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Abstract—An SU-8/PDMS microfluidic chip incorporating a
monolithically integrated on-chip lens set for transport and manip-
ulation of microparticles is developed. The components, including
the on-chip lens set, the microfluidic channel, and the fiber grooves,
are defined in a single layer of SU-8 by one-step photolithography.
The design of the on-chip lens set and the fabrication of the mi-
crofluidic chip are fully described. The influence of the beam-waist
radius on the manipulation performance is theoretically analyzed
and experimentally verified for the first time. In the cross-type
optofluidic architecture, the evaluation is performed by measuring
the particle displacement with different beam-waist radii under
different fluid-flow rates. The on-chip lens set is designed to have
a specific dimension to achieve the required beam-waist radius. It
is revealed that the particle displacement is counter-proportional
to the beam-waist radius. An experiment is performed. The results
show that the particle displacement is increased by reducing the
beam-waist radius. The optical manipulation of microparticles is
also demonstrated by using two counter-propagating light beams
that are perpendicular to the fluid-flow direction with the beam-
waist radius determined by two on-chip lens sets placed on the
two sides of the microfluidic channel. The proposed architecture
could be used to enhance the performance in particle transport,
separation, and concentration.

Index Terms—Integrated devices, microfluidic device, optical
manipulation.

I. INTRODUCTION

THE POTENTIAL of integrating photonic and microflu-
idic elements into a “lab-on-a-chip” system or a minia-

turized total analysis system (µTAS) has opened new routes to
improve the performance of the particle transport and manipu-
lation [1], [2]. These systems can be accomplished by various
methods [3]. The well-known optical tweezer, achieved by us-
ing a tightly focused light beam, has already been proven to
be a valuable research tool in the fields of biomanipulation [4]
and flow cytometry [5]. However, this technique is restricted by
the very short focal depth and the large light beam diffraction,
which limit its capability in continuously transporting particles
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and its overall strength in trapping particles [6]. To overcome
these drawbacks, a range of near-field methods have recently
been demonstrated by using planar optical waveguide [7], high-
magnification total internal reflection (TIR) microscope ob-
jective [8], and subwavelength slot waveguides [6]. Although
the use of the near-field methods would improve the transport
and manipulation performance, the technique has limitations in
two aspects. First, the very shallow penetration depth limits the
height of the microfluidic channel [9]. Second, the waveguide
structure has to be properly designed and fabricated to avoid
the multimode distribution in the core waveguide [10]. The
technique of optical chromatography is then developed to over-
come these limitations. The first type of optical chromatography
technique is defined as axial-type optical chromatography [11],
where the scattering force resulted from the optical radiation and
the fluid-drag force act on the particles in the opposite direc-
tion. Due to the sensitivity of the scattering force to the particle
size and refractive index, this technique has been successfully
applied to particle separation [12] and concentration [13]. The
architecture has also been extended by using a core waveg-
uide [14] and a hollow-core waveguide [15]. Fundamentally,
however, the axial-type optical chromatography is not capable
of continuously manipulating particles and requires additional
devices to deliver the target particles out of the control region.
A more recent cross-type optical chromatography technique is
developed [16] as a solution to the problems, in which the light
beam propagation is perpendicular to the fluid-flow direction.
This orthogonal arrangement can manipulate particles in a con-
tinuous manner without the need of additional devices to move
the target particles away [17]. Similar to other methods, the ma-
nipulation performance is highly dependent on the particle size
and the refractive index, which have been fully described in [18]
and [19]. On the other hand, the manipulation performance of
the orthogonal arrangement also relies on the light-beam-waist
radius at the microfluidic channel.

All microfluidic chips can be generally classified into two
categories based on the materials used for the fabrication of the
chips: the optical-planar-waveguide-based architectures and the
poly-dimethlysiloxane (PDMS)-based architectures. Optical-
planar-waveguide-based architectures can be fabricated by us-
ing the thin-film deposition or the anisotropic etching technique,
which usually requires two or four photolithographic steps, with
a procedure usually lasting up to a couple of weeks [20]. The
fabrication process can be simplified by using the polymeric
material [21], such as the SU-8 (negative photoresist). The use
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of PDMS-based architectures can also significantly reduce the
complexity in the chip fabrication. However, a duration of at
least 2 days is required to finish the steps of master-mold fabri-
cation and the PDMS molding [22]. In addition, the incorpora-
tion of other optical elements, such as an on-chip lens, into the
PDMS-based architectures will lead to the undesirable fabrica-
tion interactions. Especially, a high risk of distorting the optical
elements during the processes of peering off the PDMS layer
from the master mold and bonding it on the substrate would
be resulted due to the microfeatures of the chip. In developing
the “lab-on-a-chip” or µTAS system, the ability to fabricate a
microfluidic chip in a fast manner with low complexity is highly
desirable.

