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One challenge of integrating of passive, micro-particles manipulation techniques into multifunctional 

microfluidic devices is coupling the continuous-flow format of most systems with the often batch-type 

operation of particle separation systems. Here we present a passive fluidic technique — one-way 

particle transport — that can conduct micro-particle operations in a closed fluidic circuit. Exploiting 

pass/capture interactions between micro-particles and asymmetric traps, this technique accomplishes a 

net displacement of particles in an oscillatory flow field. One-way particle transport is achieved 

through four kinds of trap-particle interactions: mechanical capture of the particle, asymmetric 

interactions between the trap and the particle, physical collision of the particle with an obstacle, and 

lateral shift of the particle into a particle-trapping stream. The critical dimensions for those four 

conditions are found by numerically solving analytical mass balance equations formulated using the 

characteristics of the flow field in periodic obstacle arrays. Visual observation of experimental trap-
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particle dynamics in low Reynolds number flow (<0.01) confirms the validity of the theoretical 

predictions. This technique can transport hundreds of micro-particles across trap rows in only a few 

fluid oscillations (<500 ms per oscillation) and separate particles by their size differences. 

 

1. Introduction 

Passive microfluidic devices are efficient and effective techniques for micro-particle 

handling. Without the need for external force fields, passive techniques such as deterministic lateral 

displacement,[1,2] inertial microfluidics,[3,4] pinched flow fractionation[5,6] , and hydrophoresis[7,8] have 

been used for a variety of functions involving focusing,[9] trapping,[10] solution transfer,[11,12] and 

separation[13] of micro-particles. These operations are possible because of the matching of the 

devices’ and particle’s physical scales and the deterministic nature of fluid flow at low Reynolds 

numbers. The absence of external force fields simplifies the design, fabrication, and implementation 

of these devices, and results in reduced production and operation costs. The devices are attractive 

options to bench-top instruments, and also provide unprecedented added capabilities such as the 

recovery of circulating tumor cells (CTCs) from blood based on size or deformability differences[14,15] 

and mechanical characterization of single cells.[16-22]  

While powerful, passive fluidic techniques have rarely been used for portable integrated 

systems such as point-of-care diagnostic devices, possibly due to the mismatch in flow format 

between these two systems.  Passive particle manipulation techniques typically use a continuous-

flow format involving fluid channels that are linked, leading to a reduced number of independently 

controllable fluids and a decreased flexibility of the platform.[23,24] Diagnostic systems usually rely on 

reactions in discrete fluid volumes such as a microfluidic chamber or droplet to, among other things, 

reduce the possibility of cross-contamination between fluids from diffusion and dispersion that can 
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decrease the accuracy of the process.[25] Also, metering and aliquoting of the reagents are difficult 

tasks in a continuous flow device.[26] 

Most of the work processing micro-particles in discrete fluid systems have used active 

techniques. Magnetophoresis can effectively transport micro-particles in static fluids by exploiting 

the permeability of magnetic fields, and the resulting isolation technique is very successful.[27-32] 

Dielectrophoresis can pull or push micro-particles in fluids without motion depending on the electric 

dipole of the particles and spatial gradient of non-uniform electric field.[33-39] In acoustophoresis, high 

frequency sound waves propagating into the fluids generate acoustic radiation force and acoustic 

streaming, proving the opportunity for particle transport, concentration, and separation in a liquid 

micro-droplet or a closed chamber.[40-47]  

Here we report an oscillatory flow-based passive fluidic technique, termed one-way particle 

transport, for particle transport in a discrete fluid reservoir. We use asymmetric traps we developed 

previously to induce uneven particle transport in an oscillatory flow field, providing a positive net 

displacement of particles and zero net displacement of fluid.[48] The oscillatory flow in our 

technology has a relatively large amplitude (O ~ 100 µm) and low frequency (2~7 Hz), providing a 

low Reynolds number (Re < 0.01) environment, and the oscillations can be implemented by the 

actuation of membrane valves without piezoelectric materials. Four conditions are necessary to 

