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 Abstract 16 

 Passive particle manipulation using inertial and elasto-inertial microfluidics have 17 

received substantial interest in recent years and have found various applications in high 18 

throughput particle sorting and separation. For separation applications, elasto-inertial 19 

microfluidics has thus far been applied at substantial lower flow rates as compared to 20 

inertial microfluidics.  In this work, we explore viscoelastic particle focusing and 21 

separation in spiral channels at two orders of magnitude higher Reynolds numbers than 22 

previously reported. We show that the balance between dominant inertial lift force, dean 23 

drag force and elastic force enables stable 3D particle focusing at dynamically high 24 

Reynolds numbers. Using a two-turn spiral, we show that particles, initially pinched 25 

towards the inner wall using an elasticity enhancer, PEO (polyethylene oxide), as sheath 26 

migrate towards the outer wall strictly based on size and can be effectively separated with 27 

high precision. As a proof of principle for high resolution particle separation, 15 µm 28 

particles were effectively separated from 10 µm particles. A separation efficiency of 98% 29 

for the 10 µm and 97% for the 15µm particles was achieved. Furthermore, we demonstrate 30 

sheath-less, high throughput, separation using a novel integrated two-spiral device and 31 

achieved a separation efficiency of 89% for the 10 µm and 99% for the 15µm particles at 32 

a sample flow rate of 1 mL/ml – a throughput previously only reported for inertial 33 

microfluidics. We anticipate the ability to precisely control particles in 3D at extremely 34 

high flow rates will open up several applications, including the development of ultra-high 35 

throughput microflow cytometers and high-resolution separation of rare cells for point of 36 

care diagnostics.         37 

  38 

Introduction 39 

Microfluidics based particle focusing and separation has been widely utilised in 40 

biomedical applications and a number of methods have been developed over the 41 

past few decades. These methods can broadly be categorized into active methods,  42 

such as dielectrophoresis, 1,2 magnetophoresis3 and acoustophoresis4 , or passive 43 

methods, such as  deterministic lateral displacement,5 pinch flow fractionation6,7 44 

and inertial microfluidics,8-15. Among these methods, inertial microfluidics has 45 

attracted substantial attention due to extremely high flow rates obtained for particle 46 

focusing and separation. Inertial migration of particles across the fluid streamlines 47 

has been exploited for high throughput separation applications in rectangular cross-48 



sectioned straight14 and curved microfluidic channels.15,16 Inertial lateral migration 49 

of particles in channel flows has been extensively studied in the field of fluid 50 

mechanics.17-20 Segre & Silberberg observed the particles flowing through circular 51 

pipes are arranged in the annulus centered at a distance of 0.3 times the diameter 52 

of the centimeter-scale pipe cross-section 21. Particle suspension in Newtonian 53 

Poiseuille flow in a straight rectangular microchannel will migrate and the balance 54 

between the shear-induced lift forces and wall-induced forces actuates the particles 55 

to four equilibrium positions22 and by varying the aspect ratio of the channel the 56 

equilibrium positions can be changed to two focusing positions14,23,24. Owing to the 57 

strong correlation between the inertial lift forces and particle size, inertial 58 

microfluidics has been used to focus and separate larger particles. Very recently, 59 

Toner et al., introduced oscillatory inertial microfluidics to focus smaller particles 60 

without the requirement of extremely long channels 25,26 In a curvilinear channel, 61 

the pressure gradient difference in the radial direction will induce a cross sectional 62 

secondary flow, consisting of  counter-rotating vortices (Dean vortices) above and 63 

below the plane of symmetry of the channel, thereby satisfying the mass balance 64 

across the inner and outer wall region. The dominating inertial lift forces and the 65 

Dean drag force causes particles to migrate and find its equilibrium positions. 27-29 66 

A number of spiral cell-sorting devices have been reported for cell separation 67 

according to their size.11,15,16,30-34 Despite extremely high volumetric flow rates can 68 

obtained in inertial microfluidics, separation of smaller particles is challenging. In 69 

addition, the fact that particles focus at the centre faces of the walls is not ideal for 70 

flow cytometry applications. To address this, particle migration in non-Newtonian 71 

fluids has recently been proposed and is gaining substantial interest.  72 

 73 

In the case of a pressure-driven, non-Newtonian, viscoelastic flow, particles 74 

migrate towards the centreline of a microchannel due to a non-uniform distribution 75 

of the first normal stress between the centreline and the walls of microchannel35 76 

with non-negligible inertial effects in addition to the dominant elastic forces. 36-47 77 

