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First-passage statistics of confined colloids
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The encounter of diffusing entities underlies a wide range of natural phenomena. The dynamics of these
first-passage dynamics are strongly influenced by confining geometries. Confinement modifies microscopic
diffusion through conservative and hydrodynamic interactions, making it essential for realistic modeling. In
this article, we investigate how confinement affects the first-passage statistics of a diffusing particle. Using
state-of-the-art holographic microscopy combined with advanced statistical inference, we probe this motion
with nanometric precision. Our experimental and numerical results show that confinement can either hinder
or enhance first-passage kinetics, depending on the spatial direction. In particular, a wall-normal target finding
is accelerated by confinement-induced non-Gaussian displacement statistics—which increases the probability
of rare, large displacements—compared to an analogous situation relying on a Gaussian process. The results
presented hereafter carry implications for confined chemical reactions and biological winners-take-all processes
near boundaries.

DOI: 10.1103/6bzx-34wr

I. INTRODUCTION

The efficiency of stochastic target finding, where noise-
driven particles locate specific sites, is fundamental to diverse
natural and engineered systems. Examples include chemical
and prebiotic reactions [1,2], the transfer of information in
neuronal synapses [3–5], DNA-protein interactions [6–9], or
even stock-market predictions [10,11]. Specifically, micro- or
nanosized entities moving in a viscous liquid typically un-
dergo Brownian motion, a diffusion process driven by thermal
fluctuations [12–15]. The dynamics and success of the asso-
ciated random search processes are profoundly influenced by
the complex confining geometries of the local environments,
such as blood cells flowing in vessels [16,17], transmitter and
receptor proteins in synaptic junctions [3,4], or ions in chem-
ical solutions [2]. Such biological or chemical environments
are inherently complex and significantly modulate particle
diffusivity and overall behavior.

In recent decades, environment-dependent particle dynam-
ics has fostered extensive research efforts, in both idealized
and more realistic scenarios. In the case of purely viscous
fluids, confining boundaries are known to hydrodynamically
hinder [18] or speed up [19,20] diffusion, depending on
the boundaries’ wetting and stickiness properties [21]. Such
systems exhibit anisotropic spatial variations in diffusiv-
ity [22]. In addition, diffusing entities can be subjected to
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electrostatic or van der Waals forces [23] originating from
confining boundaries or other diffusing entities [9,24]. In-
terestingly, the combination of confinement-induced static
and hydrodynamic interactions often leads to non-Gaussian
dynamics [25–28]—in stark contrast with the Gaussian dy-
namics of unconfined, bulk systems. Consequently, and given
the importance and ubiquity in biology and chemistry of
target-finding situations near boundaries, it is essential to
study how the properties of a confining environment influence
the problem of target finding. This problem is fundamentally
probabilistic and is analyzed using the statistics of the first-
passage time (FPT)—the random time it takes a diffusively
searching entity to first reach a specific target [29,30]. Despite
extensive studies on FPT statistics in diverse systems [5,30–
35], the fundamental case involving classical static and hydro-
dynamic interactions with a single wall remains unexplored.
This work directly addresses this gap.

Experimentally monitoring rare events like colloidal tar-
get finding is challenging, as it demands a technique that
spans broad spatial and temporal scales. To overcome this
obstacle, we employ here holographic microscopy to capture
three-dimensional trajectories of isolated colloidal particles
diffusing in a viscous liquid near a planar wall. Statistical
inference of these trajectories reveals non-Gaussian displace-
ment distributions, indicating a heightened probability of
large, rare displacements. These confinement-induced non-
Gaussian dynamics appear to accelerate FPT processes, hence
offering a perspective on target-reaching scenarios in realistic,
bounded environments.

II. METHODS

In this study, the confined diffusion we refer to consists
of the Brownian motion of an isolated negatively surface-
charged spherical polystyrene colloid, of radius ap (ranging

2643-1564/2026/8(3)/033309(10) 033309-1 Published by the American Physical Society

https://orcid.org/0009-0007-4298-1539
https://orcid.org/0000-0002-8351-6824
https://orcid.org/0000-0002-0475-5510
https://orcid.org/0000-0001-6111-8721
https://ror.org/057qpr032
https://ror.org/02feahw73
https://ror.org/05qsp5m64
https://crossmark.crossref.org/dialog/?doi=10.1103/6bzx-34wr&domain=pdf&date_stamp=2026-09-14
https://doi.org/10.1103/6bzx-34wr
https://creativecommons.org/licenses/by/4.0/


DE TOURNEMIRE, FARES, AMAROUCHENE, AND SALEZ PHYSICAL REVIEW RESEARCH 8, 033309 (2026)

FIG. 1. Monitoring confined diffusion via Mie holography [37].
(a) Three-dimensional trajectory of a spherical polystyrene colloid
of radius ap = 1.48 µm diffusing in a viscous liquid near a rigid
glass wall. (b) Raw experimental (Exp) hologram, and corresponding
theoretical hologram, with their respective radial intensity profiles.
(c) Experimental (exp) equilibrium probability distribution function,
Peq, for the altitude z of the colloid (gray circles), with its correspond-
ing fit to Eq. (1) (black line), leading to B = 6.96, lD = 33 nm, and
lB = 604 nm. (d) Mean squared displacements 〈�τ q2〉 as functions
of the time lag τ , in the x direction (red) and the z direction (blue).
The corresponding colored solid lines depict the best fits to Eq. (3) in
both directions, leading to Dx = 0.542 D0 and Dz = 0.268 D0. The
equilibrium time is indicated with the dot-dashed vertical line. (e)
Probability distribution function, P(�τ x), of the colloid’s in-plane
displacements �τ x over a time τ , for τ = 50 ms (red dots) and 1 s
(orange dots). The gray solid lines depict the best fits to the theoret-
ical prediction detailed in Refs. [27,37], with the same parameter
values as in panel (c). The black dashed line corresponds to the
Gaussian prediction of Eq. (6), with the diffusion coefficient Dx from
panel (d). (f) Same as panel (e) but in the z direction.

from 1 to 3 µm) and density ρp � 1050 kg/m3, diffusing in
a viscous water-ethylene-glycol mixture of density ρm and
viscosity ηm (ranging from 1000 to 1050 kg/m3 and from 0.95
to 3.2 mPa s, respectively), and near a negatively surface-
charged rigid glass wall, as illustrated in Fig. 1(a).

The microscopy method used to monitor the confined dif-
fusion is based on Lorenz-Mie holography [36–38], and is
schematized in Fig. 1(a). The sample preparation protocol is
detailed in Appendix G. A plane wave (wavelength 532 nm;
output power 4 mW) illuminates the colloid, which scatters
part of the incident wave. The interference between the inci-
dent and scattered waves produces fringes, which recast in a
pattern called a hologram. An experimental hologram is dis-
played in Fig. 1(b). The experimental hologram is then fitted

to the Lorenz-Mie theory, which leads to the determination
of the colloid’s radius and refractive index np (allowing for in
situ calibration of each experiment), and of the colloid’s three-
dimensional position with nanometric precision, as suggested
by the agreement between the experimental and theoretical
holograms and associated radial intensity profiles represented
in Fig. 1(b).

