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Abstract

Recently microscale biofluid flows have been receiving large attention in various research areas. However,

most conventional imaging techniques are unsatisfactory due to difficulties encountered in the visualization of

microscale biological flows. Recent advances in optics and digital image processing techniques have made it

possible to develop several advanced micro-PIV/PTV techniques. They can be used to get quantitative

velocity field information of various biofluid flows from visualized images of tracer particles. In this paper, as

new advanced micro-PIV techniques suitable for biofluid flow analysis, the basic principle and typical

applications of the time-resolved micro-PIV and X-ray micro-PIV methods are explained. As a 3D velocity

field measurement technique for measuring microscale flows, holographic micro-PTV method is introduced.

These advanced PIV/PTV techniques can be used to reveal the basic physics of various microscale biological
flows and will play an important role in visualizing veiled biofluid flow phenomena, for which conventional

methods have many difficulties to analyze.
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Fig. 1 Schematic of a typical micro-PIV system
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Fig. 2 Velocity distribution according to radius of
curvature of microchannel entrance
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Fig. 4 Mean velocity field and vorticity contours
of blood flow in an H-shaped venous vessel
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Fig. 5 Temporal variation of U-velocity signal (a) and
its PSD distribution (b) of blood flow in the
proboscis of a female mosquito
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Fig. 6 Speckle patterns of real blood captured by X-ray
micro-imaging method

UE 58 d= Fddt= 4719 H(proboscis)
Ui dolfse] Sxgs SAATS 2 AT
of AbgE )R p-PIV Al2~E1S Fig 1 3} gow,
FA O Z continuous Nd:YAG @l o] A7} AF-&5 S},
PGS &I EtE o] &8k 256 x 128
Aol FHEAEE 10,000fps
FFAAE HolAM = 532 nm) WS FF5e] o
7] 3¢ 554 nm oA FFES WEI wekA A
23 FF JdAGYS 53] 1380 long-pass E
(L =570nm)E &7hdE} kol A XSStk
Wi-o] gl §5 NA=0.5 o] 20 v d=S ALg
slo] E 238190 ar, o] wl T (field of view)e] =L
713 9F 0.215 x 0.108 mm® ©]{Th =7] o] 9] F
Aol EFHet7]  wjiEdd  wAl < (micro-
surgery)S &3l ©] S AAS AL ek 27
e dAvge AE Z# ol BEA 1A st
5 Aoz F5

}

ki o]EQ.

=]

B o

Jn g

g

Fig. 5(a)<

1

[e) o) = H o 52~

FE PG SEARS A7) G52
= a

0w 53

)\01—

M

Vil
00000

.

54 pm
Fig. 7 Streamwise mean velocity field of a blood flow
in an opaque microchannel

stlom, o2 R E WE F347t oF 6.1Hz o],
Womersley (o)< 0.117 ©] At}

o] 23t time-resolved p-PIV S47|H 374
g A7 gt R ENFE database 75Ol
&sHl &&=old Aol

4. X-ray p-PIV 7|

7<) PIV/PTV 7IW2 7FAIS o] §317] o
BEEe B4 dF-o fFASFoIY FA9 &
AZFete A2 A Erbseirt. ol
=537 AsiAE 715 7R o
o B4 ¥-& 54 5 dE 29, x4
2e TR v FEE o8k gt XAS
0]-8-3t X-ray PIV7]H-2
kA8t 4 lom, ol&
¢ Arel 5% sheaie®
7+ A (coherence)©] -8 WAL 7FE7] XA

FYoR F Xeray PIV 7|H2 EFE3 FA)
GEd PIV £5%
ATt Wk

43, 27
N7 EFAR oo A,
A48T e X4 dabol of

dodTE XA A 8 s)uke] 9 A
HEES olgste] die LA IW(fringe
pattern)& T3ti1, o & ol &3] FHYRE 73



WA AAGE A 9

AT HA XA 3" 9 7S 7Nt R &l
MFe i dElS 98 F e AdxdE F
Astetr] flal, dgE 7helel Akel e A(d)
of dMMZol FrE 2ASHUA xH JFES
353t 1 A3E Fig. 6(A)° LERA Aoz o
AORFE Xray PIV 7IW & A 83te] 524 4
e 498 F e A¥xds 4 F 9ok Fig