For 3D focusing of particles in rectangular geometries under similar conditions, 78 

the particles migrate towards the centreline and corners of the channel due to 79 

nonlinear effects of fluid inertia and fluid elasticity induced by the non-uniform 80 

distribution of normal stress.  The synergistic combination of fluid elasticity and 81 

fluid inertia has been demonstrated for 3D focusing of particles in microchannels 82 



with a rectangular cross-section.48 By using circular cross-section straight channels 83 

that exclude corner effects found in rectangular geometries, we previously reported 84 

stable single-stream particle focusing in PEO fluids at high Reynolds numbers (Re 85 

up to 100).49 For curvilinear channels, particle migration in non-Newtonian 86 

viscoelastic fluids is more complex and depends on inertial, elastic and Dean drag 87 

forces. Lee et al., recently reported a ‘Dean-coupled Elasto-inertial focusing band’ 88 

in a spiral channel separating 1.5 µm bead and 10 µm bead at low Reynolds 89 

number50, Nan Xiang et al., studied the particle focusing in low aspect ratio 90 

microchannels over a range of flow rates and deduced the defocusing aspects in 91 

spiral microchannels,51 and more recently Yinning et al., showed size-tunable 92 

elasto inertial sorting of five different particles at a flow rate of 160 µl/min.52 To 93 

our knowledge, these works are the only studies done on spiral channels thus far. 94 

At present, it is unknown whether viscoelastic flow in curvilinear channels at very 95 

higher Reynolds numbers facilitates the particle migration and focusing, which is 96 

the focus of this work.  97 

Here, we investigate particle focusing in a viscoelastic fluid in spiral channels at 98 

dynamic Reynolds numbers and report focusing and separation at flow rates 99 

previously only reported in Newtonian flows. Using PEO (Polyethylene Oxide) as 100 

an elasticity enhancer, we systematically analyzed particle focusing in flow 101 

through spiral channels by examining the effects of flow rate, channel geometry 102 

and viscoelasticity of the solution on the focusing behavior. Two different sized 103 

fluorescent particles (10 μm and 15 μm) were used to investigate these effects. 104 

Stable particle focusing towards the outer channel walls was observed over a 105 

dynamic range of Reynolds numbers. As a proof of principle for particle 106 

separation, spiral microchannel with two inlets and two outlets was used to 107 

investigate differential migration of the 10 and 15 µm particles.   108 

 109 

Theoretical background 110 

In Inertial focusing (flow through straight channels), migration and equilibrium of 111 

particles are mainly due to two forces, shear induced lift forces and wall induced lift force. 112 

This shear induced lift force pushes the particles from the center towards the wall and is 113 

denoted as FLS which is defined as:53  114 𝑭𝑳𝑺~ 𝑼𝟐𝒂𝟑𝝆𝑫𝒉  (1)  115 



where U represents volumetric flow rate, a is dimension of the particle,  ρ is the 116 

density of the fluid and Dh = (2 𝑤 ℎ𝑤+ℎ ) is the hydraulic diameter of the channel, where w and 117 

h are the channel width and height, respectively. When the particles get closer to the wall, 118 

wall induced lift force pushes the particles towards the center of the channel. This is 119 

denoted as Fw which is defined as: 53 120 𝑭𝑾~ 𝑼𝟐𝒂𝟔𝝆𝑫𝒉  𝟒  (2) 121 

The resultant lift force has been denoted as FL = FLS- FW. For microfluidic 122 

channels with curvature, a pressure difference in the channel is formed with high pressure 123 

at the outer wall and low pressure at the inner wall. This difference in pressure induces 124 

the flow to turn inwards towards the inner wall, thus forming two counter-rotating 125 

vortices normal to the bulk flow. These flow structures are called Dean vortices. The drag 126 

force caused due to Dean vortices is denoted as FD and defined as:51  127 𝑭𝑫~ 𝟒 𝑼𝟐𝒂 𝝆𝑹 (𝒘+𝒉)𝟐 (3) 128 

The direction and magnitude of FD changes depending on the position of the 129 

particle in the vortices.  130 

In addition, in non-Newtonian viscoelastic fluids, the elastic property of the 131 

viscoelastic fluid induces an elastic force FE which is denoted as:51  132 𝑭𝑬~ 𝟖𝒂𝟑𝝀 ( 𝑼𝒉𝒘𝟐)𝟑 (4) 133 

where λ is the relaxation time. 134 

 135 

Complex interaction and balance between FL, FE and FD affect particles and cause 136 

them to migrate and find an equilibrium focusing position at the outer wall (Figure 1A). 137 

Qualitatively, to characterize the fluid and particle dynamics during the viscoelastic flow, 138 

three dimensionless numbers should be considered:  the Reynolds number (Re), 139 

Weissenberg number (Wi), and Dean number (De), respectively. The Reynolds number, 140 

quantifying the importance of inertia over viscous effects, is defined as Re =(𝜌 𝑈 𝐷ℎ𝜇 ), 141 

where ρ, U, and μ are the density, average fluid velocity, and dynamic viscosity 142 

respectively. The Weissenberg number describes the relative ratio of elastic to viscous 143 

properties and is defined as Wi = (2 𝜆 𝑄ℎ 𝑤2) 50, where λ is the relaxation time of the polymer 144 

additives. The ratio between these two parameters gives the elasticity number El = (𝑊𝑖𝑅𝑒), 145 



which relates elastic to inertial contributions. Dean number, De = (𝑅𝑒𝑐 √𝐷ℎ2𝑅), is a measure 146 

of the magnitude of the Dean flow in flows through curved channels.  147 

 148 

Results  149 

Particle focusing in viscoelastic fluid   150 

In this work, by harnessing the synergetic effects of FL, FE and FD, we explore 151 

elasto-inertial focusing and report stable particle focusing at high flow rates (Re ~67). 152 

