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Abstract

A stereoscopic micro-PTV (particle tracking velocimetry) technique based on 2-frame PTV using match probability
was developed. This method measures not only a two-dimensional velocity field but also the out-of-plane velocity
component in micro fluid flow. A validation study of SMPTV by using a simulated flow model and a real micro jet
flow was performed to verify the accuracy and feasibility of the method. The effects of different kinds of microscopes
and the out-of-focus effect were also investigated. All test results were compared with the SMPIV method in order to
evaluate the performance. The results showed that the SMPTV method using a CMO type microscope accurately
measured the micro flow with the lowest bias error and higher spatial resolution than the SMPIV method.
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1. Introduction

The development of CCD cameras with a laser light
source and advanced digital image processing tech-
niques have made the particle image velocimetry
(PIV) system one of the core tools for flow measure-
ment since the 1980s. Recently, research on micro
fluidic devices has taken on greater importance due to
their various fields of application. Since the possibility
of micro flow measurement using the PIV method was
introduced by Santiago et al. [1] in 1998, the micro-
PIV technique has been widely used to study micro
flow problems. Its success is in part due to difficulties
in applying conventional flow measurement methods
such as hot-wire and LDV to micro fluidic devices.

The key difference between the micro-PIV and con-
ventional PIV method is the illumination method of
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the flow field. Micro-PIV measures the two-di-
mensional velocity field of the DOF (depth of focus)
region under volume illumination, while the conven-
tional PIV generally extracts the velocity information
from a thin light sheet. Aside from this difference, the
micro-PIV method has the same characteristics as the
conventional PIV method. That is, it basically meas-
ures two-dimensional instantaneous velocity vectors
and cannot resolve out-of-plane components of veloc-
ity vectors.

Numerous micro fluidic devices generate a three-
dimensional flow. Measuring a three-dimensional
flow field is very helpful to understand the physics of
micro flow phenomena. Accordingly, various three-
dimensional measurement methods for measuring
micro flows have been introduced. Examples of these
methods include the defocusing micro-PTV method
[2], the 3D holographic micro-PTV method [3, 4], and
the stereoscopic micro-PTV/PIV method [5-7]. These
methods have respective strengths and drawbacks. A
defocusing micro-PTV measures three-dimensional
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Fig. 1. Flowchart of data processing procedure of SMPTV/SMPIV method.

velocity in the volume of the measurement and shows
good accuracy for the velocity along the depth direc-
tion. Difficulties related to image acquisition under
low light power and low spatial resolution need to be
addressed, however. Holographic micro-PTV offers
excellent accuracy for the velocity along the depth
direction. The requirement of high quality optics and
low spatial resolution are problems that should be
resolved. On the other hand, SMPTV/SMPIV can
measure the out-of-plane velocity with adequate accu-
racy while involving easy system setup. These meth-
ods are micro versions of the conventional stereo-
scopic PIV technique.

The conventional stereoscopic PIV is widely used
for measuring two-dimensional, three-component
(2D3C) velocity of a fluid flow. The following is a
brief description of this method. First, two cameras are
needed to construct the stereoscopic configuration.
After capturing the calibration image by using the
calibration target plate, the mapping function between
the image plane and object plane is obtained. From
this mapping function, the third component of the
velocity vectors is calculated from the other two
measured velocity components.

One of the important variables that affects the per-

formance of the SPTV and SPTV methods is the angle
between two cameras. In traditional SPIV measure-
ments, a camera angle between 20° and 30° has pro-
duced good results [8]. This range of camera angle can
be easily achieved in a conventional SPIV system.
However, the angle of the objective lens in the stereo-
scopic microscope system is much smaller than this
optimal range. A recent study by Giardino et al. [7]
showed the SPIV method under this small angle has
less error than the predicted value by Lawson and Wu
[8].

SMPIV gives the average velocity of the interroga-
tion volume. As a result, if there is a velocity gradient
in the interrogation window, the SMPIV method can-
not resolve this gradient. In terms of spatial resolution,
PTV can achieve higher spatial resolution than that of
PIV by tracking each individual particle rather than
employing cross-correlation between interrogation
windows [9, 10].

