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Catalytic microswimmers convert the chemical energy of a fuel into motion,
sustaining spatial chemical gradients and fluid flows that drive their propul-
sion. This leads to unconventional individual behavior and the emergence of
collective dynamics, absent in equilibrium. The characterization of the non-
equilibrium interactions driven by those concentration gradients and flows
around microswimmers is challenging owing to the importance of fluctua-
tions at the microscale. Previous experiments have focused on large Janus
microspheres attached to a surface, and did not investigate non-equilibrium
interactions for freely moving microswimmers of various shapes. Here we
show a massive dependence of the non-equilibrium interactions on the shape

of small catalytic microswimmers. We perform tracking experiments at high



troughput to map non-equilibrium interactions between swimmers and col-
loidal tracers in 2D, accurate down to tracer velocity of ~ 100nm/s. In ad-
dition, we devise a novel experimental method combining two types of tracers
with differing phoretic mobility to disentangle phoretic interactions in concen-
tration gradients from hydrodynamic flows. We benchmark the method with
experiments on a single chemically active site and on a catalytic microswimmer
tethered to a surface. We further investigate the activity-driven interactions of
freely moving catalytic dimers as microswimmers, for a wide range of aspect
ratio between the active and passive part. We confront our results with stan-
dard theoretical models of microswimmers near surfaces and show poor agree-
ment, ruling out phoresis as the main interaction for catalytic swimmers. Our
findings provide robust quantitative measurements of the non-equilibrium in-
teractions of catalytic microswimmers of various geometry with their environ-
ment. The work notably indicates the need for theoretical development, and
lays the groundwork for the quantitative description of collective behavior in

suspensions of phoretically-driven colloidal suspensions.

Introduction

Self-propulsion of catalytic microswimmers originates from the energy transduction of a chem-
ical fuel into work. Microswimmers consume fuel, sustaining spatio-temporal concentration
gradients, transduced into hydrodynamic flow by diffusiophoresis (migration of a colloid in the
gradient) and osmosis (flow along a surface). This enables catalytic microswimmers to move
autonomously. The effect of the spatial-temporal disturbance (concentration and flows) induced
by the microswimmers on their environment or by other microswimmers controls the uncon-

ventional individual and collective behaviors observed in those non-equilibrium systems. Effec-



tively, catalytic microswimmers constitute the workhorse of active matter and nanorobotics, and
the characterization of their non-equilibrium interactions is key to further their applicability in
those fields[1]. The quantitative measurement of the non-equilbrium interactions of microswim-
mers is however challenging, owing to their weak amplitude and the small scale, imposing a
highly fluctuating environment. This situation is reminiscent of the experimental four de force
that constituted the measurement of the hydrodynamic flow exterted by a swimming E. Coli
bacteria, which size (~ 1 pm) and speed compares with current catalytic microswimmers [2].
However, catalytic microswimmers pose unique challenges: owing to their propulsion scheme,
colloidal tracers respond simultaneously to both the chemical gradients (by diffusiophoresis)
and the hydrodynamic flows (from propulsion or osmosis). This can have profound effect on
the observed phenomenology depending on the size, surface properties, and geometry of the
microswimmers, which affect the relative strengths of these interactions [3], and make their
characterization difficult. There is a need to disentangle the diffusiophoretic and hydrodynamic
components of the migration of tracers in order to achieve quantitative measurement of the non-
equilibrium interactions of catalytic microswimmers.

To date, quantitative studies of freely moving synthetic microswimmers are limited to much
larger systems such as droplets [4]. In addition, investigations on smaller, micron-size catalytic
microswimmers are scarce and limited to symmetric (half active, half passive) and spherical
Janus particles, [5, 6]. Campbell ef al. suggested that phoresis can be neglected for half-coated
Pt microswimmers, with hydrodynamic interactions induced by self-electrophoresis [6], a con-
clusion that contrasted with experiments by others with similar swimmers [5]. Katuri et al.
highlighted the importance of osmotic flows sustained by the confining boundaries, under con-
centration gradients induced by the catalytic swimmer. The osmotic flows are key to observed
behavior of microswimmers near surfaces, whether propelled through concentration gradients

[7] or temperature gradients [8]. They lead to complex non-equilibrium interactions, dependent



on the specific particle configuration of the microswimmers [5] with respect to nearby surfaces
and dramatically impact the response of tracer particles in a concentration gradient [3]. Criti-
cally, the relative contributions of osmosis, phoresis, and hydrodynamic flow have been for now
quantified primarily with microswimmers tethered to a surface, a situation that leads to funda-
mentally different and stronger interactions than for a force-free untethered microswimmer. The
experiments were also performed using large (1 — 2 pm) tracers forming packed rings around
the microswimmers, limiting the spatial resolution of the observations and potentially distort-
ing the chemical and hydrodynamical flow, as noted by the authors [5]. Such effect cannot be
overlooked in the light of the non-reciprocal dynamics later observed with pairs or active and
passive particles [9, 10, 11].