Figure 1A shows schematic illustration of the particles focusing principle. First, let us 153 

consider a particle to be at position 1, close to the inner wall. At a sufficiently high flow 154 

rate, De increases in magnitude and the particle will start to migrate away from the inner 155 

wall. Here, FD, FE, and FW is counteracted by FLS and the resultant force, which is denoted 156 

as FR in Figure 1A, will push the particles away from the inner wall toward the center. As 157 

the particle crosses the center position (at position 2), all other forces change sign except 158 

for FD. In addition, the magnitude of FE and FW will be decreased and the FD and FLS will 159 

increase resulting in pushing the particle away from the center towards the outer wall. At 160 

position 3, the particle reaches the lateral equilibrium position and maintain this focused 161 

position throughout the remaining channel length. Here, FD is not strong enough to drag 162 

the particle along the Dean vortices. However, if the flow rate increases further, De will 163 

increase and as a result the particles will be trapped into the vortex and defocus (position 164 

4). Figure 1B shows the difference in particle focusing behavior between Newtonian and 165 

non-Newtonian fluid flows. For Newtonian fluid, particles focus close to the inner wall 166 

in flow through low aspect ratio spirals, in agreement with previous reports.15 However, 167 

in viscoelastic fluid flow, in addition to the combined effect of lift and Dean forces, elastic 168 

forces interplay to focus and order suspended particles at the outer wall50.  169 

 170 



 171 

Figure 1: Overview of particle focusing principle in spiral microchannels. (A) Schematic 172 

illustration of particle focusing in elasto-inertial microfluidics. Under the influence of 173 

Dean drag forces (FD), particles migrate along the Dean vortices, and depending on the 174 

position the particles experience additional strong inertial lift forces (FLS and FW) and 175 

elastic forces (FE). How these forces acting on a particle focused in a distinct point 176 

(positions 1-4) are highlighted. (B) Inertial and elasto-inertial particle focusing. 177 

Fluorescence image of 15 µm particles flowing through the spiral in Newtonian (left) and 178 

non-Newtonian (right) fluid using PEO as elasticity enhancer. In a Newtonian fluid, the 179 

particles are focused at the inner wall and for Non-Newtonian fluid at the outer wall. Scale 180 

bar: 500 µm. 181 

 182 

The influence of curvature and flow rate 183 

To elucidate the particle behavior in viscoelastic fluid flow through curved 184 

channels, the effect of different parameters such as spiral microchannel geometries, PEO 185 

concentration and flow rate was studied (see S1 in the ESI for the spiral geometries and 186 

dimensionless numbers). A ten-turn spiral channel with one inlet and one outlet was used 187 

to examine the behavior of 10 µm and 15 µm particles at various flow rates. For 188 

convenience, the dimensionless numbers  Re, Wi and El for all the channels geometries ( 189 

for a = 10 µm) at different flow rates are shown in Figure S1-B in the ESI. The flow 190 



direction is defined from center position (r = 0mm) as forward and from the outer position  191 

(r = 15mm) as backward flow. Initially, flow from the outer position (backward) was used 192 

to evaluate particle focusing at turn 5 (r= 7mm) for a range of flow rates (Figure 2). As 193 

can be seen in Figure 2, at low flow rate (100-200 µl/min), although unfocused, the 10 194 

and 15 µm particles start to migrate towards the outer half of the channel width. As the 195 

flow rate increases, both particles are clearly focused at the outer wall of the channel. The 196 

larger 15 µm particles are initially focused closer to the outer wall compared to the smaller 197 

10 µm particles. However, as the flow rate increases (> 800 µl/min), both particle sizes 198 

are fully focused on the same lateral position. As the flow rate increases further the 199 

particles start to defocus. The transition is more pronounced for the 10 µm particles, as 200 

the particles migrate from a single stream to multiple streams away from the outer wall 201 

(at flow rate 1.8-2 ml/min).  202 

 203 

 204 

Figure 2: Particle focusing (backward flow direction). (A) Fluorescence image of 10 205 

(green) and 15 µm (red) particles at the 5th turn for different flow rates. Stable 3D particle 206 

focusing at the outer wall of the spiral microchannel is achieved for a dynamic range of 207 

flow rates. Scale bar: 125 µm. (B) Corresponding overlapped cross-sectional intensity of 208 

the 10 and 15 µm particles.  At low flow rates (<800 ul/min), the larger 15 µm particles 209 

are focused closer to the wall and at higher flow rates both the particles are focused at the 210 

same lateral position.   211 



 212 

Next, flow in the forward direction was evaluated by observing particle behavior at the 213 

outlet (turn 10) (Figure 3).  Initially, the particles were spread and remained unfocused at 214 

low flow rate of 100 µl/min (Re <2), presumably due to insufficient lift and Dean forces. 215 

