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Inertial microfluidics: current status, challenges,
and future opportunities

Nan Xiang * and Zhonghua Ni

Inertial microfluidics uses the hydrodynamic effects induced at finite Reynolds numbers to achieve passive

manipulation of particles, cells, or fluids and offers the advantages of high-throughput processing, simple

channel geometry, and label-free and external field-free operation. Since its proposal in 2007, inertial

microfluidics has attracted increasing interest and is currently widely employed as an important sample

preparation protocol for single-cell detection and analysis. Although great success has been achieved in

the inertial microfluidics field, its performance and outcome can be further improved. From this

perspective, herein, we reviewed the current status, challenges, and opportunities of inertial microfluidics

concerning the underlying physical mechanisms, available simulation tools, channel innovation, multistage,

multiplexing, or multifunction integration, rapid prototyping, and commercial instrument development.

With an improved understanding of the physical mechanisms and the development of novel channels,

integration strategies, and commercial instruments, improved inertial microfluidic platforms may represent

a new foundation for advancing biomedical research and disease diagnosis.

Introduction

Inertial microfluidics takes advantage of the inherent inertial
effects of microfluids at finite Reynolds numbers to passively

manipulate particles, cells, or fluids in a high-throughput and
label-free manner.1 Compared to active manipulation
techniques based on external factors (such as electric,2

magnetic,3 acoustic,4 and optical5 fields), inertial microfluidics
allows high throughput processing, a simple channel geometry
for easy fabrication, and passive and external field-free
operation. Although research on inertial effects in macroscopic
flows dates back to 1960s6 or even earlier,7 the concept of
inertial microfluidics was first proposed in 2007.8
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Over the past 15 years, inertial microfluidics has attracted
increasing interest and has been widely employed for the
rapid mixing of different specimens,9 efficient focusing,10

trapping,11 and sorting12 of cells, and for engineering fluid
interfaces.13,14 These sample pretreatment functions play an
important role in sheathless flow cytometric counting, label-
free cell mechanical phenotyping, electrical impedance
characterization, and cellular image analysis, among other
protocols.15,16 For example, inertial focusing enables cells to
pass through the detection region one by one at fixed
positions, which significantly reduces detection errors caused
by variations in the cell position and the presence of
multiplex cells in the detection region.10,17,18 Cell separation
is another important function of inertial microfluidic devices;
based on the differential focusing positions and statuses,
high-throughput and label-free cell separation can be
achieved based on differences in cell size, shape, and
deformability.19–21 Inertial cell separation has become an
important pretreatment method for the detection and
assessment of rare cell populations in large-volume complex
samples.

To realize efficient cell manipulation, diverse channel
geometries including spiral, straight, serpentine, and
contraction–expansion channels have been designed.22 In
addition, various new channel designs with modified planar
geometries and nonrectangular cross-sections have been
developed to achieve new manipulation functions and
improved performance. The bending of channel patterns and
the addition of design elements (such as expansion cavities
and micropillars) make particle migration physics more
complex.22–24 To date, many efforts have been made to
uncover the physics behind the phenomena and discover
new mechanisms for guiding and understanding the design
of devices through experimental and numerical approaches.
In addition to channel innovations, multistage, multiplexing,
or multifunction integration of inertial microfluidics has
been performed to achieve enhanced performance. The
fundamentals,1,25,26 computation,27 channel design,22 and
novel applications28 of inertial microfluidics are reviewed
elsewhere. The readers could also refer to some excellent
early comprehensive reviews.10,24,29 Although great success
has been achieved in the field of inertial microfluidics, an
improved understanding of the underlying physical
mechanisms and the development of novel channels,
integration strategies, and commercial instruments are still
needed for diversified applications.

Herein, instead of providing a comprehensive review, we
present the current status, challenges, and future
opportunities of inertial microfluidics. In contrast to previous
critical reviews, we focused on the aspects of physical
mechanisms, simulation tools, channel innovation,
multistage, multiplexing, or multifunction integration, rapid
prototyping, and commercial instruments. First, we introduce
the physical mechanisms and simulation tools available for
guiding device design, and we summarize the most recent
advances in channel innovation and multi-stage,

multiplexing, or multi-function integration for improved
performance or new functions. Finally, advances in rapid
prototyping techniques for the fabrication of novel inertial
microfluidics and development of commercial instruments
based on inertial microfluidics are presented.

