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Collective Entrainment and Confinement Amplify Transport by
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Microswimmers can serve as cargo carriers that move deep inside complex flow networks. When a
school collectively entrains the surrounding fluid, their transport capacity can be enhanced. This effect is
quantified with good agreement between experiments with self-propelled droplets and a confined
Brinkman squirmer model. The volume of liquid entrained can be much larger than the droplet itself,
amplifying the effective cargo capacity over an order of magnitude, even for dilute schools. Hence,
biological and engineered swimmers can efficiently transport materials into confined environments.
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“At low Reynolds number you can’t shake off your
environment. If you move, you take it along” [1]. This
principle, that a moving particle permanently displaces its
surrounding fluid, was quantified in 1953 by Darwin [2,3].
The amount of liquid entrained, the “Darwin drift volume,”
diverges for a colloid pulled along an infinite straight line
through an unconfined Stokesian fluid [4,5], also at
intermediate Reynolds numbers [6]. However, the drift
volume is finite for microswimmers that do not exert a net
force on the liquid [7,8]. Hydrodynamic entrainment can be
a curse and a blessing: it is important in a wide range of
biological and ecological processes, including enhanced
diffusion [9-18], biogenic mixing [19-24], food uptake
[25-29], particle transport [30-34], fungal spore dispersal
[35], oxygen redistribution [36], and microbial interaction
probabilities [37].

Here, we consider collective entrainment by a school
(flock, or swarm) of microswimmers. Beyond biological
systems this could equally be advantageous for micro-
robotic material transport, especially in confined environ-
ments. A wide range of synthetic microswimmers has been
developed in recent years, including active Janus colloids,
magnetic swimmers, and bimetallic nanorods [38-45].
While these swimmers could serve as carriers that transport
a payload deep into a network of microchannels, their
internal cargo space is inherently limited [46-54].
Therefore, instead of transporting cargo inside the micro-
swimmer, we consider entraining the medium outside it, so
that passive cargo vesicles or compounds dissolved in the
fluid itself can be pushed forward by groups of swimmers
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cooperatively. To investigate this quantitatively, we
focus on self-propelled droplets [55,56], which feature a
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FIG. 1. Fluid transport by a self-propelled droplet. (a) Schematic
of experimental setup. Cell bottom glass, top PDMS, H = 52 um,
droplet radius R = 24 um. (b) Diagram of an entrainment event.
Because of the flow generated by the droplet, the tracer is displaced
by A(a, b, 1) as a function of the impact parameters a and b, and
the swimming path length 1. (c) Movie screenshot showing particle
trajectories due to an active droplet swimming along a straight line
(see Video 1). (d) Tangential flow velocity at the surface of the
droplet, in the comoving frame of reference. Data points are PIV
measurements close to the interface, for four different surfactant
concentrations. Lines are fits to the first two modes of the squirmer
model (Eq. (1)). Legend: resulting dipole coefficient f = B,/B;
for each TTAB concentration.
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well-developed toolbox for tuning their motility, flow
generation, and collective dynamics, and solving micro-
fluidic mazes [57-68].

We begin by collecting data on the dynamics of tracer
particles displaced by self-propelling droplets. Our exper-
imental methods are described in Sec. I of the Supplemental
Material [69]. In our setup [Fig. 1(a)] we place a (S)-4-
Cyano-4'-(2-methylbutyl)biphenyl (CB15) oil
droplet of radius R = 24 ym in quasi-2D confinement of
a polydimethylsiloxane (PDMS)-glass reservoir with
H =52 ym, where it self-propels with a speed of
U= (21.8+0.5) yums~!. The swimming medium is a
micellar aqueous solution of tetradecyltrimethylammonium
bromide (TTAB) surfactant at 5% mass fraction, containing
a low density (=10°/ul) of polystyrene tracer colloids with
diameter d- = 2 ym. Heavy water is added to the swim-
ming medium in order to match its density with the tracer
colloids. The droplet propulsion is powered by a self-
supporting interfacial surface tension gradient [56,85].
Using video microscopy, we extract trajectories for approx-
imately 300—400 tracer colloids [Figs. 1(b) and 1(c) and
Video 1] whose z position did not deviate too far from the
chamber’s midplane during the transit of the active droplet.
After correcting a slight background drift, all coordinates
are translated and rotated such that the swimmer moves
along the x axis. Hence, we determine the displacement of a
tracer particle, A(a, b, 1), following the notation by Lin
et al. [13], where the impact parameters a, b specify the
initial perpendicular and parallel distance of the tracer to
the start of the swimming path, and A is the swimming path
length [Fig. 1(b)]. The droplets move persistently, with
A =~ 100R before they reorient due to rotational fluctuations,
likely from inhomogeneities in the surfactant coverage.

