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Activity induced rigidity of liquid droplets
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Here we show that encapsulating active Janus particles within a drop renders it more resistant to
deformation. This drop is deformed under the action of an extensional flow. Such deformation is
primarily resisted by the drop interfacial tension. When the particles are active under the action of
Laser illumination, the deformation decreases signalling an increase in effective tension or Laplace
pressure. This increase is attributed to the activity of the particles. Our results using numerous
drop sizes, particle number densities and active velocities show that the obtained increase agrees
surprisingly well, over an extended range, with a standard expression for the pressure engendered
by an ensemble of active particles, proposed years ago but not tested yet in three dimensions.

The pressure of an ensemble of active particles is a fun-
damental but much debated property [IH8]. Whether an
equation of state relating pressure to number density ex-
ists for the different families of active particles, how this
pressure depends on particle-particle interactions and on
particle interactions with surrounding walls, or what is
the role of geometry and wall curvature are typical ques-
tions [7, OHIT]. Establishing the dependence of the me-
chanical pressure of active systems on system parameters
permits the exploration of different perspectives in active
matter, notably self-assembly, phase separation and en-
capsulation [II, 12| [13].

Recent theoretical work has established the conditions
under which an equation of state and thus a relation be-
tween pressure and density can be obtained: For non
interacting particles with negligible particle wall and in-
terparticle torques, it is generally accepted that this pres-
sure is a function of not only the number density of
the particles but also their velocity and persistence time.
[7, T4]. The existence of an equation of state is however
valid in exceptional cases only. Recent experiments show-
ing this exceptional character have been carried using a
two dimensional layer of millimeter-sized self-propelled
particles [9]. On the other hand, experimental work on
two dimensional chemically propelled micrometer-sized
particles did show that an equation of state can be ob-
tained [I5]. Most experimental studies so far focus on the
two-dimensional case and few if any address the issue in
three-dimensional situations.

These considerations bring us to the core subject of
this letter which concerns the effects of an active sys-
tem on confining boundaries in three dimensions. For
this purpose, we propose a simple experiment based on
the deformation of a drop filled with active particles and
subjected to an extensional flow field. Our main obser-
vation is that activity engenders an additional resistance
of the drop towards deformation. Active particles have
been encapsulated in vesicles or flexible containers before
mostly to examine deformation modes or global mobility
[2, 13, 16HIS].

Drop deformation in an extensional flow has been stud-

ied almost a century ago by Taylor and later revisited by
different studies [T9H21]. In such controlled flow [22], the
drop deforms to become elliptical. The deformation of
the drop is given analytically by an expression where the
viscosity ratio between inner drop and outer fluid play a
minor role [I9, 23]. The major role is played by the ex-
tensional rate, fixed and controlled experimentally, and
which drives the drop deformation and the Laplace pres-
sure which resists deformation. Here, when the drop is
filled with active particles, i.e. spherical Janus particles
driven by light, the measured deformation decreases indi-
cating a higher effective surface tension or Laplace pres-
sure. This excess mechanical pressure, which we have
measured using different active particle velocities, num-
ber densities, and particle sizes, turns out to be well de-
scribed by an expression for the pressure of an assembly
of active particles, introduced in different studies [TH3], B~
7], over an extended range of parameters. Considering
that our system includes hydrodynamic interactions and
that the existence of an equation of state is the exception
rather than the norm, our results are both surprising and
unexpected.

Our active particles are Janus microparticles driven by
light [24H26] with nominal radii ranging from 1.3 pm to
10 pm made of poly(methyl methacrylate) (PMMA) or
polystyrene (PS). These particles were half coated with
a layer of titanium which absorbs light to render them
active. To increase adhesion of this titanium layer on
the particle surface, a 10 nm thickness layer of chromium
was pre-coated on one half of the particles, prior to de-
position of the 50 nm titanium layer (see Supplemental
Material Fig. S1 [27]). The prepared Janus particles
were then washed several times with ethanol and deion-
ized water and dried in an oven (Memmert Model 400)
at 35°C for several days before further use. A suspen-
sion of active particles with the desired volume fraction
(0.5% - 10%) was prepared by suspending the Janus par-
ticles in an aqueous mixture of deionized water (50 wt%),
2-pyridinemethanol (40 wt%) and glycerol (10 wt%) to
achieve density matching. Dextran (15 wt%, average
molecular weight 64000) was used to increase the vis-
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FIG. 1. Experiments. (a) Schematic of experimental setup.
(al) Sketch of extensional flow chamber with the deformed
drop major and minor lengths L and S. (a2) Flow field in
the vicinity of the stagnation point (zo, yo). (b) Drop de-
formation as a function of accumulated strain rate for various
extensional rates. Drop diameter is 68.8 um. (c) Steady-state
deformation versus capillary number C'a. Solid line represents
the small deformation theory [19]. Inset: steady-state defor-
mation for two different drop sizes versus flow viscous stress.

cosity of the aqueous phase with the solution remaining
Newtonian. To achieve low interfacial tension and avoid
particle aggregation, sodium bis(2-ethylhexyl) sulfosuc-
cinate (AOT) with a co-surfactant cetyltrimethylammo-
nium bromide (CTAB) were added to the aqueous solu-
tion 28] 29]. Suspensions of passive particles (PMMA or
PS) without metallic coating were also prepared in the
same way and used at similar concentrations as the active
suspensions to directly test the effect of activity.