achieve one-way particle transport: mechanical capture, asymmetric interaction, physical collision, 

and lateral shift into a capturing stream. We calculate the critical particle diameters for each of 

those four conditions, and our predictions of resulting trap-particle interactions matched the particle 

dynamics experimentally observed. To the best of our knowledge, there has been only one other 

passive technique, the deterministic microfluidic ratchet, working in the non-acoustic oscillatory 
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flow field.[49] Our work is distinguished from that work by the mechanism and the direction of 

particle transport. While that work solely utilizes hydrodynamics, our technique relies on mechanical 

capturing. Also, the irreversible transport of the particles is along the direction of fluid oscillation in 

our work versus orthogonal to the fluid flow in that work.  

 

2. Results and Discussion 

 

2.1. One-Way Particle Transport 

One-way particle transport uses asymmetric traps and oscillatory fluid flow to achieve a 

positive net displacement of micro-particles with no net displacement of fluid (Figure 1). During fluid 

flow in the forward direction of an oscillatory cycle, micro-particles flow around traps without being 

captured due to steric trap-particle interactions.[48] When the direction of the flow is reversed for the 

second half of the cycle, the particles are mechanically captured by the asymmetric traps. The 

position of the captured particles is above the initial positions of those particles, resulting in a net 

positive displacement of the particles during every fluid oscillation. The fluid and any other non-

capturing particles, on the other hand, have a zero net displacement. The repetition of this trap-and-

release cycle transports the particles through the region of the asymmetric traps. 

Particle capturing in an asymmetric trap is based on mechanical filtering of the particles. The 

critical particle diameter for particle capture, dcap, is the minimum diameter of particles that will be 

captured by the trap, and this diameter is equivalent to the size of the trapping gap, s (Figure 2a). 

There is then, of course, a one-to-one relationship between dcap and s, as shown in Figure 2b. Thus, if 
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the normalized diameter of a micro-particle is located above the line of d*
cap in the graph, the 

asymmetric trap can mechanically capture the particle. Note that the “*” denotes normalization of 

variables by the inter-trapping block gap, h.  

Another condition for the one-way particle transport to occur is that the particle must 

asymmetrically interact with the trap in oscillatory flow. The asymmetric interaction means that the 

trap-particle interactions are varied by the direction of the flow such that the particle avoids being 

captured in the forward flow and can be captured in the reverse flow.  This asymmetric behavior is 

shown in Figure 2d with the larger green particles being bumped out of the trapping gap in the 

upward motion and being trapped in the downward motion.  Larger particle will have this 

asymmetric behavior while smaller particles, as shown by the red particles, will not.  Their small size 

will allow them to either pass through the trapping gap or get caught in the gap in both directions. 

The dividing line between symmetric and asymmetric behavior for any particular trap is, 

again, based on the size of the particle. The particle will be bumped out of the trapping gap during 

the forward flow if the particle is so large that the lateral shift caused by the barrier of the trap 

pushes the center of the particle out of the flow stream passing through the trapping gap. We define 

this critical diameter for asymmetric interactions as dasymm, and it is wasymm, defined as twice the 

width of the flow stream entering the trapping gap, measured at the inter-barriers gap, g (Figure 2c). 

If the particle diameter is greater than d*
asymm, the particle will move around the trap in forward flow 

and the trap-particle interaction is asymmetric.  If the normalized diameter is less than d*
asymm, the 

particle will be trapped at or pass through the trapping gap in both the forward and the reverse 

direction, and would thus have no net positive displacement (Figure 2d). Note that d*
asymm was 

numerically estimated, as reported in our previous work, based on a mass balance relationship of 
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the flow streams at the trifurcation point in the space between two asymmetric traps.[48] It should 

also be noted that we used wasymm obtained in the absence of the particles, but the deviations of the 

streamlines caused by the moving particles did not significantly affect our ability to predict particle 

behavior.  

