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The ability to manipulate and focus particles within microscale fluidic environments is crucial to advancing biological, chemical, and medical research. Precise and high-throughput particle focusing is an essential prerequisite for various applications, including cell counting, biomolecular detection, sample sorting, and enhancement of biosensor functionalities. Active and sheath-assisted focusing techniques offer accuracy but necessitate the introduction of external energy fields or additional sheath flows. In contrast, passive focusing methods exploit the inherent fluid dynamics in achieving high-throughput focusing without external actuation. This review analyzes the latest developments in strategies of sheathless inertial focusing, emphasizing inertial and elasto-inertial microfluidic focusing techniques from the channel structure classifications. These methodologies will serve as pivotal benchmarks for the broader application of microfluidic focusing technologies in biological sample manipulation. Then, prospects for future development are also predicted. This paper will assist in the understanding of the design of microfluidic particle focusing devices.
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1 INTRODUCTION
Microfluidics allows precise manipulation of droplets, cells, and bacteria on a micro-scale (Whitesides, 2006). Compared with traditional micro-scale systems, microfluidics has cost-saving advantages, low energy consumption, and high efficiency (Nagrath et al., 2007). Microfluidics promises to be a revolutionary technology in biomedicine and clinical diagnostics due to the ability to precisely manipulate less volume of fluid. In recent years, microfluidics has been developed for many applications, such as focusing (Xuan et al., 2010), separation (Hettiarachchi et al., 2023), and trapping (Nilsson et al., 2009). Microfluidics has been widely used in chemical, biological, environmental, and other fields. Among these applications, particle focusing refers to aligning and arranging dispersed particles into ordered single or multiple trains in microfluidics, which is often a prerequisite step for downstream processing, such as enrichment, detection, separation, and manipulation of target particles, benefiting from the powerful and automatic arranging function (Zhang et al., 2020).
Classified according to the principle of manipulation, there are mainly three kinds of focusing methods relating to microfluidics: active, sheath-assisted, and passive focusing methods. Active methods rely on external forces such as acoustic (Rufo et al., 2022), magnetic (Liu et al., 2023), and optical (Yang et al., 2022) forces to control particle motion to achieve the goal of arranging particles into one or multiple ordered trains. Active focusing has higher flexibility and control accuracy. However, the additional external energy field requires sophisticated control systems and increases the complexity of microfluidic devices (Zhu and Wang, 2017). Often, the particle fluid is required to maintain a low flow rate to ensure that particles can be subjected to sufficient external force to move to the focusing equilibrium position, making it difficult to achieve high throughput.
Sheath-assisted focusing uses additional sheath flows to pinch particle flow into a narrow single train (Mao et al., 2007). Sheath-assisted focusing can achieve high throughput, but introducing an external fluid requires additional geometrical microchannels and micro-pumps for sheath inputs, which reduces the integration of microfluidic devices (Chiu et al., 2013). Among passive focusing techniques, inertial focusing utilizes the inertia of fluid (Zhang et al., 2016), viscoelasticity of non-Newtonian medium (Zhang et al., 2016; Lu et al., 2017), or micro-vortex induced by channel structure (Jiang et al., 2021) to control the transverse position of particles to achieve the focusing effect. The integration and footprint of microfluidic devices are effectively improved (Lim et al., 2014). When used in cell focusing, it can attenuate cell damage caused by the external fluid or force. This focusing method can achieve continuous, high-throughput, and label-free particle manipulation. The elasto-inertial focusing principle is generally distinguished due to the different fluid mediums. Among sheathless inertial focusing methods, the inertial focusing technique is generally 2D focusing, i.e., particles are arranged in a single train only in a 2D plane. To achieve 3D focusing, some measures can be taken, such as combining with different morphologies or changing channel structure; however, elasto-inertial focusing can achieve 3D focusing.
There are some scientific literature works with reviews of inertial microfluidics (Amini et al., 2014; Shi, 2023), non-Newtonian microfluidics (Yuan et al., 2018), sheath-assisted focusing (Lu et al., 2016), secondary flow in inertial microfluidics (Zhao et al., 2020), sub-micrometer particle focusing (Zhang et al., 2020), channel innovations for inertial microfluidics (Tang et al., 2020), passive microfluidic separation and sorting (Bayareh, 2020), passive microfluidic driving method (Narayanamurthy et al., 2020), and inertial microfluidic separation (Xu et al., 2021). This review summarizes polymeric particles’ sheathless inertial focusing in microfluidic devices. We clarified the focusing mechanism from theoretical analysis, simulation, and experimental perspectives. This review promises to provide insights into particle focusing and into the related biomedical applications.
2 HYDRODYNAMIC FORCES AND RELATED PRINCIPLES
2.1 Hydrodynamic forces related to inertial microfluidic focusing
Inertial microfluidics relies on the intrinsic properties of fluids to achieve particle focusing. The forces related to the inertial effect are lift force induced by particle rotation (Magnus force, FΩ) (Rubinow and Keller, 1961), lift force induced by slip and shear motion of a particle (Saffman force, FS) (Saffman, 1965), lift force induced by the channel wall (FWI) (Zeng et al., 2005), and lift force induced by the shear gradient due to the curvature of the fluid velocity profile (FSG) (Matas et al., 2004). In most cases, Magnus and Saffman forces are usually neglected for being much smaller than FWI and FSG. The Dean effect and viscoelastic effect will induce Dean drag force (FD) and elastic force (FE) in the microchannel, respectively. The forces can independently or synthetically affect the trajectory and equilibrium of particles to achieve different focusing states.
When the inertia of the fluid exists, the neutral buoyant particle will be subjected to the net inertial lift FL. FL is the joint force of FWI and FSG. The role of FWI is to drive particles away from walls, and that of FSG is to drive particles near the channel center to the walls. Under the action of joint force FL, particles will be stable at the equilibrium position between the channel center and the wall (Figure 1A). The expression of the FL is given by (Di Carlo, 2009)
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where ρf is the fluid density, Um is the maximum velocity of flow, a is the particle diameter, and DH is the hydraulic diameter of the channel. For rectangular channels, DH = 2wh/(w + h), where w and h are the channel width and height, respectively. fL is the lift coefficient, which depends on the channel’s Reynolds number Rc and particle position xc in a microchannel. The lift coefficient can be estimated via direct numerical simulation (Mashhadian and Shamloo, 2019), explicit formula (Su et al., 2023) or machine learning (Su et al., 2021).
[image: Figure 1]FIGURE 1 | Schematic of hydrodynamic forces in microfluidics. (A) Inertial forces in a straight microchannel. (B) Elastic force distribution in a square cross-section microchannel. (C) Dean flow within a curved microchannel.
The channel’s Reynolds number Rc and the particle’s Reynolds number (Rp) are the dimensionless numbers related to the inertial effect. Rc describes the relationship between the inertial force and the viscous force. Rp introduces the ratio of particle diameter to channel hydraulic diameter.
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where μ is the dynamic viscosity of the flow.
