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With the advantages of noncontact, high accuracy, and high flexibility, optical tweezers hold huge potential for micro-
manipulation and force measurement. However, the majority of previous research focused on the state of the motion of
particles in the optical trap, but paid little attention to the early dynamic process between the initial state of the particles
and the optical trap. Note that the viscous forces can greatly affect the motion of micro-spheres. In this paper, based
on the equations of Newtonian mechanics, we investigate the dynamics of laser-trapped micro-spheres in the surrounding
environment with different viscosity coefficients. Through the calculations, over time the particle trajectory clearly reveals
the subtle details of the optical capture process, including acceleration, deceleration, turning, and reciprocating oscillation.
The time to equilibrium mainly depends on the corresponding damping coefficient of the surrounding environment and the
oscillation frequency of the optical tweezers. These studies are essential for understanding various mechanisms to engineer
the mechanical motion behavior of molecules or microparticles in liquid or air.

Keywords: optical tweezers, viscous force, equations of Newtonian mechanics, Runge—Kutta method

PACS: 87.80.Cc, 42.50.Wk

1. Introduction

The advent of optical tweezers has greatly promoted
progress in the measurement of the forces and observation of
the dynamics at the single molecule level, leading to a greater
understanding of biochemical processes.!!! However, in the
nano-world, ordinary water behaves as a very viscous liquid.
The particle moving in water is like moving in the syrup. Vis-
cosity consumes a lot of energy, which leads to a decrease in
the momentum exchange and transfer between light and ob-
jects. Unlike levitating particles in liquid, optical trapping of
nanoparticles in vacuum!>™#! is isolated from environmental
thermal noise, thus eliminating the primary source of dissipa-
tion, which has attracted great attention in fundamental tests

(56 sensing of weak forces,!”®! and

of quantum mechanics,
searching for new physics.>!%! In contrast to optical trapping
in fluid surroundings, optical trapping in gaseous surroundings
is quite challenging because of the high particle velocities and
the low drag forces.

On the other hand, the optical tweezer technique has been
developed to manipulate particles with light absorption, such

[11-14

as metallic nanoparticles 1" and metallic-dielectric Janus

microparticles. Different from the trap of dielectric mate-
rial, these materials give rise to strong heating effects. It
has been reported that nanoparticles can rotate at frequencies
of several kilohertz when trapped in the circularly polarized
light.I">) Due to the loss of materials and the thermal effect

caused by light absorption, the surrounding waters will gener-
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ate thermal!!! convection. The heating of the particles at high
laser powers facilitates optical spinning because it lowers the
viscosity and friction of the embedding water. Note that the
common law of viscosity applies to most fluids, but there ex-
ist some materials that exhibit anomalous viscous properties.
Anomalous properties may be conferred on a fluid by small
particles immersed in it.['%] The viscosity of the nanofluid sus-
pension with the same material nanoparticles varies with the
particle size. He et al.!'”l found that the viscosity of TiO,-
distilled water nanofluids decreases with the miniaturization
of the micro-sphere size.

Measuring real-time dynamics is crucial for uncovering
the distinct mechanics of a micro-sphere. Research on the
motion of an optically trapped Brownian particle has aroused
great interest due to the applications of a sensitive probe of
molecular and nanoscopic forces. Both experimental and nu-
merical simulations research on an optically trapped particle

[18-201 byt research on the effects of the

have made progress,
viscous coefficients of the surrounding medium on micropar-
ticles is insufficient. In this paper, we focus on the influence
of viscous coefficients on the micro-spheres in optical tweez-
ers. First, we numerically analyze the three-dimensional (3D)
dynamic process of dielectric micro-spheres in optical tweez-
ers on the basis of the equations of Newtown mechanics. Sec-
ond, we display the trajectories of the motion of micro-spheres
when they are in the surrounding medium with different vis-

cosity coefficients. Moreover, due to the different oscillation
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frequencies of optical tweezers along the x- and z-axes, we
have considered the dynamics of the micro-sphere when it
is set at different initial positions. Finally, we have reported
that the equilibrium time mainly depends on the correspond-
ing damping coefficient of the surrounding environment and
oscillation frequency of the optical tweezers.

