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Abstract A simultaneous measurement technique in time series for the velocity and pH distributions was
developed by using fluorescence, a confocal microscope and a 3CCD camera for the investigation of an
unsteady mixing flow field in a microchannel. Spatially averaged time-resolved particle tracking velocimetry
(SAT-PTV) and laser induced fluorescence (LIF) were utilized for the velocity and pH measurement,
respectively. SAT-PTV can detect temporal velocity variations of the fluid flow due to spatial-averaging
velocity vectors obtained by PTV. LIF gives the pH distribution from the fluorescent intensity by the
calibration technique. The present study employed particles with 1 μm diameter and Fluorescein sodium dye
whose fluorescent intensity increases with an increase in pH value over the range of pH 5.0−9.0. The
particles and dye absorbed excitation light of the almost same wavelength range, while emitted fluorescence
of the different wavelength range. The simultaneous measurement was achieved by separating the emission
wavelength of the particles from that of the dye using the 3CCD camera. Two aqueous solutions at different
pH values were introduced into a T-shaped microchannel. Velocity-vector maps were obtained by applying
SAT-PTV to instantaneous images. A two-dimensional distribution for the mixing flow field with a pH
gradient was detected by the LIF technique whose a pH resolution was estimated to be 0.12. The spatial
resolutions for the velocity and pH measurements were 15 μm × 15 μm and 5 μm × 5 μm, respectively. The
depth of field for the confocal microscope is 1.4 μm which is one fifth of the depth of field of a conventional
microscope, because out-of-focus fluorescence was excluded from the captured images by the spatial
filtering technique of the confocal microscope. The validation of the simultaneous measurement technique
was evaluated by a comparison between proton concentration profiles obtained from the experiments and the
numerical simulation. The present technique was applied to an unsteady mixing flow controlled by a syringe
pump and a pulse generator, and the mass fluxes due to the convection and diffusion were evaluated by the
experimental results.

1. Introduction
Microfluidic devices have been developed for chemical analysis applications, e.g., lab-on-a-chip
and micro-TAS (Kamholz et al. 1999) or material syntheses with the chemical reaction, e.g., the
production of nanoparticles (Nakamura et al. 2004). In the integrated devices, an unsteady mixing
flow field is formed by several chemical reactions that are controlled by a number of parameters,
such as the velocity of fluid, the ion concentration, especially the proton and so forth. For further
high-accuracy chemical analysis or high-efficiency material syntheses, it is expected to establish a
simultaneous measurement technique for the velocity and pH distribution in microspace, because
the accurate control of the chemical reaction is realized by sensing and controlling the above
parameters.
In the previous work, for the investigation of the mass transport phenomena in microspace, the
measurement techniques were progressively developed. Experimental effort for the velocity
measurement in a microchannel was conducted by Santiago et al. (1998). This technique, known as
micron-resolution particle image velocimetry (micro-PIV), has been achieved by utilizing an epifluorescent microscope (hereinafter referred to as conventional microscope) and the ensembleaveraging technique for eliminating the effect of the Brownian motion on the velocity detection,
which was not applicable to an unsteady flow due to losing a temporal resolution. In order to
overcome this difficulty, Sato et al. (2003a) proposed spatially averaged time-resolved particle
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tracking velocimetry (SAT-PTV) that can detect velocity variations of the fluid flow.
On the other hand, the most famous pH measuring instrument is a conventional pH meter using
the glass electrodes. The technique, however, remains restricted to measurements of pH value in a
uniform and steady-state solution, making it not suitable for non-uniform and unsteady fields
created by mixing or chemical reactions in the microfluidic devices. The optical sensing technique
using fluorescent dye, called as laser induced fluorescence (LIF), has the advantage to analyze the
devices, because the fluorescent intensity is strongly dependent on the pH value. Coppeta and
Rogers (1998) examined nine fluorescent dyes dissolved in aqueous solutions and presented the
overview of the dye characteristics for pH measurement. LIF has been extended to a microchannel
flow by using the conventional microscope (Shinohara et al. 2004). However, the conventional
microscope illuminates the entire flow field, thus in- and out-of-focus fluorescence is captured by a
CCD camera. The out-of-focus fluorescence is attributed to the thick depth of field and prevents
from the measurements of the concentration gradient in the depth-wise direction. Recent progress in
optical technologies has developed a confocal microscope that comprises of the conventional
microscope and the confocal scanner. The confocal microscope has the ability to capture only the
in-focus fluorescent image by a spatial filtering technique with a multipoint illumination
(Kuwamura et al. 2002, Park et al. 2004, Lima et al. 2006).
The objectives of the present study are to establish a simultaneous measurement technique in
time series for the velocity and pH distributions by utilizing SAT-PTV and LIF, and to investigate a
mixing field in a T-shaped microchannel by using the confocal microscope. The fluorescent
particles with 1 μm diameter for SAT-PTV are employed to achieve a high spatial resolution.
Fluorescein Sodium Salt acts as the fluorescent dye for LIF, whose fluorescent intensity depends on
the pH value. Because the emission central wavelength of particles and dye are 645 nm and 518 nm,
respectively, the simultaneous measurement is achieved by separating the emission wavelength of
the particles from that of the dye using a 3CCD camera. The validation of the simultaneous
measurement is performed by a comparison between proton concentration profiles from the
experiments and the numerical simulation. The present technique is applied to a pulsating flow
controlled by a syringe pump and a pulse generator, and the mass fluxes due to the diffusion and
convection are evaluated from the experimental data.

