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Driving Micro-Objects Using Optical Force due to
Fluorescence Emission From Molecules

Syoji Ito,* Takayuki Nanno, Takahiro Kaji, Mamoru Tamura, Takuya lida,

and Hiroshi Miyasaka

1. Introduction

Emission of fluorescence in a specific direction generates an optical force

in the opposite direction of the emission by the momentum conservation

raw. This “emission force” can induce the directional transportation of small
objects anisotropically emitting fluorescence from molecules in the objects
only by photo-irradiation without any spatio-temporal control of light field.

To demonstrate the movement by the emission force, we fabricated dye-doped
cylinder-shaped polymer micro-objects (PMOs) with gold thin films on their
top surfaces. The single PMOs in water on a glass substrate, the side surfaces
of which were facing to the substrate, were photoexcited with a continuous
wave visible (532 nm) laser. The dyes in a PMO emitted strong fluorescence
toward the non-coated end (bottom) of the micro-cylinder due to the reflection
by the gold thin film on the top. The individual motions of the PMOs under
photoexcitation are detected with fluorescence microscopy. Analysis of the tra-
jectories of the PMOs confirmed that the anisotropic fluorescence emission led
to the transportation of the PMOs in the opposite direction of the fluorescence.
The emission force acting on the PMO is quantitatively evaluated through com-
putational simulation considering the emission force and Brownian motion.
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Radiation pressure (Optical force) act-
ing on an object was first detected in
the end of the 19th century by two re-
search groups of Levedevl!) and Nichols
and Hull.l2) As the momentum of single
photon is too small, it was practically not
possible to manipulate small particles
by light until the development of lasers
that can emit highly intense light beams.
Ashkin and co-workers demonstrated op-
tical manipulation of microparticles using
lasers beams: optical transportation using
slightly focused laser beams in 19700
and single-beam laser tweezing on the
basis of optical gradient force in 1986.1

Optical force acting on a small particle
that can be regarded as a point dipole can
be simply classified into three terms, scat-
tering, absorption, and gradient forces. The
scattering and absorption forces act toward
the propagation direction of photons, while
the gradient force acts along the spatial intensity gradient of light
field. Under the condition that the refractive index of a parti-
cle is larger than that of the surrounding medium, the gradi-
ent force pushes the particle toward the direction of increasing
intensity of light. By utilizing these optical forces, various mi-
cromanipulations can be achieved, such as atom/molecule trap-
ping in vacuum at low temperature,l>®) selective transportation
and spatial arrangement of quantum dots [*1% and plasmonic
nanoparticles! in fluids, fabrication of microscopic structures
with nanoparticles using gradient-force optical tweezer,/1213]
and measurement of micro-mechanical properties of motor
proteins.[1415]

Optical micro-manipulation is generally achieved by transfer-
ring the momentum of photons of a relatively intense laser beam
to micro-objects. Meanwhile, when a micro-object anisotropically
emits fluorescence photons, an optical force as a reaction of the
fluorescence emission is generated and acts on the objects, re-
sulting in the motion of the object toward the opposite direction
of the photon emission. In such micro-mechanical motion due
to fluorescence emission, the direction and speed of micromo-
tion are determined by the emission property of a micro-object.
Hence even under a spatially uniform photoexcitation, a direc-
tional motion is expected and, the motion can be controlled by
changing emission property of the micro-object by several ap-
proaches, such as replacing the fluorescent emitters (dyes) in the
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Figure 1. a) Schematic illustration of the PMO driven by emission force in the present study. b) Normalized absorption and fluorescence spectra of
BPPDI in a PMMA film. c¢) Metallurgical micrograph of dye-doped PMOs on a Si substrate fabricated by photolithography. d,e) Optical transmission

micrographs of a dye-doped PMO, d) top and e) side views.

micro-object with those exhibiting different spectroscopic prop-
erty, modifying the geometry of the micro-object, and increas-
ing/decreasing the reflectance at the surface(s) of the micro-
object. In the present study, we aim to demonstrate this new
micro-mechanical motion on the basis of the optical force due
to the emission from a micro-object itself. For this purpose, we
have prepared dye-doped polymer micro-objects (PMOs) exhibit-
ing anisotropic fluorescence emission and evaluated their indi-
vidual motions under photoexcitation.