As the flow rate increases both particles are focused at the outer wall. Importantly, the 10 216 

and 15 µm particles are focused at the same lateral position and remain focused even at 217 

extremely high flow rate (2 ml/min, corresponding Re = 67 for 10 µm particles).  218 

 219 

 220 

Figure 3: Particle focusing (forward flow direction). (A) Fluorescence image of 10 221 

(green) and 15 µm (red) particles at the 10th turn of the spiral for different flow rates. 222 

Stable particle focusing obtained at the outer wall of the spiral microchannel for flow 223 

rates of 400 µl/min and above. Scale bar: 125 µm. (B) Corresponding overlapped cross-224 

sectional intensity of the 10 and 15 µm particles.  At low flow rates, the particles are 225 

unfocused and spread. As the flow rate is increased, the particles are focused and remain 226 

focused even at extremely high flow rates (2ml/min).  227 

 228 

The influence of elasticity  229 

To investigate the effects of viscoelastic contribution on particle focusing, 230 

different concentrations of the PEO solution were tested. The flow rate was kept constant 231 

at 300 µl/min, while the PEO concentration was varied from 250 ppm to 5000 ppm. As 232 



can be seen in Figure 4, with increased PEO concentration, the particle focusing position 233 

is pushed further away from the outer wall. Furthermore, the 10 µm particles are fully 234 

focused, although further away from the outer wall, while the 15 µm particles are more 235 

spread at PEO concentrations of 3000 PPM and 5000 PPM. As the PEO concentration 236 

increases, the influence of FE on particle is increased and counteracting the influence of 237 

FD. Consequently, the particles initially fully focused close to the outer wall at lower 238 

concentrations experiences larger FE at higher concentrations and are pulled toward the 239 

center.  240 

 241 

Figure 4: Particle equilibrium focusing position at different PEO concentrations. (A) 242 

Fluorescence image of 10 (green) and 15 µm (red) particles at the 10th turn for different 243 

PEO concentrations. The particle focusing position is pushed away from the outer wall, 244 

especially for 3000 PPM and 5000 PPM. Scale bar: 125 µm. (B) Corresponding 245 

overlapped cross-sectional intensity of the 10 and 15 µm particles.      246 

 247 

The influence of blockage ratio on particle focusing 248 

Next, the effect of the channel aspect ratio (AR) on particle focusing was studied. 249 

The width of a two-turn spiral (see S1-A in the ESI for the spiral geometry) was kept 250 

constant at 500 µm, while the height was varied to obtain different AR (1:1 – 1:4). For 251 

AR 1:1, particle focusing is observed over a wide range of flow rates (up to 2000 µl/min, 252 

with corresponding Re up to 67 (Figure 5). Increasing the AR results in particle 253 

defocusing, especially for AR 1:3 and 1:4. For AR 1:2 defocusing is observed at the flow 254 

rate of 2000 µl/min with a corresponding Re of 61.  The difference in particle focusing is 255 

more pronounced for the lowest (500 µl/min) and highest (2 ml/min) flow rate tested. At 256 



low flow rate (corresponding Re: 26, 24, 22 and 21), a lower AR will result in increased 257 

focusing at outer wall while for AR 1:3-1:4 no focusing is observed. At the highest flow 258 

rate (corresponding Re: 67, 61, 56 and 52) particle defocusing is observed in all AR 259 

except for 1:1.  260 

 261 

 262 

Figure 5: Particle focusing as a function of channel aspect ratio. Fluorescence images of 263 

10 µm particles are overlapped with corresponding cross-section intensity to illustrate the 264 

focusing behavior at different flow rates. The lower the aspect ratio the better particle 265 

focusing is observed.  Flow through low aspect ratio (AR: 1:1) result in stable 3D single 266 

stream focusing across the different flow rates tested. For the higher the aspect ratio (AR: 267 

1:2-1:4), three regimes can be distinguished: at low flow rate, the particles are spread and 268 

at 1ml/min particles are focused at the outer wall and further increase in flow rate results 269 

in defocusing of the particles.  270 

 271 

Investigating the particle blockage ratio, defined as the particle size relative to the 272 

channel size (a/Dh) is a good measure of the effect of channel geometry and particle size 273 

on focusing. In Figure 6, the blockage ratio values are plotted against Re for a range of 274 



particle sizes and channel geometries. The PEO concentration was kept constant at 500 275 

PPM while the channel geometry and flow rate were varied. At low Re (i.e. insufficient 276 

lift and Dean forces), all particles remained unfocused. At intermediate Re, focusing is 277 

observed as a result of balance between the acting forces (FL, FD and FE). Our results 278 

suggest a minimum blockage ratio > 0.06 for focusing. At high Re (>60), a blockage ratio 279 

