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c

Inertial microfluidics functions solely based on the fluid dynamics at relatively high flow speed. Thus,
channel geometry is the critical design parameter that contributes to the performance of the device. Four
basic channel geometries (i.e., straight, expansion-contraction, spiral and serpentine) have been proposed
and extensively studied. To further enhance the performance, innovative channel design through
combining two or more geometries is promising. This work explores embedding periodic concave and
convex obstacle microstructures in sinusoidal channels and investigates their influence on particle inertial
focusing and separation. The concave obstacles could significantly enhance the Dean flow and tune the
flow range for particle inertial focusing and separation. Based on this finding, we propose a cascaded
device by connecting two sinusoidal channels consecutively for rare cell separation. The concave obstacles
are embedded in the second channel to adapt its operational flow rates and enable the functional
operation of both channels. Polystyrene beads and breast cancer cells (T47D) spiking in the blood were
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respectively processed by the proposed device. The results indicate an outstanding separation
performance, with 3 to 4 orders of magnitude enhancement in purity for samples with a primary cancer
cells ratio of 0.01% and 0.001%, respectively. Embedding microstructures as obstacles brings more
flexibility to the design of inertial microfluidic devices, offering a feasible new way to combine two or more
serial processing units for high-performance separation.

1 Introduction
The ability to separate biological cells or micrometre-scale
particles is imperative in biological studies, cellular analysis,
pharmaceutical drug development, cell therapy, and chemical
industries.1–3 Conventional separation methods such as
filtration, centrifugation, magnetic-activated cell sorting (MACS)
and fluorescence-activated cell sorting (FACS), can effectively
separate particles/cells.4,5 However, these separation techniques
are limited by either high cost (labelling agent, magnetic beads
and sophisticated equipment), altered cell viability and
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functionality by fluorophores and antibodies, demand for
highly-skilled operators, clogging and fouling, or extended
processing time.6–10
Microfluidics has emerged as a promising alternative
technology that offers unparalleled capabilities for precisely
manipulating and separating cells, even at a single-cell
level.11 Generally, microfluidic technologies can be
categorised as active and passive technologies based on the
source of manipulating forces. The active technologies utilise
external sources such as electrical,12–14 magnetic,15,16
acoustic,17,18 optical19,20 and thermal21,22 fields. In contrast,
passive technologies rely on intrinsic channel geometry, fluid
rheology or fluid dynamics, including microfilters,23,24
pinched flow fractionation (PFF),25,26 deterministic lateral
displacement (DLD),27,28 inertial29–31 and viscoelastic
microfluidics.32,33 In general, active methods have excellent
cell manipulation accuracy by adjusting external force fields
in real-time, but the throughput is generally low. In contrast,
passive technologies are simple, easy to operate, and have
relatively high throughput.
Inertial microfluidics, as a passive technology, attracts
significant attention due to the superior advantages such as
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low cost, high throughput, simplicity and precise
manipulation.4,34 The balance of inertial lift force35 and Dean
drag force36 determines the equilibrium positions of particles
within channel cross sections. In particular, the inertial lift
force and Dean drag force scale differentially with the particle
size, leading to distinct size-dependent focusing positions for
particles and, consequently, size-dependent separation.37
Channel geometry and dimension are the critical design
parameters for inertial microfluidic devices. Four typical
geometries have been extensively studied for inertial focusing
and
separation,
including
straight,38,39
expansion–
40,41
42,43
contraction,
spiral
and serpentine channels.44,45
Microfluidic devices based on these channel geometries have
been studied and applied for a wide range of biomedical
applications such as blood cells separation,46 isolation of
circulating tumour cells (CTCs),47 bacteria separation,48 algae
sorting,49 plasma extraction50 and solution exchange.51
To further leverage secondary flows in inertial
microfluidics, innovative channel designs that combine two
or more geometric features have been explored.52 Geometries
such as long loops and sharp corners,53,54 asymmetric
sinusoidal,55 localised and periodic expansion-contractions
obstacles,54,56 spiral57 and herringbone grooves and sawtooth
walls58 have been superimposed on the spiral channels.
However, merging other structures in the sinusoidal channels
has rarely been studied.59 Lu et al.59 embedded a microsquare array to construct periodic contractions in a
curvilinear channel. This design could enhance inertial lift
force at the micro-square zone and produce localised
secondary Dean flow in addition to the global Dean flow. The
sorting device improved the separation resolution, achieving
a submicron separation resolution of 0.5 μm and highefficiency purification (160-fold enrichment) of Candida
species from the whole blood. However, there is still a
significant knowledge gap. For example, what are the
different effects of convex and concave obstacles on inertial
focusing? How does the size of obstacles influence particle
focusing and separation? Moreover, single processing
through one unit is always inadequate for separating rare cell
samples. A promising solution is to connect two or more
functional units serially so that samples can be purified
consecutively during single processing.3 However, the
functioning of inertial channels is highly dependent on fluid
flow speed, and there is a lack of a way to adapt the flow rate
between upstream and downstream channels.
In this work, we systematically investigated the effects of
concave and convex obstacles on inertial focusing and
separation in sinusoidal channels. We patterned a series of
semi-circle microstructures symmetrically on the two
sidewalls of the sinusoidal channel and studied the effects of
the concave and convex on Dean vortex by numerical
simulation. Besides, we utilised the polystyrene beads with
different sizes (5, 10, 15, and 20 μm in diameter) to
characterise the influence of obstacle structures on particle
inertial focusing behaviour. We found that concave obstacles
could significantly enhance the Dean flow and tune the
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operational flow range for particle separation. We proposed a
cascaded device by connecting two sinusoidal channels
consecutively for rare cells separation based on the finding.
The concave obstacles were embedded into the second
channel to adapt its operational flow rates. To evaluate the
performance of the cascaded channel device, polystyrene
beads (10 and 15 μm) were separated, and the purity of the
target 15 μm particles increased from 0.29% to 77.50%, with
267-fold enrichment. In addition, the proposed device
processed breast cancer cells (T47D) spiked in blood. The
results
demonstrated
an
outstanding
separation
performance, with a purity enrichment of 7041 and 19 854
times for the sample with a primary cancer cells ratio of
0.01% and 0.001%, respectively. We believe that
microstructures as obstacles bring more flexibility for
designing inertial microfluidic channels, offering a
promising way to develop integrated microfluidic devices for
rare cell separation.

