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Abstract: 

Synthetic microparticles present exciting features owing to their customizable light-matter 

interaction. We hereby report on the optical trapping of two artificial plasmonic microparticles: 

one with isotropic nanoparticles covering the surface (homogeneous particle) used as a hot 

Brownian particle and an anisotropic Janus microparticle, half coated with a gold nano-layer. 

The homogeneous particle decorated with plasmonic nanoparticles on the surface displays 

features of hot Brownian dynamics as well as photophoretic motion along z dimension in the 

optical trap. A dielectric particle was used as a reference particle because it acts as a cold 

particle with only the gradient force affecting it. In general, Janus particles orient in the trap 

with the dielectric part in the trap center. Plasmonic gold nanostructures absorb the light energy 

and produce heat; the photothermal forces significantly affect the optical trapping. These hot 

microspheres display temperature and Janus orientation dependent position distribution 

significantly different from cold (purely dielectric) microparticles. The developed method 

allows for the first time direct determination of the photophoretic (thermal force along light 

propagation direction) and thermophoretic force (light propagation direction independent force) 

acting on the respective particles, which opens new paths for analysis and control of 

micromachines. 

Keywords: Micromotor; Photophoresis; Thermophoresis; hot Brownian particle; Janus 
particle; Optical tweezers 
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1. Introduction 

Brownian motion was studied already in the 19th century [1] and further investigated by Albert 

Einstein, and constitutes the one of his major contribution to thermodynamics [2]. Later this 

equation was extended to the Stokes-Einstein-Sutherland equation [3–5]. Prior to optical 

tweezers, experiments of the Brownian motion relied on the light microscopy and a 

reconstruction of the motion trajectories first by hand then later by video cameras [5]. Optical 

tweezers are able to confine (‘trap’) the microparticles in a limited region owing to their optical 

gradient force [6]. A position sensitive detector with back focal plane interferometric detection 

is able to detect the particle position with high spatiotemporal resolution [6,7]. In contrast to 

the instantaneous Brownian motion [4,8], particle motion in optical tweezers is usually in the 

diffusive regime [9]. This diffusion again highly depends on the temperature [2]. A temperature 

dependence is therefore also a parameter in the equations for calibrating optical tweezers, where 

the motion of a microparticle is utilized to determine the trap stiffness [10]. With Einstein’s 

equation, optical tweezers were utilized to determine the temperature of nanorods, nanoparticles, 

isotropic and anisotropic microparticles [11–13]. Optical tweezers were utilized successfully 

for photonic control of microscopic objects [14]. In addition to gradient forces, photophoretic 

effects which occur for light absorbing particles in the travel dimension of light propagation 

can allow for manipulation of particles via light [14]. In photophoresis, the light momentum 

transfer to absorbing particles allows the motion of particles along the photon flux direction. 

Photophoretic effects originate from local anisotropic heating of particles (usually in the 

propagation direction of light) [15], and are used to control and trap particles in air [16–18]. 

Photophoretic effects are strongly pressure and material absorption dependent and up to ~ 4 

orders of magnitude stronger than radiation pressure or gradient forces [18]. The photophoresis 

is additionally reported to be too strongly attenuated to be observed in liquids [17]. In liquids, 

another thermal effect called photothermal induced thermophoresis [19] is recently under strong 
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investigation for guidance of microscopic objects (in some publications nevertheless called 

photophoresis) [20,21]. Thermophoresis is a common driving force for microparticles [19], 

which is however light propagation dimension independent in contrast to photophoresis, 

wherefore we will stick to this definition to discriminate these forces in this article [19]. Recent 

research suggests that the photonic nanojet is able to mediate the back action force in strong 

absorbing medium, with particle motion anti-parallel to the photon flux [22]. Use of the light 

to control the motion of microparticles and microswimmers is still interesting, in many of the 

biochemical and microbiology studies, where use of low light intensities and especially 

continuous light sources are beneficial.  

None of the previously published methods was however analyzing the position distribution 

or the relative changes in the orthogonal dimension based power spectra due to photothermal 

heating of isotropic and anisotropic particles. The analysis of these parameters was performed 

in this work, whereby the position distribution of hot isotropic and anisotropic particles is 

compared with isotropic cold particles, revealing severe differences in position distribution. We 

here propose to engineer the particle properties to control the photonic propulsion and guidance 

of hot Brownian microswimmers as example of hot homogeneous particles. In the first example, 

we demonstrate the optical trapping (Fig. 1A) of a plasmonic nanoparticle decorated 

microparticle and investigate the motion dynamics owing to the interplay of the optical force 

and the thermal heating. This thermal heating is evident by an increasing Gaussian position 

histogram width for light absorbing particles compared to dielectric particles (Fig. 1B–D). In 

the second example, we demonstrate the orientation dependent maximum thermorphoretic 

forces in x dimension and the photophoretic force in z dimension (light propagation direction) 

as well as its influence on the trapping of a Janus microparticle as example of broken symmetry 

particles. Trap stiffness of the trapped anisotropic particles is additionally displaying significant 

directionality dependent trap stiffness, which allows for estimation as well as discrimination of 
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thermorphoretic and photophoretic driving forces of optically controlled microswimmers. In 

case of Janus particles, differences in the orthogonal dimension histograms due to the thermal 

effects of the gold shell (oriented in x-dimension away from the optical trap due to 

thermophoresis with trap being placed in the silicon dioxide part) as well as photophoresis in 

the axis along the photon flux are investigated. 

 

Fig. 1. Utilized setup and resultant measured position histogram width for the y dimension. A) Scheme of 

the utilized setup with laser, beam expander, dichroic mirror and utilized trapping objective (NA = 0.95) 

sample, trapped particle, collection objective, dichroic mirror and back focal plane interferometric detection 

via quadrupole diode; position histogram of the y dimension for B) dielectric particles; C) hot Brownian 

particle; D) Janus particle. 
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2. Methods and Materials 

2.1 Experimental Setup 

The optical tweezers setup was built on a commercial microscope (IX-73, Olympus, Japan) 

with a 𝑇𝑇𝑇𝑇𝑀𝑀00  mode laser coupled into the microscope from the backport. The central 

wavelength of the laser (RLM650TA-080R, Shanghai Laser Century) is 650 nm. This laser was 

expanded to 8 mm via a home build beam expander utilizing a Thorlabs cage system (Thorlabs, 

Bergkirchen, Germany). The expanded laser beam was reflected via a dichroic mirror (FM02R, 

Thorlabs) mounted within an Olympus filter cube (Model Nr. U-FF), which housed a shortpass 

filter (FES0600, Thorlabs) below the dichroic mirror to prevent the backscattered laser line. 