2. Results and Discussion

2.1. Motion of PMO Emitting Fluorescence Photons under
Intense Photoexcitation

Figure 1 schematically illustrates fluorescence emission of a
perylenediimide derivative with butylphenoxy groups (BPPDI)
embedded in a PMO and resultant optical force (called emis-
sion force hereinafter). The detailed procedure for fabricating the
PMOs of poly(methyl methacrylate) (PMMA) which anisotrop-
ically emitted fluorescence is described in Figure S1 (Support-
ing Information). One of the end-faces (top and bottom) of the
PMMA microcylinder was covered with a 100-nm thick gold film
that reflects fluorescence photons from the BPPDI in the PMO.
The end face with Au film will be called “top face” hereinafter.
Without the Au film, the PMO exhibits symmetric fluorescence
emission along the axis of the cylinder shape (x-axis in Figure 1a).
Owing to this symmetric emission along the x-axis, optical forces
acting the two end-faces of the micro-object along the x-axis can-
cel each other and resultant optical force is zero. Therefore, the
anisotropic fluorescence emission realized by the Au film on the
top face plays a crucial role for directional driving of the PMO
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by the emission force. As a result of reflection by the Au film,
fluorescence photons from the BPPDI come out from the side
and bottom faces as illustrated in Figure 1a. Considering the ro-
tational symmetry of the side face, the sum of optical force along
the y-z plane of Figure 1a is also zero due to its rotational symme-
try. While the optical force parallel to the X axis acts anisotropi-
cally because of the anisotropic fluorescence emission. Hence the
micro-object moves parallel with the x-axis. Because the fluores-
cence emission of individual dyes is a dipole emission showing
spatially anisotropic emission pattern, the orientation of embed-
ded BPPDI affects the emission force acting the PMOs. To evalu-
ate the orientation of the embedded dyes, we measured fluores-
cence intensity of a 3-um PMMA film containing BPPDI under
photoexcitation with linearly polarized 532-nm laser at different
polarization directions. The measurement revealed that the ori-
entation of the dyes is random in the objective plane (x-y plane
in Figure 1a) of the microscope. To obtain the information of the
orientation of the dyes with respect to the z-axis in Figure 1a, we
also conducted widefield focus and defocus imaging for a thinner
PMMA film. The widefield imaging indicated that the orientation
of the dyes is three-dimensionally random in the PMMA film.
The detailed results of the measurements are shown in Figure S3
(Supporting Information).

A drop of water including the cylinder-shaped PMOs was sand-
wiched with a pair of well cleaned coverslips with keeping the
thickness of the liquid film of 0.5 mm using a punched 0.5-mm
silicone rubber sheet. One of the PMOs on the cover slip was
photoexcited under optical microscope and the motion due to the
anisotropic fluorescence emission was observed by fluorescence
microscopy as shown in Figure 1a. The details of the optical setup
for the photoexcitation and microscopic imaging are described in
the Experimental Section.

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BA 11810 3ol dde ay) Aq pauenob ae sapile VO ‘8sN JO Sa|n. 10y AfeldTauljuQ A1 UO (SUONIPUOD-pUe-SWe) Lo A 1M ARed jBulUo//Sdny) SUORIPUOD pue SWis | 8y} 885 *[5202/50/T0] Uo Afeiqiauliuo A8 1M exesO JO AiseAluN 8y L Aq 9SE0YZ0Z Wope/Z00T OT/I0P/W0D A8 1M Aleiq | pul|Uo"psoueApe//Sdny WoJj papeo|umod ‘0 ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

(a) (b)
2.0

1.5
€
<10
c
Ke)
.§
8 0.5
>
Os Emission 0.0
-0.5
Au film -1.0 0.0

X position /um

5pum

Figure 2. a) Fluorescence images of a cylindrical PMO containing BPPDI
under photoexcitation at 532 nm at 2400 Wcm~2 (bottom) at the time
origin (just after the start of photoexcitation), (middle) after 8 s, and (top)
after 16 s from the start of the photoexcitation. b) Corresponding detailed
trajectory of the centroid of the fluorescence image of the PMO for 20 s.