> 0.1 is required for particle focusing.  280 

 281 

282 
Figure 6: Particle focusing as function of blockage ratio and Re. Graph of particle size 283 

to channel size (a/Dh) ratio plotted against Re. Particle focusing is observed at Re greater 284 

than10 and  a blockage ratio greater than 0.06.  285 

 286 

High throughput and high-resolution particle separation  287 

In order to determine the working conditions for particle separation, a two-turn 288 

spiral with two inlets and two outlets was used (see S1-A in the ESI). The PEO 289 

concentration was kept constant at 500 PPM and different flow rates were tested. Using 290 

a sheath flow, the particles are initially pushed towards the inner wall. The three acting 291 

forces (FL, FD and FE) scale differently with particle size. Consequently, the larger 292 

particles will experience higher shear induced lift force FLS, while the smaller particles 293 

will start to migrate towards the outer wall. In Figure S3 in the ESI, differential migration 294 

of three different particles sizes (5 µm, 10 µm and 15 µm) is shown. The 5 µm followed 295 



by the 10 µm  particles are migrating faster while the larger 15 µm particles are lagging. 296 

Figure 7A shows the behavior of 10 (green) and 15 µm (red) particles in the presence of 297 

a sheath fluid. Initially, all particles are forced to the inner wall by the sheath. The 10 µm 298 

particles migrate away from the inner wall first, while the larger 15 µm particles lag and 299 

can be separated through the two outlets. 98% of the 10 µm particles are collected from 300 

the outer outlet fraction, while 97% of the 15 µm particles are collected from the inner 301 

outlet (Figure 7B). To fully exploit the scaling factor and differentially migrate the 302 

particles based on size, as shown in S4 in the ESI, a sheath flow is necessary to initially 303 

position the particles into a narrow stream at the inner wall. Hence, using a sheath flow 304 

by carefully optimizing the geometry and flow rate it is possible to achieve high resolution 305 

particle separation. 306 

 307 

Figure 7.  Sheath-based flow for particle separation. (A) Differential migration of 10 µm 308 

(green) 15 µm particles (red) from the inner wall.   Particle position at the different regions 309 

(position 1-6) are shown, clearly indicating that the smaller 10µm particles migrate first 310 

towards the outer wall. (B) Particle counting results, indicating high separation efficiency 311 

where 98% of 10 µm particles were collected at outer outlet and 97% of 15µm particles 312 

at the inner outlet. The total flow rate was 1 mL/min (sheath: 950 µL/min and sample: 50 313 

µL/min).   314 

 315 

While sufficiently high separation efficiency (98% and 97% for 10 µm and 15 µm 316 

particles) was achieved, the overall sample throughput was only 50 µL/min. As described 317 

above, this is because there is a need to use a sheath flow to pinch the inlet to position the 318 

particles at the inner wall for differential migration, which consequently dramatically 319 



decreases the total throughput. To improve the throughput, we developed a novel 320 

integrated two-spiral concept (Figure 8).  In the first spiral, both 10 and 15 μm particles 321 

are focused towards the outer wall and continue to the second spiral (Figure 8A). By 322 

designing a sharp “U-turn” connecting the two spirals, the particles migrate from outer 323 

wall of spiral one towards the inner wall of the second spiral. To evaluate the separation 324 

efficiency of the system, a mixture of 10 and 15μm particles was pushed through a 100 325 

μm height 2-spiral integrated device at a flow rate 1 mL/min. Figure 8A illustrates the 326 

different steps involved in the particle separation. Here, the smaller 10μm particles 327 

(green) drift further away from the inner wall after reaching the second spiral compared 328 

to the 15μm particles (red) and can be collected in separate outlet. Figure 8B shows the 329 

separation efficiency, as analyzed by coulter counter. 99% of the 15 μm particles were 330 

recovered through the inner outlet (outlet2), while 89% 10 μm particles, could be 331 

recovered through the outer outlet (outlet 3).  332 

 333 

 334 



 335 

Figure 8. Sheath-less flow for high throughput particle separation using integrated spiral.  336 

Experimental results of two integrated spiral. A) Particle size with 10 and 15 μm 337 

introduced at the inlet, where 10 and 15 μm particles are pre-focused in the first spiral 338 

and follows to the next spiral, where the 15 μm particles remains at the inner wall, while 339 

the 10 μm particles moves towards the outer wall of the channel. B) Separation of particle 340 

10 and 15 μm at a high flow rate of  1 ml/min, indicating a separation efficiency of 89% 341 

for 10 µm particles at the outer outlet and 99% for 15µm particles at the inner outlet. 342 

 343 

Discussions 344 

  Inertial and elasto-inertial particle focusing has attracted substantial attention in 345 

the microfluidic community since the early works of Di Carlo et al. (2007)8 and 346 