2. Experimental Setup
2.1 Properties of Fluorescent Particles and Dye
The properties of the fluorescent particles (Molecular Probes Inc.) used for the velocity
measurement are compiled in Table 1. The fluorescent particles were chosen for eliminating
scattered light generated by reflecting illumination at the microchannel surface. The fluorescent dye
used for the pH measurement is Fluorescein Sodium salt (Wako Pure Chemical Industries, Inc.)
whose fluorescent intensity increases with an increase in pH value over the range of pH 5.0−9.0.
The lifetimes of the fluorescent emission of the particles and dye are extremely short, i.e., 2.79 ns
Table 1. Properties of fluorescent particles
Material
Diameter of particles
Density

Polystyrene
1

Material

[μm]
3

1.055 [g/cm ]

Absorption wavelength

488

[nm]

Emission wavelength

645

[nm]

Table 2. Properties of fluorescent dye
Fluorescein sodium salt

Molecular weight

376.28

Absorption wavelength

494

[nm]

Emission wavelength

518

[nm]
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and 3.8 ns (Keij and Steinkamp 1998), respectively, thus the present system has the ability to
measure velocity and pH distribution with a high temporal resolution (in the present experiments,
the time interval of measurements depends on the frame interval of the 3CCD camera described in
Section 2.2, i.e., 55 ms). Tables 1 and 2 indicate that the excitation wavelength of the particles is
close to that of the dye, while the emission wavelength of the particles differs from that of the dye.
Five aqueous solutions at pH value of 6.0, 6.5, 6.9, 7.2 and 7.7 were employed as a working
fluid. The aqueous solutions were prepared by mixing the sodium dihydrogenphosphate solution
and the disodium hydrogenphosphate solution (Wako Pure Chemical Industries, Inc.). The particles
and dye were added to each aqueous solution at an amount of 5 × 10−4 weight/volume and 1 × 10−4
mol/l concentration, respectively.
2.2 Measurement System
Figure 1 illustrates a schematic of the measurement system comprising an inverted microscope
(Nikon Corp., TE2000), a confocal scanner (Yokogawa Electric Corp., CSU22 β ), a continuous Ar
laser, an air immersion 20× magnification objective lens (Nikon Corp., CFI S Fluor) with a
numerical aperture of 0.75 and a cooled 3CCD camera (Hamamatsu Photonics K. K., C7780-20,
672 × 512 pixels, 8 bits × 3). This set-up corresponds to a measurement area of 434 μm × 330 μm.
A laser beam from the continuous Ar laser operating at a wavelength of 488 nm and a power of 50
mW was introduced into the confocal scanner by an optical fiber. The beam illuminated the
particles and dye in the microchannel through the micro-lens-array disk, the pin-hole-array disk,
and the objective lens (Kuwamura et al. 2002). The micro-lens-array disk has 20000 micro-lenses
and the pin-hole-array disk with 20000 pin-holes whose diameter is 50 μm are set up coaxially,
because of focusing the beam on the corresponding pin-hole (Lima et al. 2006). Fluorescence from
the particles and dye passed through the optical path of the measurement system in the reverse
direction and reached the pin-hole-array disk. The in-focus fluorescence with the wavelengths
longer than 520 nm was reflected by the dichroic mirror located between the two disks and captured
by the 3CCD camera, while the out-of-focus fluorescence was removed by the pin-holes (Lima et al.
2006). The depth of field for the conventional microscope is 7 μm (Meinhart et al. 2000), while the
depth of field for the present system is 1.4 μm (Wilson 1990). The 3CCD camera separates RGB
colors by the internal prism. The spectral response of the 3CCD camera and the spectra of the
particles and dye are summarized in Figure 2. The advantages of the present system are to separate
the fluorescent information of the particles from that of the dye and measure the velocity and pH
distribution simultaneously.