In this paper, we demonstrate a novel microfluidic chip with
an improved particle transport and manipulation performance
by incorporating a monolithically integrated on-chip lens set or
a few on-chip lens sets in the microfluidic chip. The fundamental
principle in the performance improvement is the reduction of the
beam-waist radius by the on-chip lens set. A theoretical analysis
of the operation, the design of the on-chip lens set, and the fab-
rication of the proposed SU-8/PDMS hybrid microfluidic chip
are fully described in this paper. Especially, the influence of the
light-beam-waist radius on the manipulation performance in a
cross-type optofluidic architecture is discussed for the first time.
Starting from the particle velocity (which is different from [16]),
we obtain an analytical expression of the particle displacement
induced by an ideal cross-type optically driven propulsion where
the flow rate is assumed to have a constant value instead of a
parabolic profile. The design of the on-chip lens set is then dis-
cussed and the modification of the light-beam-waist radius is
demonstrated. The fabrication of the chip is also discussed in
detail. Since the on-chip lens set, the microfluidic channel, and
the fiber grooves are all defined in the same SU-8 layer, the chip
fabrication and packaging are greatly simplified with a much
shorter processing time.

II. THEORY

The radiation forces applied to a particle resulted from the
momentum transfer between the photon and the particle could
be classified into two categories: the gradient force and the
scattering force. The gradient force drives the particle to the
center of the light beam, and eventually, retains all the particles
at the focal point of the light beam. The scattering force drives
the particle in the light-beam propagation direction. Given the
assumption that the particle size is smaller than the light beam
size, the gradient force is small and could be ignored. Therefore,
the dominant force is the scattering force.

Based on the ray optics model [23] and the equation for the
calculation of the scattering force [17], the particle displacement
from the fluid-flow direction can be analytically derived from
the particle velocity. Fig. 1 is a simplified illustration of the
particle deflection, which is used to perform our analysis.

Assuming the light beam has an energy distribution of a
Gaussian profile, the scattering force at position z is given by

F (z) =
2nP

c
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ω0

)2
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−2z2
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0

)
(1)

Fig. 1. Schematic of the optically driven transport.

where P is the power of the light beam, ω0 is the light-beam-
waist radius, rp is the particle radius, n is the refractive index
of the surrounding medium, Q is a dimensionless factor that is
dependent on the refractive indices of both the particle and the
surrounding medium, and z is the distance between the center
of the particle and the light beam axis.

The mean value of the scattering force is obtained by inte-
grating (1) within the light beam region, which is given by

FM =
1

2ω0

∫ ω0

−ω0

F (z)dz. (2)

Substituting (1) into (2), we have

FM =
√
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2)
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where erf(•) represents the error function resulted from the
integration of the Gaussian function.

As shown in Fig. 1, the particles are flowing upward into the
light beam region, from −ω0 to ω0 along the z-direction. When
the particle reaches the light beam region, it is driven along the
light beam axis by the force described in (3), which gives the
particle a velocity along the x-direction, denoted as Vp . If we
only consider the x-directional components of the vectors, such
as the velocity and forces, the equation representing the particle
motion in the x-direction can be written as

mp
dVp

dt
= FM − FD . (4)

According to Stokes’s law, the drag force, denoted as FD ,
applied to the particle moving at a velocity of Vp is given by

FD = 6πηrpVp (5)

where η is the viscosity of the surrounding medium. Substituting
(5) into (4), the particle velocity along the x-direction is given
by [24]

Vp =
FM

3πrpη
(1 − e−t/τp ) (6)

where τp is the particle relaxation time and its value is in the
order of 10−9 s. Since it is relatively small, the term e−t/τp in
(6) can be neglected. Thus, the maximum particle velocity along
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the x-direction can be obtained by