Optical trapping was performed with a high numerical aperture objective (UPLSAPO 40X, NA 

= 0.95, Olympus). Forward scattered light from the microparticles was collected with the same 

type of objective, whereby the illumination and trapping light were separated via a dichroic 

mirror (Thorlabs FES0650) mounted in a Thorlabs cage system. The backfocal plane of the 

detection objective was imaged on a position sensitive detector (S5981, Hamamatsu, Japan) 

through a convex lens (f = 200 mm). The position sensitive detector collected the positional 

signal which was registered by the data acquisition system (AD-16f system, BMCM, Germany). 

Positional signals were digitalized at 50 kHz, and meanwhile the real-time video of the 

microparticles are saved with a camera (acA1920-155um, Basler, Ahrensburg, Germany) at a 

frame rate of 20 fps. Each measurement takes 3 s. The schematic of the experimental setup is 

displayed in Fig. 1A. 

2.2 Sample Preparation  

Silicon dioxide particles with a diameter of 5 µm were purchased from Sigma-Aldrich (Type 

44054, 5% solids, 5 μm std. dev ≤ 0.35 μm, Merck KGaA, Darmstadt, Germany). This sample 

was diluted by a factor of 10 with ultrapure water and used directly as dielectric reference 

particles.  
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Fresh silicon dioxide particles were coated with layer-by-layer approach [23] to enable 

subsequently the homogeneous surface decoration with gold nanoparticles. In this approach, a 

monolayer of polyethylenimine (PEI, 750 kDa, order No. 181978, Sigma, Merck, Darmstadt, 

Germany) was assembled first on negatively charged silicon dioxide particles, followed by 

three washing steps in which the particles were suspended within in de-ionized water followed 

by particle collection by centrifugation. Then a monolayer of polystyrenesulphonate (PSS, 

average 70 kDa, order No. 243051, Sigma, Merck, Darmstadt, Germany) was assembled, 

followed by three washing steps, a monolayer of polyallylamine hydrochloride (PAH, 50 kDa, 

order Nr. 283223, Sigma, Merck, Darmstadt, Germany), followed again by three washing steps 

[24]. This sequence was repeated three times to achieve an even coating, as this type of 

polymeric film starts with island like growth, due to charge repulsion between the polymeric 

chains. After this sequence, two bilayers of spherical gold nanoparticles (Au citrate stabilized, 

40 nm (No. 741981-25mL OD1, Sigma, Merck, Darmstadt, Germany) and PAH were 

assembled (with three washing steps after each assembly unit). The final assembly structure on 

the silicon dioxide particle was PEI(PSS/PAH)3(Au/PAH)2. Utilizing this approach a polymeric 

structure with a thickness of 16 ± 4 nm is gained [25], whereby the 40 nm diameter gold 

nanoparticles increase this structure to 56 ± 4 nm. Due to the island like growth, gold 

nanoparticles are unlikely to adsorb in a consecutive manner on top of each other.  

For Janus particles, the silicon dioxide particles were spread in form of a monolayer on top 

of a glass slide (H878, Carl Roth, Karlsruhe, Germany) [26], followed by drying and magnetron 

sputtering of 10 nm of gold [27]. Subsequently the particles were scratched with a sharp blade 

from the glass slide and dispersed in ultrapure water by ultrasonication. 

  A square shaped sample chamber (side length 20 mm) was manufactured to ensure 

homogeneous spacing between the top and bottom glass layers. This chamber was 

manufactured on a square shaped microscope cover slip (side length 25 mm) whereby a 
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chamber wall written by laser direct writing with thickness of 200 μm and height of 50 μm. A 

drop of negative IP-S photoresist was casted on the glass slide and the illuminated area was 

polymerized by the laser (negative photoresist (IPS, Nanoscribe, Stutensee, Germany)). This 

laser has a wavelength of 780 nm. The direct laser writing process is based on two-photon 

lithography (Nanoscribe GmbH, Stutensee, Germany). In the next stage the non-exposed 

photoresist was dissolved in PGMEA for 20 minutes and rinsed in isopropanol for 2 minutes. 

After washing, the chamber was ready to confine the sample particles. 

2.3 Characterization, Data Processing and Analysis  

Scanning electron micrographs and electron dispersive X-ray measurements were 

performed on a scanning electron microscope (Phenom ProX, Phenom-World-BV, Eindhofen 

Netherlands). The absorption measurements of 10 nm gold nanofilms and aggregated and 

isolated nanoparticles on top of glass slides were performed with a Varian Cary 50 Bio UV-

VIS NIR spectrometer (Agilent Technologies, Santa Clara, USA).  

In contrast to the equipartition analysis, power spectra for the positions were computed to 

estimate the trap stiffness [9]. Fits of power spectra were performed with a home written routine 

in LabView 2016, saved and subsequently plotted in Origin 2018. The with LabView 2016 

recorded position sensitive detector values were in LabView calculated to positional data, saved 

automatically. In a subsequent step, they were binned to histograms in Origin 2018, whereby 

the Gaussian fits of histogram position were performed in Origin 2018 as well. It is noted that 

both computational programs (Origin as well as LabView) generally display the same trend in 

histogram width. It is noted, that due to present vibration of the building and therefore resonance 

peaks in the power spectra the histogram based approach was discussed in the main text of this 

article, whereby power spectrum density method showed similar trend but higher error. The 

dielectric particles trap stiffness was fitted by a linear function, which it follows within the error 

bars, which is common for this kind of particles [28].  
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The positions were utilized to determine the mean square displacement (MSD) of the 

particles. Depending on the utilized definition, 2 different equations can be utilized for gaining 

the MSD, one common in micromotor community, one common in optics [29,30]: 

 𝑀𝑀𝑀𝑀𝑀𝑀 = ∑(𝑥𝑥𝑡𝑡 − 𝑥𝑥𝑡𝑡−1)2/𝑛𝑛         (1) 

𝑀𝑀𝑀𝑀𝑀𝑀 = (𝑥𝑥𝑡𝑡−�̅�𝑥)2

𝑛𝑛
+ (𝜍𝜍×(𝑛𝑛−1))

𝑛𝑛
         (2) 

In equations (1) and (2) 𝑥𝑥𝑡𝑡 is the current position of the microparticle, �̅�𝑥 is the average over 

all positions, 𝑥𝑥𝑡𝑡−1  is one position prior to the current position, 𝑛𝑛  is the current number of 

measurement,  𝜍𝜍 is the previous step of the calculated MSD (MSD from previous position). In 

equation 1, the displacement between each measurement position was taken and squared. The 

sum of all determined displacements is finally divided by the amount of measurements. 

It is noted, that equation (1) and (2) result into a MSD of similar magnitude (if equation (1) 

is divided by the amount of measurements per second). Equation 2 results into a particle speed 

at a given time, which gives information if the particle reached equilibrium in the optical trap 

to allow for choosing the appropriate time to determine the MSD to avoid equilibration effects. 