In the present work, we provide quantitative measurements of the non-equilibrium inter-
actions of freely swimming catalytic microswimmers with varying geometry. To this end, we
synthesize a collection of small colloidal dimers (size 1 — 4 pum), composed of a photocat-
alytic hematite cube of fixed size (800 nm) attached to a polymeric sphere, whose radius we
vary [Fig.1A-E]. This allows us to compare the non-equilibrium interactions between dimers of
varying aspects ratio, with all other physical parameters identical. The non-equilibrium interac-
tions are obtained by quantifying the dynamics of small (700 nm) tracers, that exhibit important
thermal motion. Experiments are realized in a dilute regime, preventing the formation of packed
structures around the microswimmers, which could impact the dynamics [5]. We acquire large
collection of data (~ 107 frames for each experimental conditions) and perform a thorough sta-
tistical analysis of the velocity field, allowing us to measure tracer velocities down to ~ 1 %
of the swimmers speed and as low as 100 nm/s [Fig.1K-O]. Our design and analysis are com-
plemented by a novel approach using two sets of colloidal tracers identical in size and density
but differing in surface properties [Fig.2]. It results in tracers particles, for which the sensitivity

to flows is unchanged while exhibiting differing phoretic migration in a concentration gradient.



We leverage this property to disentangle the phoretic and hydrodynamic contributions of the
non-equilibrium interactions. Our approach is first quantitatively validated upon conventional
experiments of migration of colloidal tracers around a sink of hydrogen peroxide fuel and of a
tethered microswimmer, allowing us to extract the relevant experimental parameters. We then
turn to the experimental characterization of the non-equilibrium interactions of untethered cat-
alytic swimmers and show a massive dependency of the non-equilibrium interactions upon the
aspect ratio between the active and passive parts. We further demonstrate that phoresis, while
present, is not dominant. Complex flows arise with microswimmers with large passive com-
ponents, which are qualitatively captured with a minimal model based on the superposition of
flow singularities near a wall and radial phoretic migration. At lower aspect ratio, we observe
a dominant, isotropic flow advection, which highlights the specific role of boundaries on con-
centration gradients and osmotic flows. Our results show a degree of complexity unaccounted
for previously and, we are hopeful, will stimulate a critical and fruitful inspection of current

theoretical and numerical models.

1 Experimental strategy

We describe below our experimental strategy and the experimental components required to
provide robust and quantitative measurements of the non-equilibrium interactions of catalytic

microswimmers.

1.1 Synthesis of colloidal dimers with varying aspect ratio

We consider colloidal dimers formed of a photocatalytic hematite (iron-oxide a-Fe203) bound
to an inert inert polymer sphere (3-(Trimethoxysilyl)propyl methacrylate, TPM). The dimers
are catalytic microswimmers. They are activated under blue-green illumination, where hematite

degrades hydrogen peroxide H,Os into water and oxygen. This ultimately yields to concentra-



tions gradients and motion by self-phoresis [12]. In order to study the effect of the geometry of
the active particle onto the non-equilibrium interactions, we synthesize a collection of dimers,
with varying aspect ratios [Fig.1A-E]. We perform all synthesis from a single batch of hematite
seeds, preventing variability in the photocatalytic properties of hematite from batch to batch,
and allowing us to measure differences rooted in geometrical difference between dimers only.
In effect, the size of the hematite is kept constant at ~ 800 nm and the inert part is varied
by adjusting the amount of TPM oil during the synthesis. We cover a broad of aspect ratio,
X = Rp/R,, where R, is the radius of the passive part, and R, the average radius of the active
part, ranging from 0.9 for nearly symmetric dimers to 3.5 for the microswimmers made of a
hematite component bound to a large passive sphere [Fig.1A-E].

Experiments are performed in a glass capillary, filled with 6% vol. H,O fuel in water and pH
~ 6.5, for which the photocatalytic hematite part trails the microswimmer. Observations of the
tracers and motion of the swimmers are carried with a high N.A objective (NA=1.45) near the
bottom-plane of the capillary, due to the sedimentation of the microparticles. In the absence of
illumination, the particles undergo Brownian motion and do not self-propel. When illuminated
by blue light (intensity ~ 1 pW/um?, A\ ~ 450 nm), the particles self-propel along the surface
at typical velocities of ~ 15 pum/s as extracted from the computed Mean Squared Displacement
and displacement histograms. All swimmers velocities are comparable, except for the largest
aspect ratio, where we found a slower velocity of ~ 5 — 10 pm/s within our experimental

conditions [SI].