New physical mechanisms and
simulation tools for guiding device
design

Various nonlinear flow phenomena are involved in inertial
microfluidics (Fig. 1). For example, inertial migration
induced by the inertia of microfluids at finite Reynolds
numbers causes lateral particle migration perpendicular to
the main flow streams, focusing the particles toward specific
equilibrium positions in the cross section.10,30 Furthermore,
new channels with increased curvature and sudden
expansion can induce additional flow phenomena of cross-
sectional Dean flow and planar vortexes, which modify the
equilibrium positions and accelerate the particle migration
process.1,22,24 The viscoelasticity effect, shear thinning, shear
thickening, and other viscoelastic instability effects will also
affect particle migration in most biological non-Newtonian or
viscoelastic fluids prepared by adding an artificial elasticity
enhancer of macromolecular polymers.31–34 Hence, coupling
these nonlinear flow phenomena in inertial microfluidics
makes it difficult to predict the particle migration process
accurately.

Although several studies have explored the separate flow
phenomenon in macroscopic flows, the understanding of
these coupled flow phenomena in microscale inertial flows
remains unclear. Recently, researchers have made great
efforts to improve the understanding of particle migration in
inertial microfluidics. Representative studies include the
particle focusing process along the channel,18,35 effects of
critical channel structures,36 flow rate,37–39 and fluid
properties8,38 on particle focusing in various channels,
modified force scaling of inertial lift force,40–42 formation
mechanisms of Dean flow,43,44 and particle–particle
interactions in the focused particle train.45 Although great
success has been achieved over the past few decades, there is
still room for improvement. First, systematic design rules are
lacking. Currently, device design is mostly based on
experimental trials and errors. Moreover, the universality of
most experimental observations and existing design rules is
poor, making the use of these findings or rules confined to
one device. Therefore, establishing universal design rules for
a specific type of channel will support the wide propagation
of inertial microfluidics. Second, the interpretation of most
new experimental observations still relies on speculation of
possible mechanisms. The scaling of forces in inertial flows,
such as inertial lift (FL which is the net lift force of a shear-
induced inertial lift force (FLS) and a wall-induced inertial lift
force (FLW)), Dean drag (FD), and elastic forces (FE), still
depends on those obtained from studies on simplified
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macroscopic flows. Some pioneering studies have noticed
this limitation and modified macroscopic equations for
microscale conditions;40,42 however, most of these modified
equations are suitable only for specific conditions. To
address this issue, microfluidic researchers should work
together with teams specializing in fluid mechanics. Third,
the competition between multiple forces remains unclear. An
improved understanding of force competition in inertial
microfluidics will enable the precise prediction of particle
migration. Forth, the current understanding on particle
migration physics is limited to microscale objects. Some
studies have successfully used inertial microfluidics for the
focusing or separation of sub-microscale particles.46,47 With
the assistance of viscoelasticity effects, the manipulation of
nanoscale materials has been realized.48,49 However, the
physical mechanisms for manipulating these nanoscale and
sub-microscale materials remain unclear. It is noteworthy
that many issues in inertial microfluidic physics should be
investigated further; herein, we refer to only a few from our
perspective.

In addition to design rules, simulations can help
researchers quickly design and optimize microfluidic
devices.27 Indeed, simulation can help predict the migration
trajectories of particles, flow field distributions, and other
flow details that are difficult to experimentally observe.
Currently, several computational fluid dynamics software
packages, including COMSOL and ANSYS, can quickly

simulate the flow and particle distributions in inertial
microfluidics. However, most of these commercial software
do not consider the finite volume of particles, particle–fluid
interactions, and deformation of biological particles. A direct
numerical simulation was proposed to calculate the steady-
state flow fields around a single particle fixed at a specific
cross-sectional position; thus, the inertial lift force acting on
the particles can be calculated.42 Nonetheless, this method
cannot simulate the dynamics of multiple particles in
complex channels. Currently, other advanced numerical
simulation methods for computational inertial microfluidics
are also available. For example, the lattice Boltzmann method
is a powerful mesoscopic simulation method for computing
fluid–structure interactions and addressing complex
boundaries, which when coupled with the finite element
method using the immersed boundary method can predict
the three-dimensional (3D) migration trajectory of particles,
particle–fluid interactions, and particle deformation, thereby
facilitating the elucidation of particle focusing
mechanisms.50,51 These advanced numerical simulation
methods play an important role in studying inertial
microfluidic physics but are difficult to use by researchers
from other disciplines without knowledge of programming
and fluid mechanics. As most end users are more focused on
the output results rather than on the physical and
mathematical aspects of the simulation process, a simulation
software with a graphical user interface is more attractive.