Also the resultant diffusion (D) calculated from both equations via the relation: 

𝑀𝑀 = 1/2 × 𝑀𝑀𝑀𝑀𝑀𝑀 × 𝑡𝑡         (3) 

for the one dimensional diffusion (t denotes time in s) are showing the same optical trapping 

based trend, which is in agreement with power spectra density method and histogram based 

trapping strength. We utilized for the data shown in this publication equation (2), with values 

averaged from 2–3 seconds, due to the possibility to reduce effects from beginning of 

measurement like particle still moving closer to the trap center. The relative diffusion increase 

(ΔD) for the hot Brownian as well as Janus particles was determined by dividing the diffusion 
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of a light absorbing particle (DH) with the one of a not heating dielectric particle (D). This 

diffusion difference is dimensionless. 

𝛥𝛥𝑀𝑀 = 𝑀𝑀𝐻𝐻/𝑀𝑀                                 (4) 

  To simulate the change in trapping stiffness (change in particle motion) for different 

temperatures of the micro-particle in Fig. 3H and 4H the Stokes-Einstein-Sutherland equation 

for hot Brownian particles was employed [5,9]: 

𝑀𝑀𝐻𝐻 = 𝑘𝑘𝐵𝐵𝑇𝑇𝐻𝐻
6𝜋𝜋𝑛𝑛𝐻𝐻𝑅𝑅

          (5) 

Here, T is the temperature of the hot Brownian particle 𝑛𝑛𝐻𝐻  the viscosity around a hot 

Brownian particle (reduced due to increased temperature), and R the particle radius. To 

facilitate this change in motion with change in temperature (and thereby change in viscosity 

too) relative to change in temperature the Stokes-Einstein-Sutherland equation was normalized 

to 20° C. The temperature dependent viscosity values were gained from an online database 

called the engineering toolbox [31]. This normalized simulation shows the change in mobility 

of the particles by changes in temperature. It is noted, that for the evaluate able 3D temperature 

measurements the particle motion needs to be normalized to the trapping strength as reported 

in in detail reference [32]. Since heating at 4.49 mW is still rather low (e.g. some microcapsules 

can be opened at 34° C need > 11× higher laser power) [33], the scattering difference can be 

normalized with a relatively low trade off at this laser power. The further differences in relative 

diffusion are assumed for laser power based heating (and thus resulting differences to pristine 

particles).  

   The reduction in trap stiffness was calculated by subtracting the expected change in trap 

stiffness using a linear simulation with the slope gained from Fig. 2F) (𝑘𝑘𝑅𝑅𝑅𝑅𝑅𝑅 𝑥𝑥). In this case, 

slope from linear fit of the measured trap stiffness for dielectric particles and the y-axis 

increment was set to fit the trap stiffness of the heating particles at 4.49 mW laser power, as 
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discussed in previous paragraph. The reduction was calculated by 𝛥𝛥𝑘𝑘𝑥𝑥 = 𝑘𝑘𝑅𝑅𝑅𝑅𝑅𝑅 𝑥𝑥 − 𝑘𝑘ℎ 𝑥𝑥. In this 

case 𝑘𝑘ℎ 𝑥𝑥 is the measured trap stiffness of the hot Brownian particle in the x dimension, while 

this approach is applicable for all three orthogonal coordinates. The total thermorphoretic force 

produced by this particle is gained by multiplying the trap stiffness with the histogram width 

for the respective orthogonal dimension. We would like to note, that in our experiment the 

particles were freely suspended and did not experience friction with the glass slide. To prevent 

changes in the position from heating, the experiments were performed after sufficient thermal 

equilibration time (> 1 second). Time series showed significant effects from positional changes 

upon increasing laser power up to 0.5 seconds, this time and fast heating rate is comparable to 

heating rate of earlier reports [34], where although a larger laser spot, also higher powers were 

used. As a continuous wave laser was used, the values in this work are in mW and not in heat 

flux J, as the equilibrium was depending on particle type reached after a flux of J ~ 0.4 – 2 mJ. 

We would like to note, that the results and the measurement trend are repeatable for several 

particles for 2 different setups (IX-71 and IX73 with 2 different laser wavelengths 808 nm and 

650 nm) investigated in two independent countries (China and Swiss). The measurement trend 

is also reproducible for different laser wavelengths, for clarity here only results from the setup 

in Swiss (IX-73 with 650 nm laser respectively) as discussed in the experimental section are 

shown. 

 

3 Results and Discussion 

Light beams, under strong focus, create a strong intensity gradient (blue shaded area in Fig. 2A). 

Dielectric particles can be trapped near the light beam focus due to the optical gradient force 

[35]. In effect, the focused optical beam produces a potential energy well, while the isotropic 

transparent microparticle tends to stay at the well bottom with lowest energy [35]. The optical 

trapping can be detected by recording the positional traces of the microsphere using a position 
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sensitive detector (Fig. 1) [9]. In contrast to the uniform position distribution for the stochastic 

Brownian motion, the position histogram for the microparticle in the optical tweezers follows 

a normal distribution (Fig. 2B and 2C). The width of the histogram measures how much the 

microsphere can move away from the trap center and relates to the trap stiffness through: 

𝑘𝑘 = 𝑘𝑘𝐵𝐵𝑇𝑇/< Δ𝑥𝑥2 >       (6) 

Where 𝑥𝑥  defines the time-dependent position along is orthogonal coordinates, 𝑘𝑘𝐵𝐵  is the 

Boltzmann constant, and 𝑇𝑇 the temperature. The spectrum of the position signal features a 

Lorentzian shape (Fig. 2D) [9]. Additionally, the optical trap stiffness can be calculated also 

from the corner frequency of the power spectrum (Fig. 2F), which shows  generally a linear 

increase with laser power [6]. In the Mie scattering regime with a particle size greater than the 

light wavelength (𝑟𝑟 ≫ 𝜆𝜆), the optical force can be estimated using the Ray optics model [35,36]. 