Figure 2a shows a time-course of the fluorescence image for
one of the dye-doped PMOs under photoexcitation at 532 nm
at 2400 W cm™!. The position of Au film and the direction of
fluorescence emission are indicated in the images. As shown
by the images in Figure 2a, the micro-object moved to the di-
rection of upper left. Figure 2b shows the corresponding tra-
jectory at every 30 ms of the centroid of the micro-object for
20 s under photoexcitation. The movie for this motion is pro-
vided as a Video S1 (Supporting Information) (5 times speed).
The trajectory shows overall unidirectional motion from 0 to
20 s, indicating that the emission force induced the directional
motion of the micro-object. However, the positional fluctua-
tions of the centroid and the lateral angle of the micro-object
were also observed in the corresponding fluorescence video, sug-
gesting that the random motion due to the thermal (Brown-
ian) motion is superimposed on the directional motion driven
by the emission force. During the 20 s observation, the fluo-
rescence intensity of the PMO did not drastically decrease, in-
dicating that the photobleaching of the dyes in the PMO was
not remarkable in the observation period. However, the fluores-
cence intensity somewhat decreased in 20 s, which was evalu-
ated with a PMMA film containing BPPDI at the same concen-
tration, the result of which is shown in Figure S3 (Supporting
Information).

2.2. Comparison of the Motions of PMOs Containing BPPDI with
Those Containing MG

To differentiate the Brownian motion from the directional one
by the emission force, we tracked lateral motions of PMOs
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at very low (0.37 Wcm™) excitation intensities. In this flu-
orescence imaging at the low excitation intensity, the 532-
nm laser was used only for fluorescence excitation and the
emission force due to the fluorescence was almost negligi-
ble. On the other hand, stronger emission force acts on the
PMO at the high intensity photoexcitation (2400 Wcm™2) as
shown above. Figure 3a shows trajectories of PMOs under the
high and very low photoexcitation intensities. In both cases,
the PMOs started their motions from the origin (X = 0,
Y = 0). The PMO under the weak photoexcitation exhibited al-
most ideal random walk; the position of the object distributed
within ~ +500 nm from the origin (X =0, Y = 0). In contrast, the
trajectory under the high photoexcitation intensity shows a bi-
ased diffusion from the origin to the positive X direction. These
results support ascribing the directional motion to the emission
force. Note that the direction of biased diffusion due to emission
force depends on the orientation of a PMO. The PMO whose tra-
jectory is shown in Figure 2a as red line started its motion parallel
to the x-axis with a configuration that the top face with Au film
directs to the positive X region.

To further investigate the effect of emission force on the tra-
jectory in terms of nonradiative relaxation of (heat dissipation
from) embedded dyes, we fabricated PMOs containing malachite
green (MG) at the same concentration as the BPPDI. The molar
absorption coefficient, ¢, of BPPDI at 532 nm was estimated to
be 29 000 cm™ M~ from literatures,'®'”] while that of MG to
be 8000 cm~! M~L.118] The fluorescence quantum yield of MG
and BPPDI in PMMA solid was estimated through the com-
parison of fluorescence intensity with rhodamine 6G (R6G) in
PMMA film at a determined absorbance on the basis of a re-
ported fluorescence quantum yield of R6G in PMMA (0.75).11%]
As shown in Figure 3b where normalized fluorescence spectra
of R6G, BPPDI, and MG in the PMMA films are exhibited, no
emission was observed for MG in PMMA film. The fluorescence
quantum yield of MG in the PMMA film was determined to be
<0.01, indicating that almost all photon energy absorbed by MG
is converted to heat in the PMMA solid. On the other hand, flu-
orescence quantum yield of BPPDI in the PMMA solid was es-
timated almost unity (>0.95), expecting much less photothermal
effect.