2. Optical force on the micro-sphere in optical
tweezers

In optical tweezers, any particle falling within the laser
beam undergoes two kinds of forces: a restoring force directed
toward the region of highest intensity (gradient force) and a
force that pushes the particle along the propagation axis of the

laser beam (radiation pressure). A 3D stable trapping condi-
tion is achieved when the field gradient force overcomes the
radiation pressure, the forces due to gravity and buoyancy, and
the force animating the Brownian motion. If the particle is not
far from the trap center, the optical force exerted on the particle
is directly proportional to the displacement r from the equi-
librium position. Since an optical trap behaves, with a good
approximation, like a harmonic potential, it is able to exert a
restoring force, Fopical = kK - T, Where k is the trap stiffness.
Normally in an optical trap the radial optical forces are larger
than those of the axial one, i.e., Ky = kK, > k;. A schematic
of the optical tweezers considered in this work is shown in
Fig. 1(a).
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Fig. 1. (a) Schematic of optical tweezers and the coordinate system. (b)—(d) The calculated optical force acting on a micro-sphere when it moves
along the x-, y- and z-axes, respectively, in the optical tweezers at the laser power P = 10 mW.

The collimated Gaussian beam at a wavelength A =
1064 nm propagates along the z-axis and is focused by a high
numerical aperture (NA = 1.4) objective. We implement the
ray optics model and algorithm in Ref. [21] to calculate the op-
tical force (F; optical = [F, optical,x» Foptical,ys Ft optical,z]) of a dielec-
tric micro-sphere in an optical tweezer when the micro-sphere
with radius ry moves around the focus point along the x-, y-,
and z-axes, respectively. In the ray optics model, the focused
Gaussian light beam is decomposed into a large number of
individual rays. The rays are reflected and refracted at the in-
terface of the particle and the surrounding medium. The opti-
cal force at each point quantitatively can be calculated via the
principle of the exchange of momentum. The initial param-
eters are as follows. The surrounding medium is water with
a refractive index n; = 1.33, the dielectric micro-sphere has a
refractive index of n, = 1.6 and radius s = 1 wm, and the laser
power is P = 10 mW. In Figs. 1(b)-1(d), we display the calcu-

lated optical forces as a function of the position along the x-,
y- and z-axes of the micro-sphere around the identified equi-
librium position. Here, the two most important features of op-
tical tweezers are shown: the maximum axial force and spring
constants that characterize the strength of the trap. Through
linear fitting of the data in the Hookean region, the trap stiff-
ness coefficients in x-, y- and z-axes are calculated and they
= —12.47 pN-um~! and x, = —12.02 pN-um~',
respectively. The trap stiffness is fitted by the yellow line

are Ky = Ky

in the corresponding figure. Through calculating the optical
force exerted on the micro-sphere, the equilibrium position of
the micro-sphere 7equilibrium = [0,0,0.085] um in the optical
tweezers.

3. Equations of motion of the micro-sphere

In the optical tweezers, based on the equations of New-
town mechanics, the trapped micro-sphere motion can be ap-

108704-2



Chin. Phys. B 32, 108704 (2023)

proximated by
miﬁz:Foptical+Fdrag+G+Fbuoy+f(t)a (D

where 7 is the particle position in 3D space and m is the mass
of the micro-sphere,4.36 x 10~ kg.
The drag force acting on the particle can be written as

Fdrag = -, ()

where 7 is the viscous drag coefficient. For a spherical bead,
v is expressed by the Stokes equation, Yy = 6@nrs, where n
is the fluid viscosity, 0.89 x 1073 Pa-s for water, and 1.81 x
107> Pa-s for air at room temperature. [>?!

The gravitational force G' and buoyancy force Fy,oy act-

ing on the micro-sphere are expressed as

G = —psgVs,
Fbuoy = pwgVs, (3)

where ps and py characterize the density of the micro-
sphere and water, respectively. Since the direction of gravity
and buoyancy is along the z-axis, their resultant forces pass
through the center of mass and do not provide torque to the
micro-sphere. Here, V; is the volume of the micro-sphere and
g is the acceleration of gravity.

