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Dynamic nature of particle motion in blood flow is an important determinant of embolization based

cancer therapy. Yet, the manner in which the presence of high volume fraction of red blood cells

influences the particle dynamics remains unknown. Here, by investigating the motions of embolic

microspheres in pressure-driven flows of red blood cell suspensions through capillaries, we

illustrate unique oscillatory trends in particle trajectories, which are not observable in Newtonian

fluid flows. Our investigation reveals that such oscillatory behavior essentially manifests when

three simultaneous conditions, namely, the Reynolds number beyond a threshold limit, degree of

confinement beyond a critical limit, and high hematocrit level, are fulfilled simultaneously. Given

that these conditions are extremely relevant to fluid dynamics of blood or polymer flow, the

observations reported here bear significant implications on embolization based cancer treatment as

well as for complex multiphase fluidics involving particles. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4768889]

I. INTRODUCTION

Velocity distributions and trajectories of suspended par-

ticles have been thought to dictate the efficacy of a major

anti-cancer treatment method called embolization therapy.1–5

Embolization is defined as a process by which the blood ves-

sels close to tumor site can be blocked with micron sized

particles in order to cut off the local nutrient supply or to

deliver therapeutic chemicals (chemoembolization) and radi-

oactive materials (radioembolization) for destruction of can-

cer cells in a site specific manner.2,6–8 With the advent of

narrow catheters with diameters close to 1 mm, embolization

therapy has been perceived to be a major protocol towards

minimal incision strategy.9,10 To facilitate the embolization

process, microparticles such as spherical microbeads or

microspheres are employed.7,11 Injected through catheters,

these microspheres are transported with the blood flow and

form the blockage at a point where vasculature diameter is

smaller than the bead diameter. Despite its immense prom-

ises, embolization therapy currently suffers from lack of

accurate spatial preconception of the blocking site,5,12 offer-

ing concerning challenges to the research community.

Embolic microspheres are commonly synthesized by

colloidal processes which result in Gaussian distributed size

ranges with desired mean diameters (e.g., 200 lm) and

different standard deviations depending on the process con-

trol.11 Considering this variability in microsphere diameters

(dp), the blockage may be predicted as a function of the par-

ticle velocity (vp) distribution (in the sense that injected

simultaneously, the fastest particle determines the blockage

point) under appropriate fluidic conditions. A list of such

conditions should then include the transport regime of arte-

rial blood flow, finite confinement effect of the blood vessels,

and non-Newtonian effects dictated by the volume fractions

of suspended red blood cells (RBCs). Unfortunately, no

effort has been made to investigate particle dynamics in

these physiologically relevant conditions, which has signifi-

cantly impeded the progress of embolization therapy. It is

worthwhile to mention in this context that in addition to the

consideration of the background flow behavior to be follow-

ing the classical Newtonian paradigm, non-trivialities with

regard to confinement effects have been grossly over-

looked.13–17

Axial and lateral translations of suspended particles in

inertial yet Newtonian fluid flow are amenable to matched-

asymptotic analysis if particle diameters are infinitesimally

small compared to the channel diameter (dc), i.e., relative

particle diameter a ¼ dp=dc � 1, essentially implicating the

considerations of particles as point masses. However, for

microspheres (dp¼ 100–300 lm) translating within small

arteries (dc � 1 mm),1,3,6,10 confinement effects dictated by

finite values of a may turn out to be critical in determining

the particle dynamics. Relevantly, for Newtonian fluid flows

through narrow confinements, the cross-stream particle

migration at inertial Reynolds number (Re) regimes has been

analyzed and engineered towards microfluidic particle sepa-

rator design and optimization.14,18–21 Yet, it remains little

understood whether experimental and theoretical predictions

based on Newtonian flow can also be extrapolated to non-

Newtonian cases. Investigations prove that such extra-

polations could be inappropriate and what they effectively

provide is a glimpse of non-intuitive dynamics such as trans-

verse instability of lateral motion that arises when one

attempts to characterize particle trajectory in pressure-driven
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viscoelastic fluid flows.22,23 They, however, have not flushed

out relevant dimensionless parameters dictating the possibil-

ities of oscillatory dynamical characteristics, and have rather

advocated for case-specific analysis.