Particle suspensions were then encapsulated in the
drops via water-in-oil emulsification in silicone oil
(AR1000, Wacker Chemie AG). The density difference
between the drop phase and the oil phase is less than
0.01 g/mL, thus sedimentation and buoyancy are negli-
gible. Both the active and passive particles show no spe-
cific interactions with the drop interface in the prepared

emulsions without Laser illumination (see Supplemental
Material videos S1 and S2 [27]). Janus or passive particle
laden droplets were then deformed in a well-controlled
extensional flow chamber (Fig. [[[al)), described else-
where [30] B1]. Briefly, the droplets (diameter ranging
from 65 pm to 160 pum) were trapped in the vicinity of
the stagnation point (v, = v, = v, = 0) in the sym-
metrical cross-slot chamber [27]. The extensional rate,
¢, in experiments ranges from 0.15 s~! to 0.76 s~! and
was measured by a home-made Matlab particle track-
ing velocimetry technique (PTV) (Fig. a2), and Sup-
plemental Material Fig. S2 [27]). The deviation of the
extensional rate from its average value across the full ob-
servation window of 1200 pm x 1200 pum centered around
the stagnation point is less than 5%. In the vertical di-
rection, the extensional rate shows a parabolic profile as
expected for a given flow rate. Correction of € versus z
was taken into account with the known position of each
drop in the z-direction (see Supplemental Material [27]).
The velocity field is planar and given by [vy, vy, v.] =
[z, -€y, 0], analogous to the four-roll mill configuration
119, 21, 23],

The normal stress balance across the interface gives
rise to an axisymmetrical shape of the drop for small de-
formation with the major and minor lengths L and S
in the plane of flow, respectively [23]. The deformation
is defined as D = (L — S5)/(L + S). Fig. illustrates
the dynamics of deformation of an individual drop versus
the accumulated strain €t for different extensional rates.
The deformation reaches a plateau in a short time (£t <
1), the value of which gives the steady-state deformation
D... Larger extensional rates lead to larger stable de-
formations D.,. The deviation of the drop shape from
sphericity depends on both the viscous stress and the in-
terfacial stress acting on the interface. Small deformation
theory [I9] 20] gives the dependence of the steady-state
deformation of a droplet in a linear extensional flow on
the capillary number Ca = 1,G/(y/R) and the viscosity
ratio A,

19X + 16

Doe = 20016516 M)
where R is the radius of the undeformed drop, 7 is the in-
terfacial tension, and G is equivalent to the shear strain
rate in the four-roll mill configuration [23] [32] [33].
our experiments G = ¢/2. The viscosity ratio A = n4/ns
of the drop phase viscosity, 74, to the outer oil phase
viscosty, 7s, is much smaller than 1, so that f(\) =
(19A416)/(16A+16) =~ 1. The deformation is dependent
only on the extensional rate and the Laplace pressure. In
the small deformation regime (Do, < 10%), Do = 2Ca,
so that the interfacial tension 7 of the bare drops can
be deduced with good precision (Fig. [lk). Our measure-
ments of the interfacial tension using this small deforma-
tion regime have been verified by an alternative measure-
ment using a pendant drop [34] (Supplemental Material



Fig. S3 [27]): the agreement between the two methods is
excellent.
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FIG. 2. Janus particles and their motility under Laser illumi-
nation. (a) A bright field image of the Janus particles. The
dark sides of the particles represent the metal coating. (b)
Examples of the trajectories of active particles inside a static
drop. The particles are polystyrene Janus ones with radius a
=5 um. (c) Selected displacement versus time for the active
particles shown in (b). (d) Velocity of active particles versus
the Laser intensity.