1.2 Experimental observations and statistical analysis

We study the displacement of the colloidal tracers in areas of typically 30 ym %30 pum around
microswimmers with varying aspect ratios x ~ 0.9 — 3.5 [Fig.1F-O]. Thermal fluctuations of

tracers of 700 nm are visibly important, but enable accurate measurements in the near field of the



microswimmers otherwise difficult with repulsive interaction, providing that sufficient statistics
is obtained. We work at low density of microswimmers, ensuring that collective interactions
between swimmers are negligible, with frames containing more than one swimmer in the field
of view removed from analysis. We similarly use low tracer density of ® ~ 1072 part./um?, to
prevent tracers collision or jamming at the front of the swimmers, contrary to previous experi-
ments [5]. The tracer trajectories are reconstructed in the lab frame, readjusted on the instanta-
neous swimmer orientation and centered on the catalytic component of the microswimmer. We
typically record ~ 107 displacements of tracers at a rate of 40 fps for each considered geometry
of the photocatalytic microswimmer. This high-throughput is required to achieve satisfactory
signal to noise ratio [Fig.1K-O]. To highlight this massive experimental undertaking and statis-
tical analysis, we overlay to our measurements of displacements of tracers our signal-to-noise
ratio of specific velocity vector (Vi) SNR = ((V5)? + (V,)?)VN2/(0? + 02), where the av-
erage relative standard deviation of the local velocity oy is reduced by the bin statistics [NV
[Methods]. The resulting velocity plots are shown in [Fig.1K-O]. We show good SNR at typical
distances of up to 10 pum, with tracers velocities being accurately determined down to ~ 1% of
the swimmer speed, 1.e. ~ 100 nm/s. In addition, we unambiguously observe a massive depen-
dence of the non-equilibrium interactions with the aspect ratio. To assess the physical origin of
the velocity fields, we further acquire the data with dual tracers that differ in their response to

chemical disturbances, as we discuss now.

1.3 Designing dual tracers to disentangle phoretic and hydrodynamic con-
tributions

Photocalytic swimmers sustain concentration gradients, which, in turn, induce phoretic flows in

the medium and osmotic flows on the neighboring surfaces. Colloidal tracers present in the so-

lution and used to measure non-equilibrium interactions can displace phoretically by following



concentration gradients and be hydrodynamically advected at the same time. A key challenge
is to disentangle the two contributions from the observed dynamics of colloidal tracers. It is
noteworthy to realize that the hydrodynamic advection is set by the radius and density of the
tracers while phoretic interactions, due to their interfacial origin, are driven by their surface
property, e.g. surface charge, which can be independently controlled.

To this end, we synthesize bare silica spheres with diameter & ~ 700 nm. The particles are neg-
atively charged with a measured zeta potential (, ~ —40 mV under our experimental conditions.
They constitute a first set of colloidal tracers. A collection of those particles is subsequently
modified and grafted with a primarily neutral polymer brush of Poly(N-isopropylacrylamide)
(pNIPAM) to form our second set of tracers [13] [Methods & Fig.2A]. Note that while pNIPAM
is a thermo-responsive polymer, it is only considered in this work at constant room temperature
for which the polymer brush is extended. Effectively, the polymer brush dramatically increases
the viscous drag over the thickness of the polymer brush, ~ 50 nm from electron microscopy
images and light scattering measurements [SI]. This affects the phoretic mobility [14], as con-
firmed by the measured 20-fold reduction of the electrophoretic mobility of the silica particles
grafted with pNIPAM compared to the bare silica tracers [SI]. The polymer brush is however
thin enough to avoid significant modification of the hydrodynamic radius or density of the par-
ticle, thereby the two tracers are considered hydrodynamically equivalent for our level of pre-
cision, as independently confirmed also by measurements of their Brownian diffusivity [SI]. In
brief, we devised a set of 2 colloidal tracers, with equivalent hydrodynamical behavior but with
broadly different phoretic response [Fig.2A]. We note that the effect of a polymer brush on in-
terfacial flows depends on the type of imposed gradients and is not affected in the same manner
depending on the phoretic mechanism at work [8, 14]. We thus characterize below the differ-
ence of response of the two tracers in the concentration gradient obtained by a chemical sink

[Fig.2]. We later leverage the properties of those particles to characterize the non-equilibrium



interactions.

