, measured every 1 s for LCLC-based active droplet, 

2R = 90 μm, c = 20c0. e, The same for an isotropic active droplet with 2R = 90 μm, c = 20c0. f, Histogram of droplet displacements measured within 0.05 s 
intervals along the x axis, positive steps are towards the hedgehog; 2R = 135 μm, c = 20c0. g, Propulsion speed v versus droplet diameter 2R, c = 20c0. h, v 
versus bacterial concentration, 2R = (90 ± 5) μm. i, Slowing down of a single droplet in which the bacteria stop to swim after about 2 h; 2R = 120 μm, c = 5c0. 
All data, except for i, are obtained within 30 min since sample preparation. Error bars represent standard deviation; the plots in h and g were constructed 
by tracking 200 drops, with 10 being the typical number of drops corresponding to each point with a fixed set of parameters.
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the Ericksen number of the overall balance of the viscous drag and 
elastic forces, Er = ηNvR/K, is low: with 2R = 130 μm, average viscos-
ity of the nematic ηN = 0.1 kg m−1 s−1, K ≈ 10 pN and v = 0.1 μm s−1, 
one finds Er ≈ 0.1. Flows at such a low Er should not cause a sub-
stantial modification of the director34–36. It means that the strong SR 
shape fluctuations in Fig. 2 are caused by the local turbulent flows 
with instantaneous velocities |va| that are higher than v.

The nematic environment can be pre-aligned in various spatially 
varying n̂0ðx; yÞ

I
 patterns37 to command the droplets to follow a pre-

set path. The effect is illustrated for HH droplets that self-propel 
along the circular trajectories in Fig. 3 and Supplementary Video 
3. The HH droplets in both unidirectional and circular cells can 
interact. For example, droplets of the same polarity can form linear 
chains and move entrained. These interactions will be presented in 
a separate study.

Self-locomotion is pertinent to only an active droplet that devel-
ops a director structure of polar symmetry around it. The HH struc-
tures are the fastest, while the SR droplets of quadrupolar symmetry 
are not motile but become mobile when the SR shifts from the 
equatorial position and the director field becomes polar. The polar 

director field rectifies the random flows of the bacterial swimmers 
inside the droplets into the directional flows outside the droplet and 
enables long-range unidirectional propulsion.

Particle image velocimetry (PIV) of fluorescent tracers reveals 
chaotic interior flows at the explored concentrations c ≥ 4 × 1015 m−3, 
with vortices that are poorly correlated in space and time (Fig. 4a,b 
and Supplementary Video 4). The maps of interior velocity vin and 
colour-coded vorticity ω ¼ ∂vin;y=∂x � ∂vin;x=∂y

I
 show no spatial 

correlations above distances Lcorr = 30–40 μm and times t ≈ 2–3 s 
(Fig. 4a). The interior velocities increase near the droplet surface 
(Fig. 4a–c and Supplementary Video 4). The root-mean-square 
value |vin,φ| of the azimuthal velocity is approaching the root mean 
square of the overall speed |vin| near the droplet surface, indicating 
that the flows are predominantly tangential to the spherical inter-
face (Fig. 4c). There is no preferred direction of circulation, since 
the azimuthal component vin,φ, averaged over a circle of a constant 
radius r < R is much smaller than |vin,φ| (Fig. 4c). This behaviour 
is different from steady counter-rotating circulations known for 
quasi-two-dimensional droplets38. An apparent reason is that the 
bacterial activity is distributed uniformly within the subsurface 
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Fig. 2 | Active droplet accompanied by an SR. a, SR director configuration around a sphere with perpendicular surface anchoring. b, Optical microscopy 
texture (no polarizers) of an SR droplet of quadrupolar symmetry. c, The trajectory of the SR droplet traced during 100 s; no net displacement. d, 
Displacements Δx along n̂0

I
 and Δy in a perpendicular direction, measured every 1 s. e, The SR around the droplet is strongly shifted by active flows, first to 

the left (t < 220 s), then back to the equatorial position (220 s < t < 370 s), then to the right (370 s < t < 520 s); the SR eventually shrinks into a hedgehog 
(t > 520 s); the plot shows the time evolution of the asymmetry degree rd/R. f, (x,y) coordinates of the same active droplet as in e within the same time 
interval; the velocity of self-propulsion grows with the degree of asymmetry |rd/R|. All data are obtained within 30 min since sample preparation for the 
same LCLC-based droplet with 2R = 130 μm, c = 20c0.
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region, showing no anomalies underneath the HH and SR defects. 
This homogenization is supported by the spherical geometry, which 
also introduces singularities in the velocity field because of the 
Euler–Poincaré theorem20.

