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Abstract Particle motion in viscous fluids is a common and fascinating phenomenon. The 

hydrodynamics of a trapped finite-size particle recirculating along a stable orbit within a microvortex is 

still puzzling. Herein we report experimental observations of the orbiting motion of a finite-size particle 

in a vortex confined in a microcavity. The orbiting particle keeps crossing the streamlines with acute 

changes in velocity along the orbit, which can be divided into three stages: acceleration, swerving, and 

following. By examining the relationship between particle orbit and vortex streamlines, we uncover a 

particle slingshot effect and slip motion. Particle motion and vortex structure in three dimensions are 

also studied, revealing many new fascinating particle motion phenomena. The results provide new 

insights into the physics of particle motion in vortices. 
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Motion of small beads (particle, droplet, and bubble) in viscous fluids is a common flow phenomenon 1 

in nature and is of central importance in many applications 1,2, such as tea leaf paradox 3, particles in 2 

physiological flow networks 4, spread of viruses via air pollution 5, and the manufacturing of multi-core 3 

emulsions using microfluidics 6. Dating back at least to Stokes 1, particle motion has always been a focus 4 

of research on fluid mechanics 7-10, especially recent research on particles/cell manipulations in straight, 5 

curved, and spiral microchannels in inertial microfluidics 11-15. Particles exhibit many motions—ordering, 6 

focusing, trapping, sorting, clustering, rotating, colliding, and so on 16,17—among which migration across 7 

streamlines under the combined effects of inertia and hydrodynamic forces is essential 16-20. 8 

Particle orbiting in a laminar vortex confined in a microcavity (or chamber) is one of the most 9 

fascinating motions 21. In this case, a finite-size particle recirculates along a stable meniscus-shaped orbit 10 

without external forces (i.e., no string to supply the needed centripetal force) 22,23. The background 11 

physics of interactions between the particle and the vortex is a relatively new area of fluid dynamics and 12 

different from those in tubes, parallel shear panels, rotating cylinders, free vortices, and other forms 13 

reported in previous studies 24-27. The mechanism by which the stable orbit forms relies on a delicate 14 

dynamic balance between varying particle forces (centrifugal and inertial forces) and hydrodynamic 15 

forces that are locally induced by the flow velocity gradient of the confined vortex 28-31. As the clam-type 16 

vortex structure is three dimensional (3D) and the shape of the particle orbit is neither circular nor 17 

elliptical, the acting forces change in a complex way with the location of the particle along the orbit. 18 

Moreover, coupled with changes in the velocity of the finite-size particle, these complexities pose a 19 

significant challenge to understanding the physics 28-31. Many issues remain puzzling, especially the 20 

relationship between particle trajectory and vortex streamlines, which is crucial for stable maintenance 21 

of isolated circulating tumor cells in microcavities for vortex-based microfluidics 32-35. 22 

In this work, we provide a deeper understanding of how a finite-size particle recirculates along a stable 23 

orbit in a 3D microvortex by comparing the relationship between the particle orbit and the vortex 24 

streamlines. Moreover, we also reveal many unique and fascinating particle motions, including deviation 25 

from streamlines, change in particle velocity along the orbit, a slingshot effect, slip motion, rotating 26 

behaviors, and dancing of bound multi-particles. 27 



 28 
Figure 1. Vortex and particle orbit in a microcavity. (A) Schematic of the microfluidic chip with a pair of 29 

rectangular microcavities. (B) Micro-PIV results for the laminar vortex. (C) Separatrix between the vortex 30 

and microchannel flow and the high-speed region of the vortex. The cavity width and length were 31 

nondimensionalized as x*=Lc/H and y*=Wc/H (H=100 µm). (D) Time-lapse high-speed image of a finite-size 32 

particle (d=30 µm) orbiting along a stable meniscus-shaped trajectory in a vortex at a Re of 303 at 6000 fps 33 