 

2.2. Physical Collision to Overcome Hydrodynamic Reversibility 

Physical collision between the asymmetric trap and the particle is necessary to overcoming 

hydrodynamic reversibility in oscillatory flow at low Reynolds number (i.e., Re < 0.01). Hydrodynamic 

reversibility causes a particle transported forward to return to its initial position via the same path, 

preventing any net displacement (Figure 3a). The physical collision of a particle with a trapping block 

causes the particle to be laterally shifted to a different streamline, avoiding hydrodynamic 

reversibility. If the new streamline carries the particle into a trapping gap further forward of the 

initial location of the particle, the eventual capture in reverse flow results in a net forward 

displacement of the particle (Figure 3a). 

The critical particle diameter for having this physical collision, dcol, is obtained based on a 

mass balance analysis of the flow in the array. The fluid flowing through the periodic obstacles can 

be thought of as a number of unit flows, Qunit, that change their relative lateral positions at inter-

barriers gaps as they move up or down the array (Figure 3b).  A particle whose size is relatively small 

compared to the inter-trapping blocks gap is expected to follow one of the unit flows in the zig-zag 

mode transport.[50] The particle in zig-zag transport has the highest collision probability when the 

unit flow is next to the trapping blocks (Figure 3c). Upon its passing through the inter-trapping blocks 
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gap, the particle is expected to have at least a single collision at every vertical period of the traps if 

its diameter is greater than the width of the unit flow, wuh, at the inter-trapping blocks gap (Figure 

3d).  Otherwise, the particle would be able to pass through a period of the array without a collision.  

Note that the number of unit flows is generally given as 1/(εη) where ε is the row shift fraction that 

decides the periodicity of the array and η is the ratio, normalized by ε, of a unit flow to total flow in 

the inter-barriers gap. This η works as a calibration factor for the asymmetric traps that have small 

vertical spacing. 

Assuming that the system is two-dimensional, we regard dcol as the width of the unit flow, 

wuh, at the inter-trapping blocks gap, h. 

                                                                                                                           (1) 

wuh is estimated by using a mass balance between Qunit, Qs, and the rest of the fluid flowing through 

wuh in the gap h (Figure 3e).  

                                                                                              (2) 

In Equation 2, vh is the forward velocity of the flow at h. It should be noted that we only consider the 

cases where Qunit > Qs for practical purposes. The FEM simulations showed Qunit is greater than Qs for 

all of the tested geometries (ε = 1/5, 1/4, 1/3, and 1/2, and 0.1 ≤ s* ≤ 0.5). The opposite case, Qunit < 

Qs, at small ε such as 0.01 could also have a physical collision, but it is impractical for actual use due 

to the large numbers of trap rows. 
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We found that the value of d*
col is close to the row shift fraction, indicating that a particle 

with its d* greater than the row shift fraction is likely to have a physical collision (Figure 3f). This 

result can be attributed to the parabolic flow profile of the flow in the gaps of the traps and the 

splitting of Qunit next to the trapping blocks. For example, at the row shift fraction of 1/3, the 

parabolic flow profile of the total flow in the inter-trapping blocks gap means the width of the Qunits 

in the gap are different; the width of two Qunit next to the trapping blocks should be greater than the 

Qunit in the middle, increasing w*
uh to a value above an even division (i.e., greater than εη) of the 

width of the inter-trapping blocks gap. This increase of w*
uh is neutralized by the splitting of the Qunit 

into the trapping gap and the inter-trapping blocks gap. As the trapping gap increases, the increasing 

flow rate of the Qs stemming from the Qunit causes the decrease of w*
uh. For trapping gaps of 0.2-0.5, 

η is approximately one so that w*
uh and d*

col are close to the row shift fraction (Table S1, Supporting 

Information). For a trapping gap of 0.1, w*
uh is below the row shift fraction (w*

uh~0.31 < ε~0.33), 

which is attributable to a reduced Qunit that counteracts the effect of the decreased trapping gap. It 

should be noted that vertical spacing of the trap rows was designed to be proportional to the height 

of the asymmetric trap for the purpose of minimizing the variation of Qunit (Figure S1 and Table S2, 

Supporting Information). The decreased spacing of the trap rows for the trapping gap of 0.1 reduces 

Qunit, which is shown as a reduced calibration factor (η~0.75). 