The active flows transferred through the interface cause director 
realignment and flows of the nematic (Fig. 4d and Supplementary 
Videos 1 and 2). The swimming bacteria do not perturb much the 
interfacial area. As pointed out by Ramos et al.14, the surface ten-
sion σ ≈ 10−3 J m−2 of a water–oil interface such as explored in our 
work makes deformations by swimming bacteria unlikely. An 
excess area l2, where l is the bacterium size, requires an increase 
of the surface energy ~σl2. A bacterium, swimming over the same 
length l, performs a work roughly equivalent to fl � ηLCLCl

2vB
I

, 
where f � ηLCLClvB

I
 is the thrust force of a bacterium, vB ≈ 10 μm s−1 

is its speed and ηLCLC ≈ 0.1 kg m−1 s−1 is the viscosity of the studied 
LCLC39. Since σ/(ηLCLCvB) ≈ 103 the surface tension prevails. In con-
trast, the anisotropic part of the surface tension, W ≈ 10−6 J m−2, esti-
mated above, is much weaker than σ, so that W/(ηLCLCvB) ≈ 1. The 
last feature explains the director realignments outside the droplet 
caused by the active shears in the interior. Similar director realign-
ment of a thermotropic nematic in contact with a bacterial aqueous 
bath was observed by Kim et al40.

The exterior flows extend over hundreds of micrometres  
(Fig. 4d–f). Unlike the interior flows, they yield a net flow, recti-
fied by the polar HH structure (Fig. 4d–f). In the droplet’s coor-
dinate system, the nematic flows from the hedgehog towards the 
droplet (Fig. 4d). In the laboratory system, it means that the active 
droplet self-propels with the hedgehog (or the shifted SR) lead-
ing the way (Supplementary Videos 1 and 2). The rectification 
is rooted in the well-known flow–director coupling that causes a 
non-Newtonian behaviour and the so-called backflow, that is, flow 
induced by director reorientations20. The director relaxation time 
is relatively long, compared with the correlation times inside the 
droplet (Fig. 4a): tN ≈ ηNR2/K > 10 s for the thermotropic nematic 
viscosity ηN = 0.1 kg m−1 s−1 and R > 30 μm, which means that the 
activity-perturbed director is persistently out of equilibrium, rotat-
ing and causing nematic backflows. An important feature of the 
non-equilibrium director–flow coupling is that the torque equation 
in the Ericksen–Leslie theory is not invariant under reversals of local 
velocities, v(r,t) → −v(r,t) (Supplementary Information). Stark and 
Ventzki32 presented a particularly clear illustration: the Stokes drag 
on a sphere with an HH structure depends on whether the flow is 

towards the sphere or the hedgehog. Another example is directional 
pumping in the so-called hybrid-aligned nematic cell41. A plate 
that aligns n̂ perpendicularly to itself moves periodically right (+) 
and left (−) with respect to an immobile plate that aligns n̂ paral-
lel to the shifts41. Although the shifts are not biased, simulations by 
Zhang et al.41 revealed a directional volumetric flow rate Φ of the 
nematic, ΔΦ/Φ0 = (|Φ−| – |Φ+|)/Φ0 ≠ 0, where Φ0 is the flow rate of a 
Newtonian fluid under the same shear rate. The pumping direction 
depends on the rotation sense of the director from the bottom to 
the top plate42 and on Er41. Defining Er through the instantaneous 
tangential speed va ≈ (0.1–10) μm s−1 of the interior velocities that are 
transmitted into the nematic, one finds Er = ηNvaR/K ≈ 0.1–10. The 
simulations41 show that rectification of the flow is most effective at 
these values of Er, achieving ΔΦ=Φ0 � ± 0:1

I
. Although the geome-

try of the one-dimensionally distorted hybrid-aligned nematic is rel-
atively simple, the emerging backflow behaviour is so complex that 
asymmetric flows and quantities such as ΔΦ could be found only 
numerically32,41,42; an analytic description is prohibitively difficult.

