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Due to their relative simplicity, natural microswimmers1,2 
and their artificial counterparts3–5 are convenient sys-
tems for studying the complex behaviour of active mat-

ter. Indeed, intricate nanomachinery governs movement, from 
cell shaping and division to the propulsion of microorganisms in 
biology6. Developments in molecular machines3 including nano-
cars7 foreshadow such life-like complexity in artificial swimmers, 
but fabrication and integration from molecular to nano- and 
microscales is non-trivial: ‘a major challenge is finding robust ways 
to couple and integrate the energy-consuming building blocks to 
the mechanical structure’8. To this end, promising non-biological 
artificial muscles have already achieved programmable move-
ment9 and phase-transition-driven two-way elastic deformation10. 
Combinatorial approach methodology to multifunctionality11 has 
resulted in self-sensing muscles12, and bottom-up synthesis tech-
niques can be used to synthesize single molecules into polymer 
shapes13. A number of mechanisms for artificial swimmers have 
been used, including prominently chemical power14—catalytic 
particles creating bubbles, self-electrophoresis or releasing slightly 
dissolving compounds to drive Marangoni flows (for example, cam-
phor boats)15. Others are driven by physical effects—thermophore-
sis16 or external acoustic17, magnetic18 and electric19 fields, and they 
serve as a basis for the theoretical understanding of ‘active matter’20.

Three main classes have emerged that are relatively easy to make 
in large quantities and are therefore accessible for the study of large 
ensembles of microparticle swarms. The first class—catalytic Janus 
microswimmers5—use catalysts on one side of their surface (for 

example, Pt or Pd) to decompose hydrogen peroxide in the sur-
rounding solution, creating micro- or nanobubbles, and self-propel 
while the chemical fuel lasts.

The second major class of artificial microswimmers21 uses 
light-absorbing Janus particles to induce local heating and asym-
metric demixing in a binary lutidine/water mixture, thus generat-
ing spatial concentration gradients that induce self-diffusiophoretic 
motion of the particles. Both types of system have been extensively 
studied, but the need of toxic peroxide or lutidine prevents the study 
of such swimmers interacting with biological microswimmers in 
their native environment.

The third class of microswimmers are compatible with biological 
media and exploit external light or magnetic fields to create motion. 
Differential light absorption on relatively easy to fabricate Janus 
particles has been used for thermophoresis. Such swimmers have 
achieved ~50 μm s−1 speeds with hollow particles, which allow load-
ing with drugs for targeted delivery22. More recently, emulsion-based 
Pickering immobilization was employed to scale up and simplify 
the fabrication of such metal-containing Janus particles, capable of 
thermophoretic swimming23. Their potential beyond drug delivery 
also extends to therapies such as thrombosis ablation treatment24. 
Magnetic swimmers require more involved microfabrication of 
intricate screw-type structures25, which, however, can be controlled 
in deep tissues without restrictions for transparency or complica-
tions of light absorption. Therefore, they have excellent proper-
ties for the studies of mixed artificial and biological swimmers. 
Magnetic microrobots picked, encapsulated and delivered cells to 
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locations while protecting them from shear forces26, while others 
were used to capture non-motile sperm cells, propel them and fer-
tilize an egg27. Since external magnetic fields synchronize all the 
swimmers’ movements and orientation, this class possesses some 
inherent limitations for studying complexity in active matter.

Nonetheless, a minimal non-living model swimmer, which is 
easy to generate (for example, by self-assembly) and operates in bio-
logically compatible media, remains an outstanding experimental 
challenge. This challenge is considerably more difficult if one wishes 
to assemble a swimmer that uses elasticity for hydrodynamic pro-
pulsion, can internally store energy and can be recharged.

Here we present a new class of active microswimmers grown 
via bottom-up molecular self-assembly using only three simple 
components: alkane oil drops and water containing a dissolved 
surfactant. The operating temperature window is tuneable by the 
choice of oil and surfactant, and small (~5 °C) thermal oscillations 
in the environment are sufficient to drive and recharge the swim-
mers, requiring no additional fuel. The experiment requires only an 
optical microscope with a thermally controlled sample holder. The 
compatibility of our system with bacteria and higher organisms28,29 
provides an opportunity to study interactions between artificial and 
biological swimmers, also in populated swarms.

On cooling, the alkane droplets spontaneously eject thin elas-
tic filaments, which—due to viscous friction with the surrounding 

fluid—push the droplets and induce swimming. On subsequent 
heating of the environment, the filaments retract completely, thus 
returning the droplets to their initial state and recharging the sys-
tem. The internal liquid-to-plastic phase transition that occurs 
on the surface of the oil drops and drives these phenomena is 
reversible, while the inherent elasticity of the filaments breaks the 
time-reversal symmetry of the droplet motion (although the latter 
occurs at low Reynolds numbers), thus generating partially irrevers-
ible swimming motion. Developing a detailed elasto-hydrodynamic 
model of the filament dynamics, we provide a quantitative insight 
into the swimming behaviour of the droplets and highlight some 
similarities with the beating patterns of flagellated swimmers30.