Figure 3c shows trajectories (tracked positions) for 20 s of 4
single PMOs containing MG at the high intensity photoexcita-
tion (2400 Wem=2) as green solid circles. The trajectories for 4
PMOs with BPPDI under weak (0.37 Wcm™2) excitation condi-
tion are also plotted as blue solid circles in the same figure in the
same manner. In these plots, connecting lines between succes-
sive tracked positions are omitted for visibility. The histograms
of X and Y positions for the PMOs are also plotted at the bottom
(X distribution) and the right side (Y distribution) of the trajec-
tories. As predicted by the very low fluorescence quantum yield
of MG, the intense photoexcitation of the PMOs with MG led to
heat generation through nonradiative relaxation of MG after pho-
toexcitation. As a result, diffusion coefficient of the PMOs with
MG under the intense photoexcitation increased, then the PMOs
with MG exhibited wider XY distribution of the tracked position
in Figure 3c compared with PMOs with BPPDI under very weak
photoexcitation.

To further, statistically analyzing the motions of the PMOs
under photoexcitation, we plotted mean square displacement
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Figure 3. a) Trajectories for 20 s of PMOs containing BPPDIs under the high (red solid line, at 2400 Wcm™2) and very low (blue solid line, at 0.37 Wcm™2)
photoexcitation intensities. The exposure time of the imaging was 30 ms for both cases. b) Fluorescence spectra of R6G, BPPDI, and MG in PMMA film
excited at 462 nm normalized on the basis of fluorescence quantum yield. c) Tracked positions of PMOs with MG under strong excitation (green circles,
at 2400 Wem™2) and those with BPPDI under very weak excitation (blue dots, 0.37 Wem™2). Corresponding histograms of the X and Y positions of the
trajectories are also plotted at the bottom (X) and the right side (Y); the colors of the bars are corresponding to those of the XY distributions of the
tracked positions. d) MSD-t plots of 20 dye-doped PMOs for each condition: PMOs containing BPPDIs photoexcited at 2400 and at 0.37 Wem™2, and
PMOs containing MGs photoexcited at 2400 Wcm™2. MSD-t plots for individual PMOs are shown in dotted lines, light red: BPPDI at 2400 Wcm™2, light
blue: BPPDI at 0.37 Wem™2, and light green: MG at 2400 Wcm™2. Solid lines of red, blue, and green show accumulated (averaged) MSD-t plots over the

20 PMOs for each condition.

(MSD) as a function of time for the three photoexcitation
conditions. Figure 3d shows double-logarithmic MSD versus
time (MSD-t) plots which were accumulated (averaged) over 20
PMOs for each photoexcitation condition: PMO with BPPDI
photoexcited at 2400 Wem =2, PMO with BPPDI photoexcited at
0.37 Wem™2, and PMO with MG photoexcited at 2400 Wem™2.
Individual MSD-t plots for the 20 PMOs under each condition
are also shown as light-colored dotted lines in the same figure.
The accumulated MSD-t plot for the PMOs with BPPDI excited
at 0.37 Wem =2 exhibits monotonic increase with a slope of unity.
Hence the motion can be regarded as normal diffusion (Brown-
ian motion). The accumulated MSD-t plot for PMOs with MG un-
der intense photoexcitation also shows monotonic increase with
a slope of unity, parallel to the accumulated MSD-t plot for the
PMOs with BPPDI under weak excitation with some offset. The
result indicates the motions of the PMOs with MG under intense
photoexcitation can also be regarded as normal diffusion, but the
lateral diffusion coefficient is different between the two Brown-
ian motions. The difference in the MSD values between the blue
and green lines corresponds to the difference in each lateral dif-
fusion coefficient. On the other hand, the accumulated MSD-t
plot for the PMOs with BPPDI under intense photoirradiation
(solid red line) clearly exhibits a slope lager than these two MSD-
t plots (blue and green solid lines), indicating that the motion
of the red line can be classified as super diffusion ascribable to
the biased motion due to emission force. The MSD-t plots for
PMOs with BPPDI at weak and intense excitations should also
be discussed in terms of photothermal effect. If the Brownian
(thermal) motion of a PMO under intense photoexcitation is en-
hanced by temperature elevation through photothermal conver-