VpM = lim
τp →0

Vp =
FM

3πrpη
. (7)

Considering that the initial particle velocity along the
x-direction is zero, the displacement along the x-direction can
be calculated as

x =
1
2
VpM T (8)

where T represents the time period within which the particle
travels through the light beam region from −ω0 to ω0 at the
z-directional velocity of U , which is regarded as the fluid-flow
rate. As a pressure-driven fluid, the flow rate has a parabolic
profile within the microfluidic channel, where the fluid that
is closer to the microfluidic channel wall has a lower flow rate.
The nonuniform flow-rate distribution is due to the viscous force
between the fluid and the microfluidic channel [25]. In this paper,
the theoretical model is set up for validating the proposed theory,
that is, the particle displacement could be increased by reducing
the light-beam-waist radius. In addition, surface treatment is
applied to the microfluidic channel to reduce the viscous force
between the fluid and the microfluidic channel, which could be
used to keep the flow rate, to some extent, constant rather than
having a parabolic profile. Thus, for the sake of simplicity, we
assume that the fluid-flow rate is a constant value within the area
where the particles are deflected by the incoming light beams.
Therefore, for a time period T = 2ω0/U , substituting (3) and
(7) into (8), we obtain the displacement as given by

x =
√

π

2
erf(

√
2)

nP

3πηUc

rp

ω0
Q. (9)

It is seen that the displacement is counter-proportional to
the light-beam-waist radius at the microfluidic channel. This
conclusion is important since we can increase the displacement
by using an on-chip lens set to reduce the waist radius rather
than increasing the input light power.

III. DESIGN AND FABRICATION

The key significance of the present paper is the incorporation
of a monolithically integrated on-chip lens set into a microfluidic
chip, by which the beam-waist radius is reduced, which leads to
an improved performance in the optofluidic transport and optical
manipulation. An on-chip lens [26] is originally designed to
enhance the detection efficiency of a scattered light [27], [28].
In this section, the design of an on-chip lens set is described,
and the use of an on-chip lens set to reduce the beam-waist
radius is demonstrated. The chip fabrication is also detailed in
this section. The schematic of a microfluidic chip is shown in
Fig. 2.

As illustrated in Fig. 2, two on-chip lenses (such as On-Chip
Lens 1 and On-Chip Lens 2) are used to form an on-chip lens
set (such as On-Chip Lens Set 2) to achieve a specific light-
beam-waist radius. On the right side of the microfluidic channel,
three sets of lenses with different lens dimensions are fabricated

Fig. 2. Schematic of a microfluidic chip incorporating on-chip lens sets.

TABLE I
DIMENSIONS OF ON-CHIP LENS SET 2 STRUCTUREa

and placed along the channel, as shown in Fig. 2. These three
different light-beam-waist radii can be achieved by the on-chip
lens sets. The lens dimension settings for On-Chip Lens Set 2,
illustrated in Fig. 2, are listed in Table I.

In order to achieve the optical manipulation by using two
counter-propagating light beams, a symmetric architecture by
incorporating on-chip lens sets on the other side of the microflu-
idic channel is designed, which is denoted as “Symmetrical
Lenses Architecture” in Fig. 2.

The width of the microfluidic channel is designed to be
100 µm and the height is 130 µm, which are determined by
the size of the external optical fiber. The fiber used in this paper
has a core radius of 52.5 µm and a cladding radius of 60 µm.
The input light beam is introduced into the on-chip lens by butt
coupling. The fiber groove is used to fix the fiber, which avoids
the use of a high-precision positioning stage and simplifies the
alignment.

In On-Chip Lens Set 2, for example, we show the overall field
view of the fiber groove and the lens structure in both bright and
dark fields in Fig. 3.

All the three on-chip lens sets are shown in Fig. 4(a), and the
resulted light beams with different waist radii on the microflu-
idic channel are shown in Fig. 4(b). The light-beam-waist radius
on the microfluidic channel can be estimated in each on-chip
lens set with the assistance of the known channel width, which
is fixed at 100 µm (defined by the photomask). By comparing
the distance of the channel width and light-beam-waist radius
obtained from Fig. 4(b), the light-beam-waist radii are mea-
sured to be ∼75, ∼50, and ∼100 µm (total light beam sizes of
∼150, ∼100, and ∼200 µm) for On-Chip Lens Sets 1, 2, and 3,
respectively.

