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Abstract A micro-fluidic measurement technique capable of measuring three components of the velocity in
the micro-channel has been developed in this paper. In the measurement system, a high speed CCD camera
takes slices of planar (x,y) images in the micro channel while a piezoelectric scans the focal plane of an
infinity corrected objective through the volume in the z-direction. The time series data set is reconstructed
into individual scan volumes which are cross-correlated using a 3D algorithm. This leads to obtaining a
near instantaneous three-dimensional velocity vector field. A benefit of this approach is that a large number
of velocity vectors are generated to define the flow motion in comparison to the defocusing method. This
technique has been designed for a specific micro-fluidic application that uses dielectrophoresis to levitate
near-wall particles and to investigate mixing in micro-channel flows. Measurement uncertainty of the
maximum out-of-plane velocity component depends on particle size, depth of focus of the system optics,
frame rate of the single CCD detector and the scan rate of the piezo-electric scanning system.

1. Introduction
There are several micro flow regimes that have the potential to generate a three-dimensional (3D)
velocity vector field. This type of flow maybe required to enhance mixing or be part of another
phenomenon such as dielectrophoretic levitation of particles. There are limited techniques that
allow the measurement of micro-channel flows that have a strong out-of-image-plane motion.
This paper explores and demonstrates the potential of a new approach.
A combination of dielectrophoresis, an alternating current electrokinetic phenomenon, and
tangential flow membrane filtration can be used for the separation of colloidal suspensions in
micro-channel flows (Molla et al.2007). The dielectrophoritic force is generated by applying an
alternating electric field which produces a spatially varying force on the particles in the colloidal
suspension. This body force on the suspended particles is superimposed with the pressure driven
flow that results in a 3D motion of the particle within the bulk flow. Simulations and some
experimental observations indicate that this 3D motion is restricted to a thin layer above the
membrane filter that has within it an alternating array that generates the dielectrophoresis
phenomenon. To experimentally investigate this flow field, a technique is required that can
capture the 3D velocity at the scale of this thin micro-layer.
Mixing of fluids can be achieved using active or passive approaches. In active mixing, the
mechanism is an external force that agitates the flow to stir and mix it. Mixer design methods
based on the active approach use external forces such as dielectrophoretic or centrifugial motion.
Piezoelectric actuators (PZT) have been used to stir flow by actuating an oscillating diaphragm
[Yang et al, 2000]. Mixing the fluid based on Electro-Hydrodynamic (EHD) forces, fluids to be
mixed have different electrical properties and by inducing an electric field, the mixing is performed
[Moctar et al, 2003]. Magneto-hydrodynamic (MHD) has also been used for mixing fluids using
Lorenz forces produced by applying a DC voltage to magnetic field [Bau, 2001]. Pressure
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perturbations can be developed by stretching and folding the flow with a design that uses a side
channel that generates chaotic advection and improves mixing flow [Glasgow et al 2003]. All the
above mixing processes can generate a 3D flow that is a function of the applied force.
Passive micro-mixers are based on properties of the flow injection (time-position), and channel
geometry. These mixers have higher reliability and less cost as oppose to active mixers. There are
three main methods of passive mixing, fluid lamination, planar mixing, and chaotic mixing. In
fluid lamination mixing, the mixer increases the material interface through fluid lamination [Ehrfeld
et al 1999]. The planar mixing channels are 2D channels with a wandering [Hong, 2004] design
and are mostly circular in shape [Chung, 2004]. These channels are specially designed for
relatively high Reynolds numbers and they work poorly at low Reynolds numbers. Chaotic mixers
have a 3D design and enhance fluid mixing by generating chaotic advection. Chaotic advection in
2D (active mixer) or 3D (passive mixer) is a time-periodic flow. Some other techniques for mixing
are based on utilizing surface tension [Merlin, 2004] such as serpentine channels. Serpentine or
twisted channels are applied in mixing based on chaotic advection and at moderate Reynolds
number demonstrates a 3D flow field. However, at low Reynolds number (Re < 1), a 2D velocity
vector field is more observable in which no chaotic advection can be generated. Chaotic advection
can only be achieved in low Reynolds numbers using certain channel designs, such as tear-drop
channels [Chew, et al. in 2005] where there is a sequence of flow splitting and recombining. The
aim in this design is to reduce the mixing length of the flow. Both segmented flow in serpentine
channels, and mixing flow in tear-drop channels generate 3D flow field that is due to the nonlinear
behavior of the flow which has been observed in direct numerical simulation [Gunther et al, 2004].
Inherent in each of these approaches to enhance mixing is an aim to introduce or maximizing all
three components of the flow.
Investigation of the velocity vector field of micro-channel flows has been carried out using a
number of different techniques. Image analysis methods that track groups of particles, such as
micro-particle image velocimetry (µPIV), typically measure particle motion only within the image
plane (Santiago et al. 1998; Meinhart et al. 2000). To capture the three components of velocity, a
stereo imaging configuration can be used (Lindken et al. 2006), resolving 3D velocity in a plane.
Volume information at discrete locations can be captured using a de-focusing approach to track
individual particles in 3D space (Willert and Gharib 1992; Yoon and Kim 2006). In this method, a
plate with a specified pattern of holes on a mask is placed in the path of the optics that focuses an
image onto the camera sensor plane. Without this mask in the path of the light, particles would
appear as single bright spots. With this mask in the system, light from a particle will appear as a
pattern in the same shape as the mask. The out-of-plane distance of a particle, relative to the focal
plane of the system, is then measured by calculating the distance between the spots created by a
single particle. As the pattern of spots from one particle move further from one another, the
particle is found further away from the focal plane. This method is, however, limited to low
particle density, so that individual particles can be resolved. Alternatively, off-focus methods can
be used with fluorescent particles and the diffraction rings that occur when they are imaged, to
determine the three-dimensional particle locations (Speidel et al. 2003; Wu et al. 2005; Luo et al.
2006). As a particle’s distance from the focal plane increases, diffraction rings around the particle
will also increase in size. A calibration can find a linear relationship between the diffraction ring
size and the distance from the focal plane, which provides a measure of the out-of-plane particle
position. Holographic techniques can also be employed (Meng et al. 2004; Yang et al. 2005) that
require a complex optical arrangement and access to the micro-channel. Reviews of these and
other approaches for micro-scale flows are discussed by Sinton (2004) and Lee and Kim (2009).
In this paper, a three-component/three-dimensional (3C3D) measurement system based on a single
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camera is described. The aim of the work is to increase the data density to allow investigation of
the near-wall flow field of a dielectrophoretic filter micro-channel and in micro-mixing channels.
The micro-channel flow is described, highlighting the specifications of the measurement system.
A description of the concept of the measurement system is given, followed by a description of the
current system. A discussion of data processing is accompanied by a set of example results from a
3D micro-channel typically used in mixing applications.

