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Laser is applied to guide and tweeze the vascular endothelial cells for assembly. The system is composed
of three modules: laser guidance, micro channels and laser tweezers. The micro channel includes the
assembly area, main channel and branch channels. The optical module is equipped with laser source,
beam splitter, reflectors and lenses. The endothelial cells are delivered to main channel and guided
through branch channel to the assembly area by laser. The optical tweezers then move the cells to the
proper position. The design of optical modules is conducted for the maximum capability of manipulating
cells. The micro channel is designed based on fluid mechanics to minimize the fluidic disturbance to the
cells in the assembly area, and is fabricated by photo lithography. Polystyrene micro beads and endothe-
lial cells are successfully guided and tweezed by this approach. The associated escape velocity and
dragging force are investigated.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

In spite of the average human life getting longer, the organs
aged with time. Cardiovascular disease such as atherosclerosis is
one of the most serious chronic diseases in the modern society.
Since the successful use of single laser to manipulate micro particle
[1], researchers start to investigate the mechanical model and fur-
ther applications of optical tweezers [2,3]. Because optical twee-
zers can move particles and microorganism without contact, it
becomes a powerful tool for biological research.

Multiple optical tweezers can further control large amount of
particles at the same time. They are achieved by laser array [4],
beam splitters [5], spatial light modulator [6,7] and micro mirror
array [8]. Laser array uses parallel light source to produce light
spots on the objective plane. This method can move cells simulta-
neously but it cannot manipulate each cell independently. The
beam splitters provide optical tweezers two laser beams and
manipulate them individually by the corresponding mirrors. The
number of the light in this method, however, is strictly constraint
by the number of beam splitters. The last method to construct mul-
tiple optical tweezers is using micro mirror array. The system uses
a mirror array to reflect incident light and change positions of the
light spots by tilting each micro mirror.

Laser guidance can move cells without contact the same as opti-
cal tweezers. An objective low numerical aperture is used in the
system of laser guidance and provides slightly focused beam.
ll rights reserved.
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cheng).
When the cell passes near the light axis, it will be pulled into the
center of the light axis and guided along that direction of the light
axis by light pressure [9,10]. A preliminary study shows the manip-
ulation of cells by laser guidance [11]. This method can be also ap-
plied to produce micro patterns [12].

In this study, the authors present a method of guiding and
tweezing endothelial cells in one system to demonstrate the feasi-
bility of using the same method to build an artificial blood vessel.
The diameter of vascular endothelial cells used in the study is
about 20–30 lm.
2. Design concept

The conceptual design for assembly of vascular endothelial cells
is illustrated in Fig. 1, and the schematic diagram of the complete
system is shown in Fig. 2. The working processes of the system are
as follows. First, the endothelial cells are stored in a syringe and
pumped into the main channel in the system. The cells are then
guided into branch channels, line up and flow through the channel
toward construction area by laser guidance. Thirdly, the optical
tweezers trap cells at the end of the branch channel and put them
at the proper place to form a piece of blood vessel. Since the scale
of blood vessel is much larger than the working area of optical
tweezers, the two-step movement of the platform is needed. The
coarse manipulation is achieved by moving the micro channel di-
rectly on an electromechanical stage and the fine movement is
done by laser tweezers.

The optical tweezers are manipulated by tilting the mirror to
move the trapped object on the focal plane. The parameters
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Fig. 1. Conceptual design for assembly of vascular endothelial cells.
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Fig. 2. Schematic diagram of the system setup.
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calculated from the paraxial and thin-lens approximations are used
as initial conditions and optimized by optics simulation, as dis-
cussed in the next section. For the micro channel, the computa-
tional fluid dynamics provides the analysis of the geometry of
micro channels designed to allow sufficient nutrition entering
the construction region so as to keep the cell vital but would not
let the flow disturb the assembly process. Based on the analysis
in Section 2.2, the proper dimensional parameters are selected to
fabricate micro channels in the system.

2.1. Optical design

The trapping force of optical tweezers depends on the numeri-
cal aperture of the object lens. Higher numerical aperture produces
large force. Once a lens is selected, the efficient trapping is
achieved when the entrance pupil of the objective is fully filled
by the laser ray all the time along with the mirror tilting. An anal-
ysis is conducted to calculate the distance between driven mirror
and the lenses.
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where f1, f2 and f3 are focal lengths of lens1, lens2 and lens3,
38.1 mm, 75.6 mm and 50.2 mm, respectively, x is the rear conju-
gate distance of the microscope objective, and L2 is the distances be-
tween lens1 and lens2. If L0 and L2 fit this equation, the chief ray
height at the entrance pupil of the objective will remain zero in
spite of the tilting of the mirror. Because this relation is based on
para-axial and thin-lens approximations, these parameters are trea-
ted as initial conditions for the optical optimization. Fig. 3 shows
the results of the Vignetting analysis of coverage of entrance pupil
changing with tilting angle of mirror. The optical simulation soft-
ware, OSLO, is used for comparison. This software provides more
accurate analysis than the para-axial approximation of thin-lens.
It shows the entrance pupil can be nearly fully covered for maximal
tweezing force when the tilting angle lies between plus and minus
4�.

