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Abstract

Force free trapping and steering of single photophoretically self-propelled Janus

type particles using a feedback mechanism is experimentally demonstrated. Realtime

information on particle position and orientation is used to switch the self-propulsion

mechanism of the particle optically. The orientational Brownian motion of the particle

thereby provides the reorientation mechanism for the microswimmer. The particle

size dependence of the photophoretic propulsion velocity reveals that photon nudging

provides an increased position accuracy for decreasing particle radius. The explored

steering mechanism is suitable for navigation in complex biological environments and

in depth studies of collective swimming effects.
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Thermal fluctuations are omnipresent for particles and molecules in solution. They ran-

domize positions and orientations and present a challenge to all attempts to manipulate and
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direct particle motion at the nano and micro scale. Swimmers or self-propelled particles are

examples of how this Brownian motion can be overcome to cause directed motion. Such

self-propelled motion has recently gained large interest and a number of different propul-

sion mechanisms have been proposed.1–7 Many of them are related to a phoretic swimming

mechanism, which drives the particle due to an osmotic pressure difference along the particle

surface. This phoretic propulsion creates a very special flow field,8–10 where the motion of

the particle essentially comes from a force balance between liquid and particle. The hy-

drodynamic boundary conditions at the swimmers surface and at the container walls drive

the particle forward even though the system of particle and liquid is force free. When such

self-propelled objects are starting to interact at higher densities, coherent collective motions

are observed in which the swimmers align and form flocks, swarms or other complicated pat-

terns.11–15 Dynamic clustering of active particles has been recently observed for chemically

driven swimmers;12,16 however, the details of this complex behavior are still not understood.

The reason for this lack of understanding is partly due to the lack of control over the active

particles itself. It is rather difficult to arrange active particles in clusters of well defined size.

Such control would allow a detailed study of active particle interactions resolving many de-

tails of their complex collective behavior. Since external force fields such as optical tweezers

introduce additional mechanical forces to such particles, they completely change the hydro-

dynamic flow field of self-propelled particles and thus also their hydrodynamic interactions.

A method to cluster particles in well defined way to study their interactions thus has to

preserve their hydrodynamic field correctly.

Photon Nudging

Recently photon nudging has been proposed to control the self-propelled motion in an almost

arbitrary way (see Figure 1).17 The key ingredients for photon nudging are a switchable self-

propelled motion of particles and an optical feedback of the particles position and orientation.

Using this feedback, the propulsion engine of the particle can be switched on, whenever the
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particles orientation is towards a target, and off when not. Thus self-propulsion leads to

a localization of the active swimmer at a target location without the need for additional

point forces of tweezers or external fields, which would distort the hydrodynamic field of the

swimming objects. The general principle has been demonstrated by numerical simulations

as well as by the first experiments.17

When the photon-nudging mechanism is turned on, the propulsion is switched on only

when the particle is facing the target under an acceptance angle θ (cf. Figure 1A). Inde-

pendent of whether the nudging is on or off, the rotational Brownian motion continues to

randomly reorient the particle. The translational Brownian motion, on the other hand, will

drive the particle away from its target location with high probability. Overall, the control

strategy therefore only uses the propulsion for a small fraction of time, which is typically

below 10% and which depends on the acceptance angle and the propulsion speed. Figure 1B

displays an example time trace of heating pulses, with a minimum heating pulse duration

corresponding to the inverse frame rate ∆t.

The photon nudging concept leads to several new possibilities. One such possibility is

stochastic localization. As mentioned earlier, the localization precision is a balance among

the ubiquitous thermal fluctuations and the control parameters in an experiment. The

positioning error for a photon nudged particle can be expressed as,17

σ2 =
〈
|~rt − ~rtarget|2

〉
t
, (1)

which is measured as the time averaged mean squared distance of an active particle at ~rt from

its target position, ~rtarget. The time evolution of the radial distance |~rt − ~rtarget| of an active

particle from its target position is displayed in Figure 1B and clearly reveals short periods of

time (marked by the colored bars), during which the distance to the target decreases quickly.