2 Experimental results

2.1 Tethered hematite

We first conduct experiments to characterize the non-equilibrium interactions experienced by
the colloidal tracers in a concentration gradient. To this end, we consider a photocatalytic
hematite tethered to the bottom substrate of the glass capillary and immersed in a solution of
H>0, fuel. The hematite is activated by uniform light, inducing a non-uniform radial concen-
tration ¢ o< 1/r, solution of the stationary solution of the diffusion equation Ac = 0. Colloidal
tracers respond to this gradient and displace, as a result of flows or phoretic migration. They
eventually reach a steady distribution under continuous illumination, where diffusive Fick’s flux
balances non-equilibrium fluxes [Fig.2B]. Bare silica tracers are noticeably more repelled than
the coated tracers forming a distinctly larger prohibited zone away from the hematite. We quan-
tify the velocity field of the bare and pNIPAM-coated silica tracers by tracking and measuring
the radial velocity V} and V2, respectively, as a function of their distance r from the center of
the hematite [Fig.2C]. We periodically switch off the excitation to let enough time for the tracers
to diffuse back close to the hematite and increase statistics. The measurements of the velocity
field for the tracers confirm the qualitative assessment made with the density profiles of the
tracers and show a radial repulsion away from the hematite for the bare tracers [Fig.2B,C-blue
symbols]. In contrast, pPNIPAM-coated tracers show vanishing repulsion except in the close
vicinity of the hematite [Fig.2B,C-red symbols]. The marked difference in the two datasets
confirms the effective reduced mobility of the coated particles vs. bare ones. The quality and
accuracy of the measurements allow us to measure a reversal of sign and near field attraction
with a small inward radial flow, Vé‘ ~ 100 — 200 nm/s for the pNIPAM coated tracers [Fig.2C-

inset]. This change of direction of the velocity field is unexpected in a purely phoretically
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repulsive scenario but confirmed by the local increase observed in the density profile of tracers
([Fig.2B]). We performed additional experiments in inverted configuration, where hematite are
tethered to the upper wall on the capillary, in order to investigate gravitational effect as Ho O, is
denser than water [SI]. The results were unchanged, discounting catalytically-induced density
gradients, or thermogravitational convection as origin of the reversal of sign. We intuitively
attribute this sign reversal to complex osmotic flows on the substrate of the capillary wall, as
recently reported [5, 3], and confirmed by our model below.

To gain further insight and eliminate the complexity arising from those complex osmotic flows,
we take advantage of our set of dual tracers to measure non-equilibrium interactions. As
discussed previously in sec.1.3, we designed colloidal tracers, which are hydrodynamically
equivalent but phoretically different. As such, we expect that all flows, including the osmotic
flows generated by the surface, will be removed by inspecting the difference of velocity field
SV = V] — V] between the bare and the coated tracers. We perform this subtraction and show
a monotonic decay with a ~ 1/7? dependency, consistent with a phoretic repulsion induced
primarily by neutral diffusiophoresis, i.e. with a velocity x —Dg cV,c(r), with ¢(r) = co/r
[Fig.2D]. The fit of the data provides the difference of phoretic repulsion strengths between the
bare and coated tracers (Dg — Dc)cg = 8 & 2 um?/s. To further our physical understanding
of the effect of osmotic flows in the experiment, we perform numerical calculations of the flow
field generated by a spherical particle tethered on a surface with homogeneous reaction rate
on its shell [Fig.2C,E] [SI]. We notably make the assumption that the glass substrate, the bare
silica tracers and the catalytic hematite have equal diffusiophoretic mobility, as their surface
has comparable surface chemistry. Following our experimental observation, we compute a slip
velocity of the form: vy = —DpgVc, on both the catalytic and substrate surfaces, superimposed
to a repulsive phoretic migration of the tracer v = —Dpg V¢, thus accounting for osmotic flows

and phoretic migration. This approximate model reproduces our experimental data remarkably
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well, after fitting the amplitude of the velocity V}/(r) for the bare particles, and the ratio of
bare to coated phoretic mobilities, Dg /D¢ = 2 4+ 0.2. It remarkably captures the reversal of
sign for the interaction for the coated particles and confirms it originates from osmotic flows.
Importantly, this framework allows us to quantitatively evaluate the absolute value of phoretic
contributions from the knowledge of AV", finding in this case Dp = 16 um?/s and Do = 8
pm?®/s. In brief, our experimental results with tethered hematite show that colloidal particles are
adequate tracers for the quantification of non-equilibrium interactions provided the superposi-
tion of 1) osmotic flows at the substrate and catalytic particle surface, and i) a repulsive phoretic
migration. Importantly, the measurements provide a quantitative reference point to model the
effects induced by chemical gradients in the upcoming experiments with photocatalytic col-

loidal dimers of variable aspect ratio .