As an illustration, we present results obtained with oily drops 
of alkane (pentadecane or tetradecane), placed in ~1.5 wt% aque-
ous surfactant solution (Brij 58) that is cooled at a rate of 0.1–
1.0 °C min–1, down to ~8 °C for pentadecane (C15) or ~2 °C for 
tetradecane (C14). The cooling results in initial changes in the drop 
shape, which quickly reach a steady-state spheroidal shape with four 
(or five) ‘spikes’ arranged in the positions of the corners of a tetra-
hedron (or of a pentagonal pyramid with a tetragonal base) at the 
particle surface (Fig. 1). One or two of the spikes transform into 
nozzles that quickly extrude material from the sphere into long fila-
ments with a uniform diameter (Fig. 1 and Supplementary Videos 
1–3). We observed that swimmers with a single tail are preferably 
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Fig. 1 | Emulsion droplets deform on cooling and eventually form dynamic swimmers with one or two fibre-extruding nozzles. a, Schematic of the 
transformation of the initial oil drop into a swimmer with one or two tails, rapidly passing via a series of drop-shape shifts. The T↓ notation above the 
arrows represents the cooling of the sample. b, Images of swimmer formation observed experimentally on cooling a tetradecane drop. c, Microscopy 
image of tetradecane swimmers extruding one or two fibres with a diameter of ~0.5 μm; extrusion rate UF ≈ 6.5 μm s–1 for drops extruding two fibres 
and UF ≈ 12 μm s–1 for drops extruding a single fibre. The swimmer speed is US ≈ 0.25 μm s–1 for drops extruding two fibres and US ≈ 0.50 μm s–1 for 
drops extruding a single fibre. d,e, Images of pentadecane swimmers extruding fibres with a diameter of ~2 μm. Swimmers extruding two fibres at 
UF ≈ 2.3 ± 0.3 µm s–1 and swimmer speed US ≈ 0.45 ± 0.06 µm s–1 (d) and swimmers extruding one fibre with UF ≈ 0.85 ± 0.10 μm s–1 and swimmer speed 
US ≈ 0.28 ± 0.05 μm s–1 (e). In all experiments, the alkane drops are dispersed in 1.5 wt% Brij 58 surfactant solution. Scale bars, 20 μm. The quoted values of 
US and UF are for the specific drops shown in these images. The relation between US and UF is expressed by equation (3). The statistically averaged values 
of parameter c in equation (3) are presented and discussed in the main text.
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formed at lower cooling rates (for example, 0.1 °C min–1), whereas 
the main fraction of swimmers had two tails at a higher cooling rate 
(~0.5 °C min–1), while drops with one and two tails were observed to 
coexist in the same sample in the transition range of cooling rates, 
namely, ~0.2–0.3 °C min−1. No notable dependence of the number 
of extruded tails on the drop size was observed, thus excluding a 
strong influence of the local interfacial curvature for spikes trans-
formation into fibre-extruding nozzles.

C15 and C14 droplets extruded fibres with notably different diam-
eters, namely, d ≈ 2.0 ± 0.2 μm for C15 and d ≈ 0.5 ± 0.1 μm for C14, 
independently of whether one or two fibres were extruded from 
a given drop (Fig. 1b,c and Fig. 1d,e show illustrative examples, 
respectively). For convenience, hereafter, we term the fibres for C15 
drops as ‘thick’ and for C14 drops as ‘thin’.

The time for which swimming can be observed in a given sys-
tem mostly depends on the cooling rate. Depending on the spe-
cific oil–surfactant combination, the swimmers are observed in a 
specific temperature range, for example, 3–4 °C wide for C15 drops. 
Performing experiments with different cooling rates, we change 
the duration of the period in which the emulsion temperature falls 
within this range. For example, at a cooling rate of 0.50 °C min–1, 
about 5–10 min is available for swimming, whereas this time is 
~20 min at a lower cooling rate of 0.15 °C min–1.

