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We experimentally determine the force exerted by a bath of active particles onto a passive probe as a
function of its distance to a wall and compare it to the measured averaged density distribution of active
particles around the probe. Within the framework of an active stress, we demonstrate that both quantities
are—up to a factor—directly related to each other. Our results are in excellent agreement with a minimal
numerical model and confirm a general and system-independent relationship between the microstructure of

active particles and transmitted forces.
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Depletion forces often dominate the effective forces
among (colloidal) particles and their interactions with walls
when suspended in fluids containing additional depletion
agents, e.g., a background of smaller particles, nonadsorbing
polymers, micelles, or vesicles [1-3]. At sufficiently small
colloid-colloid or colloid-wall distances, excluded volume
and other effects lead to anisotropic distributions of back-
ground particles around the colloids, causing attractive and
repulsive depletion forces. Depletion forces are also gen-
erated by active particles (APs) that are capable of self-
propulsion, e.g., motile bacteria, molecular motors, sperma-
tozoa, or active colloids (for a review, see Ref. [4]). Despite
noticeable similarities, such active depletion forces lead to an
even richer behavior including long-ranged oscillatory forces
on confining walls (the pressure) [5-11], bath-mediated
interactions between inclusions [12—-14], non-Gaussian dif-
fusion of immersed colloidal particles [15,16], and the
unidirectional motion of asymmetric objects in the presence
of bacterial baths [17-20]. As opposed to passive, i.e.,
Brownian—depletion agents, where a close relationship
between their microstructure and the resulting depletion
force has been established [1-3,21-23], until now such a
direct connection between the nonequilibrium steady-state
distribution of APs and the active depletion forces has not
been reported in experiments.

In general, the mechanical force exerted on a probe
particle is given by

F—% d¢n - o, (1)
0A

where o (r) is the local stress in the bath due to the probe
and walls and 0A is an arbitrary boundary with the normal
vector n enclosing the probe. In passive baths, the stress is
directly related to the equilibrium distribution of depletants.
For hard particles, highly accurate approximations have

0031-9007/22/129(5)/058001(6)

058001-1

been constructed, but this approach also extends to other
interactions [3,24].

Here we apply the theoretical framework of an “active
stress” [25-27] to an experimental system to obtain the
force exerted by APs onto a probe particle within a circular
cavity from the measured AP distribution around the probe.
The results are in excellent agreement with independent
force measurements using optical tweezers and are also
corroborated by numerical simulations. Notably, our
approach does not require knowledge of the specific
interactions between APs and the probe, thereby facilitating
the application of this concept to many other synthetic or
living active systems.

Active colloidal particles are made by evaporating 20 nm
thin carbon caps onto silica spheres with diameter
2r, ~2 pym. They are suspended in a mixture of water
and propylene glycol n-propyl ether (PnP) (0.4 mass
fraction of PnP). Under laser illumination (4 = 532 nm,
I ~7 yW/um?), the fluid near the light-absorbing caps
locally demixes, leading to compositional surface flows
and thus to self-propulsion of the particles [28,29]. Owing
to gravity and hydrodynamic interactions with the lower
sample plate, the translational and rotational motion is
effectively restricted to two dimensions (2D) [28]. A
suspension of APs with area fraction 0.31 £0.02 is
laterally confined to a lithographically fabricated circular
cavity with a 100 um diameter. For the slow propulsion
velocity » = 0.40 £ 0.08 um/s used in this study, no
motility-induced phase separation, i.e., formation of par-
ticle clusters—is observed [30,31]. Under such conditions,
the demixing zones of the binary fluid remain rather close
to the AP surfaces, which largely reduces phoretic inter-
actions between the particles. From the APs’ rotational
diffusion time 7, =~ 23.7 s, one obtains their persistence
length ¢ = vr, &~ 9.5 um (see the Supplemental Material
[32]). For the measurement of active depletion forces,
specifically designed probe particles were fabricated via a
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FIG. 1. (a) Electron scanning microscope image (top) and
schematic picture (bottom) of the probe particle used. The scale
bars are 3 ym each. (b) Schematic illustration of the experimental
situation. The probe particle at x,, and surface-to-surface distance
to the circular wall d is trapped by an optical tweezers (x,, denotes

the center of the trap). The smaller spheres with the dark caps
correspond to the APs.