Leshansky et al. (2007)35, who implemented particle inertial and viscoelastic migration, 347 

respectively, in microchannels for particle separation. While a growing number of studies 348 



have been devoted to flow through straight channels in the case of viscoelastic fluid, there 349 

has been very little attention to flow through spiral channels. Also, different with previous 350 

works, here for the first time, we describe a high throughput elasto-inertial focusing at Re 351 

previously only described in Newtonian flows to precisely control and sort particles.  In 352 

inertial microfluidics, the interplay between two dominant forces, FD and FL, is exploited 353 

to focus and order particles. Depending on the relative magnitude of the FD and FL acting 354 

on a particle, focusing (dominant lift) or mixing (dominant Dean flow) can occur. In 355 

viscoelastic flows, an additional viscoelastic force, FE, will interplay with the particles 356 

shifting the equilibrium focusing position to the outer wall. Figure 1A shows a schematic 357 

illustration of how the three dominant forces, FL(FLS and FW), FE and FD, can interplay to 358 

trap particles flowing through a curved channel at an equilibrium position at vertically 359 

center point at the outer wall. While the schematic Figure 1 is simplified, the interplay 360 

between these forces is complex and the magnitude of these forces across the channel 361 

varies and is currently not fully known.  Furthermore, the visco-elastic nature of the fluid 362 

leads to decreased magnitude of FD compared to a Newtonian fluid for the same Re. This 363 

will also affect the shear induced lift since the parabolic velocity flow profile is flatten at 364 

the center, leading the decreased shear at the center. In flow through spiral channel, the 365 

radius of curvature affects the stability of particle focusing. In other words, by changing 366 

the De (De ∝ 1/R, where R is the radius of curvature), it is possible to affect the relative 367 

magnitude of FD with constant Re. For instance, in the backward flow direction, De is 368 

increased along the flow and will result in dominance of FD over FL and FE  at lower Re 369 

compared to forward flow direction. As can be seen in Figure 2 and 3, in the forward flow 370 

direction the particles are fully focused at a flow rate of 2 ml/min, while in the reversed 371 

flow direction the particles start to be disturbed. In figure S2 in the ESI, particle focusing 372 

at different turns of the spiral is shown for both flow directions.  In addition to the radius 373 

of curvature, the ratio of the particle size to the channel size (blockage ratio) plays a key 374 

role in the focusing behavior (Figure 6). Experimentally, we found that a blockage ratio 375 

> 0.06 result in particle focusing. Our observation is in agreement with previous work in 376 

inertial focusing, where Di Carlo et al. reported blockage ratio > 0.07 for particle 377 

focusing.8 At lower blockage ratios, the particles are too small to be affected by the lift 378 

forces.  In this work, we demonstrate stable particle focusing at a large dynamic range of 379 

flow rates (Re: 20 – 67).  380 

Continuous flow separation techniques are attractive due to their ability to achieve high 381 

throughputs.10,15,16,30-33 Spiral microchannel based inertial microfluidics is ideally suited 382 



for high throughput applications due to the fact that inertial and dean drag forces acting 383 

on particles increase with increasing flow rates. However, using a viscoelastic fluid it is 384 

possible to fine tune particle focusing using the viscoelastic property of the fluid to 385 

achieve stable 3D focusing over a large dynamic range of flow rates48,50,54. The lateral 386 

particle focusing position is largely affected by the viscoelastic property of the polymer 387 

solution (Figure 4). Experimentally, to evaluate the effect of PEO concentration 300 388 

µl/min was used because of the relatively high pressure drop in the device for high PEO 389 

concentrations. A shift in lateral focusing position away from the outer wall is observed 390 

for increased PEO concentration. The lateral focusing position was relatively similar for 391 

the PEO concentrations between 250 and 1000 ppm. For the higher concentrations (3000 392 

and 5000 ppm), the particle focusing position is significantly pushed towards the center. 393 

At the relatively low flow rate used, FE dominates over FD and FL.  As discussed above, 394 

FL, FD and FE interact with particles differently depending on the particle position. For 395 

high resolution particle separation, the fact that the forces scale differently with respect 396 

to particle size (FL and FE ∝ a3 versus FD ∝ a) and flow rate can be exploited to 397 

differentially migrate particles based on size.   Using a sheath flow, we first pre-position 398 

the particles close to the inner wall. The increased dominance of FL (FL ∝ a3) for the larger 399 

particles will enable differential migration of the smaller particles away from the inner 400 

wall by forcing the larger particles to be lagging (see S3 in the ESI). Eventually all 401 

particles above a certain size cut-off will find the equilibrium focusing position at the 402 

outer wall. By exploiting the fact that larger particles are lagging in the migration, particle 403 

separation could be successfully demonstrated. High separation efficiency (∼98%) was 404 

achieved between 10 and 15 µm particles (Figure 7).  405 

Spiral devices have extensively been studied for particle separation in Newtonian flows. 406 

In non- Newtonian flows however, to our knowledge, a recent study has been reported 407 

where, Yinning Zhou et al., separated 3, 5 and 10 μm particles at low flow rate of 160 408 

µL/min52. In this work, we explore elasto-inertial focusing not only to focus and separate 409 

particles with large size differences but to also to differentially focus and separate pre-410 

focused particles. As showed in Figure 3, the 10 and 15 μm particles are closely focused 411 

at lateral position towards the outer wall, which is difficult to separate from each other. 412 