The flow rectification by polar director deformations around 
active droplets is similar to that in refs. 32,41,42. Consider, for example, 
the regions above and below a droplet (Fig. 4g) where the director 
is hybrid-aligned. In the absence of flows, n̂ rotates by 90o from a 
normal to the droplet’s surface to n̂0 ¼ ð1; 0; 0Þ

I
, as one moves away 

by some distance ≥R. The location of the hedgehog fixes the sense 
of rotation. If the hedgehog is on the right (Fig. 4g), n̂ rotates coun-
terclockwise (CCW) above the droplet and clockwise (CW) below it. 
When the bacteria cause tangential flows and vorticity at the inter-
face, these transfer into the nematic. As follows from the experiments 
(Fig. 4a), the bacterial flows are not biased: velocity of right and left 
flows along the interface in Fig. 4g averaged over times longer than a 
few seconds are of the same amplitude, va;þ

�� ��� �
¼ va;�

�� ��� �
¼ vaj jh i

I
. 

Although unbiased, these flows trigger a polar viscous response in 
the nematic. For example, below the droplet, a right impulse ∝va,+ 
imposes a CW torque on the CW-rotated n̂, while a left impulse ∝va,− 
means a CCW torque on the same CW-rotated n̂ (Fig. 4g). These 
two different combinations of the torque polarity and director rota-
tion produce different out-of-equilibrium director n̂þ r; tð Þ≠n̂� r; tð Þ

I
 

(refs. 41,42) and thus different viscosities ηþ≠η�
I

 (Fig. 4g), as the vis-
cosity depends on the director configuration. Mirror symmetry of 
the top and bottom regions of the sample with respect to the hori-
zontal xy plane ensures the same polarity of the rectified flows in 
these regions, as observed (Fig. 4e).

The difference ηþ≠η�
I

 yields a rectified propulsion force that 
can be estimated roughly as Fa  CR vaj jh i ηþ � η�

� �

I
, where C is 

a numerical factor that depends on the slip conditions. Since the 
hedgehog leads the way (Fig. 1b and Supplementary Videos 1 
and 2), Fa is directed from the sphere towards the hedgehog. As 
self-locomotion is force free, Fa should be balanced by the Stokes 
drag that can be estimated as Fdrag = CηNRv, where ηN ≈ 0.1 kg m−1 s−1 
is the average viscosity of the nematic, which yields an estimate 
for the self-propulsion speed v  vaj jh i ηþ � η�

� �
=ηN

I
. With 

vaj jh i
I

 ≈ 1–10 μm s−1 and v ≈ 0.1–1 μm s−1, the required viscous 
anisotropy is modest, ηþ � η�

� �
=ηN  0:01� 1

I
, which is well 

within reach for thermotropic nematics20,41. Similar estimates can be 
obtained by considering the differences in the director field near the 
hedgehog and at the opposite pole of the droplet, where the director 
is close to uniform.

Propulsion of a sphere with an SR shifted from the equatorial 
location is explained similarly by the acquired polar character of 
the director field, which sets ηþ≠η�

I
 and rectifies directional flows 

around the sphere. When the SR shifts to the right, the director 
structure above and below the droplet becomes similar to the pat-
tern in Fig. 4g.