2.2 Photocatalytic dimers tethered to the capillary substrate

We now turn to experiments with photocatalytic dimers tethered to the capillary substrate, aim-
ing to characterize and quantify the hydrodynamic flows generated by the propulsion. In this
configuration, the microswimmer is not force-free owing to the net force opposing phoretic self-
propulsion [15, 6, 2, 5]. Therefore, it exerts a net force on the fluid, similiar to a force monopole
in the far-field and at all values of the aspect ratio x. We therefore consider a photocatalytic
dimer at a single aspect ratio, x = 1.9 [Fig.1C]. We analyze the 2D velocity field of tracers
around tethered swimmers, V} ¢ in the reference frame of the lab [Fig.3].

For both bare and coated tracers, the velocity field presents a strong inward velocity at the front
and outward velocity at the back. The tethered swimmer effectively pumps fluid along its swim-
ming direction, a characteristic of a point force (Stokeslet) in the plane of observation [Fig.3A].
The lateral displacement of the tracers however differs. While the interaction appears mainly

radially repulsive for bare tracers, it exhibits stronger lateral attraction for coated tracers. Once
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again, we leverage our dual tracers in order to gain further insight in the non-equilibrium inter-
actions. In order to remove the hydrodynamic components (identical for both tracers) and solely
focus on the effect of the phoretic migration of the tracers in the concentration field, we compute
the difference AV* = VE — V§ [Fig.3B,C]. Remarkably, the velocity field for AV* becomes
purely isotropic, suppressing the anisotropy observed for individual tracers [Fig.3C]. In addi-
tion, the amplitude of the migration shows 1/r? decay, thus confirming that the use of dual
tracers and subtraction of the displacement fields allowed us to isolate the phoretic migration in
the concentration gradient sustained by the tethered microswimmer. The amplitude of phoretic
repulsion is however stronger than for the tethered hematite only |AV?®|/|AVP| ~ 4 £ 1, a dif-
ference that we attribute to a variation on the surface chemistry of hematite during the synthesis
of photocatalytic microswimmers from individual hematite particles [Fig.3C].

We next compare our experimental observation to an elementary model that consists in the su-
perposition of a Stokes monopole with the phoretic migration as measured in the previous sec-
tion for tracers responding to a tethered hematite, accounting for the scaling of |[AV?|/|AV?Y.
For a swimmer bound to the surface, a net force is applied by the substrate to compensate for the
otherwise swimming (force-free) body. The force is given by f ~ 6minV,,, where | = R, + R,
and 7) the water viscosity at 300K. Taking the measured average Vg ~ 15 um/s fora y = 1.9
swimmer, we find f ~ 0.35 + 0.05 pN. We simulate the flow field of a Stokeslet near an in-
terface at prescribed height h = R, ~ 800nm, for which the analytical expression is known
[16]. In order to account for the depth of field of the objective, we further average the com-
puted flows from different planes within the depth of field below and above the plane of the
swimmer (see [Methods]). The simulated data are presented in [Fig.3D] and show a remarkable
agreement with the complex velocity fields observed experimentally for both types of tracers
and without any fitting parameter [Fig.3D]. This confirms the potent character of our approach

using dual tracers to gain quantitative insight on the non-equilibrium interactions induced by
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the microswimmers, and to succesfully evaluate phoretic migration against hydrodynamic ad-

vection.

2.3 Freely swimming microswimmers

We now investigate the displacement field of colloidal tracers following the passage of freely
swimming microswimmers of varying aspect ratio x ~ 0.9 — 3.5 [Fig.1]. Experiments are re-
peated with bare silica tracers [Top panels] and pNIPAM-grafted silica spheres, for which the
phoretic migration is hindered [Bottom panels]. We represent the velocity field of the tracers
normalized by the instantaneous swimmer velocity to compare experiments \7{3’0 = V]fg,’C / Vof ,
Véi « Where VE];C is the instantaneous velocity field of the bare (B), respectively pNIPAM coated
(C) tracers and Vof the instantaneous swimmer velocity. For each swimmer, we have selected
the top ~ 50% velocities, which correspond to configurations where the swimmer is observed
to be mostly parallel to the interface [SI]. This prevents strong variations in the velocity field
that could arise from stochastic reorientations of the swimmers.