2 Theory
2.1 Inertial lift force
In a Newtonian fluid, inertial migration is the phenomenon
that random particles migrate to cross-sectional equilibrium
positions after a long distance.35 In general, the inertial
migration occurred in the intermediate Reynolds number
h
(∼1 < Re < ∼100, Re ¼ ρUD
μ , where ρ is the fluid density, U
is the average flow velocity, μ is the dynamic viscosity, and Dh
is the hydraulic diameter52) between Stokes flow (Re ≪ 1)
and turbulent flow.4,34 Particles inertial migration is a
combinatory effect of shear-gradient-lift force FLS, directing
particles toward the channel walls, and wall-lift force FLW,
repulsing particles toward the channel centre.60 Assuming
that the particle is much smaller than the channel
dimension, the net inertial-lift force FL is expressed as4
FL ¼

ρU 2 a4
f
Dh 2 L

(1)

where a is the particle diameter and fL is the dimensionless
coefficient of inertial-lift force, which is a function of the
particle size, cross-sectional position, and Reynolds number.
2.2 Dean vortex
In a curved channel, the fluid velocity in the centre is faster
than the near-wall region, which induces a pressure gradient
along the radial direction. Therefore, fluid near the centre
with larger inertial momentum tends to flow outwards
around the curved region and pushes the fluid near the wall
to move inward along the circumference. This phenomenon
results in two counter-rotating vortices termed Dean vortex in
the cross-sections of channels.4,60,61 The magnitude of the
rotational flow velocity scales as60
UD ∼

De2 v
Dh

(2)
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where v = μ/ρ is the kinematic viscosity of the fluid. The
dimensionless Dean number De is to describe the strength of
Dean flow, which can be expressed as35
rﬃﬃﬃﬃﬃﬃ
Dh
De ¼
Re
(3)
2R
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where R represents the radius of the channel curvature.
Furthermore, assuming the particles are kept stationary in
the channel cross section. Based on the Stokes law, the
magnitude of the Dean drag force, FD, can scale as61
FD ∼

μ2 aDe2
ρDh

(4)