The architecture of the proposed microfluidic chip is il-
lustrated in Fig. 5. It is fabricated with the photolithography
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Fig. 3. Microscopic images of On-Chip Lens Set 2 (the microfluidic channel
is on the left side of the images and is not shown here due to the limited imaging
field). (a) Bright-field image. (b) Dark-field image with the incident light beam
of He–Ne laser (632.8 nm, 20 mW).

Fig. 4. (a) Illustration of the three on-chip lens structures. (b) Light beam
waist on the microfluidic channel. (a) and (b) are not in the same scale.

Fig. 5. Illustration of the proposed microfluidic chip architecture.

technique [29]. In general, the on-chip lens set, the microfluidic
channel, and the fiber grooves are defined in the same layer of
SU-8 (SU-8 2075, MicroChem). All these components are fab-
ricated based on a 4-in silicon wafer as the substrate. The use
of a silicon wafer makes it simple to fabricate the 130-µm-thick
architecture. During the fabrication process, the silicon wafer is
first cleaned in a “Piranha” solution (H2O2 :H2SO4 = 1:4) for 30
min, and is then thoroughly washed by distilled water, followed
by a dehydration process in a 250 ◦C oven for 3 h to improve the
adhesion of the SU-8. The 130-µm-thick SU-8 layer is spun onto
the wafer with a rotation speed of 1500 r/min after the wafer is
cooled down to the room temperature. The microstructures are
defined on the SU-8 layer by UV photolithography. The postex-
posure bake is implemented by putting the microfluidic chip on
a hotplate with the temperature of the hotplate being increased
to 100 ◦C at a temperature ramp of 10 ◦C/min, and then keeping

the temperature at 100 ◦C for 30 min. The microfluidic chip
is then further cooled down to the room temperature. The mi-
crofluidic chip is developed in the SU-8 developer for 30 min.
Finally, our newly home-developed bonding technique [30] is
employed to apply a layer of premade PDMS on top of the SU-8
based microstructures as a cover. Our home-developed bonding
technique makes the whole fabrication process easier to handle
compared with the technique applying spring-mounted screws
reported in [27]. Since only one mask is required in the fabri-
cation process and the architecture is fabricated on SU-8, the
proposed SU-8/PDMS hybrid microfluidic chip can be made,
packaged, and tested in a single fabrication step, which would
significantly reduce the processing time to one day compared
with other existing methods where a relatively long processing
time of a few days is usually needed. In addition, the fabrication
complexity is also significantly reduced.

After the SU-8/PDMS microfluidic chip is fabricated, sur-
face treatment should be applied to the microfluidic channel for
two reasons [31]. First, surface treatment is used to reduce the
viscous force between the fluid and the microfluidic channel to
make the flow rate, to some extent, constant within the channel
rather than having a parabolic profile. Second, surface treatment
can prevent the samples (microparticles) from attaching on the
microfluidic channel. Surface treatment is implemented first by
introducing 3% Pluronic F68 into the channel. Then, the chan-
nel is rinsed with phosphate buffered saline (PBS) to remove
any residue of Pluronic F68 before introducing any sample.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Polystyrene particles (Polystyrene Microsphere, refractive in-
dex of 1.59, Polysciences) are used in this paper to evaluate the
performance of the developed microfluidic chip for micropar-
ticle transport and manipulation. The radii of the polystyrene
particles are 1 and 3 µm. The particles are first diluted to a con-
centration of 105 samples/mL, and then introduced into the mi-
crofluidic chip with a 1-mL syringe and a syringe pump (Pump
33, Harvard apparatus).

A continuous-wave fiber laser (Custom designed, fiber tail of
AFS 105/125Y, NA = 0.22, WT&T) with an operating wave-
length of 1064 nm and an output power of 0.5 W is employed
to provide the input light beam. The motions of the particles
are captured using an imaging system that consists of a mi-
croscope (Nikon, Inc.), a 20×-microscope objective (Infinity-
Corrected long working distance objective, Mitutoyo), and a
charge-coupled device (CCD) camera (Infinity 2–2, Lumenera).