A few comments are in order following our experimental results. First, the velocity field of
the tracer is massively dependent on the geometry of the active dimer: radial, isotropic repul-
sion for Y = 0.9 becomes complex and anisotropic with recirculation loops with increasing
aspect ratios, x > 3. Second, it is remarkable that the bare and pNIPAM coated tracers show
only a modest difference in measurements for all values of Y, hinting at the (unexpected) pre-
dominance of the hydrodynamic advection over phoretic migration for the freely swimming
microswimmer. Remarkably, the velocity field of tracers for near symmetric microswimmers,
x < 1.5, significantly departs from the stresslet flow (force dipole) previously reported for

bacteria [2] and previously suggested for Pt-coated Janus microswimmers [6].
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2.3.1 Evaluation of phoretic migration

We now aim at isolating the effect of the phoretic migration of the tracers induced by the free
photocatalytic microswimmer. To this end, we compute, as previously, the difference of the ab-
solute velocity field AV)f< = V& — VL for each aspect ratio y. Remarkably, the measurements
collapse for all values of y onto the 1/r% decay observed for the tethered microswimmer, i.e.
|AVT|/|AVP®| ~ 4, independent on the variability in swimmers velocity with the aspect ratio
[Fig.4A & SI]. This confirms that the phoretic component of the non-equilibrium interactions
is quantitatively decoupled from the hydrodynamics, and independent on the aspect ratio. This
constitutes a reasonable outcome as all photocatalytic dimers were synthesized from a single
batch of photocatalytic hematite. In addition, the agreement with the result of the tethered mi-
croswimmer confirms that the chemical gradient is steady in the moving frame of the swimming
particle, as expected given the low Peclet dynamics of the system Pe = VyR,/D < 1, where
D is the diffusion of HyO,. In light of these results, we quantitatively evaluate the phoretic
contribution from our previous knowledge of Dg/D¢ ~ 2 [Fig.4A,B].

For the two types of tracers, we compare the isotropic phoretic repulsion to the near isotropic
interactions observed at low aspect ratio [Fig.4B]. We find a comparable amplitude between the
two in the range 1 — 6 um, however with the experimental data presenting a decay 1/r¢ with
d ~ 3 — 4, slightly stronger for coated particles and decaying more rapidly than the 1/72 decay
of a purely phoretic origin, as we observed previously. As for our previous experiments, this
suggests that hydrodynamic fluxes, from osmosis and propulsion, screen phoretic migration in
the far field. The independence of the phoretic interactions on the aspect ratio, coupled to a
net loss of isotropy in the velocity field upon increasing values of Y, further indicates a change
of the relative contributions between hydrodynamics fluxes from propulsion and the effects of

chemical gradients (osmosis and phoresis).
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2.3.2 Evaluation of hydrodynamic flows from propulsion

We demonstrated previously that the use of dual tracers allows us to gain physical insight by
disentangling the phoretic migration of tracers from the hydrodynamic flows. We now compare
our experimental observations for the freely swimming catalytic microswimmers with theoreti-
cal and numerical predictions of the hydrodynamic flux generated by propulsion.
A theoretical description of the flow of phoretic dimers in a homogeneous, unbounded medium
has been previously proposed [17, 18] but there exists to our knowledge no model that describes
the hydrodynamic flow of a photocatalytic dimer near an interface. We therefore propose a
method to extract the main features of the flow generated by swimming dimers near a non-slip
wall by extrapolating solutions near an interface from exact analytical solutions in the bulk.
Following Ref.[17], we first compute the wall-free concentration and flow fields of dimers with
aspect ratio representative of our experiments, x € [0.9 — 4] assuming identical phoretic mobil-
ities for both the active and passive parts. We next expand the velocity field in terms of Stokes
singularities to account for the influence of the substrate, as exact mirror solutions of arbitrarily
oriented singularities are well-established [16] [See methods] .

We develop the flow around free swimmers as the sum of the flows from a force dipole uy,,
a source dipole u,q, as conventional with the squirmer model, and add a force quadrupole uy,

and a source quadrupole u,, to account for the shape asymmetry of the dimers [16, 19]:
ii(r) = Auyy(r) + Bugy(r) + Cugy(r) + Dug,(r) (1)

We find that the hydrodynamic flows generated by phoretic dimers are well described in
terms of flow singularities, which relative amplitudes strongly depends on the aspect ratio of the
microswimmer [SI]. In particular, we observe a a transition from puller to pusher with increas-
ing aspect ratio, in line with previous numerical studies on thermophoretic heterodimers [20]

[Fig.4C]. The transition occurs at y ~ 2 [SI], as extracted from the change of sign of the con-
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ventional squirming parameter 5 = —(4/3) A [19]. At low aspect ratio, force and source dipoles
are enough to model the flow field. For values of y = 1.5, however, the quadrupolar term are
significant within our range of observation and cannot be neglected, even if it finally reaches the
1/r? stresslet decay in the far-field [SI]. From the knowledge of the set { A, B, C, D}, we readily
extrapolate the hydrodynamic field near an interface from the mirror images of the singularities.
The anisotropy of the flow is conserved for each aspect ratio, but decays faster in the far-field
(o< 1/r*) [SI], and presents a qualitatively different behavior in the near field, with additionnal

recirculation loops observed even at low aspect ratio compared to bulk computations [Fig.4C].

