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a b s t r a c t

Hypothesis: The interaction of active particles with walls can explain discrepancies between experiments
and theory derived for particles in the bulk. For an electric field driven metallodielectric Janus particle (JP)
adjacent to an electrode, interaction between the asymmetric particle and the partially screened elec-
trode yields a net electrostatic force – termed self-dielectrophoresis (sDEP) - that competes with
induced-charge electrophoresis (ICEP) to reverse particle direction.
Experiments: The potential contribution of hydrodynamic flow to the reversal is evaluated by visualizing
flow around a translating particle via micro-particle image velocimetry and chemically suppressing ICEP
with poly(L-lysine)-g-poly(ethylene glycol) (PLL-PEG). Mobility of Polystyrene-Gold JPs is measured in
KCl electrolytes of varying concentration and with a capacitive SiO2 coating at the metallic JP surface
or electrode. Results are compared with theory and numerical simulations accounting for electrode
screening.
Findings: PLL-PEG predominantly suppresses low-frequency mobility where propulsive electro-
hydrodynamic jetting is observed; supporting the hypothesis of an electrostatic driving force at high fre-
quencies. Simulations and theory show the magnitude, direction and frequency dispersion of JP mobility
are obtained by superposition of ICEP and sDEP using the JP height and capacitance as fitting parameters.
Wall proximity enhances ICEP and sDEP and manifests a secondary ICEP charge relaxation time dominat-
ing in the contact limit.

� 2022 Elsevier Inc. All rights reserved.

1. Introduction

Advances in microfabrication have resulted in a new class of
synthetic active matter, comprised of custom-designed particles

https://doi.org/10.1016/j.jcis.2022.02.017
0021-9797/� 2022 Elsevier Inc. All rights reserved.

Abbreviations: ICEP, Induced Charge Electrophoresis; sDEP, self-
Dielectrophoresis; JP, Janus Particle.
⇑ Corresponding author at: Department of Mechanical and Materials Engineering,

Florida International University, 10555 W Flagler St, Miami, FL, 33174, USA.

E-mail address: aboymelg@fiu.edu (A. M.Boymelgreen).

Journal of Colloid and Interface Science 616 (2022) 465–475

Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier .com/locate / jc is



which mimic natural systems by extracting energy from their sur-
roundings and transforming it into mechanical work in the form of
self-propulsion [1]. Understanding the role of particle–wall inter-
actions in active colloidal mobility is critical since in most real sys-
tems, particles commonly translate adjacent to the bottom
substrate of the microfluidic chamber due to buoyancy mismatch.
The proximity of the particle to the wall can affect the mobility in a
number of ways [2] including hydrodynamic attraction which con-
fines the particle to the near wall region [3–5], increased Stokes’
drag [6,7], electrostatic attraction and repulsion [8], phoretic inter-
action [9], electrohydrodynamic flow [10,11] and amplified gradi-
ents (e.g., chemical [12] or electrical [13] - depending on the
driving mechanism) in the gap between the particle and the wall.

In this work, we focus on an electrokinetically driven Janus
sphere and characterize the effect of wall proximity on the fre-
quency dependent mobility using a combination of numerical sim-
ulations, theory and experiments measuring the hydrodynamic
flow around freely suspended Janus spheres and their individual
mobility. A uniform AC electric field is applied between two ITO
electrodes which form the bottom and top walls of the microfluidic
chamber (Fig. 1a,b), while a uniform magnetic field is applied tan-
gential to the substrate in order to align the JP’s metallo-dielectric
interface perpendicular to the substrate and counteract near wall
effects which may result in particle tilt [8,14] and departure from
the geometry used in simulations and theory (Fig. 1a-c). It is pro-
posed that the net mobility of the JP arises from the interplay of
multiple physical mechanisms which dominate in different fre-
quency regimes (Fig. 1d). In the low frequency limit (red shading),
below the charge relaxation time of the electric double layer (EDL)
induced at the electrolyte–electrode interface ðx < 1=se where
se ¼ Hko=D in which ko is the length of the Debye layer, 2H the dis-
tance between electrodes and D the electrolyte diffusivity), the
mobility is limited as the induced EDL shields the electrode [15].
Although at these frequencies, the particle–wall proximity results
in broken symmetry in the x2 direction and the onset of electrohy-
drodynamic (EHD) flow [10,16], the net contribution to the force
acting on the JP in the tangential (x1Þ direction is negligible since
within this frequency domain, the metallic hemisphere of the JP
remains shielded by the induced electric double layer and the elec-

tric field lines are tangential to both the dielectric and metallic sur-
faces [15,17]. Accordingly, the induced EHD flow closely mimics
the uniform injection described by Ristenpart et.al. [10] for a
homogeneous dielectric particle for which the tangential (x1) force
component is strictly zero (see S1 in Supporting Material). We note
that this case is different from the dimers described in [11,18]
where the geometric (rather than material) asymmetry results in
a net force in the x1 direction (parallel to the wall) and low fre-
quency reversal.

