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Self-propelled particles can exhibit surprising non-equi librium be-
haviors, and how they interact with obstacles or boundaries re-
mains an important open problem. Here we show that chemicall y
propelled micro-rods can be captured, with little change in their
speed, into close orbits around solid spheres resting on or n ear
a horizontal plane. We show that this interaction between sp here
and particle is short-range, occurring even for spheres sma ller
than the particle length, and for a variety of sphere materia Is. We
consider a simple model, based on lubrication theory, of a fo rce-
and torque-free swimmer driven by a surface slip (the phoret ic

propulsion mechanism) and moving near a solid surface. The
model demonstrates capture, or movement towards the surfac e,
and yields speeds independent of distance. This study revea Is
the crucial aspects of activity-driven interactions of sel f-propelled
particles with passive objects, and brings into question th e use
of colloidal tracers as probes of active matter.
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Significance

How autonomous microswimmers interact with their envirenm
can be strikingly different than for passive particles, aftén give

rise to a wealth of non-equilibrium phenomena. We repornprst

ing observations of synthetic swimmers being captured tg,then

orbiting, spherical particles until they are kicked out bgrimal fluc-

tuations. This complex behavior can be explained in part &iynple

model with the basic ingredients at work: fluid slipping oa gwim-

mer surface and fluid coupling with nearby boundaries. Ounlyst
stresses outcomes of activity-driven interactions betma@mmers
and other objects that were overlooked in previous studies.find-

ings reveal a richer range of possible interactions in actiatter, and
impact statistical physics, soft matter, fluid dynamicsl biophysics.

iological systems demonstrate that the presence of obstacl
which could be a solid surface or a group of cells, profoundly

affects the autonomous movement of motile microorganidvtatile
cells can aggregatel(1) and move in circles on surfades€2yrse
directions when they are spatially constricted (3), andratégpref-
erentially through an array of V-shaped funnéls (4). Baateray
enhance the diffusivity of surrounding tracer particle<6)5 drive
ratchets into rotary motior (7} 8), and form large rotatityctures
through collective movements! (9). Interactions betweearera and
the physical environment are widely documented but coraf#it be-
cause, in addition to possible collisional (10) and hydratyic [11)
effects, there are unknown responses associated with ilbehav

Recent technological advances have enabled the fabricafio
synthetic microswimmers that convert chemical energy ditec-
tional motion (12516). Their movements can collectiveliveithe
system out of equilibrium and exhibit large-scale phencemsuch
as schooling(17) and clusteririg {8} 19). Studying the ohios of
self-propelled particles is important because they mag biaeful en-
semble properties, inspire new designs for smart matesats find
many applications including microfluidic mixing devicesdarargo
transport[(20=22).

Synthetic swimmers are arguably simpler than bacteria &ed o

insight into the effects of obstacles and confinement ormelbelled
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Fig. 1. Sample trajectories of self-propelled rods orbiting around passive
spheres. The spheres have diameter ~6 um in (A-C), 11 and 14 um in (D),
1pmin (E), and 9 um in (F), and are made of various materials (see main text).
The rod length is 2 um in (A-E) and 4 um in (F). The speed of the rods is on the
order of 20 um/s.

particles. Here we employ a widely studied system congjstiigold-
platinum (Au-Pt) segmented rods immersed in an aqueouggdr
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peroxide solution (HO2) (12). Previous studies propose that thesg(ImageJ and Matlab). In the absence of passive spheres,aviagn
rods propel themselvesa self-electrophoresis, which generates a sliprods turn, flip, and disperse over time as reported prewo@d).

flow along the rod surface[ (23,24). Recent studies show that s
thetic swimmers interact with rigid boundaries, say byistidalong
walls (25[26) and enhancing the diffusivity of tracer pees [(27),
but the mechanisms of the interactions remain unclear.