2.2. Micro channel design

The micro channel transfers endothelial cells from outside to
the construction area by laser guidance through micro channels.
The main channel and the construction area are linked by branch
channels. The micro channel should lower the ratio of the fluid
flowing into the construction area, defined as the mass flow ratio,
which disturbs the cells in that working area. To achieve this goal,
three geometric parameters of the micro channel are set, as shown
in Fig. 4, namely the width of the main channel, A, length of branch
channels, B, and widths of branch channels, C. Fig. 4 shows two de-
signs of the branch channel. In the fluid mechanical analysis, A and
B for both types vary from 100 lm to 300 lm with increment of
5 lm. C of nozzle-like branch channel is 20 and 30 lm, while C
of straight branch channel varies from 30 to 50 lm at a step of
10 lm. A fluidic simulation software CFD-ACE is used to optimize
these parameters considering the mass flow ratio of the construc-
tion area as the performance index of the simulation. The index of
mass flow ratio should be as low as possible.

In the analysis of the flow field, the fluid is considered incom-
pressible and laminar flow. The temperature of the fluid remains
constant and the effect of gravity force is neglected. The flow veloc-
ity at the inlet of the main channel is 50 lm/s. Fig. 5 and 6 show
the results of the analysis. The mass flow ratio of the construction
area decreases with the increase of the width of the main channel
and the length of the branch channel, and with the decrease of the
width of the branch channel. Among these three parameters, the
flow behavior mainly depends on the width of the branch channel.
In consideration of the size of the endothelial cell, the width of the
branch channel is selected 30 lm which is slightly wider than the
diameter of the cells.

The fabrication sequence of micro channel is schematically
illustrated in Fig. 7. First, a layer of photo resist SU-8 is spin-coated
on a 100 mm wafer and then exposed to UV light through the
photo mask in photolithography. After dissolving the unpolymer-
ized photoresist, a positive relief of the channel structure is left
on the wafer; this structure acts as a master for casting PDMS
channels. After a master has been fabricated, the surface of the wa-
fer is treated with a layer of Teflon to avoid bonding between the
photo resist and PDMS. Using the master, a negative relief of the
structure on the master is made in PDMS by replica molding (see
Fig. 7c). The replica molding involves pouring PDMS prepolymer



Fig. 3. Vignetting analysis of coverage of entrance pupil.
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Fig. 4. Schematic illustration of micro channel.
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Fig. 5. Simulation of mass flow with different main channel width and branch
channel length (a) nozzle-like branch channel width 20 lm and (b) nozzle-like
branch channel width 30 lm.

H. Hocheng, C. Tseng / Optics Communications 281 (2008) 4435–4441 4437
over the master, curing the polymer at 80 �C for 1 h in the oven,
and peeling it off the master. Channel inlets and outlets are drilled
into the PDMS by a flat-top syringe needle. At last the channel and
a piece of cover glass is treated with O2 plasma simultaneously and
then bonded together. Fig. 8 shows the photograph of the micro
channel used in the system.
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Fig. 6. Simulation of mass flow with different main channel width and branch
channel length (a) straight branch channel width 30 lm, (b) straight branch cha-
nnel width 40 lm and (c) straight branch channel width 50 lm.

Fig. 7. Fabrication sequence of micro channel. (a) Pattern the geometry of micro
channel by photo resist, (b) deposit Teflon, (c) pour PDMS on the wafer and heat it,
(d) O2 plasma treatment and (e) Bonding with glass.

Fig. 8. Photograph of microchannel.
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3. Experimental setup

The system layout is shown in Fig. 2. Table 1 shows the specifi-
cations of the major components. An infrared laser of wavelength
1064 nm, is used as light source. The laser is divided into two lasers
with equal power by a cubic beam splitter (CBS). One light, which
is treated as optical tweezers, is reflected by the driven mirror, M2
and goes through the positioned lenses, Lens1, Lens2, Lens3 and
then entered an 100� objective, sequentially. Another light, which
is treated as laser guidance, entered a 4� objective. Because PDMS
is transparent, the light can pass through it and be focused in the
main channel. A CCD is put behind a hot mirror, M3, to observe
cells moved by laser guidance and optical tweezers in the micro
channel. The micro channel is attached on an electromechanical
stage which provides three-axis translation. The culture medium
is stored in the syringe and pumped into micro channel through
plastic tube. The polystyrene particles of diameters 6 and 10 lm
from poly science are used for manipulation testing in parallel with
the cells.