In this study, we developed a new SMPTV method
by applying a 2-frame PTV [10] to a stereoscopic
microscope system. The key difference between the
presently developed SMPTV and the previous
SMPTYV method [5] is the PTV algorithm used in the
technique. In contrast to the previous SMPTV method,
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the SMPTV proposed in this study does not use the
PIV information for particle tracking process. Al-
though a hybrid PTV provides higher spatial resolu-
tion under a larger number density of seeding particles,
the micro flow has a smaller number density of parti-
cles in general. In this case, the conventional PTV can
give fast and accurate results [11, 12]. We performed a
validation study of the SMPTV by using a simulated
flow model and a real micro flow in order to verify the
accuracy and feasibility of measurement. In addition,
we quantitatively investigated the effect of out-of-
focus and different types of stereoscopic microscopes
in conjunction with the SMPTV method. All test re-
sults were compared with the SMPIV method to
evaluate the performance.

2. Development of SMPTV using match prob-
ability
2.1 Stereoscopic micro PTV method

The SMPTV method utilizes a 2-frame PTV me-
thod based on the concept of match probability. Heu-
ristics are used for calculating the matching prob-
abilities of particle pairs between two consecutive
images separated by a small time interval: the maxi-
mum velocity, a small velocity change, common
motion, and consistent matching are assumed. To
track the tracer particles while satisfying these heu-
ristics, three matching parameters, maximum veloc-
ity (7,,), quasi-rigidity threshold (7,), and neighbor-
hood threshold (7,), are used in the 2-frame PTV
method. The algorithm for tracking discrete particles
is based on the iterative estimation of match prob-
ability (P;) and no-match probability (P;") as a meas-
ure of the matching degree. The iteration formula of
P"=4-P""+B-0"" is used to calculate the
updated match probability 2™ at each particle.
Here, A(<1) and B(>1) are constants that affect the
speed of convergence in the iteration. The superscript
(n) denotes the iteration step number and O indicates
the sum of all neighboring match probabilities for the
displacement vector d;. The re-normalized match
probability Pi/-('") is then used in the next iteration step
(n+1). The no-match probability P;™ is also updated
to a normalized form. After successful particle track-
ing, correct matches have high probabilities and in-
correct matches have very low probabilities. Finally,
the velocity vector for the particle is calculated by
using the tracked displacement vector dj, the time
interval At.

Details of the main features and performance of the
2-frame PTV method are given in the references [10,
12]. The particle tracking algorithm using match
probability is the main unique feature of the devel-
oped SMPTV method compared with the work by
Bown et al.[5].

Fig. 1 shows a flowchart of the data processing rou-
tine of the developed SMPTV method. The data
processing procedure resembles that of the SMPIV
method except that, whereas the SMPIV method ob-
tains an area-averaged displacement for each interro-
gation window, the SMPTV technique tracks individ-
ual particle centroids and uses a 3D calibration proce-
dure to compensate for the image distortion and opti-
cal aberrations caused by stereoscopic imaging.

The calibration of the stereoscopic microscope im-
age starts with obtaining calibration images with two
stereoscopic cameras at three different out-of-plane
locations parallel to the object plane. From these im-
ages, the mapping function between the 3D object
field and 2D image plane for each camera is derived.
In the SMPTV method presented here, these mapping
functions are used during reconstruction to determine
the particle displacements without any geometric
information on the optical system. The relationship
between the 3D object volume and 2D image planes
for two cameras can be written as X = F(x), where X
is the projected image position of the particle, x is the
real particle position in the object volume, and the
mapping function F(x) is approximated by a third
order polynomial expression. The particle displace-
ment in the projected image AX can be approximated
as VF(x)'Ax. The 2D displacement data of the left
and right image planes are calculated by using the 2-
frame PTV scheme, and particle positions are trans-
formed into the object plane in physical coordinates.
Matched particle pairs having the shortest particle
distance are then found. The augmented matrix for
each individual particle pair is subsequently formed
by using the predetermined 3D calibration data, after
which the final out-of-plane displacements of the
particle are calculated.