(Movie S1). 34 

 35 
Setup and Theoretical Background  36 

To compare the relationship between particle orbit and vortex streamlines, we quantitatively measured 37 

the vortex flow velocity vector field in a microcavity (600×600 µm2) using micro-particle image 38 

velocimetry (micro-PIV; Fig. 1A–C). We then visualized the orbiting motion of a finite-size particle 39 

(diameter d=30 µm) along a stable meniscus-shaped orbit in the vortex using a high-speed microscopic 40 

imaging system (Fig. 1D). Numerical simulations of the 3D vortex structure were also performed (see 41 

Materials and Methods for more details).  42 



Particle flow in a microchannel can be characterized by the channel Reynolds number /hRe UD   43 

and the particle Reynolds number = p pRe U d   , where U is the mean velocity of the fluid; 44 

Dh=2WH/(W+H) is the hydraulic diameter of the microchannel (width W and height H); vp is the 45 

characteristic particle velocity; and ρ and μ are the fluid density and dynamic viscosity, respectively 30. 46 

Fluid velocity in the cavity is substantially less (<10%) than the microchannel flow. The particle velocity 47 

vp changes acutely along the orbit, and Rep is far below 10-3. As the particle is nearly neutrally buoyant 48 

(density ρp), the Stokes number  / p p pSt Re Re    , which represents the particle inertia 30. Flow 49 

separation from the leading cavity wall results in the formation of a laminar vortex inside the cavity 36. 50 

The vortex characteristics (Fig. 1B) are critical for particle trapping and maintenance in the microcavity 51 

30. In the cavity entrance, flowing target large particles, driven by a shear-gradient lift force scaling with 52 

FLS ~d3, will migrate laterally across the boundary streamlines (separatrix) and enter the vortex region in 53 

many complicated ways 23,29,30,37,38. Then the isolated particle will recirculate along a stable orbit in a 54 

high-speed ring of the vortex region (Fig. 1C). Here we focus mainly on the particle orbiting behavior 55 

to reveal the background physics.  56 

The motion of a rigid, spherical particle of radius a in a dilute suspension can be described by a form 57 

of Newton’s Second Law delineated by Maxey and Riley 30,39,  58 

 59 

where mp is the mass of the particle, mf is the mass of the fluid displaced by the particle, Vp is the center-60 

of-mass velocity of the particle located at Y(t) at time t, u is the undisturbed fluid velocity, and g is the 61 

gravitational acceleration. The terms on the right-hand side of this equation are, from left to right, the 62 

pressure gradient force, the added mass force, the gravitational body force, and the Stokes drag force. 63 

The contributions of inertia are implicitly stated by this equation. This equation has been explained in 64 

further detail in previous studies 29,30. It has been widely used to model particle transport 40,41 and can 65 

generally describe the main forces exerted on the orbiting particle in a microvortex; however, as it is 66 

based on creeping flow, it does not include other weaker forces, such as the Saffman lift related to the 67 

velocity shear or wall effects or the Basset history force for particles with changes in velocity, which will 68 
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induce novel particle motions in three dimensions observed in our experiments. Moreover, the effects of 69 

the microcavity walls are not considered by this equation, and the fluid velocity field of the vortex is in 70 

three dimensions, which should be known at the outset. 71 

In a naive view, the particle is following the streamlines and the exerting forces are balanced. In fact, 72 

the finite-size particle keeps migrating across the streamlines and the forces cannot be in equilibrium. 73 