When the fluid medium changes from viscous to viscoelastic or Newtonian to non-Newtonian, the elastic force on particles should be considered (Feng et al., 2022). In pressure-driven viscoelastic flows, the first normal stress (N1 = σxx-σyy) and the second normal stress (N2 = σyy-σzz) will affect particle migration in the fluid. σxx, σyy, and σzz are normal stresses exerted in the flow and are directed toward the flow, velocity gradient, and vorticity direction, respectively. N2 is often negligible in the diluted viscoelastic solution for being much smaller than N1 (Pathak et al., 2004). The elastic force (Figure 1B) due to the non-uniform distribution of N1 acting on particles is (Leshansky et al., 2007)
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where CeL is the elastic lift coefficient and ηp is the polymeric contribution to the solution viscosity.
The dimensionless Weissenberg number Wi (Rodd et al., 2005; Rodd et al., 2007) is usually used to describe the viscoelasticity of a fluid and is defined as
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where [image: image] is the characteristic shear rate and λ is the relaxation time of fluid. In a rectangular microchannel, [image: image] and [image: image] (Nam et al., 2012), where Q is the volumetric flow rate.
When flowing through a curved microchannel with a parabolic velocity distribution and flow inertia, two vortexes with opposite rotational directions perpendicular to the flow direction are generated, known as Dean secondary flows (Figure 1C). The intensity of the Dean flow can be expressed with the Dean number (Zhao et al., 2020):
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where δ is the curvature of the curved channel, and the Dean drag force acting on a particle can be expressed as
[image: image]
The magnitude and direction are determined by the distribution of Dean flow in the cross-section. The velocity of the Dean secondary flow can be estimated with [image: image] (Ookawara et al., 2004).
In a uniform Stokes fluid, the viscous drag force on a rigid particle due to the difference between the particle and fluid velocity is (Yuan et al., 2018)
[image: image]
where Uf and Up represent the velocity of the fluid and particle, respectively; the direction of the viscous drag force is along the mainstream (Figure 1A).
Unlike rigid particles, the shape change of the deformable particles will induce additional lift force. The dimensionless numbers used to define the relative deformation of droplets are Weber number ([image: image]), capillary number ([image: image]), and viscosity ratio ([image: image]), where σ is the surface tension and μd is the dynamic viscosity of the fluid inside the drop. Deformability-induced lift force will be dominant as Ca increases and Rp decreases (Amini et al., 2014). When a drop or bubble is not too close to the channel wall, the expression of deformability-induced force can be (Stan et al., 2013) [image: image], where d is the distance between the droplet and the channel center and U is the characteristic velocity of the fluid. The equilibrium position of the deformable particles is usually farther from the wall compared to that of rigid particles (Figure 1A) (Hur et al., 2011). The above forces can be used to analyze particles’ focusing behavior in inertial microfluidic focusing devices.
2.2 Principles related to inertial focusing
In inertial microfluidics, particles’ focusing behavior must satisfy the confinement ratio and force ratio principles. These principles ensure that the particles are subjected to sufficient forces in the microfluidic channel to achieve equilibrium. In inertial focusing, a better-focusing effect can be achieved by meeting the requirements of confinement ratio a/DH>0.07 (Kuntaegowdanahalli et al., 2009). By ensuring this condition, particles can have sufficient inertial force for migration to the equilibrium position. In elasto-inertial microfluidics, it has been proven that focusing can be realized under a/DH<0.04 (Young Kim et al., 2012; Lee et al., 2013) by using the spiral channel with extended length in a quite small footprint or a smaller channel size relative to the particle diameter with adequate elasticity.
The relative balance of forces on a particle determines the motion behavior in inertial focusing. In a curved channel, the focusing effect will be affected by the ratio of FL/FD (Bhagat et al., 2008; Kuntaegowdanahalli et al., 2009). The ratio of FL/FD can be scaled as
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where fL scales with Rcn and n < 0. Rf needs to meet the following requirements when designing a curved microfluidic device for particle focusing (Amini et al., 2014). When FD is much larger than FL, the inertial lift force can be neglected, and particles will rotate with Dean flow. When FD and FL are equal in magnitude, particle focusing will be achieved, and the equilibrium position can be controlled by adjusting the intensity of Dean flow (i.e., changing the curvature or flow rate). When FD is much less than FL, the effect of particle focusing will be the same as inertial focusing in a straight channel.
In a non-Newtonian fluid medium, the elastic number El, which describes the elastic to inertial force ratio, will determine the focusing process. The expression of El is
[image: image]
El ≈ 0 means that the elastic force can be negligible, and El ≥ 1 means that the inertial force can be negligible. El is determined by the channel cross-section size and the characteristics of the fluid medium (Nam et al., 2012). When the fluid viscosity remains constant, El will be independent of the flow rate (Amini et al., 2014). The dynamic balance between forces can describe the particle-focusing mechanism. Equations 1-10 helps explain the mechanism and design of inertial microfluidic focusing chips.
3 REVIEW ON SHEATHLESS INERTIAL MICROFLUIDIC FOCUSING TECHNOLOGIES
The inertial focusing method is widely used, independent of the external force field and other sophisticated auxiliary devices. Inertial focusing refers to controlling the lateral migration of particles by employing fluid inertia and eventually arranging particles into one or multiple trains. In 1961, Segré-Silberberg discovered that in a cylindrical pipe (∼1 cm in diameter), the neutral buoyant particles flowing in a laminar flow distribute equitably at the outlet from 0.6 times pipe radius to the center of the pipe (Figure 2A) (Segré and Silberberg, 1961). This effect is due to the inertial migration caused by the inertial lift force acting on the particles. Since then, the research field of particle inertial focusing has been pioneered. Inertial focusing was first applied to microfluidic applications in 2007 (Di Carlo et al., 2007). When introducing viscoelastic fluid into a circular microchannel, the randomly distributed particles focus on the central lines and disperse as the flow rate increases due to the high FSG directed to the wall and the obvious shear-thinning effect (Seo et al., 2014). This section reviews inertial focusing in microfluidic devices from the channel configuration aspects.
[image: Figure 2]FIGURE 2 | Inertial focusing of particles in the cross section. (A) In a circular cross-section pipeline, particles focus on 0.6 R (R is the pipe radius) at the exit. (B) Focusing position in a square channel (AR = 1); the dotted line represents the initial focus position, and the solid line represents the equilibrium position after the particle Reynolds number increases. (C) Equilibrium position in rectangular cross-section channels (AR < 1): as the Reynolds number increases, the equilibrium position changes from 2 to 4. (D) A two-stage migration model explaining inertial focusing mechanisms in a straight microchannel (Zhou and Papautsky, 2013). (E–H) Elasto-inertial focusing mechanisms in a square microchannel.
3.1 Particle focusing in straight microchannels