As the frequency of the externally applied field increases
beyond 1=se but below the charge relaxation time of the particle,
such that 1=se < x < 1=sp (where sp ¼ koa=D in which a is the par-
ticle radius and D denotes solute diffusivity), the particle begins to
translate with its dielectric hemisphere forward. This motion, ter-
med induced-charge electrophoresis (ICEP), was first predicted
theoretically by Squires and Bazant [19] and observed experimen-
tally in Velev’s group [20]. The propulsive mechanism is asymmet-
ric induced-charge electroosmosis, wherein the applied field
polarizes the metallic hemisphere, inducing the formation of an
electric double layer to preserve electroneutrality and the diffuse
charge in the EDL is driven by the electric field to produce hydro-
dynamic flow [15]. While a uniformly polarizable particle will
experience symmetric quadrupolar flow and have zero net mobil-
ity [15], in the case of the Janus particle, only the metallic hemi-
sphere is polarized, producing an asymmetric flow that propels
the particle in the direction of its dielectric end [19]. Since the
EDL is both induced by the electric field and acted upon by it,
the resultant motion is non-linear, scaling quadratically with the
applied electric field and net motion is expected even under a
zero-time averaged AC field. This mechanism is theoretically at a
maximum in the DC limit, when electrode screening is ignored,
and decays to zero beyond the charge relaxation time of the parti-
cle sp. Experimentally it has been observed that when the channel
wall is conducting (as in Fig. 1a), rather than insulating, the particle
switches direction, translating with the metallic hemisphere for-
ward [13,21,22]. Recently, this reversal was shown to persist in
an optical trap using phoretic force spectroscopy [23]. The precise
mechanism for this reversal continues to be a topic of debate
[21,23–25] with suggestions including reversed induced charge
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Fig. 1. a) Experimental setup including ITO electrodes for activating electric field and magnet for metallodielectric interface alignment; b) Schematic of geometry used in
modelling; c) Alignment of the metallodielectric interface parallel to the electric field in response to magnet; d) Overview of interacting physical mechanisms which dominate
at different frequency regimes superimposed on experimental measurement of mobility of 10 lm JP suspended in KCl, 5� 10�5 M. Magnitude of applied field is 10 Vp-p.
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electroosmosis in a manner akin to that observed in alternating-
current electroosmosis [26] and travelling-wave electroosmosis
[27,28], reversed flow due to differences in ionic mobility in the
electrolyte [29] or an electrostatic force arising from the inherent
particle asymmetry [30] or particle–wall proximity – the latter
previously labelled by the authors as sDEP [13].

Here we consider these two hypotheses, beginning by exploring
the potential contribution of reversed ICEO flow by mapping the
hydrodynamic flow patterns around a mobile Janus particle and
comparing the mobility of Janus particles coated in PLL-PEG -
which is known to suppress ICEO flow - with uncoated particles
and conclude that the high frequency reversal cannot be driven
by electrohydrodynamic (EHD) flow. We then show that the fre-
quency dispersion can be qualitatively described through the
superposition of ICEP and sDEP by modifying our previous analysis
of the electrostatic near-wall induced mobility [13] to account for
the induced EDL at the electrode surface through the application of
a charging boundary condition. In contrast to a non-polarizable
electrode where the tangential force on the electrode is zero and
thus there can be no tangential force on the JP, here the proximity
of the Janus sphere to the partially shielded electrode results in a
net electrical force which drives the particle with the metallic
hemisphere forward.

2. Modelling and Simulations:

2.1. Numerical Simulations:

Numerical simulations are performed in 3D in COMSOL v5.3.
The height of the domain is set at 2H ¼ 24a, where a is the radius
of the Janus particle (Fig. 1b). The particle is positioned at a dis-
tance h (measured from the center of the particle) above a powered
electrode, with the value varied from h=a ¼ 12 corresponding to a
Janus particle in the bulk to h=a ¼ 1:01 representing the near con-
tact limit. We note that caution should be used in considering the
near contact limit for small particles and low electrolyte concen-
trations as the gap width can approach the limit of the thin EDL
approximation due to onset of double layer overlap as
h� að Þ=2 ! k0ð Þ. For example, for a particle 3lm in diameter,

h=a ¼ 1:1 corresponds to a gap width of 150nm while the EDL
thickness at each of the electrode and particle can vary from
10� 100nm depending on the electrolyte concentration. Accord-
ingly, in the following sections we use this limit only to highlight
qualtitative trends and use the more realistic value of h=a ¼ 1:03
as a fitting parameter for the experimental results.

The electrodes are subject to a voltage difference directed along
the x2 direction with magnitude VðtÞ ¼ Re V0eixt

� �
, where Refg

denotes the real part, V0 is the peak magnitude, x is the angular
frequency of the applied field and t is time. The governing electro-
static and hydrodynamic equations are linearized and decoupled
according to the ‘weak’ field formulation [31] which is valid in
the case where the electric potential £ is small with respect to
the thermal scale,ut ¼ kBT=ze, where kB is the Boltzmann constant,
T the temperature, z the valence and e the elementary charge.
Although the experimental voltages may exceed this limit, the
present formulation has nevertheless been shown to yield good
qualitative agreement with experiments in induced-charge
electrokinetic phenomena [32], while quantitative agreement
may need secondary models such as the capacitance model [33]
used below. Recognizing that for micron sized particles, the phys-
ical Debye length, k0 is much smaller than the particle radius
k0=a � 1ð Þ; the distributed charge Q is located in a thin layer adja-
cent to the solid–liquid interface such that outside this layer Q ! 0
and one can thus describe the electric field in the bulk by Laplace’s

equation, r2
£ ¼ 0. The bottom electrode is polarizable and sub-

ject to an applied voltage of magnitude 1V while the upper elec-
trode is grounded V ¼ 0ð Þ. The electrostatic boundary condition
[33] for the lower electrode is of a mixed (Robin) type and can

be written as @£
@n

��
x2¼�h

¼ iX�
£� 1ð Þ , where lengths are scaled by

a (the particle radius) and X� ¼ xak0
D

represents the angular fre-
quency scaled by the RC frequency. Similarly, the boundary condi-
tion on the left, metallic hemisphere of the JP is described by
@£
@n

¼ iX�
£� v0

� �
, where v0 represents the floating potential of

the metallic coating. The dielectric (right side) of the JP is assumed
to be insulating satisfying a Neumann type boundary condition of
@£
@n

¼ 0.
The fluid transport is described by the unforced homogeneous

dimensionless Stokes equation, rP ¼ r2V , where P denotes the
hydrodynamic pressure and V is the solute velocity. The field
induced fluid motion is accounted for through the application of
the Helmholtz-Smoluchowski (HAS) slip velocity applied at the
bottom electrode ðx2 ¼ �hÞ, which in time averaged form can be

written here as vjx2¼�h ¼ � 1
4rt £� 1j j2 where rt represents the

tangential gradient. Similarly, the slip velocity at the polarizable

Janus hemisphere (S1 x1 < 0ð ÞÞ is given by vjS1 ¼ � 1
4rt £� v0

�� ��2.
At the grounded electrode ðx2 ¼ 2H � hÞ and on the insulating sur-
face of the JP S2 x1 > 0ð Þð Þ the no-slip boundary condition is applied.