 

2.3. Lateral shift into capturing stream 

We model the capturing of particles during reverse flow based on the deterministic lateral 

shift of the particles and the periodicity of the fluid flow in the trap array. A particle in reverse flow 

passes the inter-trapping block gap of each row until it is captured. When the particle flows down a 
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row, the lateral position of the particle in the gap is deterministically changed by the unit flow across 

the array and the physical collisions discussed previously. A particle is captured if its center is 

laterally shifted during reverse flow into a capturing stream. This capturing stream exists in every 

inter-trapping blocks gap due to the periodic configuration of the asymmetric traps. By finding the 

distance of the lateral shift and exact location of the capturing stream, the capturing of the particles 

can be predicted. 

We set three rules to model the lateral shift of a particle during reverse flow. First, the 

lateral position of the particle at the beginning of reverse flow is dictated by the physical collision of 

the particle with the trapping block during the previous forward flow (Figure 5a). Second, traveling 

down a row of the traps, the particle is laterally shifted by wuh due to the shift of each unit flow 

(Qunit) (Figure 5b). It should be noted that the lateral shift made by Qunit moves in only one direction 

because of the arrangement of the row shift of the asymmetric traps. Third, the distance of the 

lateral shift is limited by the size of the inter-trapping blocks gap. In other words, after a series of 

lateral shifts, the particle collides with a trapping block on the opposite side of the inter-trapping 

blocks gap (Figure 5c). Based on these rules of deterministic lateral shift, the lateral location of the 

particle in the inter-trapping blocks gap during reverse flow can be predicted. 

The location of the edges of the capturing stream can be determined by finding boundary 

streamlines of the capturing stream based on mass balance relationships of the flow streams across 

two rows of the asymmetric traps (Figure 6). The region of the capturing stream is defined by bl and 

br, where bl is the leftmost streamline that enters the trapping gap and br is the rightmost 

streamline. The location of bl and br can be found by using three mass balance relationships. First, 



 

  

 

This article is protected by copyright. All rights reserved. 

10 

 

the volumetric flow rate of the capturing stream is equal to the total volumetric flow rate of the 

flows through two trapping gaps of an asymmetric trap (Figure 6b). 

                                                                                                               (3) 

where Qbl is the volumetric flow rate of the flow through the region between bl and the right 

trapping block, Qbr is the volumetric flow rate of the flow through the region between br and the 

right trapping block, and Qs is the volumetric flow rate through the trapping gap. Second, Qunit is 

equal to the sum of Qbr and 2Qs merged during reverse flow (Figure 6c). 

                                                                                             (4) 

It should be noted that the above equation (4) is modified in the case of 2Qs ≥ Qunit (Figure S2, 

Supporting Information). Finally, by examining the trifurcation point between two asymmetric traps 

(Figure 6d), we see that the flows from the inter-trapping blocks gap and two trapping gaps merge 

into a flow through the inter-barriers gap. 

                                                                                                                     (5) 

where Qh is volumetric flow rate of the flow through the inter-trapping blocks gap. The above three 

mass balance equations can be transformed into two equations for Qbl and Qbr shown below. 

                                                                                                              (6) 

                                                                                               (7) 
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Qbl and Qbr are linked to the location of bl and br at the inter-trapping blocks gap through the 

mathematical definitions of Qbl and Qbr 

                                                                                                                     (8) 

                                                                                                                     (9) 

The location of two boundary streamlines, bl and br, was found to be around a point at 1-wuh 

of the inter-trapping blocks gap with increasing distance between those streamlines at greater 

trapping gap values (Figure 6e). The locations of bl and br at various trapping gap sizes (0.1-0.5) were 

numerically calculated. At zero trapping gap, bl and br should merge into the location of the 

borderline between the unit flows, 1-wuh of the inter-trapping blocks gap, because half of the flow 

stream between bl and br belongs to Qunit. As the trapping gap increases, bl and br move away from 

the borderline. 