Capture of self-propelled rods by passive spheres. The presence
of passive spheres significantly alters the trajectorieglfpropelled
rods (Fig.[1 and Movie S1). When a self-propelled rod encensnt

Here we show that self-propelled Au-Pt rods are captured ang sphere, it typically orbits around it (Fil] 1A). The rod aaove

orbit closely, with little decrease in their speed, aroualidspassive
spheres resting on a solid substrate (Fig. 1). We show tlsaitntier-
action between rod and sphere is short range, occurs forespbé
various materials and sizes, including spheres below ttidergth.
While the spheres appear to attract the rods, the Stokesidrefivi-
ronment precludes any net force or torque being exerted thmom.
We explain some of these observations using a simple modséd
on lubrication theory, of a swimming particle moving nearalland
propelled by a surface slip. This is a suitable assumptiomfmleling
the motion of phoretic swimmers and motile ciliates|(28).

Results and Discussions

Experimental system. We fabricate Au-Pt rods with length = 2 +
0.2 pm and diameted.39+0.04 pm following the method of electro-
chemical deposition in anodic aluminum oxide membrahes3@pP
They are immersed in a4, solution with typical concentration
15% containing passive spheres, with diameters of 2-100um.

around a succession of spheres and either continue to tuttmein
same sense (Fid.] 1B) or switch the handedness of its cirouibdtr
(Fig.[C).

This phenomenon of rods orbiting around spheres occursscro
a wide range of materials and sizes (Figl 1D-F). We have used
rods of different lengths (1, 2, 4m) and spheres of various di-
ameters (1, 3, 6, 9, 11, 14, 20, 12&) made of glass, polymer-
ized 3-(trimethoxysilyl)propyl methacrylate (TPNI).(3Pply(methyl
methacrylate) (PMMA), and polystyrene. These materiale hthf-
ferent surface properties but this does not affect the captiect.
Self-propelled rods are captured by all spheres that reclase to
the substrate by gravity, including glass beads as small.as i
diameter (half the rod length in Figl 1E; see Movie S2). Oneesbf
mica with cleavages which act as nearly vertical walls onrézbatal
surface, the rods are transitorily trapped along the walks similar
fashion to what has been reported before (25). This denaiastthat
the rods are captured by confining walls with a variety of slsaand
materials, and suggests that the capture effect may be dymsmic
in origin.

Due to gravity, both rods and spheres remain close to, ance mov

along, the plane of the microscope slide. The positions efrtius
and spheres are tracked using optical microscopy (Nikoip&eBO0i,
40x), a digital camera (Lumenera Infinity 1-3), and image analys
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Fig. 2. While self-propelled rods are trapped, they move at speeds comparable
to when they are far away from spheres. Symbols and error bars respectively
show the temporal mean and standard deviation in speed of each rod. Solid
and dashed lines have slopes 0.9 £ 0.1.
concentrations and over many events.

Data collected at different H2O2

Fig. 3. Image sequence of a solid sphere of diameter ~ 3um which hardly
rotates while a 2 um-long self-propelled rod orbits around it. Red arrows point to
a marker on the sphere. Blue dots and arrows show the location and direction of
motion of the orbiting rod.
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Capture phenomenon with no additional drag.  Self-propelled rods
nearly maintain their typical speed while they orbit arowsmtheres
(Fig.[2A). While a rod is captured, it remains in a narrow fltgdion
between the sphere and the horizontal glass substratehauvd Bttle
change in speed in this confined space.