As already indicated, the dynamics is accompanied by a small 
fraction of backward displacements, when tracking is within a 
short time interval, such as 0.05 s in Fig. 1f. The phenomenon is not 
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Fig. 3 | Circular trajectories of active HH droplets in a nematic with a 
circular prepatterned director. (1) Droplet of diameter 2R = 68 μm, speed 
v = 0.11 μm s−1, moving along a circular trajectory at a radial distance 
640 μm from the pattern’s centre; (2) 2R = 40 μm, v = 0.01 μm s−1, distance 
634 μm; (3) 2R = 50 μm, v = 0.06 μm s−1, distance 606 μm; (4) 2R = 85 μm, 
v = 0.14 μm s−1, distance 750 μm. The dashed lines show the prepatterned 
director. The data are obtained for LCLC-based droplets with bacterial 
concentration c = 5c0, within 40 min since sample preparation. Polarizing 
optical microscopy with crossed polarizers A and P.
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surprising given the bacterial turbulence in the interior, in which 
the net active shear stresses can point in any direction at a given 
instance of time. One might wonder whether droplets of the size 
of vortices, 30–40 μm or smaller, could show coherent flows. The 
answer is negative, we do not see any coherent motion in smaller 
droplets. While the increase of the droplet speed v with the con-
centration of bacteria is intuitively clear because of the increased 
activity, a higher v in the nematic LCLC as opposed to the aque-
ous dispersion is less obvious but correlates with the previous find-
ings. First, the effective viscosity ηLCLC = 0.1 kg m−1 s−1 of the LCLC 
is higher than the viscosity of water, which helps in the momentum 
transfer through the droplet–nematic interface. Second, despite this 
viscosity increase, the speed of B. subtilis in the LCLC is only ~25% 
lower than that in water43. Third, the LCLC enhances the turbulence 

flows rather than suppresses them, causing turbulence with discli-
nations already at c ≈ 1014 m–3 (ref. 26), which is ten times lower than 
the concentrations triggering turbulence in water24.

The propulsive ability of the active droplets cannot be explained 
by the Marangoni effect associated with a dynamic redistribution 
of lecithin and gradients of the interfacial tension, as droplets with 
the surfactant but no active bacteria show no rectified motility, even 
when the concentration of lecithin is increased to 1 wt%. Droplets 
smaller than 30 μm do not show rectified flows and thus do not 
exhibit self-locomotion (Fig. 1g), apparently because the number of 
bacteria is not sufficient to produce strong flows. Another factor 
diminishing the self-locomotion ability of small droplets might be 
the steeper decrease of surface anchoring energy (~WR2) compared 
with bulk elasticity of the nematic (~KR).
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Fig. 4 | Activity triggered flows inside and outside the HH droplet. a, Two maps of instantaneous velocity (maximum 6 μm s−1) and colour-coded 
vorticity of active flows in an active droplet with 2R = 125 μm, c = 20c0, documented within 2.4 s of each other. b, The same droplet, velocity and vorticity 
are averaged over 5 min; maximum velocity 1 μm s−1. c, The root-mean-square interior velocity |vin|, azimuthal component vin,φ, and its root-mean-square 
value |vin,φ| versus the distance r < R from the droplet centre, calculated using data in part b. The error bars represent s.d. d, Velocity (maximum 2 μm s−1) 
and vorticity of nematic flows outside an active droplet with 2R = 110 μm, c = 20c0. e, The same droplet, velocity (maximum 0.2 μm s−1) and vorticity are 
averaged over 10 min. The black arrows in panels a,b,d, and e indicate the local flow velocity; their length is proportional to the local speed. f, The root 
mean square of the outside flow velocity calculated as a function of r > R and the x component of velocity along the x axis centred at the droplet centre, 
calculated using the data in e. All data in a–f are obtained for LCLC-based droplets within 30 min since sample preparation. g, Self-propulsion mechanism 
of a droplet with a hedgehog (black disk) on its right-hand side. Bacterial-activity-created velocities directed to the right, va+, and to the left, va−, perturb the 
hybrid-aligned director above (and below) the droplet differently, yielding two different director fields n̂ r; tð Þþ≠n̂ r; tð Þ�

I
 and two viscous resistances ηþ≠η�

I
, 

which result in the rectified active force Fa. Red colour denotes vector quantities brought about by bacterial activity. The core of the hedgehog is shown as a 
small black sphere in panels a,b and g, and as a white sphere in panels d and e. The large black sphere in panels d and e shows the active droplet. 
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Conclusion
We demonstrated an approach to extract work from random 
motion of microswimmers and to power rectilinear and curvilinear 
self-locomotion of active droplets. The concrete example is based on 
swimming bacteria, dispersed in aqueous media with nutrients and 
with or without additional ingredients such as the LCLC. These dis-
persions are emulsified as active droplets in a thermotropic nematic 
with an added surfactant that produces a locally radial orientation 
of the nematic director around the droplet. The local radial director 
matches the uniform far field through topological defects, either a 
hyperbolic hedgehog on one side or an equatorial ‘Saturn ring’ of a 
disclination loop. When the active droplet develops a fore-aft asym-
metric director structure, either with a hedgehog or with a shrunk 
Saturn ring, it acquires the ability to propel itself along a rectilinear 
or curvilinear trajectory that is set by the overall director of the ther-
motropic nematic environment.

