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Abstract
This study reports a new observation of rapid particle migration in very dilute suspensions flowing through a microchannel. 
In microfluidics, passive particle manipulation methods based on shear gradients or inertial forces are usually preferred from 
an energy consumption perspective. Shear-induced migration is known to be particularly slow (requires very long channels) 
compared to inertial migration. In this case, neutrally buoyant particles usually follow the fluid flow field and could migrate 
laterally to the flow toward the center, i.e., in the direction of decreasing shear stress. This migration was experimentally 
observed for dense colloids and suspension flows with high particle concentrations, generally exceeding 25%. However, 
achieving this migration passively in very dilute suspensions is challenging, typically resulting in the same concentration 
distribution at the inlet, along the length, and at the microchannel outlet. In this effort, two-dimensional waviness was assigned 
to the walls of a confined microchannel, and flow visualization was employed to study whether this passive approach has the 
potential to move the particles toward walls in a very dilute suspension (0.1% concentration) for flow Reynolds numbers < 100 
(in the realm of microfluidics). The approach was tested for two different particle sizes (2 μm and 6 μm) and two flow rates 
in a pressure-driven flow configuration. The results of particle counting from the captured images showed that wall waviness 
creates an asymmetric velocity profile for the fluid where the maximum velocity alternately moves closer to the wave peaks 
or crests on both the channel walls vs. a symmetric parabolic profile in a straight-walled channel. This asymmetry moved 
the particles toward the wavy walls (closer to the wave crests), where the shear stress was minimum. Even with a highly 
conservative estimation, it was observed that this migration or settling of the particles into two streams—one near each 
wall—for the wavy microchannel started to occur at an effective flow length that is less than 10% of the theoretical length 
required for the particles to migrate to an equilibrium position in a straight microchannel. Remarkably, this waviness-induced 
particle manipulation was achieved without generating turbulence or secondary flows (no Dean vortices) and, therefore, will 
markedly assist in controlling the pressure drop increase.

1  Introduction

The ability to manipulate particles in suspension flows can 
be a powerful tool for realizing numerous compact micro-
fluidic systems with desired functionality. Therefore, con-
trolled manipulation or focusing of synthetic and biologi-
cal particles, e.g., cells, pathogens, and drugs, is a topic of 
great interest. It has a vast array of small and large-scale 
applications such as particle separation or cell separation 
(Guan et al. 2013; Alshareef et al. 2013; Bhagat et al. 2010), 

particle filtration (Gallager 1988; Wang et al. 2012), desali-
nation (Ren and Liang 2020; Said et al. 2020), water and 
slurry transportation, thermal management (Kuravi et al. 
2009), biomedical and biochemical research (Ateya et al. 
2008; Nilsson et al. 2009; Karimi et al. 2013), drug discov-
ery and delivery systems (Kang et al. 2008; Nguyen et al. 
2013), disease diagnostics and therapeutics (Suresh et al. 
2005; Vaziri and Gopinath 2008), and self-cleaning and 
antifouling technologies (Callow and Callow 2011; Nir and 
Reches 2016).

Particles in microchannel flows can be manipulated by 
taking advantage of either internal or external forces. The 
corresponding methods can be categorized based on their 
working principle, such as hydrodynamic (Li et al. 2013; Liu 
and Hu 2017; Xie et al. 2018), acoustic (Hardt and Schön-
feld 2007; Kiyasatfar and Nama 2018), electrical (Esseling 
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et al. 2012; Kumar et al. 2020), optical (Jonáš and Zem-
anek 2008; Conkey et al. 2011; Varanakkottu et al. 2013; 
Paiè et al. 2018), magnetic (Mirowski et al. 2004; Niu et al. 
2014), etc. Of these, hydrodynamic manipulation is a pas-
sive internal phenomenon based on the balance of the fluidic 
forces that cause migration of the particles to an equilibrium 
position and involves no additional energy consumption, is a 
relatively simple setup, and is independent of external force 
fields.