The performance of the optofluidic transport is evaluated by
measuring the particle displacements. A light beam with a beam-
waist radius of 50, 75, or 100 µm, achieved using one of the
three on-chip lens sets, is applied to perform the measurement.
Although the light beam is loosely focused by the on-chip lens
set, the light-beam-waist radius is still larger than the particle
radius. Therefore, the assumption that the gradient force is neg-
ligible and the scattering force is the dominant radiation force
is still valid.

The optofluidic transport of microparticles with a radius of
3 µm is first performed. Experimental results are shown in
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Fig. 6. Snapshots of the transport of a 3-µm-radius particle with the light-
beam-waist radius of 100 µm at a flow rate of 110 µm/s. The cropping location
is the same in each time-lapse image.

Fig. 7. Snapshots of the transport of a 3-µm-radius particle with the light-
beam-waist radius of 100 µm at a flow rate of 195 µm/s. The cropping location
is the same in each time-lapse image.

Figs. 6 and 7, where the flow rates are 110 and 195 µm/s,
respectively.

The fluid flows downward in the microfluidic channel, and
the input light beam with a modified waist radius of 100 µm
is introduced into the microfluidic channel from the right to
the left, which drives the particle to the left direction. This
orthogonal arrangement is defined as the cross-type optofluidic
transport as discussed earlier. A series of snapshots obtained at
different instants, starting from t1 to t5 , are shown. It is seen
that the 3-µm-radius particles have been driven with different
displacement at different flow rates.

Particle displacements are also measured with the other two
light-beam-waist radii at different flow rates. A comparison be-
tween the theoretical and experimental results is shown in Fig. 8.

In Fig. 8, the particle displacement is evaluated as a function
of the light-beam-waist radius and the flow rate. In all cases, the
measured displacements agree well with the theoretical predic-
tions. As can be seen, the displacement is increased by reducing
the light-beam-waist radius. This conclusion is important since
it provides a potential solution to enhance the performance of
a microfluidic chip for the optofluidic transport and optical ma-
nipulation by defining its architecture rather than using a high-
power laser. It is also seen that a small deviation exists between
the measured and theoretical displacements, which is believed
to be resulted mainly from the assumption that the fluid-flow
rate keeps constant within the microfluidic channel, whereas
it should have a parabolic profile as discussed in Section II.
However, as can be seen from Fig. 8, it is deemed sufficient

Fig. 8. Measured and simulated displacements as a function of the flow rate
and the light-beam-waist radius. The comparison is made for a microparticle
with a 3-µm radius.

Fig. 9. Snapshots of the transport of a 1-µm-radius particle with the light-
beam-waist radius of 50 µm at a flow rate of 105 µm/s. The cropping location
is the same in each time-lapse image.

for the purpose of demonstrating that the displacement could be
enhanced by reducing the light-beam-waist radius.

Then, the optofluidic transport of the 1-µm-radius particles
is experimented. Fig. 9 shows the experimental result, which is
obtained using a light beam with a waist radius of 50 µm, and the
particles are moving at a flow rate of 105 µm/s. A comparison
between the experimental and theoretical displacements of the
1-µm-radius particle is shown in Fig. 10. Again, a reduced waist
radius leads to an increased displacement in the optofluidic
transport.

Third, the optofluidic transport of mixed particles with two
different radii is experimented. The experimental results are
shown in Fig. 11. Again, the measured displacements of the
particles with different radii agree well with the theoretical pre-
dictions, as shown in Figs. 8 and 10. If we compare the dis-
placements of the particles with different radii, we will find
that the displacement of the 3-µm-radius particle is three times
that of the 1-µm-radius particle, which confirms the relationship
between the particle size and the displacement, as shown in (9).

Finally, the optical manipulation of a 3-µm-radius particle is
demonstrated using the developed microfluidic chip. The mo-
tion of the particle is controlled by two counter-propagating
light beams introduced into the microfluidic chip from two op-
posite sides, both propagating perpendicularly to the fluid-flow
direction. The second light beam is provided by a fiber laser
source (Custom designed, standard single-mode fiber, WT&T)
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Fig. 10. Measured and simulated displacements as a function of the flow rate
and light-beam-waist radius. The comparison is made for a microparticle with
a 3-µm radius.