The capturing behavior of a particle can be predicted by comparing the lateral location of 

the particle during reverse flow and the location of the capturing stream in the inter-trapping blocks 

gap. In Figure 7a, the lateral location of three different sized particles during reverse flow and the 

location of the capturing stream, defined by the boundary streamlines, are drawn in a single graph. 

For this graph, if the center of the particle enters into the region of the capturing stream (i.e., the 

region between bl and br), then the particle is captured in the next row. For the large particle ((i) in 

Figure 7a), a single lateral shift results in contact with the opposite trapping block. The particle 

center remains outside of the capturing stream and the particle cannot be captured, skipping the 
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traps in bump mode transport. For the next largest particle ((ii) in Figure 7a), a single lateral shift 

results in a collision with the opposite trapping block but this new position is now in the capturing 

stream and the particle is captured after flowing down a row of the asymmetric traps.  For the 

smallest particle ((iii) in Figure 7a), both the first and second lateral shifts result in the particle being 

outside the capturing stream and, like the largest particle, this particle cannot be captured. This 

small particle skips the traps via zig-zag mode transport. The diameter range for the lateral shift into 

the capturing stream was calculated for different trapping gap sizes (0.1-0.5) (Figure S3, Supporting 

Information), and the results were merged into a single graph of normalized particle diameter vs. 

normalized trapping gap (Figure 7b). Note that only the particles with diameters greater than d*
cap 

can be captured, as described previously. 

 

 

2.4. The Dimension for One-Way Particle Transport and Experimental Validation 

To implement one-way particle transport, all the conditions of the trap-particle dynamics 

previously discussed should be satisfied. The array dimension for one-way particle transport can be 

easily found by combining the graphs of the critical particle diameters including d*
cap for mechanical 

capturing, d*
asymm for the asymmetric interaction, d*

col for having a physical collision, and the 

diameters for the lateral shifting into a capturing stream (Figure 8a). Thus, for a given array, the 

particles that are laterally shifted into the capturing streams (green region in Figure 8a) can achieve 

one-way particle transport if their diameter satisfies d* ≥ Max [d*
cap, d*

asymm, d*
col]. In Figure 8a, those 

d* values are shown as green. Beside the particle diameter, the condition for oscillation amplitude is 

discussed in Supplementary Note S1 and Figure S4 of Supporting Information. 
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Combination of the conditions also yields other types of trap-particle interactions: 

symmetric passage, symmetric capturing, trap skipping via zig-zag mode, and trap skipping via bump 

mode (Figure 8a). In the region below d*
cap, the particle passes through the trapping gap and shows 

symmetric behavior, which results in the symmetric passage interaction. As the diameter increases 

to the region between d*
cap and d*

asymm, particle shows the symmetric capturing interaction in which 

the particle is trapped in both flow directions. Above d*
asymm, either one-way particle transport or the 

trap skipping via zig-zag mode appear depending on whether the particle is laterally shifted into the 

capturing stream in the reverse flow. Finally, in the region above the one-way particle transport, the 

particle skips traps via bump mode because the lateral shift due to their large size does not allow 

them to enter into the capturing stream. 

The phase diagram suggests that the maximum range of particle diameters for one-way 

particle transport is at a medium trapping gap (s* ~ 0.34) (Figure 8a). This, in turn, suggests that a 

particle would reliably achieve one-way particle transport with its widest range of diameters at a 

trapping gap of approximately 1/2 the average particle diameter and an inter-trapping blocks gap of 

approximately 3/2 the average particle diameter. As the trapping gap increases, the range of d* for 

entering into the capturing stream widens, but the increase of d*
asymm counteracts this effect. The 

trade-off of these two factors is why the range of particle diameters for one-way particle transport 

has its maximum value at medium trapping gap. The phase diagrams of different row shift fractions 

(ε = 1/5, 1/4, and 1/2) show similar trends (Figure S5, Supporting Information). 