Hydrodynamic migration of particles inside a microchan-
nel is a function of the particle type, size, shape, volume 
fraction, fluid type, and channel wall geometry or curvature. 
By adjusting these variables, migration can be controlled 
reasonably and classified as either inertial or shear-induced 
type. Inertial migration occurs in flows with a particle Reyn-
olds number > 1. Here, particles move laterally orthogonal 
to the flow direction to an equilibrium position where the 
inertial drag and the inertial lift forces acting on them are 
balanced. Inertial microfluidics is an active field of study, 
considering it has various applications (e.g., Lee et al. 2011; 
Zhang et al. 2020; Segre and Silberberg 1962; Gao 2017; 
Martel and Toner 2014)).

On the other hand, shear-induced particle migration was 
also extensively studied in the literature and was initially 
observed by Karnis et al. (Karnis, 2, Goldsmith, H.L. and 
Mason, S.G. 1966). Numerical and experimental studies and 
phenomenological models (such as diffusive flux model and 
suspension balance model) have shown that particles migrate 
across the streamlines in pressure-driven flows. This migra-
tion was found to occur from the high-shear region near the 
walls to the low-shear region at the center of flow channels, 
e.g., refs. (Gadala-Maria and Acrivos 1980; Hampton et al. 
1997; Koh et al. 1994; Leighton and Acrivos 1987; Phillips 
et al. 1992; Nott and Brady 1994). Researchers also found 
that the normal stress on the particles generates the driving 
force required for their migration (Boyer et al. 2011; Mor-
ris and Boulay 1999; Dbouk and Habchi 2019). However, 
compared to inertial migration, shear-induced migration is 
a prolonged process requiring long channels. It was found to 
happen mainly in dense suspension flows (volume concen-
tration > 25%) with a particle Reynolds number < 1 (Karnis 
et al. 1966; Gadala-Maria and Acrivos 1980; Hampton et al. 
1997; Koh et al. 1994; Leighton and Acrivos 1987; Phillips 
et al. 1992; Nott and Brady 1994; Boyer et al. 2011; Morris 
and Boulay 1999; Dbouk and Habchi 2019).

Shear-induced migration of dilute suspensions has appli-
cations in particle separation, filtration, counting, detecting, 
sorting, or mixing in the food industry, coating industry, 
biological flows, material processing operations, medicine, 
petroleum industry, cosmetics and paints, injection molding, 
characterization of magnetic and ferrofluids, and thermal 
management of electronics (e.g., Yadav et al. 2015; Davis 
2019; Schroen et al. 2017; Dontsov et al. 2019; Goris and 

Osswald 2018; Hong et al. 2004; Rebouças et al. 2018; 
Siqueira et al. 2017a; Siqueira and Carvalho 2019; Cunha 
et al. 2016; Fan et al. 2003; Petrie 1999; Tripathi and Bég 
2014; Klaver and Schroën 2015; Kuravi 2009)). However, 
despite its utility, it is challenging to achieve in very dilute 
suspensions, which generally results in the same concentra-
tion distribution at the inlet, along the length, and at the 
microchannel outlet (Carlo et al. 2007).

This study aims to pursue a passive approach for manipu-
lating particles of very dilute suspensions (0.1% concentra-
tion) flowing through a microchannel. It is based on engi-
neering the channel wall geometry to favor a relatively rapid 
migration of particles to specific locations in the channel for 
easy separation, sorting, or detection. Toward this goal, sinu-
soidal waviness with an amplitude-to-wavelength ratio of 
0.2 was assigned to the microchannel walls. Wavy channels 
were previously studied in a few microfluidics applications, 
primarily for mixing using secondary flows (Bhagat et al. 
2010; Solehati et al. 2018; Zhou et al. 2018). However, they 
were not explored, especially from the point of view of par-
ticle manipulation of dilute suspensions. The velocity profile 
in a wavy microchannel was obtained using micro-particle 
image velocimetry (µ-PIV), and its effect on manipulating 
the particle concentration profile is discussed.