The odd particle orbit results from the combined effects of inertia and hydrodynamic forces. In fact, the 74 

real problem is much more complex, with three features 23,28-30: (i) the particle velocity is spatially and 75 

temporally variable, not constant throughout the orbit, which should be characterized quantitatively; (ii) 76 

the meniscus-shaped orbit is not circular; and (iii) the velocity profile of the vortex is clam-type in three 77 

dimensions, which increases the complexity of the shear gradient. Both inertia and wall effects can 78 

substantially influence the motion of particles inside the cavity. Inertia causes the particle to cross the 79 

vortex streamlines, and all other effects result in acceleration and deceleration of the particle along the 80 

orbit. As particle orbiting behavior is the result of the multiple aforementioned factors, it is not possible 81 

to quantitatively explain the individual effects of each factor. To date, several physical aspects remain 82 

open questions. 83 

Results 84 

Particle orbit and velocity change. To quantitatively reveal the particle dynamics, we processed the 85 

recorded particle images and extracted the particle velocities along the orbit. Figure 2A and Movie S1 86 

show that the particle can recirculate periodically along a meniscus-shaped odd orbit. In one period 87 

(about 11 ms), 67 particle images were recorded at 6000 frames per second (fps). To accurately depict 88 

the morphology of the orbit, we stacked the particle images from a single period. Based on the particle 89 

velocity and locations, the orbit can be divided into three stages: accelerating (nos. 1–8), swerving (nos. 90 

9–18), and following (nos. 19–67). Deviation of the particle from the orbit at nine positions over 20 91 

periods was also measured (Fig. 2B). The maximum value is 3.86 µm (<30 µm), which proves that the 92 

particle orbit is stable. An interesting question is how can the particle recirculate along the stable odd 93 

orbit without a string to supply the centripetal force in the vortex.  94 

In the accelerating stage (Fig. 2C), the magnitude of the particle velocity (vp) increases from 0.06 to 95 



0.54 m/s driven by the flow shear effect of the microchannel flow. In the swerving stage, the vp decreases 96 

rapidly. At 1.5 ms, the particle begins to swerve to the y-direction as the effect of the trailing cavity wall 97 

and the vp decrease to a low value of 0.32 m/s. In the following stage, the mean vp of 0.0896 m/s is much 98 

smaller than that of the microchannel flow (U=4.04 m/s). The change in x-velocity (u) and y-velocity (v) 99 

was also determined (Fig. 2D). In the accelerating stage, u increases rapidly under high acceleration. In 100 

the swerving stage, u decreases rapidly while v increases and then decreases quickly. The change in 101 

particle velocity along an orbit is a result of the combined effects of particle–vortex interactions and the 102 

confined effects of the cavity walls. The change in particle velocity found here agrees with that in a 103 

previous study 30; however, our results are more systematic and detailed and therefore are useful for 104 

further theoretical analyses of forces. 105 

 106 

Figure 2. Changes in particle orbit and velocity. (A) Particle numbers along an orbit at Re=303. The 107 

accelerating stage is nos. 1–8, the swerving stage is nos. 9–18, and the following stage is nos. 19–67. (B) 108 

Deviation in particle location over 20 periods. (C) Change of the particle velocity along an orbit (the arrows 109 

show the direction of the velocity). (D) x-velocity (u) and y-velocity (v) at different locations. 110 



 111 

The relationship between particle orbit and vortex streamlines. Small tracer particles (<1 µm) tend 112 

to follow the surrounding fluid flow, whereas finite-size particles with a diameter comparable to the 113 

microchannel size will deviate from the streamlines. Therefore, the particle trajectory is different from 114 

the surrounding streamlines, especially in flow fields with fluid velocity acceleration and deceleration 115 

or in curved streamlines. The deviation between them is the essence of particle dynamics and critical to 116 

revealing the background physics 16-20. Although many studies have suggested that the finite-size particle 117 

will deviate from the curved streamlines 29,30, to the best of our knowledge this has not been observed 118 

directly in experiments. In this study, for the first time, we identified the deviation between the particle 119 

trajectory and vortex streamlines (Fig. 3A) by comparing results from a micro-PIV system and a high-120 

speed microscopic imaging system. Figure 3 shows that the orbiting finite-size particle keeps on crossing 121 

the streamlines, inducing morphological deviation and velocity mismatching between itself and the 122 

surrounding fluid. 123 

Particle (nos. 1–6) first follows the streamlines (Fig. 3A). Both the particle and the surrounding fluid 124 

rapidly accelerate their u-velocities, but the particle lags behind the fluid, as its velocity is lower than 125 

the fluid velocity (Fig. 3B). The fluid in the separatrix region is accelerated by the shear effects of the 126 

microchannel flow, whereas the particle is accelerated mainly by the flow drag force 127 