Fig. 1 Physical mechanisms (inertial migration, Dean flow, planar vortex, and viscoelasticity effect), simulation tools (commercial computational
fluid dynamics (CFD) software package, direct numerical simulation (DNS), lattice Boltzmann method (LBM)–finite element method (FEM)
–immersed boundary method (IBM), and FlowSculpt), and advanced technologies (imaging technologies and artificial intelligence (AI)) for guiding
the device design of inertial microfluidics. Images for illustrating the inertial migration, Dean flow, and planar vortex were reprinted from ref. 22
with permission, copyright 2020, The Royal Society of Chemistry. Images for illustrating the viscoelasticity effect were reprinted from ref. 34 with
permission, copyright 2019, Springer Nature.
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Recently, the Di Carlo Lab developed the FlowSculpt software
to predict and optimize the interfacial stretching of two
coflows14,52 and ultimately achieve an optimized design of
obstacle sequences for microfluidic mixing,9 flow sculpting,14

and microfiber fabrication.13 The development of this ready-
to-use software will greatly reduce the time required for
designing inertial microfluidics.

Experimental characterization is still the mainstream
approach for studying inertial microfluidic physics and is
mainly performed using a microscope and an attached high-
speed camera to observe the planar particle distribution in
the channels. To obtain the 3D particle trajectory,
technologies such as side-view imaging53,54 and confocal
imaging8 have been used to measure the particle distribution
in the vertical direction and cross section. However, many
advanced measurement technologies in macroscopic fluid
mechanics are still rarely used to study inertial microfluidic
physics, possibly because of the microscale limit. In the
future, the panorama of inertial microfluidic physics can be
clearly depicted with the assistance of these advanced
measurement and numerical simulation technologies
(Fig. 1). Moreover, artificial intelligence may also significantly

contribute to the design of inertial microfluidics. For
example, machine learning has been used to assist in the fast
prediction of inertial lift in inertial microfluidic channels,
which can then be integrated into the Lagrangian tracking
method to accurately predict the particle focusing in spiral
channels and channels with varied cross-sectional shapes.55

In addition, the separation of a desired sample could be
quickly regulated using machine learning with failure
experiments, which makes it possible to automatically
identify the best separation parameters when changing the
samples.56

Channel innovation for improved
performances or new functions

Commonly used channel geometries for inertial microfluidics
include spiral, straight, serpentine, and contraction-
expansion channels, and their corresponding modified
forms, which are appropriate for various applications
(Table 1).22 For example, the spiral channel is widely used for
particle separation based on differential focusing positions.
In spiral channels, differently sized particles will

Table 1 A summary of channel innovations in inertial microfluidics

Channel Spiral channel Serpentine channel Straight channel Contraction–expansion channel

Geometry

Dominant forces or
hydrodynamic effects

1. Dean drag force 1. Dean drag force 1. Inertial lift force 1. Dean drag force
2. Inertial lift force 2. Inertial lift force 2. Elastic force

(for viscoelastic fluids)
2. Inertial lift force

3. Elastic force
(for viscoelastic fluids)

3. Planar vortex
4. Elastic force
(for viscoelastic fluids)

Functions
(★representative function)

1. Separation★ 1. Focusing★ 1. Focusing★ 1. Trapping★
2. Focusing 2. Separation 2. Separation 2. Separation★
3. Concentration
4. Mixing

Features 1. Continuously varied
Dean drag force

1. Periodically varied
Dean drag force

1. Simple geometry 1. Vortex based trapping

2. Easy to miniaturize 2. Easy to parallel 2. Easy to parallel 2. Easy to parallel
Channel design
parameters

1. Cross-sectional dimension
(channel height and width)

1. Cross-sectional
dimension (channel
height and width)

1. Cross-sectional
shape and dimension
(channel height and width)

1. Cross-sectional dimension
(channel height and width)

2. Initial radius of spiral 2. Symmetry and
radius of serpentine
turns

2. Channel length 2. Dimensions of contraction
and expansion sections

3. Channel length 3. Channel length 3. Shape of expansion cavity
Modified forms 1. Archimedes spiral 1. Sinusoidal Straight channels with

rectangle, triangle, and
half-circle cross-sections

1. Conventional
contraction–expansion channel

2. Dean flow fractionation
(two inlets)

2. Square-wave 2. Channel orthogonally
arranged with a series of
constrictions in height

3. Trapezoidal spiral
channel

3. Triangular-wave 3. Channel with sequenced
micropillars

4. Double spiral
5. Spiral with ordered
micro-obstacles
6. Labyrinth spiral
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simultaneously suffer from the Dean drag force caused by
the Dean flow and the inertial lift force induced by the
inertial migration effect, thus occupying different focusing
positions to facilitate the separation of particles.57–59