The hydrodynamic force exerted on the Janus particle is
found by integrating the hydrodynamic stress tensor rij over the

surface of the Janus sphere FðiÞ
H ¼

R
S rijnjdS where nj is the j

component of the outward normal to the JP. In a similar
way, the electrostatic force is obtained by the integration of the

time-averaged Maxwell stress tensor Mij according to FðiÞ
E ¼

R
S MijnjdS;Mij ¼ 1

2Re
@£
@xi

@£�

@xj
� 1

2
@£
@xk

@£�

@xk
dij

n o
; where Refg denotes

the real part, ð Þ� the complex conjugate and S is any surface that
envelopes the particle. The corresponding velocity for a freely
suspended particle is then obtained by letting the sum of the
non-dimensional electrostatic and hydrodynamic forces applied
in the x1 direction equal the Stokes drag Fdrag ¼ 6pUf , where f

denotes the correction factor of Stokes’ law due to wall proximity,
defined here according to [6] as f ¼ 0:9588� 8=15ln h=a� 1ð Þ
which is valid in the near contact limit. Thus, the horizontal veloc-
ity of a freely translating Janus sphere in the x1 direction can be
written as

U ¼ Fð1Þ
E þ Fð1Þ

H

6p 0:9588� 8=15ln h=a� 1ð Þð Þ ð1Þ

Note that the natural scaling for the forces and velocities are

ee0a2E
2
0 and ee0aE

2
0=g respectively in which e is the relative permit-

tivity of the fluid, e0 the permittivity of a vacuum, E0 is the ampli-
tude of the applied electric field and g is the dynamic viscosity of
the solution.

2.2. Analytical Modelling

2.2.1. Asymptotic solution for near wall ICEP velocity in the limit of

‘large spacing’ (i.e., a/h�1)

The following analysis is based on the general formulation for
the dipolophoretic mobility of a polarizable sphere freely sus-
pended in a symmetric electrolyte, first presented in [31] and
extended to the case of a Janus sphere under AC forcing in [34]
and a Janus sphere adjacent to an insulating substrate in [8].

In the unbounded case of a JP placed in a uniform AC field far
from the electrodes (i.e., H=a � 1Þ, utilizing the standard model
based on the linearized (weak-field) equations [3], one can write
an expression for the relationship between the (normalized with
respect to the thermal scale, ut ¼ kBT=ze) electric potential £p
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and the charge density Qp (normalized by zen1 where n1 is the
number of ions in the bulk) in terms of the physical (real) Debye
length ko as

k2r2Qp ¼ Qp ¼ �2k20r2
£p;

1

k2
¼ 1

k20
þ ix

D
ð2Þ

where k represents the complex Debye length and x is the physical
forcing frequency.

The solution to (2) has the form

2£p ¼ � k

k0

� �2
Qp þ vp; r2vp ¼ 0 ð3Þ

where vp is an harmonic function to be determined. Using a spher-

ical coordinate systems (R,l,u) attached to the JP and employing

Legendre polynomials P1
n lð Þ, the induced electric potential and

charge density in the solute can be expressed as (v0 represents
the ambient potential at the origin):

vp ¼ �2 Rþ a3

2R2

� �
P1
1 lð Þ þ 2

X1

n¼1

D1
n

anþ2P1
n lð Þ

Rnþ1

" #
cosuþ v0 ð4aÞ

Qp ¼ �2cosu
Xn¼1

n¼1

C1
njn R=kð ÞP1

n lð Þ ð4bÞ

where [8,31,34], jn R=kð Þ ¼ Knþ1=2 R=kð Þ
R=að Þ1=2Knþ1=2 a=kð Þ and Knþ1=2 zð Þ denotes the

spherical Bessel functions such that jn a=kð Þ ¼ 1 and C1
n;D

1
n

	 

are

coefficients to be determined based on the appropriate boundary
conditions at the channel walls (located at x2 ¼ �h, x2 ¼ 2H � h)

and at the particle surface R ¼ að Þ where R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x21 þ x22 þ x23

q
.

Specifically, the lower electrode is powered by a dimensionless
potential, £jx2¼�h ¼ �2 while the upper electrode is grounded

£jx2 ¼2H�h ¼ 0. Additionally, we neglect the effect of Faradaic

reactions and assume that the electrodes are impervious to ions
(zero normal current). The solution must also satisfy the condition

of net neutrality, i.e.,
R 2H�h

�h
Q Pdx2 ¼ 0: At the surface of the Janus

sphere, it is assumed that there are no induced charges on the

dielectric hemisphere, S1 x1 > 0ð Þ, such that
@vp
@R

¼ 0. On the surface
of the conducting (ideally polarized) hemisphere S2 x1 < 0ð Þ, we
can infer that the surface is equipoential and let £p ¼ 0 while
the fact that the JP surface is impervious to both ions and cations
renders (see [31]) 2@£P=@Rþ @QP=@R ¼ 0 . For a thin EDL

k0=a � 1ð Þ, one can also assume that @Qp

@R
� � Qp

k
. Accordingly, one

gets from (3) Qp � k0=kð Þ2 vp � v0

	 

, and (2) and (3) imply that

on S2,
@vp

@ R
� � � ixk0a

D
k0
k

� �
vp � v0

	 

. Thus, the boundary conditions at

the surface of the JP hemispheres can be summarized as:

@vp

@ R
� ¼ 0;Qp ¼ 0 on S1 ð5aÞ

@vp

@ R
� ¼ �iX

�
vp � v0

	 

; Qp ¼ 1� iX

�� 

vp � v0

	 

on S2 ð5bÞ

where R
�
¼ R=a, X ¼ xk20=D and X

�
¼ xak0

D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ iX

p
.