The Brownian motion of micro-spheres is mainly the ir-
regular motion caused by the uninterrupted impact of environ-
mental molecules on the micro-spheres and can be expressed
py!23]

1/2
=) N, @

where kp is the Boltzmann constant, and T is the temper-
ature of the surrounding environment. In addition, Ar =
t(i+1) —1¢(i) is a finite time interval, and N(0,1) denotes
a Gaussian variable with zero mean and variance equal to
1. Brownian force is a random force due to collisions with
the solvent molecules. The force cannot be determined and
can only be described by a probabilistic method. Accord-
ing to Ref. [23], the mean-squared displacement ((Ar,)?) is
3.4 x 107* um? when 1 = 0.89 x 1073 Pa-s by performing
Brownian dynamics simulations when the stiffness coefficient
Ky = —12.47 pN-um~.

The motion of the trapped micro-sphere in viscous liquid
can be modeled as a forced damped oscillator. In this case,
the trapped micro-sphere oscillates in the viscous liquid. The
motion of the laser trap is treated as an optical force applied
to the micro-sphere, while the drag force in the viscous liquid
corresponds to the dampening of oscillations. In this case, ow-
ing to the asymmetry of the optical focus, the oscillation fre-
quencies w = vk -m~! along the three main axes are different

(0y = @y, = 53.47 kHz, @, = 52.51 kHz). The correspond-
ing damping coefficient 8 can be given by f = v/(2m). And
then the dynamic differential equation of the micro-sphere by
rewriting Eq. (1) as

G+ Fbuoy

7'“’,-—&—2ﬁ7'“,-+wl-2r,- = P

®

This is the differential equation for free oscillations with
viscous damping. Several points may be noted about the solu-
tion of the equation. The function of which was differentiated
twice to obtain the above equation may have contained two ar-
bitrary constants that disappeared in the differentiation. The
general solution must then contain two arbitrary constants that
are to be evaluated with the use of the boundary conditions.

The solution must represent a vibration with a continually
decreasing amplitude if the damping is not too great. If the
damping is very great, the particle should return to its equilib-
rium position with decreasing velocity and no vibrations will
take place. There should be a borderline case when oscilla-
tions just cease and the particle returns to its equilibrium posi-
tion in a minimum time.

There are clearly three situations, namely,

(i) B? > ®?, overdamping;

(ii) B% = @?, critical damping;

(iii) B2 < ®?, underdamping.

We shall consider these cases separately in the above order.

4. Method of the differential equation (the
fourth-order Runge-Kutta method)

Since Eq. (5) cannot be solved analytically, we consider
using the Runge—Kutta method to numerically analyze this
equation.”*! Runge—Kutta is an important class of implicit
or explicit iterative methods for the solution of nonlinear or-
dinary differential equations (ODEs). It combines classical
methods such as the Euler algorithm and trapezoidal, and has
the characteristics of high precision, which is very suitable for
the situation in this paper. One of the above methods is very
commonly used and is called the fourth-order Runge—Kutta
method (RK4 method). It is mainly applied in the case of
computer simulations when the derivatives and initial value in-
formation of the equation are known. This method eliminates
the complex process of solving differential equations and has
been successfully used to solve ODEs. The second-order dif-
ferential Eq. (5) can be converted to two coupled first-order
equations

_ Foptical+Fdrag+G+Fbu0y+f(t)
m
P =u. @)

=a(r,v), (6)

The time step At should be much smaller than the charac-
teristic time scales of the stochastic process to be simulated.
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If the At is comparable to or larger than the smallest time
scale, the numerical solution will not converge and typically
shows an unphysical oscillatory behavior or divergence. The
characteristic timescale of our entire model is given by the re-
laxation time m/7, so the minimum relaxation time is about
~ 27 ns. In our calculations, we set the time step to 10 ns,
such that 6z < m/y. The recursive algorithm for the classical
RK4 method can be written as follows:

F, =a(ri,v;), ¥
F. =, &)
At At
-FuZ—a("'iJFzFrla’UiJF 2Ful>7 (10)
At
Fyp=v+ ?Fm, (11)
At At
Fu3:a(ri+2Fr2;vi+2Fu2>7 (12)
At
F3=v+ ?Fub (13)
At At
Fu4:a(ri+7Fr3avi+?Fu3)v (14)
At
Fy=vi+ ?Fu} (15)

The velocity and position of the micro-sphere during the
next integration time interval can be obtained from the follow-
ing equation:

At
TiJrl:ri+€(Frl+2Fr2+2Fr3+Fr4); (16)

At
'Ui+1:'Ui‘f'g(Etl+2Fu2+2Fu3+E¢4)- a7

With the fourth-order Runge—Kutta method, we can accu-
rately calculate the kinetic parameters of the micro-sphere in
the optical capture.