In our previous studies, quasi-static shapes were obtained on the 
slow cooling of emulsion droplets31. The experiments showed that 
these shape transformations (artificial morphogenesis) were driven 
by the formation of a two-dimensional plastic rotator phase at the 
drop surface, with somewhat different stability in microconfine-
ment than bulk rotator phases32, and with thickness between several 
and dozens of nanometres, depending on the system31,33. This plastic 
rotator phase is formed at the edges of the deformed drops (that is, 
at the edges of polyhedral shapes, at the periphery of flattened plate-
lets and on the surface of cylindrical protrusions), thus forming a 
frame of plastic rods that gradually extends with time by incorporat-
ing new alkane molecules from the liquid interior of the drops. The 
molecules in the rotator phase have some rotational freedom and 

occupy a larger volume compared with the truly crystalline phase of 
the alkanes—this freedom leads to higher molecular mobility and 
inherent plasticity of the rotator phases. The energy gain on the for-
mation of this plastic rotator phase on the surface of the deforming 
drops is greater than the energy penalty from the expanding inter-
facial area, where the interfacial energy was measured to be in the 
range of 3 to 10 mJ m–2 (ref. 34). Molecular dynamics tools to model 
rotator phase transitions were only recently established35, but the 
main stages of the observed drop-shape evolution sequence were 
explained with a theoretical model that analysed the energy depen-
dence on the droplet shape, which included both drop surface energy 
and energy of the forming plastic frame36,37. The observed shapes 
were also interpreted and discussed38 as a new type of ‘tensegrity’ 
(tensorial integrity) structure39, which acquire mechanical stability 
by balancing the compression stress of the interfacial tension with 
rigidity of the plastic frame forming at the drop surface.

In the new class of oil–surfactant systems described here, the 
previously observed transformations occur very quickly and the 
drops rapidly transmute into swimmers (Fig. 1 and Supplementary 
Videos 1–3). As all the other shape changes are driven by a few lay-
ers of plastic phase formed on the surface of the self-shaping drops, 
we postulate that the elastic filaments have a similar structure. 
Therefore, the swimmers’ actuation is caused by self-assembled thin 
elastic flagella-like tails (Fig. 2a) with a shell of thickness δ com-
posed of alkane molecules ordered in a plastic rotator phase and 
an interior of liquid alkane (Fig. 2b). Our experiments showed that 
two main conditions should be simultaneously satisfied to observe 
swimmers of this type: (1) the surfactant should be with a longer tail 
than alkane molecules so that the adsorption layers of the surfactant 
freeze before the drop interior; (2) the cooling rate should be very 
low, around ≤1 °C, thus allowing the drops to pass through all the 
preceding stages to form a swimmer before their complete freezing.

We quantify the relationships between all key parameters describ-
ing the behaviour of the observed swimmers. The swimming, US, 
and extrusion, UF, speeds were measured to increase approximately 
linearly with the cooling rate, which is consistent with the faster for-
mation of the plastic rotator phase on the drop surface (Fig. 3a). 
Both US and UF are notably higher for single-tailed swimmers com-
pared with two-tailed swimmers at a given cooling rate. This result 
is also expected, because the rate of plastic phase formation on the 
drop surface is expected to be the same for a given system and cool-
ing rate, independent of the number of extruded fibres, while this 
same phase is distributed into one or two fibres in the two types 
of swimmer. Under equivalent conditions, droplets with a smaller 
initial diameter extrude fibres at a lower rate compared with bigger 
droplets, again because bigger drops have a higher surface area from 
which the rotator phase of the fibres originates. All these experi-
mental trends are quantitatively captured in the model explained 
below (equation (3)).

To clarify the origin of this new type of microswimmer pro-
pulsion, we balance the hydrodynamic Stokes drag on the rapidly 
extruding cylindrical filaments with the drag created by the fric-
tion of the propelled mother drop (approximated as a sphere) with 
the surrounding fluid. The resulting elasto-hydrodynamic model 
of the swimmers advances the understanding of elastic fibre extru-
sion dynamics40–42 and is described in detail in Supplementary 
Section II. Briefly, because of the filaments friction with the viscous 
medium, we estimate the fibre elastic stiffness from the measured 
periodicity of fibre buckling with characteristic wavelength l (Fig. 
2). While past calculations only focussed on hydrodynamic friction 
and bending of fibres with a fixed basis40, our theoretical approach 
builds on a different numerical scheme41 and fully characterizes free 
particle swimming using the extrusion of elastic filament (Fig. 2). 
The relationship that we derive between the swimming speed of a 
droplet extruding one or two filaments, US, and the extrusion speed 
of that filament, UF, is
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Fig. 2 | Main parameters describing the swimmers shape and motion. a, 
Detailed diagram of the spiked ball swimmer, where the effective swimmer 
radius is a; swimmer velocity, US; fibre extrusion velocity, UF; and radius of 
curvature of the first filament bend, Rc. The filament radius is r and plastic 
shell thickness, δ. b, Schematic cross-section of the fibre. In the centre, 
the fibres are filled with liquid oil, whereas ordered layers of plastic rotator 
phase are formed on their surface. This rotator phase ensures the fibres’ 
elasticity. c,d, Microscopy images of one-tailed swimmers overlaid with 
several different quantities measured from the experiment. The swimmer 
shown in c is made from tetradecane oil and that in d from pentadecane oil. 
Scale bars, 20 μm.
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US = c UF l/a, (1)

where a is the radius of the main body of the swimmer and c is 
a dimensionless constant. We treat the filaments as a uniform in 
length material with characteristic (elasto-hydrodynamic) buckling 
length l, which depends on the bending stiffness A, extrusion speed 
and resistance to the flow of filament in the direction parallel to its 
axis per unit length ξ|| as

l =
(

A/ξ||UF
)1/3 . (2)