The synergistic effects of inertial lift and Dean drag forces
determine the inertial focusing behaviour and equilibrium
positions in a curved channel.37,61 The inertial lift forces tend
to maintain particles at specific cross-sectional locations
within the channel. In contrast, the Dean drag force is prone
to entrain particles to follow the counter-rotating streamlines
of vortices. When FL ≫ FD, the inertial lift force is dominant,
and particles migrate to the equilibrium positions
independent of the Dean flow. When FL ≪ FD, Dean drag
force dominates the behaviour of particles, and the particles
remain entrained within the Dean flow. Only at the
intermediate range where two forces are in the same order,
the inertial equilibrium positions can be modified by the
Dean flow.4
The relative ratio between inertial-lift force and Dean drag
force scales as:61
FL
Ra3
∼
f
FD
Dh 4 L

(5)

62

 2
p1ﬃﬃﬃﬃﬃ Dh ,
Re a

Since Zhou and Papautsky's study

suggests f L ∼

thus
FL
Ra
∼
Dh 2:5 U 0:5
FD

(6)

It has been demonstrated that the micro-obstacles could
influence the strength of local secondary flow.59 Adding
obstacles near the sidewalls of channels could modify the
local channel dimensions, adjusting the strength of the local
secondary flow and the relative strength of the two forces.
The modified Dean flow breaks the original balance with the
inertial-lift force, and particles migrate to new equilibrium
positions. Finally, in this way, particle inertial focusing and
separation can be precisely tuned by varying the size of the
embedded local obstacles.

3 Materials and methods
3.1 Design and fabrication
In this work, we studied the effects of obstacles on inertial
focusing and separation in the sinusoidal channels. The
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width (W) and curvature radius (R) of the primary sinusoidal
channels were 300 and 375 μm, respectively. The whole
channel consisted of 19 repetitive sinusoidal periods, which
are sufficiently long for complete inertial focusing of
particles. The periodic semi-circular microstructures were
patterned symmetrically on the two sidewalls of the
sinusoidal channels, Fig. 1(A). We defined the sinusoidal
channel without obstacles and with inward and outward
obstacles as non-obstacle, concave obstacle and convex
obstacle channels for short, respectively. The radius r of
obstacles is defined as negative to indicate concave obstacles
and positive for convex obstacles. The radius (r) of concave
and convex semi-circle obstacles was −75, −100, and −125, 50,
75, 100, 125, and 150 μm, respectively. The height of the
channels is constant at 50 μm. All the microfluidic devices in
this work were fabricated by standard photolithography and
polydimethylsiloxane (PDMS) soft lithography.63
3.2 Particles preparation
Four sets of spherical polystyrene microbeads of 5, 10, 15,
and 20 μm in diameter were suspended into deionised (DI)
water. The particle-weight ratio in the suspension was
approximately 0.05%. Tween 20 (Sigma-Aldrich, product no.
P9416) was added into the suspension as a surfactant at a
weight ratio of 0.1% to prevent particle aggregation. To
characterise the separation performance of the devices, a
binary mixture of 10 μm and 15 μm polystyrene particles was
prepared in DI water, and the concentration of 10 μm and 15
μm polystyrene particles was 2.248 × 106 and 6.460 × 103
counts per mL, respectively.
3.3 Blood and cancer cells preparation
Blood was collected from healthy humans via venepuncture
into vacutainers containing 1.8 mg mL−1 of the anticoagulant
K2EDTA. Experimental procedures were completed within 6 h
of initial blood collection. The acquisition and use of the
blood samples were approved by the Griffith University
Human Research Ethics Committee (protocol number: 2021/
773), and the informed consent was obtained from donors.
All experiments were performed in compliance with the
relevant laws and followed the institutional guidelines. T47D
cancer cells (human breast cancer) were obtained from
American Type Tissue Culture (ATCC, Manassas, VA, USA).
The cells were cultured in T75 flasks in a humified
atmosphere at 37 °C, 5% CO2 using Dulbecco's modified
eagle medium/Nutrient Mixture F-12 (DEME/F12), 10% heatinactivated fetal bovine serum (FBS), and 1% penicillin/
streptomycin. All cell culture reagents were obtained from
Gibco-Thermo Fisher Scientific (Waltham, MA, USA). The
cells were harvested and stained with Mitotracker Green FM
(Thermo Fisher Scientific, Eugene, OR, USA) to facilitate
visual discrimination through fluorescence. Briefly, the
harvested cancer cells were centrifuged to obtain a cell pellet.
Then, the supernatant was aspirated, and the cell pellets were
resuspended in Mitotracker Green FM (100 nM) solution. The
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Fig. 1 (A) Schematics of symmetric sinusoidal microchannels with (i) no obstacle, (ii) concave obstacles and (iii) convex obstacles. (B) Numerical
simulation of the main flow and Dean flow at different cross-sections in (i) no obstacle channel, (ii) concave obstacle channel and (iii) convex
obstacle channel. The colour legend indicates the velocity magnitudes of the main and Dean flows. The arrow represents the fluid velocity at each
cross-section. (C) The average Dean velocity at the cross-sections “O-A” to “O-E” in three different channels. (D) The influence of radius of
obstacles on the magnitudes of Dean flow and its components along Y and Z axes at the cross-section O-C. The resultant Dean velocity and both
components increase rapidly with the obstacle radius for the concave structures, but the increment rate is much lower for the convex obstacles.
We define that radius value is negative in concave obstacles and positive in convex structures. The flow rate is 500 μL min−1 (Re = 47).