Visual observation of trap-particle dynamics confirmed the validity of our theoretical 

analysis (Movie S1-S5, Supporting Information). We fabricated and tested 48 different arrays with 

different d* and s* values and with row shift fractions of 1/3 or 1/2, and they showed the trap-
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particle interactions predicted by our theory (Figure 8b and S6, Supporting Information). One-way 

particle transport was observed in all of the arrays (green shaded region in Figure 8b) that satisfied 

the critical conditions including mechanical capture, asymmetric interaction, physical collision, and 

lateral shift. Also, other predicted trap-particle interactions showed good agreement with our 

theory: symmetric capturing occurred in the region between d*
asymm and d*

cap as expected, and trap 

skipping that causes no transport was observed in the region above d*
asymm and below the area for 

one-way particle transport.  Note that there were only a few data points (the green triangles 

surrounded by dashed red circles in Figure 8b) that did not precisely fit our model, and these 

discrepancies were most likely due to the variations in array fabrication and the dissimilarity 

between our 2D model and 3D experimental system, and the effect of expansion and contraction of 

the fluid streamlines in the space between trap rows on the lateral shift of the particle. 

We found that one-way particle transport displaces particles much further and faster than 

the other trap-particle interactions. The comparison between the vertical locations of particles 

before and after fluid oscillations clearly shows this system can easily transport particles. After 

completion of one-way particle transport, the particles accumulate above the last rows of the array 

(Figure 8c and 8d). On the other hand, symmetric capturing interactions had no noticeable effect, 

and trap skipping had a slight effect on overall displacement (Figure 8d). Slow transport was 

observed for the particles of the trap skipping in the bump mode transport (Figure 8d). The 

mechanism of this slow displacement was different from the one-way particle transport. The 

streamlines along which those particles travel in forward flow and reverse flow are different, making 

the particles travel shorter vertical distance in reverse flow, and this difference in the vertical travel 

distances causes slow transport (Movie S5, Supporting Information).  
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The size-based difference in particle transport ability can be used for particle separation 

(Figure 8e).  The large particles (d = 30.2 µm) in the regime of one-way particle movement were 

transported much faster than the small particles (d = 20.3 µm) in the regime of the symmetric 

capturing.  This difference in transport rate resulted in a spatial separation between those two sets 

of particles and allows for easy visualization or collection of the isolated particles.  Note that the 

sizes of the micro-particles used are typical for biochemical detections using micro-particles, one 

potential application of this technology.  A full analysis of the separation efficiency as a function of 

particle diameter and other factors is necessary to determine the usefulness of this technology for 

other applications. 

We observed high transport ability of particles at particle concentration up to 1 % (v/v), 

which was equal to the average of a single particle per trap. This one-way particle transport at this 

high concentration could be attributed to two reasons: locally low concentration in the front line of 

loaded particles and the releasing of clogged particles by oscillatory flow. The particles at the front 

of the concentration wave always had a low concentration surrounding them, ensuring reliable 

transport at an overall-high concentration. As one-way particle transport continued, the 

concentration of the particles behind the front decreased, approaching the ideal operating 

conditions for one-way particle transport. Occasionally, locally high concentrations could induce 

clogging at inter-trapping blocks gaps, but those aggregated particles were released during fluid 

oscillation (Movie S6, Supporting Information). 

 

3. Conclusion 
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We have presented and experimentally validated the theoretical foundation of the one-way particle 

transport in oscillatory fluid flow. Passage-capture interactions between the asymmetric traps and 

micro-particles enable the positive net displacement of the particles with no net displacement of 

fluid.  Based on the understanding of the deterministic character of laminar flow through the 

asymmetric traps, the necessary conditions for one-way particle transport were found in terms of 

mechanical capture, asymmetric interaction, physical collision, and the lateral shift into the 

capturing stream. The critical dimensions for each condition were estimated using analytical mass 

balance equations and numerical calculation. Since the analysis used in this work solely depends on 

the dimension of the asymmetric traps and particle diameter, the theory can be applied to any 

obstacle array of similar geometric configurations. 