These periods correspond to the nudging action. The position error represents the stationary

state of the radial distance of the particle from the the target position. Two dimensionless
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Figure 1: (A) Schematic picture of the adaptive steering process. As long the orientation
of the particle with a certain acceptance angle θ does not point towards a defined target
location the particle stays unheated. Brownian fluctuations reorient the particle and its
orientation eventually points towards the target and a propulsion mechanism is switched on.
In the presented experiments Janus particles are employed with the yellow color denoting a
thin gold hemisphere on a polystyrene particle (red). (B) Representative experimental time
trace showing the stochastic heating periods (blue bars) and the distance from the target
(black line) for a Janus particle with a radius of R=0.625 µm. (κ = 1.33; λ = 1.65)

control parameters have been identified through simulation studies:17 The first parameter,

the revolution number λ, measures the average number of rotations carried out by the particle

within the experimental timescale ∆t. An increasing λ results in stronger randomization of

the velocity direction during heating, which decreases the effective velocity of the particle

along the direction towards the target. The second parameter, the propulsion number κ,

reveals the relative persistence length, which denotes the propelled distance within the time
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period characteristic for the rotational diffusion time τR relative to the particle radius R:

λ =
∆t

τR
, (2)

κ =
vthτR
R

. (3)

Furthermore, the simulation studies suggest that the position error in photon nudging de-

creases with the particle radius; that is, the smaller the particle, the better control photon

nudging could achieve. Here we experimentally investigate the role of these control parame-

ters in stochastic localization. As indicated in equations (2) and (3), the particle radius, R,

the experimental time scale (the inverse camera frame rate), ∆t, and the nudging laser power

which affect vth are experimentally tunable variables that determine the control parameters,

the revolution number λ and the propulsion number κ.

The main contribution of this work is the experimental investigation of these parameters,

confirming the theoretical and simulation predictions and providing for the first time a

size dependent study of the photophoretic (or self-thermophoretic) self-propulsion of Janus

particles. We start by describing the size dependence of the propulsion mechanisms followed

by summarizing a new implementation of photon nudging for 2D-confined Janus particles

and a detailed presentation of the results.

Propulsion by Self-Thermophoresis

The photon nudging concept relies on the capability of remotely switching on and off the

self-propelling engine of the particle being steered. In the context of propulsion by local

self-thermophoresis, a gold capped polystyrene bead is irradiated by a laser. The energy

absorbed by the gold cap is converted into heat and distorts the counter ion cloud around

the colloidal particle.18,19 The resulting osmotic pressure difference across the particle induces

a surface slip, which drives the particle at a velocity ~vth. In an experiment, the gold-coated

hemisphere of a Janus particle would be heated by a 532 nm laser through plasmon-band
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absorption. The resulting photophoretic velocity, ~vth, is proportional to the temperature

gradient ~∇T across the particle and its thermal diffusion coefficient DT by,2

~vth = −DT
~∇T. (4)

Experimentally, the photophoretic velocity is extracted directly from the photon-nudging

time traces. It is the particle step within the time period in which the heating-laser is on

projected onto the particle orientation divided by that time period.

The influence of the particle size on the propulsion velocity depends on the manner

by which the temperature gradient ~∇T and the thermal diffusion coefficient DT vary with

size. Let us consider the scenario that is consistent with the previous17 and the current

experiments, where the particle radius R is much greater as compared to the gold layer with

thickness ∆r; that is, (R � ∆r, see Figure 2 inset). In such a thin-cap limit and assuming

that the thermal conductivity of the polymer particle κi and the surrounding water κo are

approximately equal κi ≈ κo = κT, the temperature distribution around the particle can

be expanded into a series of Legendre polynomials and the temperature gradient along the

particle surface ~∇||T can be expressed as,8

~∇||T =
1

R

∂T

∂Θ
~eΘ =

∆T

R

∞∑
n=1

fn
dP2n−1(cos(Θ))

dΘ
~eΘ, (5)

where Θ in this equation is the polar angle from the Janus particle symmetry axis and fn

is an angle independent pre-factor arising in the Legendre expansion (see Supplementary