sample was kept for incubation for 30 min at room
temperature. Next, the cells were washed three times using
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PBS by centrifugation. After that, to quantify the performance
of the proposed device on cancer cells separation, the cancer

This journal is © The Royal Society of Chemistry 2022

View Article Online

Lab on a Chip

Paper

cells were spiked into the diluted (1/50) whole blood at the
concentrations of approximately 9.3 × 103 and 1.0 × 103
counts per mL, respectively.
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3.4 Experimental setup and data analysis
The inertial microfluidic chip was placed on the stage of an
inverted microscope (Nikon, Eclipse TS100). A syringe pump
(SHENCHEN ISPLab02) was used to infuse the particle
sample into the devices. The flow rate varied from 100 to
2100 μL min−1 with an incremental interval of 100 μL min−1.
Meantime, a high-speed CCD camera (Photron, FASTCAM
SA3) was mounted on the microscope to record the video of
trajectories of single particles using an exposure time of 2 to
50 μs. Each video was comprised of about 200 frames. The
open-source software ImageJ (National Institutes of Health)
was applied to process and analyse captured videos. We used
colour-coded maps to illustrate the particle distribution
quantitatively in the microchannel, and each colour
represents the normalised frequency of particles at the
specific lateral position.61 In addition, we defined the purity,
recovery and enrichment to quantitatively compare the
separation performance of the single-channel and the
cascaded channel.
Purity (P) is the ratio of target particle number
([Ntarget]outlet/inlet) to the total number of particles ([Ntotal]target
outlet/inlet) at the same outlet/inlet.

P¼

N target


outlet=inlet

½N total outlet=inlet

(7)

The recovery (RE) is defined as the ratio of the number of
target particles at the specific outlet ([Ntarget]target outlet) to the
total number of target particles at the inlet([Ntarget]inlet).


N target outlet

RE ¼ 
N target inlet

(8)

Meanwhile, enrichment (E) is defined as the ratio of purity
of target particles at the outlet (Poutlet) divided by the purity
of target particles at the inlet (Pinlet).


N target =N total outlet
P outlet

E¼
¼ 
P inlet
N target =N total inlet

(9)

4 Results and discussion
4.1 Concave and convex obstacles enhance Dean vortices
It has been well known that two symmetric counter-rotating
vortices, Dean vortices, arise in curved channels due to fluid
inertia mismatch at the curvature.34 Besides, the obstacle
microstructures can induce localised secondary flow.64,65
Therefore, patterning the obstacle microstructures in the
curvilinear channels is expected to modify the Dean flow by
combining global and localised secondary flows.

