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Driving microrotor by using optical tweezers

ZHAI Xiao-min, HUANG Wen-hao
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University of Science and Technology of China, Hefei 230027, China)

Abstract: Optical tweezers have been successfully used in various scientific and engineering fields such
as optics and microactuators. However, there is still a lack of a sophisticated model for optical tweez-
ers on driving complex microrotors. In this paper, a novel model for optical tweezers is presented to
calculate the optical force and torque based on the moment method. A numerical simulation of this
model shows that one of the methods to improve the efficiency of an optical tweezer is to change vari-
ant conditions,such as the microrotors speed is in proportion to the laser's power and has a nonlinear
relation with the beam’s waist. The other method to improve the efficiency for the optical tweezer is to
change the microrotor’'s configuration. The results show that rotor speed of the microrotor is about
1077 as large as that of the cross-shaped rotor. Furthermore, through analyzing the force placement,
it is convenient to find the main surfaces that the optical forces act on, which can provide a foundation
for the design of microrotors in the future. This model also has advantages in flexibility and universal-
ity in the optical force simulation of microactuators.
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1 Introduction

Optical tweezers are tools that use optical pres-
sure in trapping, translating, and manipulating
microscopic particles such as the living cells, the
microorganisms and the artificial microactuators
151 The

microrotor, which is an important sort of the

which are fabricated by micromachining

micro— actuators, has been successfully driven
. This is
expected to solve the problems of an MEMS mo-

by optical tweezers experimentally

tor, i. e. , short lifetime due to friction and re-
quirement of electrical wires for the power sup-
ply. If the microrotor is a function device in a
micro electromechanical system, it should be de-
signed to meet some different requirements such
as the geometrical characteristic, the power out-
put and so on. In order to short the time of de-
sign and raise the probability of success, it is im-
portant to find a novel model for optical tweezers
on driving complex microrotors. In this paper,
the moment method is adopted to analyze the op-
tical force and the optical torques which are act-

ing on the microrotor.

2 Methodology

The laser beam with a wavelength A is scattered
by an arbitrarily shaped and homogeneous object
whose permittivity is e, and permeability is p,.
The object is immersed in the medium whose
permittivity is e and permeability is p. Let J
denotes the equivalent electric current on the ob-
ject’s surface and M denotes the magnetic ones.
(E',H") denotes the incident fields. The elec-
tromagnetic field of the object is described by the
Poggio-Miller-Chang-Harrington-Wu ( PMCHW )
formulation.

Z, L, (—D—K,(—M)—Z L, (D+K (M)=E", (1)
L,(—M)/Z,+K,(—]D—L M/ Z +K (H=H'. (2)

where the operators L, and K, are defined as:

L oo— — | KX+ KD T (7 - X0T6ide
T{/(X) :—jxx VG de

K\ = w/pier = 21/2,G o) =R/ Ug | R D
(3

R=r—+",(i=1,2). r is the location of the
source point, and r' is the location of the field

point. (Fig. 1)

Fig. 1

Schematic of problem

In order to transform the integral equation (1)
and (2) into matrix equations, the surface S is
replaced by a triangular — patch model and the
unknown effective electric and magnetic current
J and M are expanded in vector basis functions
associated with the edges of the triangulated sur-

face.

J=20 e M= Mg (D
where N, denotes the total number of edges on S
and g1 = (I,/2A) pi denotes the RWG vector
(Fig. 2) basis function, I, is the length of the

edge i, A is the area of the triangle.