The transverse trap stiffness of the utilized trap is stronger than the axial trap stiffness as the 

axial position distribution (Fig. 1B vs. Fig. 2B and Fig. 2C and D) is much broader than the 

distribution in the transverse directions. This is consistent with the analysis that the axial corner 

frequency is greater than transverse counterparts (Fig. 2D). Indeed, the anisotropic trapping 

ability (Fig. 2F) shows that the transverse trap stiffness along the light polarization direction is 

greater than that orthogonal to the polarization direction. In particular, the longitudinal trap 

stiffness (z axis in Fig. 2F) is around 1/6 of the transverse trap stiffness, and is consistent with 

the existing report even for the Rayleigh particles [28]. The increase in temperature for purely 

dielectric particles is known for 50 mW laser power to be 0.2 K [37], for this reason we refer 

to purely dielectric particles as “cold” and non-light-absorbing  particles. 
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Fig. 2. Isotropic non-light-absorbing dielectric particle in an optical trap. A) Scheme of the dielectric particle 

in the trap whereby the light (red) exerts both scattering and gradient force (blue) on the particle. Position 

histograms displaying Gaussian fits of histograms along orthogonal coordinate histograms in x B) and z C) 

(for y see Fig. 1B). D) Power spectrum density (PSD) of the particle positions in three orthogonal coordinates 

displaying Lorenzian behavior. E) Histogram width using values from Gaussian fits at different laser powers 

for all three orthogonal coordinates (with straight line being linear fit). F) Trap stiffness calculated from E).  

 

A large plasmonic particle is hard to trap, due to the instability from the enhanced thermal 

effect. However, by employing a non-absorbing dielectric microparticle coated with two layers 

of gold nanoparticles electrostatically adsorbed onto an oppositely charged polymeric cushion 

(Fig. 3A) changes the optical properties. Due to unlike assembly of the plasmonic nanoparticles 

on top of each other, the polymer-gold composite has an average thickness of ~ 52 nm. We 

were able to capture such a synthetic homogeneous particle with a dielectric Mie particle as a 

core decorated with plasmonic Rayleigh nanoparticles on the surface (Fig. 3A, B and Fig. 4B, 

E). This was done by using the approach described in reference [38]. In contrast to the pure 

dielectric particle, the optical force on the synthetic particle displays three different mechanisms.  
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Fig. 3. Effect of trapping a light absorbing particle in water. A) Forces are a combination of gradient, 

scattering, hot Brownian motion (x and y dimension) as well as in z dimension photophoretic forces, yellow 

spots denote gold nanoparticles; B) buildup of the nanostructure utilized to fixate the gold nanoparticles; x 

C) and z D) position histograms with Gaussian fits (for y dimension, see Fig. 1C). In C) and D) fitting is done 

by single Gaussian. The laser power in C) and D) was 49.2 mW. Width of Gaussian fits for position 

histograms along orthogonal axes E); F) Relative diffusion (ΔD) (calculated from position measurements and 

equation 3 and 4) of the homogeneous particle with respect to the pure dielectric particle (Fig. 1C) as a 

function of the laser power. G) The temperature rise due to the laser induced heating of the homogeneously 

coated microparticle as a function of ΔD with the straight line being the simulated change in ΔD (utilizing 

equation 5) in all three orthogonal dimensions of the particle. H) Temperature corrected trap stiffness 

calculated from E) with the straight dashed line being the fit of measurements and the dashed line being the 

trend for a dielectric SiO2 particle with the same size. I) Photophoretic and hot Brownian motion based 
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reduction of optical trap stiffness vs. laser power in all three orthogonal axes. The straight continuous lines 

in E), F), G), and H) are linear fits for guiding the eye. 

 

Fig. 4. Silicon dioxide A), hot Brownian B) and C) Janus particles. Silicon dioxide particles in SEM; 

corresponding electron dispersive X-ray (EDX) mapping D)–F). The scale bars are 5 µm. 

 

First, the dielectric particle experiences optical force, which can be estimated using Ray 

optics. Second, each decorated gold nanoparticle acts as a Rayleigh particle (𝑟𝑟 ≪ 𝜆𝜆). In dipole 

approximation, the light induces a dipole in the Rayleigh particle and the optical force is the 

consequence of the light-dipole interaction. Hence, the optical trapping of the overall decorated 

particle (Fig. 3) shows different behavior with the pure dielectric particle (Fig. 1). Specifically, 

the optical gradient force of the Rayleigh particles reads,  

𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = −𝑛𝑛𝑏𝑏
2
𝛼𝛼∇𝑇𝑇2       (7) 
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Where 𝛼𝛼 is the polarizability of the particle and 𝑛𝑛𝑏𝑏 the refractive index of the medium, 𝑇𝑇 is 

the electromagnetic field of the scattered light [36]. Third, the gold nanoparticles absorb light 

photons which causes the nanoparticles to generate heat and induce therefore photophoretic 

forces [39,40]. The trap stiffness for the decorated particles along the transverse direction 

increases with laser power therefore much slower than the trend for the pure dielectric particle 

(dashed lines in Fig. 3H and Fig. 2C). 

Compared with the existing reports on optical trapping with plasmonic core shell particles 

[41]. The isotropic decorated particles feature a large number of nanoparticles adsorbed on the 

surface of the microparticle with a bridging polymer coating between the gold nanoparticles 

and silicon dioxide core (Fig. 3B). The position histograms of the trapped particle display a 

Gaussian distribution (Fig. 1C vs. Fig. 3C, D). Upon increasing the laser power, a reduction of 

the histogram width is determined (Fig. 3E). This composite particle is significantly heated up 

by the trapping laser irradiation, due to significant absorption of the light absorbing 

nanoparticles (Fig. 3F, G). Heating effects of the particle are determined by comparing the mean 

square displacement of the hot Brownian particle with the one of cold dielectric particles. A 

relation between hot Brownian particle diffusion and dielectric particle diffusion can be utilized 

to gain the relative increase in motion of the hot Brownian particle (Fig. 3F). Utilizing equation 

5 the temperature can be calculated (Fig. 3G). The emergence of bubbles was not observed, due 

to missing nucleation sites and the necessary Laplace pressure being not surpassed. The motion 

of our homogeneously surface decorated particles resembles the one of hot Brownian particles 

[42] owing to the plasmonic coating based heating. A hot Brownian particle performs a random 

diffusive motion with effective hot diffusion coefficient 𝑀𝑀𝐻𝐻 following the generalized Stokes-

Einstein-Sutherland equation whereby ηHBM contains the lowered viscosity of water around the 

particle [42] (equation 5). 
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 This effect causes a significantly different behavior compared to purely dielectric particles 

being displayed in the width of the position histograms, which decreases to a significantly lower 

degree compared to dielectric particles’ position histogram width with increasing laser power 

(compare Fig. 2E with Fig. 3E). This finding is due to the fact, that in addition to radiation 

pressure, the photophoretic forces also play a role (Fig. 3A).   

As Fig. 3G demonstrates, the particle heats up considerably with the increasing laser power 

facilitating considerable thermal motion, which also acts against the trapping power (Fig. 3H) 

causing a relative decrease in trapping stiffness compared to dielectric particles. For this reason, 

the reduced trap stiffness is increasing nearly linearly with the laser power (Fig. 3I). As the 

particle is exhibiting homogeneous structure any thermal motion in x and y dimension cancels 

out, therefore only photophoretic force in z dimension can be expected. We would like to note, 

that we also observed the existence of resonance peaks in the kHz region in the power spectra. 