5. Results and analysis

The time reversal properties of a dynamical law signal are
its dissipative character. To probe oscillations in the liquid-
damped regime, a feasible route is to reduce the viscosity co-
efficient. For better illustration of the above three situations
presented in Section 3, we display the trajectories of the mo-
tion of the micro-sphere when it is in the surrounding medium
with different viscosity coefficients. Due to the different oscil-
lation frequencies along three main axes, we have considered
the trajectories of the motion of the micro-sphere when it is set
at different initial positions.

5.1. Micro-sphere set on the z-axis

The initial parameters are listed as follows: the initial po-
sition 79 = [0,0, 1] um and the velocity vg = [0,0,0] um-s~!
In terms of the z-axial oscillation frequency w, = 52.51 kHz,
when the fluid viscosity is 7 = 2.43 x 107> Pa-s the micro-

sphere undergoes critical damping along the z-axis. Due to the

symmetrical structure of optical tweezers and micro-spheres,
the micro-sphere is forced by the z-axis optical force, and
moves along the z-axis. Figure 2 shows the temporal evo-
lution of the z-trajectories of a micro-sphere in liquids with
different viscosities, 7 = 0.89 x 1072 Pa-s, 0.89 x 10~* Pa:s,
2.43 x 107 Pa-s, 0.89 x 107> Pa-s, and 0.89 x 10°° Pas.
The corresponding dynamic motions of micro-spheres with
different viscosities are shown in the supplementary materi-
als video S1. Table 1 displays the damping coefficient, os-
cillation frequency, and the equilibrium time and state of the
micro-sphere with different viscosities in the optical tweez-
ers. When 1 = 0.89 x 103 Pa-s or 0.89 x 10~* Pa-s, be-
cause of the large damping and sufficient cushion, the whole
system has enough capacity to dissipate energy. The micro-
sphere will not oscillate back and forth, but will tend to bal-
ance monotonously and slowly in the overdamped oscillation.
Finally, it respectively takes 1.05x 107> s and 1.98 x 103 s
to reach the equilibrium position requiliprium = [0,0,0.085] pm.
When 1 = 0.89 x 107> Pa-s or 0.89 x 10~¢ Pa-s, in terms of
the small damping and slow dissipation, the restoring force
pulls the micro-sphere back to the equilibrium position but
rushes over the position, making several periodic oscillations
back and forth. With the increase of time, the whole system
dissipates the kinetic energy of the micro-sphere, which causes
that the amplitude of the oscillation of the micro-sphere to be-
come smaller and smaller. In these cases, it respectively takes
6.09 x 10~ s and 5.05 x 1073 s to reach the equilibrium posi-
tion. When n = 2.43 x 1073 Pa-s, this situation lies between
the above two situations. And the whole system has the min-
imum ability to prevent oscillation. In this situation, it takes
3.44 x 10~* s to return to the equilibrium position. Therefore,
it can be concluded that, in the critical damping oscillation, it
takes the least amount of time for the micro-sphere to reach
the equilibrium state.

1.2 .
— ——1;=0.89 X 1073 Pass
£ 0.8 _ -4 P,
= ——1,=0.89 X 107" Pa-s
LN 0.4
0
1.2 " .
— ——13=12.43 X107 Pas
\51/ 0.8
0.4
. é:g: —a—1,=0.89 X 1075 Pa-s
— —6 <
E 0.4] —e 1, =0.89 X 10~ Pa-s
01
& —0.4]
—0.81 : : : : :
0 0.001  0.002 0.003 0.004 0.005 0.006
Time (s)

Fig. 2. The z-directional trajectories of the micro-sphere with different
viscosity coefficients, and 17 = 0.89 x 1073, 0.89 x 1074, 2.43 x 1077,
0.89 x 1073, and 0.89 x 10~ Pa-s at the initial position 7o = [0,0,1] um
and the velocity vo = [0,0,0] um-s~! in the optical tweezers.
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Table 1. The relevant physical parameters of the micro-sphere with different viscosity coefficients when the micro-sphere is set at the initial position

ro =10,0,1] pm.