2 � Methodology

A μ-PIV setup was used for particle visualization experi-
ments. A schematic of this setup is shown in Fig. 1. It com-
prises an inverted microscope (Olympus IX73), an Nd:YAG 
dual-head pulse laser with a wavelength of 532 nm, an exter-
nal synchronizer, a charge-coupled device (CCD) camera, 
and a computer with DaVis 8.2 software installed for PIV 
analysis. The microscope was used to magnify the frame by 
20 times to focus the microscopic-sized particles in better 
resolution. A temporal resolution of 3 Hz was used for image 
acquisition, and 400 pairs of images were secured for each 

Fig. 1   Schematic of the μ-PIV flow visualization setup
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scenario of the experiment to capture and count the particle 
distribution in the microchannel.

A syringe pump was used to drive the flow in the setup 
since it provided a constant mean fluid flow rate throughout 
the experiment. Fluorescent particles of 2 μm and 6 μm were 
used to study their migration characteristics. For obtaining 
the velocity profiles, 500 nm seeding particles were used. All 
the particles have a refractive index of 1.59 at 589 nm, an 
excitation peak at 542 nm, and an emission peak at 612 nm.

A straight-walled channel with a width of 200 μm (W), 
80 μm of height (H) or depth, and 6 cm of length (L) was 
used in the experiments. Based on the fabrication feasibility 
provided by the available resources, a 300 μm-wide sinusoi-
dal wavy-walled microchannel (Eq. (1)) of the same height 
and length as the straight channel with a wavelength (λ) of 
400 μm and an amplitude (A) of 80 μm for the walls was 
prepared for studying the channel wall geometry effect on 
particle migration.

where x and y are the flow and lateral directions coordinates, 
respectively.

The migration phenomenon was studied along the width 
for both the straight and the wavy-walled microchannels, 
considering it is the cross-section's more challenging (i.e., 
larger) dimension. The channels were fabricated by uFlui-
dix (https://​www.​uflui​dix.​com/) in polydimethylsiloxane 
(PDMS) in four stages: preparing the negative master 
(mold), pouring PDMS into the mold, detaching PDMS from 
the mold, and bonding PDMS to a glass slide.

The particle suspension was loaded into a 3 ml syringe 
and placed in a syringe pump set to maintain the desired 
flow rate. The syringe was attached to one end of a 2 mm 
diameter transparent plastic tube using a Luer lock fitting, 
and the other end of the tube was connected to the inlet 
port of the microchannel with a barbed tube fitting. Another 
barbed tube fitting was used to connect the exhaust tube to 
the outlet port that leads to a recycle reservoir to reuse the 
particle suspension. The tubes used for the inlet and outlet 
were semi-rigid and not overly long to avoid increased pres-
sure drop in the setup. Figure 2 shows the schematics and the 
fabricated microchannels used in the experiments.

Particle volume concentrations of around 0.1% were used 
to simulate a very dilute suspension. The density of the par-
ticles (1050 kg/m3) is almost the same as the density of the 
base fluid (water) used, and therefore, they were assumed to 
remain neutrally buoyant in the mixture. Additionally, trace 
amounts of a surfactant were added to the mixture to prevent 
the agglomeration of particles in the suspension. Finally, the 
suspension was stirred adequately with a magnetic stirrer for 
two hours to achieve a homogeneous mixture. Table 1 shows 
the key parameters that varied in the experiments.

(1)y = A ⋅ sin
(
2�

�
x
)

Cases I and II were used to study particle migration, 
whereas Case III was used to obtain the velocity profiles in 
the straight and wavy microchannels. All the experiments 
were conducted in a pressure-driven flow configuration. 
Two flow rates were chosen such that the larger flow rate is 
approximately five times, the smaller one. The flow Reyn-
olds numbers (Re) for the straight channel are about 10 and 
50, corresponding to the two flow rates, and they are 8 and 
38 for the wavy channel. After achieving a fully developed 
flow, the laser was fired to illuminate the solid particles 
through the objective lens (volume illumination). A timing 
or trigger box was used to synchronize the camera and laser 
flashlight to capture clear pictures of particle behavior in the 
flow as they travel through the microchannel. The thickness 
of the viewing plane (laser sheet) is approximately 5 μm. A 
long-pass optical filter was utilized to eliminate the reflected 
light from the microchannel walls.