Here, we investigate the velocity distributions and parti-

cle trajectories of embolic microspheres within capillaries

and most importantly, in the presence of RBCs, so that

essential information can be obtained about particle dynam-

ics in RBC suspensions in physiologically relevant Re and a
regimes. Subsequently, we report that a unique lateral oscil-

latory behavior in the particle dynamics may be observed if

the experimental parameters correspond to Reynolds num-

bers (Re) and the confinement parameter (a) beyond critical

limits, with high hematocrit levels prevailing simultane-

ously. Following, in Sec. II, we describe the experimental

protocol. Then, in Sec. III, we delineate the important

results, pin down important parameters and qualitatively ana-

lyze the dynamics of lateral oscillation for its probable gov-

erning mechanics. In Sec. IV, we summarize the important

conclusions from our study.

II. MATERIALS AND METHODS

Contrast agent (q ¼ 1:3 mg/ml) was mixed with phos-

phate buffered saline (PBS, pH ¼ 7.4, q ¼ 1:0 mg/ml) so as

to obtain uniform density (q ¼ 1:1 mg/ml) of embolic

microbeads (Bead Block, Biocompatibles UK Ltd., UK)

(i.e., bead suspension). Beads of size range 100–300 lm

(normal distribution; mean dp ¼ 200 lm, standard deviation

r ¼ 100 lm) were suspended in the uniform density solu-

tion. Bead suspension was then added to a concentrated sus-

pension of rat red blood cells in plasma. RBCs were

suspended in such a volumetric ratio as to correspond to a

chosen hematocrit level (volume percentage).

The number density of the beads was adjusted such that,

within the flow-field, inter-bead distances remained large

enough to eliminate mutual hydrodynamic interactions. For

hydrodynamic studies, fluid containing embolic beads was

driven by a syringe pump at pre-set volumetric flow rates

through a length of cylindrical glass tube with a diameter

(dc) of 1.1 mm (Fig. 1). A selected length-segment of the cir-

cular tube was subjected to observation under an inverted

microscope (10� objective, IX-71, Olympus) (Fig. 1). To

ensure that all measurements were taken in equilibrium posi-

tions of the particles with respect to their transverse motion,

two relevant lengths were estimated, which played important

roles in the design of the experimental set-up. At first, for

each Reynolds number, the entrance length (le) was esti-

mated. le is the distance between the inflow end of the

capillary and the point from which the fully developed

flow starts. In laminar flow regime, it is estimated as

le ¼ 0:06dcRe, which in the range of Re ¼ 10� 30 was cal-

culated to be between 0.66 and 1.98 mm. Next, the distance

required to establish transverse equilibrium position under

lateral lift was estimated. Following previous reports on

flow focusing,15–17 this parameter was denoted by lf and was

related to channel diameter and Reynolds number as

lf=dc � 6pA�1Re�1ðdc=dpÞ3. Accordingly, the total distance

between the inflow end of the capillary and point of observa-

tion (lo) was fixed in a way such that lo > le þ lf . In most

conservative estimation, we maintained lo � 10� ðle þ lf Þ
to ensure that equilibrium was indeed achieved.

For each run (e.g., fixed flow set-up, flow rate, other ex-

perimental condition), series of 100 image-frames were cap-

tured sequentially with a time interval of 20 ms between

subsequent frames. Bead velocities were determined by

quantifying the bead-displacement over subsequent frames

using a micro particle tracking velocimetry (lPTV) tech-

nique. Bead positions across the channel cross-section were

also determined. Towards this, microscope focus was first

set in the middle plane of the cross-section and images

were taken (Fig. 1). Notably, in Fig. 1, Um conforms to the

maximum velocity, which may be estimated from the infor-

mation of the average velocity, based on constitutive non-

Newtonian behavior. Here, we employed a Power Law

model,24,25 based on the considerations outlined in the sup-

plementary material.26

During post-processing, bead-images were analyzed by

an indigenously developed image processing program

(MATLAB, MathWorks) and the sharpness of the bead edge

was determined. Only in the case that the edge sharpness was

found to be beyond a critical limit, the bead was considered

to be in-focal-plane and positional information was obtained.

This method enabled the determination of bead position

FIG. 1. Schematic depiction of the problem.

Representative images of embolic beads in

the absence (a) and in the presence (b) of

red blood cells. (c) Geometric delineation of

the problem.
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distribution without the requirement of expensive laser scan-

ning confocal microscope based visualization system.

Particle oscillations were detected by two means,

namely, the number ensemble (Fig. 2) and the time ensemble

method (Fig. 3(a)). In number ensemble method, we fixed

the region of observation and counted how many in-focus

beads passed through that region. We then determined the

size-distribution of the beads that passed through this region.