Here, we utilize the balance between the three main forces involved to keep the larger 15 413 

μm particles close to the inner wall using a sheath flow while migrating the smaller 10 414 

μm particles towards the outer wall. This way, we can dictate a unique condition where 415 

the 15 μm particles are “kept” at the inner wall due to lift dominating over Dean forces 416 



(FL > FD). While the total flow rate for separation of 10 µm and 15 µm particles was 417 

impressive 1 mL/min (Figure 7), the actual flow rate of the sample was 50 µl/min. For 418 

separation applications, the actual sample flow rate is important and has to be accounted 419 

for. On the other hand, as shown in S3 and S4 in ESI, sheath flow is important for “pre-420 

positioning” the particles at the inner wall for differential migration and separation. To 421 

this end, we designed an integrated two spiral device that enables pre-focusing of the 422 

particles in the first spiral and then differentially migrate the smaller particles towards the 423 

outer wall while the larger particles are lagging (Figure 8). Due to the reduction of the 424 

flow rate, the relative magnitude of FD is counter balanced by the shear- induced FL 425 

directed towards the inner wall. The larger particles are affected more by FL ( FL ∝ a
4 426 

while FD ∝ a). Since the flow is inward, FD start to successively become dominant and 427 

then drag the particles towards the outer wall with the smaller particles migrating before 428 

the larger particles and can be separated.  The novel two-spiral design not only enable 429 

pre-focusing but also volume reduction (almost 50% volume reduction at outlet 1).  Using 430 

the current design, 10 mL of sample would take 10 minutes to process and the collected 431 

sample volume would be reduced to 2.35 mL for the 15 µm particles and 2.80 mL for the 432 

10 µm particles.  Although only separation of two particles sizes has been demonstrated 433 

in the current work, we envision separation larger number of particle sizes simultaneously 434 

should be possible by further optimizing the channel geometry and extending the outlets. 435 

Hence, we expect the focusing dynamics presented in this work will be advantageous for 436 

future applications requiring high resolution and high throughput sample processing. We 437 

envision the integrated two spiral system to be particular useful for the isolation of 438 

circulating tumor cells from peripheral blood for applications in cancer diagnostics.   439 

 440 

Conclusions 441 

In this work, we report a spiral microchannel-based viscoelastic platform for 442 

continuous particle focusing and separation at high throughput. Here, we report elasto-443 

Inertial microfluidics working at the flow rate previously only been reported in Inertial 444 

microfluidics, with the added benefit of 3D focusing at a single position vertically48,50,54. 445 

Experimentally, we evaluated particle focusing behaviors over a large dynamic range of 446 

flow rates, channel geometry and particle sizes. In addition to stable 3D focusing at two 447 

orders magnitude higher Re than previously reported in flow through spiral channels, by 448 

carefully adjusting the forces acting on particles it is possible to differentially migrate and 449 



separate particles at high resolution. As a proof of principle, we demonstrate differential 450 

migration and separation of 10 µm from 15µm particles at a total flow rate of 1 mL/min. 451 

A separation efficiency of 89% for the 10 µm and 99% for the 15µm particles was 452 

achieved. The ability to precisely control particles in 3D at extremely high flow rates will 453 

not only open possible applications in high throughput cell separation, but also in the 454 

development of low-cost, microflow cytometers. 455 

 456 

Materials and methods 457 

A. Device fabrication 458 

For the fabrication of PDMS devices, the designs of the microchannels were created 459 

using AutoCAD software and printed on a Mylar mask and standard lithography 460 

techniques were used to fabricate the master mold. Briefly, SU-8 a negative photoresist, 461 

was spun onto a silicon wafer and exposed to UV light through the mylar mask and 462 

developed in microresist SU-8 developer to produce a spiral channel master mold. To 463 

generate the PDMS replica, a ratio of 10:1 sylgard 184 elastomer with curing agent was 464 

poured over the SU-8 master, after thermal curing for 6 hr at 65°C, the PDMS slabs were 465 

cut and punched to produce the inlet and outlets. The cut PDMS slabs were bonded onto 466 

the glass surface after brief exposure to oxygen plasma. 467 

 468 

B. Sample preparation and flow experiments 469 

For Newtonian experiments the particles were suspended in 1X PBS with small amount 470 

of tween-20 surfactant. PEO (Poly (ethylene oxide)) was used as an elasticity enhancer 471 

for the Non-Newtonian fluid. PEO (Poly (ethylene oxide)), (Mw = 2 000 000, Sigma-472 

Aldrich) was added to deionized water to prepare the following concentrations:  250 ppm, 473 

500 ppm, 750 ppm, 1000 ppm, 3000 ppm and 5000 ppm. For majority of the experiments 474 

a concentration of 500 ppm was used. The PEO solution is considered to have a constant 475 

shear viscosity of 1.8 mPa S under the present experimental conditions and its relaxation 476 

time is 0.7-1.2 ms. 55 477 

Spherical, polystyrene fluorescent beads (ThermoFischer Scientific) with diameters 5 478 