two-photon laser writing process [41]. They consist of
disks with diameter 2r, = 15 ym and thickness 3.5 ym
with four legs underneath to minimize the friction with the
substrate [Fig. 1(a)]. On top of the disks, we designed
hemispheres with diameter 11 ym to guarantee a harmonic
optical trapping potential when a vertically incident laser
beam (4 = 1064 nm) is focused onto the probe. The chosen
intensity and focus diameter of the laser yield an optical
trap stiffness k=0.50+0.02 pN/um (see the Supplemental
Material [32]). The force exerted on the probe is then
obtained from the probe’s mean displacement relative to the
trap center Ax = x, — x,, [Fig. 1(b)]. Prior to each force
measurement, we allow the system to equilibrate for =15
minutes with the AP’s activity turned off. After illuminat-
ing the sample, we wait ~10 minutes to reach a steady state
before recording the position of the probe and APs for
2000 s using a center-of-mass tracking algorithm at a frame
rate of 2 Hz.

Figure 2(a) shows a typical snapshot of the experiment.
From the time-averaged configurations we calculate
the spatial density p(x,y) of APs, which is plotted in
Figs. 2(b)-2(f) for different probe-wall distances normal-
ized by the AP diameter, i.e., d = d/(2r,). In agreement
with previous studies, as a result of the APs’ finite
reorientation dynamics, their density is increased at the
surfaces of the cavity wall and the probe [42]. In particular,
at small d’, APs strongly accumulate in the wedges formed
by the probe and the wall [10]. This asymmetry in the
AP distribution leads to d’-dependent changes of the
probe’s fluctuations relative to the optical trap center as
shown by the corresponding probability distributions
P(Ax). Figure 3(a) corresponds to the situation where
the probe is near the center of the cavity. Regardless of
whether the colloidal particles are passive or active (i.e.,
whether green laser illumination is off or on), P(Ax) is
symmetric around Ax = 0, indicating the absence of an
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FIG. 2. (a) Experimental snapshot showing APs (dark points)
and the optically trapped probe particle inside the circular cavity.
Measured AP density distributions are displayed for different
probe-wall distances: (b) d' = 0.46, (c) 1.02, (d) 1.59, (e) 2.78,
(f) 6.30. Scale bars are 10 ym each.

effective force (solid lines). However, compared to passive
particles where P(Ax) agrees well with a Gaussian dis-
tribution, in the case of an active background P(Ax)
becomes broader and exhibits non-Gaussian tails. Such
tails are caused by the finite persistence length of APs and
are in good agreement with other studies using active baths
[43,44]. When the probe is positioned closer to the cavity
wall, however, the maximum of the distributions shifts to
the right relative to Ax = 0, and the distributions become
asymmetric [Fig. 3(b)], both indicating an additional force
acting on the probe.

From the probe’s mean displacement relative to the
optical trap’s center in the x and y directions, we obtain the
force F = (F,,F,) acting on the probe, which is shown
with symbols in Fig. 4(a) as a function of d'. In particular, at
short distances, F,(d’) displays a strong nonmonotonic
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FIG. 3. (a) Distribution P(Ax) at the center of the circular

confinement in the presence of active (squares) and passive (circle)
particles. The solid lines are Gaussian fits. (b) Distribution P(Ax)
with the probe at d = 1.02 (stars), 1.59 (squares), and 6.30
(circles). The solid lines correspond to fits with a Gaussian
distribution. The error bars show the standard deviation of
experimental data calculated over five independent measurements.
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FIG. 4. (a) Experimentally measured values of F, (dark
symbols) and F, (light symbols) as a function of normalized
distance d' = d/(2r,) of the probe from the wall of the circular
confinement with radius r.,, = 50 pm. The error bars correspond
to the standard deviations calculated over five independent
measurements. The inset shows F, (symbols) together with
the prediction according to Eq. (4) from the measured number
density p (red solid line). (b) Density p(¢) of APs (normalized by
the global number density p,) around the probe for different
values of d' [being labeled with identical symbols (colors) to
those in (a)].

behavior and eventually decays to zero at large distances d'.
Such behavior is in qualitative agreement with repulsive
active forces observed in previous experimental and theo-
retical studies [5,7,12,13,45]. F, becomes zero at distances
d'Z5, corresponding approximately to the APs’ persistence
length. Due to symmetry reasons, F| is essentially zero and
only fluctuates slightly around zero.

