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Abstract. Identi�cation and minimization of error sources are important issues in
experimental investigations. Mainly in micro-scale problems, precise settings should be
applied to high-tech test beds to reduce disturbance and induced motion. An experimental
study is conducted to assess the role of induced forces and velocity �elds in a particulate
system used for particle identi�cation and separation. Two main e�ects caused by
disturbances are sampling errors and induced motion in the channel, either on uid or
dispersed phases. Di�erent disturbance scenarios are implemented on the test bed and then
the system response is reported. In order to assess induced motion as a result of applied
forces, microscopic imaging of particle movement in the channel and image processing of
the results, are performed. Results of particle sampling indicate that optimized pneumatic
settings should be implemented to secure a safe level of sampling error. Results for induced
ow show that the velocity �eld can a�ect the operation of the manipulation mechanism.
Methods for capturing the induced force and velocity �elds can be implemented in the
relevant applications, such as micro-particle systems and cellular studies.
© 2014 Sharif University of Technology. All rights reserved.

1. Introduction

Experimental study of micro-scale problems is usually
associated with high precision and accuracy. An impor-
tant issue in micro-uidic investigation is identi�cation
and minimization of disturbances. Disturbances can
a�ect the main physics to be investigated and may
mislead the results. Speci�cally, when dealing with
micro and nano-ow containing particles, disturbances
are capable of applying forces and the resultant motion
of the uid or dispersed phase. The magnitude
of the induced velocity �eld can be comparable to
the main ow �eld. Consequently, it is crucial to
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identify and compute the induced forces and velocity
�elds.

Disturbances in micro-ow can be generated by
surrounding media or test rig components. Air-borne
noises can induce forces in di�erent elements. For
instance, rotary elements such as cooling fans and ven-
tilation systems can apply forces to air-uid interfaces
and channel walls [1,2]. Other rotary or frequency
generating devices can apply forces to ow boundaries
as well. For instance, lasers and ultrasonic baths are
devices that can generate motion in uid due to the
mentioned e�ect. In this regard, we focus on these
two sources of disturbance on a particle manipulate ion
mechanism. Here, some relevant work is reviewed.

Regarding the induced �elds, it is important to
identify the forces applied to a particulate material.
Particles can be manipulated either passively or ac-
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tively. Passive forces, such as Van der Waals, Brown-
ian, and wall induced forces, are not capable of high lev-
els of controllability, consistency and repeatability [3].

Yang et al. [4] reported noise measurement in
particle size analysis using a dynamic light scattering
technique. They mentioned two sources of noise: sam-
ple preparation and laser light uctuations. Sampling
error can cause false data in size measurement exper-
iments. Nitschke and Schmidt [5] presented a model
to describe the re-entrainment of settled particles into
the ow using �lm theory for uids. For this purpose,
they implemented adhesive and removal forces in their
model. Similarly, some other models are presented
to analyze wall-particle interaction using microscopic
imaging [6-8].

Numerous studies have explored vibration in-
duced motion on uid [9-11] and excitation of the
wall to produce uid ow [12-14]. Akiyama et al. [15]
presented induced convection applied by the vibration
of a vessel wall. Particles in the forms of granular
beads with a size range of 1-100 �m were used in
experiments. Despite comprehensive case studies, only
qualitative path lines of particles were presented. Jang
et al. [16] used piezoelectric elements coupled with
thin diaphragms to induce motion in a uid. Bulk
uid motion and ow hydrodynamics have been studied
experimentally via the PIV method with 2 �m spatial
resolution.

Image analysis techniques have been widely used
to characterize particulates [17-19] and calculate par-
ticle trajectories [20]. Kashdan et al. [21] conducted
some experiments to assess the accuracy of their digital
image processing technique for sizing fuel droplets
ranging from 5 to 30 �m. Results obtained were
compared with a technique called Doppler anemome-
try. They concluded that the image analysis technique
can be developed into one micron size while keeping
its accuracy. Wesely et al. [22] used dynamic image
analysis for particle identi�cation and measurement of
particle size and concentration to study the overlapping
of clusters of particles.

Wedd [23] reported a simulation study to predict
the accurate size and quantity of a mixture of mono-
dispersed particles used for calibration purposes. The
study emphasized that for the method to succeed, there
should be accurate weighing and particle handling tech-
niques associated with sizing accuracy. Experimental
studies also used reference mono-dispersed particles
for validation of the proposed techniques [6,24,25].
Accurate image analysis techniques also are used in
particle sizing applications [26-29].