Optical fiber
Ar laser
3CCD camera

Prism

Microchannel

Objective lens
Micro-lensarray disk
Dichroic mirror
Pin-holearray disk

Blue
Green

Mirror
Confocal scanner

Red

Figure 1. Schematic of measurement system.
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Figure 2. Spectral response of the 3CCD Figure 3. (a) Top and (b) cross-sectional view of a
camera and spectra of the fluorescent T-shaped microchannel.
particles and dye.

2.3 Microchannel
Figure 3 shows a schematic diagram of a T-shaped microchannel consisting of a ∅50 mm
diameter poly(dimethylsiloxane) (PDMS) chip and a cover glass plate whose thickness is 170 μm.
The PDMS chip was fabricated by using a replica molding technique (Hosokawa and Maeda 2001).
The hydraulic diameter of the channel for the vertical direction is 89 μm.

3. Measurement Techniques
3.1 Velocity Measurement Technique
Spatial averaged time-resolved particle tracking velocimetry (SAT-PTV, Sato et al. 2003a)
enables us to measure velocity variations. SAT-PTV can eliminate the effect of the Brownian
motion by spatial averaging the velocities of each particle in an interrogation window of PIV
without losing temporal resolution, because the Brownian motion is spatially random and unbiased.
Figure 4 exhibits a schematic diagram of SAT-PTV. The vector of the particle displacement
between two successive images obtained by PTV, vp, is comprised of a vector of the fluid flow, vf,
and a vector due to the Brownian motion, vB. As the Brownian motion is statistically random and
unbiased, an increase in the number of particles in an interrogation window results in a zero value
of the vector due to the Brownian motion. This means that the spatial-averaged vector of a particle
displacement becomes equal to that of the fluid flow. Therefore it is possible to eliminate the effect
of the Brownian motion and obtain accurate vectors of the fluid flow with velocity fluctuations.
The time interval of the SAT-PTV system in the present study depends on the frame interval of
the 3CCD camera, i.e., 55 ms, and the spatial resolution of the SAT-PTV system was 15 μm × 15
μm × 1.4 μm, based upon the size of the first interrogation window (24 × 24 pixels) and the depth
of field of the confocal microscope.
3.2 pH Measurement Technique
A fluorescence imaging technique was developed by Sato et al. (2003b). The fluorescent
intensity, If [W/m2], irradiated by the excitation intensity, Ie [W/m2] is given by Waker (1987) and
Coppeta and Rogers (1998)
I f ( λ , pH ) = I e ( λ ) Cφε ( pH ) ,

(1)
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t = t0+Δt
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Figure 4. Schematic diagram of SAT-PTV considering Figure 5. Schematic of the location
the effect of the Brownian motion on velocity detection.
for the pH calibration.

where λ [nm] is the excitation wavelength, C [kg/m2] is the concentration of fluorescent dye, φ [-] is
the quantum efficiency and ε [m2/kg] is the molar absorption coefficient which is dependent on the
pH value (Coppeta and Rogers 1998). The fluorescent intensity depends on the excitation light
intensity, so that the excitation light intensity must be kept constant in the measurement plane (XY
plane). As the illumination distribution of the laser is the nonuniform, the calibration technique was
employed using the ratio, Ic, of the measurement values to the fluorescent intensity, Iref, at a
reference pH value, pHref. Furthermore, the fluorescent intensity detected by the CCD camera also
includes the background noise by the CCD camera. The noise must be reduced by subtracting the
background intensity, Iback, captured without the excitation light, from the fluorescent intensity. The
following relation using Iref and Iback is expressed as
Ic =

I f ( λ , pH ) − I back

I ref ( λ , pH ref ) − I back

.