By changing the position of this region of interest, we finally

computed the bead distribution over the whole observed area

of the channel. To give a step-wise protocol, particle distri-

bution at a fixed cross-section of the capillary was deter-

mined. Particles for which focus was found to be sufficiently

sharp, by analyzing the edge of the particles,26 were regis-

tered for their y-axis location. In non-oscillatory condition,

as reported by others,13,14 this measurement should ideally

result in a single y-point for a fixed particle diameter. In os-

cillatory condition, however, single y-point would cease to

exist. Instead, a distribution of y-points for a fixed particle

would develop. This is equivalent to the process of recording

the positions of particles at different phases, which are

nevertheless going through oscillatory motion of same fre-

quency and amplitude. The number ensemble method pro-

vides the statistics of the particle oscillation.

In time ensemble method, we recorded the y-position of

each bead individually, from the time-series images, as it

passed though observation area of the channel. We, however,

discarded those y-positions, for which bead was not in focus.

To give a step-wise protocol, y-position of a single particle

was recorded within the microscope field as it is surfaced

into prominent focus.26 Likewise, in all cases, particle-focus

was evaluated at each frame and particle position was

recorded only when it was in focus. Then, superimposing

several of those corresponding to a fixed particle diameter,

the characteristic oscillatory motion was delineated

(Fig. 3(a)). The time ensemble method provides dynamic

details of the particle oscillation.

III. RESULTS AND DISCUSSION

In order to bench-mark our visualization scheme with

previous reports, we have first examined the statistics of par-

ticle dynamics in the absence of RBCs. Two forms of impor-

tant behavior emerge here. First, in the inertial range of

Reynolds number (2–30), the particles settle into lateral

equilibrium positions (yeq) which are found to be a function

of the relative particle diameter (a) (Fig. 2). In agreement

with the report of Di Carlo et al.,13 yeq has been observed to

FIG. 2. Migration of embolic microspheres

in the presence or absence of red blood cells

as obtained from experiments. (a) Lateral

positions (equilibrium and oscillatory) and

(b) axial velocities of microspheres as the

function of relative particle diameter (a).

FIG. 3. Experimental variations in dynamic

behavior of migrating microspheres. (a) Repre-

sentative tracks of beads with a � 0:3 at

Re ¼ 10 (star); Re ¼ 20 (circle); and Re ¼ 30

(square). (b) Frequency spectra of averaged

bead (with a � 0:3) tracks at different Reynolds

numbers. Y-axis range is 10�6 to 1 in log scale.

Hc ¼ 40%. (c) Representative image sequence

showing bead oscillation (interframe time

interval ¼ 200 ms). Scale bar is 400 lm.
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be decreasing with increasing a, which is not inflicted by the

direct wall-contact (Fig. 2) but depends upon the attractor

location of lift force (fL) landscape in such confined geome-

tries. Also, relatively small particles (a� 1) have been

noted to settle into the well-known Segr�e-Silberberg equilib-

rium position for which yeq � 0:6.13,14,27 Second, with the

variation in a, the longitudinal particle migration velocity

(vp) remains approximately constant. Such observation con-

sequently vindicates and corroborates with the results of pre-

vious experimental investigations.13,14

However, introducing RBCs into the flow at 40% he-

matocrit level (volume percentage) leads to significant

change in both yeq and vp distributions in the a space. At

Re ¼ 10, yeq for each a shifts towards the channel center. At

Re ¼ 20, yeq exhibits a similar centripetal shift when

a < 0:15. However, when a > 0:15, yeq ceases to acquire

unique values at a given a, and as evident from Fig. 2(a), the

distribution of lateral position of beads widens with increas-

ing a. The first form of behavior, i.e., a centripetal shift,

may be explained by considering the fact that a modification

in the apparent viscosity due to RBCs decreases the lateral

flow gradient and hence, the consequent lift force. The sec-

ond form of observation, however, is unique and may not be

explained from trivial fluid dynamics considerations.22,23

More importantly, it should also be noted that in the pres-

ence of RBCs, vp suddenly decreases when a reaches a criti-

cal value at which there occurs no distinctive lateral

equilibrium position (Fig. 2(b)). While the particles under-

went oscillations in the radial direction, no such oscillation

could be detected in longitudinal or axial direction (flow

direction), eliminating any splitting in the velocity statistics

for a fixed particle diameter. However, as the lateral oscilla-

tion would now enforce a helical particle trace in three

dimensional space rather than the usual straight-line motion,

it would actually reduce the particle velocity in the axial

direction. When this effect is prominent, instead of a slightly

increasing trend of axial velocity with increasing particle di-

ameter,15,17 one would see a non-intuitive decrease as in

Fig. 2(b), especially for the cases with finite hematocrit

level. To the best of our knowledge, such decreasing trend

has not been reported for Newtonian fluids (conforming to

samples with zero hematocrit levels).