Particle dynamics in asymmetric traps can be used to serve several practical operations for 

manipulating micro-particles in oscillatory flow.  The one-way particle transport shown in this work 

provides basic transport of particles with no net transport of fluid, a useful concept for exchanging 

the solution surrounding a group of particles. The size-based separation can be implemented such 

that target particles showing one-way particle transport are isolated from other particles having one 

of the non-transport trap-particle interactions, symmetric capturing.  Also, concentrating groups of 

particles is another possible application of this technology. Since our technique relies on mechanical 

capturing, separating samples having broad size ranges or overlapping particle sizes may be difficult. 

However, the large size-range samples can be handled by introducing a gradient in the size of the 

trapping gap as a function of position in the array, a modification which is one area of future 

investigation. Additionally, the problem of overlapping size ranges can be served by using a 
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technique based on some type of physical or chemical surface adsorption, possibly combined with 

this technique. 

 

4. Experimental Section 

Numerical Methods: FEM (Finite Element Method) simulation and numerical calculations 

were used to calculate the critical particle diameters and the location of the boundary streamlines of 

the capturing stream. The asymmetric traps were drawn by L-Edit (v.12.11), and the file was 

imported to COMSOL Multiphysics®. Detailed information on the array dimension is provided in 

Figure S1 and Table S2 of Supporting Information. To obtain flow profiles at each gap of the traps, 

the fluid mechanics module was used. The no-slip boundary condition was applied to the boundary 

of the traps and periodic boundary conditions were applied to the sidewall of the system to 

minimize the effect of channel wall on the flow profile (Figure S8, Supporting Information). By 

plugging the flow profiles from the FEM simulation into the mass balance equations, MATLAB® 

numerically found the critical particle diameters and the location of the boundary streamlines. The 

correction factor η (Supporting Information, Table S1) was obtained by counting the number of 

streamlines that shift through gaps and the number of streamlines at the inter-barriers gap (g). 

Later, we also applied the no-slip condition to the sidewalls for the purpose of investigating whether 

the presence of the channel sidewalls makes an appreciable difference between Qss at the two 

trapping gaps of a single asymmetric trap. We found that the difference between two Qss is 

insignificant when using both the periodic boundary conditions and the no-slip condition (Figure S8, 

Supporting Information). 
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Device fabrication: The device had three layers that consist of a fluidic channel layer, a 

control channel layer, and a thin polydimethylsiloxane (PDMS) membrane separating the first two 

layers (Figure S9, Supporting Information). The fluidic channel of the device was shaped  by 

photolithography and a dry etching process on a Si wafer. Photoresist (SPR 955CM, Microchem 

Corp.) was spin-coated at 3000 rpm on a Si wafer. After a pre-bake for 1 min at 100 oC on a hot plate, 

the photoresist film was exposed for 5 sec (30 mJ/cm2) using a mask aligner (MA/BA6 mask aligner, 

Karl Suss MicroTec). The patterned wafer was post-baked for 1 min at 110 oC on a hot plate before 

being dipped into a developer bath (AZ® 726, MicroChemicals). After the photolithography, deep 

reactive ion etching (DRIE) (STS Pegasus 4, SPTS Technologies, Ltd.) was used to form the fluidic 

channels and posts. The control channel was made via micromolding of PDMS on a Si mold. The Si 

mold of 100 µm depth was shaped by photolithography and DRIE, as done for the fluidic channel. 

The surface of the Si mold was coated with trichlorosilane ((tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-

trichlorosilane, UCT) for surface passivation. PDMS monomer and cross-linker were mixed at a 10:1 

(w/w) ratio. The mixture was poured into the Si mold and was degassed before the curing at 80 oC 

for 1.5 hr in an oven. The thin membrane between the fluidic channel and the control channel was 

made by spin-coating and curing of PDMS. The PDMS mixture was prepared as done for the control 

channel and was spin-coated at 600 rpm on a Si wafer after degassing of the mixture. The PDMS film 

on the wafer was cured at 140 oC for 3 hrs on a hot plate. After all three layers of the device were 

prepared, they were plasma-bonded to each other. It should be noted that the area of the normally-

closed valves  (Supporting Information, Figure S8) was masked by PDMS blocks during plasma 

treatment. 
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Experimental validation of one-way particle transport: Before use, the device was primed 

with a buffer solution containing a mixture of deionized water, OptiPrepTM density gradient medium 

