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Measuring Attractive Interaction between a Self-Electrophoretic Micromotor and a Wall
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Chemically driven micromotors exhibit a pronounced affinity for nearby surfaces, yet the quantification
of this motor-wall interaction strength remains unexplored in experiments. Here, we apply an external force
to a self-electrophoretic micromotor which slides along a wall and measures the force necessary to
disengage the motor from the wall. Our experiments unveil that the required disengaging force increases
with the strength of chemical driving, often surpassing both the motor’s effective gravity and its propulsive
thrust. Experimental results are reproduced by an electrokinetic numerical model that incorporates fully
resolved double layers. The model delineates that the attractive force emerges from the accumulation of
excessive protons between the motor and the wall, thereby exposing a nonequilibrium mechanism that
engenders attractive interactions between objects of like charge.
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Micromotors represent a fascinating category of colloi-
dal particles endowed with the remarkable ability to propel
themselves by harnessing energy from their surroundings
[1-7]. For instance, Janus motors, with chemical reactions
occurring on their surfaces, generate physical fields that
drive their movement via phoretic mechanisms [8—13].
Owing to this capability for active motion at the micro-
scopic scale, chemical micromotors find diverse applica-
tions in both biomedical and environmental contexts
[14-19].

Micromotors are often deployed within confined envi-
ronments, such as lab-on-a-chip devices [20] or within
organisms [21]. The presence of confining boundaries per-
turbs the chemical, electrostatic, and hydrodynamic fields
surrounding the motor. These disturbances, in turn, intri-
cately couple back to the motor, significantly influencing
its motion and giving rise to dynamic interactions between
the micromotor and the confining wall [22-24]. For
instance, through motor-wall interactions, micromotors
can engage in steady-state sliding motion, where the
micromotor moves parallel to the wall while maintaining
a constant distance and orientation relative to the surface
normal [25-36]. Such wall-following behavior has proven
invaluable for controlling and rectifying micromotor mo-
tion [25,27,29,32-34,37]. Moreover, motor-wall inter-
actions give rise to other significant phenomena, including
variations in motor speed [20,38—40] and rheotaxis [31,33].

Despite the recognized significance of motor-wall inter-
action, the direct measurement of interaction strength
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remains an unaddressed challenge in experimental studies.
To address this issue, we fabricate TiO,-Pt Janus micro-
motors equipped with a superparamagnetic core. Lever-
aging this core, we exert an external force on a sliding
motor and measure the force necessary for its disengage-
ment from the wall. Our experiments reveal that the
required disengaging force increases with the intensity of
chemical driving, often exceeding the combined effects of
gravity and propulsive force. These findings find support in
an electrokinetic numerical model that fully resolves the
double layers.

We employ a standardized synthesis procedure to pro-
duce core-shell microspheres [41]. Initially, superparamag-
netic Dynabead microspheres, measuring 2.8 pm in
diameter, serve as the core onto which TiO, nanoparticles
are uniformly deposited, forming a TiO, shell with a
thickness of 30 nm. Subsequently, Pt is sputtered onto
half of the resulting Dynabead-TiO, core-shell micro-
spheres, as illustrated in Fig. 1(a).
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FIG. 1. (a)Diagram illustrating a TiO,-Pt motor in sliding state,

characterized by its height s, speed V, and tilt angle 6. The
effective gravity and torque are denoted as Fy and T, respec-
tively. The Dynabead core and TiO, and Pt layers are distin-
guished by different colors. (b) Motor speed and height as a
function of UV intensity /. Inset: four images of a sliding motor.
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We disperse the micromotors in a 50 mM hydroquinone
solution and enclose the sample within a silicon chamber
with glass top and bottom surfaces. Unless stated other-
wise, measurements are carried out on motors moving
along the bottom glass slides. Under UV illumina-
tion, hydroquinone undergoes photocatalytic oxidation
to benzoquinone (BQ) on the TiO, side (anode:
QH, + 2h" — BQ + 2H™), while concurrently reducing
back to hydroquinone on the Pt-coated side (cathode:
BQ +2H" +2¢~ — QH,) [41]. These photocatalytic
chemical reactions generate a proton gradient and drive
the micromotors into motion, which is recorded using a
40x or 20x objective at a rate of 20 or 66 frames/ sec with
a camera.