In SMPIV, on the other hand, the 2D PIV data
transformed into the object plane from the left and
right cameras do not correspond with each other.
Because the final PIV results do not contain any in-
formation on the real particle centroids, the evenly
distributed left and right 2D PIV data must be interpo-
lated into new rectangular grid points of the object
plane, where the final SMPIV data are extracted by
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solving the augmented matrix. This supplementary
interpolation procedure, which is not required in the
SMPTYV method, may introduce additional errors.

2.2 Stereoscopic microscope system

The SMPTV method uses a stereoscopic micro-
scope system for the experimental apparatus and two
types of stereoscopic microscopes are employed, a
Greenough type and a CMO (common main objec-
tive) type, both of which are schematically illustrated
in Fig. 2. The Greenough type consists of two identi-
cal and symmetrical optical systems, each containing
a separate objective lens arranged in accurate align-
ment, whereas the CMO type has a common main
objective lens, through which both the left and right
routes view the object. Each route operates as an in-
dependent optical train parallel to the other and there
is collimated light between the individual routes and
the objective. This arrangement guarantees that con-
vergence of the left and right optical axes coincides
with the focal point in the specimen plane.

<— (Camera —>

<—— Prism i

:]— Zoom lenses =

{a)f~ <—— Objective I )

<«—— Specimen ———»

Fig. 2. Schematics of stereoscope configurations with CMO
and Greenough type microscope systems: (a) Angular dis-
placement with Greenough type and (b) Translation with
CMO type.

These different microscopes have respectively unique
characteristics. The CMO type offers the advantage of
sharpness throughout the entire field of view (FOV)
and can be easily fitted with a polarizing attachment.
However, non-paraxial optics is a disadvantage of this
type. This problem is caused by the beam paths not
passing through the center of the CMO lens, which
makes the image axially asymmetrical.

The Greenough type has a very limited area where
the three-dimensional specimen appears sharply in
both beam paths due to the tilted beam path. The cor-
rection for optical aberrations in this type is easier
than for the CMO type, because the objective lenses
are smaller, axially symmetrical, and do not rely
heavily on light rays passing through the objective
periphery. Due to its tilted beam path, the Greenough
type has larger DOF than the CMO type microscope
[13]. Finally, the CMO type microscope gives transla-
tional configuration of stereoscope imaging and the
Greenough type provides an angular displacement
type of stereoscope configuration.

In this study, we investigated the effects of these
different stereoscopic configurations on the velocity
results of the SMPTV and SMPIV methods by using
a simulated flow model.

Two stereomicroscopes were used to compare the
CMO type (M205C” , Leica Co.) with the Greenough
type (SZ-60° , Olympus Co.). The DOF (0z) of the
digital imaging systems is defined by Eq. (1) [14]. 4
is the wavelength of the illuminating light, 7 repre-
sents the refractive index of the medium between the
objective lens and the specimen, d. is the resolution of
the recording system, M is the total magnification of
the objective, and NA is the numerical aperture.

(e ) o

Delay generator \\ [
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CCD camera

PC
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J-Axis micro stage
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Fig. 3. Schematic diagram of experimental setup.
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Epoxy
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Fig. 4. Simulated flow model for investigating out-of-focus effect: (a) Flow model without out-of-focus effect and (b) Flow

model with out-of-focus effect.

The CMO type was equipped with an objective
lens (PlanApo 2.0x) with NA = 0.35. The zoom ratio
on this microscope allows magnification from 1 to
20.5. This CMO stereomicroscope has a maximum
DOF at the lowest zoom ratio, i.e., 18.6um, and a
minimum DOF at the highest zoom ratio, i.e., Syum.
The Greenough type stereomicroscope has a small
zoom ratio from 1 to 6.3 and the objective lens has a
low numerical aperture (NA=0.13). This objective
lens has a DOF of about 38.7um ~ 60um, which is
larger than that of the CMO type and is a characteris-
tic of a Greenough type microscope [13].