A qualitative understanding of the nonmonotonic and
repulsive behavior of F,(d') is immediately obtained from
the density distributions shown in Figs. 2(b)-2(f). At a
probe-wall distance d' = 0.46, APs are unable to pass the
probe-wall spacing, which leads to a strong increase of p in
the wedges formed by the probe and the wall. This density
inhomogeneity around the probe causes a large repulsive
active depletion force F', acting on the probe [Fig. 2(b)], in
stark contrast to attractive forces generated by passive
depletion agents at such small distances. Upon slightly
increasing d’, APs are able to “squeeze” through the space
between the probe and the wall, thereby further pushing the
probe away from the wall. When d’ becomes comparable to
the AP diameter, this squeezing-induced effect disappears

and the AP density enrichment near the wall is much less
pronounced [Fig. 2(c)]. This explains the appearance of the
first maximum of F, [Fig. 4(a)]. Because APs generally tend
to accumulate near walls, for ' > 1, on average, a dense
monolayer forms at the circular cavity wall, and the above
discussed accumulation of APs at the wedges will repeatin a
similar fashion at larger distances. This is shown for
d = 1.59, where the density of APs between the probe
and the wall is again increased [Fig. 2(d)], which rationalizes
the second peak in F', [Fig. 4(a)]. For larger distances, the
density around the probe becomes more and more homo-
geneous, which eventually leads to the disappearance of an
active depletion force [Figs. 2(e) and 2(f)].

As a first step towards a quantitative relationship
between the AP distribution and the active depletion force,
we determine from p(x, y) the angle-resolved AP density
distribution p(¢) around the probe particle, with ¢ defined
in Fig. 2(b) [for details regarding the determination of p(¢),
see the Supplemental Material [32]]. Figure 4(b) shows
p(@) normalized by the total particle density p, for several
values of d' [marked as colored symbols in Fig. 4(a)].
Clearly, the nonmonotonic behavior in F (d') is also
reflected in the corresponding p(¢; d’), suggesting a close
link between the two quantities.

To yield a direct relationship between the active
depletion force and the AP distribution, we write the force
on the probe as F = [, d*rpVu with local density p(r) of
active bath particles, and with u(r) as the pair potential
characterizing the bath-probe interaction as a function of
their (center-to-center) distance r. The force thus depends
on the averaged AP configuration given by their density
profile with respect to the probe center [cf. Fig. 4(b)]. In
contrast to a dilute passive bath in thermal equilibrium,
where p(r) « e “(")/*s7) such a relationship is no longer
valid in the case of an active bath [46] and thus fails to
predict the force F [13].

Under steady-state conditions and regardless of whether
the system is in thermal equilibrium or not, force balance
dictates the validity of the hydrostatic equation V -6 —
pVu =0 (in the absence of particle currents [26]).
Exploiting the divergence theorem leads to Eq. (1).
Importantly, if we choose a contour JA outside the range
of u(r), the interactions u(r) do not show up explicitly in
the expression for the local stress [25]

6 = —pkgT1 — kgTvr, [2;)0,01 - (Vp)ST} . (2)

even though they do shape the distribution of APs around
the probe. Here, the local polarization field p(r) of APs
enters. Moreover, the local propulsion speed (r) is
reduced compared to the bare propulsion speed v due to
interactions with neighboring particles. The symmetric and
traceless derivative is (Vp)5" = 9,p; 4+ 9;p; — (V- p)5;;.
The view expressed in Eq. (2) relates the nonvanishing
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polarization due to the aggregation at the probe and
confinement to an active stress tensor, but alternative views
have been proposed in which the polarization is identified
with an external one-body force [47]. However, this
distinction changes neither the force balance nor the
mechanical force F on the probe.