In practice, holograms are recorded via a 100× Olympus
immersion-oil objective and a Basler camera, operating at a
frame rate of 100 frames per second with an exposure time
of 2 ms, over a total recording duration of 1 h. The recon-
structed colloid’s trajectory (x(t ), y(t ), z(t )) [see Fig. 1(a)]
is then analyzed in order to infer characteristic features of
confined diffusion, with (x, y), z, and t denoting, respectively,
the colloid’s in-plane position, the colloid-wall gap distance,
and the time. We stress that the specific trajectories used in the
current article are original and distinct from the ones used in
Refs. [27,37].

The first feature described here stems from the z trajectory
and allows for a quantitative description of the confinement
considered. By binning the z domain and counting positional
occurences at long times, one gets the equilibrium probability
distribution function Peq of presence in the z direction, as
displayed in Fig. 1(c). While the electrostatic repulsion be-
tween the negatively charged colloid and wall sets the lower
boundary of the z domain, an effective upper boundary is
set by the colloid’s buoyant weight. Specifically, Peq directly
depends on the potential Ueq governing the process, as

Peq(z) = N e−Ueq (z)/(kB�), (1)

where N is a normalization constant, and kB and � denote the
Boltzmann constant and room temperature, respectively. The
potential Ueq reads

Ueq

kB�
= Be−z/lD + z

lB
. (2)

In the above equation, B quantifies the magnitude of surface
charges [39], lD is the Debye length [40], i.e., the ionic screen-
ing length of the electrostatic repulsion, and lB = kB�

4
3 πa3

p�ρg

(with �ρ = ρp − ρm the density mismatch and g the local
gravity constant) is the Boltzmann length [14], i.e., the typ-
ical extent of the reachable z positions. In fact, we scan the
confinement strength via the Boltzmann length, by adding
ethylene glycol to water solutions and thus tuning the density
mismatch (see Appendix B).

We now focus on the confined-diffusion dynamics. The
canonical observable related to diffusion, namely, the mean
squared displacement (MSD) 〈�τ q2〉 (where q = x, y, z,
�τ q = q(t + τ ) − q(t ), and 〈·〉 denotes the average over the
time t), is shown in Fig. 1(d). The process is anisotropic and
the diffusivity is lower in the normal direction than in the
transverse one, as z-data points are systematically lower than
x-data points. Nevertheless, at short times, both MSDs are still
linear with respect to time, as in bulk configurations, and are
ruled by the classical diffusion law:

〈�τ q2〉 = 2Dq τ, (3)

where Dq is the diffusion coefficient of the process. In the
absence of a wall, this diffusion coefficient would be the bulk
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one D0, which obeys the Stokes-Einstein relation:

D0 = kB�

γ
, (4)

where γ = 6πηmap is the bulk Stokes drag coefficient.
However, the confining wall, through the associated no-slip
boundary condition, amplifies the viscous drag and makes
it not only anisotropic but also z dependent [41,42]. Con-
sequently, the colloid’s real diffusivity dq(z) becomes z
dependent (see Appendix A), leading to the z-averaged dif-
fusion coefficient Dq, given by [37]

Dq =
∫ +∞

0
dz Peq(z)dq(z). (5)

The average diffusion coefficient Dq is thus reduced compared
to D0. Besides, we stress here that the z-MSD saturates at
longer times, to a value that scale as l2

B [37]. This effective
trapping directly results from the potential Ueq in which the
colloid lies. This saturation allows to define the characteristic
equilibration time τeq ∼ l2

B/(2Dz ) of the process, which is
the timescale over which the colloid has visited the typically
reachable z positions.

Our statistical inference goes further than the simple
MSDs, i.e., the variances of the displacement distributions, as
one can in fact reconstruct the full distributions P(�τ x) and
P(�τ z) for, respectively, in-plane and normal displacements
over a duration τ . For both these observables, which are dis-
played in Figs. 1(e) and 1(f), we observe a broadening over
time, highlighting the diffusive nature of confined Brownian
motion. Moreover, for our parameter range, and despite the
presence of non-Gaussianities [27,37] due to a multiplicative
noise, the in-plane distribution can be fairly approximated by
a Gaussian law, PGauss, that reads

PGauss(�τ q) = 1√
4πDq τ

e
−�τ q2

4Dq τ . (6)

As such, the in-plane process resembles a simple slowed-
down (Dx � D0) bulklike Gaussian process. In sharp contrast,
we observe the emergence of strong non-Gaussian tails in
the z-displacement distribution, mostly due to the trapping
potential—another clear signature of the confinement-induced
symmetry breaking between spatial directions. However, a
central question emerges for our purpose here: Do such non-
Gaussianities, associated with an increased probability of the
rarest events, impact the FPT statistics? Before turning to this
open question, we first investigate the target-finding dynamics
of a colloid diffusing in the bulk, far from any boundary, in
order to recover the classical results as a reference for future
comparison.

III. RESULTS

In this section, we discuss the reference situation of bulk
diffusion. Rationalizing the behavior of a colloid diffusing
freely in the bulk [see Fig. 2(a)] starts from the bulk Langevin
equation [43]:

mẍ(t ) = −γ ẋ(t ) +
√

2kB�γ ξ (t ), (7)

where x denotes the coordinate of the particle (the other spatial
directions being equivalent in the bulk) and ξ (t ) is a Gaussian

FIG. 2. First-passage statistics of a spherical polystyrene colloid
(ap = 1.46 µm) diffusing in the bulk of an ethylene-glycol-water
mixture (weight ratio of 42% in ethylene glycol). (a) Trajectory along
x. The colloid initially starts at x = x0 = 0 and reaches the target
located at x = x0 + L = L, at time t . (b) Distribution f (t ) of the
first-passage times t , for a target located at a distance L = 500 nm
from the initial position. Experimental data (gray circles) and theo-
retical prediction (gray line) of Eq. (11), with the diffusion coefficient
D0 = 4.53 × 10−2 µm2/s [see Eq. (4)].

white noise defined by 〈ξ 〉 = 0 and 〈ξ (t )ξ (t ′)〉 = δD(t − t ′),
with δD(t ) the Dirac distribution. Within the overdamped ap-
proximation, this Langevin equation leads to the following
diffusion equation on the probability distribution function
P(x, t ) quantifying the probability for the bead to displace by
an increment x over a time lag t :

∂P(x, t )

∂t
= D0

∂2P(x, t )

∂x2
. (8)