Capturing the movement of micro and nanopar-
ticles is investigated by various studies, both theoreti-
cally and experimentally [30-32]. Studies are mainly fo-
cused on imaging techniques including Particle Track-
ing Velocimetry (PTV), Particle Image Velocimetry

(PIV) and microscopic image analysis schemes [32].
Among mentioned techniques, particle tracking via
image analysis is considered more especially for dilute
suspensions [33-35].

Hao et al. [36] used micro-Particle Image Ve-
locimetry (PIV) to measure slip velocity on the wall
of approximately 8% of the centerline velocity. Patrick
et al. [37] reported near-wall Red Blood Cell (RBC)
motion of high-hematocrit blood in a rectangular
microchannel using a combination of uorescent dye
labeling, time-resolved scanning confocal microscopy,
and micro-particle image velocimetry.

Despite comprehensive work published on the
subject of force and velocity measurements in
minichannels, no work has been reported regarding
direct measurements of force and velocity �elds in-
duced by di�erent disturbances. The magnitude of
the induced �elds can mislead the reported results in
laboratory experiments dealing with particulate ow,
covering lab on a chip devices and drug production pro-
cesses. Moreover, di�erent types of disturbance have
not been categorized and assessed in detail. Devices
such as laser, which is widely used to obtain velocity
and temperature �elds in microuid applications, can
induce force and motion on uid and particles as
well. Considering the fact that uid viscous damping
can change the magnitude and spectrum of induced
forces applied to particles suspended in liquid, conven-
tional vibration measurement techniques are unable to
calculate the force and velocity �elds applied to the
particulate ows.

This investigation is aimed at presenting a new
method to measure force and velocity �elds applied to
a typical particulate ow system subjected to di�erent
disturbances. Direct measurement of the induced
weight and particle motions makes it possible to assess
the role of the disturbances on the physics being
studied. Compared to similar investigations, this work
proposes an experimental tool to calculate the e�ect
of each disturbance source on the induced force and
velocity �elds. Di�erent sources have been discussed,
including: airborne, ground, impact, walking and
laser induced disturbances. The proposed assessment
techniques can be implemented on similar laboratory
environments concerning particulate ows.

2. Materials and methods

In this study, an anti-vibration table equipped with
air springs is used to assess the level of induced �elds
generated by surrounding and rotary devices in a
minichannel. Discussion about vibration spectrum is
not in the scope of this work and the goal is to �nd
out the magnitude of force and velocity �elds at the
location of the test bed components.

As a �rst step, the disturbance sources in the
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Figure 1. Schematic view of the experimental set up including particulate manipulation mechanism and measurement
devices.

laboratory environment have been categorized. The
main sources are airborne (from fans or ventilation
systems), ground, impact and walking. In order to
assess induced forces, mass sampling measurements
are performed for initial pneumatic and optimized
pneumatic settings (the settings at which the induced
forces are minimized) to obtain conditions resulting
in minimum induced �elds. In addition, a set of
tests is designed to determine the induced ow and
particle motion in the channel produced by the above-
mentioned sources.

2.1. Design of experiments
In this section, we report the design of experiments in
order to estimate the magnitude of the induced veloci-
ties caused by external disturbances. The design of the
experiments can be extended to similar applications
in microuidics and particulate ow. In addition, the
disturbance quantity is measured and represented by
the induced force using a new method, which describes
the behavior of the applied disturbances. Figure 1
shows the schematic view of the test bed and devices
used for studying the induced �elds. As can be seen,
the manipulation mechanism, including the laser source
and suspension passages, is installed on the steel anti-
vibration table. The steel table is installed on a
concrete anti-vibration table in order to minimize the
magnitude of vibration on the position of test bed
components. A schematic view of the measurement
points is depicted in Figure 2. Points 1-4 are located on
the ground with no vibration isolators, whereas points
5-8 and 9-13 are on the concrete and steel anti-vibration
tables, respectively; the steel anti-vibration table was
unbalanced when the experiments were begun. The
results of our tests showed that point no. 9 had the
minimum values of induced �elds. Therefore, the
microscope and other test bed components are installed
near point no. 9.