(2)

A calibration between the fluorescent intensity of the dye and the pH value was performed over
a measurement area depicted in Figure 5 by using the five aqueous solutions (pH 6.0, 6.5, 6.9, 7.2
and 7.7) in Section 2.1. The fluctuation of pixels was removed by spatial averaging per 8 × 8 pixels.
A measurement error is introduced via the fluorescent dye’s sensitivity to the fluctuation of
excitation light source. The standard deviation of the fluorescent intensity considering the error
associated with the fluctuation of the excitation light intensity was estimated to be 2.74 %.
Figure 6 shows the calibration curves at five locations depicted in Figure 5, over the range of pH
6.0−7.7. Due to influence of the excitation light intensity at each location, each calibration curve
has a different profile. In order to reduce these influences, the measurement values at pH 6.9 were
chosen as a reference value, yielding a normalized single calibration curve as exhibited in Figure 7.
In a set of the experiments, the measured fluorescent intensity was corresponded to the pH value by
using the normalized calibration curve. A pH resolution of 0.12 was achieved, which was evaluated
by the RMS value of the fluctuation of pixels and that of the excitation light intensity. A spatial
resolution resulted in 5 μm × 5 μm (an average per 8 × 8 pixels).
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Figure 6. Calibration curves depicting the Figure 7. Calibration curves obtained by the
relationship between fluorescent intensity and correction using a reference value at pH 6.9.
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Figure 8. Instantaneous image of the junction Figure 9. Velocity-vector map in the junction
area in a mixing field at z = 15 μm. Aqueous area at z = 15 μm which was detected by SATsolutions at pH 6.0 and pH 7.2 were injected PTV.
into left- and right-hand side, respectively.
0

4. Results and Discussion
4.1 Two-Dimensional Distributions of Velocity and pH
Diffusive mixing flow field was visualized by the present simultaneous measurement technique
for the investigation of the mass transport of protons. A steady-state mixing flow field was formed
at the junction area of the T-shaped microchannel as shown in Figure 3. The ion-exchanged water at
pH 6.0 was injected into the left-hand side inlet (inlet A), while the disodium hydrogenphosphate
solution at pH 7.2 was injected into the right-hand side inlet (inlet B). Both streams were moved
towards the junction area at the equal flow rate by the pressure-driven flow. The Reynolds number
based on the hydraulic diameter of 89 μm and a bulk velocity of 333 μm/s was 3.46 × 10−2.
Instantaneous images at 5 measurement planes in the depth-wise direction (z = 5, 10, 15, 20 and
25 μm) were captured by the 3CCD camera. This operation was achieved by shifting the objective
lens in the depth-wise direction. An instantaneous image in the junction area at z = 15 μm is
depicted in Figure 8, which is comprised of green fluorescence from the dye as a continuous phase
and red fluorescence from the particles as a dispersed phase. Figure 9 exhibits a velocity-vector map
detected by SAT-PTV and instantaneous particle images from the red image sensor of the 3CCD
camera. The velocity-vector map indicates blanks in places, because the number of pairing particles
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Figure 10. Velocity-vector map in the Figure 11. The two-dimensional pH distribution in
junction area at z = 15 μm which was the junction area at z = 15 μm which was obtained
detected by SAT-PTV and interpolated by by the LIF.
the reconstruction algorithm.