However, the lateral positions of the focused particle trains
are very close in a spiral channel, which makes high-purity
separation challenging. To address this issue, Dean flow
fractionation (DFF) was developed by coflowing a sample flow
with an additional sheath flow.60,61 In DFF, the small
particles are unfocused and are confined within the original
sample flow, whereas the large particles migrate into the
sheath flow owing to the strong inertial lift force and Dean
drag force. Based on the above principle, the separation
accuracy can be greatly increased, but the throughput of the
sample flow is relatively low owing to the use of the sheath
flow. Nevertheless, this technique was successfully employed
for the isolation of sub-microscale circulating extracellular
vesicles from blood, which proves the high separation
accuracy of DFF.47,62 Another optimization approach that has
gathered significant attention is the change of cross-section
shapes from rectangle to trapezoid,54,63,64 which will allow
the regulation of the distribution of the cross-sectional Dean
flow and consequently the distance between the focused
trains of differently sized particles will be increased and the
separation accuracy will be enhanced. The trapezoidal spiral
channel can separate 10 μm and 12 μm particles with a
minimum size difference of 2 μm at a high throughput of 3
mL min−1,12 but it is difficult to fabricate using conventional
soft lithography. Other modified forms of spiral channels
include double spirals,65,66 spirals with ordered micro-
obstacles,67 and labyrinth spirals.68 In addition to separation,
the spiral channel has been used for enhanced sample
mixing,69 cell concentration for volume reduction,70 and cell
focusing for downstream single-cell detection and
encapsulation.71

Serpentine channels, including sinusoidal,8,37,38 square-
wave,72 and triangular-wave73 channels, have been widely
used for sheathless particle focusing. In contrast to spiral
channels, the Dean drag force varies periodically in
serpentine channels, which facilitates sheathless focusing of
differently sized particles.37 However, single-line focusing in
serpentine channels indeed allows for two focusing positions
to exist in the vertical direction (two-dimensional focusing),
which overlap from the top view creating the illusion of
single-line focusing. In addition to sheathless focusing, the
symmetric sinusoidal channel was recently used to achieve
cell separation based on the differential focusing statuses
(central and two lateral focusing positions) of differently
sized particles.38,72 However, separation can only be achieved
within a narrow operational flow rate range when the
focusing statuses of differently sized particles differ. The
straight channel is obviously the simplest channel geometry
in which the inertial migration effect enables the particles to
occupy multiplex focusing positions in the equilibrium cross-
section (four positions near the center of each channel side
for square cross-sections and two positions near the center of

long channel faces for rectangular cross-sections24). A
straight channel is particularly suitable for high-throughput
multiplexing parallelization, which was reported to achieve
up to 256 high-aspect-ratio channels for image-based
extreme-throughput flow cytometry.30 However, multiposition
focusing in a straight channel limits its application for
separation and downstream detection. To address this
limitation, straight channels with nonrectangular cross-
sections were developed to reduce the number of focusing
positions. Through the connection of channel sections with
rectangular, triangular, and half-circular cross-sections,
single-position focusing can be successfully achieved at the
cost of increasing fabrication complexity.74 Another
possibility to reduce the number of focusing positions is to
couple inertial focusing with viscoelastic focusing (the so-
called elastic-inertial focusing), which allows achievement of
3D focusing exactly at the channel centerline without using a
nonrectangular cross section.75 The contraction–expansion
channel can be regarded as a modified geometry of a straight
channel. The addition of contraction–expansion array
structures induces a cross-sectional Dean flow to differentiate
the focusing position for successful separation.76 In addition,
expansion cavities can induce planar vortexes for trapping
particles with diameters larger than a certain threshold.77

This working principle has been successfully employed for
cell separation,11,76–78 vortex-assisted electroporation,79 and
automatic straining.80 Other interesting contraction–
expansion channels include channels orthogonally arranged
with a series of constrictions in height81 and channels with
sequenced micropillars,82 among others.

Although some channel innovations have achieved great
success, the optimization and modification of most channels
remain aimless. In most previous works, new functions and
performance improvements were achieved at the expense of
increased fabrication complexity or reduced processing
throughput. In the future, novel channels should be
developed while considering the actual physical mechanisms
of the system. Channels with simple structures and improved
performances are urgently needed. Moreover, the
manipulation targets of inertial microfluidics are mainly
limited to the microscale. The design and optimization of
channel structures for the processing of nanometer and
millimeter sized particles would be challenging.