Adv. Optical Mater. 2025, 2403546 2403546 (4 of 8)

sion by BPPDI and/or gold film, the MSD-t plot for the PMO with
BPPDI under intense excitation should start at a higher MSD
value as the PMOs with MG (green line in Figure 3d). However,
the MSD-t plots in Figure 3d for the PMOs with BPPDI under
intense (red line) and very weak (blue line) excitations show al-
most same MSD values around the time origin (at 30 ms). This
indicates the PMOs with BPPDI under weak and intense excita-
tions show almost same Brownian motions. In addition to the
Brownian motion, the PMOs with BPPDI under intense exci-
tation underwent the biased motion due to the emission force.
The effect of this biased motion becomes obvious with increas-
ing time in the MSD-t plot; the difference between the red and
blue lines increases with time as shown in Figure 3d. The re-
sult, comparable MSD values around time origin between the
PMOs with BPPDI under weak and intense photoexcitation, indi-
cates negligible photothermal effect due to the nonradiative relax-
ation of BPPDI nor the absorption of the 532-nm laser by the Au
film.

2.3. Numerical Investigation of the Motions of PMOs under
Photoexcitation

To elucidate the contribution of emission force to the motion of
the PMO with BPPDI, we conducted a series of numerical sim-
ulations. The details of the simulations are described in the Ex-
perimental Section. Figure 4a shows the positional distributions
of the centroids of single PMOs on the x-y plane at the time ¢
= 20 s in the absence and presence of emission force, F.,, =
0, 10, and 20 {N. The motion of the single PMO started at the
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Figure 4. a) 2D (on the x-y plane) distributions of the lateral position (centroid) of the PMO in the absence (0 fN) and presence (10 and 20 fN) of
emission force. The simulations started at the origin (g, yo) = (0, 0) with the orientation of the PMO shown in the left. b,c) Positional distribution
of PMO along (b) X and (c) Y axes for the simulation results shown in (a). d) MSD-t plots of PMOs obtained through experiment (solid lines) and
simulation (dotted lines) in the absence (blue lines) and presence (red lines) of emission force.

origin (x = 0, y = 0) and, the emission force acts perpendicular
to the Au film as shown in Figure 1. The positional changes of
the centroid and orientation of a PMO were tracked for 20 s at
the interval of 0.01 s. Without emission force, the PMO under-
went Brownian motion (normal diffusion), leading to the rota-
tionally symmetric distribution of the centroid that can be repro-
duced by 2D gauss function. While in the presence of emission
force, F,,, = 10 and 20 {N, the 2D distribution of the centroid
shifted toward positive X region and its symmetry with respect to
the y-axis was broken as shown in the Figure. This spatial shift
of the 2D distribution along the x-axis well reproduces the ex-
perimental result shown in Figure 3a. Figure 4b,c respectively
show the x and y distributions of the centroid position shown in
Figure 4a. The peak position of the x-distribution shifts toward
+X direction with increasing emission force. While the peak posi-
tion of the Y distribution (ca. y = 0) does not change, but the peak
intensity decreases, and the width becomes slightly wider. This
wider distribution can be ascribed to longer MSD due to emis-
sion force and is consistent with the experimental result shown in
Figure 3d.

Figure 4d shows MSD-t plots obtained through the experiment
and simulation. It should be noted here that the diffusion co-
efficient of the PMO without emission force is lower than that
determined only from the viscosity of water owing to the drag
of the surface of cover slip. In this simulation, we introduced
an effective viscous drag to reproduce the lateral and rotational
diffusion of the PMO. The details of this effective diffusion co-
efficient are described in Figure S2 (Supporting Information).
The MSD-t plot for the PMO in the presence of emission force
(red lines) clearly shows a larger slope than that without emis-
sion force (blue lines) and, the simulation considering an emis-
sion force of 20 fN well reproduced the experimental result. We
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can therefore conclude here that the PMOs with BPPDI under
photoexcitation at 2400 Wem™! generated ~20 N as its emission
force by fluorescence.