Parameter Viscosity coefficient  (Pa-s) Damping coefficient $ (kHz) Oscillation frequency @, (kHz) Equilibrium time (s) State
1 0.89 x 1073 1922.89 52.51 1.05 x 1072 overdamping
2 0.89 x 1074 192.29 52.51 1.98x 1073 overdamping
3 2.43% 1073 52.51 52.51 3.44x 1074 critical damping
4 0.89 x 1073 19.23 5251 6.09 x 107* underdamping
5 0.89 x 1076 1.92 52.51 5.05x 1073 underdamping
a (b)
(@) 154 —*— Fopticale — Faraga R 0 *II
104 —*— Fipticaly Faragy ZCL 9]
= —*— Fiptical,- Firag,z ~
& & -4 —_—
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ﬁ _5- E —8' Fsum,z
—101 =
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Fig. 3. The temporal evolution of the x-, y-, and z-directional [(a), (c)] optical force and drag force, [(b), (d)] resultant force of the micro-
sphere with viscosity coefficients 17; = 0.89 x 1073 Pa-s and 15 = 0.89 x 107 Pa-s at the initial position o = [0,0,1] um and the velocity

v = [0,0,0] um-s~! in the optical tweezers, respectively.

For clear illustration, we plot detailed pictures of the op-
tical force, the viscous drag force, and the resultant force Fyyp
(Fsum =
all contexts) of the micro-sphere with viscosity coefficients
N1 =0.89 x 1073 Pa-s and s = 0.89 x 10~® Pa-s in Fig. 3. As
shown in Figs. 3(a) and 3(b), at the initial stage, the initial ve-

optical T Farag + G + Fiyoy, Which are the same in

locity of particle is zero. The drag force is zero too, but the op-
tical force is very large (11.28 pN at 10 mW), and so is the re-
sultant force. As a result, the particle is subject to a very large
acceleration to raise its speed up to the maximal velocity in a
short time. However, the drag force grows quickly along with
the speed of the particle to the extent that it completely com-
pensates for the optical force and makes the total force zero.
This transition happens at a small timescale of only 2.18 ps at
10 mW. After this time, the drag force overwhelms the optical
force because the latter decays faster, leading to a negative net
force consequent deceleration of the particle until it reaches
the translational equilibrium position. In Figs. 3(c) and 3(d),
due to the viscosity coefficient 15 = 0.89 X 107 Pa-s, the op-
tical force far outweighs the drag force. The resultant force
mainly depends on the optical force, decreasing with the dissi-
pation of the particle kinetic energy. At this stage, the particle
is like a mechanical spring, oscillating back and forth in line,

as shown in Fig. 2. It takes about 3 ms at 10 mW in this recip-
rocating process to slowly reach the balance state.

5.2. The micro-sphere set on the x-axis or y-axis

In the following case, we consider the oscillation frequen-
cies of the micro-sphere along the x-axis, which is similar to
the situation along the y-axis. The initial position of the micro-
sphere 7o = [1,0,0.085] um, the velocity vy = [0,0,0] um-s~!,
and the oscillation frequencies in the x and y axes are @, =
@, = 53.47 kHz. Different from the first case, the micro-
sphere experiences the x- and z-optical forces in the optical
trap. The micro-sphere does not translate directly to the equi-
librium position. Instead, it moves in a complex curve. The
x- and z-trajectories of the micro-spheres in the different vis-
cosity liquids as a function of time are displayed in Figs. 4(a)
and 4(b). To better illustrate the state of the motion the par-
ticle, the corresponding optical force, the viscous drag force,
and the resultant force of the micro-sphere with viscosity co-
efficients 17; = 0.89 x 1073 Pa-s and 15 = 0.89 x 107° Pa-s
are shown in Figs. 4(c)—4(f). When the viscosity coefficients
are 1 = 0.89 x 103 Pa-s or 0.89 x 10~ Pa-s, the micro-
sphere moves toward r, = 0 wm in the x-axis but moves up
and down along the z-axis. After reaching the maximum po-