We then seek to describe the flow u(r) produced by the
droplet due to its self-propulsion. Using particle image
velocimetry (PIV), we first measure the tangential flow
velocity uy near the droplet interface [Fig. 1(d), points].
These experiments are compared with the squirmer model
[86,87], where the surface velocity is given by the mode
decomposition

1
ug|,_g = By sin(6) +§Bz sin(20) + ... (1)

By fitting this model to our data, we find the mode strengths
B, = (29.8 £2.0) ums™' and B, = (=7.8 £2.0) ums~".
Using only these first two modes already offers a good
agreement with the measured flow [Fig. 1(d), lines]. The
dipole coefficient is f = B,/B; ~ —0.3, so the droplets are
weak pushers. These experiments are repeated for four
different TTAB concentrations [Fig. 1(d), legend].

The measured flows generated by an active droplet are
shown in the top halves of Figs. 2(a) and 2(b). These
experiments agree well with the results by De Blois et al.
[64], showing strong regions of forward flow (red colors in
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FIG. 2. Flows u(r) generated by an active droplet. (a),(b)
Comparison of the flow fields between (top half) experiments
and (bottom half) the squirmer model in a Brinkman fluid
(Supplemental Material, Eq. S13). Flows are shown at the
midplane of the microfluidic chamber. Streamlines are shown
(a) in the laboratory frame, and (b) in the frame comoving with
the droplet. Background colors denote (a) the longitudinal flow
u, and (b) the transverse flow u,, scaled with the swimming
speed. Note that the transverse flow u, changes sign across the x
axis. (c),(d) Decay of the longitudinal flow strength in the
laboratory frame along the (c) x axis and (d) y axis. Points show
experiments, and the solid line is the corresponding squirmer
model in a Brinkman fluid. The dashed line shows the squirmer
model in an unconfined Stokesian fluid, which underestimates
the flow strengths.

panel a). This fluid motion leads to entrainment, pushing
particles in front of the droplet or dragging them
along behind. Quantitatively, however, the measured flow
[Figs. 2(c) and 2(d), blue points] is about 5 times stronger
than the prediction from the conventional squirmer model
in a 3D unconfined Stokesian fluid (green dashed lines).

To provide a more accurate theoretical description of the
flows created by an active droplet (Supplemental Material,
Sec. II), a squirmer model was developed that accounts
for the quasi-2D confinement using the Brinkman equa-
tions [88]. The quintessential difference between the
conventional Stokes model and the Brinkman model is
the confinement, which is described by a permeability
parameter in terms of the microfluidic chamber height,
k = 12/H?, analogous to Darcy’s law. The Brinkman
squirmer model is then derived by imposing the same
tangential velocity at the droplet interface (Eq. (1))
as the boundary condition. The resulting expression
(Supplemental Material, Eq. S13) gives an accurate
description of the measured flows in all directions
[Figs. 2(a) and 2(b), bottom halves]. Potential sources of
experimental error are tracers having a small velocity
component out of the focal plane, the difficulty of sampling
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near the droplet interface, and the droplet diameter being a
bit smaller than the channel height. Therefore, the mean
experimental flows are slightly weaker than modeled. Still,
compared with the squirmer model in an unconfined
Stokesian fluid, the Brinkman model offers a significantly
improved agreement [Figs. 2(c) and 2(d), pink lines].