We use a standard particle-tracking algorithm to extract
2D motor trajectories from raw videos and compute mean-
square displacement (MSD) from the tracking results. In
the short-time regime (1 < 1/D,.), we fit the MSDs with the
equation: Ar? = 4Dyt + V21>, where V is the propulsion
speed and D, is the thermodynamic diffusivity. Here, D, =
kgT/8znr® denotes the bulk rotational diffusion coeffi-
cient, with r the radius, # the viscosity, kg the Boltzmann
constant, and 7 the temperature. Since thermodynamic
diffusivity D, is linked, via the fluctuation-dissipation
theorem, to its hydrodynamic friction coefficient, which
depends on the motor height / [defined in Fig. 1(a)], we can
estimate s through D, [42-44], as shown in Sec. I(C) in
Supplemental Material [45]. We measure the motor speed
V and height & at different UV intensities, which control
reaction rate. As shown in Fig. 1(b), in the absence of UV
light (I =0), the motor is in thermal equilibrium and
maintains a height of 0.65 pm, set by the balance of the
motor’s effective gravity and electrostatic repulsion
between the negatively charged motor and wall. Upon
activation of UV light, we observe a reduction of the motor
height to approximately 0.2 pm, which remains relatively
constant for a range of motor speed from V = 2.4 pm/s (at
I =26 mW/cm?)toV = 4.3 pm/s (at / = 180 mW/cm?)
[42]. Motor tilt angle @ is estimated from micrographs of
TiO,-Pt motors with SiO, cores. As shown in the inset of
Fig. 1(b), opaque Pt coating generates a distinctive dark
region and analysis of its shape leads to an estimation of
6 = 30.96 + 6.87° see Sec. I(E) in Supplemental Material
[45] for details.

To show the motor-wall interaction, we carry out experi-
ments on the ceiling of the sample chamber. Figure S10 and
Video S1 in the Supplemental Material [45] depict that,
under UV illumination, TiO,-Pt motors robustly slide on the
ceiling, demonstrating that the attractive force is sufficiently
large to counteract the motor gravity. The motor-wall
attraction also provides a plausible explanation to the
observation, in Fig. 1(b), that the height 4 of a self-propelling
motor is notably smaller than its equilibrium height.

We next apply a magnetic force to the motor via its
paramagnetic core. As illustrated in the inset of Fig. 2(a), a
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FIG. 2. (a) Temporal records of applied magnetic force (orange

line) and motor height data (blue lines) obtained from an experi-
ment conducted with 7 = 180 mW /cm?. The inset graph provides
an illustration of the experimental setup. (b) Critical disengaging
force plotted as a function of the mean motor speed. Each data
point represents measurements taken at a specific UV intensity.
The red lines and box limits in the box plots denote the medians
and quartiles, respectively, while the whiskers extend up to 1.5x
the interquartile range. The blue dots represent results obtained
from the numerical model, and the shaded blue area indicates
numerical variability. See Videos S2 and S3 in the Supplemental
Material [45] for motor trajectories in magnetic field.

