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A Shuttlecock Optical Rotator—Its Design,
Fabrication and Evaluation for a
Microfluidic Mixer

Hiroo Ukita and Motoki Kanehira

Abstract—An optically driven microrotator is proposed for
fluidic mixing in future micrototal analysis systems (u-TAS).
The rotation mechanism, optical torque and microflow around
the rotator are analyzed, and the rotator is fabricatied both by
photolithography and photoforming methods. The microflow
fields generated by the optical rotation are then experimentally
visualized by both tracer and optical methods, and the velocity
vectors and flux amount around the rotator are analyzed for the
evaluation of the mixing performance of the microfluids.

Optical mixer

Index Terms—u-TAS, fluidic mixing, flux amount, microflow,
micrototal analysis systems, optical rotator, optical torque, optical
tweezers, photoforming, photolithography, shuttlecock rotator,
tracer, velocity vector, visualization.
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O PTI_CAL t\_/vee_z_ers have _been_ SugceSSfu”y Utlllz_ed IEig. 1. Conceptof an optical mixer which will be used in future labs-on-a-chip.
various scientific and engineering fields such as biologyne chip will have components such as inlets, fluidic channels with a mixing

microchemistry, physics, optics, and micromechanics [1]. Tiseamber, a detector and outlets.
ability to rotate microobjects offers important applications in
optical MEMS and biotechnology. This article describes afresented. We now propose another type of active method to stir
optical rotator design, fabrication, and evaluation to increaagdiquid by an optically driven microrotator.
the mixing performance of microliquids for future fluidic |n the design, three-dimensional (3-D) rotator shapes are an-
applications such as micrototal analysis system3AS) [2]. alyzed based on the optical torque using a ray optics model and
The rotator will be used as a mixer in a labs-on-a-chip showhe flow field around the rotator is analyzed using computa-
in Fig. 1. The chip will have components such as inlets for thnal fluid dynamics (CFD) by the finite volume method. For
sample and reagent loading, microfabricated fluidic channeig fabrication, two methods are employed; conventional pho-
with a mixing chamber and an analyzing chamber, a detectgfithography [7] and microphotoforming [8]. A new apparatus
for the reaction products, and outlets for sample waste. Thmploying a spinner is developed to form a very thin laminated
analyte specimen and the reagents will be actuated by pressgyer for the latter method [9]. Shuttlecock rotators of 3
force using syringe pumps. in diameter are made from visible light-curable resin using an
Due to the small Reynolds number, micromixing devices agptical head for a DVD.
fabricated to increase the contact area to promote the diffu-n the evaluation, the microflow fields generated by the
sion effect by interweaving the two fluids. This interweavingptical rotator are analyzed through visualized images obtained
has been done by structure geometry in a channel such asing a newly constructed evaluation system [10]. For the
cronozzle arrays [3] and intersecting channels [4] which induggsualization, we use two improved methods. One is the tracer
chaotic behavior [5] of a flow. These mixers have been chatiethod in which we trace many particles suspended in the
acterized as static devices. On the other hand, an active siligagadium. The other is an optical method in which we observe
micromixer with a thin piezoelectrically actuated membrane [hedium density variation [11]. By comparing the two methods,
to generate a strong lateral acoustic thrust in a liquid has bega confirmed that the optical method is appropriate to visualize
the total liquid flow behavior.

. . . _ We analyzed the microliquid velocity vectors and flux
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Fig. 2. Fundamental shapes of a shuttlecock optical rotator and rotation — - - Density p =8.995 x 102 kg/m?
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Fig. 2 shows the optical rotation principle of a shuttlecock i
type rotator which has no bilateral symmetry in the horizontal

cross section [12], [13]. In the left figure, when the incident

laser |ight is refracted at the top surface, the momentum chan @54 Pro_cess of the flow field and drag force analysis with a computational
and an upward optical pressure force is exerted, which leadd'tl§ dynamics-

lifting the rotator. An optical pressure force is also exerted when ]

the laser light is emitted from the side surfaces. We consider@igmax = tan{arcsin(N.A/n1)}, whereNA andn, are the
the three side surfaces I, 11, and Il of one particular wing. ThgPjective lens numerical aperture and surrounding medium
optical pressure force is exerted on the side surfaces | and II, Fgffactive index, respectively.

not on side surface Ill, because surface lll is parallel to the radialF19- 3 shows the simulated result for the rotator heigkt5.0
direction and does not refract the light. When the light is emittg™: the diameted = 15 ,m, the wing widthw = 2.5,m, and
from side surface Il, it does not contribute to the torque beca3gam profiles as parameters, where the refractive index-

its direction is radial. Therefore, the torque, which rotates tHe® @ndn1 = 1.33. The optical torque is linearly proportional

rotator counterclockwise comes from only the optical pressutt%the inpu_t power and a high torqug can t_)e obtained by a donut
force on side surface . beam profile, since it has a strong intensity at the outer part of