(6]

o}
6(B)= 879 3|vlE A8l (hematocrit, Hr)S W 3}A|
1WA FH53 XA GO E Hr=10-80%2] -

oA i o] FrEEATH
Xay BPIV 718e] A8 Aol shim BE
gk ujAl Ad iF-E Sk EREE dd
AFHoZ ZAH3 AT A gHEs 2te #
23} 7ol 490umet 20mmeo| v, XAo] Fx}
Al ®E Zlol: t=1390umo|th. AWM= Fhd}
Abe] Ag(d)E= 40cmeolH, BSAO] H7|= 686
x514um*o)th. =2 A2 2 % A (contrast medium)
2 A3 ARgekA gkkor, A (whole blood)S
s A= ARgs Y AR Ale A HE
£ o]&ste] MEE FYsilon, 52 oty W
gow ZerteE sl
X-ray p-PIV 7|" <& AR&3to] 43 20
I ERAs e Este] e Hd =
A= Fig. 79 Heblide. dAA o= Hi
Aol A frdo] =gla T FatolA wE
o APAR] FEREE Ho T3 Q) 9
I Xeray p-PIV 7|9 S AlE-319]
Troe BFAoE T gsithE HellA &
ulE Thva &
X-ray p-PIV 7]'He] & th& A &A= A7
xo] 7] 9 FrE FAld SAHIIAG) A4
VNEE AN Fae AT
Hal Itk TR S o] &3 V)
4 7bss mA7IES A
| 71320} 4 A (droplet)2] 7§~ 4]

A2 7HA T O XA S Fr
5 #FEE F glon
ARl wAZ|EE =l vls) XH FEol
o} tH](contrast)’} FHT YA ¥= F
ks XA H A G 7] X

=4 &

flo o

S
o3
o

° 12 M Ho rld o My

offl
lo
i
X
ins
D)
i

B2 9y o oE
M S op
- ‘lm oL o rlo
>
)
1%
o,
¥ 2 — Jo

i)

o
o o
o
=)
X
N

Ir
o

%0,
o
g
o,
N
™
~N

2
lo ¢

=

X

o

-
< b
>~ N
e
=
o

o
ki
N
N
olr
ol
o & iy
ofd
3
N S o Y

oy

Ne
|
My r
o
9

ju]

| 2] %3 (chopper)E A}
Xdel A2~ PR F

F-.a_ﬂ

+n
&
Q‘L
o
e
Q‘L
32
o

bl U T o ¥

o)
ekl
2
Ho
offt
N
L
>,
Jo
N
i)

[V

r (mm)

Fig. 8 Instantaneous distribution of the size and
velocity of microbubbles rising through a
NacCl solution

A% fARE SRPE o8, Uastelo] o
of WarlE WAES st

oA FEe o9& FHRo=
ddt). XA THAEA o] ofola] Unk
cCD7HElz #9d 4= glomg dAaAol gy
o]H(scintillator) & ©]&3}o] XAS Ao E W
shAZITE, gl SAETE 1280x 1024 A9l
cooled CCD 7HHgtE o] 83le] G4& FH53IelEd,
ZheEl el 10vle] dlEN=E FAidh ¢
Ao FHEE L 9k 0.67ume] AT}

Fig. 82 X-ray p-PIV 7| & o] &3l GAld =
gk mAZ|Ee] A7|e HEWEE YEld A
olth, FAHNF-9] A7 858x686um e H, 1 A|7]xE
9] &R 7]x3 Holusx v 054 %0lt)
FH Yele A7 20~60um W99 thdk A7]9]
A 7127 EAEeH, A&How FH4% &
& ANZ N AV E7 Y &5S 3
IS ¥ AT g a, AR HA

—_—

™ o L

7

A71EEC tei e oL A7]e HedEE A9
A SAHE F ATk o|=FH 7|ES THAF
AE o] &3 7HA 3L 71 el 7ML Jd FAES
XA mAGR7IH e R A 4 Ak

X-ray p-PIV 7| & & A &0y w=3 &
AA WFE F5® 9 yw A Fes AFH

o2 7MN3tsk=d AA ojupA| e Aol
5. Holographic u-PTV 7|

712l PIV/PTV % stereoscopic PIV 7|H &< 2



High-speed camera

Objective lens

Syiinge pump

‘

/ \ Water
Micro tube

LN .
Mirror (] He-Ne laser
<‘\\,‘\ N AoM

it
.‘}’éi‘_ H.‘.\\ . -3 r.
fr \ @-
I | B—'

\ /J x-
AN s
\_\_\ -~

Fig. 9 Experimental setup used for HMPTV
measurements of flow in a micro-tube

A ROl 2% F 3% U SEAR BT
g ASse S22 S47Ieq. ey AA
W dRfselt vlole 3 uii-o] H3sk f&
A A= olsfisty] fAsie 33 £
=470 desjtt vlo]aw 2ALe] HFAHSE
29 329 &2 ARE ZAHT £ Y= 2 F
ZA7IHO 2 defocused p-PIV,*” stereoscopic pi-