Given that such unique dynamics, nevertheless, are

expected to play governing roles in embolization therapy, we

have subsequently characterized all of the experimental

dynamic behaviors by determining the corresponding fre-

quency spectra. Fast Fourier transform (FFT) was performed

on the time-position data, which provided the frequency

spectrum. It then emerges that the entire range of experimen-

tal data can be categorized into three possible forms of

behavior, namely, fixed lateral position, oscillating lateral

position but oscillation confined within one half of the chan-

nel, and oscillation encompassing both halves (Fig. 3). Fig. 3

depicts the typical dynamic behavior and corresponding fre-

quency spectra for a ¼ 0:360:03. From the spectra, funda-

mental lateral oscillation frequencies at Re ¼ 20 and 30 have

been found to be 0.26 and 0.15 Hz, respectively (Fig. 3). If

extrapolated in three dimensions, the aforementioned oscilla-

tion behavior corresponds to helical trajectories of embolic

beads, which explains why the effective longitudinal velocity

decreases as the oscillatory dynamics sets in.

One needs to note that in relevance to the experimental

data presented in Figs. 2 and 3, three interpretations are pos-

sible to explain the observations. First, the particles might

not have yet reached their radial equilibrium position but

would do so further downstream. Second, the particles might

reach a radial equilibrium position but the initial range, most

likely covering the whole radial range from the center line to

the wall, could have contracted to the observed range even

further downstream. Finally, the particles might have per-

formed a radial oscillation encompassing the whole radial

range observed. We have claimed above that it is the third al-

ternative that is indeed correct. In order to substantiate our

proposition, we have systemically isolated the right one by

taking the measurement at different positions along the capil-

lary length. Experimental readings have been taken at three

different positions, all satisfying the criteria of minimal dis-

tance for equilibrium, i.e., lo � 10� ðle þ lf Þ. Subsequently,

as it can be observed from Fig. 4, there is no significant

change in particle distribution even if acquisitions were

made at different longitudinal positions. This result

FIG. 4. Number ensemble representation of bead oscillation in capillary. (a)

Constancy of statistical distribution of beads (a � 0:3) along the channel

length for Hc ¼ 40% and Re ¼ 20. (b) Statistical distribution of beads

(a � 0:3) for Hc ¼ 40% and Re ¼ 30.
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eliminates the first possibility. The second possibility is elim-

inated in favor of particle oscillation by two observations:

(1) Particle distributions do show a strong bias towards the

ends of the radial range (Fig. 4) and (2) particles have been

observed to comeback at radial maxima-minima positions at

regular frequency that depends upon their diameter and the

flow Reynolds number. In fact, the sharp frequency peaks (in

fundamental, i.e., f1 and its integral multiplication modes,

e.g., 2f1) in the frequency spectra of Fig. 3 further strengthen

the second argument. If particles were just confined within a

finite range without performing an oscillatory movement,

such peaks in frequency spectra would not have appeared.

In spite of the elaborate dissection of experimental

results, the fundamental origin of the oscillatory nature itself

remains unclear. Towards this end, we have attempted to

flush out the important parameters that control the dynamics

of particle oscillation (Figs. 5 and 6). With this goal in view,

we have mapped the distribution of lateral positions of em-

bolic beads with the variation in flow Reynolds number and

hematocrit level. To understand the underlying dynamics

further and for sake of simplification, here, we delineate

these trends particularly for particles with small a, i.e., low

degree of confinement (a ¼ 0:0560:01), and large a, i.e.,

high degree of confinement (a ¼ 0:360:01). Consequently,

from these additional studies, three interesting points

emerge: (a) oscillatory behavior is exhibited only by the

beads with large diameter, i.e., high degree of confinement

(Fig. 5(b)), (b) even with large beads, oscillation occurs only

in the presence of high hematocrit level (� 20%) and in rela-

tively high flow Reynolds number (Figs. 6(a) and 6(b), and

(c) the critical Re at which the oscillation begins, decreases

with increasing hematocrit level. In the absence of RBCs,

with increasing Re, we observed that the particles were trivi-

ally pushed towards the channel wall, without any hint of lat-

eral oscillation (Fig. 5(a)). It is important to note that, in the

absence of RBC, the effect of increase in Re is more pro-

nounced for smaller particles than the larger ones (Fig. 5(a)).