Applying the above boundary conditions and following the pro-
cedure outlined in [34], the leading order coefficients for the
potential and induced charge distribution can be determined as

D1
1 ¼ 9iX

�
�57=128X

�
2

24þ 10iX
�

�19=64X
�
2
;D1

2 ¼ 15=4iX
�

24þ 10iX
�
�19=64X

�
2

ð6aÞ

C1
1 ¼ 1þ iXð Þ 3

4
� 1
2
D1

1 �
9
16

D1
2

� 

;

C1
2 ¼ 1þ iXð Þ 15

32
� 5
16

D1
1 �

1
2
D1

2

� 

ð6bÞ

For a freely suspended Janus sphere, the net ICEP force can be
obtained using Teubner’s formulation [31] in the following form

FðiÞ
ICEP ¼

1
2
Re

Z

8
uðjÞ
i � dij

	 

r2
£p

@£�
p

@xj
d8

� �
ð7Þ

where, 8 denotes the volume of the unbounded electrolyte around

the JP and uðjÞ
i represents the Stokes velocity of a sphere translating

with unit velocity in a free space. Recalling from (2) that

r2
£p ¼ �QP=2k

2
0 and excluding gradient terms of Q2

P (which can
be combined into the hydrodynamic pressure), we can rewrite (7)
in terms of QP as

FðiÞ
ICEP ¼ � 1

8k20
Re

Z

8
uðjÞ
i � dij

	 

Qp

@v�
p

@xj
d8

� �
ð8Þ

Note that for a thin EDL, Qp � e� R�að Þ=k and that uðjÞ
i � dij

	 

van-

ishes by definition on R
�

¼ 1, so that the integrant in (8) has the
form

R1
a

F Rð Þe�R=kdR. Accordingly, for k=a � 1 and since F að Þ ¼ 0;
the above integral can be expanded asR1
a

F Rð Þe�ðR�aÞ=kdR ¼ k2F 0 að Þ þ k3F 00 að Þ þ � � � , such that (8) can be
simplified for thin EDL into

FðiÞ
ICEP ¼ � 1

8k20
Re

Z

S

@

@R
u jð Þ
i � dij

	 
 @v�
p

@xj

� �
QpdS

� �

¼ 3
16

Re
k

k0

� �2 Z

S

Qp

@v�
p

@xi
dS

( )
ð9Þ

where Re @
@R

u jð Þ
i � dij

	 

@v�p
@xj

n on o
¼ � 3

2

@v�p
@xi

(see [31]). Note that

SðS1 [ S2Þ denotes the JP surface and that (9) agrees with the
classical Helmholtz-Smoluchowski slip velocity formulation.

In order to evaluate (9) for the horizontal component (i ¼ 1Þ, we
recall following (4) that

Qp

��
~R¼1

¼ �2C1
1x
�
2 � 6C1

2x
�
1x
�
2 þ � � � ð10aÞ

vp

���
~R¼1

¼ v0 � 2x
�
2 þ 2D1

1 � 1
	 
 x

�
2

R
�
3
þ 6D1

2

x
�
1x
�
2

R
�
5

þ � � � ð10bÞ

where x
�
i ¼ xi=a and thus

@vp

@xi

����
~R¼1

¼ 6 1� 2D1
1

	 

x
�
1x
�
2 þ 6D1

2x
�
2 1� 5x

�2
1

	 

þ � � � ð11Þ

According to (10a) and (11) the only symmetric terms of the

product Qp
@v�p

@x
�
1
that contribute to the surface integral in (9) are thus

�12C1
1D

1
2

�
x
�2
2 1� 5x

�
2
1

	 

� 36C1

2 1� 2D1
1

	 
�
x
�
1x
�
2

	 
2
. Closer scrutiny

reveals that the first term, including the product C1
1D

1
2

�
vanishes

when integrated over S. Thus, only the second term involving
Z

S

x
�
1x
�
2

	 
2
dS ¼

Z 1

�1

Z 2p

0
l2 1� l2
� �

cos2ududl ¼ 4p
15 survives. Substi-

tuting the above in (9) finally yields , the following leading order
expression for the time- averaged (physical) ICEP velocity;

Fð1Þ
ICEP;bulk ¼

9p
10

Re 1� 2D1
1

	 
�
C1
2

n o
ð12Þ

For the present case of a particle translating near a rigid wall

and assuming for simplicity that the coefficients D1
1 and C1

2 for
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the ‘bounded’ case are taken as that for the ‘unbounded’ case (6),
an asymptotic solution for ‘large spacing’ (i.e., a=h < 1Þ can be

obtained by replacing uðjÞ
i in (9) with the equivalent expression,

�uðjÞ
i for a translating sphere parallel to a planar wall which also sat-

isfies the no-slip condition on the powered electrode x2 ¼ �hð Þ
[31]. Following the analysis of Davis and Crowdy [7], the required
wall-correction can be written as:

@�uðjÞ
i

@R

�����
~R¼1

¼ �3
2
T

a

h

	 

; T ¼ 1� 1

8
a
h

� �3

1� 9
16

a
h

� �
þ 1

8
a
h

� �3 ð13Þ

which reduces to the expression given in [31] for the ‘un-
bounded’ case.

Substitution of (13) in (9) yields the correction to the ICEP force
component parallel to the wall;

Fð1Þ
ICEP ¼ �9p

10
T � Re C1

2

k

k0

� �2
1� 2D1

1

	 
�
( )

¼ T � Fð1Þ
ICEP;bulk ð14Þ

We note that for an infinitely large spacing ð a=hÞ ! 0ð Þ;
T 0ð Þ ¼ 1 and (14) corresponding with the bulk solution in [31],

while in the DC limit x ! 0ð Þ, one gets from (6) that D1
1 ¼ 0 and

C1
2 ¼ 15

32, implying that (14) reduces to Fð1Þ
ICEP=6p! �9=128; in agree-

ment with the DC limit of Eq. (3.16) of [19] in which the ICEP
mobility is modelled using the simplified thin EDL approximation.
For the sake of comparison, this DC solution is modified below for
AC according to [10,15]; dividing by half to account for time aver-

aging, multiplying by 1= 4þX
�2

	 

to account for the high fre-

quency screening due to relaxation of the EDL at the metallic

hemisphere and by X
�
H
2
= 1þX

�
H
2

	 

(where X

�
H ¼ xHk0=DÞ tto

account for the low frequency decay due to screening of the elec-
trodes such that

Fð1Þ
ICEP;bulk
k0=a!0

¼ 27p
16

X�
H
2

1þX
�
H
2

" #
1

4þX
�2

� 

ð15Þ

which renders, as expected, an ICEP dispersion of a Lorentzian
type that vanishes both for small and infinitely large frequencies
with local maxima depending on the RC values.