PTV,”  holographic p-PIV 7]® So] lth
Holographic PIV (¢]$ HPIV °¢F33h) 7]'H2 A}
ERIE ol &3 AT ouje 5t
S47IMo w13 v 3akd
EHOIGTESY HT So] "AY oW A 7=
o% ERIW IAFE& °l&3% 7|E HPIVZIH
g 715 2 A Al st HA
Hom gmaag ARED +AH Ao
e B HPIVI o] A gk o0
A" HPIVZHelA = @Y Fds o8& <t
(in-line) WAL o437 wgo] FA T
ol ks, CCD &2 CMOs AlA of#o]
(array)oll FRIAHE AHHOR VFT F 9o,
Azl whe} Wsels 34U AEARE A5
T AUATh
e, gt A4 of#lel o] wlawA & A
A712 &) opx 2 AF A Hs YAk Zlo]
W S8kt A vEb Al "k ol g &
Ads aldsty] 9l ArAdE ded=s ALE
st E=09 G4 WHES sk microscopic
holographiy 7] o] W= At D o] A9 Zlo]
ek =40zt A4 X0 _;|Z_ AA AL gy
A

o Wkl ste] oA Hms wlAlgEe] 334

[0
o w
off
2 =
-
2
o

|

o WE
2

e oam
oz
i
-]

it

N

Fig. 10 Instantaneous 3D velocity field and velocity
profiles of RBCs in a micro tube

5 S {835t
Fig. 9+ ﬂl/‘ﬂ% 5 Ze7ts EaAxe] 34
A E54 SAH A&¥ o)X tIA Y holographic

u-PTV(HMPTV) Al2=8le] sjekt} dul HPIV A]
283 2] 20u) wl&2] %43 (water-immersion)
& A Z(NA=0.5)S 7tvlgtol] K-l FPo=z
£ He-Ne dlo|A(A=632.8nm)S A}-&3}cp 39
W AERS AEGA Abole] FAL AelT 1A
o1 Qs B3 2ago] 2o AAFERS T4
BHE AT 29 94 114 CMOS

FHeEFE o]-&3le] 1024x1024 T4 AR 2
5008 d5Egig. dRel dyEs of
Hr=0.05%<] F-¥8]&= 343 H NS syringe H
22 W4 350ume MAFEE FEskdth %
2 FHAA 7]%3 HolEZFTF Re=19] H=
2 zAsigon, TR olnxy Ay I
FE oF 100~20070 A=A

g5y 209 G bA" GdA g7
Aqgste] BEIQd wol= Ay s Al

of &g IHEFE

A A Huygen-Fresnel 3] do]&] 7|
. o] o} 9] Fresnel-Kirchhoff % &
¥ o] 7t}

=%”h(x,y)R(x

H
%l
& d3th ifél%*ﬂ A
o]
A
sk

o fo 2 o o

_1> FN'
E

P



WA AARE AN

7159 MM E dAEFE ERa9 olwA
A7 o] A7t Fis] Wrkal 7143k Fresnel
AP S A &SRR, HMPTV Al Z=El o A= o]
23k 7FA o] dlEE A T]I= 8]le] HER &
& F-ol| A= angular spectrum 7]
Fig. 10 3759 344 &

il

B ZAZA 5 2 FAWon A2 P
Aol F4% vk -

By
-

At} 7t = g5H SEeEE oF 50470
&

o

Newtonian 5-4J o] YE}A] ¢F7] uj
o] AdFE E3 HMPTVZIHE 1y
opo] Hg3t 4= 9= 7S #EEsit
TSk HMPTVZ|H 2 ofwlupy AAild g el 2
AAFE 339 19 A™S FH5 o

Q

[e)

olth. Al7te] whe} whE A WslslE olefg 3A4Y
Toe AE FAst7] fEA = HMPTVZI ol
&3tk ol¢t e YA" HMPTVZIH-2 3%

[e]