The target-finding process suggests an absorbing boundary
condition at the target coordinate, i.e., P(x = x0 + L, t ) = 0,
and a point-source-like initial condition P(x, t = 0) = δ(x −
x0), where x0 denotes the initial position of the particle and
L is the distance between the initial position and the target,
which is assumed to be positive without loss of generality.
The Green’s function and the image method are used to solve
this problem, leading to

P(x, t ) = 1√
4D0πt

{
e− (x−x0 )2

4D0t − e− [x−(2L+x0 )]2

4D0t
}
. (9)

Then, the probability that the colloid has not found the target
after a time t , aptly named the survival probability S(t ), is
expressed as the integral of P(x, t ) over the free domain ] −
∞; x0 + L], as

S(t ) =
∫ x0+L

−∞
dx P(x, t ) = erf

(
L√

4D0t

)
, (10)
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FIG. 3. First-passage-time statistics in confinement for a wall-
parallel search with a target located at a distance L = 500 nm from
the initial position. (a) Dimensionless distributions F (T ) of the di-
mensionless first-passage times T of a colloid diffusing, either in the
bulk (gray) or near a wall (red). Circles correspond to experimental
(exp) data, upside-down triangles to Langevin simulation (LS) data
[see Eq. (12a)], and the solid lines to the theoretical predictions of
Eq. (11) (bulk, D0 = 4.53 × 10−2 µm2/s) and Eq. (13) (confined,
D0 = 15.1 × 10−2 µm2/s, Dx = 8.18 × 10−2 µm2/s). (b) Relative
delay �T max/T max

bulk [see Eq. (14)] of the most likely dimensionless
first-passage time as a function of the confinement parameter � =
ap/lB. Orange hexagons correspond to experiments, gray hexagons to
simulations, and the gray line to the associated theoretical prediction
(see Appendix E), with no adjustable parameter.

where erf denotes the Gauss error function. Finally, we derive
the first-passage-time distribution (FPTD), f (t ), i.e., the nor-
malized distribution of the first time t at which the colloid
reaches a given target placed at position x = x0 + L. The
FPTD is a Lévy distribution [29], given by

f (t ) = −dS(t )

dt
= L√

4πD0t3
e− L2

4D0t . (11)

For clarity and simplicity sake, only one type of bulk experi-
ment (detailed in Table II of Appendix B) has been performed
and shown in Figs. 2(b), 3(a), and 4(a).

To optimize statistical reliability, we use an algorithmic
procedure (see Appendix C) that enables the construction of a
well-converged normalized histogram of FPTs from a single
trajectory. The resulting FPTD is shown in Fig. 2(b). The close
agreement observed between the experimental and theoretical
[Eq. (11)] FPTDs for free diffusion in the bulk validates our
approach and motivates the exploration of more complex,
confined scenarios.

Having assessed the reference bulk case, we turn to a
detailed examination of how confinement influences the first-
passage statistics, through the FPTD f (t ).

As mentioned previously, the confinement-induced hy-
drodynamic interactions alter the colloid’s mobility, both

FIG. 4. First-passage-time statistics in confinement for a target
located along z at a distance L = 300 nm from the initial posi-
tion. Note that the latter is randomly selected from Peq(z) for
prethermalized samples. (a) Dimensionless distribution F (T ) of the
dimensionless first-passage times T for a colloid diffusing either in
the bulk (gray) with D0 = 4.53 × 10−2 µm2/s or near a wall (blue)
with D0 = 7.14 × 10−2 µm2/s and Dz = 4.3 × 10−3 µm2/s. Circles
correspond to experimental data (non-Gaussian), upside-down tri-
angles to simulation data (non-Gaussian) [see Eq. (12b)], the gray
solid line to the bulk theoretical prediction of Eq. (11), and the
blue dashed line to simulation data when replacing the z-dependent
diffusivity dz(z) = kB�/γz(z) by Dz within Eq. (12b) (Gaussian).
(b) Relative reduction �T /T G [see Eq. (15)] of the dimensionless
mean first-passage time as a function of the confinement parameter
� = ap/lB. Langevin simulations are indicated with gray hexagons,
while experiments (exp) are indicated with orange hexagons.

perpendicular [42] and parallel [41] to the wall. Hence, the
stochastic processes are treated starting from the following set
of coupled Langevin equations:

mẍ(t ) = −γx(z)ẋ(t ) +
√

2kB�γx(z) ξx(t ), (12a)

mz̈(t ) = −γz(z)ż(t ) − U ′
eq(z) +

√
2kB�γz(z) ξz(t ), (12b)

where γx(z) and γz(z) are the z-dependent viscous drag coeffi-
cients along x [41] and z [42], respectively, ξx(t ) and ξz(t ) are
independent Gaussian white noises, satisfying 〈ξq〉 = 0 and
〈ξq(t )ξq(t ′)〉 = δ(t − t ′), and U ′

eq denotes the z derivative of
the potential Ueq(z) [see Eq. (2)].

In contrast with the aforementioned bulk scenario, given
the wall-induced anisotropy in the problem, we distinguish
between two target-finding processes, namely, a parallel
search along the x axis (the same process can be discussed
along y) or a normal search along the z axis. The aim of the
two following subsections is to characterize the FPTD of the
confined colloid in these two situations.

In the in-plane dynamics described by Eq. (12a), hy-
drodynamic interactions with the wall constitute the only
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deviation from the bulk behavior described by Eq. (11).
The in-plane motion exhibits an MSD that increases lin-
early with time [Fig. 1(d)], as well as a nearly Gaussian
displacement distribution [Fig. 1(e)] for our current range of
parameters [27,37], both fully characterized by the average
diffusion coefficient Dx. Accordingly, the confined in-
plane dynamics—characterized by a z-dependent diffusivity
dx(z) = kB�/γx(z)—can be fairly approximated by a bulklike
Gaussian process but with a lower, effective diffusivity Dx. As
a consequence, we substitute Dx into the Lévy distribution of
Eq. (11) originally derived for the bulk case, which then takes
the following form:

f (t ) = L√
4πDxt3

e− L2

4Dxt (13)

and stands as a theoretical ansatz for the in-plane target-
finding process. As shown in Fig. 3(a), Eq. (13) correctly
captures the experimental FPTDs. This agreement is further
confirmed by numerical Langevin simulations mimicking the
experimental confined diffusion, following the method of
Ref. [44] (see Appendix D for details on the simulations).
Variables are rescaled here in order to account for the dif-
ferent viscous liquids considered, through T = D0t/L2 and
F (T ) = f (t ) L2

D0
.