2.2.2. Derivation of the sDEP force using the point dipole

approximation

In contrast to the ‘unbounded’ case, a JP placed next to an elec-
trode will experience a net DEP force in the x1 and x2 directions due
to asymmetry. In order to satisfy the screening boundary condition
on the electrode, we consider the wall image of the JP located at
0;�2h;0ð Þ and require that the total potential and induced- charge
density are expressed as

£total ¼£p þ£0
p ð16aÞ

Q total ¼ Qp þ Q 0
p ð16bÞ

vtotal ¼ vp þ v0
p ð16cÞ

where the subscript p denotes the contribution of the particle
and the p0 the contribution of its image. To evaluate the horizontal
sDEP force, we can directly integrate the Maxwell Stresses or more
conveniently, utilize the dipole (singularity) approximation, such
that

Fð1Þ
sDEP ¼ �2pRe d

!
�r

	 
 @v�
total

@x1

� �
ð17Þ

where d
!

represents the corresponding dipole. In order to evaluate
(17), it is necessary to determine the contribution of the image.

We first note that in accordance with (3), the solution for the total

potential 2£total ¼ � k
k0

	 
2
Q total þ vtotal must satisfy

1� k

k0

� �2
" #

@

@x2
Qp þ Q 0

p

	 

þ @

@x2
vp þ v0

p

	 
�����
x2¼�h

¼ 0 ð18Þ

where to first order, we can express vp using a two-term

approximation for (4a) as

vp ¼ �E0B 2x2 � 1� 2D1
1

	 
 @

@x2

1
R

� �
� 2D1

2

@2

@x1@x2

1
R

� �" #
þ v0

ð19Þ

where v0 ¼ �2E0H 1� h
H

� �
, and following [10] and accounting for

electrode screening B ¼ 1þ i
X�
H

k
k0

	 
	 
�1
. Note that B ! 0 in the DC

limit.
In order to impose (18) on the planar electrode, x2 ¼ �hð Þ, we

propose to use a Green’s function formulation in (19) by replacing

1=R with 1
R0 þ Gx, where R0 ¼ x21 þ x2 þ 2hð Þ2þx23

h i�1=2
and Gx is a

non-singular harmonic function to be determined.
It is natural at this step to use the common half-space Fourier

representation of 1=R, namely

1
R
¼ 1

2p

ZZ 1

�1
e� x2j j

ffiffiffiffiffiffiffiffiffiffi
k21þk23

p
þi k1x1þk3x3ð Þ dk1dk3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k
2
1 þ k

2
3

q ð20Þ

and similarly

1
R0 ¼

1
2p

ZZ 1

�1
e� x2þ2hð Þ

ffiffiffiffiffiffiffiffiffiffi
k21þk23

p
þi k1x1þk3x3ð Þ dk1dk3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k
2
1 þ k

2
3

q ð21Þ

Next we let,

Gx ¼
1
2p

ZZ 1

�1
Ax k1; k3ð Þe� x2þ2hð Þ

ffiffiffiffiffiffiffiffiffiffi
k21þk23

p
þi k1x1þk3x3ð Þ dk1dk3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k
2
1 þ k

2
3

q ð22Þ

where the kernel function Ax k1; k3ð Þ is to be determined.
In a similar manner to (18), we recall that the solution for Qp

given in (4b) can be expressed in terms of the fundamental solu-
tion 1

R
e�R=k of the Helmholtz equation. Thus, using again a two-

term expansion in (4b), one gets

Qp ¼ 2C1
1

@

@x2

e�R=k

R

� �
� 2C1

2

@2

@x1@x2

e�R=k

R

� �
ð23Þ

Using Weyl’s identity (Fourier representation) for the singular
part of the Green’s function of the Helmholtz equation, we get

e�R=k

R
¼ 1

2p

ZZ 1

�1
e� x2j j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k21þk23þ1=k2

p
þi k1x1þk3x3ð Þ dk1dk3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k
2
1 þ k

2
3 þ 1=k2

q ð24Þ

One can readily see that (24) satisfies the Helmholtz equation

k2r2Qp ¼ Qp and it reduces to (20) as k ! 1.
Employing a similar procedure, we choose to express the image

function Q 0
p as

Q
0

p ¼ 2C1
1

@

@x2

e�R
0
=k

R
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 !
� 2C1

2
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e�R
0
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R
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ð25Þ

with

e�R
0
=k

R
0 ¼ 1

2p

ZZ 1

�1
e� x2þ2hð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k21þk23þ1=k2

p
þi k1x1þk3x3ð Þ dk1dk3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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ð26Þ
and
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Gh ¼
1
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Z Z 1
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Here Ah k1; k3ð Þ denotes again a kernel function to be found.
Under the assumption of a thin EDL k0=a � 1ð Þ and since the

powered electrode is equipotential, one has (3) on x2 ¼ �h

@
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which when substituted in (18) implies that
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Thus, expanding (17) in terms of v�
total replacing 1=R in (17) with

1
R0 þ Gx and noting that only terms that are symmetric in x1 con-
tribute, one gets
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Finally, substituting R
�0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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representing the sDEP in a directionparallel to thewall. Note that
this component valishes as expected, both in the remote (un-

bounded) case a=hÞ ! 0ð Þ; as well as in the DC limit ðX
�
¼ 0Þ due to

(6a).

2.3. Comparison of analytical and numerical solutions

The relationships between the hydrodynamic and electro-
static forces and corresponding velocities with the height of
the particle above the substrate are illustrated in Fig. 2. For
h=a � 1 (i.e., the particle is in the bulk), the electrostatic force
decays to zero due to symmetry while the hydrodynamic force
corresponds to the analytic solution for the ICEP force obtained
by Squires and Bazant [19] for a thin EDL (k0 ! 0) in the DC
limit [19] when the RMS value is used to scale the applied field
(15).

For h=a > 1; the simplified theoretical model shows good
agreement with the numerical results and provides important
insight into the underlying physical mechanisms driving the
Janus particle mobility (Fig. 2). As the height decreases towards
the contact limit, h=a ! 1, where the theoretical solution is no
longer valid, the numerical simulations suggest the emergence
of a new characteristic timescale related to the height of the
particle above the substrate. This is evidenced in the overall
shift of both ICEP and sDEP curves to higher frequencies with
decreasing particle height and the manifestation of a secondary
peak in the ICEP force - which becomes the primary peak as
the contact limit is approached. For a freely suspended particle,
we note that the increased ICEP force at small gap widths is
counteracted by the enhanced Stokes drag due to particle–wall
proximity (Fig. 2 c-d).