2.2. Testing apparatus
The manipulation mechanism consists of the colloidal
suspension of micro-particles dispersed in water (Fig-

Figure 2. Schematic view of anti-vibration tables and
measurement points.

ure 1). Using dispersion techniques, the sedimentation
rate is minimized. The micro-manipulation mechanism
is designed and fabricated to detect and separate
colloidal suspensions in the size range of 10 to 100
microns.

As mentioned before, the sources of disturbance
can apply forces and motion on the set up components,
particularly on the suspended particles to be manipu-
lated. Two major instruments used in the mechanism
are the microscopic balance and the optical microscope,
which we have used to capture both forces and motions.
As such, this gives us a more realistic judgment about
the magnitude of error induced by surroundings and
the role of scenarios applied to minimize them.

Microscopic balance is equipped with a recording
system (with frequency of 5 Hz) that enables us to
record the induced forces in terms of weight with a
precision of 10 micro-grams. The balance is placed
near the main manipulation mechanism to record the
magnitude of induced force near the minichannel.

The manipulation mechanism uses a conventional
light microscope equipped with two imaging systems.
Table 1 shows the main features of the imaging systems.
The �rst system is a high-resolution (10 megapixels in
the video mode) CCD camera mounted on the third
eye of the microscope. The small pixel size of the
camera enhances its capability to identify objects as
small as 0.11 �m (Table 1). The second imaging system
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Table 1. Imaging system general features.

Imaging type Exposure
time range

Maximum �eld
of view (mm2)

Best spatial
resolution (�m)

Fps range

Third-eye CCD camera 1-65000 �s 3.189 0.113 1-21
Eye-pieces CMOS camera 1-200 ms 8.842 0.51 1-25

is to capture relatively wide �eld of view images, up to
8.8 mm2 (Table 1). This helps to have an overview
of particle movement in the channel. A simpler video
camera mounted on the eyepieces of the microscope
is used for this purpose. Total magni�cation of 80�
can be achieved using these imaging mechanisms.
The above-mentioned imaging systems are used to
measure colloidal suspension transport through the
minichannel. By choosing the appropriate frame rate
and magni�cation, the ow �eld can be captured with
maximum spatial resolution and the desired �eld of
view (Table 1).

The �rst step in the digital image processing
of acquired images is calibration of video pictures
against a distance standard (i.e. a ruled glass microm-
eter). Video tracking of moving particles using a cross
correlation technique is implemented. Considering a
single image of particles, particle detection and size
distribution can be derived from image processing.
Comparing two consecutive images, the corresponding
displacement vector of each particle is calculated with
the accuracy of half a pixel. These results are useful
in �nding the velocity �eld of particles subjected to
external forces.

3. Measurement of the induced �elds

Induced forces in terms of weight are measured using
the sensitive balance. As mentioned before, di�erent
kinds of disturbances can exert force on the particle
manipulation mechanism. The force is transmitted on
the table top through the damping system. As such,
the amplitude and its spectrum are changed. The anti-
vibration table can be adjusted to achieve the desired
pneumatic settings. Speci�cally, air springs pressure
and auto-level conditions can be set to achieve the
suitable damping level. The experiments are designed
to estimate the magnitude of the mass error and obtain
settings for correct mass sampling of micro-particles.
Depending on the direction of the force applied to the
balance, the induced mass can be either positive or
negative.

Common tools for applying standard distur-
bances, including hammers, fans and standard weights,
are used in the experiments. A laser is one of the main
parts of the particle separation mechanism. It can also
induce force and motion, due to its cooling fan. Hence,
the e�ect of the isolation of the laser from other parts
on the induced force is studied. Air springs are initially

charged in the range of 2-3 bars, and weight recording
is conducted for the current and desired settings, in
response to the applied disturbances. In order to
achieve the optimized pneumatic settings, air springs
are adjusted with charge in the range of 4-6 bars.

3.1. Induced force for initial settings and
optimized settings

Time variation of the induced forces, due to distur-
bances generated by impact, walking and laser cooling
fans, is presented. Results are shown in terms of
induced weight versus data number. Data can be
saved by maximum frequency of 5 Hz by a capture
card to a computer. Therefore, data acquisition of
experiments with duration less than 3 minutes is done
by a frequency of 5 Hz. In contrast, for disturbance
sources with longer e�ects, a frequency of 1 Hz is used.