This journal is © The Royal Society of Chemistry 2022

Consequently, the particle inertial focusing behaviour will be
altered since the competition of Dean drag force and inertial
lift forces determines the inertial particle migration in
curvilinear channels.4,60,61
We studied the Dean flows in the sinusoidal channels with
no-obstacle, concave and convex obstacles by numerical
modelling in COMSOL Multiphysics, Fig. 1. The magnitude
of Dean flow velocity was enhanced after patterning the
concave and convex obstacles, Fig. 1(B) and (C). Interestingly,
the Dean flow in the convex obstacles channel was much
weaker than that of the concave obstacles. For example, the
average Dean flow velocity of the convex obstacle channel (r =
100 μm) was about 1.5 times that of the no-obstacle channel.
However, the average Dean flow velocity was more than a
4-fold enhancement for the concave obstacle channel (r =
−100 μm). To explain the mechanism, we assume that the net
Dean flow is a combination of two components: channel
curvature (R)-induced secondary flow, which is the result of
curvature in sinusoidal channels, and obstacles (r)-induced
secondary flow, which is caused by sudden expansion–
contraction obstacles. The obstacles (r)-induced secondary
flow induced by concave obstacles was much stronger than
convex structures, Fig. S1.† Besides, the concave obstacles
cause contraction of the channel, and the central flow
velocity increases significantly near the obstacle regions,
consequently enhancing the local flow Reynolds number.
Based on eqn (3), the channel curvature (R)-induced Dean
vortices are strengthened. However, the channel curvature
(R)-induced Dean vortices are reduced in the convex obstacle
channel because the central flow velocity slows down near
the obstacle regions due to the expansion of the channel.
Therefore, the net Dean flow in the concave obstacle channel
is stronger than the convex obstacle channel.
Furthermore, we studied the influence of obstacle size on
Dean flow velocity. The magnitude of Dean flow and its two
components along the Y and Z axes are shown in Fig. 1(D). The
Dean flow increased with increasing obstacle radius for the
concave and convex obstacle channels, but the increment rate
for the concave obstacle channels was much faster than the
convex ones. For the same obstacle radius, the velocity of Dean
flow and its two components along the Y and Z axes in the
concave obstacle channels were much larger than that in the
convex counterparts. As we know, the Y-axis component of Dean
flow facilitates inertial particle focusing toward channel
centreline, and the Z-axis component negatively hinders the
particle focusing due to its mixing effects.34,56 Therefore, a large
Y-axis component of Dean flow could advance the particle
focusing, although a large Z-axis component may bring forward
the emergence of particle defocusing in the concave obstacle
channels. Based on the above analysis, we hypothesise that the
concave structure is better for modifying the Dean vortices. By
controlling the dimension of the concave obstacles, the strength
of the Dean vortices can be tuned, subsequently adjusting the
particle inertial focusing behaviour in the curvilinear channels.
In the following sections, we experimentally tested these
hypotheses.
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4.2 Particle inertial focusing in concave and convex obstacle
channels
In this section, we experimentally tested the inertial focusing
behaviour of particles in the no-obstacle, concave and convex (r
= 100 and −100 μm) obstacle channels. Four sets of polystyrene
beads (5, 10, 15 and 20 μm in diameter) were respectively
infused into each channel at the flow rate from 100 to 2100 μL
min−1. The focusing patterns under different flow rates
(Reynolds numbers) were plotted in Fig. 2(A) to (C). The particle
focusing trend in both obstacle channels was similar, consistent
with the channel without obstacles, Fig. 2(A) to (C).30,37,61 At a
relatively low Reynolds number, particles focused near the two
sidewalls as two streaks. Within this region, the Dean vortices
are too weak to alter the original inertial equilibrium positions
near the channel sidewalls. With increasing Reynolds number,
the Dean vortices become sufficient to compete with inertial lift
forces and modify the inertial focusing. The two focusing
streaks gradually shifted toward the channel centre. They
combined as a single focusing line in the middle region when
the Reynolds number was over a threshold, defined as the
critical Reynolds number (ReC). A single central focusing pattern
could maintain at a certain range of Reynolds numbers.

Lab on a Chip
However, further increasing the Reynolds number, Dean
vortices became too strong, and the mixing effects dominated.
The single focusing pattern was disrupted and converted to
complicated phenomena.
Furthermore, ReC representing the transition of the twosided focusing pattern to the single central focusing was
highly dependent on particle size for both channels,
Fig. 2(D). The larger the particles size is, the smaller the
critical Reynold number. It means that a lower flow rate is
needed to achieve the central focusing pattern for larger
particles. In addition, the concave and convex obstacles can
modify the inertial focusing behaviours in the sinusoidal
channels. ReC in the concave obstacle channel (r = −100 μm)
was much lower than the no-obstacle and convex obstacle (r
= 100 μm) channels for the identical particles. For example,
for 20 μm particles, ReC for the concave obstacles channel
was about 23, but it was over 90 for the convex obstacle
channel. This is because the induced Dean vortices in the
concave obstacle channel are much stronger than that in the
convex obstacle channel, from the numerical simulation in
Fig. 1(c). Therefore, the Dean vortices advance the central
inertial focusing pattern at much lower flow rates (Reynolds
number) in the concave obstacle channels.