Having quantified the flows made by active droplets, we
consider how these currents displace tracer particles (or
equivalently, the fluid itself) along the swimming direction.
The tracers’ equation of motion is

P — ulry —r) + VIDEG). @
where rg(t) is the moving droplet position, the flow u is
given by Supplemental Material, Eq. S13, &€ is standard
white noise, and the particle diffusivity, D = 0.22 um?/s,
is determined experimentally by analyzing their Brownian
motion in the absence of droplets. The particle displace-
ment is then defined as A = ry(t;) —ry(t;), where t; =0
and t, = A/U.

To illustrate the impact of fluid deformation by a self-
propelled droplet, following Pushkin et al. [7], we first
simulate the Brinkman model in the absence of noise.
Initially, the fluid parcels are arranged along a square grid,
after which the droplet swims through [Fig. 3(a) and Video
2]. The horizontal curtains (initially the same y values) are
pushed outward in front of the drop and pulled inward
behind it. The vertical curtains are folded around the
droplet, compressed in front and stretched out behind
the drop. In the middle of the swimming path, x = 0,
particles are displaced backward for large y values [violet
trajectory in Fig. 3(a)] but nearby the particles are strongly
entrained forward (red trajectory).

The same is observed experimentally [Fig. 3(b)]. To
quantify the entrainment, we select particles that are
initially located close to the middle of the swimming path,
with 4 = I5R and impact parameter 5 < b/R < 10. Far
from the droplet, for impact parameters a 2 2R, the tracers
have a final displacement that is backward compared with
the swimming direction. Note that it is not always possible
to track particles close to the drop because they can move
out of the focal plane. Nevertheless, for a < 2R, we still see
a strong forward entrainment.

These measurements are in good agreement with the
Brinkman squirmer model [Fig. 3(c)]. Here we simulate
particles with Brownian motion (Eq. (2)), where the
computed trajectories start from the same initial positions
as the experimental particles. Interestingly, these results do
not deviate significantly from the deterministic Brinkman
model (solid line), obtained from numerically integrating
Eq. (2) without Brownian motion and using the same
droplet dynamics as in the experiment, which may also be
approximated theoretically using asymptotic analysis [89].
However, the transport of particles is substantially different
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FIG. 3. Entrainment of particles by a confined self-propelled

droplet. (a) Fluid transport by a squirmer in a Brinkman fluid.
Shown is the deformation of an initially uniform rectangular grid
of tracer particles, after a droplet swims from x/R = —5 to 5.
Colored trajectories show the motion of particles starting at
different positions along the y axis. (b) Experimental trajectories,
with their initial positions aligned along the y axis. The initial
positions are marked with a (Circle), and the final positions are
marked with a (Cross mark). (c) Comparison. (Blue cross mark)
show the experimental entrainment along x as a function of lateral
distance y, (Pink plus signs) show simulated trajectories using the
same initial positions using the Brinkman model with Brownian
motion, the solid blue line shows the Brinkman theory without
noise, and the dashed gray line shows the squirmer model in an
unconfined Stokesian fluid. Far away the particles are displaced
backward, but nearby they are entrained forward, along the
swimming direction.

in bulk liquids (dashed line) compared with confined
spaces (solid line).

Next, we consider collective transport by a school of
microswimmers, where particles or fluid parcels are
pushed forward by multiple subsequent entrainment events
[Fig. 4(a) and Video 3]. This principle could apply to a
broad range of biological and synthetic microswimmers.
Here, we focus on drops that are distributed uniformly in
the xy plane with area fraction ¢, so the number density is
n = ¢/nR?, and all droplets swim in the x direction with
speed U. Depending on the kind of microswimmer, this
orientation alignment could stem from collective inter-
actions [59,62], internal mechanisms like chemotaxis [61],
or guidance by tracks in the microfluidic channel [65,90].
Thus, having characterized the entrainment due to a single
droplet in the last section, we now simulate tracers that are
entrained by a school (see Supplemental Material, Sec. III).