Active particles were driven by asymmetric heating
across the Janus particles using illumination from a top-
hat Laser beam (MSL532 300 mW, 532 nm wavelength).
Specifically, the Gaussian Laser profile is transformed
into a homogeneous top hat profile by a beam shaper
(TOPAG FBSR-20-532) focused on the extensional plane
where the drop deformation is monitored (Fig. [Th). The
homogeneously illuminated area has a diameter (from 90
to 160 pm) typically larger than the drop size so that all
Janus particles are subjected to the same illumination
(Supplemental Material Fig. S5 [27]). Such top hat pro-
files present no intensity gradients, over the area occupied
by the drops, capable of generating optical forces. Fur-
ther, the index of refraction mismatch between the two
phases (drop phase n = 1.428 and oil phase n = 1.460)
is small enough to minimize any alteration of the Laser
beam profile due to its passage through the droplet. The
drops and the particles were visualized using a camera
(Orca Flash 4.0 from Hamamatsu) mounted on a micro-
scope (Zeiss AXIO Observer). Light absorption at the
metal-coated hemisphere produces a temperature gradi-
ent across the particle giving rise to its propulsion [35].
Fig. [2| shows the Janus particles and their mobility for
the different Laser intensities. The particle velocity u,,
measured both within the drops and in a bulk solution,
is approximately proportional to the Laser intensity I,
and the maximum speed can reach values as high as 100

um/s which is generally difficult to achieve for Brownian
particles [24]. While the particle velocity is sensitive to
the solution viscosity, it is only mildly dependent on the
particle size (Fig. [2d). These Janus swimmers are ob-
served to travel in straight lines, whether encapsulated
in the drops or not, over relatively long distances (Fig.
7c and Supplemental Material Fig. S6 [27]) until they
reach the surface of the drop when encapsulated, showing
that our non-Brownian microswimmers are less prone to
change direction compared to the Brownian ones.
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FIG. 3. Particle-filled drops and their deformation with Laser
off/on in the extensional flow. (a) Time-lapse images of the
drop at different times. Red and light blue ellipses correspond
to the drop at t = 11 s (in the absence of illumination) and t =
17.3 s (under illumination), see (b) for temporal evolution of
the Laser illumination and drop deformation. Scale bars: 40
pm. (b) Drop deformations under Laser illumination off/on.
The deformation decreases from its maximal value D22%® to a
value D&/ under illumination. The green line shows when the
Laser is on or off. Inset: normalized deformation for particle-
free, passive particles and active particles enclosed in drops
versus time.

Our principle result is shown in Fig. which dis-
plays the deformation dynamics of a particle-filled drop
exposed to Laser illumination. The deformation D is fol-
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FIG. 4. Pressure.

where ¢ = n%ﬂ'ag

particle velocity squared. Different particle sizes, particle volume fractions and fluid viscosities were tested.

up [pm?/s?]
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(a) Measured pressure versus active particles volume fraction, ¢, for different self-propulsion velocities,
, a is the particle radius, n corresponds to the particle number density. (b) Measured pressure versus the

(c) Comparison

of measured pressure with prediction of Equation [3] Representative error bars are from the standard deviation using multiple
measurements. Inset: Active particle persistence time 7r used in experiments versus the inverse of rotational diffusion constant
1/Dpg. Error bars correspond to the range of 7 for which the collapse of the data in the main figure remains valid.

lowed in time after the onset of the flow. This deforma-
tion, Fig. 7 starts out small and increases as time in-
creases to settle on a roughly constant value (steady-state
deformation D72*) when the flows inside and outside
of the drop are well established. Particles slowly follow
the streamlines of the internal flow. Once this plateau is
reached, illumination is turned on while the drop remains
near the stagnation point. Under illumination, the Janus
particles move fast and eventually reach the drop surface
(Fig. 3a and Supplemental Material video S2 [27]). Tests
using drops filled with passive particles under illumina-
tion show that they continue following the internal flow
with no visible effect on the deformation of the droplet
as shown in the inset of Fig. (also see Supplemental
Material video S1 [27]). In the presence of Janus parti-
cles, the droplet deformation decreases strongly to settle
on another smaller but roughly constant value D%/ (Fig.
3b). Since the Laser illumination can increase the tem-
perature of the fluid through heating the metal coated
particles, we have checked that this effect is not due to a
surface tension variation with temperature. In fact, the
surface tension decreases with an increase in temperature
making this variation incompatible with a change in sur-
face tension due to heating (Supplemental Material Fig.
S4 [27)).

The transition from large deformation to the smaller
one due to activity takes roughly a few seconds, a time
scale comparable with the mean time for Janus parti-
cles to reach the drop surface, depending on the particle
velocity (Fig. S7 in Supplemental Material [27]). When
the Laser illumination is turned off, the deformation goes
back to its initial value indicating that this effect is re-
versible and due to the activity of the Janus particles.

Further, when the drop contains no particles or passive
particles, the deformation remains the same (inset of Fig.
3p) with and without the Laser illumination indicating
that no optical forces are at play.