µm (green), 10 µm (green) and 15 µm (red), were used in the experiments. Particle 479 

suspensions were prepared by spiking particles into the viscoelastic fluid. The flow 480 

experiments were performed using a mid-pressure (neMESYS CETONI GmbH) syringe 481 

pump. A Coulter counter (Beckman coulter- Z2 coulter particle count and size analyzer) 482 



was used for quantification of particles collected from the different outlets after separation 483 

and fluorescent imaging was accomplished using an automated Nikon Inverted 484 

microscope with Zyla sCMOS Camera. ImageJ, NIH software was used to create and 485 

analyze the fluorescent images.  486 
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Figures

Figure 1

Overview of particle focusing principle in spiral microchannels. (A) Schematic illustration of particle focusing in
elasto-inertial micro�uidics. Under the in�uence of Dean drag forces (FD), particles migrate along the Dean
vortices, and depending on the position the particles experience additional strong inertial lift forces (FLS and FW)
and elastic forces (FE). How these forces acting on a particle focused in a distinct point (positions 1-4) are
highlighted. (B) Inertial and elasto-inertial particle focusing. Fluorescence image of 15 µm particles �owing
through the spiral in Newtonian (left) and non-Newtonian (right) �uid using PEO as elasticity enhancer. In a



Newtonian �uid, the particles are focused at the inner wall and for Non-Newtonian �uid at the outer wall. Scale
bar: 500 µm.

Figure 2

Particle focusing (backward �ow direction). (A) Fluorescence image of 10 (green) and 15 µm (red) particles at the
5th turn for different �ow rates. Stable 3D particle focusing at the outer wall of the spiral microchannel is achieved
for a dynamic range of �ow rates. Scale bar: 125 µm. (B) Corresponding overlapped cross-sectional intensity of
the 10 and 15 µm particles. At low �ow rates (<800 ul/min), the larger 15 µm particles are focused closer to the
wall and at higher �ow rates both the particles are focused at the same lateral position.



Figure 3

Particle focusing (forward �ow direction). (A) Fluorescence image of 10 (green) and 15 µm (red) particles at the
10th turn of the spiral for different �ow rates. Stable particle focusing obtained at the outer wall of the spiral
microchannel for �ow rates of 400 µl/min and above. Scale bar: 125 µm. (B) Corresponding overlapped cross-
sectional intensity of the 10 and 15 µm particles. At low �ow rates, the particles are unfocused and spread. As the
�ow rate is increased, the particles are focused and remain focused even at extremely high �ow rates (2ml/min).



Figure 4

Particle equilibrium focusing position at different PEO concentrations. (A) Fluorescence image of 10 (green) and
15 µm (red) particles at the 10th turn for different PEO concentrations. The particle focusing position is pushed
away from the outer wall, especially for 3000 PPM and 5000 PPM. Scale bar: 125 µm. (B) Corresponding
overlapped cross-sectional intensity of the 10 and 15 µm particles.



Figure 5

Particle focusing as a function of channel aspect ratio. Fluorescence images of 10 µm particles are overlapped
with corresponding cross-section intensity to illustrate the focusing behavior at different �ow rates. The lower the
aspect ratio the better particle focusing is observed. Flow through low aspect ratio (AR: 1:1) result in stable 3D
single stream focusing across the different �ow rates tested. For the higher the aspect ratio (AR: 1:2-1:4), three
regimes can be distinguished: at low �ow rate, the particles are spread and at 1ml/min particles are focused at the
outer wall and further increase in �ow rate results in defocusing of the particles.



Figure 6

Particle focusing as function of blockage ratio and Re. Graph of particle size to channel size (a/Dh) ratio plotted
against Re. Particle focusing is observed at Re greater than10 and a blockage ratio greater than 0.06.



Figure 7

Sheath-based �ow for particle separation. (A) Differential migration of 10 µm (green) 15 µm particles (red) from
the inner wall. Particle position at the different regions (position 1-6) are shown, clearly indicating that the smaller
10µm particles migrate �rst towards the outer wall. (B) Particle counting results, indicating high separation
e�ciency where 98% of 10 µm particles were collected at outer outlet and 97% of 15µm particles at the inner
outlet. The total �ow rate was 1 mL/min (sheath: 950 µL/min and sample: 50 µL/min).



Figure 8

Sheath-less �ow for high throughput particle separation using integrated spiral. Experimental results of two
integrated spiral. A) Particle size with 10 and 15 μm introduced at the inlet, where 10 and 15 μm particles are pre-
focused in the �rst spiral and follows to the next spiral, where the 15 μm particles remains at the inner wall, while
the 10 μm particles moves towards the outer wall of the channel. B) Separation of particle 10 and 15 μm at a high
�ow rate of 1 ml/min, indicating a separation e�ciency of 89% for 10 µm particles at the outer outlet and 99% for
15µm particles at the inner outlet.
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