Information for details).The temperature rise ∆T in eq. 5 is given by

∆T =
σabsIinc

4πκTR
, (6)

where σabs is the absorption cross section of the metal cap at the heating laser wavelength

and Iinc is the incident laser intensity. Finally, one arrives at a temperature gradient (see
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Supplementary Information for details),

~∇||T ∝
σabsIinc

R2
, (7)

which is proportional to the absorption cross section σabs and inversely proportional to

the square of the particle radius R. Furthermore, in the limit of R � ∆r, we find that the

gold cap volume V = 2π
3

[(R + ∆r)3 −R3] can be approximated by V ≈ 2π∆r R2 ∝ R2 and

thus the absorption cross section scales with the particle radius squared as well σabs ∝ R2.

Accordingly the temperature gradient is expected to be linearly proportional to the incident

laser power but independent of the particle radius in this thin cap limit. For smaller particle

sizes, however, we expect equation 7 to be no longer valid. The absorption cross section

will tend to a constant value as the particle radius R approaches zero, in which case the cap

resembles a half-sphere with radius ∆r. The gradient will thus decrease for smaller particle

sizes and finally tend to zero for R = 0.
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Figure 2: Finite-element calculation of the relative temperature gradient (as compared to a
R=0.625µm particle) at constant incident laser heating intensity as a function of particle
radius R. The thickness of the metal cap ∆r has been kept constant. The relative gradient
is found to be almost constant for particle radii above 0.25µm (variation by less than 12 %).
The size range studied experimentally in this report is marked by the vertical dashed lines.

To evaluate the influence of the above mentioned assumption of a thin cap, we carried

out finite-element simulations for a series of particles with different radius while keeping the

metal cap thickness constant (COMSOL 4.2, see Supplementary Information for details).

The result is shown in Figure 2. The simulation suggests that the temperature gradient

would drop by only 12% from a R=0.625µm particle to a R=0.25µm particle. Thus, the

results of the analytical calculation presented above are approximately valid in the studied
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Figure 3: (A) Schematics of the experimental setup. Main parts comprise the white light
dark field illumination (yellow beam path), the laser excitation for optical heating (green
beam path) and a detection element (red beam path) combined with a computer-assisted
feedback mechanism. (B) Illustration of a typical experimentally acquired dark-field image
of a Janus particle (top, false color) and the determination of the orientation by calculating
the center of mass of a binary image done at low- (bottom left) and high-threshold (bottom
right) values.

size range. However, when dropping to sizes below R=0.25µm, the gradient quickly vanishes

and the self-propulsion velocity decreases accordingly.

Experimental Setup

The experimental setup is schematically displayed in Figure 3A. It is different from the

photon-nudging setup reported in reference.17 No real-time 3D single-particle tracking mech-

anism is required, since the particles are confined in a two-dimensional plane for long-time

imaging and nudging. Because it is the first time that such a setup is presented, we briefly

summarize the setup below. The Janus particles were observed using a dark-field illumina-

tion with an oil-immersion dark-field condenser (Olympus, NA 1.2–1.4). The scattered light

of the particle was collected using a 100x oil-immersion objective (Olympus, adjustable NA

0.5–1.3). The numerical aperture of the microscope objective was set to be below the mini-
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mum aperture of the dark-field condenser. The scattered light was imaged to an EM CCD

(Andor IXON). The total magnification microscopy setup was determined to be ∼277. Dark-

field images of the Janus particle were analyzed in real time with a LabView program. For

each frame, two binary images were created. One at a low intensity threshold above the back-

ground noise and one at a high threshold typically at about 90 % of the maximum intensity

(Figure 3B). The center of mass of the binary image at low threshold determines the position

of the particle. Together with the center of mass for the high-threshold image (position of

the gold cap) the orientation of the particle was calculated.17 This information was then

sent to a real time measurement system (ADWin Gold) to drive an acousto-optical deflec-

tor (Brimrose, 2DS-100-45-532) switching the wide field heating laser illumination (532 nm,

Pusch Optotech) according to the orientation of the Janus particle with respect to the tar-

get. For all experiments reported here, the exposure time and the inverse frame rate of the

camera were set to 15 ms.