The results of our simulations show that the buckling length 
can be extracted from the radius of curvature Rc of the first buckle, 
which is measured with high precision from the experimental 
observations, as l ≈ 1.2Rc (Fig. 2). Combining equations (1) and (2) 
with the theoretical estimates42 for ξ||, we are able to describe the 
dynamics of the swimmer using a, l, UF and US as experimentally 
accessible quantities, while c and A were determined from equa-
tions (1) and (2), respectively. We analysed more than 50 swimmers 
in total, finding the swimming speed US to be rather high, around 
1 μm s–1, and appears as 10–50% of UF of thick fibres and 3–5% of 
UF of thin fibres. From these experiments, we determined bending 
stiffness A ≈ 210 ± 60 Nm2 with l ≈ 25 ± 5 μm for thick fibres and 
A ≈ 25 ± 8 Nm2 with l ≈ 7 ± 2 μm for thin fibres. Both one-tailed and 
two-tailed swimmers are described by this model with the same 
value of the only material parameter A, a clear indication of the 
self-consistency of the theoretical approach. This interpretation also 
showed that the constant c is fairly independent of the materials used 
and the drop size. Statistically averaging the values of c determined 
for the individual droplets, we obtained c ≈ 0.142 ± 0.035 for swim-
mers with one filament, which is ~50% higher than c ≈ 0.093 ± 0.031 
determined for swimmers extruding two filaments in the same sys-
tem, probably because the propulsion forces exerted by the two 
fibres in the two-tailed swimmers do not act in the same direction.

The combination of equations (1) and (2) yields the following 
relationship, which can be experimentally verified:

US =
c
a

(

A
ξ∥

)1/3
U2/3

F . (3)

Indeed, the plot of US versus U2/3
F /a for swimmers of the same 

composition, which presumably have the same values of A and ξ||, 
gives a straight line (Fig. 3b). Note that the scaling prediction in equa-
tion (3) reflects the intricate coupling between the hydrodynamic  

propulsion force created by the extruding fibre and its elastic prop-
erties, which lead to fibre buckling and thus modulating the propul-
sion force (Supplementary Section IV.G provides further details).

With our model, we also quantitatively describe the undulations 
of the orientation angle of the swimmers with respect to their direc-
tion of motion (Fig. 4). Using the experimentally available values of 
a, l and UF, we predict the period and amplitude of the angle oscil-
lations, which agrees very well with the measured data for the last 
two quantities (Supplementary Table 2 and Supplementary Sections 
IV.F and IV.I).

The retraction of fibres—on subsequent emulsion heating—is 
also of high interest, because it defines the reversibility of the pro-
cess. The retraction is driven by the positive interfacial tension at 
the oil–water interface, which draws the fibre inwards to minimize 
the liquid interfacial area. This is unlike fibre extrusion where buck-
ling instability is coupled with elasticity-induced undulations; dur-
ing retraction, both fibre and droplet are pulled towards a single 
point on the nozzle, resulting in reduced undulating movement of 
the droplet–filament system. The quantitative comparison of the 
data for fibre extrusion and contraction shows that the swimmer 
speeds during extrusion are higher than those on retraction at the 
same magnitudes of cooling and heating rates (Fig. 3a). The slope 
of the relation between US and U2/3

F /a is also somewhat lower for 
retraction in the case of two-tailed swimmers (Fig. 3b). This differ-
ence in the swimming speeds on cooling and heating—enabled by 
fibre elasticity—shows that the swimming is partially reversible. A 
similar difference is also observed in simulations (Supplementary 
Videos 4 and 5). Further experiments are needed to more precisely 
quantify the irreversibility of the observed processes.