In this study, the graphs of velocity and concentration 
profiles were reported mainly for two regions of the micro-
channel: inlet and outlet. The data were collected at 1.2 mm 
from the channel's inlet (i.e., after three sine waves) for the 
inlet profiles. Similarly, for the outlet profiles, the study win-
dow was positioned at 1.2 mm before the channel outlet. The 
very low concentrations of the particles shown in Table 1 
were assumed not to affect the flow field.

Stokes–Einstein diffusion coefficient (DS-E in Eq. (2)) was 
calculated for both particle sizes to verify the absence of 
Brownian motion (Castillo et al. 1994).

In Eq.  (2), kb is the Boltzmann constant (= 1.380 × 
10–23 J/K), T is the temperature of the suspension in K, μ is 
the dynamic viscosity of the suspension, and R0 is the parti-
cle radius. The temperature was assumed as 290 K based on 
the room temperature measurements during the experiments. 
The corresponding DS-E for the 2 μm and 6 μm particles 
are 2.12 × 10–13 m2/s and 0.71 × 10–13 m2/s, respectively. 
These values are at least four orders of magnitude lower 
than the diffusion coefficients reported in prior studies on 
Brownian motion (e.g., Table 1 in ref. (Castillo et al. 1994) 
and Table 2 in ref. (Ould-Kaddour and Levesque 2000)). 
Therefore, Brownian motion was neglected in this study.

2.1 � Uncertainty analysis

An uncertainty analysis was conducted to ensure that the 
sampled number of images was sufficient to yield con-
sistent particle count results (or density or concentration) 
based on their spatial location. Seven hundred fifty pic-
tures of the inlet and outlet windows were captured for 
both channel geometries, which served as the baseline. For 

(2)DS−E =
kb ⋅ T

6� ⋅ � ⋅ R0
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a sample size of 400 images, the uncertainty in the particle 
count in the straight channel flow was found to be ~ 3.5% 
on average, whereas, for the wavy channel, it was ~ 2.4%. 
Table 2 lists the uncertainties for both the channels at their 
inlet and outlet locations.

Fig. 2   Schematics of the microchannels (top) and the top view of their fabricated counterparts (bottom). A thin transparent glass cover was used 
to seal and confine the flow in the microchannels and enabled visualization of the flow

Table 1   Parameters varied in 
the experiments for studying 
the effect of engineered wall 
waviness on particle migration

Particle size (μm) Volumetric flow rate 
(μL/min)

Volume concentration

Case I 2 77 & 384 0.095% for the particle migration study
Case II 6 77 & 384 0.130% for the particle migration study
Case III 0.5 77 & 384  ~ 0.0007% as appropriate for μ-PIV 

measurements for obtaining the velocity 
profiles

Table 2   Spatial uncertainty in the identification of particle locations 
in the captured images

Straight channel Wavy channel

Inlet 3.79% 2.61%
Outlet 3.11% 2.12%
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2.2 � Image processing algorithm

A MATLAB program was developed to process the images 
obtained using the μ-PIV setup, identify the particles, count 
the particles, and upload the data to a spreadsheet. The flow 
diagram of the algorithm for this program is shown in Fig. 3.

In the first step of the algorithm—while establishing the 
boundary regions for the channels—it was necessary to 
implement transformation matrices to rotate the coordinates 
of the straight line or the sinusoidal curve to account for 
a possible misalignment, if any, between the microfluidic 
device and the view plane of the camera. After establishing 
the boundaries for each section of the microchannel across 
its cross-section, a pixel intensity threshold was set for the 
entire channel to eliminate the out-of-focus particles, usually 
dimmer than the particles in focus. The process was repeated 
for all the images recognizing that the lighting conditions 
could vary depending on the location of the channel with 
respect to the laser source and the camera.