Fig. 11. Snapshots of the transport of mixed particles of radii 1 and 3 µm, re-
spectively, with the light-beam-waist radius of 50 µm at a flow rate of 150 µm/s.
The cropping location is the same in each time-lapse image.

with an operating wavelength of 1067 nm and an output power
of 150 mW. The two output fibers of the two laser sources are
fixed in the fiber grooves on each side of the microfluidic chan-
nel, as shown in Fig. 5. On-Chip Lens Set 2, as shown in Fig. 2,
is used to achieve a light-beam-waist radius of 50 µm, and an-
other on-chip lens set on the opposite side is used to achieve a
light-beam-waist radius of 10 µm. The use of the two counter-
propagating light beams is different from the optical trapping
reported in [32], where a pair of single-mode fibers or a pair
of multimode fibers was used to achieve the optical trapping.
However, in this paper, the optical manipulation of a micropar-
ticle is performed by the optofluidic transport, which is different
from the optical trapping. In addition, the optical manipulation
ability is important for the assembly techniques and optically
driven bioanalytics [33]. Furthermore, the analysis of the mode
distribution in the cross section of the two light beams and the
precise control of their output power, as required for the optical
trapping in [32], are not necessarily considered in the proposed
optical manipulation scheme, because we are only consider-
ing the mean value of the radiation forces, as illustrated in (2).
Therefore, it is a simple process to achieve optical manipulation.

The optical manipulation is shown in Fig. 12 with six steps
from Fig. 12(a) to (f). Fig. 12(a) shows the area of the control

Fig. 12. Optical manipulation of a 3-µm-radius particle by controlling the
powers of the two light beams.

region. At the beginning, the two lasers are off. After the particle
flows into the control region at Position A, Laser 2 is switched
on, and input light beam 2 drives the particle to the left, as
shown in Fig. 12(b). After the particle has been driven with a
displacement to the left direction, Laser 2 is off and the particle
continues to flow along the microfluidic channel, as shown in
Fig. 12(c). Then, Laser 1 is turned on and input light beam 1
pushes the particle to the right, as shown in Fig. 12(d). When
the particle reaches a position as shown in Fig. 12(e), Laser 1 is
turned off. The particle then leaves the control region at Position
B, as shown in Fig. 12(f).

It is seen that the output position and the moving path inside
the control region can be defined by the two lasers. The architec-
ture for the manipulation of the particle shown in Fig. 12 can be
considered as an optical manipulation unit. By placing a number
of these units along the microfluidic channel, the transport of
a particle to a specific position can be accomplished. With the
modified waist radius of the input light beams, the optofluidic
transport performance can be maximized in each unit. This will
improve the performance of the optical manipulation. In addi-
tion, a further expected performance for this device is that the
particle displacement could be further increased to over 200 µm
by designing a compound on-chip lens structure while keeping
a low power of the input light beam. For this displacement,
we believe it is sufficient to separate the target particles. In
such a case, the proposed SU-8/PDMS microfluidic chip with
a monolithically integrated compound on-chip lens structure is
expected to be applied for applications in optofluidic sorting and
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switching [34], with the particle manipulation capability demon-
strated in Fig. 12.

V. CONCLUSION

An SU-8/PDMS microfluidic chip incorporating a monolith-
ically integrated on-chip lens for the transport and manipulation
of microparticles was developed and experimentally demon-
strated. The design of the on-chip lens sets and the fabrication
of the microfluidic chip were fully described. The dependence
of the optofluidic transport on the light-beam-waist radius using
an on-chip lens set was evaluated for the first time. It was shown
that an increased particle displacement was achieved with a re-
duced light-beam-waist radius. The displacements of particles
with different radii under different flow rates were also mea-
sured. The experimental results agreed well with the theoretical
analysis. In addition to the transport of a microparticle using the
develop microfluidic chip, the use of the microfluidic chip for
the optical manipulation of a particle was also demonstrated,
which was achieved by introducing two counter-propagating
light beams into the microfluidic chip using two on-chip lens
sets placed on the two sides of the microfluidic channel. The
incorporation of multiple on-chip lens structures with the com-
pound lens design in the microfluidic chip would make the
proposed microfluidic chip to have an improved functionality
for the transport and manipulation of microparticles for different
optofluidic sorting and switching applications.
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