The maximum magnification of M205C® is about
15% and this is lower than that of conventional micro-
scope using higher objective lens (>20x). Thus, the
spatial resolution of SMPTV also can be decreased.
To increase the spatial resolution, the ensemble aver-
aging or using relay optics between the microscope
and camera will improve the spatial resolution [7].

Fig. 3 presents schematic diagram of the stereo-
scopic micro imaging system used in this study. The
flow field was illuminated by a double-pulse Nd:
YAG laser (Solo III®, NewWave Co.) with a wave-
length of 532nm. Two CCD cameras were mounted
directly behind two tubes of the microscope. Both
cameras had a resolution of 1600x1200 pixels with 8-
bit grayscale output.

The calibration plate for the stereoscopic system
was made of a thin film. It consisted of an array of
white points on a black background illuminated by
white LED light. This target was made by the same
process used in the design of masks for MEMS fabri-
cation. The printing accuracy of this target is less than
0.5um. The calibration images were acquired by
moving the target along the z-axis. The entire depth-
of-focus (DOF) volume could be covered in this
manner. The flow model was located on a 3-axis mi-

cro stage and the working fluid was driven by a peri-
staltic pump, and a flow damper was used to remove
the pulsating effect of the peristaltic pump.

The SMPTV and SMPIV methods are affected by
the diffused reflection of particles located in the out-
of-focus region, because these methods are difficult to
illuminate only a thin slice of the flow field with a
laser sheet like conventional PIV. Therefore, the par-
ticles of the outside depth of focus appeared as a
blurred image. On the other side, the particles in the
region of depth of focus appear sharply. It affects the
accuracy of the measurement by SMPTV/SMPIV
methods. The effect of the out-of-focus particle image
on the micro PIV measurement was investigated by
Olsen and Adrian [15]. They proposed the depth of
correlation by considering this out-of-focus effect in
the 2D micro PIV method. In this paper, we investi-
gated the out-of-focus effect of the SMPTV and
SMPIV methods in conjunction with a stereoscopic
microscope by using a simulated flow model. The
flow model, which had no out-of-focus particle im-
ages, was a thin film having Swm spots with 15um
grid spacing similar to the calibration target. The
simulated flow model with out-of-focus effect was
made as shown in Fig. 4. Epoxy resin (T|epoxy=1.5)
mixed with carbon black particles was poured into a
culture dish. The flow model simulating the out-of-
focus effect was used after the epoxy resin solidified.
The simulated flow models were precisely moved
from 3um to 10um with 1um intervals along the z-
axis and from 0 to 10wm with Spum intervals along the
x-axis. This procedure was repeated 50 times.

2.3 Micro jet flow measurement

The micro jet flow measurement using the SMPIV
and SMPTV methods, respectively, was performed to
validate this technique for a real fluid flow problem.
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Fig. 5 shows the geometry of the test section. The
working fluid was distilled water, which was injected
into a channel from a nozzle (d=320um) at the center
of the test model. The flow rate was 1.5 ml/min. Poly-
styrene microspheres with 1um diameter were used
as seeding particles. The test model was located on
the 3-axis micro stage and the velocity measurement
was carried out in a total of 3 planes along the z-axis.
The distance between the consecutive planes was
500um.

In general, the calibration target is located on the
measurement plane in the working fluid, and the con-
ventional SPIV does not need to compensate for the
multimedia geometry in this configuration. In the
SMPIV and SMPTV methods, because stereoscopic
calibration was performed under different conditions,
it is necessary to compensate for this multi media

geometry effect, which results from variation in the
refraction index (air (Mui=1), glass (Mgas=1.5) and
water (Nyae=1.33)) [16].