Next, images were cropped to fit a study win-
dow of 200  μm × 100  μm for the straight channel and 
375 μm × 100 μm for the wavy channel. The study win-
dow was later divided into 12 equal-sized grids or bins for 
the straight channel and 15 grids or bins for the sinusoidal 
wavy channel. Figure 4 shows the bins for both channels. It 
also indicates bins 4–15 marking the wavy channel width. 

Within the bins, the particles were identified based on their 
circumference, and each particle was assigned a distinct tag. 
The algorithm then gathered individual particle information 
such as area, diameter, intensity, and centroid in the X and 
Y axes. The procedure was repeated for all the images, and 
the data were stored in a variable. The average results were 
then saved in a spreadsheet along with the data on individual 
regions in the grid. Figure 5 shows the critical steps in this 
regard.

A micro-scale ruler was used to calibrate the pixel scale 
to a micrometer scale. Then, based on the calibration param-
eter, the pixel thresholds for 2 μm and 6 μm particles were 
decided. Finally, the particle size was calculated using par-
ticle sample images and the thresholds.

3 � Results and discussion

The particle concentration profiles in the straight and the 
wavy microchannels are displayed in Fig. 6 at the inlet 
and the outlet locations (described in Sect. 2) for particle 
sizes and the flow Re. In addition, the figure shows the bins 
(Sect. 2.2) for the microchannels and the concentration plots 
mapped over the vertical lines in the chart area correspond-
ing to the bins.

Though the concentration profiles for the straight and 
wavy channels are shown in the same plot for ease of pres-
entation, it must be noted that the size of bins is differ-
ent between them due to the difference in their respective 
widths. A surfactant was added in the experiments (Sect. 2) 
to avoid actual particle agglomeration. Yet, particles close to 
each other appeared to accumulate at a few spatial locations. 
For these particles, variation of light along the depth of the 
laser sheet was found to be the reason for this appearance.

Salient observations from this figure are as follows.

Set image boundaries 
for each region: inlet, 

center, and outlet

Establish pixel intensity 
threshold

Crop images to focus on 
the study window

Save edited images

Identifies particles in the 
edited image based on 

focus and intensity

Store each particle 
information

Separate particles based 
on size if applicable

Separate particles based 
on location in the created 

grid

Save information to a 
spreadsheet for particle 

counting

Fig. 3   Particle counting algorithm

Fig. 4   Width of the microchan-
nels established between the 
boundaries, Channel Wall I to 
the left and Channel Wall II 
to the right. The flow is in the 
vertical direction in the figure
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1.	 The profiles are not smooth due to the very dilute con-
centration of the suspensions. Furthermore, the concen-
tration in the images is further diluted due to capturing 
them in a 5-μm-thick plane (laser sheet thickness) in the 
height direction at H/2 from the above (Fig. 2). There-
fore, a high-fidelity image processing algorithm and an 
uncertainty analysis with hundreds of images were pur-
sued to handle the very low concentration (Sec. 2.2).

2.	 The particle migration where it occurred is shear-
induced.

3.	 The concentration profiles in the straight channel do not 
show a noticeable variation between the inlet and the 
outlet. The variations mainly were within the experi-
mental uncertainties (except close to the walls).

4.	 Relative to the straight channel, the concentration pro-
files in the wavy channel show a variation between the 
inlet and the outlet, even when including the experimen-
tal uncertainties and the fact that its width, W (of the 
migration plane), is 1.5 times larger than the straight 
channel. In other words, it is known that the shear gra-
dient will be smaller in wider channels, yet the particle 
migration is more notable in the wavy channels.

5.	 The concentration profiles seem to migrate and settle 
into two streams at the outlet of the wavy microchannel, 
e.g., in and near bins 4 and 5 and 10 and 11. This settling 
occurs because bins 4 and 5 are closer to the wave crest 
(on Channel Wall I in Fig. 4) in the image-capturing 
window, while bins 10 and 11 are closer to the previous 
wave crest (on Channel Wall II in Fig. 4) that is spatially 
located before the flow enters the imaging window.

6.	 Consistent with the theory, the settling of the particles 
into two streams—one near each wall—in the wavy 
microchannel appears to be more pronounced for larger 

particles (here, 6 μm) and higher flow Re (here, 38) 
based on the particle percentages shown on the y-axis.