Results and Discussion

Total of four Janus particles of diameter R=250 nm, 375 nm, 500 nm, and 625 nm were in-

vestigated. For all particle sizes, a linear increase of the velocity with the incident heating

power was observed (see Figure 4). This is consistent with earlier reports2,17 and is due

to the expected linear dependence of the temperature gradient ∇T on the incident heating

power, i.e., ∇T ∝ σabsIinc (see eq. 7). The experimentally determined propulsion direction

is also in accord with the aforementioned ion cloud distortion mechanism, which causes a

lower osmotic pressure at the heated gold cap. This osmotic pressure difference results in an

ion flow from the cold to the hot side of the particle, which has to obey the no-slip bound-

ary conditions at the particle and at the container surface; as a result, the flow propels the

particle moving with the polymer side ahead. The strength of the thermo-diffusive effect is

often measured relative to the diffusion coefficient D, which constitutes the Soret coefficient
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Figure 4: Thermophoretic velocity as a function of the heating Power for different particle
sizes (R=0.25µm–0.625µm). Beside the expected linear dependency on the heating power
the thermophoretic velocity does not depend on the particle radius.

ST = DT/D. Since our experimental observation reveals an approximately constant veloc-

ity, vth, under the same incident heating intensity and is nearly independent of the particle

radius R, it follows that the thermal diffusion coefficient DT is independent of the particle

size. This corresponds to a linear dependence of the Soret coefficient on the particle radius,

ST ∝ DT/D ∝ R, in the size range studied here, which is consistent with recent reports.20

During the photon nudging process, the propulsion is now correlated with a specific orien-
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tation range of the Janus particle (see Figure 5A). This generates an effective particle flow

towards the target as depicted in Figure 5B. The effective flow is the fundamental reason

for a localization of the Janus particle at the target position. Even though the flow field is

expected to have tangential components due to the finite acceptance angle, the tangential

components are only persistent in direction for a time corresponding to the rotational dif-

fusion time of the particle τR. On longer time scales, the tangential components average to

zero and a purely radial flow field remains (see Figure 5C). The displacement due to the

effective radial flow during the propulsion periods competes with the translational Brown-

ian motion. As described previously,17 three different regimes are expected. The particle

is weakly controlled at small velocities, when the displacement by Brownian motion is still

large as compared to the displacement by the propulsion. Thus for decreasing propulsion

velocity the position error σ tends to infinity. As the velocity increases, the position error

shall decrease and turn over into an overcorrection regime, where the increasing propulsion

velocity is causing an overshoot beyond the target position. Figure 5D displays the exper-

imental data revealing exactly this behavior exemplary for a particle of R = 0.5µm and

different acceptance angles θ. A minimum position error is for example found for a heating

power of Pinc = 30 mW, which corresponds to a thermophoretic velocity of vth = 5µm/s and

an acceptance angle θ = 45◦. For smaller velocities, the displacement of the particle due

to Brownian motion dominates the radial movements and the position error increases with

decreasing velocity. In the over-corrected regime, the overshoot keeps the particle at a finite

distance from the target and the distance increases linearly with increasing velocity. This

overshoot distance can be calculated from simple geometric arguments as sketched in Figure

5A. The particle is propelled at the moment the edge of the acceptance angle θ is pointing

towards the target location. In this moment, the velocity has an instantaneous radial and a

tangential component driving the particle to a new position that is located on a circle with

the radius R0 = vth∆t/(2 cos θ). The position error for the particle is then determined by

this overshoot distance and increases linearly with increasing velocity vth or heating power
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as visible in the experimental data in Figure 5D. The slope m = ∆t/2 cos θ of this linear

increase with the particle velocity is determined by the heating time ∆t and the cosine of

the acceptance angle θ. The heating time is kept constant throughout our experiments. A

change with the acceptance angle on the other side is expected but not observed in the

experiment (see Figure 5D). We attribute this missing acceptance angle dependence to the

experimental error in the determination of the particle orientation i.e. due to rotational

motion during the exposure. If we assume and experimental error δθ in the determination

of the particle orientation with respect to the target, the acceptance angle would effectively

increase to θexp = δθ + θ. This larger effective acceptance angle would increase the slope

of linear increase of the overshoot distance with the particle velocity. From the linear part

at high velocities in Figure 5C, we estimate the effective experimental acceptance angle θexp

to be about 70◦. Thus the contribution of the experimental uncertainties to the acceptance

angle are large and the defined acceptance angle becomes unimportant for the stochastic

localization in 2D under the current experimental conditions.