All tests, during which the disturbance generation
sources exist in a short time, will continue until steady
state response approaches zero. The main criteria
of the system response include rise time, maximum
overshoot, settling time, and steady state error. Rise
time, which is a function of disturbance frequency and
its response time, depends on the disturbance type.
To receive an accurate assessment, the experiments are
repeated three times and repeatability is proved.

The walking test is performed for period of 5
seconds on a concrete table and results are depicted
in Figure 3. As can be seen in Figure 3(a), the time
required for the system steady state response to become
zero is about 210 data points (equivalent to 42 seconds).
For optimized settings, the settling time is about 65
data points (equivalent to 13 seconds), while there
is more uctuation in weight compared with initial
settings.

The next experiment is about applying impact as
a disturbance on the steel table. A standard 1 kg
weight released from a point located 30 cm above
the table implements the impact. Results of the
experiments for two settings are shown in Figure 4.
Based on the results for initial settings, the disturbance
with an overshoot of 1.2 mgr causes an oscillation in
the system that is damped after data of 139, or an
equivalent duration of 21 seconds (Figure 4(a)). After
this time, the steady state response becomes zero. The
mean value of induced weight during the experiment is
87 �gr. Figure 4(b) indicates that optimized settings
have a faster response when absorbing the disturbance
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Figure 3. Comparisons of induced weight in walking test
for initial settings (a) and optimized settings (b).

Table 2. Statistical information of impact on the table
for initial and optimized settings.

Statistical
parameter

Mi (mgr) MOpt (mgr)

Maximum 1.18 1.35
Minimum -0.27 -1.33
Mean 0.0869 0.0065
Standard deviation 0.345 0.273

compared with the initial settings. In both cases, the
induced weight is zero after the settling time.

More detailed comparison of the two settings is
presented in Table 2. The range of induced weight for
optimized settings is larger than the initial settings for
both walking and impact experiments, but the mean
and standard deviation is less than initial settings. This
implies that the optimized setting is exposed to more

Figure 4. Induced weight versus data number while
applying impact on the table for initial settings (a) and
optimized settings (b).

induced forces, due to the higher air charge in the
springs, but has a faster and stronger performance in
absorbing applied disturbances.

3.2. Induced force by laser cooling fan
Among the manipulation mechanism components, the
laser cooling fan is considered critical, and one which
can have more e�ect on the system. This hypothesis
is proved by recording the temporal variations of the
induced force when the laser is set up on the steel table
near to the minichannel. Therefore, in the next test,
the laser fan induced force is studied. As can be seen
from Figure 1, the scenario is designed to minimize
the induced force of the laser fan by isolating the laser
from the main mechanism components, such as the
minichannel and microscope. For this purpose, the
laser is placed on the wooden table, which is installed
on the concrete table. For further reduction in the
induced force, the laser is placed on a laboratory jack
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Figure 5. Comparison of induced weight pro�les for laser operating on the steel table at optimum pneumatic settings and
for three di�erent positions: (a) laser on the steel table near other parts; (b) laser isolated from mechanism and on the
concrete table; and (c) laser isolated from mechanism and on the jack.

and the results for induced force are compared with
previous cases. Figure 5 shows the results for three
mentioned cases. The �rst case is the laser operation on
the steel table. The induced force pro�le for this case
(Figure 5(a)) indicates that there is a strong induced
�eld with a uctuating nature on the balance. Due
to the fact that the laser cannot be turned o� during
the particle manipulation experiments, it is crucial to
reduce the induced force. Figure 5(b) shows the tempo-
ral variation of the force pro�le for the second case, in
which the laser is isolated and is operating on the small
table installed on the concrete table. As can be seen,
there is a noticeable decrease in the magnitude of the
induced force during the period of experiment. Finally,
operating the laser on the jack, according to Figure 1,
leads to the best reduction in the magnitude of induced
force. Table 3 describes the comparison of the three
cases in detail. By surveying the results, it can be seen
that the mean value of the force is reduced from 482
�g in case 1 to 17 �g in case 3. The mean value in
case three is comparable to the balance accuracy of 10
�g. This implies that the laser fan e�ect is minimized
to a safe level by the applied scenario. Therefore, in
the next experiments, the laser was isolated from the
minichannel, in accordance with case 3.

Table 3. Comparison of induced weight data for laser
operating on the steel table (Case 1) isolated on the
concrete table (Case 2) and isolated on the laboratory
Jack (Case 3) at optimized settings.