There the peaks were more pronounced and sharper in case of hot Brownian particles, 

supporting the temperature rise hypothesis [43].  

The utilized laser beam is due to the present equipment and beam guiding system linearly 

polarized with a polarization degree of 0.929, aligned with the position sensitive detector x axis. 

Here we employed within the optical trap Janus particles with a diameter of 5 μm with a silicon 

dioxide core and a 50% shell coating of 10 nm gold (Fig. 5A and 5B, Fig. 4C and 4F). Once 

the Janus particle was caught in the trap, the particle itself did rotate by ~ 30° in the trap and 

chose the preferred orientation with the dielectric part closer to the trap center. Moreover, the 

Janus particle selects the orientation with the interface between the left and the right halves 

aligned with the light propagation [44]. Work on isotropic core-shell nanoparticles suggests 

controllable directional scattering by shaping the geometry of the particle, whereby the 

scattering profile is highly sensitive to the thickness of the coating [41]. In contrast to these 

isotropic core-shell particles, the Janus particle with gold coating only on one side of the 
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dielectric particle, exhibits angle dependent scattering and can therefore rotate in the optical 

tweezers with linearly polarized light owing to the anisotropic geometry [44]. In case of Janus 

particles, one is facing not only scattering forces, photophoretic force (z dimension) but also a 

thermophoretic force (Fig. 5A). This thermorphoretic force is a defined force vector in a 

determinable direction (in this case x due to particle alignment), while the remaining direction 

(in the present case y) is exhibiting an isotropic hot Brownian particle like behavior (Fig. 5A 

and B). The resultant power spectra displayed again next to the corner frequency a stronger 

resonance peak compared to the dielectric particles due to thermal effects [43] caused by the 

strongly absorbing gold layer. The fact that the width of histograms changes upon increasing 

laser power in various directions is displaying significant differences is highlighting the 

existence of a preferred force vector for the motion of this kind of sample. In addition, the 

histograms of x, y and z dimensional positions are each fitted with one Gaussian (Fig. 5C, D 

and Fig. 1D). It is noted, that still all histogram widths are decreasing with the increasing laser 

power (Fig. 5E). In case of x-dimension, differences in the histogram width compared to 

dielectric particles are significantly stronger compared to y, which is also visible by the 

differences in relative diffusion (ΔD) displayed in Fig. 5F. This relative difference in diffusion 

is related to strong changes in the local temperature (Fig. 5G). Such a finding proves, that for 

anisotropic particles two distributions exist, whereby the thermal and gradient forces at least in 

case of x (dimension with thermorphoretic force) and z (dimension with photophoretic force) 

point in opposite vector (gradient force pulls the particle into the trap, while the thermal forces 

pull the particles out) [6]. In our system we did not observe gas bubbles, although the 

temperature was significantly above the bulk boiling point of water (Fig. 5F), due to the absence 

of nucleation sites and small size of the system. We would like to note, that at the utilized laser 

powers, which other authors reported are similar as well as higher temperatures (depending on 

utilized gold film thickness and nanoparticle type) for isolated nanoparticles in air [39]. It is 

worth noting, that in contrast to reference [45] the particles did not rotate in a way to face the 
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gold side downwards into the laser beam, due to our particles being significantly larger than the 

one used in reference [45]. Since our particles are 2× larger than the ones in reference [44], the 

particles investigated in this work did not rotate around their axis, but rather just oriented with 

their metal side away from the laser, whereby an alignment along the laser polarization was the 

preferred orientation. This effect can be explained with significant area of the silicon dioxide 

being available for trapping, whereby thermal effects orient the gold shell away from the laser 

beam. Such an alignment is not possible with smaller particles, where the whole particle is in 

many cases engulfed in the beam. 

 

Fig. 5. The effect of trapping a partially gold-coated Janus sphere. A) Scattering, gradient and thermal forces; 

B) Scheme depicting the side view of a Janus particle; C) histogram of the Janus particle with Gaussian fitted 

curve in x dimension; and D) in z dimension (for y dimension see Fig. 1D). E) Gaussian curve fitting based 
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position histogram width in three orthogonal coordinates vs. laser power; F) relative change in diffusion 

(dimensionless) vs. laser power. G) Increase of the temperature for changes in diffusion; H) temperature 

corrected trap stiffness vs. laser power with expected change in trap stiffness being the dashed lines. I) 

Thermal reduced trap stiffness vs. laser power. The straight continuous lines in E), F), G) and H) are linear 

fits for guiding the eye. 

 

Comparing the changes in the trapping strength upon increasing laser power with the 

ones of dielectric silicon dioxide particles and hot Brownian particles, we detect a significantly 

different behavior. Here Janus particles displayed the strongest decrease in the trap stiffness 

upon increasing laser power in z, followed by x and y dimension (Fig. 5I). This discrepancy 

among the axes stems in case of z dimension from the photophoretic force, which is 

significantly stronger than other forces, followed by the thermophoretic force for x. This motion 

in x dimension can be explained with equation 8 which allows a estimation of the 

thermorphoretic force [46–48]: 

𝐹𝐹 = −𝐶𝐶∇𝑇𝑇(𝑟𝑟, 𝑡𝑡)        (8) 

𝐶𝐶 = (9𝜋𝜋𝑑𝑑𝑝𝑝𝜂𝜂2 𝑘𝑘𝑔𝑔 (2𝜌𝜌𝑔𝑔𝑇𝑇𝑘𝑘𝑝𝑝)⁄                   (9) 

Here T(r, t) is the temperature increase as a function of spatial coordinate and time. The 

thermophoretic force is proportional to the square of the steam gas viscosity η, the effective 

radius for the annulus cross section dp, and thermal conductivity of steam gas ka. 

Compared with hot Brownian particles, the observed effects can be applied to precisely 

control the Janus microparticle motion direction, as recently published reference [49]. The 

approach in reference [49] utilizes thermal effects and Janus orientation for particle guidance, 

lacks however positional measurements and is unable to steer the particles with the movement 
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of the laser. For particle steering, this approach [49] requires two independent lasers operating 

not at the same time.  

Multiplying the reduction in optical trap stiffness, with the histogram width we can 

determine the total force difference to a not heating microparticle. For hot particles not only the 

temperature requires a correction, also the non-directed thermal energy based trapping 

reduction needs to be corrected. Therefore, the total trapping force was corrected for thermal 

energy in x and y dimension for hot Brownian particles yielding the photophoretic force (Fig. 