These observations are discussed in detail in the subse-
quent paragraphs.

The migration mechanism was determined based on the 
particle Reynolds number (Rep), shown in Eqs. (3) and (4) 
(Carlo et al. 2007).

In Eq. (3), Dh (= 2∙W∙H/(W + H)) is the microchannel's 
hydraulic diameter, and Rec is the channel Reynolds num-
ber based on the maximum velocity of the fluid (Um) and is 
given by:

In Eq. (4), ρ is the density of the suspension, and μ is its 
absolute viscosity. A reasonable value of Um for the suspen-
sion flow can be estimated from mass continuity using ρ, the 
flow rates (shown in Table 1), and the microchannel cross-
sectional area (W X H). The absolute viscosity was obtained 
using Eq. (5) for diluted suspensions of concentrations less 
than 2% (Einstein 1906).

where μwater is the absolute viscosity of water and c is the 
particle concentration (= 0.1%).

(3)Rep = Rec ⋅
dp

2

Dh
2

(4)Rec =
� ⋅ Um ⋅ Dh

�

(5)� = �water ⋅ (1 + 2.5 ⋅ c)

Fig. 5   Particle identification and counting modules of the algorithm
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Fig. 6   Concentration profiles 
obtained from flow visualization 
in straight and wavy microchan-
nels for the flow of very dilute 
suspensions (~ 0.1% volume 
concentration) at flow Re < 100
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(b) 6 μm, Re = 8 (wavy) and 10 (straight)
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(c) 2 μm, Re = 38 (wavy) and 50 (straight)
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(d) 6 μm, Re = 38 (wavy) and 50 (straight)
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From Eq. (3), Rep was found to be 0.023 and 0.210 for 
the 2 μm and the 6 μm particles, respectively, for the flow 
through the straight channel for the larger Re of 50. For the 
wavy channel, the corresponding values were 0.014 and 
0.127, respectively, for the larger Re of 38. Since Rep is less 
than 1 for all the cases, the mode of particle migration can 
be assumed as predominantly shear-induced.

The third observation (for the straight channel) aligns 
with the theory of shear-induced migration for very 
dilute suspensions. The concentration distribution is the 
same at the inlet, along the length, and at the outlet of the 
microchannel.

The migration length (Lm) required to attain the equilib-
rium position—which is near the center of the microchannel 
for shear-induced migration—in the plane of observation 
(width, W) can be approximately estimated using Eq. (6) 
(Leighton and Acrivos 1987; Nott and Brady 1994). A 
highly conservative diffusion coefficient, d(φ), of 0.1 was 
assumed, which applies to 25% concentration suspensions. 
For a very dilute 0.1% suspension, the d(φ) value will be 
significantly smaller than 0.1.

The values of Lm for the 2 μm and the 6 μm particles were 
estimated as ~ 167 cm and ~ 19 cm, respectively. Considering 
the microchannel length in the present study is 6 cm, it is 
concluded that the particle migration phenomenon is only 
in the initial stages in the straight channel (W = 200 μm) at 
its outlet.

(6)Lm =
W3

12 ⋅ d(�) ⋅ dp
2

If Eq. (6) is assumed to be reasonable for obtaining a rough 
estimate of Lm for the wavy microchannel (W = 300 μm), its 
values for the 2 μm and the 6 μm particles will be ~ 562 cm 
and ~ 63 cm, respectively. However, relative to the straight 
channel, concentration profiles in the wavy channel were 
observed to show a variation between the inlet and the outlet. 
In the plane of view under consideration, high concentrations 
of particles were observed near the wave peaks or crests in 
the 6 cm effective microchannel length, which is only ~ 1% 
and ~ 10% of the Lm, respectively, for the two particle sizes. 
This rapid migration phenomenon of the particles toward walls 
in the wavy microchannel can be explained by discussing the 
flow velocity profiles.

The μ-PIV results for the flow through a straight microchan-
nel are shown in Figs. 7 and 8. For both the tested flow rates, 
it can be observed that the velocity profile across the channel 
width is symmetrically parabolic in agreement with the theory 
(which could be considered a validation of the test setup).

