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a  b  s  t  r  a  c  t

This work  presented  the  model  of  dieletrophoresis  (DEP)  and  tapered  fiber  technology.  The  aim  was to
improve  the  sensitivity  of  oil concentration  measurement  in  the  separation  of  oil–water  mixture  pro-
cess.  Simulations  via  COMSOL  v4.3b  Multiphysics  software  were  implemented  to  calculate  and  study
the  distribution  of electric  field,  which  was  generated  from  both  sides  of  tapered  fiber  with  two  metal-
coated  silver  electrodes  using  direct  current  (DC)  electric  fields.  The  emulsified  oil particles  with  radius
of  0.09  �m could  be repelled  from  the  strong  electric  field  region  so  as to change  the refractive  index
around  the  tapered  fiber region.  Then,  the  evanescent  wave  field  would  induce  to  change  the  transmis-
sion  intensity  of  the  optical  fiber.  The finite  element  method  (FEM)  was  used  to  solve  optical  wave field
coupled  convection–diffusion–migration  (CDM)  equation.  The  results  indicated  that  the  oil concentration
measurement  sensitivity  of  the  proposed  sensor  was  increased  to be  25% higher  than  that  of  an  identical
tapered  fiber  sensor  without  negative  DEP.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

In recent years, the separation of the oil–water mixture has
become a research focus in the serious freshwater resources reduc-
tion. The treatment of domestic sewage and industrial effluent are
based on the oil–water separation technology such as gravitational
separation, centrifugal separation, electrolysis and biological meth-
ods [1] to address the growing problems of freshwater. Therefore, it
seems to be particularly necessary to monitor the oil content in this
process [2]. The low content of micro/nano oil droplet put forward
the new challenge to traditional measurement. The dissolved oil,
lubricant, disperse oil and float oil exist in the oil–water mixture.
Especially, the emulsified oil droplets, whose size is below 10 �m,
form a kind of tiny and stable drops in the water [3]. Optical fiber
has a great of advantages for many sensing application, including
high elastic strain limits, high sensitivity, electromagnetic interfer-
ence resistance and low cost [4]. However, evanescent field fiber
sensor which is also new and popular in the fiber sensor family
processes higher sensitivity and deeper penetration than common
optical fiber at present.
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In addition, the DEP technology is widely used for cellular
manipulation [5], liquid movement [6], semiconductor processing
[7] and nanorod sensor [8]. Some researchers triumphantly put
this technology applied in the sensing fields on later. Dan
et al. [9] had immobilized the nanorods which contain poly-3,4-
ethylenedioxythiophene/polystyrenesulfonate materials by DEP
force. This device was  utilized for concentration measurement of
acetone, methanol and ethanol by a resistance change in electronic
nose vapor sensing systems. Holzkia et al. [10] proposed a fiber-
optical evanescent field sensor which depended on the positive
DEP force to increase the content of water in order to improve the
sensitivity in the lubricating oils.

Thus, this paper design and simulate an emulsified oil concen-
tration sensor which combine the advantage of dielectrophoresis
and tapered fiber technology. For this work, an obvious extension
of this DEP technology is to introduce the repelling emulsified oils
directly into a high sensing by the external non-uniform electric
fields. The structure of tapered fiber has so fast time responses with
changing refraction index of the medium. However, when the size
of oil droplet became much smaller as the continuous purification
of oil, the measurement in separation of oil–water is relatively dif-
ficult because its content might become low. The oil particles on
the surface of the tapered fiber are distracted by the negative DEP.
As a consequence, the refractive index of the tapered fiber surface
result in the most light obeying the total reflection transmission.
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Fig. 1. The structure of linear tapered fiber.

Eventually the detection is achieved by the intensity factor ratio
of the output light and the input light. The distribution of elec-
tric field can be calculated near the electrode. The geometry of the
sensor is incorporated in a model that solve the optical wave equa-
tions within a tapered fiber with metal-coated film. The output light
intensity of light source depends on oil concentration distributions
have also been explored. It is expected that the results of this study
would provide guidelines to achieve measurement of low content
of oil via negative DEP.