Do spheres also rotate while a rod orbits around them? Toemsw
this we use inert TPM spheres with an embedded piece of hemati
acting as a marker (33). The rotational diffusion of the spl@slow
compared to the orbiting time of the rod, and the orientatibthe
marker remains apparently unchanged (Fig. 3 and Movie S3). A
Fourier frequency analysis of sphere displacements sHmtsvhile
the sphere does fluctuate slightly because of Brownian motiere
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Fig. 4. (A) Sketch of a rod orbiting around a sphere on a horizontal surface. (B)
Theoretical configuration of a swimming body near a rigid wall in the reference
frame of the swimmer. The wall approximates the local surface of the sphere
and translates to the right. Dashed lines show the region of fluid slip. (C,D)
Predictions for the swimming speed U, distance hg away from the wall, and
re-scaled slope m of a swimmer with fluid slipping over (C) —0.8 < x < 1 and
(D) —1 < z < 0.8. Dashed lines show the early-time regime (Eq. BI7).
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[ho:c(2 + ma) + mhoz”® + h(U + us) — 2qo] . [2]

is also an oscillation of the sphere at the same frequendyeaotl ~ 9h/0t + (9/0z) O’L udy = 0 that the mass is conserved, we obtain
orbital motion. However, this effect is quite small. d 6

The nearly constant rod speed and the lack of sphere rotation 22 — >
suggest that the rods hardly experience any additional diesgite dz  h?
moving close to the solid spheres. This direct experimesviglence Hereqo is a constant, which is obtained by integrating Hd. (2) with
supports the hypothesis that the rods generate a locallgiepfiow  respect tor and requiring thap = 0 at the ends: = £1. Egs. [1)
along their surfacel (23, 24) as examined in our theory below. and [2) are used to convert the conditions that the swimnferig-

and torque-free,

Tentative scenarios of capture. There are several possible mecha- 1 du 1 1
nisms of trapping. Chemical gradients induced by fuel-oatiag / o dx = / pdr = / zpdr =0, [3]
rods may affect rod movement. However, in our system diffusi -t y=h -t -t
quickly restores any local changes in fuel level becausePthelet  into a system of ordinary differential equations. One cqos@ece is
numberPe = UL/D ~ 0.1issmall, wherd/ ~ 20 um/sisthetypi- an expression for the swimming speed
cal speed, ~ 6 umthe sphere diameter, aftd~ 10° um?/sthe fuel 1
diffusivity. The consumption rate of the fuel is negligiloeer the typ- L / us(x) dx7 [4]
ical duration of our experiments. Thisis consistent withgtvimmers In (i_:i) o1 L+ma
having little loss in speed when orbiting a sphere. Longgeahy-
drodynamic effects may enable swimmers to approach a sofidce ~ which is independent of the distankgebetween the swimmer and the
if they are represented by an extensile force dipole (pygiEB4), wall. Inaddition, no force is exerted on the wall. These aresistent
though our rods experience only short-range interactiotisspheres ~ with the rods nearly maintaining their speed and exertititp ldrag
as confirmed below. The rods are slightly curved and tend teemo on the spheres in our experiments (il 2,3).
in curved paths with typical curvature~ 0.12 um~"* (31), so they We now consider a simple class of swimmers with constant slip
could slide along flaf (35) and curved surfaces with cuneataich ~ us = 1 on a portion of their surface < = < b and no slipus = 0
less than (36). However, we observe rods orbiting around sphereglsewhere. This assumption is motivated by the previoustigsis
with diameter as small as;dm, which has curvature much greater that the rods generate a local flow on their surface. At eargd,

thank. a swimmer that is initially parallel to the wall withy = 1 evolves
In our interpretation, aside from thermal fluctuations, thds  according to the asymptotic solutions

move towards a surface because the local flow field is modifjed b 1 15,5 o s 3

its presence. This is demonstrated in a simplified modelchase U ~ b-a)=5 0" —a)b-a— (" —a’))t, [3]

lubrication theory. Such a motion would not occur for an obje 3

towed by a force parallel to a solid boundary due to the symywzetd ho ~ 1—2(0°—a)t, [6]

time-reversibility of Stokes flow. The key ingredient in ouodel is 8

a prescribed slip on the swimming body, which captures agitwor m o~ E(b —a— (1,3 _ QS))L [7]