As shown in Fig. 4(b), the individual tracers (gray
trajectories) experience large sudden displacement events
when a droplet transits nearby (jumps). These events are
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FIG. 4. Entrainment by a school of microswimmers. (a) Sim-
ulation snapshot, see Video 3. Self-propelled droplets (black)
move collectively along the positive x direction, transporting
particles (colors) that initially started at x = 0. (b) Displacement
of the particles along the swimming direction as a function of
time, x7 (). Individual trajectories (gray lines) show jumps and
drift events, which on average (black line) lead to the entrainment
velocity U, that is predicted analytically (red dashed line) by
Eq. (5). (c) Diagram of the entrainment volume (blue shaded
area) that is dragged behind an active droplet, in the comoving
reference frame. The gray lines depict stream lines, the purple
area is the swimmer wake, and the green area is the auxiliary
volume. (d),(e) Stirring by active droplets in a Brinkman fluid.
Shown is the integrand aR™3A%(a, b, 1) from Eq. (7), measured
experimentally and computed numerically.

separated by long periods of comparatively weak Brownian
motion and long-ranged flows (drifts). Averaged over time,
or equivalently over a statistical ensemble, these jumps and
drifts give rise to a mean entrainment velocity,

U = (7). 5

which quantifies how fast the fluid (and all the particles it
contains) is transported along the swimming direction
[Fig. 4(b), black solid line].

This mean entrainment velocity can be approximated
analytically. For a dilute school of swimmers, ¢ < 1, we
can write U, = nUA.,, where the first two factors encode
the encounter rate, and V., = HA., is the volume of liquid
entrained by a single droplet. This is also called the

“Darwin drift” volume [2,7], the region swept out by a
tracer curtain [Fig. 4(c), blue region]. Specifically, in our
quasi-2D geometry and in the limit of 1 — co and b = 1/2,
the entrainment volume is defined as

Ve = 2H / A da. (4)
0

To compute this quantity analytically (Supplemental
Material, Sec. III B), we use a stream function formulation
to determine the Darwin drift volume in the confined
Brinkman medium. Hence, we find that a school
of squirmers can transport their surrounding fluid with
velocity

2(2U - By)hK (%)
URK(®)

Uent — ¢Vent
U rzR*H

=]l )

which applies to both pushers and pullers with dipole
coefficient || < 1. Here h = (H/+/12) and K, (x) are
modified Bessel functions of the second kind. Inserting
¢ = 0.01 and our experimental values into Eq. (5), we
obtain the red dashed line in Fig. 4(b), which offers a good
agreement with the simulation. The school can generate a
significant fluid transport, because all the liquid between
the swimmers also moves, with speed U, on average.
Therefore, a substantial amount of cargo can be moved
within the medium, even if U, is small compared with U.
To quantify this, we write the internal transport as
®y = ¢pUn, where n € [0, 1] denotes the internal storage
efficiency, defined as the volume of the cargo held
compared to the total volume of the swimmer. In drug
delivery this quantity is also called the loading capacity,
which is typically # ~ 0.1 or less [46—54]. Then, the total
transport is

®:¢U'7+<1_¢)Uent- (6)

For an ideal carrier, n = 1, using ¢ = 0.01 and U, ~
0.02U from Eq. (5), the total transport is already tripled by
entrainment, ®/@, ~ 3. Moreover, if the space for cargo
inside the swimmer is poor, 7 = 0.1, the total transport is
over 20 times enhanced, ®/0, ~ 20.