Optimal Control

The nudging procedure will eventually lead to a stationary distribution of trajectory points

around the target location with the width of the distribution characterized by the position-

ing error σ defined earlier (cf. eq 1). Figure 6A summarizes the experimentally measured

positioning error as a function of the control parameters, the revolution number λ and the

propulsion number κ in a 2D contour plot, which contains all features presented above and

allows some general conclusions. Figure 6A also compares nicely to our previous numerical

results.17 The slanted dotted line running from top left to bottom right indicates that the

best localization in photon nudging is obtained for λ ∝ κ−2 as already reported earlier.17 Our

experimental results, however, reveal a smaller positioning error as expected. This is due to

the fact that in the present experimental realization, the particles are confined between two

glass slides. The confinement results in a lower diffusion coefficient of the particles due to the
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Figure 5: Acceptance angle and laser heating powers. (A) Simple illustration of the particle’s
motion on a circle in the overcorrection regime due to the finite acceptance angle θ. (B) The
effective particle flow field with respect to the target at (x=y=0 µm) during the stochastic
localization process. The radial velocity magnitude is indicated by the color code whereas the
black arrows indicate the net direction and magnitude of the particle velocity vth. (C) Time
averaged mean tangential and radial component of the particles propulsion with respect
to the target position. (D) Dependence of the positioning error σ on the heating power
(velocity vth) and acceptance angle θ.

wall interaction.21 The rotational diffusion, however, is not effected by the confinement due

to the short range hydrodynamic flow field associated with it. The measured translational

diffusion coefficient corresponds to 25% of the Stokes-Einstein value. The lower diffusion co-

efficient will decrease the diffusive displacement during the time periods with no propulsion.

This leads to a lower position error σ. On the other hand, this also requires a lower velocity

to compensate for the diffusive displacement. Thus the minima are also consistently found
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at lower values of κ as compared to the numerical simulation data in Ref. 17. The cor-

responding rotational diffusion time τR, which enters the calculations has been determined

from the experimental data by autocorrelating the in plane particle orientation as reported

in the supplement. Figure 2 of the supplement displays the corresponding measurement data

and confirms the expected size dependence of the rotational diffusion time τR.

We next discuss in more detail two different cases that are of interest for an experimental

realization.

Constant λ. The first case is a constant revolution number λ. Here, the inverse frame

rate of the experiment ∆t has to be scaled according to the rotational diffusion time τR of

the particle. In this case a well-defined value of κmin reveals the minimum in positioning

error. A simple calculation shows that this requires the particle propulsion velocity (thus

the incident heating power) to be scaled according to vth ∝ 1/R2. Note that all of our

experiments for one particle radius R correspond to this situation and the velocity at the

minimum positioning error therefore reveals the value of κmin. Figures 6B–D display the

corresponding particle trajectory points for the experiments with a heating time being 1/25

of the rotational diffusion time τR (log10(λ) = −1.4). As discussed earlier, the point cloud is

extended in the case of small velocities (small κ) due to the dominance of Brownian motion.

It reaches a minimum size for log10(κ) = 0.6 with log(σ/R) = 0.37 (Figure 6C). This means

that independent of the particle size, the localization error σ is about 2.3 times the particle

radius R. Small particles could thus be localized with much higher accuracy than larger ones.

This is essentially due to the different scaling of the translational and rotational diffusion

with the particle radius.17 When further increasing the particle velocity the over-correction

regime is entered with a circular trajectory point distribution (Figure 6D).

Due to the required scaling of the velocity with the inverse particle radius and the short-

ening of the heating period ∆t, this strategy becomes difficult to realize for small objects.