4. Results and discussion

4.1. Laser guiding

The 10 lm polystyrene micro beads are moved in the main
channel and the flow direction is from top to bottom in Fig. 9.
The slight focused laser enters the channel from the left side of
the channel. When the bead flows into the light axis, the moving
direction of the bead turns 90� to the right. The beads start moving
along the light axis and flow through the branch channel into the
construction area. The moving speed is several mm per second in
that direction. After successfully moving plastic micro beads, endo-
thelial cells are tested in the micro channel. As shown in Fig. 9,
three cells are guided into a line by laser beam. The moving speed
is lower than the micro beads due to larger size of the cells.

4.2. Laser tweezing

An endothelial cell is trapped by laser tweezers and moved
horizontally and vertically as shown in Fig. 10. The movement is
directed by the tilting mirror. For an oil immersion-type micro-
scope objective with the numerical aperture of 1.25, the working
range is a circle of diameter of 70–80 lm. The endothelial cells



Table 1
Specification of optical and associated components

Laser DPSS laser, wave length = 1064 mm, max power = 1000 mW
Reflector Newport 10D10DM.10
Cubic beam splitter Newport 10BC17MB.2
Hot mirror Edmunds F43-956 10D10DM.10
Tweezers lenses Newport KPX079AR.33, f1 = 38.1 mm

Newport KPX088AR.33, f2 = 75.6 mm
Newport KPX082AR.33, f3 = 50.2 mm

Laser guidance lens Newport KPX085, f4 = 62.9 mm
Illuminator 30 W Quartz-halogen light
CCD Watec WAT-902H NIR monochrome CCD
Motion stage PI M-510.11
Syringe KDS 200
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can be moved at 100 lm/s in use of the laser of around 500 mW.
However, the speed is often limited by the actuator response of
the tilting mirror.
Fig. 9. Laser guida
4.3. Escape velocity and laser dragging force

Fig. 11 shows the correlation between laser power and the es-
cape velocity. The escape velocity is measured by moving the posi-
tioning stage and observing the trapped object until the object goes
off the tweezers at a certain speed. The endothelial cell is larger
than the 6 lm polystyrene bead, hence its moving speed is several
times lower. It is clear that the higher laser power is, the faster the
object can be moved by laser tweezers.

Fig. 12 shows the correlation between laser power and the drag-
ging force. The force is determined by the moving speed and the
size of object, and the fluid viscosity based on the Stokes Law. In
an infinite and uniform flow field, a sphere is subject to the flow
force

F ¼ 6pgRv ð2Þ

where g is fluid viscosity (10�3 N s/m2 for water), R is the particle
radius, v is the relative speed of sphere in the flow. Since the lens
nce operation.



Fig. 10. Laser tweezers operation.

0 25 50 75 100 125 150
0

25

50

75

100

125

150

175

200

E
sc

ap
e 

V
el

oc
ity

(μ
m

/s
) 

Laser Power (mW)

 6μm PS Bead
 Endothelial Cell

Fig. 11. Correlation between laser power and escape velocity.
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focus is short thus making the object very close to the lens (around
100 lm), the effective viscosity is increased. The Stokes Law is mod-
ified as [13]

F ¼ 6pgRv
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where h is the distance between particle and wall. One can see the
viscosity increases drastically when the particle size is close to or
even larger than h. In the current study, h is 30 lm. (The narrowest
space in the construction area is 80 lm.) In use of the plastic beads
of 6 lm, the viscosity increases 6%, while the endothelial cells of
25 lm will cause an increase of 30%. Thus the modification by Eq.
(3) is needed. The larger the object or the narrower the space is,
the larger is the drag force. The endothelial cell on one hand has lar-
ger size than the polystyrene bead, while on the other hand moves
at much lower speed, as shown in Fig. 11. Therefore the dragging
force is lower than the bead, as illustrated in Fig. 12. As also
expected, the dragging force increases with the applied laser power
of the tweezers. The results can be used to design the process of
assembling the endothelial cells by the constructed system.
5. Conclusion

A system for constructing a blood vessel is proposed. The sys-
tem is composed of laser guidance, micro channels and laser twee-
zers. The endothelial cells are first guided from main channel
toward the assembly area through the branch channel followed
by the laser tweezers moving the cells to the proper place. The
main channel should be designed to hundreds of micron meters
wide whereas the branch channel should be slightly larger than
the size of the cells, to minimize the fluidic disturbance to cells
in the assembly area. The position of lenses in the optical path
should be designed for the maximum of the effective trapping
capability of laser tweezers. Both polystyrene micro beads and
endothelial cells are successfully moved by this method. The guid-
ing and tweezing speed for endothelial cells can reach one hundred
micron meter per second when laser power level is high and the
tilting mirror rotates fast. In the future, the system can operate sev-
eral laser tools at the same time by replacing the single driven
mirror with micro mirror array. More cells can be moved at the
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same time and the mirror response is much faster. The assembly
process time can be shortened many times.
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