Since the mean FPT is infinite in the unbounded wall-
parallel domain, we focus on the most likely FPT, denoted as
T max. The latter increases due to confinement, as qualitatively
highlighted in Fig. 3(a). Intuitively and as discussed above,
the colloid is essentially slowed down by wall-induced friction
as it moves near and parallel to the wall, thus postponing the
typical moment in time at which it can reach a given target.
In order to quantitatively evaluate the magnitude of such an
effect, we define a relative time delay with respect to the bulk
reference, as

�T max

T max
bulk

= T max
conf − T max

bulk

T max
bulk

, (14)

in which T max
bulk and T max

conf denote the most likely FPT in
bulk and confined situations, respectively. As shown in
Fig. 3(b), the relative time shift between the bulk and wall-
parallel search processes—deduced from FPTDs of both the
experiments and Langevin simulations—increases with the
confinement parameter � = ap

lB
. The experimental and simu-

lated data are consistent with the theoretical prediction (see
details in Appendix E). We stress that, in normalized units,
the value of the distance L to the target location does not
affect this result (see Appendix F). In summary, the confined
wall-parallel target-finding process is bulk like, but with wall-
induced friction slowing down the clock.

We now turn to the wall-normal search dynamics, along
the z axis. The z process exhibits a markedly richer dynamics
[see Eq. (12b)] that strongly affects the FPTD, as discussed
hereafter. First, as evidenced above via the overall time shift
between the bulk and confined FPTDs, the FPT dynamics is
essentially slowed down as compared to the corresponding
bulk FPT dynamics, which echoes the “slowed-clock” effect
observed along x. However, in the confined scenario, the
z-FPTD exhibits a noticeable flattening, which stems from
the combined influence of gravity and electrostatic repulsion,

through the equilibrium potential Ueq [see Eq. (2)]. Such
a static origin of the FPTD flattening can be demonstrated
by coarsely replacing the z-dependent diffusivity dz(z) =
kB�/γz(z) by the constant, average one Dz within Eq. (12b),
and then numerically solving the latter. Then, by constructing
the FPTD from the simulated trajectories, one indeed sees a
functional form that is flattened [see dashed line in Fig. 4(a)],
as compared to the bulk FPTD.

Furthermore, and more strikingly, the aforementioned
coarse numerical simulations (blue dashed line, with Dz re-
placing dz(z) making the process Gaussian: “-G”), while
properly capturing the flattening of the FPTD, fail to quantita-
tively capture the experimental and full numerical simulations
(blue circles and triangles, respectively, with dz(z) triggering
non-Gaussianities: “-NG”). Such a discrepancy is rooted in
the confinement-induced hydrodynamic interactions with the
wall, which are more pronounced along z than along x. Indeed,
while γx(z) scales as ln (a/z) [45] and is nearly a plateau
in the accessed z range [37,41], γz(z) scales as a/z [37,42].
The latter space-dependent drag coefficient along z, coupled
to the potential Ueq(z), leads to large non-Gaussianities of the
z-displacement probability [see Fig. 1(f)]. Consequently, the
probability of large displacements is increased, as compared
to a Gaussian reference case (such as the one in the coarse
simulations), and the search process gets comparatively faster.

Since the mean FPT (MFPT) T (· denoting the average
weighted by F (T )) is finite in the wall-normal z domain, due
to the confining potential Ueq(z), one can use it as a rele-
vant measure of the typical search time in this direction. We
compare the experimental or numerical MFPT T NG, which
includes non-Gaussian effects, with the MFPT T G obtained
from the coarse simulations described above in which such
non-Gaussian effects are suppressed by construction. To do
so, we introduce a relative time reduction, expressed as

�T

T G
= T G − T NG

T G
. (15)

As shown in Fig. 4(b), this relative time reduction is positive
and increases with confinement. In summary, confinement-
induced non-Gaussianities act as a boost for the target-finding
process in the wall-normal direction, making it faster than if
the displacement distribution was Gaussian.

IV. DISCUSSIONS

To conclude, we have investigated first-passage processes
in the presence of confinement effects, such as surface
forces, hydrodynamic interactions with a wall, and resulting
non-Gaussian displacements. By the use of holographic mi-
croscopy and statistical inference, usual observables related
to Brownian motion, such as displacement distributions, mean
squared displacements, and equilibrium distributions in posi-
tion, were measured with state-of-the-art precisions allowing
for a quantitative analysis of first-passage stochastic dynamics
in confinement. Our main findings, backed up by theoreti-
cal and numerical models, are listed hereafter. First, if the
colloid randomly moves transversely to the wall, the process
remains almost Gaussian and bulklike, but the clock is slowed
down as compared to the bulk case due to the wall-induced
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friction. Hence, target finding is slowed down as well. Second,
if the colloid moves in the direction normal to the wall, the
process is strongly non-Gaussian due to the intricate combi-
nation of wall-normal forces and space-dependent mobility.
Strikingly, target finding is then typically reaccelerated by
such non-Gaussianities, compared to a Gaussian process un-
der the same potential with a hindered mobility. This key
result can be understood by recalling that the probability
of observing large displacements is enhanced in this case
through the presence of the non-Gaussian tails in the displace-
ment distribution. Such a non-Gaussianity-induced enhanced
target-finding dynamics of confined colloids opens promising
paths for confined chemistry [46] and biophysics [47], and
might have drastic consequences in winners-take-all processes
near boundaries, such as fecundation, where one single rare
event can entirely dominate the dynamics [48]. Investigating
further the influence of curved surfaces—where the hydrody-
namic interactions are more intricate—or soft boundaries in
such problems, through Brownian elastohydrodynamic cou-
plings [49–52], would be a relevant task for the future.
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APPENDIX A: LOCAL DIFFUSIVITIES

1. z dependency

Target finding is narrowly linked to the diffusivity of the
system, which is characterized by a diffusion coefficient Dq

(with q = x, z). The latter is expressed through

〈�τ q2〉 = 2Dqτ, with Dq = kB�

γq
, (A1)

where τ is the lag time, kB is the Boltzmann constant, � is
the room temperature, and γq is the drag term. In the absence
of a wall, the bulk drag coefficient γ reads γ = 6πηmap,
leading to the bulk diffusion coefficient D0 = kB�/γ (Stokes-
Einstein relation). The relation in Eq. (A1) is used to compare
the experimental and theoretical mean squared displacements
shown in Fig. 1(d). The latter observable provides an estima-
tion of the reduced diffusion coefficient Dq, deduced when
τ < τeq (the equilibrium time is defined in Sec. II). More
precisely, the no-slip boundary condition at the substrate (z =
0) reduces the colloid’s diffusivity. Besides, the anisotropy
of the colloid’s motion recasts into a smaller average diffu-
sion coefficient in the vertical direction as compared to the
horizontal one (Dz < Dx). Furthermore, the aforementioned
diffusion and drag coefficients are actually averaged over all
colloid-wall gap distances z. However, the hydrodynamic drag
felt by the colloid is in fact z dependent. This hydrodynamic
drag increases as the colloid approaches the surface, as accu-
rately described within the theoretical frameworks developed
by Faxen [41] and Brenner [42], which, respectively, account
for the in-plane and perpendicular drags acting on the colloid.
This leads to altitude-dependent local diffusion coefficients
dq. The altitude dependency of the parallel diffusion coeffi-
cient dx reads

dx = D0
(
1 − 9

16 Z + 1
8 Z3 + 45

256 Z4 + 1
16 Z3

)
, (A2)

with Z = ( ap

ap+z ). The one of the perpendicular diffusion co-
efficient dz, within the Padé approximation (leading to a 1%
accuracy), reads

dz = D0

(
6z2 + 2apz

6z2 + 9apz + 2a2
p

)
. (A3)

The theoretical and experimental z dependencies of these local
diffusion coefficients dq are shown in Fig. 5.