Interestingly, the confinement can help with the particle
transport. For a squirmer in an unconfined Stokesian fluid,
Pushkin et al. [7] found that entrainment volume is equal to
half the droplet volume, Vey/Vrop = 0.5, if || < 1. In the
confined Brinkman medium, we find Vey/Vgrop ~ 2.93
(Supplemental Material, Eq. S24), so about 6 times larger.
This result is confirmed by integrating the curtain dis-
placement (Eq. (4)) numerically (Supplemental Material,
Sec. III C).

Before closing this Letter, we also discuss how swim-
ming droplets can enhance particle diffusion [9-17].
Building on the same framework, we now consider droplets
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without alignment that perform uncorrelated, random
reorientations in the xy plane, with swimming path
length A. Then, the total displacement A(a,b, ) can be
used to estimate the stirring efficiency. Combining
Equations 2.5 and 3.2 by Lin et al. [13], for a dilute
swimmer suspension, the enhanced diffusivity is given by

¢RU/ alA*(a,b,2) (b a
Denn = d(—)dl —. (7
enh o0 2 R3 ) 0og R ( )

Using our particle tracking experiments, we measure the
integrand of this expression as a function of the impact
parameters a and b [Fig. 4(d)]. These findings compare
favorably with the simulated values from the Brinkman
squirmer model [Fig. 4(e)]. Hence, by computing the
integrand for a/R € [1072,10°] and b/ € [—10, 10], using
A= 100R, and integrating these results numerically, we
find that the enhanced diffusion is D.,,/¢ ~ 638 um?/s.
Hence, the mixing efficiency can be significantly larger
compared with the thermal diffusion of micron-sized
particles (Dy, ~ 0.2 um?/s), even at low droplet densities.
We can also compare between active droplets in a quasi-2D
fluid and in an unconfined 3D fluid, using the results by Lin
et al. [13]. Inserting the parameters of our droplets into their
Fig. 6(a) expression, one finds Dey,/¢ ~ 0.5nUR*/¢p ~
62 um?/s in an unconfined fluid. That is about an order of
magnitude lower than the quasi-2D result, so the confine-
ment can also amplify particle mixing.

To conclude, we investigated the transport of fluid (or
particles embedded therein) by self-propelled droplets.
First, by measuring the flows they generate, a Brinkman
squirmer model was developed that accounts for the quasi-
2D confined geometry in a tractable manner. We then
quantified the amount of liquid entrained by a single
droplet, and we derived the corresponding Darwin drift
volume analytically. To reveal how fast a school of droplets
can push cargo particles through a microfluidic channel, the
transport velocity was computed by integrating over
successive entrainment events. Hence, we found that the
total cargo capacity can be enhanced significantly com-
pared with transport inside the microcarriers alone. In that
sense, we call this phenomenon "collective entrainment,"
because it relies on the cooperation of a large collection of
swimmers, together pushing the cargo forward. The single-
swimmer Darwin drift volume already captures the main
physics for the average transport velocity in the dilute limit,
but the collective transport only arises when the swimmers
align with one another in a school.

While this Letter focuses on self-propelled droplets to
compare our experiments with the theory, we envisage
that these results are widely applicable to other types
of microswimmers, particularly active Janus particles
[38—45]. The dipole moment could be large for such
swimmers, which changes the entrainment volume.
Therefore, we extend our discussion of Eq. (5) for the

case of || > 1 in Supplemental Material, Sec. III E.
Interestingly, the entrainment volume is the same for
pushers and pullers (Fig. S1). More generally, using the
universality of this model, one could account for almost any
hydrodynamic signature with higher-order moments. Thus,
together with recent developments in microrobotics
[50,54], an efficient cargo transport could be established
in microfluidic networks or drug delivery applications
[46-54].

Besides synthetic active particles, these results could be
equally significant for material transport by biological
microswimmers [17,24]. By directed collective motion
through confined spaces [91,92], they could entrain
nutrients or signaling molecules deep into complex net-
works, including biofilm architectures [93], porous media
[94], or foams [95], much faster than transport by thermal
diffusion. Ultimately, self-propelled particles rely on the
replenishment of fuel, particularly into confined spaces, to
sustain their activity.
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