 0 6873 1 0 15drag t pF dv Re  ..  11, where t f pv v v   is the difference between the fluid velocity fv  and 128 

the particle velocity pv  . The estimated mean dragF   and particle acceleration in this stage are about 129 

1.54×10-7 N and 129.6 m/s2, respectively. Then, in front of the trailing wall (no. 7, x* ~4 and t=0.98 ms), 130 

the particle first deviates from the streamlines laterally inward toward the vortex center, which is induced 131 

by the fluid shear-gradient force 3
LSF Ud    30,34. Particle no. 7 is accelerated to the maximum u-132 

velocity of 0.54 m/s and LSF  becomes dominant, which causes the particle’s v-velocity to begin to 133 

increase. Please note that the existing centrifugal force  3 2 6ctf p pF d v r    , where r is the local 134 

radius of the particle trajectory curvature, acts in an opposing outward direction from the vortex center 135 

to the particle (o-p) and also increases near the trailing wall 23. 136 



 137 

Figure 3. The relationship between the vortex streamlines and particle orbit. (A) Deviation in morphological 138 

characteristics. (B) Particle acceleration in the x-direction and deviation in the y-direction in stage I. (C) 139 

Particle swerving near the trailing wall and the slingshot effect in stage II. (D) Particle following of the 140 

streamlines in stage III at low speeds. 141 

 142 

Particle no. 9 begins its second deviation toward the y-direction under the influence of many complex 143 

effects. The first effect is the trailing wall–induced force  , which increases 144 

significantly with the decrease in distance (Hw) between the particle and the trailing wall 30,34. The second 145 

effect is the stagnation flow area near the trailing wall predicted in our previous study 37,38, which causes 146 

the u-velocity to decrease dramatically to zero for particle nos. 7–9 (Fig. 2D). The third effect is the high-147 

speed jet flow (Fig. 1B), which results from the separated fluid of the separatrix. The jet flow dominates 148 

the particle’s second deviation toward the y-direction and accelerates its v-velocity from no. 9 to no. 10 149 

(Fig. 2D), causing the increase in velocity of particle no. 10 (Fig. 3C). Furthermore, the fluid velocity at 150 

no. 9 is higher than that of the particle, which means that it is easier for the fluid to swerve. 151 
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Then, for particle nos. 10–18, the particle and fluid decrease their speeds as y* increases. The particle 152 

keeps crossing the curved streamlines (Fig. 3C), a slingshot effect induced by particle inertia. This 153 

phenomenon occurs in many flow fluids with curved streamlines. In the following stage, particle nos. 154 

19–67 have good following performance with very low velocity magnitudes, and the elapsed time is 155 

relatively long (about 9 ms). Therefore, the hydrodynamic forces exerted on the particle are relatively 156 

smaller. During an orbit, in the o-p direction, the component  is always opposite . As a result 157 

of changes in particle velocity in a non-uniform vortical flow field, the direction and magnitude of the 158 

forces change acutely along an orbit. The mechanistic description of these forces is lacking and 159 

challenging 30. Moreover, other weaker forces (e.g., the Saffman lift and the Basset history force) have 160 

not been considered. Please note that because of the short particle orbit and the low frequency of the 161 

micro-PIV system (<15 Hz), the finite-size particle was absent in the micro-PIV experiments. 162 

 163 

Fascinating 3D particle motions. Both the particle motion and the fluid flow are in three dimensions. 164 