Straight microchannels have been widely used in microfluidic applications for their simple structure and easy manufacturing. Among straight microchannels, the most frequently used are square [AR = 1 (aspect ratio = channel height/width) and rectangular cross-section channels (AR ≠ 1)]. In a rectangular channel, the net lift FL balancing Stokes drag force shifts the particle to equilibrium. When Rp << 1, the viscous interaction of the fluid and particles dominates particle motion. Under this condition, particles are subjected to the dominant surface drag and move to follow fluid streamlines. As Rp increases to 1, inertial forces dominate, and lateral migration across fluid streamlines becomes obvious (Di Carlo et al., 2007), forming a focusing phenomenon. In a square channel, the randomly distributed particles focus on four equilibrium positions along the center of each channel wall (Figure 2B) and then move toward the wall as Rp increases due to the strengthening of FSG (Di Carlo et al., 2007).
The focusing properties in the straight microchannel can be affected by aspect ratio, cross-section morphology, particle confinement ratio, and flow rate. In the rectangular channel (AR ≠ 1), due to the blunted velocity profile along the wider surface, particles focus on two equilibrium positions along the center of the longer surface (Ciftlik et al., 2013). Notably, with an increase in the flow rate, the two unstable equilibrium positions along the short-channel side reappear, with FWI becoming less dominant than FSG, and the equilibrium positions recover from two to four (Figure 2C). The detailed inertial focusing principle in the straight microchannel was explained through a two-stage focusing model (Figure 2D) (Zhou and Papautsky, 2013). In a low-AR rectangular microchannel, particles move to an equilibrium position where FWI and FSG are balanced. Then, particles near the wall move toward the wall-centered equilibrium position under the rotation-induced force FΩ. Particles moving to the first-stage equilibrium usually take less time than those moving to the second stage. The model can also explain the principle of inertial focusing under different cross-section microchannels.
The negligible elastic effect in viscoelastic fluids can affect and regulate particle migration behavior. The particle-focusing process depends on the rheological properties of fluids and the first principal stress difference (Caserta et al., 2011; Bai et al., 2023). The shear viscosity of viscoelastic fluids is generally divided into the constant viscosity region and the shear-thinning region. Particle focusing usually occurs in the constant viscosity region. The elasto-inertial focusing concept was first proposed by Yang et al. (2011) to illustrate 3D focusing in a straight square channel. When particles flow in a viscoelastic fluid with finite inertia, the particle focusing becomes intriguing, and single-train focusing will be achieved under the inertial and elastic effects.
In a square microchannel with a viscoelastic fluid, randomly distributed particles focus on four equilibrium positions near each center of the channel wall due to the inertial effect only (Re > 0 and Wi = 0) (Figure 2E) (Zhou and Papautsky, 2020). When subjected to elastic forces only (Re ≈ 0 and Wi > 0), particles focus on five equilibrium positions, with four near the corner and one at the central line (Figure 2F) (Yang et al., 2011; Liu et al., 2015). When elastic and inertial effects exist simultaneously (Re > 0 and Wi > 0), under a moderate El number, 3D focusing with high precision can be achieved at the centerline (Figure 2G) (Yang et al., 2011; Del Giudice et al., 2013). In viscoelastic microfluidics, the 3D single-train focusing can only be achieved with the synergistic effects of inertia and elasticity (Figure 2H). The equilibrium position at the corner caused by elasticity can be easily destroyed by inertial force. In contrast, the equilibrium position at the central line is maintained with elastic force (Yang et al., 2011). The dimensionless numbers related to elasto-inertial focusing are elasticity number (El), Reynolds number (Rc), and Weissenberg number (Wi), among which Wi is the most adequate one for evaluating the focusing efficiency (Song et al., 2016). In a low AR channel, the difference in first principal stress is more evident along the height direction than the width direction. The larger elastic force drives particles to the centerline of width. The lateral migration is mainly determined by inertial force because of the weakened elastic effect near the narrow surface (Won Seo et al., 2014). Multiple focusing trains were observed in low AR channels (Yang et al., 2017). In a square channel, by increasing the corner angle, the equilibrium position at the corner can also be reduced, and a more accurate single-train focusing can be obtained (Raoufi et al., 2019). Jia et al. (2023) developed a size-tunable elasto-inertial separation microfluidic system using an ultra-stretchable channel (Figure 3A). Channel stretching alters the local flow velocity distribution and strongly regulates particle focusing.
[image: Figure 3]FIGURE 3 | Particle focusing regulation in inertial microfluidics. (A) Ultra stretchable microfluidic platform for enhancing particle focusing in the straight microchannel (Jia et al., 2023). Copyright 2023, American Chemical Society. (B) 3D single-line inertial focusing in the high aspect ratio serpentine microchannel (Ni et al., 2022). Copyright 2023, American Chemical Society. (C) Particle focusing in the zigzag serpentine microchannel. Reproduced from Razavi Bazaz et al. (2022) with permission from the Royal Society of Chemistry.
Inertial focusing in a straight microchannel is usually more suitable for larger micron-sized particles. Sub-micron particles (0.1–1 μm) generally require longer channel length or smaller cross-section (FL ∼ DH−2) (Bhagat et al., 2009; Zhou and Papautsky, 2013) for the net lift force scales with particle diameter FL ∼ a4 (Guan et al., 2013), increasing manufacturing and detection complexity.
With viscoelastic fluids, particles with a diameter down to 200 nm can be focused remarkably (Leshansky et al., 2007). The focusing behavior of the submicron particles is determined by elastic force, inertial force, and Brownian motion force (Young Kim et al., 2012). Effective focusing of particles of diameter less than 100 nm can be achieved using oscillatory viscoelastic microfluidics, eliminating the need for long microchannels (Mutlu et al., 2018; Asghari et al., 2019).
Elasto-inertial focusing can also be used for deformable particles, which are subjected to additional lift induced by the channel wall due to deformation. The focusing method can be applied to particle separation due to different equilibrium positions and deformability (Yang et al., 2012). In addition to the widely used PEO and PVP viscoelastic solutions, other solutions are also used as viscoelastic fluids. Lim et al. (2014) reported extremely high-throughput focusing (Q = 50 ml/min and Re ∼10,000) in the hyaluronic acid (HA) solution with an epoxy microchannel, which demonstrated the highest flow rate yet achieved. Kim and Kim (2016) investigated the particle focusing process in a diluted λ-DNA solution. The throughput can be enhanced significantly due to the long relaxation time of DNA and high elasticity.
For straight channels with different cross-section shapes, particles will have dissimilar focusing effects for diverse velocity gradient profiles compared to a rectangular cross-section. By processing the master die with micro-milling and 3D-printing methods, various cross-sections, such as trapezoidal, triangular, and semi-circular, can be manufactured. Under the asymmetric axial velocity profile, the equilibrium positions will be derived to the long trapezoidal side between the centerline and the bottom when the trapezoidal cross-section is used. The focusing equilibrium will change as the angle of the slanted wall increases. This focusing method can also be applied to filtration of larger particles (Moloudi et al., 2018). Compared to a trapezoid cross-section, the triangular cross section makes realizing a single-streamline focusing near the channel apexeasier, especially with a low AR channel (with a 120° apex angle, AR = 0.4) (Mukherjee et al., 2019). The number of equilibrium positions will increase as the apex angle reduces. In a semicircular cross-section microchannel, particles are focused near the top and bottom of the centerline, and the position changes are unobvious with Rp altered (Kim et al., 2016). Kim U. et al. (2022) compared and investigated the particle behavior in rhombic and equilateral hexagonal cross-section microchannels with different flow rates and particle sizes, and this microfluidic device with non-rectangular microchannels can be used for bioparticle sorting.