Fig. 2. Comparison of theoretical (T) and numerical (N) simulations of a) ICEP force; b) ICEP velocity; c) sDEP force; and d) sDEP velocity. Note that here the electric field has
been scaled with the RMS value.
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3. Materials and Methods

3.1. Janus particle fabrication and experimental setup

Polystyrene particles, 10lm in diameter, are coated with 15 nm
of Cr, 50 nm of Ni and 15 nm of Au according to the protocols out-
lined in [35]. The particles are placed in an ITO chamber separated
with a silicone spacer of thickness 120lm and connected to an Agi-
lent function generator (Agilent 33250A). The mobility is observed
in a Nikon Eclipse Ti-E inverted microscope, captured at a rate of 5
fps and analyzed using ImageJ software. A neodymium magnet
block (14 � 12 � 19 mm in size), is used to align the metallo-
dielectric interface in the x2 direction – perpendicular to the chan-
nel wall and parallel to the electric field (Fig. 1a-c), compensating
for any tilt produced by hydrodynamic interaction or weight
[8,14,20] and enabling better correlation with the theoretical and
numerical simulations.

To compare the experiments with the numerical simulations,
the dimensionless frequency has been scaled according to

f
� ¼ DX�

2pak0
where D ¼ 2� 10�9m2=s is the diffusivity of the monova-

lent K+1 and Cl�1 ions, a ¼ 5lm is the radius of the particle and the
physical Debye layer is calculated according to

k0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0erRT=ð2F2z2C0Þ

q
where jzj ¼ 1 is the valence of the K+1

and Cl�1 ionic species and C0 is the concentration of the electrolyte.
The dimensionless velocities have been scaled according to

U� ¼ ee0u2
t =ga where ut= Eoa , Eo ¼ 5=

ffiffi
2

p

120�10�6 V=m is the RMS value

of the electric field and g ¼ 10�3N=m2s is the dynamic viscosity
of water.

3.2. Surface pretreatment of Janus particles and electrode substrate

with poly (L-lysine)-g-poly(ethylene glycol) (PLL-PEG)

Pretreatment of the surfaces of the electrode substrate and the
JP with poly (L-lysine)-g-poly(ethylene glycol) (PLL-PEG) is
expected to reduce electro-hydrodynamic (EHD) flow by reduction
of the zeta-potentials [36]. A direct measurement of the zeta
potential of the JPs used in the experiments was complicated by
the relatively large size and weight of the particles and their very
low concentration. Accordingly, in order to verify that the protocol
did result in PLL-PEG adsorption on to dielectric and metallic hemi-
spheres, we measured the zeta potential of bare polystyrene parti-
cles as well as gold and ITO coated glass substrates before and after
PLL-PEG pretreatment. In all cases, a reduction in zeta potential
was observed, indicating that the present protocol does indeed
result in adsorption of PLL-PEG. The specific protocols are outlined
below:

Bare polystyrene particles of 15 mm were pretreated with
surfactant PLL-PEG (PLL(20)-g[3.5]-PEG(2), SuSoS AG) following
the protocol described in [36]. Shortly, particles within 25 ml
(2% w/v) were mixed with 1 mg/ml (14.8 mM) of PLL-PEG (PLL
(20)-g[3.5]-PEG(2), SuSoS AG) dissolved in 20 mM Hepes/10 mM
NaOH (pH 7.5) in a total volume of 100 ll and then incubated
for 15 min at room temperature. This solution was centrifuged at
6000 rpm for 5 min. After removing the supernatant, the remaining
portion was re-suspended in 400 ml of 20 mM Hepes/10 mM NaOH.
These steps were repeated twice. The particles were then washed
three times using 1 ml of 5�10-5 M v/v KCl solution following
the subsequent steps: the solution was centrifuged at 6000 rpm
for 5 min, the supernatant was removed followed by re-
suspension in 1 ml of 5�10-5 M v/v KCl. The same protocol was
used for PLL-PEG pretreatment of the JPs used in the mobility
experiments (Fig. 4a). The electrophoretic mobility of polystyrene
particles is characterized using Nano-ZSP(Malvern Panalytical).
Zeta potential was measured for two cases: a) bare particles and

b) bare particles pretreated with PLL-PEG. Zeta potential for cases
a) and b) were found �58.56 mV and 14.5 mV, respectively, which
shows a reduction of zeta potential by a factor of 4.

To measure the change in zeta potential of gold and ITO coated
glass slides with/without treatment of PLL-PEG, we used Anton
Paar SurPASS Electrokinetic Analyzer instrument and a clamping
cell for holding the slides. The gold and ITO coated glass slides
(7 cm � 2.5 cm) were treated with 1 mg/ml (14.8 mM) PLL-PEG
(PLL(20)-g[3.5]-PEG(2), SuSoS AG) dissolved in 20 mM
Hepes/10 mM NaOH (pH 7.5) through flushing 5 min. Then sur-
faces were washed with DI water (Thermo Scientific, 7138). A
0.001 M KCl (99%, Sigma-Aldrich) solution with automatic titration
of pH in the range of 4–7 by adding 0.1 mol/l HCl was used as
working media and streaming current/potential monitored via
two Ag/AgCl electrodes. During the measurement a temperature
of 20 ± 2 �C and pressure difference of 300 mbar were maintained.
Due to the fact that the clamping cell is not symmetric (made of
polypropylene (PP)) with only one side covered with the measured
slides, we used a flat PP film (Anton Paar) as a reference for the
measured zeta-potential of the symmetric case which was then
used to extract the zeta-potential of the measured slides. The
instrument gives the zeta potential value as an average of mea-
sured slide and reference substrate (a + b)/2, where a is for mea-
sured slide and b is for reference substrate. The measured zeta-
potentials are depicted in Fig. 3. Since our point of interest is
pH � 5.3, representing the pH of the electrolyte used in the JP
mobility experiments, the average values of four zeta potential
measurements at each pH of gold and ITO coated surfaces are 43.
71 ± 6.5 mV and 55.81 ± 4.5 mV, respectively for the case without
PLL-PEG and 18.35 ± 3.8 mV and 26.43 ± 4.4 mV for the case with
PLL-PEG. Thus, the zeta potential was reduced by a factor of 2.38
and 2.11 for gold and ITO coated surfaces respectively, due to the
PLL-PEG treatment.