2. Inference of local diffusion coefficients

The determination of the local diffusion coefficients dq

with nanometric spatial precision requires going beyond sim-
ple spatial binning. Indeed, conventional binning approaches,
which are suitable for static observables, fail to capture the
subtle variations of dynamic quantities such as local diffusion.
To overcome this limitation, the experimental profiles of the
local diffusion coefficients presented in Fig. 5 are obtained
using a stochastic force inference algorithm [54]. This method
combines statistical inference with trajectory analysis to ex-
tract diffusion properties even in the presence of measurement
noise.

An unbiased estimator δ̂ of the local diffusion coefficient
in the x direction (which can be straightforwardly extended to
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FIG. 5. Local diffusion coefficients in both the perpendicular
(blue hexagons) and in-plane (red hexagons) directions, as a func-
tion of the wall-colloid gap distance z, for a spherical polystyrene
colloid of radius ap = 1.48 µm diffusing in water, of viscosity ηm =
0.95 mPa s, near a rigid glass wall. Theoretical predictions from
Eq. (A3) (blue line) for the perpendicular diffusion coefficient and
Eq. (A2) (red line) for the parallel diffusion coefficient are also
shown.

the z direction) is defined as

δ̂ = (�τ x(t j−1) + �τ x(t j ))2

4τ
+ �τ x(t j−1) �τ x(t j )

2τ
, (A4)

where τ represents an integer multiple of the sampling ac-
quisition rate (dt = 1/fps) and �τ x(t j ) denotes the colloid
displacement over a time interval τ starting at time t j . Each
estimator value δ̂ corresponds to a specific height z, and its
spatial distribution is reconstructed on a regular grid ẑ through
polynomial interpolation of the form

∑
ak (ẑ)zk , where ak are

real coefficients. In this work, polynomial bases of third or
fourth order are employed, while truncating at k = 0 corre-
sponds to the conventional binning approach.

The two terms in Eq. (A4) serve distinct purposes. The
first corresponds to the classical definition of the diffusion
coefficient in the two-dimensional (2D) case [see Eq. (A1)],
while the second acts as a corrective term compensating
for noise-induced correlations in experimental data. In an
ideal Brownian process, successive displacements �τ x are
delta correlated. However, measurement errors violate this
assumption, introducing spurious correlations. Incorporating
the autocorrelation term [second term in Eq. (A4)] therefore
isolates the true diffusive behavior from noise artifacts, yield-
ing an unbiased estimator. Under the present experimental
conditions, this correction is essential for obtaining accurate
local diffusion coefficients near the substrate (z � 100 nm),
where data are limited due to electrostatic repulsion and sta-
tistical fluctuations are most pronounced due to the increased
dissipation therein.

APPENDIX B: TUNING THE CONFINEMENT

In order to choose a given confinement strength for the
colloid, we use the following procedure. The upper boundary
of the confinement is set by the Boltzmann length lB, as shown
in Fig. 1(f). Indeed, the typical altitude at which the colloid

starts to feel the confinement due to gravity is expressed as

lB = kB�

�mg
, with �m = 4

3
πa3

p�ρ = 4

3
πa3

p(ρp − ρm ),

(B1)

where ap is the radius of the colloid, and ρp and ρm, respec-
tively, are the density of the colloid and the density of the
medium. Consequently, tuning the density of the mixture ρm,
through the addition of one fluid element, would lead to a
different Boltzmann length lB, i.e., a different confinement.
Two side effects of this experimental method are to be noticed:

(1) It affects the optical index of the medium nm, which is
involved in our monitoring method.

(2) It changes as well the viscosity of the medium ηm,
inducing a modification of the bulk diffusion coefficient.

A detailed explanation on how one can overpass these two
subtleties is detailed hereafter.

(1) Since the holography method we use partly relies on
the optical-index difference between the monitored object and
its environment, a modification in these optical indices would
lead to a misinterpretation of the observables. In order to avoid
any confusion between the different experiments, optical in-
dices are precalibrated using a refractometer (DR-M2/1550
from ATAGO). A table listing optical indices, as a function of
the ethylene-glycol weight ratio WEG, is shown in Table I.

(2) The Boltzmann length lB as a function of the density
difference �ρ is straightforwardly expressed in Eq. (B1).
Subsequently, we aim to cover a couple of decades in lB to
have a thorough understanding of the influence of confinement
on the FPTD, ranging from few tens of nanometers to the bulk
case (lB → ∞).

First, the good agreement, detailed in Table II, between
the theoretical [Eq. (B1)] and experimental [deduced from
the best fit of the experimental Peq(z) to Eq. (1)] Boltzmann
lengths serves as a validation of our method. Second, one can
notice that as the ethylene-glycol weight ratio WEG in the mix-
ture increases, the mixture’s dynamic viscosity ηm increases
as well. This would lead to different bulk diffusion coefficients
D0 [see Eq. (A1)], hence a different effective diffusion coeffi-
cient Dx [see Eq. (A2)], for each experiment, preventing any
possible comparison between bulk and confined FPTDs. This
hurdle, and the will to generalize the results to any distance L
to the target, suggests the use of rescaled and dimensionless
variables accounting for the change of diffusion coefficient, as

T = D0t

L2
, F (T ) = f (T )

L2

D0
. (B2)

Remark. For bulk and quasibulk experiments (lB → +∞
and lB = 1802 nm, respectively), some of the observables

TABLE I. Optical indices of the solution that contains the dif-
fusing colloid, as functions of the ethylene-glycol-water solution’s
weight ratio WEG in ethylene glycol.

WEG % 42 30 0

n(λ = 500 nm) 1.3769 1.3690 1.3350
n(λ = 600 nm) 1.3735 1.3663 1.3323
n(λlaser = 532 nm) 1.3705 1.3681 1.3341
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TABLE II. List of the Boltzmann lengths lB = [79 nm, 204 nm, 604 nm, 1802 nm, +∞] obtained from different ethylene-glycol-water
mixtures of ethylene-glycol weight ratios WEG, for two radii ap of the colloid.