Multistage, multiplexing, and
multifunction integration for
improved performance or diverse
applications

Although inertial microfluidics has been successfully used to
separate cells based on their differences in shape and
deformability, the vast majority of works still realize cell
separation based on size difference as the shape and
deformability differences of cells are not significant for most
samples. The cell separation based on only size difference
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makes inertial microfluidics unable to separate cells with
similar or overlapping sizes, which limits the separation
efficiency and purity of the final samples. Multistage
integration is a promising approach for addressing this issue
(Fig. 2(a)). The most straightforward strategy for multistage
integration is serial coupling of the same inertial microfluidic
system to improve the purity of the separated samples by
repeating the separation process.83–86 Another strategy
involves the coupling of inertial microfluidics with another
passive or active manipulation technique; for example, spiral
inertial microfluidics has been integrated with a membrane
filter,87 deterministic lateral displacement (DLD),88,89 and
cross-flow filtration.90–92 In the case of the two-stage inertial-
DLD (i-DLD) sorter, a high sample purity of 93.59% was
achieved for the separation of MCF-7 cells from blood cells.88

Although DLD has a high separation accuracy, the integrated
device cannot eliminate the essence of size-dependent
separation and is still unable to separate cells with similar or
overlapping sizes. Instead, integration of inertial
microfluidics with active cell manipulation methods, which

has attracted increasing interest in recent years, inherits the
advantages of both active and passive techniques, possibly to
address the size-dependent limitation.93,94 For example,
inertial microfluidics has been integrated with
dielectrophoretic,95,96 magnetic,97–99 and acoustic100 methods
for cell separation and enrichment. In addition to enhancing
the separation performance, dielectrophoresis was used to
modify the focusing position and achieve tunable separation
in symmetric serpentine channels by the dielectrophoretic
force.96 Compared with dielectrophoretic and acoustic
methods, magnetic separation can be performed without
bulk external equipment and is thus easier to miniaturize. In
addition, “negative mode” magnetic separation can separate
viable circulating tumor cells (CTCs) with low surface protein
epithelial cell adhesion molecule expression by magnetically
labeling white blood cells (WBCs). Using this negative
separation principle, CTC-iChip98,99 and i-Mag97 devices were
successfully developed by combining size-dependent inertial
microfluidics with size-independent active magnetophoresis,
which were then applied to perform rapid, precise, and

Fig. 2 (a) Multistage (inertial + inertial [reprinted from ref. 83 with permission, copyright 2017, AIP Publishing], inertial + passive [reprinted from
ref. 88 with permission, copyright 2019, American Chemical Society], and inertial + active [reprinted from ref. 97 with permission, copyright 2021,
The Royal Society of Chemistry]), (b) multiplexing (parallel arranged [reprinted from ref. 30 with permission, copyright 2010, The Royal Society of
Chemistry], radially arrayed [reprinted from ref. 101 with permission, copyright 2019, American Chemical Society], and vertically stacked [reprinted
from ref. 102 with permission, copyright 2022, The Royal Society of Chemistry]), and (c) multifunction integration (ultrafast optical image analysis,
electrical impedance, flow cytometry counting, and mechanical phenotyping) [reprinted from ref. 15 with permission, copyright 2021, The Royal
Society of Chemistry] for improved performances (improved separation performance and increased throughput) or new application functions. The
representative works and schematic diagram in each category are illustrated.
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tumor antigen-independent cell separation. High-purity
separation is commonly achieved at the expense of decreased
cell recovery when multiplex separators are cascaded. Thus,
the ideal multistage separation should overcome the size-
dependent limitation of inertial microfluidics and comprise
the advantages of separators at different stages. We believe
that multistage integrated devices with miniaturized
footprints and carefully balanced performances will play an
important role in various biomedical separation applications.