We now consider a circular contour 0.4 with radius r;, >
r, + r, and normal vector n = e, given by the radial unit
vector. We choose r,, as close to the probe as possible but
outside the range of the pair potential, u(r > r;) ~0.
Plugging Eq. (2) into Eq. (1), we obtain (for details, see
the Supplemental Material [32])

v v, 2
i eff)% dorye.p(ry, )

F=—-kT|1+——
? ( * 2D,

0 2n
+ kgTvz.ry [E[) dep(r, (p)] . (3)

The second integral involving the polarization can be
eliminated by setting p = D,Vp, exploiting the fact that
our symmetric probe does not generate a particle current.
Moreover, symmetry dictates that F, = 0 [cf. Fig. 4(a)]. If
we further use the fact that the density decays exponentially
away from the probe, we obtain the rather simple result [32]

Fy = kgTeCy (4)

for the force, whereby the integral C,.(r,) =
— [¢™ dgry, cos pp(ry,. @) only depends on the density of
APs outside the probe. While Eq. (4) resembles the passive
result with an elevated effective temperature 7o (r), the
distribution of APs around the probe markedly deviates
from the equilibrium profile. The temperature 7¢ simply
encodes the elevated density fluctuations due to the activity
of the particles.

The solid line in the inset of Fig. 4(a) shows the predicted
force F, calculated from the experimentally measured
density profiles with r, = r, +2.2r,. We observe excel-
lent agreement with the independently measured forces,
with an effective temperature 7 ~ 17T for all distances
d'. Note that for distances d’' < 1, the integration contour
would intersect the wall, which does not allow the
evaluation of forces in this range. We remark that kg7 .
and C, individually depend on r,, but F is independent of
the precise choice of the integration contour.

We corroborate our results with numerical simulations
employing a minimal model of active Brownian particles.
Within this model, hydrodynamic interactions are neglected,
and only the excluded volume of APs and their self-
propulsion with constant speed v is considered. All model
parameters are fixed by the experimental values. Further
details are provided in the Supplemental Material [32].
Figure 5(a) shows the force F as a function of d’ obtained
from simulations. As in the experiments [cf. Fig. 4(a)], the
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FIG. 5. Simulation results for active Brownian particles.

(a) Force on the probe in the x (open circles) and y (open
triangles) directions as a function of normalized distance d’ for a
circular confinement of radius r.,, = 50 ym. The error bars
correspond to the standard deviation calculated over five inde-
pendent simulation runs. The inset shows the measured force F,
(symbols) together with the prediction of Eq. (4) from the
measured number density p (red line). (b) Density p(¢p) of
APs (normalized by the global number density p,) around the
probe on a circle of radius r, = r, +2.2r, for different d'. F,
values corresponding to the p(¢)’s shown in (b) are marked with
the same symbols in (a).

force experienced by the probe is always repulsive and
oscillates before eventually decaying to zero. In addition, the
positions of the maxima agree very well with experiments.
The inset of Fig. 5(a) shows the measured force together
with the prediction of Eq. (4), which also for this model
system shows excellent agreement with a single elevated
temperature T ~ 16.257 independent of the probe-wall
separation.

The only difference lies in the magnitude of F and the
angular densities p(¢) [Fig. 5(b)], which are consistently
smaller in simulations. To understand those differences in
more detail, we have determined the distribution of contact
times, i.e., the times APs remain near the lateral confine-
ment and the probe particle, respectively. We find that using
an entirely repulsive model underestimates the width of the
experimentally determined distribution of contact times;
see the Supplemental Material [32]. Adding an attraction to
the model that effectively accounts for, e.g., phoretic
attractions and the slowing down of AP velocities due to
surface roughness or hydrodynamic effects yields better

058001-4



PHYSICAL REVIEW LETTERS 129, 058001 (2022)

consistency with the experimental data and concurrently
increases the force magnitude, reaching good quantitative
agreement [32].

In summary, we have demonstrated with experiments
and simulations that the forces exerted by an active bath
onto a probe particle can be obtained from the AP density
around the probe by employing the recently proposed
concept of active stress. Remarkably, this approach does
not require explicit knowledge of system-specific AP-probe
interactions; therefore, it is applicable to many other active
systems. In addition to understanding the motion of
Brownian objects in baths of synthetic active particles,
our work may also elucidate the role of active depletion
forces in living systems which are believed to contribute to
the organization of intracellular structures [48,49].
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S.P. acknowledges support from the Alexander von
Humboldt foundation, A.J. and T.S. for funding from
the Deutsche Forschungsgemeinschaft through TRR 146,
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