2.4. Analysis of the Motions of PMOs in Terms of Moving
Direction

Although the larger slope than unity of the log-log MSD-t plot
for PMOs with BPPDI under the high photoexcitation intensity
indicated that the motions of the PMOs were biased by emission
force, the analysis on MSD does not provide the direct correlation
between the orientation of a PMO and the direction of motion
due to the emission force. For more quantitative evaluation of
the above correlation, we calculated the inner product, IP, =n, -
Ar; = |ny| |Ar;|cos 6, between the normal unit vector of the top
surface with the Au film, n,, and the i-th motional vector within
the exposure time (30 ms), Ar, =r,,, — r;. Here, r, is the posi-
tion vector of a PMO at i-th video frame. It should be noted here
that the individual PMOs have three degrees of freedom in its ro-
tational motions: 1) rotation along angle theta (in Figure 5a) on
the x-y plane, 2) that on the x-z plane in Figure 1a, and 3) that
around the center axis of the cylinder. The rotational motion 1)
has already been mentioned above. The rotation 2) was not ob-
served for the individual PMOs with their side faces on the glass
substrate because it was restricted owing to the aspect ratio of
the PMO. Regarding the rotation 3), as already discussed in the
section 2.1, optical force along the y-z plane of Figure 1a is zero
owing to the rotational symmetry of the fluorescence emission
from the side face. We hence do not consider the rotation 3) be-
cause it does not affect the motion of the PMOs in the present
study.
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Figure 5. a) Definition of vectors, n; and Ar;, for the analysis of the correlation between the orientation of a PMO and the direction of motion due to the
emission force through the calculation of the inner product, IP; = n; - A r; = |n;| |Ar;|cos 6. b) Correlation plots between the sum of the inner product
of every 30-ms steps for 20 s and the displacement at 20 s for the motions of single PMOs under the following three photoexcitation conditions: (red
solid circles) micro-objects containing BPPDI under the high (2400 Wcm™2) excitation intensity, (blue solid squares) those with BPPDI under the very
low (0.37 Wem™2) excitation intensity, and (green solid triangles) those with MG under the high (2400 Wcm™2) excitation intensity. The relatively large
open circle, square, and triangle are corresponding averaged values. c,d) Simulated distribution of the sum of the inner product versus the displacement
from the initial position for c) F,,, = 0 and d) 10 fN at 20 s, where the inner product was added for every time step of simulation.

The analysis using inner product is schematically illustrated
in Figure 5a. The inner product exhibits a maximum value, |Ar;],
when the PMO moves parallel to the normal unit vector, #n;, in
the same direction (¢ = 0). The value of the inner product de-
creases with an increase in the angle, 6, between the vectors, Ar;
and n;. Figure 5b shows the correlation plots between the sum
of the inner product, ijz IP;, and the displacement at 20 s for
20 individual trajectories under the following three experimen-
tal systems: 1) micro-objects containing BPPDI under the high
(2400 Wem™2) and 2) the very low (0.37 Wem™2) excitation inten-
sities and 3) those containing MG under the high (2400 Wcm=2)
excitation intensity. In addition, to investigate how the correla-
tion should be distributed, we conducted a series of computations
that simulated the 2D motion of a micro-object in the presence
of emission force and Brownian motion. Figure 5¢,d show sim-
ulated distributions of the sum of the inner product as a func-
tion of the displacement from the initial position in the absence
(Figure 5¢, F,,, = 0 fN) and presence (Figure 5d, F,,, = 20 fN)
of emission force. In the simulation, n(t) - (r(t + 6t) — r(t)) =
F,8t/&) + o1 was summed for every time step. To evaluate the
distribution, the plot area was discretized by 100 x 100 segments
with the width 6h = 0.02 ym and év = 0.04 um for horizontal
and vertical axes of plot. In each segment, the number of sim-
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ulations resulting the corresponding correlation was counted in
all simulation samples Ns. As shown in Figure 5¢, the random
diffusion of Brownian motion shows the symmetric distribution
for positive and negative area, whereas in Figure 5d, the emis-
sion force displaces the micro-objects for positive area. There-
fore, in the experimental result (Figure 5b), the correlation plot
for 1) including the contributions of emission force and Brown-
ian motion locates in the positive area of Figure 5b. On the other
hand, the motions of 2) and 3) are due to only Brownian mo-
tion; thus, its randomness distributes the correlation plots for
2) and 3) for positive and negative area in the equal probabil-
ity. The positive value of averaged Y 'n; - Ar, for the motions of
1) indicates the directional motions of the micro-objects along
n; due to the emission of BPPDI. On the other hand, almost
zero values of averaged Y'n; - Ar; for the motions of 2) and 3)
can be assigned to Brownian motion. In addition, the averaged
displacement at 20 s of 1) is 1.5 times as large as that of 2) ow-
ing to the biased motion due to the emission force. The sim-
ilar behavior could be confirmed also in the simulation result
in Figure 5¢,d; the distribution in Figure 5c resembles a ver-
tically symmetric triangle with respect to the zero line of the
vertical axis, while the distribution of Figure 5d extended for
more oblique direction. Comparing the motions of 2) and 3),
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the averaged displacement of 3) is larger than that of 2), which
can be ascribed to the temperature elevation due to the efficient
photothermal conversion of MG increased the diffusion coefhi-
cient of the micro-objects as already discussed on the data in
Figure 3d.