3.2 Particle focusing in curved microchannels
Straight channels have the limitations of slow lateral migration, considerable resistance, and multiple equilibrium positions. Secondary flow (perpendicular to the main flow) within a curved channel will overcome these problems (Tang et al., 2020). Meanwhile, curved channels can effectively reduce the length needed for focusing, accelerate the focusing process, reduce focusing positions, and improve the integration of microfluidic devices (Wang and Dandy, 2017). This section reviewed the sheathless inertial particle focusing techniques from channel aspects: serpentine, spiral, and other curved channels.
3.2.1 Focusing in the serpentine microchannels
Di Carlo et al. (2007) first studied the particle-focusing process in a serpentine channel. Introducing a symmetric or asymmetric curvature can reduce the four equilibrium positions in a straight, square channel to one or two, depending on the flow rate. This focusing mechanism can be applied for particle separation and filtration based on the different equilibrium positions (Di Carlo et al., 2008; Wang et al., 2018).
When used for submicron-sized particle focusing, smaller channel sizes and larger flow rates are required to ensure adequate lateral migration force. Wang and Dandy (2017) manufactured an asymmetric serpentine channel with the thermoset polyester (TPE) casting method and demonstrated single-stream focusing of submicron particles through a controllable flow rate. TPE has an elastic modulus that is 1,000 greater than that of polydimethylsiloxane (PDMS), with a favorable stiffness ratio of 1:10, which is suitable for microfluidic applications requiring high load-bearing pressure. This focusing method pushes the inertial focusing particle range down to the sub-micrometer level and can be applied for micron particle separation from the micro-nanoparticle mixture (Wang and Dandy, 2017).
Paiè et al. (2017) manufactured 3D microfluidic loops with femtosecond laser irradiation followed by chemical etching. The use of 3D loops produces a strong Dean flow with low resistance, which can be used for compact parallelization of multiple focusing. Zhou et al. (2018) adopted a series of reversed wavy channel structures generating periodically reversed Dean flow perpendicular to direction of the main flow to focus particles. As the Rc increases, the alternation in the Dean flow direction in the serpentine channel produces special hydrodynamic effects to focus particles. Ni et al. (2022) developed high aspect ratio asymmetric serpentine (HARAS) microchannels for single-line inertial focusing of particles and cells at the 3D center of the channel and observed size-independent and positionally controllable focusing phenomena over a wide range of flow rates (Figure 3B).
For symmetric serpentine microchannels, Zhang et al. (2019) systematically studied the effects of viscosity, flow conditions, particle size, and cross-section dimensions on focusing effects. Focusing patterns can be classified as two-train focusing, single-train focusing, and defocusing, which depend on the different focusing parameters. A parametric map of [image: image] related to [image: image] was summarized (Zhang et al., 2019), which can be used for predicting the focusing behavior of particles with specific sizes and guiding the structure design of microfluidic devices. Özbey et al. (2016) experimentally decoupled the effects of inertial forces and Dean drag force in a multi-curvature symmetric serpentine channel, which gives an insight into the underlying migration mechanism.
Yuan et al. (2019) studied the distribution of particles and cells in viscoelastic fluids, where inertia becomes dominant and destroys the focusing of particles above a certain flow rate. Instead of using a syringe pump, Shamloo and Mashhadian (2018) performed the simulation by using a centrifugal platform to drive fluid. The focusing behavior of particles is a combination of Dean drag force, inertial lift force, and centrifugal force. The channel length required for focusing is related to particle density and channel corner angles to the driving method. Removing pumps from centrifugal platforms provides an efficient integration for microfluidic devices. Zhang et al. (2014) adopted a low AR right-angled transitional serpentine microchannel based on the Dean drag and centrifugal force to focus particles. The inertial lift force is weakened due to the blunted velocity profile along the direction of the wider surface. The number of focusing trains is related to the particle size and channel Reynolds number. Single-train focusing can be achieved at the center of the long surface at a moderate Reynolds number. Amani et al. (2022) studied the inertial focusing behavior in the divergent serpentine microchannel, which showed an excellent performance compared to the convergent geometry in focusing (Razavi Bazaz et al., 2022; Ebrahimi et al., 2023) and developed a zigzag microfluidics channel that demonstrated superior separation and purity efficiency due to the sudden channel cross-section expansion at the corners compared to other serpentine microchannels, and the threshold of the particle-confinement ratio decreased to 0.04 (Figure 3C).
In serpentine microchannels, particle focusing accuracy can be regulated by channel expansion or the introduction of micro-obstructions. Lu et al. (2020) proposed a microfluidic chip introducing periodic micro-square contractions to the serpentine channel, which provides a strategy for developing high-precision inertial sorting. The transition region shrank to the sub-micron scale, and the separation of 6.0 and 5.5 μm particles with a higher recovery ratio was achieved (Lu et al., 2020). Cha et al. found that embedding asymmetric obstacle microstructures in a symmetric serpentine flow channel adjusts inertial focusing and reduces the equilibrium position. The asymmetric concave obstacle destroys the symmetry of the original inertial focusing position, which leads to unilateral focusing (Cha et al., 2022; Cha et al., 2023b).
3.2.2 Focusing in Archimedes’ spiral microfluidic microchannels
Archimedes spiral is commonly used in microfluidic applications, benefiting from the compact structure and additional Dean drag force. With the increasing Dean number, the focusing process can accelerate, and particles can find the transverse stable position more quickly. Particles of different sizes have different FL/FD values and will focus on the position near the inner wall according to size (Kuntaegowdanahalli et al., 2009). A spiral microchannel with increasing width and curvature can provide an additional secondary flow field for focusing. The particle will focus on two equilibrium positions along the height direction near the inner wall (Russom et al., 2009). Martel and Toner (2012) studied the focusing effect in spiral channels of different aspect ratios. As AR decreases, FL along the wide surface decreases due to the blunted velocity profile, and the focusing process will be dominated by FD, which means that the equilibrium position can be obtained by regulating the flow rate. Jeon presented a mass-producible, clogging-free plastic spiral inertial microfluidic system, a material conversion from PDMS to harder plastics that will be crucial in realizing the vision of high-throughput industrial applications of inertial microfluidics (Jeon et al., 2022).