Here, to reveal the difference in their dynamics, we visualized their 3D motions simultaneously using a 165 

high-speed microscopic imaging system. Figure 4A shows that the finite-size particle (d=30 µm) catches 166 

up with the tracers out front (d=0.86 µm) during the swerving stage near the trailing wall in cavity II 167 

(Lc=600 µm, Wc=400 µm, and H=200 µm). It seems as if the particle slips through the surrounding fluid 168 

at a higher velocity. To the best of our knowledge, this is the first time this fascinating slip motion, which 169 

is a result of particle size and density, the cavity walls, and 3D characteristics of the vortex, has been 170 

observed in a microvortex. Moreover, careful observation of Movie S2 shows that the tracers disappear 171 

a few times after traveling a short distance, which indicates that they have a small z-direction velocity 172 

(w) and are moving out of the focus plane (~50 µm) in three dimensions. 173 

Interestingly, we also observed two contradictory phenomena (Fig. 4B and Movie S3). In our 174 

experiments, the particle is accidentally enwound by a thin filament (like a tail). At Re=32, the finite-175 

size particle is orbiting near the vortex core and a small tail moves outside of its track. In contrast, at 176 

Re=43, the particle track expands and the tail migrates to the inside of the particle track. Another 177 

paradoxical phenomenon at Re=108 and 325 is more fascinating. At a moderate Re of 108, both the 178 

LSF ctfF



particle and the tail move at the same velocity in stage I, whereas the particle moves faster than the 179 

following tail in stages II and III (Vp>Vf). The angles between the y axis and particle velocity vector (θp) 180 

and the tail direction (θf) change at different locations along the orbit. In contrast, at Re=325, the tail is 181 

always ahead of the accompanying particle. The distance (Sp-f) between them increases in stages I and 182 

II, which indicates that the tail velocity is higher than the particle velocity (Vp<Vf). Please note that the 183 

tail with low density has become elongated at Re=108 and 325. These intriguing phenomena were 184 

observed for the first time in our experiments.  185 

 186 

Figure 4. Observations of intriguing three-dimensional particle motions. (A) Local magnification of slip 187 

motion, in which a d=30 µm particle catches up to three tracers out front (d=0.86 µm) in 4.5 ms during the 188 

swerving stage (Movie S2). The tracers disappear a few times after traveling a small distance. (B) Two 189 

paradoxical moving phenomena of particles and accompanying filaments (tails) at different Reynolds 190 

numbers (Movie S3). (C) Stacked particle images showing two simultaneous particle orbits in two parallel z-191 

planes in microcavity II. The white particle is in the focus plane, whereas the gray particle is out of the focus 192 

plane (Movie S4). (D) 3D rotation of a big oil bead (d=50 µm) with spots as marks (Movie S5). (E) Schematic 193 

illustration of particle 3D rotation (ωo, ωz, and ωo-p). 194 

 195 

 196 



The reasons for these phenomena (Fig. 4A and B) are very complex and partly related to the 3D vortex 197 

structure. We speculate that the z-plane of the tracer and tail may differ from that of the finite-size particle. 198 

When they are traveling in the middle z-plane their speed is high, whereas near the upper or lower cavity 199 

walls it is relatively low. The tracer and tail have better following performance and can easily change 200 

their z-plane in the 3D flow field. In contrast, the finite-size particle always keeps a distance from the 201 

walls because of FLW, which repels it. Therefore, their velocities are different. Furthermore, we observed 202 

two finite-size particles simultaneously recirculating in two orbits in two parallel x-y planes (Fig. 4C and 203 

Movie S4). The white particle is in the focus plane, whereas the gray particle is outside the focus plane. 204 

A previous study also predicted that the particle may have two orbital planes in the z-direction (38). The 205 

orbital plane position in the z-direction is determined by the balance of FLS acting towards the upper or 206 

lower walls with the opposite FLW. The tracers and tail are more easily affected by the surrounding fluid, 207 

resulting in different moving behaviors. 208 

Moreover, we observed 3D rotating behaviors of an orbiting oil bead (d=50 µm) with spots as marks 209 