The active flows generated by bacteria inside the droplet trigger 
flows in the nematic that are rectified by the polar director struc-
ture into a net directional flow. The efficiency of self-propulsion 
is directly related to the degree of polar asymmetry, as shown by 
the shifted SR in Fig. 2 and Supplementary Video 2. The droplets 
formed by dispersions of bacteria in LCLCs show a faster speed than 
their isotropic counterparts (Fig. 1d,e). The droplets with hedge-
hogs move faster when they are larger and when the concentration 
of bacteria is higher. Droplets without motile bacteria or with bacte-
ria that stopped swimming do not propel. By patterning the overall 
director field of the environment, one can predesign the geometry 
of trajectories.

The demonstrated mechanism adds to the set of principles 
of microscale swimming described by Purcell15 for isotropic 
Newtonian fluids, in which the simplest swimmers are either three 
identical spheres connected by slender rods of changing length44 or 
two connected spheres exchanging material between themselves45. 
In the nematic environment, owing to orientational order and asso-
ciated surface anchoring and elasticity, the simplest swimmer is a 
single sphere that produces a satellite topological defect in its neigh-
bourhood. It acquires mobility through rectification of the chaotic 
internal motion by the asymmetric molecular orientation pattern 
of the environment. The dependency of self-propulsion speed 
v  vaj jh i ηþ � η�

� �
=ηN

I
 on the difference in the viscous coefficients 

underscores the non-Newtonian and anisotropic nature of the pro-
pulsion mechanism.

The rectilinear and curvilinear self-locomotion of active droplets 
enabled by a liquid-crystal environment could find applications in 
the future development of micromachines. The principle should be 
extendable to other systems, for example, synthetic microswimmers. 
The described phenomenon adds to the growing list of physical 
effects enabled by liquid crystals used instead of isotropic fluids as a 
medium for dynamics33,40,46,47. Recent theoretical works on swimming 
in a nematic48–51, although not addressing the geometry proposed in 
this work, suggest that the liquid-crystal environment offers a broad 
range of possibilities to control microscale dynamics, by means such 
as surface anchoring48 and director coupling to the propulsion mech-
anism49,50. It would be of interest to explore these opportunities, by 
varying many parameters offered by the described system.
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Methods
Active droplets. We use B. subtilis strain 1085, which is a rod-shaped bacterium 
5–7 μm long and ~0.7 μm in diameter. The bacteria are initially grown on Lysogeny 
broth (Miller composition from Teknova) agar plates at 35 °C for 12–24 h, then a 
colony is transferred to a TB liquid medium and grown in shaking incubator at 
temperature 35 °C for 7–9 h. Sealed vials are used to grow the bacteria to increase 
resistance to oxygen starvation. The bacteria concentration in the growth medium 
was monitored by measuring the optical density. The bacteria are removed from 
the incubator at the end of their exponential growth stage, at the concentration 
c0 = 0.8 × 1015 cell m−3, and extracted from the liquid medium by centrifugation.

Two types of active droplets are prepared. One is based on an isotropic 
aqueous TB (Sigma Aldrich) as a dispersion medium. The second medium for 
bacteria is a nematic LCLC, 13 wt% dispersion of DSCG (Alfa Aesar) in TB. The 
mixture is a nematic up to 28.5 °C, above which it transitions into a nematic–
isotropic coexistence52. At room temperature, the effective viscosity of the 13 wt% 
DSCG LCLC measured for micrometre-size beads diffusing along the director is 
ηLCLC = 0.1 kg m−1 s−1 (ref. 39). The nematic LCLC phase exists in a relatively narrow 
range of concentrations from 12 wt% to 16 wt%, above which it transforms into a 
columnar phase. This LCLC is non-toxic to microorganisms53. Both isotropic and 
LCLC-based active droplets are doped with a very small amount (≤0.05 wt%) of 
egg-yolk lecithin (Sigma Aldrich), which sets a perpendicular orientation of the 
thermotropic nematic director at the interface.