Presence of significant RBC fraction (Hc ¼ 40%) in the flow

medium, however, considerably changes the scenario (Fig.

5(b)). In this case, while smaller particles tend to show

unperturbed centrifugal trend with increasing Re, for larger

particles an oscillatory dynamics sets in beyond a threshold

Reynolds number which lies between 10 and 12 (Fig. 6(b)).

Next, when we varied the haematocrit level (Hc ¼ 0%;
10%; 20%; 30%; and 40%) and performed the same set of

experiments, we found that this critical Re magnitude

depends upon the hematocrit level (Fig. 6(b)). In general, it

can be commented that critical Reynolds number (Recr)

decreases with increasing Hc, but we could not establish any

analytical relationship between these two parameters. It was

also observed that within the scope and the range of current

experiments, hematocrit levels lower than 20% were unable

to elicit lateral oscillation (Fig. 6(b)).

The above experimental observations suggest the exis-

tence of a complex interplay between the governing physical

parameters in determining the wide range of particle dynam-

ics described here. Notably, the governing physics includes

fluid rheology, fluid inertia, and particle relative dimension

FIG. 5. Dependence of lateral migration on

flow Reynolds number: (a) for Hc ¼ 0% and

(b) for Hc ¼ 40%. At least five independ-

ently acquired data points have been plotted

for each Re and a. For Hc ¼ 40%, larger

microspheres (a � 0:3) show oscillating dy-

namics if Re � 12.

FIG. 6. Combined effect of flow Reynolds number and hematocrit level. (a)

Dependence of lateral migration on flow Reynolds number at different Hc

levels, for a ¼ 0:360:01. At least five independently acquired data points

have been plotted for each Re value. (b) Variation in average oscillation

amplitude (normalized by channel diameter) of microspheres with

a ¼ 0:360:01 in the parametric-space of Re and Hc.
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(e.g., degree of confinement). In an attempt to elucidate the