The analysis of two-tailed droplets suggests an analogy with 
biological swimmers. The undulating motion of our swimmers 
resembles—to some extent—that of several eukaryotic microor-
ganisms that swim by waving their flexible flagella. In particular, 
the swimmers that extrude two fibres show similarities to the 
motion exhibited by biflagellate algae, akin to Chlamydomonas 
reinhardtii (Supplementary Videos 2 and 3). One question for these 
biological swimmers concerns the mechanism by which their two 
flagella synchronize. It had long been thought that the synchrony 
of beating flagella is achieved through hydrodynamic interac-
tion30,43, as seen in artificially driven colloidal systems44. The flow 
fields around two single-flagellated algae have also been shown to 
lead to concerted motion provided the distance of flow-mediated 
interactions was sufficiently small45. This view has been ques-
tioned with increasing evidence that intracellular coupling must 
play a mediatory role in the coordination of beating46,47. To test 
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these possibilities with our model system, we studied droplets 
that were extruding two fibres. By analysing the video records, we 
observed that the extrusion speeds of the two fibres extruded by 
a given drop were equal. However, for the various droplets, these 
pairs of fibres were in different relative phases, which resulted 
in different ranges of undulation angles Φ for the main droplets 
(Fig. 4 and Supplementary Videos 2 and 3). Unlike the beating 
patterns observed in Chlamydomonas that exhibit changes in the 
relative phase between the two flagella, our analysis of 30 drop-
lets swimming by extruding two filaments in 12 videos show that 
for a given droplet, the phase difference between the extruded 
filaments remains constant without any sign of synchronization. 
These results suggest that at distances comparable to the sizes of 
our droplets, the hydrodynamic interactions and coupling through 
the body of the droplet are too weak to induce a notable change 
in the phase difference and fibre synchronization. One can expect 
that the internal coupling inside the organism most likely plays a 
key role for similarly sized biological swimmers.

Another analogy with living systems is the emergent ability to 
harvest energy from changes in the environment (for example, in 
day/night cycles). When we warm rotator phase fibres (often several 
millimetres long and only a micrometre wide), they fully retract all 
the way back to the mother drop (Supplementary Videos 6 and 7). 
Supplying gentle temperature oscillations of less than 5 °C, which 
do not lead to oil drop freezing, provides enough energy to com-
pletely recharge the swimmers in every cooling/heating cycle and 
let them swim for multiple cycles. Supplementary Video 8 shows 
a droplet in three consecutive extrusion/retraction cycles. The 
enthalpy of freezing of hexadecane is ΔH° ≈ 235 kJ kg–1 (ref. 48), and 
since approximately 75% of this enthalpy (that is, 175 kJ kg–1) is due 
to the liquid–rotator phase transition48, the stored potential energy 
in the particles that could be used for swimming exceeds the maxi-
mum energy density of a lead–acid battery, namely, ~140 kJ kg–1 
(40 Wh kg–1) (ref. 49).

In conclusion, we present a new class of active, elastic microswim-
mers produced by simply cooling a three-component system—oil 
droplets in an aqueous surfactant solution. The swimmers in this class 
are not restricted to the specific examples presented and discussed in 
this Article. We typically observed such active swimmers when sur-
factants of different types (ionic or non-ionic) have saturated hydro-
phobic tails that are one to three carbon atoms longer than the alkane 
molecules and the emulsions are slowly cooled at ~0.1–0.5 °C min–1. 
The temperature interval of the swimming behaviour can be tuned 
by selecting alkanes with appropriate melting temperature in the 
drops. Our theoretical model has identified the key parameters gov-
erning the motion and may inspire new discoveries in active matter. 
By coupling buckling instability with filament extrusion, we quanti-
tatively reveal the origin of partial time irreversibility of this mode 
of swimming at low Reynolds numbers28 and provide some insights 
into the motion of living microswimmers. Note that the non-ionic 
surfactants used in our study are biocompatible and have been 
applied in various biosystems50–54, although the biocompatibility of 
our systems with real microorganisms has to be investigated in sub-
sequent studies. We highlight the potential for hydrodynamic studies 
in the area of active matter by referring to mixed systems of artificial 
and biological microswimmers that can be explored in diluted or in 
dense populations to reveal collective effects.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41567-021-01291-3.

Received: 11 May 2020; Accepted: 8 June 2021;  
Published: xx xx xxxx

In-phase
beating

Out-of-phase
beating

a b

c d

Ф

130

120

110

100

90

80

70
0 0

0

80

60

40

20

100 100 150 20050200 300 400

Time (s) Time (s)

Ф
 (

°)

Ф
 (

°)
Fig. 4 | Kinematics of swimming. a,b, Microscopy images of pentadecane swimmers dispersed in 1.5 wt% Brij 58 solution, extruding two fibres. Note that 
the thickness of the extruded fibres decreases with time due to the molecular rearrangement of the alkane molecules in the fibres and the length of the 
fibres increases remarkably. The fibres are either extruded out-of-phase (Supplementary Video 3) (a) or extruded in-phase (Supplementary Video 2) (b). 
c,d, Dependence of angle Φ with time. This angle is defined as the angle formed between the extruding tip, the white dot in the centre of the extruding 
drop and the vertical axis, as shown in the inset in d. For out-of-phase extrusion, the angle oscillates with time (c), whereas for in-phase extrusion, it 
remains almost constant (d). Scale bars, 20 μm.