Inactive thermotropic nematic environment. The bacteria-containing active 
aqueous dispersions are mixed with a thermotropic nematic in volume proportion 
1:50 and vortexed to achieve the emulsion. Two thermotropic nematics are used, 
pentylcyanobiphenyl (5CB) and MAT-03-382 (both purchased from Merck). 
MAT-03-382 and 5CB have similar rotational viscosities at room temperature, 
ηN = 0.11 kg m−1 s−1 (data from the manufacturer) and 0.14 kg m−1 s−1 (ref. 54), 
respectively. Both viscosities are close to the interior viscosity of the LCLC-based 
droplets, ηLCLC = 0.1 kg m−1 s−1, which helps in the momentum and vorticity transfer 
across the interface. The two thermotropic nematics used as a passive medium 
yield similar results, with the droplets speed in MAT-03-382 being approximately 
two times higher than that in 5CB. In the main text, we describe the results for 
MAT-03-382 only, since the material shows a birefringence of 0.08 at 589 nm 
(ref. 55), lower than that of 5CB (0.19), which facilitates optical microscopy. Our 
LCLC-based system is an inverted active analogue of the nematic-in-LCLC 
emulsion, in which the thermotropic nematic droplets are dispersed in an LCLC 
with an added surfactant56. The emulsion in ref. 56 does not contain any swimmers, 
but nematic droplets can propel owing to the Marangoni effect.

The emulsions of active droplets in the thermotropic nematic are filled 
into cells of thickness d = 200 μm, formed by two parallel glass plates. The 
plates are coated with polyimide PI2555 (Merck) layers and buffed to achieve 
a unidirectional planar alignment, n̂0 ¼ ð1; 0; 0Þ

I
 in Cartesian coordinates. The 

patterned cells such as the one in Fig. 3 are aligned by the plasmonic metamask 
photoalignment technique37.

The surfactant lecithin molecules diffuse to the droplet–nematic interface and 
impose perpendicular alignment of the nematic director n̂ at the surface of active 
droplets. The hedgehog can form on either side of the droplet; however, once the 
position is stochastically chosen, the reversal of the polarity is not observed, as it 
requires energies orders of magnitude higher than the Boltzmann temperature. The 
hedgehog cores often attract small isotropic or LCLC droplets, of diameter 4 μm or 
less, to reduce the core energy57. These small droplets are used to track the position 
of the core in Supplementary Fig. 1.

Microscopy characterization. The location of the droplet along the z axis 
normal to the bounding plates is determined by fluorescent confocal polarizing 
microscopy58. The nematic is doped with the fluorescent hydrophobic dye 
N,N′-bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylenedicarboximide (BTBP) at 
0.0025 wt%, and the active droplets are doped with a hydrophilic dye acridine 
orange at 0.006 wt%. The in-plane motion of active droplets is observed under a 
Nikon TE2000 optical microscope equipped with a camera CMOS (Emergent HS-
20000C); the trajectories are tracked using ImageJ software59. The flows inside and 
outside of the droplet are visualized by tracking fluorescent polystyrene Suncoast 
yellow spheres of diameter 200 nm (Bangs Lab), excitation wavelength 540 nm 
and emission wavelength 600 nm. These wavelengths are safe for bacteria and 
do not alter their activity over the time of experiments. The fluorescent spheres 
are dispersed in either the bacterial dispersion or in the nematic environment 
and tracked by PIV60, while the microscope is focused at the equatorial plane of 
the droplets. PIV determines the flow velocities vin (Fig. 4a,b) and vout (Fig. 4d,e) 
inside and outside the droplets, respectively. The azimuthal component vin,φ of 
velocity in Fig. 4c is calculated in the polar coordinate system (r,φ) centred at 

the droplet’s centre, and averaged over all values of the azimuthal angle φ for a 
given r = constant, r < R. The root-mean-square velocity in Fig. 4c is calculated 