Fig. 2 Inertial focusing of particles (5, 10, 15 and 20 μm in diameter) in (A) no obstacle channel (r = −100 μm), (B) concave obstacle channel (r =
−100 μm) and (C) convex obstacle channel (r = 100 μm). (D) The critical Reynolds number ReC for particles in the no-obstacle channel, concave
obstacle channel and convex obstacle channel. ReC decreases with increasing the particle size. Besides, ReC for the concave obstacle channel (r =
−100 μm) is much lower than the no-obstacle and the convex obstacle channels (r = 100 μm). In contrast, the ReC of the convex obstacle channel
is lightly higher than the no-obstacle channel. The critical Reynolds number (ReC) is the minimum value where two focusing streaks convert into a
single central focusing pattern.
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4.3 Effect of obstacle size on particle inertial focusing and
separation
This section systematically investigated the effects of the
obstacle size on inertial focusing. Both 10 μm and 15 μm
particles were tested in all the channels at the flow rate from
100 to 2100 μL min−1, Fig. 3(A) and (B). The radius of
obstacles (r) varied from −125 to 150 μm in this study. The
concave obstacles remarkably advanced inertial particle
focusing. The larger the concave obstacle size is, the lower
the critical Reynolds number (ReC) is needed to transform
the two-sided focusing pattern into the single focusing
pattern, Fig. 3(C). In addition, the area of flow rates (or
Reynolds numbers) for both two-sided and single central
focusing shrank when increasing the concave obstacle size,

Paper
and the particle defocusing pattern brought forward at a
lower flow rate, Fig. 3(A) and (B). These phenomena can be
explained by the rapidly boosted Dean flow velocity when
increasing obstacle size in the concave obstacle channels,
Fig. 1(D). Therefore, the enhanced Dean flow modifies
inertial focusing at a relatively low Reynolds number and
advances the appearance of particle defocusing. These
experimental results also validated the above theoretical
prediction.
In contrast, the size of convex obstacles had minimal
influence on the particles focusing. The convex obstacle
channels with different obstacle sizes had a similar pattern map
of inertial focusing pattern – Reynolds number with the noobstacle channel (r = 0), Fig. 3(A)–(C). The critical Reynolds
number for the single central focusing varied minorly when

Fig. 3 The influence of radius of obstacles on inertial particle focusing for polystyrene particles with diameters of (A) 10 μm and (B) 15 μm. The
negative radius (r) value represents a concave structure, and a positive value indicates a convex structure. (C) The critical Reynolds number (ReC) in
obstacle channels with different obstacle radii. (D) The working flow rates (Reynolds number) region for the separation of 10 μm and 15 μm
particles in the concave and convex obstacle channels with various obstacle radii.

This journal is © The Royal Society of Chemistry 2022
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increasing obstacle radius, because the Dean velocity enhanced
slightly with the obstacle size, Fig. 1(D).
Finally, we examined whether obstacle microstructures
could affect the operational flow rate for inertial particle
separation. The transition of the two-sided focusing pattern
to the single central focusing depended on particle size. The
larger particles could obtain the central focusing at lower
flow rates than the smaller particles, Fig. 3(A) and (B).
Therefore, larger particles already focused at the channel
centre at a specific flow rate region, whereas the small ones
still aligned near two sidewalls of channels, enabling particle
separation by size. We determined the working flow rate
region for the separation of 10 μm and 15 μm particles in the
concave and convex obstacle channels with different obstacle
sizes, Fig. 3(D). We can see that the size of concave obstacles
can tune the working flow rates for separating the binary
particles. The larger obstacle size demands a lower working
flow rate range to separate the binary particles. In contrast,
the operational flow rates for the channels with various
convex obstacle sizes are relatively steady. Tuning the
operational flow rates for particle separation is important,
especially in integrating other units, where adaptation of flow
rates is demanded to enable the proper functioning of both
the upstream and downstream units.