A

Fig. 2 RWG vector

Choose n/g, as the testing function,z is the out-
ward unit vector normal to S. For the PMCHW
formulation, one takes the dot product of both

sides of the equations with the testing function.
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The moment method matrix equations for the

unknown coefficients J and M can be written as:
P Q) bY*
{ NP NF i| ( ) I (5
2 Q> M b
W :_JS;? X g1+ [Z,L,(g) +Z,L,(g)]dS ,

ﬁ;’:jﬁx&
S

Where,

(6)
- [K,(g) +K,(g1dS, (D

Py =—Lﬁ X g o [Ky () - K,(g)]dS » (8)
QY =—Lh X g« [L.(g)/Z: +L.(g)/2,]dS
, 9

b{i”=J;z><g1-Elds,b§iP=J;l><g1-Hlds.
S S

(10)
Once the elements of the moment matrix and the
excitation vector determined, one may solve the
resulting system of linear equation (5) for the
unknown coefficients J and M, and the scattered
electric and magnetic field can be computed from
the surface electric and the magnetic current. At
each cell on the surface, Maxwell’s stress tensor
is used to estimate the instantaneous force exer-
ted on the rotor,

dF=(T * n)dS . (1D

where,
T,=¢E\E,+uH H,—b; (¢E*+,H*) /2 . (12)

3 Results and discussion

The moment method obtains the electromagnetic
field through dispersing the object into many
small cells and calculating the effect between
each unit. However complex the trapped object’s
figure is, it is easy to gain the trapping force
based on the moment method. Our laboratory
had built a microrotor and driven it by a single
beam optical tweezers. The microrotor’'s geome-
try is shown in Fig. 3.

The microrotor's rotation speed reached at two

hundred rings per minute when it is controlled

(a) SEM picture of microrotors

(b) Microscopical view of untrapped microrotor

(¢) Two microscopical views of different positions of
microrotor in rotation

Fig. 3 Geometry sketches of microrotor

by the laser with a wavelength of 808nm and fo-
cused in the sample area by a high—numerical —
aperture objective lens (oil immersion 100/

1.25). The power of the laser beam is about 50
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mW. The refractive index of the microrotor is n,
=1.47, and it is immersed in the acetone (n; =
1.36). The microrotor's surface is dived into the
triangular cells, as shown in Fig. 4 (b), and a
quarter of the object has been designed and the
sencond plane is located in the XOY plane. The

microrotor’s thickness is about 5 pm.
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(a) Planform of microrotor 1
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(¢) Geometry of microrotor 2

Fig. 4 Microrotors

When the microrotor is trapped by a laser
beam which is propagating in the Z axis direc-
tion, the force and torque on its surface can be

gained according to the method which is men-

tioned in the part 2. The angular velocity is ex-
hibited in the Fig. 5(a) as a function of the laser
power, and it is linearly dependent on the beam
energy. So we can improve the rotation rate by
adjusting the incident beam power, But if the in-
cidental energy is too high, the microrotor may

be destroyed by the laser.

2 20t
=
S
2 15
Q
<
2
5 10F
=
on
=1
< st

10 20 30 40 50
Laser power/mW

(a) Rotational speed applied to the motor vs laser in-
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Fig. 5 Plots of optical torque and rotational speed as
functions of laser power, beam waist and mi-

crorotor’s thickness
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Fig. 5(b) (c) shows the optical torque, T,
plotted as a function of the beam waist . The op-
tical torque is decreasing when the laser beam
waist is increasing. The reason which causes this
phenomenon is mainly the momentum changes
that is happening at the plane 4,7 in the scatter-
ing process. Another important evidence to sus-
tain the explanation is that we had built a similar
microrotor whose geometry is shown in Fig. 4
(c). We tried to drive it by using the single
beam optical tweezers but it failed, and then the
model which is mentioned in the part 2 had been
used to analyze the second microrotor. The nu-
merical calculation results which are shown in
the table one express that the torque acting on
the second microrotor is about seventh smaller
than the first one. This torque is too small. It
can thus be concluded that the optical forces are
mainly forced on the epitaxial arms of the first

microrotor.

Tab.1 Optical torqures for two microrotors

with various laser powers

laser power 30 mW 40 mW 50 mW
torque of the first
microrotor 2.876 2 3.834 7 4.793 0
(X107 N+ m)
torque of the second
microrotor 2.420 6 3.227 5 4.034 5

(X10"% N+ m)

Dependences of the optical torque upon the
thickness of the microrotor are shown as Fig. 5
(c). It is obvious that the higher the microrotor
is, the faster it can rotate for a fixed laser pow-

er. The reason which cause this phenomenon is
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