obtained by the PTV in an interrogation window was a zero. A post-processing method for the
interpolation of the velocity-vectors is employed, which is an estimation algorithm to reconstruct
velocity-vectors for the whole-field flow and performs the linear interpolation by utilizing the
Laplace equation (Murai et al. 1998). Figure 10 shows the velocity-vector map which was
interpolated by the reconstruction algorithm.
On the other hand, Figure 11 describes the two-dimensional pH distribution in the junction area,
which was obtained by utilizing the normalized calibration curve as shown in Figure 7 and an
instantaneous fluorescent image from the green image sensor of the 3CCD camera. One can see that
a pH gradient over the range of pH 6.2−7.2 in the spanwise direction (Y-direction) was formed by
merging the aqueous solutions from both inlets.
4.2 Proton Concentration Profiles Obtained from Experiment and Numerical Simulation
For the validation of the present simultaneous measurement technique, proton concentration
profiles from the experiments were compared with those from the numerical simulation. Figure 12
represents the proton concentration distribution from the experiments in the junction area at z = 15
μm, which was estimated by the experimental data as shown in Figure 11.
The proton concentration distribution from the numerical simulation was evaluated by
substituting the velocity data as exhibited in Figure 10 into the scalar transport equation, as
indicated in Figure 13. The three-dimensional scalar transport equation for an incompressive fluid
without a chemical reaction is expressed as
⎛ ∂ 2c ∂ 2c ∂ 2c ⎞
∂c ⎛ ∂c
∂c
∂c ⎞
+ ⎜u +v
+ w ⎟ = D⎜ 2 + 2 + 2 ⎟,
∂t ⎝ ∂x
∂y
∂z ⎠
∂y
∂z ⎠
⎝ ∂x

(3)

where t is the time, u [m/s] is the stream wise velocity, v [m/s] is the spanwise velocity, w [m/s] is
the depth-wise velocity and D [m2/s] is the diffusion coefficient of protons that shows 8.7 × 10−9
m2/s (Choi et al. 2001). The first term on the left hand side of equation (3), i.e., the unsteady term
was a zero, because the flow measured in Sect. 4.1 was in steady-state. The depth-wise velocity, w,
assumed to be a zero, because the mass conservation’s law was satisfied in only the stream wise and
spanwise directions, which was estimated by comparing between the mass flux entered into a
control volume and the mass flux out of a control volume.
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Figure 12. Two-dimensional distribution of the Figure 13. Two-dimensional distribution of the
proton concentration in the junction area at z = proton concentration in the junction area at z =
15 μm obtained from the experiments.
15 μm obtained from the numerical simulation.
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Figure 14. Proton concentration profiles obtained from the experiments and the numerical
simulation located at x = 100 μm and z = 5 and 15 μm.
Figure 14 summarizes a comparison between the cross-sectional proton concentration profiles at
x = 100 μm and z = 5 and 15 μm, obtained from the experiments and those from the numerical
simulation. It is obvious that the profiles from the experiment agree well with those from the
numerical simulation, and the profile at z =15 μm is similar to that at z =5 μm. The RMS value was
estimated to be ± 2.6 × 10−8 mol/l, i.e., ± pH 0.06; that is, this value indicates smaller than the pH
resolution of the present system, i.e., pH 0.12. It is concluded that the present technique enable to
measure the velocity and pH distributions simultaneously.
4.3 Application to Unsteady Mixing Flow
The simultaneous measurement technique was applied to a pulsing flow which was generated by
using a syringe pump operated at 0.1 Hz by a pulse generator. The aqueous solution at pH 6.0 was
injected into the left-hand side inlet (inlet A) of the T-shaped microchannel as shown in Figure 3,
while the aqueous solution at pH 7.2 was injected into the right-hand side inlet (inlet B). Both
streams were moved at a flow rate of 1 μl/m. The 520 successive images over a time period of 28.9
s were captured at x = 400 μm, i.e., in downstream of the vertical direction of the T-shaped
microchannel and z = 15 μm in the depth-wise direction.
Figure 15 depicts the time evolution of the velocity-vector maps at t = 8 s and t = 13 s. The xdirection velocity in a circle shown in Figure 15 was plotted as time-series data in Figure 16. A
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power spectrum of the velocity fluctuation exhibited in Figure 16 was calculated by using the fast
Fourier transforms (FFT). This result was represented in Figure 17 and it is obvious that the peak
value corresponds to the frequency of the syringe pump.
On the other hand, Figure 18 illustrates the time evolution of the pH distributions at the same
time with Figure 15. It is observed that a pH gradient in the spanwise direction at t = 13 s (when a
bulk velocity was increasing) is larger than that at t = 8 s (when a bulk velocity was decreasing) due
to a change of the balance between the diffusion of the protons and the convection.
For further investigation of the mass transport in the T-shaped microchannel, the convection
mass flux was compared to the diffusion mass flux by using the velocity and pH data. The
convection mass flux, jc [kg/m2s], was described as equation (4), which was estimated from the
second term on the left-hand side of equation (3) under the condition that the depth-wise velocity, w,
assumed to be a zero as noted in Sect. 4.2
jc ≡ u