Inertial microfluidics offers the advantage of high
throughput, typically at the mL min−1 level, which is much
higher than that of most previously reported microfluidic
systems.19 However, this outcome is still not high enough for
processing large-volume samples, such as pleural effusions103

or bioreaction fluids102 that can go up to volumes of
hundreds of milliliters and hundreds of liters, respectively.
To further increase the processing throughput, multiplexing
integration of identical inertial microfluidic units (parallel
arranged,21,30 radially arrayed,101,104 and vertically
stacked102,105–107) is commonly adopted (Fig. 2(b)). Recently,
a multiplexed plastic unit containing 100 vertically stacked
spiral channels was developed and successfully applied for
ultra-high-throughput clog-free cell filtration at a processing
throughput of 1 L min−1, which is attractive for the retention
of Chinese hamster ovary cells in the biomanufacturing
industry.102 The major challenge for multiplexing is the
integration of as many units as possible in a limited space.
Thin polymer-film chips can represent an attractive option
for multiplexing integration as it can make full use of the
vertical space.101,106,107 In addition, the uniform distribution
of flow across all branches in a highly integrated device is
critical for ensuring the identical performance of each unit,
since the performance of inertial microfluidics is highly flow-
rate sensitive.

Inertial microfluidics has become an important
pretreatment technique for detecting and analyzing unique
cell populations (Fig. 2(c)). As a prefocusing unit, the
serpentine channel can be integrated with a laser-induced
fluorescence system,17 ultrafast optical image analysis,108,109

mechanical phenotyping,110,111 and electrical impedance
cytometry112,113 for high-throughput cell detection. By
focusing particles into regular trains, the particles can pass
through the interrogation region at a fixed position one by
one, thereby avoiding the detection errors caused by the
simultaneous existence of multiplex particles in the detection
section. In addition, for impedance cytometry and optical
imaging, the variation of particle positions also decreases the
detection accuracy owing to out-of-focus imaging and
attenuation of electrical strength along the vertical
direction.114 To deal with rare bioparticles, such as CTCs in
peripheral blood that are only 0–50 cells per mL, the efficient
isolation and enrichment of these rare cells is a prerequisite
for downstream highly sensitive detection. As a highly
efficient size-based cell sorter, spiral inertial microfluidics
has been widely used for the isolation of CTCs,12,58,115,116

sperm cells,117,118 exfoliated tumor cells,91,119–121 monocytes

with internalized pathogens,122 activated lymphocytes,123

circulating fetal trophoblasts,124,125 viral particles,126 and
immune cells127 from samples of blood, raw semen, pleural
effusion, and sputum with complex background cells. After
the enrichment of these target cell populations, the separated
cells can be rapidly detected by integrating inertial
microfluidics with deep-learning-based cell imaging,128

inductively coupled plasma mass spectrometry,129,130 single-
cell reverse transcription-polymerase chain reaction
analysis,120 ion mobility mass spectrometry,131 impedance-
based microfluidic assay,132 and genetic genotyping.71 The
integration of inertial microfluidic sorting pretreatment
significantly reduces the workload of downstream detection
and thus increases the detection accuracy. Although great
success has been achieved, most multifunction integrations
are still performed off-chip, which does not take full
advantage of microfluidics features. In the future, we look
forward to seeing more interesting applications enabled by
integrating inertial microfluidic pretreatment with various
novel on-chip detection approaches.

Rapid prototyping for mass
manufacturing and creating novel
structures

One advantage of inertial microfluidics is its simple channel
structure with relatively large dimensions, which makes it
especially suitable for low-cost mass manufacturing.
However, most previously reported inertial microfluidic
devices were fabricated in polydimethylsiloxane using soft
lithography,133 which requires a complex fabrication process
and a rigorous environment. Compared with channel and
application innovations, less attention has been paid to novel
rapid prototyping, which facilitates disposable use and low-
cost mass manufacturing of inertial microfluidics for various
biomedical applications. Recently, several rapid prototyping
techniques have been used to design novel nonplanar
structures for inertial microfluidics. For example,
femtosecond laser irradiation followed by chemical etching
has been applied to directly create a 3D serpentine channel
in bulk-fused silica glass substrates, which achieved 3D
particle focusing at high flow rates (Fig. 3(a)).134 However,
the fabrication of a long channel using this technique is
relatively challenging and time-consuming, as the materials
in the channel must be removed by etching. Roll-to-roll (R2R)
hot embossing is a large-batch thermoforming process for
mass manufacturing microfluidic devices.135 An inertial
microfluidic device with a simple and low-aspect-ratio
straight microchannel was fabricated using R2R hot
embossing on polymethyl methacrylate (PMMA) foil and was
successfully employed for size-based particle separation
(Fig. 3(b)).136 However, the channel cross-section fabricated
by this process has a trapezoid shape owing to the tooling
and demolding processes, which may deteriorate the
focusing and separation performances. Another rapid
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prototyping technique used for inertial microfluidics is direct
laser writing and lamination, in which the channel patterns
are defined by cutting through grooves within the polymer
films using a laser-cutting system and the open channel
structures are sealed with cover and bottom films via
lamination (Fig. 3(c)).137 This technique can be used to
fabricate inertial microfluidic devices with a high speed (<20
min) at an ultralow cost (1.5 cents per chip). Based on this
rapid prototyping technique, the multifunctional integration
of passive flow regulators with inertial microfluidics for flow-
rate-independent operation20 and the integration of
multiplexed inertial microfluidic concentrators for processing
large-volume samples101,106,107 can be successfully achieved.
Similar to 3D paper microfluidics,138 the adhesion of
different or parallel functional layers is realized using
double-sided adhesive tape patterned with through-holes;
hence, 3D fluidic paths can be constructed in the vertical
direction via multilayer stacking.101 However, with this
method, it is difficult to fabricate channels with dimensions
smaller than 20 μm and the channel height is enslaved to the
thickness of polymer films.