108704-5



Chin. Phys. B 32, 108704 (2023)

sition r, may, it falls into the equilibrium position slowly, re-
spectively, taking 1.60 x 1072 s and 2.97 x 1073 s. It is also
verified in Figs. 4(c) and 4(d) that the optical forces Fypical x
and Fipical; increase first and then decrease with the parti-
cle reaching close to the balance position. In this short pe-
riod, the particle has experienced the process of accelera-
tion and deceleration. Meanwhile, when the fluid viscosity
is 7 = 2.47 x 1073 Pas, the corresponding damping coeffi-
cient is B = 53.47 kHz, which is close to the critical damp-
ing. Microspheres quickly reach the equilibrium state both in
the x-axis and z-axis, taking 5.15 x 10~* s. When the fluid
viscosity is 7 = 0.89 x 10~> Pa-s, the micro-sphere will os-
cillate back and forth, but tends to balance monotonously. It

takes 1.09 x 1073 s to reach the equilibrium position. When
the viscosity coefficient 7 = 0.89 x 107 Pa-s is near the vac-
uum environment, 3 = 1.92 kHz, which is less than the natu-
ral frequency of the optical trap. The system damping is too
small and the viscous force on the micro-sphere is small, as
displayed in Figs. 4(e) and 4(f), which leads the particle to
move back and forth around the equilibrium position. Due to
the resultant forces Fyymx and Fym; in different dimensions
of space, the particle circles around the laser center. With the
increase in time, the oscillation amplitude and speed of the
micro-sphere gradually decrease. This system’s kinetic energy
dissipation is zero and the micro-sphere reaches the equilib-

rium position.

Table 2. The relevant physical parameters of the micro-sphere with different viscosity coefficients at the initial position 7o = [1,0,0.085] pm.

Viscosity coefficient ~ Damping coefficient ~ Oscillation frequency  Equilibrium Maximum
Parameter . State
n (Pa-s) B (kHz) wy, @, (kHz) time (s) 7z max (HmM)
1 0.89 x 1073 1922.89 53.47,52.51 1.60x 1072 1.15x 107! overdamping
2 0.89 x 107# 192.29 53.47,52.51 297x1073  1.21x 107! overdamping
3 2.47x 1073 53.47 53.47,52.51 515x107*  1.62x 107" critical damping
4 0.89 x 1073 19.23 53.47,52.51 1.09x 1073 1.87x 107! underdamping
5 0.89 x 1076 1.92 53.47,52.51 7.80x 1073 2.36x 107! underdamping
(a) 0.25
0.20
0.15+
T 0.104} ICAA R
3 R . 1 v
& 0.05
n3=2.43 X 107° Pa's 0 73=2.43 X 107° Pass
——7,=0.89 X107 Pa:s —a—1n,=0.89 X 10~° Pas —— 1, =0.89 X107 Pass —w—1,=0.89 X 10° Pa-s
' —0.051
—1.01 ——17,=0.89 X 10* Pa-s —m—1;=0.89 X 107% Pas ——1,=0.89 X 107* Pas —e—1;=0.89 X 107% Pa-s
T T T T —0.10+ T T T
0 0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
Time (1072 s) Time (1072 s)
(c) (d)
15+ = Fiticale — Flragae —~ 3
104 T Fipticaly  Faragy %
2 51 2 Fiptical,= Firag,- \@/ 01
c S 4]
) 01 S — Fsum,a:
I - ——
S _—51 ?3 —6 1 sum,y
B-‘ ﬁ FSH]T] ¥4
—104 ! —9 )
— -3 . Q — -3 .
151 17, =0.89 X 107° Pa-s £ _1o] 71 =0.89 X 107 Pa-s
0 05 1.0 15 20 0 05 1.0 15 20
Time (1073 s) Time (1073 s)
(e) (f)
15 1 —*—Fpticaly — Farag.e 2 154 +Fsum,m
10 - _‘_Foptical,y 7Fdrag,y \% 10 Fsum,y
E 5 | —* Fyptical,: Firag,- § 5 ——Fyms
N 2 )
Lno —5 1 ﬁ:’ —54
—10 évg —10-
—15 - 75 =0.89 X 10~¢ Pa-s —15+ 75 =0.89 X 10~ Pa-s

0 0.5 1.0 1.5 2.0

Time (1072 s)

0 0.5 1.0 1.5 2.0

Time (1072 s)