Establishing the corresponding model relates to the range of flow rate change and the focusing position, which will help elucidate the mechanism of the focusing process. Xiang et al. used a five-stage model to illustrate the focusing mechanism of the changing flow rate (Xiang et al., 2013b; Xiang et al., 2013a). As the flow rate increases, focusing patterns will change as follows: in the case of a low flow rate with non-negligible inertia and weakened Dean effect, particles focus along the center of the upper and lower wider surface. As the flow rate increases, the transversal motion will be dominated by FL, and particles will move toward the inner wall. The equilibrium position will be stable on the inner wall. Then, FD exceeds FL, and the equilibrium position moves toward the outer wall. Ultimately, defocusing and mixing effects were formed due to the faster strengthening of the Dean effect (Kuntaegowdanahalli et al., 2009). Xiang et al. (2015) investigated the migration dynamics of particles with different confinement ratios and summarized it with three modes: non-focusing, rough focusing, and distinct focusing. The work provides an insightful understanding of the focusing dynamics of particles.
Guan et al. (2013) investigated the particle focusing process in a trapezoidal cross-section spiral microchannel. Strong Dean flow will be generated near the wider sidewall, which speeds up the trapping of particles toward the narrow side and accelerates the focusing process (Guan et al., 2013). Zhu et al. (2021) presented a polymer-film inertial microfluidic jigsaw sorter with trapezoidal spiral channels by accurately assembling polymer-film jigsaws of different thicknesses, which brings advantages to the flexible design of inertial microfluidics. The Dean effect can be controlled and enhanced by increasing the slant angle. The acceleration of Dean flow intensity can also be realized by introducing micro-obstacles into the spiral microchannel, as reported by Shen et al. (2017). The focusing performance will be improved, and the focusing process will speed up. The manufactured device can be promising for the application of high-throughput microfluidics systems. However, the introduced micro-obstacles will increase the flow resistance and require higher bonding strength for microfluidic chips. Accurate single-train focusing can also be obtained in spiral microfluidics by adopting an appropriate channel contraction (Gou et al., 2020) or arranging obstacles (Cha et al., 2023a). Introducing asymmetric periodic expansion structures in the spiral channel produces a stable additional vortex-induced lift force, combined with Dean drag force, effectively enhancing the focusing process (Gou et al., 2020) (Figures 4A, B). Inertial microfluidic chip design usually requires flow rate optimization, which increases the development cycle. By introducing a series of microstructures in a dimension-confined ultra-low aspect ratio spiral microchannel, Zhao et al. (2022) demonstrated flow-rate and particle-size insensitive inertial focusing of 15.5-μm particles and tumor cells, which will be promising for cytometry application (Figure 4C).
[image: Figure 4]FIGURE 4 | Particle focusing in the spiral microchannel. Comparison of the particle motions in the normal (A,B) Periodic expansion spiral channel (Gou et al., 2020). Copyright 2020, American Chemical Society. (C) Inertial focusing in the dimension-confined ultra-low aspect ratio spiral microchannel (Zhao et al., 2022). (D) Inertial focusing of submicron particles. Reproduced from Cruz et al. (2019) with permission from the Royal Society of Chemistry.
In a spiral microchannel with viscoelastic fluid, the equilibrium positions are determined by the ratio of FD to FE, which is proportional to a2. Unlike the principle of inertial focusing, larger particles are focused close to the outer wall due to the existence of FD and FE (Kumar et al., 2021). This focusing mechanism can be used for a/DH < 0.04, which makes up for the deficiency of inertial focusing. Xiang et al. (2016b) systematically studied the mechanism of elasto-inertial focusing in a spiral microchannel with different flow rates, aspect ratios, and curvatures. A six-stage model was proposed to explain the mechanism under different flow rates. The equilibrium position of particles is more sensitive to the flow rate change (Xiang et al., 2016b). Gao et al. (2023) systematically investigated particle elasto-inertial migration in spiral channels, which helped improve the understanding of the underlying mechanisms. When the fluid changes from water to PEO and then to PVP, the elasticity increases, and particles focus on the centerline due to excessive elastic force, which overweighs the inertial lift and Dean drag force (Xiang et al., 2016a). As the concentration of viscoelastic decreases, the position of the focusing equilibrium moves toward the outer wall under the combined influence of FE, FD, and FL (Xiang et al., 2018).
3.2.3 Focusing in other types of curved microchannels
In curved channels, inertial lift forces determine the focusing of particles, and the Dean flow is responsible for modifying the focusing equilibrium positions. Under different Dean number conditions, lateral migration of particles to stable and unstable states will be caused. Increasing the radius of curvature or decreasing the hydraulic diameter will improve the single-train focusing. Gossett and Di Carlo (2009) investigated the effect of the degree of asymmetry on the particle-focusing process. With increased asymmetry, particles can quickly focus on a single train at lower Rc. Martel and Toner (2013) decoupled the effects of Rc and De on the inertial focusing behavior and concluded that the focusing mechanism is more complex than an explanation of force balance (FL/FD). The equilibrium position of three particle sizes under critical parameters such as Rc, confinement ratio, and curvature ratio was analyzed. Increasing curvature not only increases Dean drag force but also changes shear gradient lift force through redistribution of the velocity profile, which leads to a new vertical equilibrium position of particles (Martel and Toner, 2013). The detailed results can provide a guide for designing curved microfluidics channels.
By reducing the cross-section size to 20 × 10 μm2, Cruz et al. (2019) demonstrated single-line inertial focusing of spherical particles as small as 0.5 μm in a curved microchannel and extended it to bacterial sorting (Figure 4D). They explained the equilibrium and migration mechanisms through numerical simulations and experimental studies. High-aspect-ratio curved microchannels can achieve a single-focus position near the inner center, largely independent of the flow rate and separation at the submicron scale. In curved triangular channels, the inertial focusing could be easily tuned to achieve a single stream, which enables finding the best design for a specific application with less time and effort (Kim et al., 2022). More detailed viscoelastic microfluidic focusing within curved microchannels can be found in Feng et al. (2022). Table 1 lists particle focusing in microfluidics with Newton fluid, and detailed parameters are provided.
TABLE 1 | Early observations of particle focusing with Newtonian fluid in microfluidic devices.
[image: Table 1]3.3 Micro-vortex-induced particle focusing
Micro-vortex refers to the emergence of a vortex in a fluid that can provide a helpful transversal drag force for particle migration. The vortex can be generated by gradually adjusting the cross-section area along the flow direction, the topological expansion or contraction of the straight channel, or the arrangement of micro-obstacles in a channel. There are usually two types of micro-vortexes: vertical vortex, perpendicular to the flow direction, and horizontal vortex, parallel to the flow direction. The balance between the drag force induced by the vortex and the inertial lift force can explain the focusing mechanism.
Choi and Park (2007) investigated the particle focusing process in microfluidics with slanted obstacles. The arrangement of slanted rectangular obstacles with a fixed angle in the microchannel can induce a vertical vortex, and the focusing operation can be achieved under the different fluid pressure distributions compared to a straight rectangular microchannel. The focusing method has a great relationship with particle size and relates slightly to the flow rate (Choi and Park, 2007). The particle-focusing process can also be achieved under the action of a vertical vortex in a microfluidic chip bonded by two PDMS microchannels with slanted obstacles of exponentially increased width (Choi and Park, 2008). The proposed focusing method is suitable for larger particles and is more efficient with longer channels. Hsu et al. (2008) studied the focusing performance in microfluidics channels with the arrangement of herringbone grooves at the top of the microchannel. The focusing effect is related to channel height, channel size, groove numbers, and the ratio of groove height to channel height. By arranging herringbone grooves, particles can have a definite transverse focusing position. Chung et al. (2013b) studied the particle focusing process in microfluidic channels with the arrangement of cylindrical microstructures in the microchannel. The four equilibrium positions can be reduced to one by the vertical vortex induced by micro-obstacles, and precise focusing of a single train can be realized. Introducing micro-obstacles will result in high flow resistance, which may limit the focusing throughput and cause blockage.