6). The photophoretic force demonstrates a linear increase with the laser power (Fig. 6A). Janus 

particles were corrected for their thermorphoretic force in x dimension as well as with the 

photophoretic force in z dimension and with the thermal energy in y dimension. The thermal 

energy corrected data displays a significant thermophoretic force vector in the direction of x 

dimension, while this value is surpassed by factor 3 by the photophoretic force in z dimension 

(Fig. 6B). Both forces increase almost linearly with increasing laser power. The lower 

photophoretic propulsion of the hot Brownian microparticle is due to the lower absorption cross 

section of this particle type compared to Janus microparticles. 

 Comparing the herby obtained data with those of reference [50], we find that the directional 

x dimension propulsion force in case of Janus particles is just slightly lower than those of E-

coli. bacteria. It is worth noting, that the determined photophoretic force is significantly higher 

than the propulsion force of E-coli. In the presented case here, compared to reference [50] 

neither digital micromirror device nor frequency filtering is necessary allowing for more 

general application of the presented approach. Compared to non-thermophoretic micromotors 

or living matter, thermophoretic particles require a temperature correction, which is important 

for correcting the optical trapping force. 

     Comparing the determined results with those of references [20,27] the hereby presented 

finding of the strongest force contribution determined stemming from z and not x dimension 
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seems contradictory. In this case, it is important to note, that in references [20,27] the laser is 

shot directly and in pulsed form as a not trapping laser at the gold cap in contrast to this work 

where the laser was focused on the dielectric part with a trapping property.  

 

Fig. 6. Propulsion forces in case of hot Brownian A) and Janus microparticles B) vs. laser power. The straight 

lines are guiding the eye. 

 

In reference [20] figures are shown with strong initial jumps in z dimension after 

illumination and which are however not discussed, whereby the z dimension was entirely 

neglected in this reference [27]. Our observed findings are correlating well with reference [45], 

which reported only contributions in z dimension, negating the dimensions x and y. This 

geometric preference in x dimension attributes to the propulsion along the direction of the gold 

cap to the direction of the bare silicon dioxide surface of the dielectric particle. Combined with 

the directional propulsion from one sided gold cap, Janus particles offer superior control and 

propulsion properties for photonic controlled micromachines.  
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4 Conclusion 

In this work a comparison among purely dielectric non-heating particles, hot Brownian 

nanoparticle decorated and Janus anisotropic heating particles regarding the power spectra and 

position histograms of optically trapped particles was performed. Brownian motion of non-

heating particles in optical traps display the well-known Gaussian position distribution profile 

narrowing with increasing laser power. Isotropic nanoparticle decorated microparticles heated 

by the trapping beam exhibit in the x and y dimension peak broadening and in case of the 

direction of photon flux (z) a strongly broadened Gaussian peak profile related to photophoretic 

motion. Janus particles display in the photon travel direction (z) a significantly broadened 

Gaussian peak compared to dielectric particles due to photophoresis. The gold shell heating in 

case of the Janus particles causes trap stiffness reduction and is based on thermophoretic force 

vector along the x dimension, and is highly dependent on illumination intensity and particle 

orientation. The reported findings prove a strong contribution of thermal effects originally 

negated for particles submerged in aqueous conditions in the past [17]. The present analysis 

allows for the first time a direct determination of photophoretic and thermophoretic propulsion 

force and analysis of anisotropic heating of particles, as well as comparison of propulsion and 

diffusion with different kinds of motors [51]. As a result, it was shown that the driving force 

for Janus particles can be measured directly. Therefore, the motion control of the Janus particle 

for future drug delivery applications will be much more precisely. In general, this is not only 

applicable for Janus particles, as it was shown in this study, but to all micromotors that are 

driven by thermophoresis and photophoresis. This is possible by distinguishing between 

thermophoresis and photopheresis within optical tweezers through analytical observations of 

the particle movements in all three orthogonal dimensions. We expect, that the developed 

approach will in the future improve reliability and 3D guidance of hot drug delivery systems. 
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Due to the direct force measurement approach, our laboratory will establish the hereby 

presented approach as a standard method for investigating driving forces of novel micromotors. 

Supplementary material 

The supplementary material contains a graphical display of the trap stiffness vs. laser power 

obtained by corner frequency fits of power spectra of dielectric particles (Fig. S1), a figure 

displaying the determination of laser polarization (Fig. S2), absorption spectra of gold 

nanoparticles and gold nanofilm (Fig. S3), mean square displacements of dielectric and hot 

Brownian particles (Fig. S4, S5), power spectra and corner frequency based trap stiffness of hot 

Brownian particles (Fig. S6), Janus microparticle orientation vs. laser power (Fig. S7), power 

spectra and corner frequency based trap stiffness of Janus microparticle (Fig. S8), mean square 

displacements of Janus microparticle (Fig. S9). 

Declaration of Competing Interest 

The Authors report no declarations of interest. 

Acknowledgements 

J.F. would like to thank ETH and HIT for the chance to visit ETH as an academic guest. 

This research was financially supported by Tomsk Polytechnic University Competitiveness 

Enhancement Program project VIU-SEC B.P. Veinberg-196/2020. 

References  

[1] R. Brown, XXVII. A brief account of microscopical observations made in the months 

of June, July and August 1827, on the particles contained in the pollen of plants; and on 

the general existence of active molecules in organic and inorganic bodies, Philos. Mag. 

4 (1828) 161–173. https://doi.org/10.1080/14786442808674769. 

[2] A. Einstein, Eine neue Bestimmung der Molekul-dimensionen, Ann. d. Phys. 19 (1906) 



25 
 

289–306. https://doi.org/10.1002/andp.19063240204. 

[3] D. Selmeczi, S. Tolić-Nørrelykke, E. Schäffer, P.H. Hagedorn, S. Mosler, K. Berg-

Sørensen, N.B. Larsen, H. Flyvbjerg, Brownian Motion after Einstein: Some New 

Applications and New Experiments, in: H. Linke, A. Månsson (Eds.), Control. 

Nanoscale Motion, Springer Berlin Heidelberg, Berlin, Heidelberg, 2007: pp. 181–199. 

https://doi.org/10.1007/3-540-49522-3. 

[4] T. Li, S. Kheifets, D. Medellin, M.G. Raizen, Measurement of the instantaneous 

velocity of a Brownian particle., Science. 328 (2010) 1673–5. 

https://doi.org/10.1126/science.1189403. 

[5] A. Einstein, Investigations on the Theory of the Brownian Movement, Dover 

Publications, Mineola, 1956. 

http://www.maths.usyd.edu.au/u/UG/SM/MATH3075/r/Einstein_1905.pdf. 

[6] A. Ashkin, Acceleration and Trapping of Particles by Radiation Pressure, Phys. Rev. 

Lett. 24 (1970) 156–159. https://doi.org/10.1103/PhysRevLett.24.156. 

[7] G. Sirinakis, Y. Ren, Y. Gao, Z. Xi, Y. Zhang, Combined versatile high-resolution 

optical tweezers and single-molecule fluorescence microscopy, Rev. Sci. Instrum. 83 

(2012) 093708. https://doi.org/10.1063/1.4752190. 