3. Conclusion

Cylindrically shaped polymer micro-objects containing fluores-
cent dyes, BPPDI, were fabricated by using photolithographic
technique. The one end of each cylindrical micro-object was cov-
ered with Au film of 100-nm thick so that the micro-objects ex-
hibited anisotropic fluorescence emission under photoexcitation
at 532 nm. The individual micro-objects in water were driven by
the optical force due to the anisotropic fluorescence emission to-
ward the opposite direction of the emission. Because the micro-
object underwent Brownian motion as well, the trajectories of
the micro-objects were the superimpose of unidirectional motion
driven by the emission force and random thermal motion. On
the basis of computational simulations, the emission force act-
ing on the micro-objects was estimated to be ~10-20 fN under
the 532 nm photoexcitation.

Thus, we have successfully realized the microscopic mechani-
cal motion of the small objects driven by the emission of photons
from the object, like a rocket driven through the emission of par-
ticles. In this approach, the motion is determined by anisotropic
emission behavior from a micro-object under spatially uniform
photoexcitation intensity. This demonstration may lead to vari-
ety of micro-motion by controlling the emission behavior of a
micro-object through several approaches such as the modifica-
tion of its geometry, using another dye showing different spec-
troscopic properties, and facet-selective control of optical proper-
ties. We foresee that the achievement of this study can provide a
new series of photo-mechanical microsystems driven by simple
photoexcitation condition. Toward the control of further elaborate
mechanical micro-motions, different microstructures and differ-
ent molecular systems are under investigation.

4. Experimental Section

Optical Setup: The individual cylinder-shaped PMOs were photoex-
cited under optical microscope and their motions due to the anisotropic
fluorescence emission were observed by fluorescence microscopy. A con-
tinuous wave (CW) fiber laser with triple wavelength emission at 355, 532,
and 1064 nm (3-band CW laser, OXIDE) was used as the excitation source
in the present study; the 532 nm linearly polarized output was selected for
the excitation of the PMOs. The CW green laser beam was split into two
beams with orthogonally linear polarizations by a polarizing beam splitter.
The diameter of one of the beams was expanded by a factor of three with a
beam expander. This beam was introduced into an inverted optical micro-
scope (IX70, Olympus) through a pair of plano-convex lenses and focused
by an oil-immersion objective lens (UPLanFLN 100X, NA 1.30, Olympus)
to achieve upward widefield illumination. The spot size of the beams with a
Gaussian shape at the sample position under the microscope was ~40 um
in diameter. The other beam was slightly focused by a plano-convex lens
with a focal length of 300 mm for downward illumination of the sam-
ple. The relative angle between the polarizations of the two linearly po-
larized counter-propagating beams was adjusted to be 90 degrees at the
sample plane. Because the diameters of the two excitation beams were
much larger than the size of the micro-object, homogeneous illumination
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was achieved. Each excitation intensity was set to 1200 Wcm™2 then the
coaxially counter-propagating illumination balanced absorption and scat-
tering forces in the vertical direction. The total excitation intensity was
2400 Wcm~2 at the sample plane. Compared with general setup for op-
tical tweezers where a laser beam is focused to a small spot the size of
which is comparable to its wavelength, the illumination size for this exper-
iment is much larger. The optical gradient force, therefore, is negligible in
the present illumination configuration.