One newly emerging technique that has gained attraction
for fabricating microfluidic devices is 3D printing, which can
create 3D structures in bulk materials (Fig. 3(d)).139,140

Recently, 3D printing has been successfully applied to build a
3D helical microchannel for size-dependent particle
separation.141 However, the dimensions of the printed
channels are relatively large; more importantly, it is still
challenging to print a long microchannel as the supporting
material in a long channel needs to be removed after
printing. To ease the removal of the supporting materials,

most inertial microfluidics with long channels are printed on
the surface of the material, and then the printed open
channel is sealed with a blank plate using double-sided
adhesive tape.70,142

In addition to the widely employed polydimethylsiloxane, the
device materials polymer film,12,101,106,107,137 light-cured
resin,70,141,142 and PMMA136 can be used to fabricate inertial
microfluidic devices by various new rapid prototyping
techniques, including laser direct writing and 3D printing.
Nevertheless, the biocompatibility of most materials used for
processing biosamples has not been fully investigated. Recently,
a paper-based inertial microfluidics that does not cause
environmental pollution was successfully developed at a very
low cost.143 Unlike traditional paper microfluidics that use
capillary force to pump and transfer the sample liquid,144

paper-based inertial microfluidics can be operated at a high
flow-rate throughput and can realize particle enrichment. It is
noteworthy that the spiral channel can be constructed to focus
and fractionate cells by rolling the “off-the-shelf” microbore
tubing.144–147 In the future, faster prototyping techniques are
warranted to facilitate the development of unconventional
inertial microfluidics (with a nonrectangular cross-section and a
3D spatial structure) and mass manufacturing for the
commercialization of inertial microfluidics.

Commercial instruments for practical
applications

With the improved understanding of device physics and the
emergence of new device designs and fabrication techniques,
instruments based on inertial microfluidics have been

Fig. 3 Rapid prototyping for mass manufacturing and creating novel structures. (a) Laser irradiation + chemical etching [reprinted from ref. 134
with permission, copyright 2017, Springer Nature], (b) roll-to-roll (R2R) hot embossing [reprinted from ref. 136 with permission, copyright 2016,
The Royal Society of Chemistry], (c) laser direct writing + lamination [reprinted from ref. 137 with permission, copyright 2016, The Royal Society of
Chemistry], and (d) 3D printing [the upper part was reprinted from ref. 139 with permission, copyright 2016, The Royal Society of Chemistry; the
lower part was reprinted from ref. 70 with permission, copyright 2018, American Chemical Society]. The representative works showing information
on techniques, devices, and materials in each category are illustrated.
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successfully developed for biomedical research and disease
diagnosis in recent years. In the CTC-iChip platform
developed by Toner and colleagues,98,99 the serpentine
channel-based inertial focusing system was cascaded after
the DLD to refocus WBCs, target CTCs, and ensure
downstream magnetically activated cell sorting (Fig. 4(a)). In
addition to the CTC-iChip platform, the ClearCell FX1 system
is a commercially available instrument for label-free isolation
of viable CTCs from blood samples (Fig. 4(b)).148 This system
uses a spiral inertial microfluidic channel as the key
separation unit to enrich the cell based on the size difference
and can be operated in a fully automated manner. Similar to
this system, an automated microfluidic cell separation
instrument was developed, which contained eight parallel
spiral microfluidic channels and nine flow regulators.149 Its
integrated passive flow regulators stabilize the unstable flow
generated by the low-cost miniaturized diaphragm pump,
thus significantly reducing the footprint and cost of the
instrument. Using this microfluidic instrument, tumor cells
were separated and concentrated from 5 mL of diluted
human blood twice with a high recovery ratio of
approximately 85% within a rapid processing time of 23 min.
Another successfully commercialized inertial microfluidics is
the vortex sorter, which uses the vortices generated in the
contraction–expansion structures to trap and enrich large
cells.78 Based on this principle, a VTX-1 liquid biopsy system
was developed for the isolation and purification of CTCs
from liquid biopsy samples (Fig. 4(c)).150 In addition to CTC