[8] S. Kheifets, A. Simha, K. Melin, T. Li, M.G. Raizen, Observation of Brownian Motion 

in Liquids at Short Times: Instantaneous Velocity and Memory Loss, Science (80-. ). 

343 (2014) 1493–1496. https://doi.org/10.1126/science.1248091. 

[9] K. Berg-Sørensen, H. Flyvbjerg, Power spectrum analysis for optical tweezers, Rev. 

Sci. Instrum. 75 (2004) 594–612. https://doi.org/10.1063/1.1645654. 

[10] S.F. Tolić-No̸rrelykke, E. Schäffer, J. Howard, F.S. Pavone, F. Jülicher, H. Flyvbjerg, 



26 
 

Calibration of optical tweezers with positional detection in the back focal plane, Rev. 

Sci. Instrum. 77 (2006) 103101. https://doi.org/10.1063/1.2356852. 

[11] P. V. Ruijgrok, N.R. Verhart, P. Zijlstra, A.L. Tchebotareva, M. Orrit, Brownian 

fluctuations and heating of an optically aligned gold nanorod, Phys. Rev. Lett. 107 

(2011) 1–4. https://doi.org/10.1103/PhysRevLett.107.037401. 

[12] H. Ma, P.M. Bendix, L.B. Oddershede, Large-Scale Orientation Dependent Heating 

from a Single Irradiated Gold Nanorod, ACS Nano Lett. 12 (2012) 3954−3960. 

https://doi.org/dx.doi.org/10.1021/nl3010918 |. 

[13] L. Zhou, B. He, F. Wu, J. Wu, Castor oil-stabilized magnetic Fe3O4 and luminescent 

ZnO nanocrystals: One-step green synthesis and application for polymer composites, 

Adv. Powder Technol. 27 (2016) 1839–1844. 

https://doi.org/http://dx.doi.org/10.1016/j.apt.2016.06.017. 

[14] F. Ehrenhaft, Die Photophorese, Ann. Phys. 361 (1918) 81–132. 

https://doi.org/10.1002/andp.19183611002. 

[15] J. Mattauch, Versuche über die Druckabhängigkeit der Photophorese, Ann. Phys. 390 

(1928) 967–980. https://doi.org/10.1002/andp.19283900712. 

[16] V.G. Shvedov, A. V. Rode, Y. V. Izdebskaya, A.S. Desyatnikov, W. Krolikowski, Y.S. 

Kivshar, Giant optical manipulation, Phys. Rev. Lett. 105 (2010) 1–4. 

https://doi.org/10.1103/PhysRevLett.105.118103. 

[17] V.G. Shvedov, A.S. Desyatnikov, A. V. Rode, W. Krolikowski, Y.S. Kivshar, Optical 

guiding of absorbing nanoclusters in air, Opt. Express. 17 (2009) 5743. 

https://doi.org/10.1364/oe.17.005743. 

[18] A.S. Desyatnikov, V.G. Shvedov, A. V. Rode, W. Krolikowski, Y.S. Kivshar, 



27 
 

Photophoretic manipulation of absorbing aerosol particles with vortex beams: theory 

versus experiment, Opt. Express. 17 (2009) 8201. 

https://doi.org/10.1364/oe.17.008201. 

[19] M. Xuan, Z. Wu, J. Shao, L. Dai, T. Si, Q. He, Near Infrared Light-Powered Janus 

Mesoporous Silica Nanoparticle Motors, J. Am. Chem. Soc. 138 (2016) 6492–6497. 

https://doi.org/10.1021/jacs.6b00902. 

[20] B. Qian, D. Montiel, A. Bregulla, F. Cichos, H. Yang, Harnessing thermal fluctuations 

for purposeful activities: the manipulation of single micro-swimmers by adaptive 

photon nudging, Chem. Sci. 4 (2013) 1420. https://doi.org/10.1039/c2sc21263c. 

[21] M.L. Viger, W. Sheng, K. Doré, A.H. Alhasan, C.J. Carling, J. Lux, C. de Gracia Lux, 

M. Grossman, R. Malinow, A. Almutairi, Near-infrared-induced heating of confined 

water in polymeric particles for efficient payload release., ACS Nano. 8 (2014) 4815–

26. https://doi.org/10.1021/nn500702g. 

[22] Y.X. Ren, X. Zeng, L.M. Zhou, C. Kong, H. Mao, C.-W. Qiu, K.K. Tsia, K.K.Y. 

Wong, Photonic Nanojet Mediated Backaction of Dielectric Microparticles, ACS 

Photonics. 7 (2020) 1483–1490. https://doi.org/10.1021/acsphotonics.0c00242. 

[23] G. Decher, Fuzzy Nanoassemblies: Toward Layered Polymeric Multicomposites, 

Science (80). 277 (1997) 1232–1237. https://doi.org/10.1126/science.277.5330.1232. 

[24] E. Donath, G.B. Sukhorukov, F. Caruso, S. a Davis, H. Möhwald, Novel Hollow 

Polymer Shells by Colloid‐Templated Assembly of Polyelectrolytes, Angew Chem Int 

Ed Engl. 37 (1998) 2201–2205. https://doi.org/10.1002/(SICI)1521-

3773(19980904)37:16<2201::AID-ANIE2201>3.0.CO;2-E. 

[25] J. Frueh, G. Reiter, H. Möhwald, Q. He, R. Krastev, Novel controllable auxetic effect 

of linearly elongated supported polyelectrolyte multilayers with amorphous structure, 



28 
 

Phys. Chem. Chem. Phys. 15 (2013) 483–488. https://doi.org/10.1039/C2CP43302H. 

[26] Y. Wu, X. Lin, Z. Wu, H. Möhwald, Q. He, Self-propelled polymer multilayer janus 

capsules for effective drug delivery and light-triggered release, ACS Appl. Mater. 

Interfaces. 6 (2014) 10476–10481. https://doi.org/10.1021/am502458h. 

[27] A.P. Bregulla, H. Yang, F. Cichos, Stochastic Localization of Microswimmers by 

Photon Nudging, ACS Nano. 8 (2014) 6542–6550. https://doi.org/10.1021/nn501568e. 

[28] A. Rohrbach, Stiffness of Optical Traps: Quantitative Agreement between Experiment 

and Electromagnetic Theory, Phys. Rev. Lett. 95 (2005) 168102. 

https://doi.org/10.1103/PhysRevLett.95.168102. 

[29] J. Shao, M. Xuan, H. Zhang, X. Lin, Z. Wu, Q. He, Chemotaxis-Guided Hybrid 

Neutrophil Micromotor for Actively Targeted Drug Transport, Angew. Chemie Int. Ed. 