2. Theoretical background and sensing model

2.1. Fiber evanescent field

The tapered fiber uses unclad uniform plastic fiber as its mate-
rial, produce through heating and tapering. Three types of taper
geometries are used, including linear, parabolic and exponential.
They can change the distribution of longitudinal refractive index
and form evanescent field in the cone zone as shown in Fig. 1. Com-
pared with the latter two, linear tapered fiber is usually made and
used [11,12]. This paper studies the oil–water simulation based on
linear tapered fiber. On the optical fiber taper angle, some of the
light that spread in optical fiber core would divulge to the outside
of the fiber, because the refractive index of fiber core and surround-
ing solution is different. Thus, the light energy in-fiber could be
reduced.

In evanescent field, the difference of the medium refractive
index directly affect the penetration depth and energy of the
evanescent wave. The intensity of transmission light in fiber core
is changed. Evanescent wave penetration depth dp is expressed as
[11],

dp = �

2� · nco

1√
sin2 �i − (ncl/nco)2

(1)

where �i is the incident angle measured from the normal at the
interface of core and surround, nco is the refractive index of core,
ncl is the refractive index of cladding represented by the ana-
lytic solvent, � is the vacuum wavelength of the guided light. The
magnitude of evanescent field of fiber depends on the effect of inci-
dent angle, taper ratio (TR), taper length, light model number and
numerical aperture. Fig. 1 shows the theoretical model, the TR is
equal to Rcl/Rco, where Rcl and Rco is, respectively, the radius of the
fiber core at the input and output ends of the taper. The taper angle
is given as Eq. (2).

 ̋ = tan−1
[

Rco − Rcl

L

]
(2)

2.2. DEP force

If a non-uniform field can be produced by metal electrodes, some
of neutral particles would find themselves in a field gradient. In this
case, there are a net electrostrictive force acting on the particles,
and they move relative to their surroundings. The motion of the
particle would experience a mechanical force, which is also called

Fig. 2. (a) Sensor setup of emulsified particle concentration. (b) 2-D simplified
domain of computation.

as the DEP force [5], and its mathematical formula can be expressed
as:〈�FeDEP

〉
= 2�r3εm˛

〈�Erms

〉
(3)

where r is the radius of the particle, εm is the permittivity of the
surrounding medium, �Erms is the root mean square of the elec-
tric field. The factor  ̨ which is traditionally described by the
Clausius–Mossotti (CM) factor determined the particle polariza-
tion. The factor  ̨ is positive or negative value. Positive  ̨ value due
to larger particle permittivity yield positive DEP force and parti-
cle movement toward high field density regions; negative  ̨ value
yield particle motion down the field gradient [13]. When the fre-
quency is zero, the factor  ̨ only depends on the conductivity of
the medium and particles. Therefore, DC dielectrophoresis is dif-
fer from AC dielectrophoresis in relation to the CM factor  ̨ in Eq.
(4), where � stands for the conductivities of the particle (p) and
the medium (m). The DC dielectrophoresis also reduce the external
power requirements because of neglecting the effect of frequency
component.

 ̨ = �p − �m

�p + 2�m
(4)

2.3. Theoretic model

Based on the above description, a tapered fiber could be applied
to liquid concentration detection because it have the high sensitiv-
ity. For continuous purifying oil, however, a great deal of filtrating
and monitoring process can meet the requirement of drinking and
living water. The proposed metal-coated electrodes are used to
manipulate the particles of emulsion by means of a desired DEP
effect. The sensor differs from surface plasmon resonance, which
is the collective oscillation of electrons in a solid or liquid stim-
ulated by incident light. With external applied electric filed, the
metal-coated silver can generate the non-uniform electric fields to
change the distribution of particles.

The distribution of refractive index around tapered fiber sur-
face could be changed. Meanwhile, light intensify of the output is
obtained in this way. Coating silver thin film, the linear tapered
fiber which is ordinary step-index single-mode optical fiber is less
expensive than the sapphire fiber. The theoretic model is shown in
Fig. 2(a). The silver layer with 750 nm thickness can be loaded 10 V
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