2.4 Comparison of the model with experimental observations

From our numerical prediction, it is clear that the isotropic interactions observed at the lowest
aspect ratio ([Fig.1EK]) cannot result from the hydrodynamic fluxes generated by the propul-
sion, which are expected to present a net puller anisotropy, with lateral repulsion and front and
backward attraction. Additionnally, while the predicted phoretic migration quantitatively match
the measured amplitude in the intermediate field (~ 5 pum) [Fig.4B], it also cannot explain by
itself the fast decay observed, nor the change of sign of the velocity at distance ~ 8 ym for the
pNIPAM-coated tracers.

Conversely, the experiments at large aspect ratio qualitatively present the main features of a
pusher ([Fig.1J,0]), with lateral attraction and front and backward repulsion, and recirculation
loops observed near the front and similar to the ones obtained with our calculations [Fig.4C].
It underlines the increased contribution of hydrodynamic fluxes stemming from propulsion,
relative to other non-equilibrium interactions, in particular phoretic repulsion.

To gain more insights on the cumulative effects of non-equilibrium interactions, we first add
the computed phoretic contributions to the hydrodynamic velocity field of the tracers originating

from propulsion, as predicted from eq.(1) ([Fig.4C, bottom panels]): ﬁé’c = Dpc/(Vor?) +
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ii(r), disregarding osmosis. The velocity fields predicted for the two extreme aspect ratio
x = 0.9 and x = 3.5 are presented on [Fig.4D]. In both cases, it predicts phoretic migration to
overcome hydrodynamic fluxes, with isotropic repulsion for all values of y, in stark contrast to
our experimental observations. Our analysis and observations therefore suggest a strong screen-
ing of phoretic migration by osmotic and surface flows, induced by the presence of the wall.
Consequently, phoretic interactions are not the dominant component of non-equilibriums inter-
actions for microscopic dimers, in contrast to what is widely assumed in models of collective
behavior for catalytic microswimmers [21, 22].

The rightful evaluation of osmotic flows for freely moving particles is challenging, owing
to the fundamental difference between stalled and force-free swimmers. In our previous exper-
iments on tethered particles, osmotic flows originated from concentration gradients on the glass
substrate and on a stalled hematite. The model accounted for the breaking of symmetry of the
concentration field in the vertical direction, and the subsequent slip velocity established on the
tethered hematite induced additionnal flows by pumping the fluid. For freely swimming dimers,
the hematite is untethered and force-free. Therefore, we show that a simple description of the
total velocity field using the osmotic fluxes and phoretic interactions scaled from the experi-
ments on fixed catalytic center ([Fig.2C]) wrongfully models the data, by breaking the no-force
condition. Checking on this by adding the scaled osmotic flows in ﬁg,o effectively reduces the
effect of phoretic repulsion, but the contribution of chemical gradients remains highly overes-
timated at both aspect ratio, and the simulated curves show poor agreement with experiments

[Fig.4E].
2.5 Discussion

Our experimental results show non-equilibrium interactions around free swimmer are only mod-

eratly dependent on the tracers for all aspect ratio. A simple theoretical model highlights that the
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relative contribution of hydrodynamic flows to the non-equilibrium interactions varies strongly
with the aspect ratio. In contrast, phoretic interactions remain constant for all aspect ratio, as
prescribed by our synthesis procedure, and do not dominate the map of interactions in our ex-
periments. Our results unveil the presence of strong advective flows that compete with phoresis
and flows from translational propulsion, inducing long-range attraction and isotropic interac-
tions at low aspect ratio. Our analysis points the need to rightfully evaluate all surface flows
induced by the concentration gradients, accounting for the specific swimmer geometry and state
of motion.