2. Description of the flow channel
In this study, to explore the experimental technique, a tear-drop mixing micro-channel (FC_Sw11,
Micronit Company Enschede, The Netherlands) has been used for generating a mixing field that has
strong velocity components in all three directions are different locations in the flow vector field
(MacInnes et al 2007). This is a triple-layer micro-mixer chip where the flow is divided and
recombined in the x-y plane and flows between three levels in the z-plane. This chip can be used
for mixing flows with low Reynolds numbers (Re < 100) and Peclet numbers (105). The mixing
technique is based on splitting and recombining the two streams of fluid using several mixing
channels located at different levels. The micro-mixer chip used here is made of borosilicate glass
with channel width of 200 µm and channel depth of 150 µm with trapezoid cross section. For the
size of the chip used, it has a total internal volume of 1 µl.
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Fig 1. A schematic of the flow measurement design

3. Description of the flow measurement technique
The design concept for the flow measurement system is outlined in Figure 1. The focal plane of the
imaging optic, an infinity-corrected microscope objective is rapidly scanned through the volume of
the micro-channel. At defined z-locations, the camera images a 2D slice of the field containing
particles that have been seeded into the flow. The captured time series of slices is reorganized into
a volume data set, and the 3D locations of particles are reconstructed. Subsequent volume scans
are then the cross-correlated using a 3D algorithm to track groups of particles in the flow. Epiillumination of the region-of-interest will allow access from only one side of the micro-channel for
an unobstructed view. This is important in micro-channel flows that use techniques such as
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dielectrophoresis that require an electrode array to be patterned on one side of the channel. This
would interfere with the view for illumination/observation from both sides. Fluorescent particles
are used for tracking the flow and in imaging to remove any reflections in the system.