From such observations we conclude that the activ-
ity of the Janus particles engenders an additional stress
to counterbalance the drop deformation. Since viscous
effects contribute little to setting the deformation, the
only possible effect is an additional mechanical pressure
which should be additive with the inherent Laplace pres-
sure 7/R. We thus represent the observed effect as an

additional pressure [27],
. 1 1
P = 7755 <Dg£f - Dgar> 9

where D¢/ and D™ are the stable deformations with
and without Laser illumination, respectively.

The values of the mechanical pressure P extracted
from the difference in the stable deformations is plotted
in Fig. for various experiments (see Table S1 in Supple-
mental Material [27]) using different drop sizes, particle
sizes, particle volume fractions (i.e. number densities),
fluid viscosities and Laser illuminations (i.e. particle ve-
locities). The pressure extracted from our measurements
is insensitive to the extensional rate used (Fig. S8 in Sup-
plemental Material [27]), and has no systematic depen-
dence on the radius of the drop thus ruling out curvature
effects [I0] (Fig. S9 and Fig. S10 in Supplemental Ma-
terial [27]). The type of surfactant and its concentration
and thus the surface tension has little influence on the
pressure (Fig. S11 in Supplemental Material [27]). The
pressure obtained is much higher than typical hydrody-
namic stresses produced by the flow due to the parti-

(2)



cles motion. The measured pressure increases with the
number density and the velocity of Janus particles: this
increase is consistent with a linear relation for number
density and a quadratic dependence versus particle ve-
locity. Such a dependence is surprisingly consistent with
the pressure expression (Equation , already proposed
in many studies of active particle assemblies [TH8]. The
pressure of an ensemble of active particles can be written
as

1
P= énCuiTR, (3)

where n is the number density of active particles (swim-
mers), ¢ = 6mnqa is the mobility coefficient, u, is the
velocity of the swimmers and 7g is the persistence or
tumbling time of the active particles.

In order to test to what extent this expression describes
our extensive results, we plot all of our data versus the ex-
pected pressure in Fig. k. All of our experimental mea-
surements collapse onto a single universal curve which is
well approximated by the theoretical prediction (Equa-
tion with the persistence time 7y left as an adjustable
parameter.

In this expression, when the mechanism for reorienta-
tion is due to thermal agitation, the value of T = 1/Dg,
where Dp, is the rotational diffusion coefficient [T}, [7]. To
collapse all the data in Fig. [d, we have used values of g
which depend on the viscosity of the inner fluid as well as
the radius of the Janus particles. These values are shown
in the inset of Fig. fk and are in good agreement with
the value of 1/Dp = 8mnga®/kpT with kp the Boltz-
mann constant and T the temperature. There are small
deviations of the collapsed data from the expected pres-
sure mostly at high pressures which is also the high Laser
intensity zone. It is possible that a slight heating of the
drop interior by the heated particles could be the cause
of this deviation. Since both the surface tension and the
viscosity of the liquid decrease with an increase in tem-
perature (Supplemental Material Fig. S4 [27]), they both
contribute to bring the experiments and the theoretical
expression into accord. A decrease in surface tension,
not accounted for in our measurements, would lead to
underestimating the measured pressure, while a decrease
of the viscosity (the theoretical expression for the pres-
sure is proportional to the square of the viscosity) would
lead to an overestimate of the theoretical pressure. From
our estimates, and based on the variation of the surface
tension and viscosity with temperature, a temperature
rise of 3 K would bring the measured and expected pres-
sures into good agreement (see Fig. S12 in Supplemental
Material).

To summarize, we have measured the mechanical resis-
tance engendered by an assembly of active spherical and
non-interacting particles to the deformation of a drop in
which they are encapsulated. From a systematic study
over an extended range of its dependence on active parti-

cle number density, particle velocity as well as fluid and
particle properties, it turns out that the measured me-
chanical resistance or pressure can be described by an
expression for the pressure of an assembly of active par-
ticles proposed some years ago. Considering that hy-
drodynamics interactions are bound to play a role in the
system used, this is both surprising and unexpected since
an equation of state for active particles may exist only in
a limited number of cases which require negligible parti-
cle wall and inter-particle torques. A full analysis of the
mechanical properties of this system including its hydro-
dynamics is an arduous theoretical task and is beyond
the scope of this experimental work.

Nevertheless, the assemblies used here engender me-
chanical pressures as high as 10 Pa. These ’high’ mechan-
ical pressures may have measurable repercussions on the
properties of assemblies of particle laden droplets. We
anticipate that an emulsion made of droplets encapsulat-
ing assemblies of active particles, i.e. an active emulsion,
may show enhanced yield stress and possibly other effects
related to the more rigid nature, due to activity, of the
constituent droplets.
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