When groove arrays are introduced in microchannels, a transverse pressure gradient will be generated for enhancing particle focusing. A stepped groove microchannel structure (with 30 pairs of steps) can also induce a vertical vortex (Chung et al., 2013a). The two equilibrium positions in the low AR rectangular channel will be gradually reduced to one due to the vertical vortex induced by the step structure in a microchannel. In stepped microfluidics, focusing performance is mainly determined by the step numbers and particle concentration. When the step groove is inclined to the straight channel, channel width will be the key element that affects focusing performance (Song and Choi, 2013). Particles focusing on high throughput (1.1 mL/min) can be realized by adopting a straight microchannel with inclined arc-shaped steps on the top side of the microchannel, as reported by Zhao et al. (2017). Zhang et al. (2013) developed a resource-saving and efficient numerical computational model and analyzed the focusing mechanism of 1–9.9 μm particles in a double-layered grooved microchannel, which provides a reliable method for predicting particle motion (Zhang et al., 2022). With the proposed numerical model, they conducted geometrical and dimensional optimization for double-layered grooved microchannels; with optimized microchannel structures, microparticles with diameter less than 1 μm can be focused (Zhang et al., 2013).
In a straight channel with an expansion–contraction cavity, a horizontal vortex at the topological cavity region and a vertical vortex downstream of the cavity will be generated due to great inertia in the fluid (Lee et al., 2011). Park et al. (2009) investigated focusing behavior in straight microchannels with topological rectangular expansion on both sides. The focusing process can be achieved by benefiting from the micro-vortex induced by channel structure and inertial lift force in the narrow pinched channel. The focusing state changes with flow rate increase: defocusing, focusing on two trains, defocusing, single-train focusing, and defocusing. Zhang et al. (2013) studied the focusing behavior in a straight microchannel with a unilateral triangular topology. The focusing efficiency is determined by particle size, and larger particles are easier to focus. According to the flow rate, the different focusing states can apply to particle focusing, separation, and trapping in microfluidic devices (Zhang et al., 2013).
For viscoelastic fluids, the streamline bends at the expansion area in the expansion–contraction channel, and the generated additional hoop stress pushes particles to the centerline (Cha et al., 2014; Jiang et al., 2021). The focusing method can improve the efficiency and throughput of elasto-inertial focusing. Yuan et al. studied the focusing behavior in straight viscoelastic microfluidics channels with a unilateral triangular topology. Combining the fluid’s elasticity, inertia, and Dean effect can achieve high-quality particle focusing. Non-Newtonian fluids are more suitable to focus particles than Newtonian fluids (Yuan et al., 2015; Yuan et al., 2017). Zhou and Papautsky (2020) summarized the progress and challenges of viscoelastic microfluidics. Recent reviews can provide more details on inertial microfluidics in contraction–expansion microchannels (Jiang et al., 2021).
Table 2 lists various particle-focusing phenomena with non-Newtonian fluid in microfluidic devices.
TABLE 2 | Early observations of particle focusing with non-Newtonian fluid in microfluidic devices.
[image: Table 2]3.4 Particle focusing in multi-staged microchannels
Multi-staged microfluidics, which typically combine multiple inertial technologies, are emerging technologies that offer better performance in terms of stability, versatility, and convenience. By combining microchannels of different focusing characteristics, the equilibrium position of particles can be controlled in multiple stages, and 3D focusing of a single train with high precision and efficiency can be achieved. Oakey et al. (2010) investigated focusing behavior in microfluidics with a straight, rectangular, and asymmetric serpentine channel. Through the synergistic effect between the multiple channel structures, the two or four roughly focused trains in straight microchannels, depending on AR, can be reduced to one after flow in a curved channel. The focusing behavior in the staged microfluidic device is mainly determined by the flow rate. Because the staged channel is connected in series, the focusing effect will be affected by the order of the channels. Staged microfluidics is a promising technology for high-throughput analysis and flow cytometry.
Zhang et al. (2018) designed a single-layer microfluidic chip that combined a periodic high-AR straight rectangular microchannel with semicircular microchannels. With the introduction of a semicircular channel, the two equilibrium positions at the top and bottom centerlines of the wide surface in rectangular channels will be reduced to one due to the stirring effect of Dean flow, and the stirring effect will be suppressed with rectangular channels. High-throughput 3D focusing can be realized with a simple channel structure (Zhang et al., 2018). Wang et al. (2015) reported high-efficiency focusing in a two-stage straight rectangular channel. The flow direction of particles is controlled by changing the hydrodynamic resistance and properly defining the channels’ length at a Y-shaped outlet in the second stage. Particle solution flows into rectangular microchannels with different aspect ratios in sequence. Particles will be focused on two central lines at the first stage with low AR. Then, the two equilibrium positions will shift to a single line at the high-AR stage. The proposed device used the advantages of being rectangular with different AR, which offers a convenient design for microfluidic focusing. The disadvantage may be that the device needs a long channel, which may increase the footprint. The two-staged rectangular cross-section microfluidics can also be used for particle separation due to the equilibrium position difference according to the particle size (Zhou et al., 2013). Adjusting cross-sectional shapes can be favorable for particle manipulation. Due to the size-dependent characteristics, the current focusing methods can also be applied to particle separation (Kim et al., 2018).
Kim et al. (2016) reported a novel three-staged inertial focusing device that includes rectangular, triangular, and semicircular cross-section microchannels. The focusing process can be controlled according to the difference in the flow velocity profile in different cross-sections, and an efficient single-train focusing process can be achieved (Kim et al., 2016). Xu et al. (2022) proposed a 3D-stacked multistage inertial microfluidic chip cascading spiral channel with a trapezoidal cross-section and symmetrical square serpentine channels, which can achieve higher throughput in the separation and enrichment of CTCs (Figure 5A). Xiang described a low-cost multiplexed inertial microfluidic tumor cell concentrator by adopting a serial cascading asymmetric serpentine channel with the spiral channel, which will be readily integrated with other on-chip cell sorters to enhance the analysis (Xiang and Ni, 2022) (Figure 5B). More details on multi-stage microfluidics with coupled multiphysics fields can be found in Xu et al. (2021).