Fig 2 An image of the solid model used to design the
system

Fig 3 A timing diagram of control signals to trigger the
camera in sync with the piezo-objective scanner

4. Experimental set up and data processing
The main components of the system, including their physical size and location, are shown in the
solid model in Figure 2. The micro-channel is seeded with 2µm fluorescent particles (Duke
Scientific) to mark the flow. A 532nm CW laser (LRS-0532-PFW-02000-01, Laserglow
Technologies) flood-illuminates the micro-channel through an infinity corrected, long focal length
(10.6mm) objective lens (Apo-Plan 10x, Olympus). A 640×480 pixel, 8-bit CCD camera (Pioneer
piA640-210gm, Basler Vision Technologies), capable of capturing images at 210fps, images the
flow field. With the current optics, this equates to a ~400×300µm field-of-view. To decrease
background noise during data acquisition, the system includes two filters. A 532nm filter transmits
85% of the laser power between the wavelengths 535- 585nm to the dichroic mirror, and a red filter
only allows the fluorescent signal from particles to be transmitted to the camera by passing
wavelengths between 600 and 655 nm. A high speed piezo-electric stage (PZ100, Piezosystem
Jena Inc) is used to scan the objective through a range of 100µm in the out-of-plane, z-direction.
This, with the use of infinity corrected optics, allows the focal plane (~8µm thick) of the objective
to move over this range without changing the image magnification. This provides a mechanism
for determining the depth position of particles that are migrating in the micro-channel. Images are
collected at defined z locations by locking the camera trigger to the voltage signal controlling the
position of the stage. A graphical representation of this is shown in Figure 3. A step function
signal is used for image acquisition and a saw tooth control signal for determining the position of
the piezoelectric stage. One saw tooth constitutes a single scan of the focal plane through the
volume-of-interest. The number of images taken, and the image acquisition and control signals
are achieved though custom software (LabWindows CVI, National Instruments).

-4-

15th Int Symp on Applications of Laser Techniques to Fluid Mechanics
Lisbon, Portugal, 05-08 July, 2010