isolation, an inertial microfluidic cube integrated with lysis,
storage, and extraction modules was developed for the
automatic extraction of WBCs from whole blood.151 This
system comprises two spiral inertial microfluidic channels
designed to achieve complete mixing of whole blood and lysis
buffer for red blood cell lysis and extraction of WBCs from
lysed blood; an extraction efficiency of 83.9% and a cell
viability of 96.6% were achieved. Using a similar extraction
principle, an automatic cell-wash platform was developed for
cell purification at a throughput of 500 μL min−1.152 In this
platform, a serpentine channel with periodic contractions
was used to enable the exchange of cells from the original
solution to clean the cell washing buffer.

Point-of-care testing approaches can be used for rapid and
reliable sample evaluation in nonprofessional environments
to aid in disease diagnosis and has attracted increasing
interest in recent years.153 In addition to these desktop
instruments, inertial microfluidics has also been used for the
sample preparation of various point-of-care testing. For
example, a portable handheld cell sorter integrated with
cartridges, shells, and core-integrated microchips was
developed for the separation of malignant tumor cells from
clinical pleural effusions (Fig. 4(d)).20 In the sorter, a bulky
and expensive syringe pump was replaced by a low-cost
battery-driven diaphragm pump, and two flow regulators
were integrated into the chip to achieve passive regulation of
the input flows generated by the low-cost diaphragm pump
to drive the spiral inertial microfluidic sorter.

Fig. 4 Commercial instruments based on inertial microfluidics for practical applications. (a) CTC-iChip platform [reprinted from ref. 99 with
permission, copyright 2014, Springer Nature], (b) ClearCell FX1 system [reprinted from ref. 148 with permission, copyright 2018, John Wiley and
Sons], (c) VTX-1 liquid biopsy system [the upper part was reprinted from ref. 150 with permission, copyright 2018, John Wiley and Sons; the lower
part was reprinted from ref. 78 with permission, copyright 2017, Springer Nature], and (d) handheld cell sorter [reprinted from ref. 20 with
permission, copyright 2022, American Chemical Society]. Images of instruments and the microfluidic device for each category are illustrated.
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A prominent advantage of inertial microfluidics is that it
can be operated by simply driving the flow within a specific
flow-rate range. Therefore, the mechanical force provided by
the compression spring154 or the power generated by
manually pushing the syringe70,155–158 can be used to drive
the sample flow in inertial microfluidics, which enables
electricity-free operation for use in low-resource settings. We
believe that a growing number of inertial microfluidics-based
instruments will be developed in the future for widespread
biomedical applications.

Conclusion

Based on the provided perspective, herein, we share the
current status, challenges, and future opportunities of
inertial microfluidics concerning the physical mechanisms,
simulation tools, channel innovation, multistage or
multifunction integration, rapid prototyping, and commercial
device development. First, we discussed the physical
mechanisms and simulation tools used to guide the inertial
microfluidics device design. Since various nonlinear flow
phenomena are involved in inertial microfluidics, particle
migration and force competition are very complex and
difficult to predict. Thus, an improved understanding of
inertial microfluidic physics and the provision of systematic
general design rules will address the limitations present in
most available devices. Moreover, advanced simulation tools
can help researchers to design and optimize devices faster
and assist in understanding the physics of inertial
microfluidics. Nevertheless, advances should be made to
ensure that these software packages can be easily used by
professionals across different disciplines. Second, we
summarized the most recent advances in channel innovation
and multistage, multiplexing, or multifunction integration
for improved performance or functionalization. Currently,
several channel geometries are available, which allows the
use of inertial microfluidics for various applications. In turn,
multistage integration can help overcome the size-based
separation limitation of most microfluidics systems, which
may ultimately impact their applicability in broader research
fields. Finally, the development of rapid prototyping
techniques for fabricating novel inertial microfluidics and
the recent advances in inertial microfluidics-based
commercial instruments were discussed. With an improved
understanding of the underlying physical mechanisms and
the development of novel channels, integration strategies,
and commercial instruments, inertial microfluidics with
improved performance and outcomes is expected to play an
increasingly important role in biomedical research and
disease diagnosis.
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