(Fig. 4D and Movie S5). In addition to rotating clockwise (ωo), the bead rotates around the z axis (ωz), 210 

which is caused by the velocity gradient along the o-p axis. We previously observed particle ωz rotation 211 

42; however, in this study the bead also shows a more complex rotation around the o-p axis (ωo-p) 212 

simultaneously. The 3D rotation is due to the non-uniform velocity gradients across the bead (Fig. 4E). 213 

 214 

Figure 5. Numerical simulation of the 3D vortex structure confined in microcavity II at different Reynolds 215 

numbers. (A) Streamlines of the vortex with the horizontal and vertical cross-sections passing through the 216 

vortex center. (B) Cross-section of the 3D vortex structure and illustrations of non-uniform fluid velocity 217 

gradients across the particle along the o-p and z-directions. (C) Flow velocity vector fields on the I-I cross-218 

section to visualize Dean flow (two symmetrical counter-rotating vortices). (D) Flow velocity vector fields 219 

on the II-II cross-section showing Dean flow. The center of the Dean flow evolves as the Re increases from 220 

100 to 400. The velocities in different horizontal planes at a Re of 300 are shown in Fig. S1. 221 



Vortex 3D structure. To reveal the background physics, we simulated the 3D vortex structure (Fig. 5A), 222 

which is clam shaped and symmetrical about the z-plane at z=0.5H. The simulated result shows that the 223 

vortex is 3D, which is consistent with the simulation of Zhou et al. (2013). The velocity distributions 224 

along the o-p direction and z-direction across the particle are non-uniform (Fig. 5B), which induces the 225 

particle 3D rotation. The velocities in different horizontal planes at a Re= 300 are shown in Fig. S1. 226 

Interestingly, we also found Dean secondary flow in the 3D vortex field (Fig. 5C and D). As Re 227 

increases from 110 to 532, the center of the Dean flow moves toward the sidewall and the leading wall, 228 

dragging the particle outward along the o-p direction. Dean flow has also been used to explain particle 229 

migrations in curved or spiral microchannels 11,12 and the tea leaf paradox 3, in which the leaves 230 

accumulate in the center of a cup. To the best of our knowledge, this is the first time that Dean flow has 231 

been found in a microvortex confined in a cavity. The vortex center can be regarded as a wall, forming 232 

a curved channel with the other walls. The effects of Dean flow on the tracers and tails are more 233 

significant than its effects on the finite-size particle, which leads to the w-velocity of the tracers. 234 

 235 

Dancing of bound multi-particles. We also observed many unexpected but amazing flow phenomena 236 

among two-, three-, and four-bound multi-particles (Fig. 6 and Movies S6–S8), which seem to be 237 

dancing in the vortices. The two-bound multi-particle rotates 270° around the no. 1 particle for one orbit 238 

and then switches no. 1 to no. 2 (Fig. 6A). The trilobal multi-particle moves faster in stages I and II and 239 

rotates violently, whereas the three-linear-type multi-particle rotates and somersaults during orbiting (Fig. 240 

6B). The four-arrays-type multi-particle rotates and recirculates simultaneously, which makes it look like 241 

it is dancing a graceful waltz. The four-linear-type multi-particle dances a dance of four little swans 242 

around the vortex center (Fig. 6C). The background physics of these flow phenomena are very complex 243 

and have not been addressed. To the best of our knowledge, these fascinating multi-particle flow 244 

phenomena, which can enrich the knowledge of particle motion in vortices, were observed for the first 245 

time in our experiments. 246 

 247 



 248 

Figure 6. 3D dancing motions of bound multi-particles in microcavity II. (A) Two-bound multi-particle 249 

rotation during orbiting (Movie S6). Particle no. 1 is marked in red. (B) Orbiting of trilobal multi-particles 250 