[image: Figure 5]FIGURE 5 | Particle focusing in the multi-staged microchannel. (A) 3D-stacked multistage inertial microfluidics with the trapezoidal spiral channel at the top, serpentine channel in the middle, and serpentine channel at the bottom for cell sorting (Xu et al., 2022). (B) Multistage inertial microfluidics for malignant tumor cell concentrators. Reproduced from Xiang and Ni (2022) with permission from the Royal Society of Chemistry.
4 CONCLUSION AND PERSPECTIVE
This paper reviews the working principles and channel structures of existing sheathless inertial microfluidic techniques applied to particle focusing. Inertial microfluidics, as a method of cellular sample pre-processing, offers several advantages over conventional methods by reducing the size of the necessary equipment and simplifying the complex protocols. It paves the way for a more accessible, rapid, and cost-effective way of handling biological samples, catalyzing advancements in research and clinical settings. Sheathless inertial microfluidics focusing has found various applications in the biological sciences due to its ability to precisely manipulate cells and particles in a label-free and high-throughput manner. The main applications are as follows:
Microfluidic cytometer: flow cytometry is widely used in life sciences and clinical diagnostics to characterize and analyze cells. Conventional flow cytometry uses attached probes’ scattering properties or fluorescence intensity to detect cells. Traditional flow cytometers are bulky and mechanically complex, requiring specialists to operate the equipment (Yang et al., 2018). Microfluidic cytometry has a much lower reagent/sample volume consumption and cost than conventional flow cytometry. Conventional microfluidic flow cytometers, which focus the sample stream into a narrow stream employing a surrounding sheath flow, can minimize the possibility of two or more particles simultaneously entering the optical interrogation region. Inertial microfluidics offers more freedom in multiplexing, automation, and parallelization than traditional technologies, thus adding more functionality to cell preparation, analysis, and manipulation (Yan and Yuan, 2021). With inertial microfluidics, 3D flow focusing and alignment in microfluidic channels can be achieved with a simple design, offering the potential to develop new flow cytometry systems with superior performance (Zhou et al., 2023). Microflow cytometry will become one of the most powerful technologies for rapidly analyzing cells and particles.
Cell sorting and enrichment: sorting and enrichment of target cells is a prerequisite for many biomedical applications, such as cancer detection and drug screening. Downstream analysis can be significantly simplified with sorting and enrichment. As a passive method with high manipulation efficiency, inertial microfluidics outperforms other techniques in isolating or concentrating rare cells from large background cell populations (Tang et al., 2020). Depending on the differences in inertial lift and drag forces on the particles, the equilibrium position of biological samples of different sizes within the microfluidic channel varies, and the use of inertial microfluidics such as spiral, serpentine, and constricted–expansion channels allows for the high-throughput and high-efficiency enrichment of biological samples, such as CTCs (Jeon et al., 2022; Xu et al., 2022), sperms (Feng et al., 2021), bacteria (Lu et al., 2021), and blood cells (Xiang and Ni, 2015).
Pre-processing steps for further sorting and detection: Enrichment of target cells before downstream analysis is an essential pre-processing step in many biomedical and clinical assays. Additional sheath flow is often required to focus the sample for more precisely isolating and detecting individual cells. The introduction of the sheath flow requires a sophisticated syringe pump to control the flow and keep it stable. Benefiting from the unique advantages of inertial microfluidics focusing, such as high-precision alignment and high-throughput characteristics, makes it a pre-processing step for higher precision sorting and detection. For example, inertial focusing can be used for high-precision active acoustofluidic separation (Wu et al., 2018; Peng et al., 2023). The development of integrated and efficient sorting chips can be more easily achieved by upstream inertial focusing. Inertial-focusing microfluidics for integrated cell detection has emerged as a promising trend for reducing cross-contamination and enabling single-cell unlabeled analysis (Zhou et al., 2021).
Based on a review of the existing literature, we present some prospects for sheathless inertial microfluidics focusing:
Designing an inertial microfluidic chip to achieve a specific application requires optimizing the flow rate for optimal device performance. Recently, flow-rate-insensitive spiral inertial microfluidic chips have been developed for CTC sorting applications, reducing the dependence of the device on the flow rate (Zhao et al., 2022). In the future, the development of inertial focusing microfluidic devices independent of flow rate, particle size, and other characteristics to extend applications and reduce the development cycle will be required.
At high flow rate inputs, higher pressures are typically provided. Deformation of commonly used PDMS channels causes changes in the flow profile, so implementing inertial microfluidic focusing using stiffer polymer materials will show advantages in terms of device performance and high-volume fabrication.
To enhance the integration of microfluidic chips and improve the purity and efficiency of cell separation, it is essential to combine inertial microfluidics with active separation technologies, such as coupling with multiple physical fields like acoustics, optics, and electrics. However, inertial microfluidics typically operate at high flow rates, so the flow rate mismatch with active technologies needs to be addressed. A more efficient pre-processing of biological samples can be achieved by accommodating both the high throughput of passive methods and the high precision of active methods.
In the future, with the deepening of related research, we hope that sheathless inertial microfluidic focusing can be integrated into biological sample sampling, separation, and detection and can be efficiently and practically used in POCT health monitoring.
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Structure  Microchannel Dimension Particle (@ Length Dimensionless Reference
in pm) fraction number
Straight Rectangular (100, 120, 140, 160) x PS (9.9) 0.06-0.93% viv R, (0.4-16) Reece and Oakeya (2016)
25 pm?
Trapezoid (100-200) x PS (10, 20, 45) 0.1% viv R (20-800) Moloud et al. (2018)
(50-70) pm?
Rectangular (25-35) x47 pm? PS (3,6) 0.08% w/v R (13-72) Masaeli et al. (2012)
Triangle 100 x 50 um, PS (7, 10, 15, 18) ~1-2x10° R, (8.4-190) Mukherjee et al. (2019)
particles/mL
Apex angle 120°
Serpentine | Symmetric serpentine 200 x 40 pm? PS(3,99,13) | 0.025%-0.1% wiw R. (118-200) Zhang et al. (2014)
Asymmetric 20 x 10 pm? (min.) PS (0.92,2) 0.01-1% v/v R (111-1,550) Wang and Dandy (2017)
serpentine
Rectangular 1:100 x 5 (min.) um* PS (10.2) 0.1% wiv R, (02-6.0) Oakey et al. (2010)
11 30 x 50 pm?
Reverse wavy 125 x 40 pm? PS(1,3,57, | 6x10° particles/mL R (10-40) Zhou et al. (2018)
10, 15)
Multi-stage  Triangle + semicircle | W (50,80) H (40) PS (7,9.9) 0.05%-0.1% w/w R, (0.008-3.2) Kim et al. (2016)
Dia (50) H 40
Rectangular 50 (10, 25) pm? PS (10, 15, 20) 0.1 % viv R, (26-78) Wang et al. (2015)
Semicircular 69 x 92 um? PS (5,7.32,104, | ~105 particles/mL - Zhang et al. (2018)
15.45, 20.3)
Spiral Rectangular 250 x 50 pm? PS (2,7, 10) 0.1% wiv De (0-30) Russom et al. (2009)
Rectangular 150 x 50 pm? PS (5, 10) 0.5 Wit De (0.86-15.53) Xiang et al. (2013b)
Rectangular 500 x 130 pm? PS (10, 15, 20) 0.1%-0.3% v/v De (4.4-14.6) Kuntaegowdanahalli et al.
(2009)
With micro-obstacles 900 x 100 pm? PS (73,99, 155) ~ Re (0-666.7) Shen et al. (2017)
Rectangular 100 x 50 pum? PS (4.4,99,15) | 0.021-0.23% viv R, (0-400) Martel and Toner (2013)
Micro-vortex Stepped straight 81x (21, 415) ym* | PS(7.9,99,13) 0.1% why R~ 8333 Chung et al. (2013a)
Rectangular (200, 40) x 50 pm? PS (7) 0.25% viv R, (08-35) Park et al. (2009)
expansion