The right figure shows the ray tracing to simulate the torq€ aperture [14]. The rotation speed is determined by balancing
for the rotator illuminated with a focused beam. We traced tfise optical torque with the drag force of the rotator. Furthermore,
rays until they hit the bottom surface. The beam was divided intde SPeed becomes high as fNel increases, because the large
about 2500 equal area segments on the aperture. We considdpégfgence angle increases the amount of light emitted from the
aray incidencéry,, «) on the lens and estimated the torque sde.

the pointrg on side surfacé. The radiusr is expressed as B. Microflow Around the Rotator

w

TR = 1) To evaluate the performance of the liquid mixing in mi-
_ _ _ _ _ croscale systems, the microflow around the rotator was
wherew is the wing width. The optical torque atr g is, investigated as shown in Fig. 4 using a fluid flow solver [15].
The simulation was performed in a 3-D geometry with a
commercial computational fluid dynamics tool (CFX-4, AEA
The total optical torqué/ exerted on the four wing surfaces isCOrP-)- The control volume is a cube, each domain has a set
: of discretized equations that are formulated by evaluating and
ascos™ (2w/d) primax integrating the fluxes across the faces of the volume to satisfy
M=4 Fredr da 3) ; : ; PR
N : the conservation (4) and (5), whekgis the fluid velocityu is

) ) the velocity of the sliding mesli,is the time,P is the pressure,
whered is the shuttlecock diameter, ang .in and 7L max  andw is the kinematic viscosity [16].

are the minimum and maximum distances from the op-
tical axis, respectively. They are given ag.,;,, = 0 and Ve(U—-u)=0 4)

COS «v

T =rgpF sin a. (2)

=0



UKITA AND KANEHIRA: SHUTTLECOCK OPTICAL ROTATOR—ITS DESIGN, FABRICATION, AND EVALUATION 113

/_ fal (&l e}

fa} = Fig. 7. Shuttlecock optical rotators of (a) én, (b) 20im, and () 1Q:m in
diameter fabricated by photolithography.
Fig. 5. Stream lines around the rotator after two seconds at a speed of 50 rpm.
(a) Squint view. (b) side view.
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ATy ."_ i In order to promote the optical torque, the rotator should
I have a 3-D structure with slopes on its upper surface [14]. The
iy | LA photoforming method can be used to fabricate 3-D microstruc-
i - e tures. Nevertheless, the already proposed microphotoforming

apparatus is large and requires a special laser beam (ultrashort-
r]Sulsed near-infrared Ti : sapphire) or special resin (two-photon-
absorbed urethane material) [18].
We have developed a desk top microphotoforming apparatus
9y +(U-uw)eV)U=-VP+1VU. (5) using a DVD optical head and a visible light-curable resin
It (DF-200N, Nippon Kayaku Corp.), both commercially avail-
To discretize (4) and (5), the finite volume method is use@ble. Since the microstructure is obtained by scanning a focused
The solver runs through a number of iterations trying to miniaser beam to solidify the contour of a liquid photopolymer, the
mize the overall change in selected parameters from one itei@solution is determined by the laser beam intensity distribution
tion to another. We obtained the press#irand velocityU for ~and the absorption of light within the polymer. To decrease the
each volume. solidified depth, a thin resin film was made by a spinner as
The stream lines (Fig. 5) and the velocity vectors (Fig. 6) ihown in Fig. 8.
the proximity of the rotator after 2 s at the speed of 50 rpm wereFig- 9 shows the shuttlecock optical rotator with a /2@
analyzed for the same rotator described above. The Reyndiigmeter and 1m thickness. The fabrication conditions were
number Re = rwd? /4r) equals 10*. From both figures, we & Scan speed of 2bm/s, scan pitch of um, single scan and
confirmed that the velocity increases close to the rotator aAdaser power of 0.35 mW. The overall time was 12 min for 16
the flow goes both outward and upward, which promote flui¢ptators.
mixing.

Fig. 6. Velocity vectors in the proximity of the rotator after two seconds at tl
speed of 50 rpm.