For example, for a two-dimensional flow scenario through 
the straight-walled channel—such as between two parallel 
plates separated by a width W—the symmetrically parabolic 
velocity profile is given by Eq. (7).

In Eq. (7), y is the spatial variable in the width direction (as 
described in Eq. (1)) and G = –(dP/dy), the pressure gradient. 
For Eq. (7), the magnitude of the wall shear stress (τw,straight) 
can be shown to be equal on either of the two walls (and 
perfectly symmetrical) in the straight-walled microchannel 
(Eqs. (8) and (9)).

(7)u(y) =
G

2�
⋅

[
y
]
⋅

[
y −W

]

Fig. 7   Velocity contours in the straight microchannel for Re = 10 (left) and 50 (right) as measured by the μ-PIV system
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The velocity field in the wavy microchannel is shown 
in Fig. 9 and noted to be different from that in the straight 
microchannel. It was asymmetric, with the high-velocity 
region alternately concentrated near the peaks of the two 
wavy walls, as shown in Fig. 10. In Fig. 11, plotting the 
velocity profile from the μ-PIV data when the wave crest is 
on Channel Wall I showed the maximum velocity to occur 
near this wall (Fig. 11b, angle φ = π/2). Similarly, plotting 
the velocity profile when the wave crest is on Channel Wall 
II showed the maximum velocity to occur near this wall 
(Fig. 11d, φ = 3π/2).

Based on these results, it is concluded that the velocity pro-
file oscillates between the two wavy walls while the fluid flows 
through the microchannel, and the sine curve's shape governs 
this oscillation. The velocity profile was approximately sym-
metric between the crest and the trough regions of any one 
wavy wall (Fig. 11c, φ = π).

The asymmetric velocity profile in the wavy channel can 
also be understood by developing a simple analytical solution 
for the two-dimensional flow case of a fluid akin to the paral-
lel plate flow theory discussed for the straight channel. In this 
case, the boundary conditions and the velocity profile for such 
a pressure-driven flow through two wavy parallel plates can be 
shown to follow Eqs. (10)-(13).

(8)�w = � ⋅

[
du

dy

]

y=0

(9)|||
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|||
=
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2
⋅W
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�2u

�y2
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�x

It can be shown from Eq. (13) that this asymmetric veloc-
ity profile creates an asymmetric wall shear stress (τw,wavy) 
for the wavy channel. The magnitude of τw,wavy varies in the 
lateral direction between a trough on one wavy wall and a 
crest on the opposite wavy wall, as shown in Eq. (14).

This variation in τw,wavy could be particularly significant 
(e.g., an order of magnitude difference between the values at 
the two opposite walls) if the amplitude and the wavelength 
of the sine wave are comparable to the channel size. As a 
reminder, W (= 300 μm), A (= 80 μm), and λ (= 400 μm) 
are comparable in the present study. A considerable varia-
tion in τw,wavy in the lateral direction, induces a large shear 
stress gradient in the fluid. This large gradient is postulated 
to move the particles toward the maximum velocity region 
(i.e., closer to the wave crests) where the shear stress is a 
minimum (the smallest slope of the curve in Figs. 10 and 
11).

Furthermore, from Fig. 11, it can be observed that the 
maximum velocity in the wavy microchannel for Re = 38 
decreases from ~ 0.9175 m/s to ~ 0.8856 m/s when the 
fluid moves from φ of π/2 to π, and it increases again 
to ~ 0.9190 m/s when flow approaches a φ of 3π/2. While 
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Fig. 8   Post-processed velocity profiles in the straight microchannel for Re = 10 (left) and 50 (right)
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the maximum velocity remains a constant at the centerline 
for the fully developed flow through a straight channel, 
this change in its magnitude—specifically the increase 
near the wave crests—in the wavy channel alludes to a 
flow-squeezing effect in the latter. This effect is expected 
to create a more significant variation in the local veloc-
ity field and the associated shear gradients. Due to this 
converging–diverging flow effect produced by the wavy 

microchannels, they might also be considered for control-
ling the particle alignment in suspensions of anisotropic 
particles with shapes such as ellipsoids or rods, e.g., car-
bon nanotubes and fibrous proteins and cells (Oumer and 
Mamat 2013; Trebbin et al. 2013; Siqueira et al. 2017b).