4.4 Cascaded sinusoidal channels to enhance particle inertial
separation
Taking advantage of the above findings that the concave
obstacles can tune the operational flow range for particle
separation in sinusoidal channels, we designed an integrated
microfluidic device by connecting two sinusoidal channels
serially, Fig. 4(A). We joined the middle outlet of the first

Lab on a Chip
sinusoidal channel to the inlet of the second channel. To
enable the proper function of both consecutive channels, the
output flow rate of the middle outlet of the first channel
should meet the operational flow conditions of the second
one. Meanwhile, suitable fluid splitting at the end of the first
channel should also be maintained for particle separation.
From our tests, a flow rate of 1 mL min−1 was suitable for the
separation of 10 μm and 15 μm particles in the no-obstacle
sinusoidal channel, and the fluid division ratio of 1 : 3
(middle outlet : sided outlets) was suitable for effective
particle separation. Therefore, the working flow rate for the
downstream concave channel was about 250 μL min−1. Based
on Fig. 3(D), we determined the concave radius (r) of 100 μm
in the second channel.
Subsequently, we used a polystyrene beads mixture to
evaluate the performance of single channels and the
cascaded channel devices, respectively. A binary particles
mixture of 10 μm to 15 μm with a ratio of 1000 : 3 was
introduced to these devices. The separated particles were
collected and counted by a haemocytometer. The images of
particle trajectories at two trifurcation areas indicated
succeeding separation of particles in the cascaded devices,
Fig. 4(B) and the ESI† Video S1. A majority of 10 μm particles
were depleted, and the purity of the 15 μm at the target outlet
significantly increased, Fig. 4(B). Meantime, we compared the
separation performance of two single-channel and the
cascaded channel devices quantitatively, Fig. 4(C) and (D).
After a single process in the cascaded channel device, the
purity of the target 15 μm particles increased from 0.29% to
77.50%, with 267-fold enrichment. However, for the singlechannel devices, the purity of 15 μm particles enhanced only
to 7.99% and 13.66% for the no-obstacle and concaveobstacle (r = −100 μm) channel devices, achieving 27-fold and

Fig. 4 (A) The schematic of a cascaded sinusoidal channel device for particle separation. (B) Particles trajectories at the trifurcation area of two
channels (left), and particle samples from the inlet and the target outlet under a haemocytometer (right). The scale bar is 100 μm. (C) The
concentration and (D) purity of particle samples before and after single processing by the two single-channel devices and the cascaded channel
device. The error bars represent the standard deviation of three measurements.
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47-fold enrichment, respectively. Besides, the concentration
of 15 μm particles raised from 3.23 × 103 to 9.05 × 104 counts
per mL, with almost 30 times improvement, much higher
than both single-channel devices (∼4–6 times). Furthermore,
the recovery ratio of 15 μm particles was ∼92.43% for the
cascaded channel device. In summary, these results
demonstrate that the cascaded device offers a much better
separation performance than the single-channel device on
the aspects of purification and enrichment.

4.5 High-efficiency isolation of tumour cells from whole
blood by cascaded sinusoidal channels
Isolation of circulating tumour cells (CTCs) from peripheral
blood of cancer patients is a promising non-invasive liquid
biopsy for cancer diagnosis, prognosis and therapy
monitoring.66,67 Isolation of CTCs is challenging due to the
rarity of cells in the blood, and highly-efficiency purification

Paper
and enrichment are demanded. As a proof of concept, we
applied the cascaded sinusoidal channel device to separate
cancer cells from the blood samples to demonstrate its potential
application in rare cell isolation. We spiked the fluorescently
labelled breast cancer cells (T47D) in diluted (×1/50) whole
blood samples at 0.01% and 0.001%, respectively. Then, the
mixture samples were infused into the cascaded device at 1000
μl min−1. Since the sizes of the most blood cells are under 15
μm (platelets, RBCs, WBCs, approximately 1–3, 6–8, 10–15 μm,
respectively68), which are smaller than the most T47D breast
cancer cells (16–19 μm),29 size separation is feasible. After single
processing through the cascaded device, we collected the
purified samples from the middle outlet of the second channel,
and calculated the separation performance (e.g., purity, recovery
and enrichment).
The blood cells were continuously separated and depleted in
the cascaded channels, and the cancer cells were constantly
purified. At the first sinusoidal channel, blood cells were