Nature Physics | www.nature.com/naturephysics

https://doi.org/10.1038/s41567-021-01291-3
https://doi.org/10.1038/s41567-021-01291-3
http://www.nature.com/naturephysics


Articles Nature Physics

References
	1.	 Elgeti, J., Winkler, R. G. & Gompper, G. Physics of microswimmers—single 

particle motion and collective behavior: a review. Rep. Prog. Phys. 78, 056601 
(2015).

	2.	 Lauga, E. & Powers, T. R. The hydrodynamics of swimming microorganisms. 
Rep. Prog. Phys. 72, 096601 (2009).

	3.	 Balzani, V., Credi, A., Raymo, F. M. & Stoddart, J. F. Artificial molecular 
machines. Angew. Chem. Int. Ed. 39, 3348–3391 (2000).

	4.	 Schwarz-Linek, J. et al. Phase separation and rotor self-assembly in active 
particle suspensions. Proc. Natl Acad. Sci. USA 109, 4052–4057 (2012).

	5.	 Paxton, W. F. et al. Catalytic nanomotors: autonomous movement of striped 
nanorods. J. Am. Chem. Soc. 126, 13424–13431 (2004).

	6.	 Michelin, S. & Lauga, E. Efficiency optimization and symmetry-breaking in a 
model of ciliary locomotion. Phys. Fluids 22, 111901 (2013).

	7.	 Kassem, S. et al. Artificial molecular motors. Chem. Soc. Rev. 46,  
2592–2621 (2017).

	8.	 Fischer, P. Vision statement: interactive materials—drivers of future robotic 
systems. Adv. Mater. 32, 1–4 (2020).

	9.	 Khaldi, A., Elliott, J. A. & Smoukov, S. K. Electro-mechanical actuator with 
muscle memory. J. Mater. Chem. C 2, 8029–8034 (2014).

	10.	Marshall, J. E., Gallagher, S., Terentjev, E. M. & Smoukov, S. K. Anisotropic 
colloidal micromuscles from liquid crystal elastomers. J. Am. Chem. Soc. 136, 
474–479 (2014).

	11.	Khaldi, A., Plesse, C., Vidal, F. & Smoukov, S. K. Smarter actuator  
design with complementary and synergetic functions. Adv. Mater. 27, 
4418–4422 (2015).

	12.	Wang, T. et al. Electroactive polymers for sensing. Interface Focus 6, 20160026 
(2016).

	13.	Lesov, I. et al. Bottom-up synthesis of polymeric micro- and nanoparticles 
with regular anisotropic shapes. Macromolecules 51, 7456–7462 (2018).

	14.	Sanchez, S., Soler, L. & Katuri, J. Chemically powered micro- and 
nanomotors. Angew. Chem. Int. Ed. 54, 1414–1444 (2015).

	15.	Soh, S., Bishop, K. J. M. & Grzybowski, B. A. Dynamic self-assembly in 
ensembles of camphor boats. J. Phys. Chem. B 112, 10848–10853 (2008).

	16.	Jiang, H. R., Yoshinaga, N. & Sano, M. Active motion of a Janus particle  
by self-thermophoresis in a defocused laser beam. Phys. Rev. Lett. 105,  
1–4 (2010).

	17.	Ren, L. et al. 3D steerable, acoustically powered microswimmers for 
single-particle manipulation. Sci. Adv. 5, eaax3084 (2019).

	18.	Ghosh, A. & Fischer, P. Controlled propulsion of artificial magnetic 
nanostructured propellers. Nano Lett. 9, 2243–2245 (2009).

	19.	Chang, S. T., Paunov, V. N., Petsev, D. N. & Velev, O. D. Remotely powered 
self-propelling particles and micropumps based on miniature diodes. Nat. 
Mater. 6, 235–240 (2007).

	20.	Takatori, S. C. & Brady, J. F. Towards a thermodynamics of active matter. 
Phys. Rev. E 91, 032117 (2015).

	21.	Buttinoni, I., Volpe, G., Kümmel, F., Volpe, G. & Bechinger, C. Active 
Brownian motion tunable by light. J. Phys. Condens. Matter 24,  
284129 (2012).

	22.	Xuan, M. et al. Near infrared light-powered Janus mesoporous silica 
nanoparticle motors. J. Am. Chem. Soc. 138, 6492–6497 (2016).

	23.	Lv, H., Xing, Y., Du, X., Xu, T. & Zhang, X. Construction of dendritic Janus 
nanomotors with H2O2 and NIR light dual-propulsion via a Pickering 
emulsion. Soft Matter 16, 4961–4968 (2020).