Particle migration is considerably slow compared to the 
rapidly changing velocity profile alternating between the 
two walls in the wavy microchannel. Hence, it is hypoth-
esized that once particles attain the lowest shear stress 

Fig. 9   Velocity contours in the wavy microchannel for Re = 8 (left) and 38 (right) as measured by the μ-PIV system

Fig. 10   Post-processed velocity profiles in the wavy microchannel (local values shown as V on the y-axis) for Re = 8 (left) and 38 (right) at an 
angle of π/2 for the sine wave
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position closer to the wave crest of a wall, they follow the 
same path between any two crests of that wall (vs. oscil-
lating between the two walls). This hypothesis implies that 
particles in the flow will align into two streams, one near 
each wavy wall. This phenomenon could be conveniently 
used for achieving their separation, sorting, or filtration in 
many chemical and biological applications. This hypoth-
esis was supported by the instantaneous images of the sus-
pension flow captured using the μ-PIV setup, especially for 
the 6 μm particles (Fig. 12) that migrated or settled faster 
than the 2 μm particles.

Of note from the results of the μ-PIV measurements of 
the velocity profiles is the absence of secondary flows in 
the wavy microchannel for achieving the observed particle 
migration (Figs. 9–11). This aspect contrasts with the pas-
sive approaches that use channel curvature (e.g., spiral chan-
nels) to generate secondary flows and a resulting additional 
drag force to aid in the particle migration, but which also 
increases the pressure drop required for moving the suspen-
sion through the microchannel. As a theoretical basis for 
this note—for the cases pursued in this study—the Dean 

Fig. 11   Velocity profiles for the flow through the sinusoidal wavy microchannel (local values shown as V on the y-axis) at different locations on 
the wave along the flow length for a flow Re of 38
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number (De) was calculated. It was found to be 11, and 53 
for the two flow rates sought in this study, implying a lack 
of secondary flow due to the wall waviness.

4 � Conclusions

In this effort, two-dimensional waviness was assigned to 
the walls of a confined microchannel. Flow visualization 
was employed to study whether this passive approach could 
influence the shear-induced migration phenomenon in a very 
dilute suspension (0.1% concentration) for flow Reynolds 
numbers less than 100. The approach was tested for two dif-
ferent particle sizes (2 μm and 6 μm) and two flow rates in a 
pressure-driven flow configuration. The following notes and 
conclusions are drawn from this study.

1.	 For the straight microchannel, the concentration profiles 
did not show a noticeable variation between the inlet 
and the outlet locations, in line with the theory of shear-
induced migration of very dilute suspensions.

2.	 Relative to the straight microchannel, the concentration 
profiles in the wavy microchannel—that is 1.5 times 
wider than the straight microchannel—showed that the 
migration process has started to stabilize for a substan-
tially smaller effective microchannel length than the 
theoretical length required for the particles to occupy 
an equilibrium position in a straight microchannel.

3.	 For the wavy microchannel, the concentration profiles 
appear to settle into two streams at the outlet, one near 
each wall. These two streams were found to be closer to 
the wave crests of the walls and follow the same path 
between any two crests of one wall. This unique migra-
tion phenomenon can be conveniently used for particle 
separation, sorting, or filtration in many chemical, bio-
logical, and biomedicine applications.

4.	 Of particular note is that the observed particle migration 
in the wavy microchannel was achieved without second-
ary flows that typically cause an increase in the pressure 
drop or the pumping power requirement.

5.	 Due to the converging-diverging flow effect produced by 
the wavy microchannels, they might also be considered 
for controlling the particle alignment in suspensions of 
anisotropic particles with shapes such as ellipsoids or 
rods, e.g., carbon nanotubes and fibrous proteins and 
cells.
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