WEG (%) ηm (mPa s) ρm (kg/m3) ρp (kg/m3) �ρ (kg/m3) a (µm) l th
B (nm) lexp

B (nm) � D0 (µm2/s) Dx (µm2/s) Dz (µm2/s)

42 3.2 1050 1050 0 1.48 +∞ +∞ 0 0.045 0.041 0.045
30 2.10 1033 1050 17 1.47 1787 1802 0.82 0.085 0.054 0.034
0 0.95 1000 1050 50 1.48 596 604 2.45 0.151 0.082 0.042
30 2.10 1033 1050 17 2.98 215 204 14.61 0.034 0.013 0.0035
0 0.95 1000 1050 50 2.98 73 79 37.72 0.071 0.031 0.0043

struggled to converge, for instance, Peq(z), since the equilib-
rium time τeq gets greater as lB increases. In these cases, the
MSD was the most suitable observable to deduce information
on confinement.

APPENDIX C: STATISTICAL OPTIMIZATION
ALGORITHM

In order to optimize the statistical reliability of our ex-
perimental and numerical data, an optimization has been
performed in agreement with the theory. Indeed, we use an
experiment that contains an entire trajectory as a group of
many trajectories, as follows: One FPT is extracted when a
colloid starting at q = q(t = 0) = q0 (where q = x, z) reaches
q = q0 + L. The work-around resides in considering succes-
sively every position as an initial position q0: The first initial
position q0 = q(t = 0) leads to the first FPT, the second initial
position q0 = q(t = τ ) leads to the second FPT, and so on
until the FPT of the nth initial position q0 = q[t = (n − 1)τ ]
is never reached because of the end of the recording. By
applying this algorithm, one can infer from a single trajectory
a well-converged distribution as shown in Figs. 2(b), 3(a),
and 4(a). We stress that, in the case of a wall-normal target
search along z, the initial positions z0 are selected from the
equilibrium distribution Peq(z) [see Fig. 1(c)]. The validity
of this algorithm relies on the fact that the total trajectory
duration is much greater than the FPT timescale, so that one
can obtain many independent realizations of the noise.

APPENDIX D: LANGEVIN SIMULATIONS

Numerical simulations are conducted based on the over-
damped version of the Langevin equations presented in the
main text [see Eq. (12)], which are discretized using a numer-
ical integration time step of 10 ms. This time step is selected
to match the experimental acquisition frame rate.

In order of appearance, the input variables of the function
compute_one_traj, shown in Fig. 6, are defined as follows:
an integer index (used when the function is executed within
a loop), the numerical integration time step, the total number
of simulated points Ntot , the subsampling factor, the colloid
radius ap, half-length H of the interwall separation 2H within
the confining chamber, the Debye length lD, the Boltzmann
length łB, the dimensionless amplitude B of the electrostatic
repulsion (expressed in units of kB�), the dynamic viscosity
of the medium ηm, the temperature �, and the initial position
(x0 = x(t = 0), z0 = z(t = 0)) of the colloid. Further details
concerning the simulation procedure are provided in Ref. [44]
and codes can be found in Ref. [55].

APPENDIX E: RELATIVE TIME DELAY

In order to quantify the time shift between the bulk and
confined FPTDs, as the colloid searches for a target in the di-
rection parallel to the wall, we build a dimensionless rescaled
time shift, detailed hereafter. In the case of a colloid searching
a target placed along x (or along y), its most likely first-
passage time can be deduced from the time derivative of its
FPTD, as

dF (T )

dT
= 0 for T = T max. (E1)

This general consideration leads to

T max = L2

6D
, (E2)

with D the coefficient of the colloid in its environment. In the
case of confined diffusion, this diffusion coefficient exhibits a
z dependency, as mentioned at the beginning of this Appendix.
The quantity we aim to characterize is the dimensionless
rescaled time shift �T max

T max
bulk

and is expressed as

�T max

T max
bulk

(z, ap) = D0

dx(z, ap)
− 1. (E3)

Since we showed that a Levy distribution containing an ansatz
that sets the local diffusion coefficient dx to its average value
Dx [see Eqs. (5) and (13)] is a valid approximation [see
Fig. 3(a)], one has

�T max

T max
bulk

(
ap

lB

)
=

∫ +∞

0
dz Peq(z, B, lD, lB)

[
D0

dx(z, ap)
− 1

]
.

(E4)

From this integral, one can deduce using, e.g., Mathematica,
�T max

T max
bulk

as a function of the confinement parameter � = ap

lB
.

FIG. 6. Code snippet to generate confined Brownian trajectories.
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FIG. 7. First-passage-time distribution for a confined
polystyrene colloid with a radius ap = 1.5 µm in water
(D0 = 15.1 × 10−2 µm2/s), for a target placed at a distance
L = [300 nm, 500 nm, 700 nm] (along x) from the initial position
x = x0.

APPENDIX F: INFLUENCE OF THE DISTANCE
TO THE TARGET

Here, we discuss the influence of the distance L between
the initial position q0 and the target placed at q0 + L. One can
notice the fair agreement between the rescaled FPTDs, ob-
tained for different distances L = [300 nm, 500 nm, 700 nm]
and [300 nm, 400 nm, 500 nm], for search processes, respec-
tively, along x as shown in Fig. 7, and along z as shown in
Fig. 8. Hence, the proposed variable rescaling captures the L
dependency.

APPENDIX G: SAMPLE PREPARATION

In this Appendix, we provide useful information con-
cerning the sample preparation. The experiment consists of
monitoring confined Brownian motion for about 1 h (in most
cases). To do so, one needs a sample that is stable (in time and
space) and highly reproducible.

FIG. 8. First-passage-time distribution for a confined
polystyrene colloid with a radius ap = 3 µm in water
(D0 = 7.53 × 10−2 µm2/s), for a target placed at a distance
L = [300 nm, 400 nm, 500 nm] (along z) from the initial position
z0, where the latter is randomly selected from the equilibrium
distribution Peq.

The sample is composed of a glass slide (1 mm thick) on
which two small paraffin bands are placed (thickness e =
250 µm). This support can be placed on a warming plate so
that the paraffin slightly melts and becomes sticky. After a few
seconds on the warming plate, a coverslip (180 µm thick) is
deposited onto the sticky paraffin bands. The glass slides and
cover slip composing the sample are cleaned with ethanol and
dried with an air gun before making the sample. The reference
of the glass slide is “Marienfeld 0704008, 76 × 26 × 1 mm”
and the one of the cover slip is “Scientec 1015291, 40 ×
24 × (0.13–0.17) mm”.

The solution, containing polystyrene particles diffusing in
the mixture (water and possibly ethylene glycol), is then in-
jected between the glass slide and the coverslip. Both sides
of the sample are sealed with hydrophobic grease. Such a
sample is fully hermetic and prevents any evaporation, which
could lead to convection currents and introduce drift into the
Brownian diffusion.

[1] D. T. Gillespie, Exact stochastic simulation of coupled chemical
reactions, J. Phys. Chem. 81, 2340 (1977).

[2] M. Allen, Brownian dynamics simulation of a chemical reaction
in solution, Mol. Phys. 40, 1073 (1980).