3.3. Imaging the hydrodynamic flow around a mobile JP

The hydrodynamic flow around a mobile JP was imaged by
tracking 500 nm tracers adjacent to the JP surface at a frequency
characteristic of ICEP (10 kHz) and sDEP (250 kHz) within a KCl
solution of 1.5�10-4M (see Movie S1 in Supporting Material). The
frequency associated with sDEP was chosen to coincide with the
nDEP frequency of the tracer (cross-over frequency of � 200 kHz
was measured) so as to minimize the interference of pDEP attrac-
tion to the metallic hemisphere with the visualization of hydrody-
namic flow. Images were analysed in PIVLab [37] where the

Fig. 3. Measured averaged zeta potentials of gold and ITO coated glass slides with/
without PLL-PEG treatment versus varying pH. Error bars represents the results of
four measurements at each pH.
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Lagrangian frame of reference was obtained by subtracting the
velocity of the Janus particle from the flow field.

4. Results and Discussion

Two experimental approaches were used to evaluate the poten-
tial contribution of hydrodynamic flow to the high frequency
regime JP reversal. First, we measure the JP mobility after pretreat-
ing the electrode substrate and/or JP with poly (L-lysine)-g-poly
(ethylene glycol) (PLL-PEG), a surfactant known to suppress
induced-charge electrokinetic flow [36,38]. We found that indeed
while the forward (ICEP-driven) mobility was significantly
reduced, the reversed mobility was almost unaffected, supporting
the present hypothesis that the high frequency driving mechanism
is electrostatic – rather than electro-hydrodynamic - in nature
(Fig. 4a). This hypothesis is further supported by the second set
of experiments in which the flow field around a mobile JP was
imaged by seeding the fluid with 500 nm tracer particles (Fig. 4-
b-e). Here, while the low frequency ejection at the metallic hemi-
sphere characteristic of ICEP was readily observed (Fig. 4b-c), at
high frequencies, flow resembled Stokes flow past a sphere (Fig. 4-
d-e) indicating the absence of induced-charge electroosmotic flow .
This result is also in accordance with our previous observations for
a stagnant JP [16].

We subsequently conduct a series of experiments measuring
the mobility of Janus particles at different electrolyte concentra-
tions (Fig. 5) and with dielectric SiO2 coatings applied to the JP sur-
face and ITO substrate (Fig. 6). These parameters are expected to
alter the effective capacitance of the diffused layer in the EDL
due to the presence of an immobile compact layer (either the Stern
layer [32,39,40] which is affected by changes in electrolyte concen-
tration or artificial SiO2 coating [41]). As a result, one observes a
decrease in the charge relaxation time and magnitude of the elec-
trokinetic flow over the polarizable surface [32,33] by a factor of K .
Here K ¼ 1= 1þ dð Þ in which d ¼ Cd=Cs is the ratio of the capaci-
tance of the Debye (diffuse) layer of the EDL to the Stern layer.
Assuming the validity of the Debye-Huckel approximation, the
specific capacitance per area of the Debye layer is given by
Cd ¼ er=k0, where er is the permittivity of the solution, while the
Stern layer is usually assumed to be a thin layer of relative permit-
tivity es es � 1

10 er
� �

and thickness d (2–10 Å), depending on the
electrolyte and its concentration [32,39,40,42]. Since sDEP is not
driven by the EHD flow associated with the diffuse layer, the
capacitance should not alter the sDEP velocity but can still affect
the frequency dispersion. Thus, this parameter offers a mechanism
to probe the interplay of ICEP and sDEP and compare experiments
with the numerical and theoretical models. Accordingly, it is
assumed that the ICEP mobility is dominated by the capacitance
at the polarizable JP surface and both the frequency dispersion
and velocity magnitude scale by a factor of K such that

Fð1Þ
ICEP X�ð Þ ¼ K Fð1Þ

ICEP KX�ð Þ. For the sDEP component, only the fre-
quency (and not the velocity magnitude) is multiplied by the

capacitance such that Fð1Þ
sDEP X

�ð Þ ¼ Fð1Þ
sDEP KX

�ð Þ. The value of K is fit-
ted to the experimental maxima and the same value is used for
both the ICEP and sDEP components.

As the sDEP is induced by particle–wall proximity, the height of
the particle above the electrode is another important parameter. In
the absence of direct measurement of this parameter, we are lim-
ited to qualitatively approximating the particle heights for the two
distinct mechanisms of ICEP and sDEP based on the combination of
numerical simulations and experimental observation. Specifically,
we note that the experimental ICEP curve is relatively narrow
while the sDEP component is large and shifted markedly to the
right which based on comparison to the numerics (Fig. 2), indicates
that the equilibrium height of the particle under ICEP is greater

than that under sDEP. This supposition is also in accordance with
numerical simulations of the vertical force component which indi-
cate that for ICEP, the force acts in the upward direction (away
from the substrate) while the sDEP component acts in the negative
direction (see S2, Supporting Material). Thus in Fig. 5a, for the ICEP
we have fitted the data with the numerical simulation for
h=a ¼ 1:3 – corresponding to a large gap, but still within the range
to feel near wall effects - while for the sDEP we have used the
smaller gap h=a ¼ 1:03 – closer to the physically realistic near con-
tact limit. A more precise estimate of the gap widths is left for
future work.