3. Results
3.1 The simulated flow model test

In order to compare the experimental data with the
true displacement (8 =AXye, AZire), @an analysis was
carried out on the measured displacement data (3=Ax,
Az). The bias error is defined as follows:

8,.~0
£, =100x /=0l @

true

and the rms error is given as
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Figs. 6(a) and (b) show the bias error of the x-axis
displacement measurement by using the SMPTV and
SMPIV methods. The bias error of the measured dis-
placement from SMPTV and SMPIV was less than
1% for both the Greenough and CMO type when
there was no out-of-focus effect. When there was an
out-of-focus effect, the bias error of the SMPIV re-
sults increased slightly. The results of SMPIV using
the Greenough type microscope showed the largest
bias error, 3%. This was due to the larger DOF of the

Greenough type microscope. The amount of x-axis
displacement did not affect the accuracy of the meas-
urement. By using SMPTV, the smallest error was
obtained regardless of the presence of the out-of-
focus effect. SMPTV with the CMO type microscope
showed lower bias error than that with the Greenough
type microscope. From the x-axis displacement test,
we confirmed that both the SMPTV and SMPIV can
measure the displacement precisely and the effect of
the different microscope was small for this in-plane
measurement.

Figs. 7(a) and (b) show the rms error for the same
conditions as Fig. 6. Rms error of 4 to 8% was ob-
served. From these results, it was determined that the
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random error was invariant regardless of the type of
microscope, the out-of-focus effect, and the SMPTV/
SMPIV method.

These x-axis displacement results showed that both
the SMPTV and SMPIV method can measure the in-
plane motion with high accuracy. Furthermore, al-
though the Greenough type had a slightly larger bias
error than that of the CMO type, the difference was
small. In general, SMPTV always yielded the lowest
bias error and similar rms error compared with the
SMPIV method with the same kind of stereoscopic
microscope.

Figs. 8(a) and (b) present a comparison of the bias
error from the z-axis displacement measurement.
From the results, it was found that, when there was no
out-of-focus effect, SMPIV using the Greenough
microscope yielded the largest bias error. In the case
of SMPTV, the smallest bias error, i.e., less than 1%,
regardless of the type of microscopic system was
obtained. This level of bias error was the same as that
for the x-axis displacement measurement. When there
was an out-of-focus effect, the bias error of all cases
increased. SMPTV showed the lower bias error com-
pared with the SMPIV method and this difference
became more pronounced as the z-axis displacement
decreased. As the z-axis displacement increased, the
difference of the bias error between the SMPIV and
SMPTV method decreased, and it saturated at around
3% of bias error.

SMPTV requires accurate measurement of the cen-
troids location. As the z-axis displacement increased,
the particle image became blurred and the error of

o
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Q
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peak detection for the centroids increased. Therefore,
the bias error also increased.

For different microscopes, the Greenough type al-
ways had larger bias error for both the SMPTV and
SMPIV method.

Figs. 9(a) and (b) are a comparison of the rms error
between the SMPTV and SMPIV methods with dif-
ferent microscopes and with and without the out-of-
focus effect. The results correspond well with the bias
error results. The SMPTV method showed lower rms
error and this difference decreased as the z-axis dis-
placement increased. The CMO type microscope had
lower rms error than that of the Greenough type mi-
croscope for both the SMPTV and SMPIV method.
The rms error of SMPTV was below 7% in general,
which is the same level as the x-axis displacement
and is much smaller than the rms error reported by
Lawson and Wu [8].

The rms error was not affected by the out-of-focus
effect, similar to the x-axis displacement. This means
the out-of-focus affects only the bias error. The distri-
bution of the bias error between SMPIV and SMPTV
methods was compared. The results of SMPTV were
interpolated data, because the original results from
SMPTV were randomly distributed around the meas-
urement field.

Fig. 10 shows the contour results of the bias error
comparison from Sum displacement movement along
the z-axis. The bias error from SMPIV showed a clear
banding distribution, and this banding became clear
when there was an out-of-focus effect. Giardino et al
[7] also reported this phenomenon and said that it was
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Fig. 9. Comparison of rms error of z-axis displacement measurement: (a) Without out-of-focus effect and (b) With out-of-focus
effect (¢ SMPTV with CMO type, © SMPTV with Greenough type, m SMPIV with CMO type and o SMPIV with Greenough

type).