permanent magnet is affixed to a precision linear stage
inclined at a 45° angle relative to the horizontal direction.
We regulate the magnetic force by adjusting the separation
between the magnet and the sample, denoted as A; see
Sec. I(G) in Supplemental Material for details [45]. In an
experiment conducted with 7 = 180 mW/ cm?, we incre-
mentally increase the z component of the magnetic force
Fy, from 0.05 to 0.4 pN by decreasing A from 30 to
15 mm. While ramping up F,,, holographic microscopy
captures the 3D coordinates of the motors. The height &
data obtained from three motors are depicted as blue curves
in Fig. 2(a), alongside the magnetic force F;, represented
by the orange line. Initially, when F,, is small, all three
motors remain close to the wall. However, at t =5 sec
(corresponding to F,, =0.17 pN), the first motor
begins to detach from the wall. Subsequently, the second
and third motors disengage from the wall at t = 7.5 sec
(Fp; =0.19 pN) and =255 sec (Fy, = 0.37 pN),
respectively. For each motor trajectory, we record the
magnetic force F),, at the moment of disengagement
and define this force as the critical disengaging force f,.
At every UV intensity /, we measure f,. for approximately
40 motors and plot the mean and variance of f. against
the mean motor velocity V at this /. The data presented in
Fig. 2(b) reveal that f,. increases with V and exhi-
bits significant variability. Notably, f. measured at V =
4.3 pm/s can be larger than the particle’s effective gravity
(0.1 pN) and propulsion force (0.2 pN, estimated from the
motor velocity and frictional coefficient).
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Numerical results. (a) Motor velocity, height, and angle computed at different proton fluxes. (b),(c) Background-subtracted

proton concentration ¢} and electrostatic potential ¢p* fields around a motor with a tilt angle & = 35.5°. (d) Profiles of z component of the
electrostatic traction ) e, - (6 - n) and hydrodynamic traction ) e - (o5 - n) as a function of x coordinate. (e) Motor height % as a
function of the magnetic force F),, computed with two proton fluxes. The dashed lines mark the critical disengaging force f .. Inset: f.
as a function of the proton fluxes. (f) Tilt angle € and critical disengaging force f. as a function of the gravitational torque 7',. Inset: the
gravitational torque 7', balances the sum of hydrodynamic torque 7y and electrostatic torque Tg. (g) Background-subtracted
electrostatic potential computed with 7y = 0.045 pN pm, resulting in a small tilt angle & = 4°. (h) The electrostatic traction profiles in
sliding states with different tilt angle 6. These states are generated with 7, = 0.021, 0.042, and 0.045 pN pm, respectively. Proton flux
has a unit of j, = 10~ mol/m?/s. The inset of (c) and (g) magnifies the gap between the motor and the wall. All parameters not
specified use default values in Supplemental Material, Table S2 [45].

To elucidate the motor-wall attraction, we employ a 2D
numerical model solving the Poisson-Nernst-Planck-
Stokes equations [62—69]. Our steady-state model operates
under small Péclet and Reynolds numbers. The ion con-
centration fields are governed by the Nernst-Planck equa-
tion: V-J; =0andJ; = —D;V¢; — z;Fv;c;V¢, where J; is
the flux, D; the diffusivity, v; the mobility, z; the valence, F
Faraday’s constant, ¢ the electrostatic potential, and sub-
script i denotes ion species. The electrostatic potential is
related to the local free charge density by the Poisson
equation: —eV2¢ = F " z;c;, where e is the liquid’s
permittivity. Fluid motion is described using the Stokes
equations: —Vp +3yV?u=F> z,c;V¢ and V-u =0,
where p is the pressure.

Our model is driven by the chemical reactions on the
motor surface. We prescribe equal and opposite proton
fluxes (J and —J) normal to the TiO, and Pt surfaces; other
ion fluxes are set to zero. At the motor surface, we apply the
no-slip condition for fluid velocity and specify the local
surface potential as ¢p = £,,. On the wall, chemical fluxes
are zero, electrostatic potential is ¢p = {,,, and no-slip flow
condition is applied. At the exterior boundaries of the
computation domain, we set zero potential, zero flow
velocity, and bulk ion concentrations ¢; = Cpy ;-

We utilize a finite-element method to solve the model.
From the solutions of physical fields, the electrostatic and
hydrodynamic force and torque on the motor can be
computed via Maxwell or and hydrodynamic o stress

tensors. Total force and torque on the motor, F,, and T\,
are calculated by combining these results with the external
forces and torques generated by gravity and magnetic field.
We design an iterative procedure to find the motor
parameters in a sliding state by changing V, 6, and h to
reduce the magnitudes of the total force |F,| and torque
|To¢|; the procedure stops when |F| and | Ty are below a
threshold. See Sec. II of Supplemental Material for model
details [45].