In Fig. 5b we examine the variation of the mobility with respect
to electrolyte concentration (see also Movie S2 in Supporting Mate-
rial). Focusing first on the ICEP component, we note that the
observed decrease in velocity magnitude and shift to the right

Fig. 4. a) JP mobility versus frequency for different pretreatments of the substrates
and JPs with PLL-PEG. Applied voltage is 16 Vpp b-c) Flow around JP at 10 kHz,10Vpp
for b) Eulerian and c) Lagrangian frames of reference. d-e) Flow around JP at
250 kHz, 10Vpp for d) Eulerian and e) Lagrangian frame of reference.
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has been widely observed in the context of induced charge elec-
troosmotic flows and attributed to the capacitance of the Debye
layer which is proportional to the square root of the solution ionic
concentration. Thus, we have fitted K ¼ 1= 1þ dð Þ according to the
relative capacitance of electrolytes of differing conductivity,

d /
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Cc=Co

p
, where Cc is the concentration of the electrolyte and

Co is the arbitrary reference; here C0 ¼ 5� 10�5M. As the conduc-

tivity increases (C0 > 5� 10�5M), a second peak manifests at high
frequencies which based on the numerical simulations (Fig. 2) indi-
cates that the particle height decreases with increasing concentra-
tion in accordance with [27] and experimental observation of
increased number of particles adhered to the substrate. Accounting

for this shift by setting h=a ¼ 1:03 for C0 ¼ 1:5� 10�4 M yields

excellent agreement with the experimental data, both in terms of
magnitude and the shift of the reversal frequency to the right with
increasing electrolyte concentration. The present model also indi-
cates that the reduction in the magnitude of the sDEP component
with increasing concentration may arise from the persistence of
opposing ICEP to higher frequencies rather than a suppression of
the sDEP. This is also in accordance with our numerical simulations
(see S3, Supporting Material) which indicate that increased capac-
itance at the electrode surface predominantly affects the frequency
dispersion of sDEP with only a minor effect on the magnitude.

In order to further understand the role of the dielectric capaci-
tance and the interaction between the physical mechanisms of
ICEP and sDEP, in Fig. 6 we qualitatively demonstrate the effect

Fig. 5. a) Experimental mobility of a Janus particle in 5�10-5MKCl superimposed with ICEP and sDEP velocity components for fitted values of h/a and K ¼ 1þ dð Þ�1 ¼ 0:33; b)
Variation of JP mobility with electrolyte concentration. d /

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Cc=Co

p
.

Fig. 6. a) Comparison of experimental data for a coated JP and bare electrode (solid circles and lines) alongside a coated electrode and bare JP (open triangles, dashed lines); b)
SEM images of bare JP (blue) and JP with 15 nm (Green), 50 nm (Yellow) and 100 nm (Red) SiO2 coatings; c) Maximum ICEP velocity as a function of coating thickness; d)
Maximum sDEP velocity as a function of coating thickness. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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of the addition of SiO2 layers of varying thickness at the metallic
hemisphere of the Janus particle and the electrode (Fig. 6a). A
quantitative analysis is left for future work as we note that the
direct application of the Stern layer capacitive model (used above)
as well as the extended model of Pascall and Squires [41] (account-
ing for ion adsorption) are complicated by the coupling between
the two EDLs at the electrode and JP surface. Specifically, the differ-
ing surface and material properties would reasonably affect the
relative capacitances and thus by extension, the JP mobilities and
frequency dispersion (see S3, Supporting Materials). Moreover,
the non-linearity of the velocity decay with increasing SiO2

(Fig. 6c,d) thickness suggest that in this limit it is important to
model the physical dielectric layer and any resultant changes to
the equilibrium particle height.

Nevertheless, these experiments yield important qualitative
information on the physical parameters which enhance under-
standing of the interplay between ICEP and sDEP. Firstly, we note
that for a coated JP, the ICEP magnitude decreases with increasing
SiO2 thickness although the suppression is smaller than that pre-
dicted by KSiO2

¼ 1= 1þ dSiO2

� �
; where dSiO2

¼ ert=eSiO2
k0 denotes

the ratio of the capacitance of the diffuse layer to the SiO2 layer
of thickness t and permittivity eSiO2

[42].The addition of the dielec-
tric layer to the electrode also results in the suppression of the ICEP
mobility. However, at least for moderate electrode coatings, the
decrease in ICEP is small compared to the equivalent coating thick-
ness at the JP surface, thus confirming that it is the reduced poten-
tial across the diffuse layer at the JP surface that is primarily
responsible for the decreased particle velocity [33]. For the sDEP,
the reduction of velocity due to the coating on the electrode, is
more significant than that at the surface of the JP – which aligns
with the dependence of the phenomenon on the boundary condi-
tion at the electrode surface, although the shift in frequency dis-
persion of the ICEP (larger for the coated JP) may also contribute
since the experimental velocities reflect the superposition of both
ICEP and sDEP.

5. Conclusion

In this work, a combination of theory, numerics and experiment
are used to provide a comprehensive explanation for the surprising
experimental observations that metallo-dielectric Janus particles
reverse their motion direction [13,21–23] at high forcing frequen-
cies. Specifically, it is shown that in contrast to other induced-
charge electrokinetic systems where reversal is attributed to a
change in direction of the hydrodynamic flow [26–29], here the
change in direction stems from a horizontal electrostatic force -
termed here sDEP - that arises due to the symmetry-breaking prox-
imity of the particle to the partially-screened planar electrode and
dominates in the high frequency limit. Accordingly, the net JP
mobility represents the superposition of electro-hydrodynamic
induced-charge electrophoresis [20] and the electrostatic self-
dielectrophoresis which are functions of the particle height and
the capacitance of the polarizable surfaces. Additionally, it is
shown that as the particle approaches the wall, a second character-
istic ICEO frequency manifests, which dominates in the near con-
tact limit and can be observed in experiments at high electrolyte
concentrations. In order to obtain full quantitative agreement it
is necessary to obtain precise measurements of the particle height
above the substrate under ICEP and sDEP as well as model the cou-
pling of the capacitance of the EDLS at the electrode and polariz-
able surface of the JP.

The hypothesis that the experimentally observed reversal is
attributed to an electrostatic force rather than electrohydrody-
namic propulsion is supported by the correlation of experimental
mobility measurements with theory and numerics and experi-

ments using PLL-PEG to suppress induced-charge electrokinetic
flow [36] and visualization of flow around a moving Janus particle.
The demonstrated importance of the particle–wall interactions for
resolving the experimentally observed mobility of driven Janus
particle highlights the broad critical need for a multifaceted, theo-
retical numerical and experimental approach towards accounting
for the variety of near-wall effects (e.g., [3–13]) that are present
in most active matter experiments due to gravity. As the field of
active matter gains traction [43], this will drive a better under-
standing of these systems and their behavior towards optimization
for fundamental studies [21] and real-world applications such as
lab-on-a-chip devices [43].
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