A A FE Al A 714 S A

6. & &

Fh, ArH, A 7IHe] B wet ot
gk e micro-PIV/PTV 7|HEo] 7HdE At o]
=AY fr5 JHETIRE T A5 vAl AA
freol AFAQ £ BERE S8 oA
-~ &3k Al AF&¥ AL AT} Time-resolved p-PIV
& A AAfTEY S ARE AFFH O
sto] HIA e F714Q freax Ws
st 4= 9lt}h. 18]al Xeray p-PIV 7|HS &
A W5 F5e 7RA Skl {88ttt m
A5 32 524 SAHVHOEE £2
L= wPTV 7ol A e, wholam AAd
o] B st Fedad A Fx2 S f

o Jo o

ol9} 72 HeHe] micro-PIV/PTV 7|HES T4

& A FErhA s 7

T microfluidic &} o

kel = HAal v AR
Aol w Fs S8l Aol

“

7|

ol

S R B SN A U Rt B ) el e s e RS S
A2 EAF] (Center for Bio-fluid and Bio-mimic
Research) A| QP02 F3Eglom, olo A} =
U,

ikl

P

Mo
o

(1) Gravesen, P., Branebjerg, J. and Jensen, O. S., 1993,
“Microfluidics-a Review,” Journal of Micromechanics
and Microengineering, Vol. 3, pp. 168~182.

(2) Stone, H. A., Stroock, A. D. and Ajdari, A., 2004,
“Engineering Flows in Small Devices: Microfluidics
Toward a Lab-on-a-Chip,” Annual Review of Fluid
Mechanics, Vol. 36, pp. 381~411.

(3) Adrian, R.J., 1991, “Particle Imaging Techniques for
Experimental Fluid Mechanics,” Annual Review of
Fluid Mechanics, Vol. 23, pp. 261~304.

(4) Kim, H. B. and Yu, C. H., 2008, “Stereoscopic
Micro-PTV Measurement of Micro Impinging Jet
Flow,” 13th International Symposium on Flow
Visualization, Proc 386., Nice, France

(5) Meng, H. and Hussain, F., 1995, “In-Line Recording
and Off-Axis Viewing Technique for Holographic
Particle Velocimetry,” Applied Optics, Vol. 34, pp.
1827~1840.

(6) Sheng, J., Malkiel, E. and Katz, J., 2003, “Single
Beam Two-Views Holographic Particle Image
Velocimetry,” Applied Optics, Vol. 42, pp. 235~250.

(7) Santiago, J. G, Wereley, S. T., Meinhart, C. D.,
Beebe, D. J. and Adrian, R. J., 1998, “A Particle Image
Velocimetry System for Microfluidics,” Experiments in
Fluids, Vol. 25, pp. 316~319.

(8) Meinhart, C. D., Wereley, S. T. and Santiago, J. G,
1999, “PIV Measurements of a Microchannel Flow,”
Experiments in Fluids, Vol. 27, pp. 414~419.

(9) Meinhart, C. D., Wereley, S. T. and Gray, M. H. B.,
2000, “Volume Illumination for Two-Dimensional
Particle Image Velocimetry,” Measurement Science
and Technology, Vol. 11, pp. 809~814.

(10)Meinhart, C. D. and Zhang, H., 2000, “The Flow
Structure Inside a Microfabricated Inkjet Printhead,”
Journal of Microelectromechanical Systems, Vol. 9, pp.
67~75.

(11)Olsen, M. G. and Adrian, R. J., 2000, “Out-of-Focus
Effects on Particle Image Visibility and Correlation in
Microscopic Particle Image Velocimetry,” Experiments
in Fluids, Vol. 7, pp. S166~S174.

(12)Olsen, M. G. and Adrian, R. J., 2000, “Brownian
Motion and Correlation in Particle Image
Velocimetry,” Optics Laser Technology, Vol. 32, pp.



621~627.

(13) Wereley, S. T., Gui, L. and Meinhart, C. D., 2002,
“Advanced Algorithms for Microscale Particle Image
Velocimetry,” AIAA J., Vol. 40, pp. 1047~1055.

(14)Olsen, M. G. and Bourdon, C. J., 2003, “Out-of-
Plane Motion Effects in Microscopic Particle Image
Velocimetry,” Journal of Fluids Engineering, Vol. 125,
pp- 895~901.

(15)Meinhart, C. D. and Wereley, S. T., 2003, “The
Theory of Diffraction-Limited Resolution in
Microparticle Image Velocimetry,” Measurement
Science and Technology, Vol. 14, pp. 1047~1053.

(16)Manjunatha, M. and Singh, M., 2002, “Digital
Blood Flow Analysis from Microscopic Images of
Mesenteric Microvessel with Multiple Branching,”
Clinical Hemorheology and Microcirculation, Vol. 27,
pp. 91~106.

(17)Nakano, A., Minamiyama, M., Sugii, Y. and Nishio,
S., 2001, “Measurement of Red Blood Cell Velocity
Profile in Microvessels Using Particle Image
Velocimetry Combined with High-Speed Digital
Camera,” Microcirculation Annuals, Vol. 17, pp.
159~160.