nature and mutual contribution of the mechanisms leading to

beads oscillation, a qualitative analysis is adopted here. First,

the observed lateral migration of particles suspended in a

RBC-free fluid flow (Hc¼ 0%) depends on the mutual con-

tribution of a “shear-gradient” lift and a “wall-effect” lift, as

clearly illustrated by Di Carlo and co-workers for a Newto-

nian background flow in micro-confinement.13,14,18 In this

scenario, the experimental observations illustrating Re- and

a-dependence of beads equilibrium position and axial veloc-

ity (Fig. 2) further corroborate the previous investiga-

tions.14,18 Analogous considerations do apply for the flow

behavior of particles suspended within relatively diluted

RBC suspensions (Hc�10%), for which the governing

physics can be explained within the Newtonian paradigm,

since fluid viscosity is virtually invariant with respect to the

shear rate at these low hematocrit levels.24,25,28 Conversely,

at higher hematocrits (Hc � 20%), the non-Newtonian nature

of blood cannot be neglected and fluid viscosity varies with

the fluid shear rate.25,28 With this respect, we have consid-

ered blood as a viscoelastic fluid which manifests shear-

thinning behaviour (i.e., the apparent viscosity decreases

with increasing the shear rate; as manifested from the plausi-

ble values of the Power Law index to be less than unity),

considering previous investigations on blood flow within

arteries.25,29 This behavior influences a distinctive lateral

variation in the velocity field as compared to that of a New-

tonian fluid. It is also important to mention in this context

that analogous to the observations of Sullivan et al. on the

motion instability of bubbles in viscoelastic flows,22 the os-

cillation of suspended particles can be conceptualized as the

effect of a perturbing force which displaces the particle from

an unstable transverse equilibrium position. Notably, particle

motion and lateral position are governed by the competitive

action of inertia and the effect of compressive normal

stresses originating from the viscoelastic properties of the

RBC suspensions. Elastic normal stresses have been

observed to push the suspended particles towards the nearby

wall, even in inertia-free flows (e.g., no equilibrium position

is attained in this specific scenario).30–33 Furthermore, in

viscoelastic flows of suspended spherical particles, either in-

ertial effects or normal stresses have been observed to be

strongly influenced by the degree of confinement and the

rheological properties of the fluid (e.g., level of shear thin-

ning).30,31 At Hc� 20%, beads were observed to attain an

equilibrium lateral position up to a critical Reynolds number

(Recr) (Fig. 6), with the transverse location of the bead being

likely to be determined by the competitive contribution of in-

ertial lift and elastic normal stresses, as illustrated by Huang

and co-workers.31 However, such equilibrium condition can

be perturbed by the effect of fluid shear thinning (perturbing

force or agent), which enhances the magnitude of compres-

sive normal stresses at places of higher shear rate and thus

strengthens bead attraction towards the channel wall.31 Con-

sequently, at a given Re and haematocrit � 20%, when the

effect of shear thinning is strong enough to elicit a perturba-

tion of the force field (conforming to a critical hematocrit

level, Hc,cr), beads are displaced from their equilibrium

position and start to oscillate under the effect of competing

inertial forces and elastic normal stresses. This explains why

the oscillation magnitude increases with increasing the

Reynolds number (signifying higher inertia) and the hemato-

crit level (signifying higher elastic normal stresses), once the

equilibrium position has been lost (see Figs. 6(a) and 6(b)).

Furthermore, increasing the degree of confinement (e.g.,

higher a) leads to an intensification of the compressive nor-

mal stresses which directs the particles towards the wall,31

and this contribution further reinforces the effect of shear

thinning in destabilizing the transverse equilibrium of the

bead. This will be particularly enhanced in higher Re
regimes, due to beads attaining a more peripheral transverse

location, and explains why the onset of oscillation at the

higher Re occurs at lower hematocrit levels. This, interest-

ingly, suggests a synergistic implication of confinement and

shear thinning in triggering bead oscillations, as aggravated

by more prominent shear thinning effects being induced at

high hematocrit levels. Enhanced shear thinning effects (cor-

responding to higher hematocrit levels) are, thus, required to

elicit bead oscillation at relatively lower Reynolds numbers

(Fig. 6). Conversely, at lower degree of confinement (e.g.,

a< 0.15), beads suspended in viscoelastic fluid flow have

been observed to experience a lateral force directed towards

the center of channel,31 which differentiates from the larger

beads and counteracts the effect of shear thinning. This

essentially suggests a competitive effect of confinement and

shear thinning in triggering the bead oscillations, at lower

values of a. This is likely to prevent smaller beads from

oscillating within the range of Reynolds numbers investi-

gated here (Figs. 5 and 6), and explains why transverse oscil-

lations in the bead could be detected only above a critical

level of confinement (Fig. 2).

IV. CONCLUSIONS

In this study, we show that in the presence of RBCs,

embolic microspheres may undergo lateral oscillations in

narrow confinements, with unique dynamical characteristics,

bearing significant implications on embolization based can-

cer therapy. Our experimental results reported here,

expressed in terms of relevant dimensionless parameters,

may have multifarious implications. First of all, these sug-

gest that the embolisation location should be determined by

the smaller microspheres in the mixed population as the axial

migration velocity falls with increasing dp, which is counter-

intuitive to what is conventionally believed in embolization

therapy and congruent to observations.1,3,7 Second, beyond

embolization, particle dynamics in RBC suspension can be

important for the proper functioning of immune-surveillance

cells such as neutrophils which are themselves micro-

spherical in shape. It has been known that blood velocity and

RBC concentration are important factors affecting the local-

ization and binding of neutrophils to pathogens and blood-

vessel wall constituting endothelial cells. However, it

remains elusive how exactly the blood flow plays its part.

The present investigation kindles the fluid dynamics perspec-

tive of such physiological events. Third, from practical con-

siderations, the phenomena of lateral oscillations and

slowing down of larger particles can be used as a method to
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engineer a band-pass inertial particle separator without

requiring an embedded matrix for differential migration.

Finally, a further question remains on whether such oscilla-

tory dynamics could originate in entangled polymer and

shear banded flows.34–36 If probed, such investigation would

facilitate new developments in microfluidic systems with

complex fluids.22,23 It, however, needs to be mentioned that

in the present study, we neglect the pulsatility of blood flow

and deformable nature of arterial wall which may not be sig-

nificant in arteries but may lead to interesting results in other

circumstances. We are currently working on these aspects.
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