Statistical
parameter

M1 (mgr) M2 (mgr) M3 (mgr)

Maximum 0.98 0. 35 0.22
Minimum 0.01 0.06 -0.21
Mean 0.4826 0. 2368 -0.0173

3.3. Induced motion of microscopic particles
suspended in the liquid exposed to
disturbances

After analyzing the induced forces due to the lack of air
charging and the laser cooling fan e�ect, the set up was
recon�gured with optimum charging and laser position.
The other part of the experiments was devoted to
the measurement of induced velocities caused by the
major disturbance sources under optimized conditions.
According to the test procedure described in section
2.1, dynamic image analysis is used to characterize
the induced motion of microscopic particles due to
disturbance sources. As mentioned before, two imaging
systems are used to study the particle movements, in



420 M. Zabetian et al./Scientia Iranica, Transactions B: Mechanical Engineering 21 (2014) 414{424

Figure 6. Image calibration for (a) mono-dispersed
particles, (b) poly-dispersed particles and 20�
magni�cation.

order to have an overview of the ow �eld, besides
keeping the desired accuracy in particle tracking.

The �rst step in image analysis is calibration
of the captured images. Figure 6(a) shows a still
image of 15 �m mono-dispersed particles settled on the
minichannel wall. Image calibration is performed using
a micrometric scale bar (Figure 6(b)).

3.4. Induced ow by airborne disturbance
As a next step, the induced motion of mono-dispersed
particles in the minichannel is studied. Micro-particles
are suspended homogeneously in water and the e�ects
of fan induced motion, random noise and impact on
the table are investigated. Figure 6 shows microscopic
images of particle movements in the minichannel as
a result of airborne disturbance. The fan motor
is shut down at t = 0, so there is no source of
disturbance in the period of the experiment. As
such, we expect a decaying behavior in the particle
movements. Experiments have been repeated in order
to prove the repeatability of trends and the accuracy
of the results. Figure 7(a) and (b) shows the relatively
fast movement of 15 �m particles in an axial direction.
Thirty seconds after turning the fan o� (t = 30 s), the
magnitude of particle displacements, labeled C, D and
E, is much smaller than particles A,B and C at t = 10 s
(Figure 7(c) and (d)).

In order to assess the role of airborne distur-
bance in the minichannel, a comparison study for fan
experiments is conducted. Results are illustrated in
Figure 8(a) and (b). When the fan is not running
(Figure 8(a)), there is still an airborne e�ect and
background noise with a mean velocity of 6.9 �m/s.
As can be deduced from Figure 8(b), airborne e�ects
can generate a strong velocity �eld compared with
the velocity scales of particles in the manipulation
mechanism. Due to the fact that the channel is in
contact with air on both sides, the temporal velocity
pro�le has a uctuating nature.

3.5. Induced ow by Impact test
Mono-dispersed particles have been used as the media
for the impact tests. A typical result for the impact
experiment is demonstrated in Figure 9. As mentioned

Figure 7. Microscopic images of migration of
micro-particles in water due to the airborne disturbance:
(a) Position of particles A and B at t = 9 s; (b) position of
particles A and B at t=10 s; (c) position of particles C, D
and E at t = 29 s; and (d) position of particles C, D and E
at t = 30 s.

before, at an optimum pneumatic setting, an induced
velocity �eld with a magnitude of 10-15 �m/s exists
because of particle sedimentation and external sources
of disturbance.

This o�set exists for any experiment. In the case
of Figure 9, an initial velocity of 10.5 �m/s is recorded,
while subject to the impact test at t =2 sec. As can
be seen, a sudden rise in particles velocity is captured
with a peak value of 165 �m/s. Similar to the other
experiments, the damping mechanism of the system is
responsible for the decaying of the uctuating nature of
the velocity �eld. Results show that after 30 seconds,
the steady state response is nearly achieved, with a
�nal speed of 15 �m/s.

3.6. Comparison of the induced �elds
To summarize this part of the study, we compare the
results of the induced velocity �elds due to the applied
disturbances. Expressed results in Table 4 indicate that
the fan induced disturbance has maximum impact on
suspension with the maximum amplitude of 897 �m/s.
This indicates that the source of disturbance (e.g. ven-
tilation fan) must be turned o� during the experiments.