[3] M. Heine, L. Groc, R. Frischknecht, J.-C. Béïque, B. Lounis, G.
Rumbaugh, R. L. Huganir, L. Cognet, and D. Choquet, Surface
mobility of postsynaptic AMPARs tunes synaptic transmission,
Science 320, 201 (2008).

[4] M. Armbruster, C. G. Dulla, and J. S. Diamond, Effects of
fluorescent glutamate indicators on neurotransmitter diffusion
and uptake, eLife 9, e54441 (2020).

[5] M. Reva, D. A. DiGregorio, and D. S. Grebenkov, A first-
passage approach to diffusion-influenced reversible binding and
its insights into nanoscale signaling at the presynapse, Sci. Rep.
11, 5377 (2021).

[6] J. Shin and A. B. Kolomeisky, Target search on DNA by inter-
acting molecules: First-passage approach, J. Chem. Phys. 151,
125101 (2019).

[7] J. S. Lucas, Y. Zhang, O. K. Dudko, and C. Murre, 3D tra-
jectories adopted by coding and regulatory DNA elements:
First-passage times for genomic interactions, Cell 158, 339
(2014).

[8] Y. Zhang and O. K. Dudko, First-passage processes in the
genome, Annu. Rev. Biophys. 45, 117 (2016).

[9] D. Valverde-Mendez, A. M. Sunol, B. P. Bratton, M. Delarue,
J. L. Hofmann, J. P. Sheehan, Z. Gitai, L. J. Holt, J. W. Shaevitz,
and R. N. Zia, Macromolecular interactions and geometrical
confinement determine the 3D diffusion of ribosome-sized par-
ticles in live Escherichia coli cells, Proc. Natl. Acad. Sci. USA
122, e2406340121 (2025).

[10] R. Chicheportiche and J.-P. Bouchaud, Some applications of
first-passage ideas to finance, in First-Passage Phenomena and
Their Applications (World Scientific, 2014), Vol. 1, pp. 447–
476.

[11] P. Patie, On some first passage time problems motivated by
financial applications, Ph.D. thesis, Universität Zürich, 2004.

[12] A. Einstein, Über die von der molekularkinetischen Theorie
der Wärme geforderte Bewegung von in ruhenden Flüssigkeiten
suspendierten Teilchen, Ann. Phys. 322, 549 (1905).

[13] M. von Smoluchowski, The kinetic theory of Brownian
molecular motion and suspensions, Ann. Phys. 326, 756
(1906).

[14] J. Perrin, Mouvement brownien et molécules, J. Phys. Theor.
Appl. 9, 5 (1910).

033309-9

https://doi.org/10.1021/j100540a008
https://doi.org/10.1080/00268978000102141
https://doi.org/10.1126/science.1152089
https://doi.org/10.7554/eLife.54441
https://doi.org/10.1038/s41598-021-84340-4
https://doi.org/10.1063/1.5123988
https://doi.org/10.1016/j.cell.2014.05.036
https://doi.org/10.1146/annurev-biophys-062215-010925
https://doi.org/10.1073/pnas.2406340121
https://doi.org/10.1002/andp.19053220806
https://doi.org/10.1002/andp.19063261405
https://doi.org/10.1051/jphystap:0191000900500


DE TOURNEMIRE, FARES, AMAROUCHENE, AND SALEZ PHYSICAL REVIEW RESEARCH 8, 033309 (2026)

[15] T. Li, S. Kheifets, D. Medellin, and M. G. Raizen, Measurement
of the instantaneous velocity of a Brownian particle, Science
328, 1673 (2010).

[16] D. Seiffge and S. Behr, Passage time of red blood cells in the
SER; their distribution and influences of various extrinsic and
intrinsic factors, Clin. Hemorheol. Microcirc. 6, 151 (1986).

[17] W. Doster and S. Longeville, Microscopic diffusion and hydro-
dynamic interactions of hemoglobin in red blood cells, Biophys.
J. 93, 1360 (2007).

[18] L. P. Faucheux and A. J. Libchaber, Confined Brownian motion,
Phys. Rev. E 49, 5158 (1994).

[19] L. Joly, C. Ybert, and L. Bocquet, Probing the nanohydrody-
namics at liquid-solid interfaces using thermal motion, Phys.
Rev. Lett. 96, 046101 (2006).

[20] A. Alexandre, M. Mangeat, T. Guérin, and D. S. Dean, How
stickiness can speed up diffusion in confined systems, Phys.
Rev. Lett. 128, 210601 (2022).

[21] P. S. Burada, P. Hänggi, F. Marchesoni, G. Schmid, and P.
Talkner, Diffusion in confined geometries, ChemPhysChem 10,
45 (2009).

[22] H. Eral, J. Oh, D. Van Den Ende, F. Mugele, and M. H. Duits,
Anisotropic and hindered diffusion of colloidal particles in a
closed cylinder, Langmuir 26, 16722 (2010).

[23] C. I. Bouzigues, P. Tabeling, and L. Bocquet, Nanofluidics in
the Debye layer at hydrophilic and hydrophobic surfaces, Phys.
Rev. Lett. 101, 114503 (2008).

[24] S. K. Sainis, V. Germain, and E. R. Dufresne, Statistics of par-
ticle trajectories at short time intervals reveal fN-scale colloidal
forces, Phys. Rev. Lett. 99, 018303 (2007).

[25] J. Guan, B. Wang, and S. Granick, Even hard-sphere colloidal
suspensions display Fickian yet non-Gaussian diffusion, ACS
Nano 8, 3331 (2014).

[26] M. Matse, M. V. Chubynsky, and J. Bechhoefer, Test of the
diffusing-diffusivity mechanism using near-wall colloidal dy-
namics, Phys. Rev. E 96, 042604 (2017).

[27] A. Alexandre, M. Lavaud, N. Fares, E. Millan, Y. Louyer,
T. Salez, Y. Amarouchene, T. Guérin, and D. S. Dean, Non-
Gaussian diffusion near surfaces, Phys. Rev. Lett. 130, 077101
(2023).

[28] B. Wang, J. Kuo, S. C. Bae, and S. Granick, When Brownian
diffusion is not Gaussian, Nat. Mater. 11, 481 (2012).

[29] S. Redner, A Guide to First-Passage Processes (Cambridge
University Press, 1945), Vol. 1861.

[30] D. S. Grebenkov, D. Holcman, and R. Metzler, Preface: New
trends in first-passage methods and applications in the life sci-
ences and engineering, J. Phys. A: Math. Theor. 53, 190301
(2020).

[31] T. Guérin, O. Bénichou, and R. Voituriez, Non-Markovian poly-
mer reaction kinetics, Nat. Chem. 4, 568 (2012).

[32] M. Dolgushev, T. V. Mendes, B. Gorin, K. Xie, N. Levernier, O.
Bénichou, H. Kellay, R. Voituriez, and T. Guérin, Evidence and
quantification of memory effects in competitive first-passage
events, Sci. Adv. 11, eadp2386 (2025).