5. A discussion of system uncertainties
The approach taken here has many similarities to Tomograpic PIV (TomoPIV) (Elsinga et al.
2006). TomoPIV can be considered to have two distinct steps: 1) volume reconstruction: the
particles position based on the particles intensity is reconstructed volumetrically and 2) particle
displacement determination: a cross correlation algorithm is used over a volume or set of voxels to
determine the displacement of a group of particles. In this study, the concept of tomographic cross
correlation is used to calculate three-components of the velocity in the micro-channel. Particle
position in the micro-channel is determined by scanning through the depth of the channel with the
piezo-electric stage while slices of the flow are imaged the CCD detector. Therefore, a set of
slices at known positions in the micro-channel in a single scan are used to reconstruct the volume
position of particles, and by cross correlating two data sets of scanned volume, the displacement of
the particles and velocity of the particles are obtained in three dimensions. There are a number of
issues in this approach that can/will impact on the overall error of the measurement. These are
discussed below.
An inherent error in determining particle location using the scanning approach is the accuracy and
repeatability of capturing the position of the particle in the out-of-plane direction. In-plane
position is governed by the image captured by the CCD and optics. Out-of-plane is a function of
how well the piezo-scanner can return the focal plane to the same position. To investigate this, a
calibration experiment was carried out using a separate traverse to move a target to a known
location in the z–direction. Scan volumes of data were collected and the position of the target
determined. Two separate algorithms (Homeniuk, 2009) based on intensity and contrast where
used to determine the z position by determining the in-focus position of the target. In each scan,
100 images were collected sub-dividing the volume in the z-direction. The position determined
compared to the known position is shown in Figure 4. The figure shows that the scanning system is
able to reposition the focal plan to within the location uncertainty of the traverse used to position
the target.
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Fig 4 A calibration plot of actual position of a target compared against the measured position out-of-plane position.
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The maximum magnitude of velocity of the flow is limited by the system’s ability to capture a
volume of data such that the particle remains within an interrogation volume moving,
conservatively, no more than 4-6 particle diameters. This is dependent on two system
specifications: the maximum scan rate of the piezo-scanning stage and the maximum frame rate of
the CCD system. The maximum scan rate of the piezo-stage is limited by the mass of the optics
being traversed and the effect of this mass on the natural frequency of the piezo-electric material.
Altering the natural frequency of the system by increasing the mass of scanning optics from the
natural frequency of the piezo-electric material will limit the response of the system and the range
of motion at high frequency. Higher frame rate cameras are typically less sensitive to light,
requiring more signal for suitable images. Also, at higher scan rates, vibration of the system will
also lead to a lower uncertainty in the repositioning of the focal plan within a scan.
There are some limitations on maximum displacement of the out–of-plane component of velocity
dependent on the scanning depth-of-interest, depth of focus of the system optics and size of the
tracer particles. The maximum displacement of the piezo-electric stage must also be within the
range of channel depth and the volume of interest. The scanning signal outlined in Figure 3, in this
case is a saw-tooth wave-form where data is collected for the volume reconstruction of particle
locations on the rising slope. Other configurations of the wave form are possible, however for this
case there are four main cases of particle motion in z-direction that can lead to potentially erroneous
results. First, if the flow is moving in the same direction as the scan but at a higher velocity,
groups of the same particles would not appear in successive scans and there would be no
correlation. Next, if the flow is moving at the same rate and in the same direction as the scan, then
either the particles would not be imaged or the same particles will appear in each frame of the scan.
This would result in a particle appearing as a long cylinder in the z-direction. In the third case, the
flow is moving slower than the scan rate and particles would appear in successive scans. This is
the desired case and would conceptually lead to a positive result in determining flow velocity. The
last case is when the flow is in a direction opposite to the scan direction and at such a magnitude
that particle would move significantly further than the range of the interrogation volume. There
would be no correlation and as ∆t, the time between scans is limited to a minimum value by the
maximum scan rate, this would be limited by the system specifications.
Depth-of-focus is also an import consideration. In order to have some sharp focus of particles
which would lead to a high correlation coefficient, and sub-voxel determination of particle
displacement, the depth-of-focus needs to on the order of the size of the particles used. This
allows the particle to appear in several frames in the z-direction and survive post-image processing.
This processing would be used to remove signal from out-of-focus particles and diffraction rings of
particles. For high magnification objectives that have thin focal planes this is not seen as a problem.
However for low magnification and high depth-of-focus objectives this will lead to large
uncertainty in the location of particles in the z-direction.
To summarize, there many new systems specifications that will have an impact on the uncertainty
of determining particle motion and velocity when using this approach to determine the out-of-plane
component over a volume. The restriction of these specifications will limit the range of possible
velocities that can be determined in micro-channel flows. However, as with any measurement
system, with a general understanding of the maximum potential velocities a system using this
approach of can be designed.
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6. Data processing and results
A typical data image from a single plane (a single z-level) is shown in Figure 5(a), where particles
are flowing from bottom-to-top. Particles appear as bright pixels, typically accompanied by a halo
of fluorescent noise. Image preprocessing is required to be applied to the images so that the
background noise is reduced and sharp particle intensity is determined.
Masking is used to
remove all noise and other data where no flow is present. In order to remove background noise
and increase image contrast, a sliding background subtraction of 10 pixels is used here, followed by
a peak normalization of a range of 30 pixels. Pixel intensities are then increased 20 times to
increase contrast. The resulting image is shown in Figure 5(b), which highlights particles at
discrete locations. Raw images are saved in a time series and are re-constituted into a volume
record of the particles positions from individual scans. These volumes are then cross-correlated
using a 3D algorithm with commercial software (DaVis 7.4, LaVision). The correlation is
performed in three passes with decreasing correlation window sizes (64×64×64, 64×64×32, then
32×32×32, each with 75% overlap).

(a)

(b)

Fig. 5 Typical images of the bifurcating flow at a single z-location; (a) raw image, (b) post-processed image ready for
correlation.
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Fig 6 The y component of velocity in pixels from a single volume scan; (a) colour map of velocity magnitude (b),
streak-lines in 3D.
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A computed velocity field from a single volume scan of data is shown Figures 5 is presented in
Figure 6. Here, the flow is from top-left to bottom-right. In Figure 6(a), a colour contour map of
the y-component of velocity in pixels shows a high velocity region at the centre of the channel
before the bifurcation. There is a decrease in net velocity after the bifurcation to maintain volume
flow rate. The 3D nature of the flow is shown as streaklines in Figure 6(b). From this single
scan, a near-instantaneous representation of the 3D flow field is captured.

7. Conclusions
This paper explores the use of a scanning focal plane to measure the three-dimensional flow field in
a micro-channel. The system has been developed for the specific application of investigating the
near-wall motion of particles in the presence of both a dielectrophoretic force however it is also
planned to be used it investigate mixing in pressure driven mixing micro-channel chips and
segmented flow.. The advantage of this approach over conventional PIV is that it is Tomographic
in nature and can be used to resolve the three-components of the flow velocity over a volume. A
number of issues related to the impact of system specification of measurement uncertainty are
discussed. The range of velocities that can be measured are limited by these specifications. An
example data set from a 3D mixing micro-channel chip is used to indicate system performance.
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