propulsion mechanism. 8

valid to second order in time. EqL](7) shows that, regardbédbe

exact region of slip, all swimmers with fluid slipping on a i@ty of
Short-range hydrodynamic capture their surface orient towa(ds the yvall. Temporallchangea,iho, and
Mathematical model. While our experimental system is three dimen- U are shovv_n for two typical swimmers W.'th slip everywhere gtce
sional with curved boundaries (Figl] 4A), for simplicity were  ©ither near its front or back end of the swimmer (fEiy. 4C,Bhoth
sider a two-dimensional swimmer moving above a flat immaoldé cases, the swimmer ?ppma‘?hes th? wall, a_nd |ts_changeeed san
(Fig. [@B). Thermal fluctuations are neglected. We adopt 4eSin bg related to the relative position of its no-slip reglorheWaII. This
coordinate systenix, y) in the reference frame that translates with simple model suggests that self-propelled particles caceipeured
the swimmer along the wall, wheteis scaled by a half of the length PY Solid surfaces without applying a mean force or torque.
of the swimming bodyL /2 andy is scaled by a typical distandé
between the swimmer and the wall. The wall is representagd-5y0
and translates to the right with spe€d where all speeds are scaled

by a typical slip velocityy” on the swimmer. The wall-facing surfaceA 8 A - B

of the swimmer is represented y= h with h = ho(1 + mz), 2= Passive rods =12

—1 < z < 1, whereho is a re-scaled distance from the wall to the2 6 & “©-Active rods i

center of the swimmer and: is a re-scaled slope of the swimmerS g 2

relative to the wall. Note that: = 1 corresponds to the frontend of @ 4| © = roy—
the swimmer (the left end in Fidl] 4B) hitting the wall. Our aisrto < |3 3 —Simulations
predict howU, ho, andm evolve over time, given a prescribed slip-2 = 2 e
speedu, (x) on the surface of the swimmer. $2 0 09_

Lubrication theory describes the fluid flow between the swenm £ )
and the wall, provided that both the Reynolds number of thve &lod Q 0Ah06X
0 = H/L are small. Our approach is similar to that used in modelin
of CraW“ng snails (‘37)' The flow is prlmarlly in the direction and Fig. 5. (A) Experimental data of the effective density of a suspension of rods,

2 2 ; ;
governed byl u/dy - dp2/d:c, Wh(_?l’eu is the ﬂO_W S_peedZ? is the scaled by the expectation if the rods were distributed uniformly. This is plotted
pressure Scaleq WVH/L , andy is the dynamic viscosity of the  against the distance from the lowest point of a sphere in units of the sphere
fluid. The solution is given by radius, based on over 4000 measurements of the distance over time. Below the

sphere, the density of passive rods falls while the density of self-propelled rods
1dp Yy peaks. The excluded region is where the rods are physically unable to enter.

u = 9 %y(y - ) + h (us - U) + U, (1] (B) Normalized histogram of trapping times of self-propelled rods orbiting around

spheres. Inset shows the complementary cumulative distribution function (ccdf)
which satisfies the boundary conditioms= U ony = 0 and denoting the probability of rods remaining trapped beyond a specified time. Red

U = Us (x) ony = h. Substituting Eq. ml) into the condition curves are exponential distributions with rate parameter A = 1.5 s~1. Green
curves are simulated trapping times (see Materials and Methods).

1
Dimensionless distance Trapping time [s]
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Consequences of the model.
two walls: the spherical surface and the underlying sutestr®ur

theory would apply not only to the sphere as the wall but adsié

substrate. Lubrication effects may induce self-propeitets to move
vertically downwards in the same direction as the graatati force,

which likely reduces the sedimentation height of self-gitgzl rods
compared to that of diffusive rods (31). As a result the petfpelled

rods orient towards the thin gap between the walls of thergpéued

the substrate, though the effect may be weaker in 3D thanri2Bu
model.