	24.	Shao, J. et al. Erythrocyte membrane modified Janus polymeric motors for 
thrombus therapy. ACS Nano 12, 4877–4885 (2018).

	25.	Peyer, K. E., Tottori, S., Qiu, F., Zhang, L. & Nelson, B. J. Magnetic helical 
micromachines. Chem. Eur. J. 19, 28–38 (2013).

	26.	Lee, S. et al. A capsule-type microrobot with pick-and-drop motion for 
targeted drug and cell delivery. Adv. Healthcare Mater. 7, 1–6 (2018).

	27.	Medina-Sánchez, M., Schwarz, L., Meyer, A. K., Hebenstreit, F. & Schmidt, O. 
G. Cellular cargo delivery: toward assisted fertilization by sperm-carrying 
micromotors. Nano Lett. 16, 555–561 (2016).

	28.	Cates, M. E. Diffusive transport without detailed balance in motile bacteria: 
does microbiology need statistical physics? Rep. Prog. Phys. 75, 042601 (2012).

	29.	Robinson, D. G., Hoppenrath, M., Oberbeck, K., Luykx, P. & Ratajczak, R. 
Localization of pyrophosphatase and V-ATPase in Chlamydomonas 
reinhardtii. Bot. Acta 111, 108–122 (1998).

	30.	Goldstein, R. E. Green algae as model organisms for biological fluid 
dynamics. Annu. Rev. Fluid Mech. 47, 343–375 (2015).

	31.	Denkov, N., Tcholakova, S., Lesov, I., Cholakova, D. & Smoukov, S. K. 
Self-shaping of oil droplets via the formation of intermediate rotator phases 
upon cooling. Nature 528, 392–395 (2015).

	32.	Cholakova, D. & Denkov, N. Rotator phases in alkane systems: in bulk, 
surface layers and micro/nano-confinements. Adv. Colloid Interface Sci. 269, 
7–42 (2019).

	33.	Cholakova, D., Denkov, N., Tcholakova, S., Lesov, I. & Smoukov, S. K. 
Control of drop shape transformations in cooled emulsions. Adv. Colloid 
Interface Sci. 235, 90–107 (2016).

	34.	Denkov, N., Cholakova, D., Tcholakova, S. & Smoukov, S. K. On the 
mechanism of drop self-shaping in cooled emulsions. Langmuir 32, 
7985–7991 (2016).

	35.	Burrows, S. A., Korotkin, I., Smoukov, S. K., Boek, E. & Karabasov, S. 
Benchmarking of molecular dynamics force fields for solid–liquid and solid–
solid phase transitions in alkanes. J. Phys. Chem. B 125, 5145–5159 (2021).

	36.	Haas, P. A., Goldstein, R. E., Smoukov, S. K., Cholakova, D. & Denkov, N. 
Theory of shape-shifting droplets. Phys. Rev. Lett. 118, 1–5 (2017).

	37.	Haas, P. A., Cholakova, D., Denkov, N., Goldstein, R. E. & Smoukov, S. K. 
Shape-shifting polyhedral droplets. Phys. Rev. Res. 1, 023017 (2019).

	38.	Gordon, R., Hanczyc, M. M., Denkov, N. D., Tiffany, M. A. & Smoukov, S. K. 
in Habitability of the Universe before Earth: Astrobiology: Exploring Life  
on Earth and Beyond (eds Gordon, R. & Sharov, A.) 427–490 (Academic 
Press, 2018).

	39.	Fuller, R. B. & Applewhite, E. J. Synergetics 2: Further Explorations in the 
Geometry of Thinking (MacMillan 1979).

	40.	Gosselin, F. P., Neetzow, P. & Paak, M. Buckling of a beam extruded into 
highly viscous fluid. Phys. Rev. E 90, 052718 (2014).

	41.	De Canio, G., Lauga, E. & Goldstein, R. E. Spontaneous oscillations  
of elastic filaments induced by molecular motors. J. R. Soc. Interface 14, 
20170491 (2017).

	42.	Ui, T. J., Hussey, R. G. & Roger, R. P. Stokes drag on a cylinder in axial 
motion. Phys. Fluids 27, 787–795 (1984).

	43.	Gueron, S. & Levit-Gurevich, K. Energetic considerations of ciliary beating 
and the advantage of metachronal coordination. Proc. Natl Acad. Sci. USA 96, 
12240–12245 (1999).

	44.	Kotar, J., Leoni, M., Bassetti, B., Cosentino, M. & Cicuta, P. Hydrodynamic 
synchronization of colloidal oscillators. Proc. Natl Acad. Sci. USA 107, 
7669–7673 (2010).

	45.	Brumley, D. R., Wan, K. Y., Polin, M. & Goldstein, R. E. Flagellar 
synchronization through direct hydrodynamic interactions. eLife 3,  
1–15 (2014).