(18)Nakano, A., Sugii, Y., Minamiyama, M. and Niimi,
H., 2003, “Measurement of Red Cell Velocity in
Microvessels Using Particle Image Velocimetry
(PIV),” Clinical Hemorheology and Microcirculation,
Vol. 29, pp. 445~455.

(19) Sugii, Y., Nishio, S. and Okamoto, K., 2002, “In
vivo PIV Measurements of Red Blood Cell Velocity
Field in Microvessels Considering Mesentery Motion,”
Physiological Measurement, Vol. 23, pp. 403~416.

(20)Lee, S.J., 2003, “Micro-PIV Technique for
Analyzing Flow Inside a Microchannel,” KSME
Journal, Vol. 43(2), pp.32~37.

(21)Lee, S.J. and Kim, G. B., 2003, “Analysis of Flow
Resistance Inside Microchannels with Different Inlet
Configuration Using Micro-PIV ~ System,”  1st
International Conference on Microchannels and
Minichannels, pp. 823~828, Rochester, USA

(22) Sugii, Y., Nishio, S., Okuno, T. and Okamoto, K.,
2000, “A Highly Accurate Iterative PIV Technique
Using a Gradient Method,” Measurement Science and
Technology, Vol. 11, pp. 1666~1673.

(23)Lee, J. Y, Ji, H. S. and Lee, S. J., 2007, “Micro-PIV
Measurements of Blood Flow in Extraembryonic
Blood Vessels of Chicken Embryos,” Physiological
Measurement, Vol. 28, pp. 1149~1162.

(24)Kim, B.H., Lee, JY. and Lee, S.J., 2008,
"Experimental Research on Blood Sucking Phenomena
of a Female Mosquito,” 7" JSME-KSME Thermal &
Fluids Engineering Conference, paper J141, Sapporo,
Japan

(25)Lee, S. J. and Kim, G. B., 2003, “X-Ray Particle
Image Velocimetry for Measuring Quantitative Flow

Information Inside Opaque Objects,” Journal of
Applied Physics, Vol. 94, pp. 3620~3623.

(26)Lee, S. J. and Kim, G B., 2005, “Synchrotron
Micro-Imaging Technique for Measuring the Velocity
Field of Real Blood Flows,” Journal of Applied
Physics, Vol. 97, pp. 064701.

(27)Lee, S.J. and Kim, S., 2005, “Simultaneous
Measurement of Size and Velocity of Microbubbles
Moving in an Opaque Tube Using an x-Ray Particle

Tracing Velocimetry Technique,” Experiments in
Fluids, Vol. 39, pp.492~497.
(28)Lee, S.J. and Kim, Y.M. 2008, “In vivo

Visualization of the Water Refilling Process in Xylem
Vessels Using x-ray Micro-Imaging,” Annals of Botany,
Vol. 101(4), pp.595~602.

(29)Yoon, S. Y. and Kim, K. C., 2006, “3D particle
position and 3D velocity field measurement in a
microvolume  via the defocusing concept,”
Measurement Science and Technology, Vol. 17, pp.
2897~2905.

(30)Meng, H., Pan, G, Pu, Y. and Woodward, S. H.,
2004, “Holographic Particle Image Velocimetry: from
Film to Digital Recording,” Measurement Science and
Technology, Vol. 15, pp. 673~685.

(31)Pan, G. and Meng, H., 2003, “Digital Holography of
Particle Fields: Reconstruction by Use of Complex
Amplitude,” Applied Optics, Vol. 42, pp. 827~833.

(32) Sheng, J., Malkiel, E. and Katz, J., 2006, “Digital
Holographic Microscope for Measuring Three-
Dimensional Particle Distributions and Motions,”
Applied Optics, Vol. 45, pp. 3893~3901.

(33)Kim, S. and Lee, S. J., 2007, “Measurement of 3D
Laminar Flow Inside a Micro-Tube Using Micro
Digital Holographic Particle Tracking Velocimetry,”
Journal of Micromechanics and Microengineering, Vol.
17, pp. 2157~2162.

(34)Kim, S.J. and Lee, S.J., 2008, “Effect of Particle
Number Density in in-Line Digital Holographic
Particle Velocimetry,” Experiments in Fluids, Vol. 44,
pp-623~631.

(35)Schnars, U. and Jiiptner, W., Digital Holography,
Springer, 2005.

b N |

FAISfo]n]
AR fAE

sjlee@postech.ac.kr