Triangular expansion

Sharp corner

Stepped straight

50 x 70 pm?

80 x 50

200 x 40 pm?

PS (32, 48,99)

PS (9.9)

PS (99, 13, 24)

~10° particles/mL

3.5-5.5 x 10°
particles/yL

05-2 % 10°
particles/mL

R (2082-329.12)

R, (3.89-27.22)

R (29.2-2187)

Zhang et al. (2013)

Fan et al. (2014)

Zhao et al. (2017)
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Structure

Microchannel Dimension

Particle (a

in pm)

Dimensionless Reference

number

Straight Square 50 x 50 pm? 500 ppm PEO PS (5.9) El (321-215) Yang et al. (2011)
Wi (1.61-8.04)
Square 80 x 80 um? 0.1% wiv HA PS(1,3,6,8) Wi (2.6-566) Lim et al. (2014)
Square 50 x 50 pm? 500 ppm PEO PS (01,02, 05, Wi (178-533); Young Kim et al.
1,24) (2012)
+5 % 50 um? R (0.11-0.33)
Square 50 x 50 pum? 66 wt% PVP S (6) Wi (0.20) Yang et al. (2012)
RBC (8) R (0.0007)
Square 50 x 50 pum? 2.5-50 ppm PS (6, 10, 15) Wi (99.4-1,491) Kim and Kim (2016)
A-DNA R, (0.71-10.6)
Square | s0xS0um | 0011wtk PEO PS (48) Wi (0.09-25.6) Song et al. (2016)
R (0.1-08)
Rectangular e um 0,05 wt% PEO PS (2,5, 10) R (0-3171); Wi (0-97.07) | Xiang et al. (2016a)
AR (1/3-1) 8 wt% PVP
Square and trapezoid | 75 x 7Spm® | 2,000 ppm PEO PS (3,5, 10) ~ Raoufi et al. (2019)
Rectangular H=25um 500-4,000 ppm PS (6.4, 10, 15) R, (035-30.07) Yang et al. (2017)
AR (1/4-1/1) e Wi (1.668-57.715)
Spiral Rectangular 140 x 50 um® | 2.0-8.0 wi% PVP PS (10) R (0.012-0.076) Xiang et al. (2018)
Wi (0.74-4.44) |
Double spiral 30x4pm’ | 02-06wi% PEO | PS (0.05, 0,075, 0.1 Wi (0.09-067) Liu et al. (2016)
,02,05,1,2)
Rectangular 100 x 25 um* | 500-5,000 ppm PS (15, 5, 10) De (24-18) Lee et al. (2013)
PEO
Rectangular 215 x 50 um? 68 wi% PVP P8 (10) R, (0.04-9.66) Xiang et al. (2016b)
AR (1/4-1/2) 500 ppm PEO Wi (0.17-47.80)
Contraction and Square expansion | 50 x 50 pm? 68 Wt% PVP S (6) Wi (0-5.8) Cha et al. (2014)
expansion
+150 x 50 pm®
Triangular expansion 10050 pm? 500 ppm PEO PS (32,48, 13) Wi (22.74-181.92); R, Yuan et al. (2015)

(2.31-18.48)
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