	46.	Wan, K. Y. & Goldstein, R. E. Coordinated beating of algal flagella  
is mediated by basal coupling. Proc. Natl Acad. Sci. USA 113,  
E2784–E2793 (2016).

	47.	Geyer, V. F., Jülicher, F., Howard, J. & Friedrich, B. M. Cell-body rocking is a 
dominant mechanism for flagellar synchronization in a swimming alga. Proc. 
Natl Acad. Sci. USA 110, 18058–18063 (2013).

	48.	Small, D. M. The Physical Chemistry of Lipids: From Alkanes to Phospholipids 
(Plenum Press, 1986).

	49.	May, G. J., Davidson, A. & Monahov, B. Lead batteries for utility energy 
storage: a review. J. Energy Storage 15, 145–157 (2018).

	50.	Yang, X., Xiang, L., Dong, Y., Cao, Y. & Wang, C. Effect of nonionic 
surfactant Brij 35 on morphology, cloud point, and pigment stability in 
Monascus extractive fermentation. J. Sci. Food Agric. 100, 4521–4530 (2020).

	51.	Yang, X. et al. Effects of nonionic surfactants on pigment excretion and cell 
morphology in extractive fermentation of Monascus sp. NJ1. J. Sci. Food 
Agric. 100, 1832–1832 (2020).

	52.	Yang, X. et al. Effects of nonionic surfactants on pigment excretion and cell 
morphology in extractive fermentation of Monascus sp. NJ1. J. Sci. Food 
Agric. 99, 1233–1239 (2019).

	53.	Tang, J. et al. Solid lipid nanoparticles with TPGS and Brij 78: a co-delivery 
vehicle of curcumin and piperine for reversing P-glycoprotein-mediated 
multidrug resistance in vitro. Oncol. Lett. 13, 389–395 (2017).

	54.	Tomasi, R. F.-X., Sart, S., Champetier, T. & Baroud, C. N. Individual control 
and quantification of 3D spheroids in a high-density microfluidic droplet 
array. Cell Rep. 31, 107670 (2020).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2021

Nature Physics | www.nature.com/naturephysics

http://www.nature.com/naturephysics


ArticlesNature Physics

Methods
Preparation of samples and observations. For the preparation of microswimmers, 
we used emulsions prepared with tetradecane or pentadecane oil dispersed 
in 1.5 wt% Brij 58 aqueous surfactant solution prepared with deionized water 
(purified by an Elix 3 module (Millipore)). All the chemical substances were 
obtained from Sigma-Aldrich. The surfactant was used as received and the alkanes 
(purity, 99%) were purified from surface-active contamination by passing through 
a glass column filled with Florisil adsorbent.

Emulsions were prepared using laboratory microkit membrane emulsification 
module from Shirasu Porous Glass Technology, working with tubular glass 
membranes with an outer diameter of 10 mm and a working area of approximately 
3 cm2. Membranes with mean pore size of 5 and 10 μm were used.

For optical observations, a sample of the prepared emulsion was placed in a 
glass capillary with rectangular cross-sections (width, 1 or 2 mm; height, 100 μm; 
length, 50 mm) and the capillary was placed into a custom-made cooling chamber 
connected to a cryo-thermostat (Julabo CF30), allowing the precise control of 
temperature. To ensure the correct measurement of temperature, a calibrated 
thermocouple probe was inserted in the next orifice and the temperatures were 
recorded during the experiments. All the observations were made in transmitted 
cross-polarized white light. Long-focus objectives (×10, ×20 and ×50) were used 
to observe the drops on sample cooling. An additional λ plate (compensator plate) 
was placed between the polarizer and analyser, the latter two being oriented at 90° 
with respect to each other. The λ plate was oriented at 45° with respect to both 
analyser and polarizer. Under these conditions, the liquid background and fluid 
objects have a magenta colour. Observations were performed with an Axio Imager.
M2m microscope (Zeiss). The cooling rates applied were varied between 0.05 and 
1.00 °C min–1 and the heating rate, between 0.1 and 3.0 °C min–1.

Procedure for video analysis. The obtained microscopy images were analysed 
using ImageJ software to extract data for R, Rc, US and UF. For measurements of 
UF, the built-in segmented-line command was used and the fibres were manually 
outlined. The fibre extrusion speed was calculated as the slope of the newly 
extruded fibre length per unit time (Supplementary Fig. 1). For the measurement 
of US, the MTrackJ plugin was used, which allows an easy tracking of the data 
versus time (Supplementary Video 9). Due to the complexity of the system, all the 
measurements were manually performed.

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

Data availability
Source data are provided with this paper. The data that support the findings of this 
study are available from the corresponding authors upon reasonable request.
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The code used in this study is available from the corresponding authors upon 
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