We employ the model to investigate the sliding state
without external magnetic field. The proton flux J is varied
to simulate the effect of UV intensity. As depicted in
Fig. 3(a), both the motor velocity V and tilt angle 6 increase
with J, while the motor height /4 slightly decreases. At J =
1.0 x 107> mol/m? /s, the model predicts V = 3.9 pm/s,
60 = 35.5° and h = 0.2 pm, consistent with experimental
measurements at / = 180 mW/cm? in Fig. 1. We utilize
the proton concentration and potential fields to elucidate
the mechanism of motor-wall interaction. For clarity, we
remove the sharp changes of fields in the double layer by
subtracting background fields in the absence of chemical
reactions from instantaneous fields. The background-sub-
tracted fields, denoted by ¢} and ¢*, are plotted in Figs. 3(b)
and 3(c). Figure 3(c) reveals a pronounced accumulation of
protons within the gap region between the motor and the
wall, with the TiO, side tilting downward, leading to an
increase of potential (positive ¢*). Conversely, the opposite
occurs on the Pt side, as shown by negative ¢} and ¢*. From
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the potential field, we further compute the z component of
the electrostatic traction e, - (6 - n) on the motor surface
and sum traction values at two points with the same x
coordinate to obtain a profile [inset of Fig. 3(d)]. Results in
Fig. 3(d) depict a downward electrostatic force on the
motor, leading to an attraction to the wall. Hydrodynamic
traction profiles in Fig. 3(d) have positive values, indicating
a repulsive contribution.

We perturb the motor’s sliding state in models with an
external force, mimicking experiments in Fig. 2. As
depicted in Fig. 3(e), the motor height 4 increases with
the applied force Fj,, and the sliding state cannot be
sustained when F,,, exceeds a critical threshold f.,
denoted by dashed lines. The inset of Fig. 3(e) shows that
f. rises with the driving proton flux J. In Fig. 2(b), we plot
f against the motor velocity V computed with the same J,
revealing that the numerical results from our 2D model are
consistent with experimental measurements.

We conduct a thorough investigation into how various
factors, such as motor diameter, zeta potential, and gravi-
tational torque, influence motor-wall attraction. This attrac-
tion reliably occurs across a broad spectrum of conditions
provided that the tilt angle 6 remains positive. To illustrate
this, we increase the gravitational torque [Fig. 3(f) inset],
causing the motor to rotate clockwise. This rotation reduces
6 until a balance is achieved among gravitational, hydro-
dynamic, and electrostatic torques. As shown in Fig. 3(f),
the critical force f,. diminishes as @ nears zero. In setups
where € is minimal, the anode faces forward rather than
toward the wall [Fig. 3(g)]. This alignment leads to a
neutralization of the attractive force between the anode and
wall due to the repulsive forces acting on the cathode. As a
result, the total attraction significantly weakens [Fig. 3(h)].

The experimentally measured f,. in Fig. 2(b) displays
significant variability. This is likely due to the fact that
Dynabeads possess a small permanent magnetic moment
[70], allowing the external magnetic field to exert a torque
on the magnetic core. We incorporate this magnetic torque
into our model and demonstrate its ability to increase/
decrease f. by increasing/decreasing the motor’s tilt
angle, as illustrated by the shaded blue area in Fig. 2(b);
see Sec. II(J) of Supplemental Material for details [45].