(2017). https://doi.org/10.1002/anie.201706570. 

[30] X. Michalet, Mean square displacement analysis of single-particle trajectories with 

localization error: Brownian motion in an isotropic medium, Phys. Rev. E. 82 (2010) 

041914. https://doi.org/10.1103/PhysRevE.82.041914. 

[31] Engineering toolbox, (n.d.). http://www.engineeringtoolbox.com/water-dynamic-

kinematic-viscosity-d_596.html (accessed November 30, 2015). 

[32] W. He, J. Frueh, J. Shao, M. Gai, N. Hu, Q. He, Guidable GNR-Fe3O4-PEM@SiO2 

composite particles containing near infrared active nanocalorifiers for laser assisted 

tissue welding, Colloids Surfaces A Physicochem. Eng. Asp. 511 (2016) 73–81. 

https://doi.org/10.1016/j.colsurfa.2016.09.052. 

[33] A.G. Skirtach, C. Dejugnat, D. Braun, A.S. Susha, A.L. Rogach, W.J. Parak, H. 

Möhwald, G.B. Sukhorukovt, The role of metal nanoparticles in remote release of 



29 
 

encapsulated materials, Nano Lett. 5 (2005) 1371–1377. 

https://doi.org/10.1021/nl050693n. 

[34] Z. Wu, C. Gao, J. Frueh, J. Sun,  and Q. He, Remote Controllable Explosive Polymer 

Multilayer Tubes for Rapid Cancer Cell Killing, Macromol Rapid Comm. 36 (2015) 

1444–1449. https://doi.org/10.1002/marc.201500207. 

[35] A. Ashkin, Forces of a single-beam gradient laser trap on a dielectric sphere in the ray 

optics regime, Biophys. J. 61 (1992) 569–582. https://doi.org/10.1016/S0006-

3495(92)81860-X. 

[36] A. Ashkin, J.M. Dziedzic, T. Yamane, Optical trapping and manipulation of single 

cells using infrared laser beams, Nature. 330 (1987) 769–771. 

https://doi.org/10.1038/330769a0. 

[37] A. Schönle, S.W. Hell, Heating by absorption in the focus of an objective lens., Opt. 

Lett. 23 (1998) 325–327. https://doi.org/10.1364/OL.23.000325. 

[38] E. Donath, G.B. Sukhorukov, F. Caruso, S.A. Davis, H. Möhwald, Novel Hollow 

Polymer Shells by Colloid-Templated Assembly of Polyelectrolytes, Angew. Chem. 37 

(1998) 2201–2205. https://doi.org/10.1002/(SICI)1521-

3773(19980904)37:16<2201::AID-ANIE2201>3.0.CO;2-E. 

[39] L. Jauffred, S.M.-R. Taheri, R. Schmitt, H. Linke, L.B. Oddershede, Optical Trapping 

of Gold Nanoparticles in Air, Nano Lett. 15 (2015) 4713–4719. 

https://doi.org/10.1021/acs.nanolett.5b01562. 

[40] W. He, J. Frueh, N. Hu, L. Liu, M. Gai, Q. He, Guidable Thermophoretic Janus 

Micromotors Containing Gold Nanocolorifiers for Infrared Laser Assisted Tissue 

Welding, Adv. Sci. 3 (2016) 1600206. https://doi.org/10.1002/advs.201600206. 



30 
 

[41] R.R. Naraghi, S. Sukhov, A. Dogariu, Directional control of scattering by all-dielectric 

core-shell spheres, Opt. Lett. 40 (2015) 585. https://doi.org/10.1364/OL.40.000585. 

[42] D. Rings, R. Schachoff, M. Selmke, F. Cichos, K. Kroy, Hot Brownian motion, Phys. 

Rev. Lett. 105 (2010) 8–11. https://doi.org/10.1103/PhysRevLett.105.090604. 

[43] J. Millen, T. Deesuwan, P. Barker, J. Anders, Nanoscale temperature measurements 

using non-equilibrium Brownian dynamics of a levitated nanosphere, Nat. 

Nanotechnol. 9 (2014) 425–429. https://doi.org/10.1038/nnano.2014.82. 

[44] Y. Zong, J. Liu, R. Liu, H. Guo, M. Yang, Z. Li, K. Chen, An Optically Driven 

Bistable Janus Rotor with Patterned Metal Coatings, ACS Nano. 9 (2015) 10844–

10851. https://doi.org/10.1021/acsnano.5b03565. 

[45] S. Nedev, S. Carretero-Palacios, P. Kühler, T. Lohmüller, A.S. Urban, L.J.E. Anderson, 

J. Feldmann, An Optically Controlled Microscale Elevator Using Plasmonic Janus 

Particles., ACS Photonics. 2 (2015) 491–496. https://doi.org/10.1021/ph500371z. 

[46] W.C. Hinds, Aerosol Technology: Properties, Behavior, and Measurement of Airborne 

Particles, Wiley-VCH Verlag & Co. KGaA, Weinheim, Germany, 1999. 

https://www.wiley.com/en-

us/Aerosol+Technology%3A+Properties%2C+Behavior%2C+and+Measurement+of+

Airborne+Particles%2C+2nd+Edition-p-9780471194101. 

[47] I. Buttinoni, G. Volpe, F. Kümmel, G. Volpe, C. Bechinger, Active Brownian motion 

tunable by light, J. Phys. Condens. Matter. 24 (2012) 284129. 

https://doi.org/10.1088/0953-8984/24/28/284129. 

[48] H.R. Jiang, N. Yoshinaga, M. Sano, Active Motion of a Janus Particle by Self-

Thermophoresis in a Defocused Laser Beam, Phys. Rev. Lett. 105 (2010) 1–4. 

https://doi.org/10.1103/PhysRevLett.105.268302. 



31 
 

[49] X. Peng, Z. Chen, P.S. Kollipara, Y. Liu, J. Fang, L. Lin, Y. Zheng, Opto-

thermoelectric microswimmers, Light Sci. Appl. 9 (2020) 141. 

https://doi.org/10.1038/s41377-020-00378-5. 

[50] D.J. Armstrong, T.A. Nieminen, A.B. Stilgoe, A. V. Kashchuk, I.C.D. Lenton, H. 

Rubinsztein-Dunlop, Swimming force and behavior of optically trapped micro-

organisms, Optica. 7 (2020) 989. https://doi.org/10.1364/OPTICA.394232. 

[51] J. Shao, M. Xuan, H. Zhang, X. Lin, Z. Wu, Q. He, Chemotaxis-Guided Hybrid 

Neutrophil Micromotors for Targeted Drug Transport, Angew. Chemie. 129 (2017) 

13115–13119. https://doi.org/10.1002/ange.201706570. 

 