∂c
∂c
Δx + v
Δy ,
∂x
∂y

(4)

(a) t = 8 s

(b) t = 13 s
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Figure 15. Time evolution of velocity-vector maps of the pulsing flow by the syringe pump
operating at 0.1 Hz.
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Figure 18. Time evolution of pH distributions of the pulsing flow by the syringe pump operating
at 0.1 Hz.
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Figure 19. Profiles of the convection mass flux in comparison with the diffusion mass flux at x =
700 μm.
where u and v [m/s] are the stream wise and spanwise velocity, respectively, and ∂c/∂y and ∂c/∂y
are the proton concentration gradient in the stream wise and spanwise direction, respectively. The
diffusion mass flux, jd [kg/m2s], was expressed as equation (5), which was evaluated the diffusive
term on the right-hand side of equation (3) under the condition that the effect of diffusion in the
depth-wise direction was neglected due to the small concentration gradient in the depth-wise
direction as shown in Figure 14
⎛ ∂ 2c
⎞
∂ 2c
jd ≡ D ⎜ 2 Δ x + 2 Δ y ⎟ .
∂y
⎝ ∂x
⎠

(5)

Figure 19 indicates the profiles of the convection and diffusion mass fluxes at x = 700 μm. When
the bulk velocity was increasing and the pH gradient was large at t = 13 s, the diffusion mass flux is
approximately equal to the convection mass flux. On the other hand, when the bulk velocity was
decreasing and the pH gradient was small at t = 8 s, the diffusion mass flux is more than 10 times
the convection mass flux. Therefore, it is obvious that the balance between the diffusion and the
convection contributes to the formation of the pH gradient.

- 10 -

13th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 26-29 June, 2006
Paper No. #1304

5. Conclusions
A simultaneous measurement technique was developed in order to detect the velocity and pH
distributions in a microchannel. SAT-PTV was employed for the velocity measurement, while the
two-dimensional pH distribution was obtained by recording the fluorescent intensity of the pH
dependent dye and using the calibration technique. Fluorescence emitted from the particles and dye
was separated by the 3CCD camera. The important conclusions obtained from this work are
summarized below.
(1) The two-dimensional velocity and pH distributions were simultaneously measured in the flow
field with a pH gradient, which was formed by introducing two aqueous solutions with
different pH into a T-shaped microchannel. The spatial resolution for the velocity measurement
was 15 μm × 15 μm, based upon the size of the first interrogation window (24 × 24 pixels),
while for the pH measurement, the spatial resolution resulted in 5 μm × 5 μm (an average per 8
× 8 pixels) and the pH resolution was evaluated to be 0.12. The depth of field of 1.4 μm was
achieved by implementing the confocal microscope.
(2) The validation of the present measurement technique was performed by comparing the proton
concentration profiles from the measured pH values with those from the numerical simulation.
The profiles from the experimental data agree well with those from the numerical simulation
which was estimated by substituting the obtained velocity information into the scalar transport
equation.
(3) The time-series velocity and pH distributions in an unsteady mixing flow were detected by the
present technique, and the mass fluxes due to the convection and diffusion were quantitatively
evaluated. It is obvious that the formation process of the pH gradient depends on the balance
between the diffusion and convection.
It is confirmed from the experimental results to evaluate the unsteady mixing flow field and to
investigate of the mass transport in a microfluidic device. In the future, it is expected that the highefficiency material syntheses or chemical reaction are realized by sensing and controlling the above
parameters accurately.
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