To verify experimentally that only short-range interansooc-
cur between self-propelled rods and passive spheres, ve@deothe
distribution of rod positions relative to the center of anbgasphere
(Fig. [BA). This is measured by sampling the distance fromvargi
rod to the nearest sphere over time, excluding cases whermth
has multiple spheres within three sphere radii. For pagsige in
water, the density is nearly uniform everywhere except\beloe
sphere, where the density decreases to zero. Active rodshaie
a uniform distribution away from the sphere, but in conttaspas-

In our experiments there are effectively cles would then yield the relative densities in Fig. 5A. Vétihermal

fluctuations interacting with the capture effect seem tdarpthe
basic mechanisms at work, a more predictive theory shoulddie
swimmer geometry and detailed chemistry.

Conclusion

Suspensions of self-propelled and passive particles revaa as-
pects of dynamics in active matter. Swimmers with an effecsiip
on a majority of their surface, including phoretic partl@23/24)
and motile ciliates[(28), move without causing much disamd®e to
colloidal particles. This suggests that phoretic particdan move
stealthily, with little perturbation to the surroundingifluand ob-
jects within it. Still, the swimmers themselves are capiurg solid
boundaries and can accumulate in spatially constricteidmegun-
like passive particles. This may offer insight into the hydirnamic
effects in cell adhesion and feeding, as well as suggesegtes to
filter groups of swimmers through the confined spaces of leaigis,
microfluidic devices, and porous media. Our results alsogito

sive rods now show a sharp peak below the sphere. Thesedgatuguestion the use of colloidal tracers as probes in out-afliegum

for self-propelled rods are consistent with the hypothesisapture
through short-range interactions. Further, hydrodynantaractions
induced by the rod’s propulsive mechanism enable the sphere
capture self-propelled rods but not passive ones.

Capture time statistics. While our deterministic model predicts that
swimmers move closer to a solid surface, fluctuations magecthem
to move away or remain at some characteristic distance.rlexqeri-
ments the trapping is transitory, and we observe that tppitng times
are typically less than 5 seconds and have an exponentiebdison
with decay rate\ ~ 1.5s* (Fig.[8B). The trapping time-scala (')

is comparable to the time-scales of rotational diffusiod daration
between stochastic flips(1s) (31) .

In rare instances, the rods remain trapped on the order aftesn
Highly curved rods that move in small circles tend to eittemain
trapped for relatively long times or are hardly trapped,ethefing on
whether they approach a sphere with the trajectory cundmgtds
or away from the sphere, respectively. One possible indémfion
of this is that the rods are curved towards the sphere whilg #ne
trapped until thermal fluctuations flip them ovier|(31) andodaéhem
to escape.

systems, as for example in measuring the effective temperaf an
active bath[(5.16.27). The tracers may not fully capture tramex
swimmer movements and enhanced fluid mixing which could gener
in concentrated suspensions. We speculate that adding@apay
phoretic swimmers such as studied here would markedly tff@e
they interact with the surrounding fluid and with obstacles.
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Materials and Methods

Simulation of trapping times. To study the effect of thermal fluctuations on
the trapping time, we carried out simple simulations of our model with the added
effect of rotational Brownian motion. Consider a swimmer with fluid slip over
90% of its body length L = 2 um (@ = —0.9, b = 0.9) moving at speed
U = 20 pmis at a typical distance H~0.2 yim from the wall. We simulate the
orientation angle @ of 10000 swimmers which are initially parallel to a wall. The
angle evolves according to the Langevin Equation

0(t + At) = 0(t) + QAt + V2D, At X, (8]

We have developed a numerical model by including thermai flucwhere ) ~ 3 /s is the typical rotation rate estimated using Eq. [ D, = 1/s

tuations in the orientational dynamics and defining a aitémgle for
escape (see Materials and Methods). This yields a Poissmess
for escape times, and reproduces the exponential disgtribédund

in Fig.[8B. The relative residence times of trappedntrapped parti-
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