Fig. 5 Separation of breast cancer cells from the whole blood by the cascaded device. (A) Brightfield images of blood cells at the trifurcation area
of the first and second channels, respectively. The spiking ratio of cancer cells in the blood is 0.01%. (B) Microscopic images of blood sample at
the inlet and target outlet under a haemocytometer. Only the breast cancer cells are stained with green fluorescence. The spiking ratio of cancer
cells in the blood was 0.01%. (C) The concentration and purity of blood and cancer cells before and after single processing through the cascaded
channel device. The ratio of spiking cancer cells in the blood is 0.01% and 0.001%, respectively. (D) The recovery ratio of cancer cells for the
cascaded device for the samples of cancer cells spiking ratios of 0.01% and 0.001%. (E) The photos of blood samples from the inlet and the target
outlets.
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relatively dense, and occupied a broad area at the trifurcation,
Fig. 5(A). While most blood cells were removed from the sided
branches, a small portion inevitably exited the middle outlet,
entering the second sinusoidal channel. At the second
sinusoidal channel, the blood cells were much less, and they
were tightly focused along the two sidewalls and efficiently
filtrated, Fig. 5(A) and the ESI† Video S2. These could be further
supported by the colours of blood samples before and after
separation, Fig. 5(E). Cancer cells were constantly focused on
the middle region of the channel due to its large size69 and
purified consecutively in the cascaded channels. Furthermore,
the brightfield and fluorescence images of samples from the
inlet and the target outlet further proved the effective
purification and enrichment of the breast cancer cells, Fig. 5(B).
There were a massive number of blood cells at the inlet, and
cancer cells barely could be detected. However, after the
cascaded device processing, cancer cells were highly purified
and concentrated, with the most blood cells removed, eventually
facilitating the detection of the cancer cells.
Furthermore, we quantitatively characterised the
separation
performance
of
the
cascaded
device,
Fig. 5(C) and (D). After single processing, cancer cells were
remarkably enhanced from 0.01% to 70.41% and from
0.001% to 20%, with 7041-fold and 19 854-fold enrichment,
respectively. Besides, the recovery ratio of cancer cells was
55.95% and 40.89% for the samples with initial cancer cell
ratios of 0.01% and 0.001%, respectively. The separation
performance of the developed cascaded sinusoidal device is
superior compared to the most reported single
devices23,37,56,69 and comparable to the state-of-the-art
integrated microfluidic systems70–74 on the aspects of
enrichment and final purity, Table S1.† It should be noted
that the cell recovery is generally compromised in the
cascaded devices because of the successive loss during
processing. One solution is to recirculate the blood sample
from the waste outlets to isolate more lost target cells and
enhance the recovery.
In addition, CTCs are extremely rare in the peripheral
blood of cancer patients, especially at the early stage, having
fewer numbers than 10 cells per mL (RBCs and WBCs are 109
and 106 in 1 mL whole blood).68 Therefore, to further exploit
the potential of the cascaded device, future works will study
the separation performance using equivalently low spiking
samples and the actual clinical samples. Besides, the whole
blood sample has platelets of small sizes (typically 2–4 μm in
diameter)75 and the inertial focusing of these small cells is
worse than the larger ones. The experimental results using 3
μm surrogate particles imply that most platelets will be
separated and only a small number of platelets will remain
in the central outlet with cancer cells, Fig. S2.†

5 Conclusions
In this work, we systematically investigated the influence of
concave and convex obstacle microstructures on the particle
inertial focusing and separation in the sinusoidal channels.
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The embedded obstacle microstructures enhanced the Dean
flow and modified particle inertial focusing behaviours. The
concave obstacles could tune the flow range (Reynolds
number) for particle focusing and binary particle separation.
Based on this finding, we proposed a cascaded device by
connecting two sinusoidal channels consecutively for rare cell
separation. The concave obstacles were embedded into the
second channel to adapt its operational flow rates. To
demonstrate the capability of the cascaded device,
polystyrene beads (10 and 15 μm) and breast cancer cells
(T47D) spiking in the blood were respectively processed by
the proposed device. The results demonstrated an
outstanding separation performance, with a purity
enrichment of 7041 and 19 854 times for the sample with a
primary cancer cells ratio of 0.01% and 0.001%, respectively.
In conclusion, embedding obstacle microstructures in the
sinusoidal channels brings more flexibility to the design of
inertial microfluidic devices, which offers a promising new
way to develop integrated microfluidic devices to combine
two or more serial functional units.
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