C.-H. Yu et al. / Journal of Mechanical Science and Technology 23 (2009) 845~855 853

¥{mm)

Pepp—

T

(d

Fig. 10. Comparison of contour graph of bias error from z-axis displacement measurement: (a) Bias error of SMPIV without out-
of-focus, (b) Bias error of SMPIV with out-of-focus, (c¢) Bias error of SMPTV without out-of-focus and (d) Bias error of

SMPTV with out-of-focus.

due to distortions in the calibration target that resulted
in slightly non-uniform non-coplanar grid spacing. In
the case of the SMPTV results shown in Fig. 10, there
was no banding effect and the bias error was ran-
domly distributed. The same stereoscopic calibration
process was used for both the SMPIV and SMPTV
methods. From these results, it is concluded that the
SMPTV can avoid this kind of local distribution of
bias error appearing with the SMPIV technique.

3.2 Micro jet flow measurement

The simulated flow model study cannot reveal the
entire performance of SMPTV due to a lack of shear,
noise, etc. Therefore, real flow measurement is
needed for validation. SMPTV was used to measure
the micro jet flow and the results were compared with
those for the SMPIV method. Fig. 11 shows the in-
stantaneous velocity vectors from the SMPIV and
SMPTV methods. The qualitative results showed
high momentum in the center region of the jet passing
through the nozzle. This momentum was transferred
to the side region proceeding downstream. These
results show that the developed SMPTV method can
qualitatively measure the micro jet flow well with
higher yield of velocity vectors. The spatial resolution

of SMPIV was 47.4um using 64x64 (pixel) interroga-
tion windows. In the case of SMPTV, we defined the
spatial resolution as the mean distance between the
nearest neighborhood velocity vectors, arriving at
26.2um. Thus, SMPTV has higher spatial resolution
than the SMPIV method.

We quantitatively verified the SMPTV method,
and Fig. 12 shows the magnitude of the w-velocity
component along the 44 line of Fig. 5. From this,
we calculated the volume flow rate by assuming an
axisymmetric condition of the circular jet and inte-
grating the velocity (Eq. (4)). This was repeated for
the SMPIV results, and both results were compared
with the flow rate from the peristaltic pump calibrated
by a balance. The difference (&) between the calcu-
lated volume flow rate (Q.,) and the flow rate (Qpum)
from the peristaltic pump was about 5.5% for SMPIV
and 2.6% for SMPTV. This means that the SMPTV
method also can quantitatively measure the micro jet
flow with higher accuracy than the SMPIV method.
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Fig. 11. Instantaneous velocity vector results from micro jet flow measurement using SMPTV/SMPIV method: (a) Instantaneous
velocity vectors of SMPTV and (b) Instantaneous velocity vectors of SMPIV.
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4. Conclusions

In this study, we developed a new micro three-
dimensional flow measurement technique by combin-
ing a stereoscopic microscope and the 2-frame PTV
method using match probability. From the present
study, we found that the type of microscope slightly
affects the results. Specifically, the CMO type pro-
vides lower bias and rms error than the Greenough
type microscope. This is due to the Greenough type
microscope having a smaller overlap region between
the left and right viewing area and larger DOF rela-
tive to the CMO type.

The out-of-focus effect only increases the bias error
and does not affect the rms error regardless of the
microscope type and SMPTV/SMPIV method.

SMPTYV always yields smaller bias error than that
of the SMPIV, and the difference is quite pronounced

when the z-axis displacement is small. That is, the
SMPTYV method measures the low speed out-of plane
motion with higher accuracy than the SMPIV method.
In the case of rms error, SMPTV provides the same
level of rms error for both the x-axis and z-axis dis-
placement measurement.

The results from real flow measurements con-
firmed that SMPTV can measure the micro flow with
higher spatial resolution and accuracy relative to the
SMPIV method.
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