IV. EVALUATION OF THE SHUTTLECOCK OPTICAL ROTATOR
Ill. FABRICATION OF THE SHUTTLECOCK OPTICAL ROTATOR A. Visualization of the Microflow

Besides the specially fabricated rotator, the controlled rota-During the evaluation, the microflows generated by the
tion of trapped particles in an interference pattern between a laptical rotators were analyzed. Fig. 10 shows an experimental
guerre—Gaussian beam and a plane wave was recently reposedp to trap and rotate microobjects with an upward-directed
[17], but it will not be widely applicable because of its com¥YAG laser beam and to visualize the microflow with different
plicated set up. We fabricated shuttlecock optical rotators lypgle illuminations using a high-speed camera. The rotator in
both photolithography and microphotoforming. Fig. 7 shows thtbe medium inside the coverslip chamber was stably held at the
two-dimansional (2-D) photoresist rotators with 30-, 20-, anfibcal point of theN A = 1.4 objective lens. Arbitrary-shaped
10-um diameters fabricated by conventional photolithographylass particles (density: 2.54 gfmindex of refraction: 1.51)

[6]. We released the rotator into the laser trap environment bgnging from 5 to 15.m, and the photoresist shuttlecock
etching the aluminum under the resist. rotators (density: 1.16 gffnindex of refraction: 1.5) of 10 to
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Fig. 9. Shuttlecock optical rotators, 30n in diameter 15:m in thickness
fabricated by photoforming.
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o Fig. 12. Effect of the optical pressure. Gold particles around the laser spot are
High speed Lensn expelled by the optical pressure.
camera U
:YAG laser eter of 1,m were suspended in the glycerol solution and the
Single mods fiber pathlines were obtained as the tracer movement through suc-

cessive digital images. The other is the optical method based on
medium density variation; various colloids suspended in glyc-
erol solution were illuminated at a grazing angle and the scat-
tered light was observed.

Tracers added to mark the flow included polystyrene, glass,
gold, aluminum oxide, diamond, tooth powder, pigment, a
shape colloid and a milk fat colloid. Some of them are shown
in Fig. 11. The polystyrene and glass are spheres, but the gold
and aluminum had no definitive shapes. The particles were
dispersed in water with a surface active agent, but the gold and
aluminum were condensed due to the electrostatic force.

The requirements for the tracers used with an optical rotator
are: 1) their sizes must be small (less thapn in this case)
and sufficiently dense; 2) the tracers should be prevented from
undergoing Brownian motion; and 3) the tracers should not be
) affected by optical pressure. Condition 1 is derived from an op-

tical rotator size of about 1@m, and condition 2 is satisfied

Fig. 10. Experimental setup to visualize the microflow around the rotat ; ; ; : : : :
(a) Block diagram. (b) Photograph. The upward-directed YAG laser traps :ﬁg using glycerol to increase the medium viscosity. Since high

rotator and the microflows generated around it are visualized with oblique anQ@nSity glycerol affects the rotator motion, heavy glass beads
illumination using a high speed camera. are adequate for the tracer. Furthermore, particles such as poly-

styrene, glass, and milk fat colloid were not significantly af-
30 xm were used in the experiment. They are transparentfaxted by the optical pressure, but metallic particles such as gold
the YAG laser wavelength of 1.06m, which avoids optical and aluminum oxide were expelled from the laser focal point as
damage. shown in Fig. 12.
In order to visualize the flow field in the proximity of the op- Table | compares the evaluation results of the visualized im-
tical rotator, the following two methods were used. One is tteges for a number of different kinds of tracer and medium com-
tracer method based on a pathline; various tracers with a didnmations. The symbal) indicates excellentA good andx

HF il
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TABLE | f

THE EFFECT OF THETRACER ON THEMICRO-FLUIDIC VISUALIZATION 4 = i
. #3
Tracer Glycerol Visualization 35 1 | -
(Diameter:pm) (%) Tracer Optical | |
| |
Polystyrene (0.5um) 50 X x = - i :
Polystyrene (1.0pm) 0 . X E 25_ : :: L |
Glass (0.5pm) 50 x X et \ p,llli
Glass (1.01im) 20 o % g 'H"' J I |I I“E i-inll"l
Aluminum (1.0pm) 0 x x 3 15. | I|,\I Ir"lﬁ l Ui HIAREL
Gold (0.5um) 50 x x 1 J | |1_';' :
Milk fat colloid 0 : 4 0] W || || TEE |I ] I'.}: T
54 ‘ : ! i :
#1
e o T y . : 3
= 47 R i) i1 14 i.5 bl 25
1 g Tiena (g}
Fig. 14. Variation in the tracer velocity due to the rotator and the Brownian
: motion.
B
&
(a)Single frame image (b)Composite frame image

Fig. 13. Visualization and pathlines using glass tracers. (a) Single frame
image. (b) Analyzed pathlines.

poor, which suggests that;dm diameter glass beads and milk {a)Hrakes gleas partichs (E)Shutiesoak aptisal rotatar
fat colloid are adequate for the microflow visualization.
Fig. 15. Visualization and velocity vectors around an optical rotator by milk