[33] T. G. Mattos, C. Mejía-Monasterio, R. Metzler, and G. Oshanin,
First passages in bounded domains: When is the mean first
passage time meaningful? Phys. Rev. E 86, 031143 (2012).

[34] V. Sposini, A. Chechkin, and R. Metzler, First passage statistics
for diffusing diffusivity, J. Phys. A: Math. Theor. 52, 04LT01
(2019).

[35] B. Besga, A. Bovon, A. Petrosyan, S. N. Majumdar, and S.

Ciliberto, Optimal mean first-passage time for a Brownian
searcher subjected to resetting: Experimental and theoretical
results, Phys. Rev. Res. 2, 032029(R) (2020).

[36] S.-H. Lee, Y. Roichman, G.-R. Yi, S.-H. Kim, S.-M. Yang,
A. van Blaaderen, P. van Oostrum, and D. G. Grier, Char-
acterizing and tracking single colloidal particles with video
holographic microscopy, Opt. Express 15, 18275 (2007).

[37] M. Lavaud, T. Salez, Y. Louyer, and Y. Amarouchene, Stochas-
tic inference of surface-induced effects using Brownian motion,
Phys. Rev. Res. 3, L032011 (2021).

[38] N. Fares, M. Lavaud, Z. Zhang, A. Jha, Y. Amarouchene, and
T. Salez, Observation of Brownian elastohydrodynamic forces
acting on confined soft colloids, Proc. Natl. Acad. Sci. USA
121, e2411956121 (2024).

[39] S. H. Behrens and D. G. Grier, The charge of glass and silica
surfaces, J. Chem. Phys. 115, 6716 (2001).

[40] A. Sze, D. Erickson, L. Ren, and D. Li, Zeta-potential mea-
surement using the Smoluchowski equation and the slope of
the current–time relationship in electroosmotic flow, J. Colloid
Interface Sci. 261, 402 (2003).

[41] H. Faxen, Die Bewegung einer starren Kugel längs der Achse
eines mit zäher Flüssigkeit gefüllten Rohres, Ark. for Mat.
Astron. och Fys. 17, 1 (1923).

[42] H. Brenner, The slow motion of a sphere through a viscous fluid
towards a plane surface, Chem. Eng. Sci. 16, 242 (1961).

[43] B. Oksendal, Stochastic differential equations, in Stochas-
tic Differential Equations: An Introduction with Applications
(Springer, 2013), pp. 65–84.

[44] E. Millan, M. Lavaud, Y. Amarouchene, and T. Salez, Nu-
merical simulations of confined Brownian-yet-non-Gaussian
motion, Eur. Phys. J. E 46, 24 (2023).

[45] M. Chaoui and F. Feuillebois, Creeping flow around a sphere in
a shear flow close to a wall, Q. J. Mech. Appl. Math. 56, 381
(2003).

[46] A. B. Grommet, M. Feller, and R. Klajn, Chemical reactivity
under nanoconfinement, Nat. Nanotechnol. 15, 256 (2020).

[47] N. Fakhri, F. C. MacKintosh, B. Lounis, L. Cognet, and M.
Pasquali, Brownian motion of stiff filaments in a crowded envi-
ronment, Science 330, 1804 (2010).

[48] V. Sposini, S. Nampoothiri, A. Chechkin, E. Orlandini, F. Seno,
and F. Baldovin, Being heterogeneous is advantageous: Ex-
treme Brownian non-Gaussian searches, Phys. Rev. Lett. 132,
117101 (2024).

[49] Y. Ye, Y. Amarouchene, R. Sarfati, D. S. Dean, and T. Salez,
Brownian motion near a soft surface, C. R. Phys. 26, 619
(2025).

[50] J. Lacherez, M. Lavaud, Y. Amarouchene, D. S. Dean, and T.
Salez, Enhanced diffusion over a periodic trap by hydrodynamic
coupling to an elastic mode, Commun. Phys. 8, 465 (2025).

[51] J. D. Mcgraw, Transport of soft matter in complex and confined
environments, Europhysics News 56, 13 (2025).

[52] A. Mohammadi, Z. Li, S. Marbach, and M. Abbas, Enhanced
molecular diffusion near a soft fluctuating membrane, J. Chem.
Phys. 163, 234906 (2025).

[53] https://github.com/EMetBrown-Lab/first-passage-time/.
[54] A. Frishman and P. Ronceray, Learning force fields from

stochastic trajectories, Phys. Rev. X 10, 021009 (2020).
[55] https://github.com/EMetBrown-Lab/Numerical_simulations_

of_confined_brownian_motion/tree/main/Double_Walls_
Overdamped_Langevin_Python.

033309-10

https://doi.org/10.1126/science.1189403
https://doi.org/10.3233/CH-1986-6209
https://doi.org/10.1529/biophysj.106.097956
https://doi.org/10.1103/PhysRevE.49.5158
https://doi.org/10.1103/PhysRevLett.96.046101
https://doi.org/10.1103/PhysRevLett.128.210601
https://doi.org/10.1002/cphc.200800526
https://doi.org/10.1021/la102273n
https://doi.org/10.1103/PhysRevLett.101.114503
https://doi.org/10.1103/PhysRevLett.99.018303
https://doi.org/10.1021/nn405476t
https://doi.org/10.1103/PhysRevE.96.042604
https://doi.org/10.1103/PhysRevLett.130.077101
https://doi.org/10.1038/nmat3308
https://doi.org/10.1088/1751-8121/ab81d5
https://doi.org/10.1038/nchem.1378
https://doi.org/10.1126/sciadv.adp2386
https://doi.org/10.1103/PhysRevE.86.031143
https://doi.org/10.1088/1751-8121/aaf6ff
https://doi.org/10.1103/PhysRevResearch.2.032029
https://doi.org/10.1364/OE.15.018275
https://doi.org/10.1103/PhysRevResearch.3.L032011
https://doi.org/10.1073/pnas.2411956121
https://doi.org/10.1063/1.1404988
https://doi.org/10.1016/S0021-9797(03)00142-5
https://doi.org/10.1016/0009-2509(61)80035-3
https://doi.org/10.1140/epje/s10189-023-00281-y
https://doi.org/10.1093/qjmam/56.3.381
https://doi.org/10.1038/s41565-020-0652-2
https://doi.org/10.1126/science.1197321
https://doi.org/10.1103/PhysRevLett.132.117101
https://doi.org/10.5802/crphys.263
https://doi.org/10.1038/s42005-025-02378-6
https://doi.org/10.1051/epn/2025307
https://doi.org/10.1063/5.0289093
https://github.com/EMetBrown-Lab/first-passage-time/
https://doi.org/10.1103/PhysRevX.10.021009
https://github.com/EMetBrown-Lab/Numerical_simulations_of_confined_brownian_motion/tree/main/Double_Walls_Overdamped_Langevin_Python