In addition to spherical micromotors, we investigate the
behavior of bimetallic (Au-Rh) microrods. In our exper-
imental setup, these microrods propel themselves within a
sample cell containing an H,O, solution and a circular
structure. Unlike previous studies [20,25,32], our obser-
vations take place in a custom microscope setup with a
horizontal optical axis [Fig. S1(a) [45] ]. This setup allows
the microrods to move under the influence of gravity. As
illustrated in Fig. 4(a), the microrods demonstrate the
ability to overcome gravitational forces and traverse along
the structure for extended periods. As the fuel gradually
depletes over time, we observe a corresponding decrease in
the microrods’ speed. Eventually, the microrod disengages
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FIG. 4. (a) Temporal record of microrod speed as the fuel in the

chamber depletes, observed around a circular structure. The
dashed line indicates the moment when the microrod detaches
from the structure. Inset: a trajectory spanning 16.67 sec is
overlaid on an image of the structure, with gravity pointing
downward in the image. The scale bar represents 10 pm.
(b) Numerical results from a microrod moving on the ceiling,
as depicted schematically in the inset. Motor velocity and height
are computed at various proton fluxes, with dashed lines
indicating the critical proton flux where a sliding state on the
ceiling cannot be sustained.

from the structure as its speed reaches around 4.5 pm/s. To
complement the experiment, we conduct model calcula-
tions to explore the sliding behavior of a microrod on the
ceiling [inset of Fig. 4(b)]. By simulating a reduction in
proton flux to mimic the depletion of H,O, fuel, we
observe that the microrod fails to maintain a stable sliding
state on the ceiling when its speed drops below 4 pm/s,
consistent with our experimental findings.

Strong motor-wall attraction observed with both spheri-
cal and rod-shaped motors suggests that such attraction
may be common in self-electrophoretic motors [20,41,71—
76]. Numerical simulations reveal the following picture:
when the proton-releasing anode is oriented toward the
boundary, protons accumulate in the gap between the
motor and the wall, raise the local electrostatic potential,
and engender an attractive force. This picture may also
provide fresh insights into the frequently observed wall-
following behavior in Pt-insulator [polystyrene (PS),
Si0,, or 3-(trimethoxysilyl)propyl methacrylate] systems
[27,29,30,34,35,37]. Traditionally, this behavior has
been interpreted within the framework of neutral self-
diffusiophoresis [27,29,35]. However, recent studies have
shown that the self-electrophoretic mechanism may operate
in these systems [77-80] with an inhomogeneous flux
distribution, where proton dynamics occurs on the
Pt-covered part, with the motor pole serving as the cathode
and the equator as the anode. Electrophoretic model
calculations in Sec. II(O) in Supplemental Material [45]
show strong motor-wall attraction with inhomogeneous
flux distribution. Consequently, the observed wall-follow-
ing motility in Pt-insulator systems may, to some extent, be
attributed to the electrostatic mechanism revealed in the
current Letter. We also investigate an ionic diffusiophoretic
PS-Ag system [67-69,80-83]. Figure S10(c) [45] shows
PS-Ag motors can slide on the ceiling against gravity,
demonstrating a strong motor-wall attraction. Numerical
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results in Sec. II(P) in Supplemental Material show the
attraction may arise from the accumulation of the slowly
diffusing positive ions in the gap between motor and wall.

In summary, we have developed spherical TiO,-Pt
micromotors featuring a superparamagnetic core. The
core-shell design allows us to measure the force required
to dislodge the sliding motors from the wall. Our experi-
ments revealed a strong motor-wall attraction. By using an
electrokinetic numerical model, we replicated these exper-
imental results and showed that the attraction may be
attributed to the accumulation of protons between the motor
and the wall. Subsequent experiments and simulations have
corroborated this mechanism in a bimetallic rod system.
These findings imply that ions generated by chemical
reactions may be harnessed to regulate interactions among
charged entities [84—88]. This nonequilibrium mechanism
holds significant potential for steering interactions across a
diverse array of systems.
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