B. Microflow Analysis fat colloid. (a) Broken glass particle. (b) Shuttlecock optical rotator.
Fig. 13 shows the analyzed results of the microflow. The left TABLE Il
figure shows the tracer method for theufn glass beads in RELATIONSHIP BETWEEN FLUX AMOUNT AND RELIABILITY
30% glycerol solution. We recorded a 2.3-s motion (71 frames)
through a high speed camera. The resolution was 64310 Tracer Glycerol Visualization
dots x 8 bits per frame. The velocity and the direction of each __(Piameter:um) (%) Tracer | Optical
bead #1 through #6 was traced as the pathlines in the figure Polystyrene (0.5um) 50 x X
From the figure, the following interesting characteristics of the Pelystyrene (1.0um) 0 . x
microflow are recognized: 1) the flows are large for tracers #2 g:ass (2 -5um) % x x
#3, and #4, very close at the rotator but small for #1, #5, anc ass.( am = ° X
#6, at very distant locations and 2) the flows expand to twice 0|g'”|:“('(‘)“5“;n(11)'°”m) : i i
three times the rotator diameter. Fig. 14 shows the variation iy itk fat colloid & . .

the tracer velocity due to the rotator and the Brownian motion:
The microflow and the diffusion effect will promote the stirring
or mixing in the microscale systems. tion angle per frame is 11°2The flux amount is defined here as
Fig. 15 shows the analyzed velocity vectors around the rie total sum of the absolutein the visualized images, ranging
tator by the optical method for (a) a broken glass particle am m (lateral size) and 3gm (perpendicular size), whene
(b) a shuttlecock rotator. The oblique illumination increases tigthe velocity vector. Reliability means the pattern tracking ac-
image contrast, because only the scattered light was obsengacy for the density variation. From this table, the reliability
We can see the microflow around the rotators. We can also réecomes more than 95% for the analysis between the succes-
ognize the microflow entering at the lower right in the left figuresive frame but less than 80% for a thinned-out operation. This
Compared to the tracer method, this optical method can eagihgans that the density variation pattern is kept within one frame
obtain the whole image of the microflow. We will then analyz€33 ms), but the pattern will be destroyed after two frames which
the microflow by using the visualized images obtained from tHeads to a low correlation (reliability).
optical method.
These flow field analyzes can be done by the fast pattetn Effect of the Rotator Shape and Rotation Rate
tracking algorithm based on the correlation between the densityFig. 16 shows the effect of the rotator shape and rotation rate
variation patterns (Flow-vec32, Library Corp.). Table Il summabn the flux amount, where the radiation power is 150 mW. The
rizes the relationship between the rotation angle, flux amounttation rate is measured by the temporal variation in the scat-
and reliability for the broken glass rotator at 56 rpm. The rotaered light from the rotating particle [19]. The flux amount be-
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Fig. 16. The effect of the rotator shape on the flux amount, where the radiation 2
power is 150 mW.
0
8
Distance [ um]
90 A
80 - Fig. 18. Flux amount generated by the shuttlecock optical rotator, the rotation
rate as a parameter.
_ 70
5 60 -
- 3) rotator fabrication both by photolithography using a pho-
& 50 1 toresist and microphotoforming with a visible light-cur-
S 40 - able resin,
£ 30 ] 4) flow visualization using milk fat colloid in glycerol solu-
« 20 tion with grazing angle illumination,
o 5) pathline and velocity vector analysis close to the rotator,
10 1 and
0o 4 . . , . . . , . 6) flow field and flux amount analyzes around the rotator.
O 20 40 60 80 100 120 140 160 Itis recognized that the fluidic velocity vector appears within
Laser Power [mW] two to three times the rotator diameter in the plane perpendic-

ular to the rotation axes, and the flow goes not only outward,
Fig. 17. Relationship between rotation rate and laser power for a shuttlecqgift also upward which promotes the convective mixing per-
optical rotator 1g.m in diameter. formance. The remotely driven, friction-free, and self-aligned
characteristics are advantages of the optical pressure rotation. It
comes larger for rotators #1, #2, and #3 (triangular like shapg€puires no mechanical connection to a battery and works even
compared to rotator #4 (square like shape) because the foriheihe presence of electromagnetic noise.
rotators contact large liquid area. We also observed that thelhese kinds of microliquid stirrings generated by the optical
higher the rotation rate, the larger the flux amount. These m@tator could be of much help in the construction of miniaturized
sults show that both the rotator shape and the rotation rate affégidic mix devices in the future.
the flux amount.

Fig. 17 shows the relationship between the rotation rate and
laser power for a 1Q:m diameter shuttlecock optical rotator.
The rotation rate is linearly proportional to the laser power. The authors would like to thank Prof. Y. Ogami, Prof. O.
The flux amount generated by the shuttlecock optical rotator fg@bata, Prof. S. Konishi of Ritumeikan University for their co-
shown in Fig. 18 with the rotation rate as a parameter. We c@Reration, and S. Hiura and K. Yamano of Denken Engineering
see that the microflow expands as the rotation rate increases; for the trial manufacture of a microphotoforming apparatus.
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