Detailed error analysis is performed to calculate
the maximum error caused by the measurement appa-
ratus. For mass sampling, the sensitive balance has an
accuracy of 10 �g. For optimized pneumatic settings,
the critical induced weight is generated by the laser
with a mean value of 17 �g (Table 3). For particle
velocity measurement using image processing, a maxi-
mum relative error of 2.8% is calculated for conditions
of minimum particle displacement in the channel.
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Figure 8. Time variation of induced velocity �eld in the minichannel due to airborne disturbance: (a) While fan is o�;
and (b) while fan is turned on.

Figure 9. Variations of average induced velocity of
mono-dispersed particles in the minichannel subject to the
impact test at t = 2 s on the steel table.

Table 4. Comparison of maximum induced velocities of
micro-particles.

Experiment Maximum
velocity (�m/s)

Fan 897
Impact-concrete 137
Impact-steel 162
Random disturbance 160

4. Concluding remarks

Induced velocities due to disturbances can a�ect the
results of velocity measurements in microuidic and
particulate ows. In this paper, we described the
precise measurements of induced forces and velocity
�elds on a test bed and ow passages, using mass
recording and microscopy, respectively. The presented
methods are capable of measuring the e�ect of various
sources of disturbance applied to typical microuidic
test beds, as well. Main disturbance sources, including

airborne, impact, walking and laser fan, are considered
in the study, and the experiments have been organized
into two sections, including force and velocity measure-
ments.

Results of weight measurement indicate that op-
timum pneumatic settings (with an air pressure range
of 4-6 bars) should be applied to the test bed and mass
sampling should be done after the settling time of the
existing disturbance.

Tests are designed and done at initial (air springs
pressure of 2-3 bars) and optimized (air springs pres-
sure of 2-3 bars) settings. Comparison of the results of
two cases shows that the time domain response of the
system is improved in charged settings. In addition,
the system settling time and steady state error of
each setting is analyzed to characterize the test bed.
Regarding the induced force by a laser cooling fan
and ultrasonic bath, isolating these devices from the
main manipulation mechanism is accomplished, and
a considerable reduction in magnitude of the induced
weight is reported. Presented error analysis shows that
maximum error in mass sampling is less than 10% for
optimum conditions and the absolute value of induced
weight can be reduced to 50 ugr. Therefore, applying
the appropriate air charging and isolation of the rotary
devices is mandatory in the microuidics experimental
set ups.

By securing the disturbances caused by ground
and rotary devices, the level of the induced force
can be reduced close to 17 �g, which is acceptable
in microuidic experiments. The other sources, such
as impact and airborne disturbances, can generate
much more induced forces and velocities. Therefore,
to achieve an acceptable level of induced velocities,
the remaining experiments have been conducted with
secured conditions by optimum charging and isolated
laser machines.

Considering induced particle motion in the
minichannel, speci�c experiments have been designed
and implemented. The induced ow directly drives
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particles in an axial direction with small lateral de-
viations resulting from random uctuations. While
there is homogeneous settling of particles perpendicular
to the imaging plane, this leads to relatively small
out of focus capturing of particle movements. Results
show that air-borne disturbances can induce relatively
high magnitude velocities in the channel. Speci�c
consideration should be taken into account, in order
to minimize the e�ects of the induced �elds.

Lastly, it is also worth mentioning that the pro-
posed techniques can be considered a tool for direct
measurement of the induced e�ects on the microuidic
related test beds. In comparison with the available
methods, such as vibration measurement, the proposed
technique gives a truer value of error on the parameter
to be studied, such as the motion of micro-particles in
liquid. Without implementation of the techniques, the
reported results can be a�ected by error sources and
may mislead the drawn judgments.

The presented techniques can also be used to char-
acterize particulate systems and calculation of geomet-
rical and ow characteristics. This investigation can
also be developed for use in other applications encom-
passing molecular and cellular studies, �ne positioning
and manipulation using electron microscopy techniques
(SEM and TEM) and micro-particle manipulators such
as optical tweezers. All the mentioned applications deal
with relatively high precision measurement techniques
and the sources of disturbances should be removed
or controlled to secure the level of induced force and
velocity �elds.
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Nomenclature

D Diameter (m)
F Force (N)

g Gravitational acceleration (ms�2)
L Length (m)
m Mass (kg)

n Number density (#/m3)
t Time (s)

V Volume (m3)

U Velocity (ms�1)
x Axial coordinate (m)

Subscripts
f Final
i Initial
max Maximum
mean Average
min Minimum
P Particle
s Suspension
W Wall

Pre�xes

m Mili
� Micro
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