Fig. 4. The (a) x-directional trajectories and (b) z-directional trajectories of the micro-sphere in liquids with different viscosity coefficients, and
N=0.89x1073,0.89 x 1074, 2.47 x 107>, 0.89 x 107>, and 0.89 x 1075 Pa-s at the initial position 7o = [1,0,0.085] um and the initial velocity
v = [0,0,0] um-s~! in the optical tweezers. The temporal evolution of the x-, y-, and z-directional [(c) and (e)] optical force and drag force, and
[(d) and (f)] resultant force of the micro-sphere with viscosity coefficients 17; = 0.89 x 1073 and 175 = 0.89 x 1076 Pa-s, respectively.
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X103 s
7, =247x10%Pa-s 2.0
7, =0.89x10"Pa-s 1.8
0.3 1.6

75 =0.89x10°Pa s 17, =0.89x107'Pa-s
1.4

1.2
1.0
10.8

x 0.6
7 :0.89x10”Pg-s 0.4

M — 1

0 ™ e 0.2

“) il 5 ) 0

—0

Fig. 5. The 3D trajectories of the micro-sphere in liquids with different
viscosity coefficients, and 7 = 0.89 x 1073, 0.89 x 1074, 2.47 x 107,
0.89 x 107, and 0.89 x 107° Pas.

Figure 5 shows the 3D trajectories of the micro-sphere in
the surrounding medium with different viscosity coefficients,
and = 0.89 x 1072 Pa-s, 0.89 x 10~% Pa-s, 2.47 x 107> Pa:s,
0.89 x 107> Pa-s, and 0.89 x 107 Pa-s. The corresponding dy-
namic motions can be observed in the supplementary materials
video S2. Table 2 displays the relevant physical parameters of
the micro-sphere with different viscosity coefficients. As can
be seen in Fig. 5, the micro-sphere moves along the complex
reciprocating curve. Even in this simple optical tweezer, the
dielectric micro-sphere exhibits abundant phases of mechani-
cal motions, including acceleration, deceleration, and turning.
But in real experiments, it increases the difficulty in judging
whether the micro-sphere is captured in the low viscosity co-
efficient surrounding medium due to the large vibration offset
and the long equilibrium time.

The viscous coefficient is essential to the trapping prob-
abilities and the equilibrium time. When the viscosity coef-
ficient is relatively large, the micro-sphere slowly moves to-
ward the equilibrium position. When the corresponding damp-
ing coefficient is close to the optical oscillation frequency of
the optical tweezers, the particle takes the minimum time to
rapidly reach the equilibrium position. When the viscosity co-
efficient declines, the damping coefficient is less than the opti-
cal oscillation frequency of the optical tweezers. The particle
exhibits oscillation behavior, and takes more time to reach the
equilibrium state. The entire process of particle manipulation
is of short duration, and the position offset of the micro-sphere
is small. So, the dynamic process of the micro-sphere in the
initial period is one that is subtle and easily overlooked point.
And this dynamic analysis method has contributed to research
on the working mechanism of DNA-related proteins with a
micro-sphere handle.[>5-27]

6. Conclusion

In summary, based on the equations of Newtonian me-
chanics, we have studied the kinetic problems of laser-

trapped micro-spheres in liquids with different viscosity co-
Through the fourth-order Runge—Kutta method,
we have deduced the equilibrium time, position, and force

efficients.

(Foptical, Farag, G, Fiuoy) of micro-spheres in motion. We have
visualized the motion trajectories of micro-sphere under dif-
ferent viscous forces by simulating and analyzing the dynam-
ics. We have found that, unexpectedly, the micro-sphere will
not necessarily be stabilized quickly even if the viscous force
is small. Instead, when the viscosity coefficient reaches an ap-
propriate intermediate value, the system is in critical damping
and the micro-sphere tends to stabilize in the shortest time.
Moreover, by estimating the stiffness of optical tweezers and
the viscosity coefficient of surroundings medium, we can get
the dynamic state of micro-spheres to certain systems under
the conditions of overdamping, critical damping, and under-
damping.

This approach of solving and analyzing micro-sphere ki-
netic processes from a three-dimensional scale is crucial for a
variety of engineering mechanisms in biology or in the field
of macromolecules. In the future, we will continue to investi-
gate the kinetic theory of the micro-sphere and will consider
more factors such as the physical properties of the particles,
photothermal effects, different environmental conditions, and
solving complex dynamic problems of different particles.
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