Further, at very short heating durations, the particle motion might show acceleration effects,
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which so far have not been explored in phoretic motion.

Constant frame rate ∆t. A different approach would be to consider a constant inverse

frame rate ∆t. In this case, the revolution number λmin and the relative persistence length

κmin are located along the dotted line in Figure 6A. Hence a thermophoretic velocity would

have to be chosen according to

vth ∝
1√
R∆t

(8)

which only scales with the inverse squared root of the particle size and thus requires much

smaller heating powers to be applied for large particle sizes. However, since revolution

number is not constant anymore, the positioning error σ will depend on the revolution

number λ. As displayed in Fig. 6, the relative positional error σ/R would then increase with

increasing λ or decreasing particle size. This approach would be suitable for slower camera-

based photon-nudging implementations because the inverse frame rate of a typical camera

is usually limited to tens of milliseconds. It provides a very easy way to control particles

positions at good accuracy with an easy implementation, which could be i.e. advantageously

used in drug delivery or microswimmer interaction studies.
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Figure 6: Positional error in stochastic localization by photon nudging. (A) Summary of all
experimental results for the relative positioning error σ/R at the target position for particles
of different radii R. The log of the relative position error is plotted as functions of the
propulsion number κ and the revolution number λ (see eqn. 2 and 3). (B–D) Examples
of 2D probability distributions of the particle occurrence in the weakly-controlled (B), the
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Conclusion

We have experimentally demonstrated the adaptive control of Janus particles of different

size. The optically switchable photophoretic propulsion mechanism in conjunction with a

feedback control based on particle orientations allows particle steering and trapping utilizing

the orientational Brownian fluctuations of the particle. Our experimental results on Janus

particles of different sizes reveal that the particle propulsion velocity is independent of the

particle radius at constant incident heating intensity in the studied size range. The feedback

controlled switching of the swimmer propulsion is employed to localize the particle at well

defined positions. The experimental positioning error displays two different regimes, where

either diffusion or over-correction due to large propulsion velocities dominate. The minimal

positioning error decreases with decreasing particle size due to the stronger size dependence

of the reorienting rotational Brownian motion. Two different control schemes with constant

exposure and constant particle rotation number are discussed, which provide easy integration

of the control strategy. Thus photon nudging delivers a versatile tool for navigation in com-

plex environments involving the navigation of propelled Janus particles labeled with sensor

molecules or containing drugs within individual cells or the study of emergent phenomena

of non-equilibrium dynamics of particles ensembles.

Materials Methods

Materials Janus particles have been prepared on standard microscopy glass cover slips,

which have been treated in an oxygen plasma. A solution of polystyrene beads (R = 0.25µm,

0.375µm, 0.5µm and 0.625µm; Microparticles GmbH) is distributed on these cover slips in

a spin coater at 8000 rpm. The particle concentration of the bead solution has been adjusted

such that the particle do not form a closed packed monolayer but rather isolated particles.

This reduces the number of aggregates formed during the gold layer depostion. The samples

have been further covered with a 5 nm chromium and a 50 nm gold film by evaporation in
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a vacuum chamber. The chromium layer has been added to make sure that the gold layer

adheres to the glass slide when removing the Janus particles from the glass substrate by

sonification. Electron microscopy images of the resulting Janus particles of different size are

displayed in the supllementary material.

Sample Preparation The samples for all photon nudging studies consist of two glass

cover slides, which were rinsed with acetone, ethanol and distilled water and treated with

an oxygen plasma. They have been further coated with Pluronic F-127 (Sigma Aldrich) in

a 5 % aqueous solution for a few hours. The Pluronic is adsorbed to the glass surface and

prevents sticking of the Janus particles to the glass surface due to electrostatic interactions.

Residual Pluronic has been removed by rinsing the coated slides with distilled water. A

dilute Janus particle solution was then deposited between the two slides and sealed with

polydimethylsiloxane (PDMS) to prevent evaporation of the aqueous solution. The typical

thickness of the liquid layer between the glass slides has been adjusted to be below 2µm.
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