The dynamics of freely moving particles near a wall emerges from a non-linear coupling be-
tween hydrodynamic and chemical interactions with the wall, affecting the propulsion speed,
height, and orientation of the particles. The breaking of axysimmetry in the vertical concentra-
tion gradient further yields to additionnal flows in the observation plane, as recently reported
with experiments on large spherical droplets [4]. For catalytic swimmers, the coupling between
hydrodynamic fluxes and concentration near surfaces has been described theoretically, but fo-
cused on spherical Janus particles. They were shown to exhibit various behaviors depending
on the geometry and surface properties of the microswimmer, such as gliding, sliding, self-
trapping, hovering, or scattering on surfaces [23, 24, 25, 26, 27, 28, 29], with some of these
effects reported in experiments [30, 7, 31]. However, theoretical developments remain to be
undertaken for catalytic swimmers of various size and morphology, such as dimers. While
computations from Stokes singularities can give a reasonnable picture of the flow in the far-
field, they are generally not accurate to model the full hydrodynamics of solid bodies in the
near field or close to geometrical boundaries [32, 33, 34].

Our studies and analysis emphasize the need for a more accurate description of non-equilibrium

interactions for microswimmers near surfaces. The description should systematically entail the

effect of the wall on chemical gradients, osmotic flows, and of the geometry of the microswim-
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mers, a near-field effect salient to our experiment but overlooked by current models.

3 Conclusion

We investigated the velocity field generated by phoretic dimers near surfaces for various aspect
ratio, and unveiled a massive dependency of the aspect ratio on the effect of swimmers on their
environment. We proposed an experimental approach using dual colloidal tracers with differ-
ing surface properties. This method notably allows one to extract phoretic interactions even
when entangled with complex osmotic flows. The velocity field of tethered microswimmers is
successfully described by considering phoretic repulsion, osmotic flows, and a force monopole.
For freely moving dimers, we brought to light additional advective flows, and showed that hy-
drodynamic dipolar interactions and phoretic interactions are not necessarily dominant. The
work notably indicates the need for theoretical development, and lays the groundwork for the
quantitative description and study of collective behavior of suspensions of phoretically-driven
colloidal suspensions. We are hopeful it will stimulate a critical and fruitful development of

current theoretical and numerical models.

19



bare
) Y (um)
o & A Y o v »2 O ®

coated

bare

coated

Figure 1: Direct mapping of the velocity field of passive tracers around swimmers of vari-
ous aspect ratio. A-E) Scanning Electron Microscopy images of the five microswimmers used
in the study, covering a range of aspect ratio, from left toright: x = 0.9+£0.1, x =1.4+£0.2,
x=194+0.2, x =32%0.4, x = 3.5 £0.6. F-J) Corresponding maps of the velocity fields
of the tracers for bare (top) and pNIPAM-coated (bottom) tracer particles with streamlines, nor-
malized by the instantaneous speed of the swimmer. K-O) Vector plots of the velocity fields
represented using a specific color scale that accounts for the statistical accuracy of each mea-
surement. Lightness is adjusted to improve contrast for bins with SNR 2 1, while reducing
the perception of noisy data. Accurate measurements of velocities are obtained down to ~ 1%
of the swimmer velocity.
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(see [Fig.2C]), scaled by 4V,ffB and 4V,fc. The simple model catches the main features of the
non-equilibrium interactions map.
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Figure 4: Disentangling non-equilibrium interactions around freely swimming phoretic
microswimmers. A) Angular average of the absolute velocity plot differentials between bare
and coated particles for all aspect ratio between y = 0.9 and y = 3.5. The reasonable collapse
of all curves indicates a similar phoretic repulsion for all swimmers, with 1/r? decay (black
dashed line) and |AVf|/|AVE| ~ 4. B) Raw angular-averaged experimental decays for the
bare (blue circles) and coated tracers (red squares) for x = 0.9, compared to the estimation
of phoretic contribution (dashed lines). Phoresis fails to reproduce the observed decay. C)
Numerical calculations of the hydrodynamic flow field only, originating from the propulsion of
the dimer, as computed from eq.(1), for the two extreme aspect ratio Y = 0.9 and x = 3.5.
The field is computed in bulk from analytical solutions (top) and for the solution extrapolated
near an interface, using a sum of singularities (bottom). It shows the stresslet field of a puller
(resp. pusher) at low aspect ratio (resp. high aspect ratio). D) Hydrodynamic field as computed
in C), on which phoresis is added (no osmosis), for bare (top) and coated (bottom) tracers. For
both aspect ratio, it shows a strong dominance of phoretic migration in disagreement with our
experimental data [Fig.1]. E) Velocity field as in D), on which the osmotic flows extracted from
hematite particles [Fig.2C] is added. This picture shows poor agreement with experimental
data, as it neglects the force-free requirement.
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