A drop of the water suspension of the cylinder-shaped PMOs was con-
fined in a sample cell consisting of two cover slips and a 50-um thick
silicone-rubber spacer with a square hole of %10 X 10 mm?. The motion
of the PMOs in water under photoexcitation was observed by the inverted
optical microscope in fluorescence imaging mode using a monochro-
matic CCD camera (INFINITY3-TURM, Lumenera). The detection wave-
length range corresponding to the fluorescence band of the BPPDI,
~540 — 780 nm, was ensured by using optical long-pass (LP03-532RU-25,
Semrock) and short-pass (BSP01-785R-25, Semrock) filters. Note that as
the excitation intensity (2400 Wem~2) was quite high compared with ordi-
nary fluorescence imaging, suitable neutral density (ND) filters were used
for decreasing the fluorescence intensity from the micro-object down to an
appropriate intensity level within the dynamic range of the CCD camera.

Numerical Simulation: Dynamics of optically driven micro-object was
simulated based on the Brownian dynamics method. The time-evolution
was expressed by,[20]

Fe m

r(t+6t) =r(t)+ atn (t) + éryn (1) + 6re, X n (1) M

n (t+6t) =n(t) + dye, X n (t) (2)

where r is the position of micro-object, t is the time, F,, is the optical
force due to the emission, n is the direction vector parallel for the center
axis of cylindrical shape of micro-object, ¢, is the unit vector for z-axis, ér;
and ér, are the random variation of transrational motion for parallel and
perpendicular direction, and 6y is the random variation of angle in radians
around z-axis, during the single time-step with the width 6t = 10 ps. In
the simulation, it was assumed that n kept parallel for x-y plane and the
optical force F,,, acted for the direction of n, i.e., Fopy = Femeon = |Fepnl-
For the random variations, their mean value must be zero and their mean
square satisfies (5rﬁ) = 2Di|5t, (6r2) = 2D/ 6t, and (5y?) = 2Dgst in the
2D motion. To evaluate the diffusion coefficient, the expressions for the
oblate spheroid was employed,[?']

kgT (2-p*)G(p) -1

= 8na 1-p? 3
kgT (2-3p?)G(p) +1
P1= Ter 2 @
na 1-p
b, 3keT (2-p*)Glp) —1 )
R™ Y6ana’ 1—p?

where kg is the Boltzmann constant, T = 298 K is the temperature of
medium, 7 = 0.89 mPa s is the viscosity of medium, p = b/a is the as-
pect ratio, a = 1.5 pm and b = 2 um are the semiaxes of oblate, and
G (p) = arctan(y/p?2 — 1)/y/p?2 — 1 for p > 1 (G(p) for p < 1is also men-
tioned inl?'l. Using the diffusion coefficient, the friction coefficient for
parallel direction is given as & = kgT/D) . The final time of simulation
was tg, = 20 s. The position of micro-object was recorded in every 0.01s.
Here, the simulation using the diffusion coefficients of equations (3) and
(4) yields the much larger displacement compared with the actual exper-
iments. Originally, a friction due to the interaction between the micro-
object and glass surface must decrease the diffusion coefficients. To con-
sider this effect, we modified the diffusion coefficients as Dil = fm D) and

D =fu D, with the modification factor f,. The value of f,, was deter-
mined by the comparison with experiment (See Supporting Information).
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To discuss the statistic behavior of micro-object, we carried out the sim-
ulation repeatedly. The number of simulation samples were N, = 10°. As
an initial condition, the object in all samples were located at the origin and
oriented for x-direction, i.e., r (0) = (0, 0, 0) and n (0) = (1,0, 0) .
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Supporting Information is available from the Wiley Online Library or from
the author.
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