as vinj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

PN
i¼1

vin;i
 2

s

I

, by measuring the local velocity projection vin,i onto the 

xy plane at N points along a circle r = constant and then averaging the values over 
0 ≤ φ < 2π. The root-mean-square azimuthal component of the interior velocity 
in Fig. 4c and the root-mean-square outside velocity in Fig. 4f are calculated in a 

similar way, vin;φ
  ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

PN
i¼1

vin;φ;i
 2

s

I

 and voutj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

PN
i¼1

vout;i
 2

s

I

.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Source data for Figs. 1d–i, 2c–f and 4c, f are available with this paper. All other 
data that support the plots within this paper and other findings of this study are 
available from the corresponding author upon reasonable request.
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Data is collected by recording videos using the camera software (Emergent eCapture).

Data analysis The analysis of the images are done using the TrackMate package of the open source software ImageJ. The calculations and the plots are 
done using custom written code in Mathematica 12.0, finally the flow inside and outside the droplet is done using the particle image 
velocimetry, PIVlab MATLAB R2018b.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Source data for Figures 1,2 and 4 are available for this paper. All other data that support the plots within this paper and other findings of this study are available 
from the corresponding author upon reasonable request
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Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size The sample size was chosen on the idea that an active droplet must contain at least 10 bacteria thus is should be larger than 10 micrometers.  
On the other hand, the droplet should be smaller than 200 um, because the system will be too dense optically and microscopic observations 
would be difficult.

Data exclusions We excluded any data points collected after 30 minutes of filling the cells, to avoid the effects associated with a potential drop of the bacterial 
activity. 

Replication The results are reproducible, as our error bars are calculated from data of new experiments. 

Randomization The cell thickness is chosen to be about 200 microns; see sample size. Thus the droplet diameter are random within the range 10 micron to 
200  microns. The bacteria concentration is chosen high enough to cause motion of the droplets within a measurable time . 

Blinding Two leading co-authors, Hend Baza and Mojtaba Rajabi, performed observations one at a time, i.e. some samples were observed by Hend 
without Mojtaba, the other samples were observed by Mojtaba without Hend, thus we took blinding precautions and our observations are 
not biased

Behavioural & social sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description  The study represent a quantitative description of the active droplets speed dependence on droplets size, bacteria concentration, and 
does not belong to the field of behavioural and social sciences

Research sample State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic information 
(e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For studies involving 
existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to 
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a rationale 
for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and what criteria 
were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper, 
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and whether 
the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample cohort.

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the rationale 
behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no 
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if 
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested, 
hierarchical), nature and number of experimental units and replicates.
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Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National 
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and 
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets, 
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size 
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for 
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which 
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them, 
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to 
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were 
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why 
blinding was not relevant to your study.

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Describe all antibodies used in the study; as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the 
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) State the source of each cell line used.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for 
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

Name any commonly misidentified cell lines used in the study and provide a rationale for their use.
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Palaeontology
Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the 

issuing authority, the date of issue, and any identifying information).

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), 
where they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new 
dates are provided.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Bacillus  subtilis strain 1085. 

Wild animals No wild animals involved.  

Field-collected samples Bacillus  subtilis from frozen culture was grown overnight on LB agar at 35C. A colony  of the strain was transferred  to a vial with 
10 mL of Terific Broth solution, then the vial was sealed and grown in a shaking incubator for 7-9 hours.  The bacteria 
concentration in the vial was monitored by measuring the optical scattering  and the vial was collected at end of the exponential 
growth. 

Ethics oversight Kent State University Biohazard and institutional Biosafety Committees  

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants
Policy information about studies involving human research participants

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, gender, genotypic 
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study design 
questions and have nothing to add here, write "See above."

Recruitment Describe how participants were recruited. Outline any potential self-selection bias or other biases that may be present and how 
these are likely to impact results.

Ethics oversight Identify the organization(s) that approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

ChIP-seq
Data deposition

Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
provide a link to the deposited data.
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Files in database submission Provide a list of all files available in the database submission.

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of 
reads and whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone 
name, and lot number.

Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and 
index files used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold 
enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a 
community repository, provide accession details.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a 
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the samples 
and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell 
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging
Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).
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Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types 
used for transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first 
and second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference
(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte 
Carlo).

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial 
correlation, mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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