(upper) and three-linear-type multi-particles (lower) around the vortex center (Movie S7). (C) Dancing 251 

motions of four-arrays-type multi-particles (upper) and four-linear-type multi-particles (lower; Movie S8). 252 

Particle no. 2 is marked in red.  253 

 254 

Discussion 255 

We have quantitatively measured the changes in particle velocity during orbiting and the deviation of 256 

the particle trajectory from the vortex streamlines, which are useful for further theoretical analysis of 257 

forces. The particle orbit can be divided into three stages: accelerating, swerving, and following. The 258 

effects of inertia and hydrodynamic forces at each stage have been analyzed as well. The phenomena of 259 

the particle slingshot effect, slip motion, and 3D rotation (ωo, ωz, and ωo-p) are fascinating and deepen 260 

understanding of the background physics. To the best of our knowledge, and despite the general 261 

consensus that particles migrate across streamlines as a result of particle–vortex interactions, there are 262 

no previous reports in the literature of such detailed observations of the 3D orbiting and rotating motions 263 

of a finite-size particle as documented in this paper. Moreover, the 3D vortex structure and multi-particle 264 

3D orbiting phenomena demonstrated here are unique and indicate complex physics. The results provide 265 

new insights into the dynamics of particle motion in vortices. 266 

Materials and Methods 267 

The fabricated polydimethylsiloxane (PDMS) microfluidic chips (2.5×4.5 cm2) consisted of a straight 268 

microchannel (W=60 µm) with a pair of rectangular microcavities located symmetrically on both sides 269 



(Fig. 1A). Microcavity I (Lc=Wc=600 µm and H=100 µm) was used for two-dimensional observation, 270 

whereas microcavity II (Lc=600 µm, Wc=400 µm, and H=200 µm) was used for 3D observation. Polymer 271 

microspheres (density ρp=1.03 g/cm3, average diameter d=30 µm, Duke standards; Fremont, CA, USA) 272 

suspended in deionized water (ρ=1.0 g/cm3 and μ=10-3 Pa·s) were used as the finite-size particles. We 273 

set the particle concentration to about 1–2 particles per 10 mL to avoid particle–particle interactions. 274 

Once a single particle was trapped, injection of the particle suspension was stopped and deionized water 275 

was injected from another inlet at a fixed flow rate of 0.15–1.56 mL/min with a syringe pump (PHD2000, 276 

Harvard Apparatus; Holliston, MA, USA) with corresponding Reynolds numbers of 32–325. 277 

To compare the relationship between particle orbit and vortex streamlines, we quantitatively measured 278 

the vortex flow velocity vector field in the microcavity (600×600 µm2) using micro-particle image 279 

velocimetry (micro-PIV, Dantec Dynamics, Skovlunde Denmark; Fig. 1B and C). Polystyrene beads 280 

(average diameter=0.86 µm, density=1.05 g/cm3; Thermo Fisher) were used as tracers to visualize the 281 

vortex flow. Details of the micro-PIV system were described previously 36. We then visualized the 282 

orbiting motion of a finite-size particle (diameter d=30 µm) along a stable meniscus-shaped orbit in the 283 

vortex using a high-speed microscopic imaging system (Fig. 1D), consisting of an inverted microscope 284 

(IX73, Olympus; Japan) and a high-speed digital video camera (Phantom v7.3; Vision Research Inc., 285 

Wayne, NJ, USA) with a frame rate of up to 30,000 fps. The captured images were resampled and 286 

analyzed with MATLAB to identify the particle center and to calculate its velocities at different locations 287 

along the orbit. Tracer flows accompanying the finite-size particle were recorded to visualize and 288 

compare their real trajectory in three dimensions. We simulated the 3D vortex structure using a finite-289 

volume Navier-Stokes solver on structured meshes. ANSYS-Fluent (v17.0) was used as the simulation 290 

software with appropriate, second-order accurate, discretization schemes in space and time. 291 
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