(Sigma-Aldrich Co.), and Tween 20 surfactant (Sigma-Aldrich Co.). The density of the buffer solution 

was made to be equivalent to that of the micro-particles. We used a pneumatic pressure/vacuum 

system to induce fluid oscillations. The inlets of the primed device were connected to pneumatic 

pressure/vacuum lines. The vacuum opened normally-closed valves, and the buffer solution 

containing particles (mean diameter = 20.3 µm, Spherotech, Inc.) was injected through the opened 

valves. When the loading of the particles was completed, all the valves were closed by pneumatic 

pressure. Alternate opening of two solenoid valves linked to each of two actuation membranes 

achieved oscillatory flow across the array region. The motion of the particles was recorded by a CCD 

camera (Grasshopper®3, Point Grey Research, Inc.) mounted on the top of a stereo microscope 

(SZX12, Olympus Corp.). For the particle separation experiment, a binary mixture of particles (mean 

diameters = 30.2 µm and 20.3 µm, Spherotech, Inc.) was loaded into the device. The number and 

amplitude of oscillation were 50 and 8 rows, respectively. 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 

 

Acknowledgements 

This work was supported by the National Institutes of Health (R01 HG004653-01, R21 HG005077-02). 
This work was performed in part at the Lurie Nanofabrication Facility. 

 



 

  

 

This article is protected by copyright. All rights reserved. 

20 

 

 

Received: ((will be filled in by the editorial staff)) 

Revised: ((will be filled in by the editorial staff)) 

Published online: ((will be filled in by the editorial staff)) 

 

References 

[1]    L. R. Huang, E. D. Cox, R. H. Austin, J. C. Sturm, Science 2004, 304, 5673. 

[2]    J. McGrath, M. Jimenez, H. Bridle, Lab Chip 2014, 14, 4139. 

[3]    D. Di Carlo, Lab Chip 2009, 9, 3038. 

[4]    H. Amini, W. Lee, D. Di Carlo, Lab Chip 2014, 14, 2739. 

[5]    M. Yamada, M. Nakashima, M. Seki, Anal. Chem. 2004, 76, 5465. 

[6]    M. Yamada, M. Seki, Lab Chip 2005, 5, 1233. 

[7]    S. Choi, J.-K. Park, Lab Chip 2007, 7, 890. 

[8]    S. Choi, S. Song, C. Choi, J.-K. Park, Lab Chip 2007, 7, 1532. 

[9]    X. Xuan, J. Zhu, C. Church, Microfluid. Nanofluid. 2010, 9, 1. 

[10]    A. J. Mach, J. H. Kim, A. Arshi, S. C. Hur, D. Di Carlo, Lab Chip 2011, 11, 2827. 

[11]    D. R. Gossett, H. T. K. Tse, J. S. Dudani, K. Goda, T. A. Woods, S. W. Graves, D. Di Carlo, Small 

2012, 8, 2757. 



 

  

 

This article is protected by copyright. All rights reserved. 

21 

 

[12]    E. Sollier, H. Amini, D. E. Go, P. A. Sandoz, K. Owsley, D. Di Carlo, Microfluid. Nanofluid. 2015, 

19, 53. 

[13]    D. R. Gossett, W. M. Weaver, A. J. Mach, S. C. Hur, H. T. K. Tse, W. Lee, H. Amini, D. Di Carlo, 

Anal. Bioanal. Chem. 2010, 397, 3249. 

[14]    C. Jin, S. M. McFaul, S. P. Duffy, X. Deng, P. Tavassoli, P. C. Black, H. Ma, Lab Chip 2014, 14, 32. 

[15]    Y. Chen, P. Li, P. Huang, Y. Xie, J. D. Mai, L. Wang, N. Nguyen, T. J. Huang, Lab Chip 2014, 14, 

626. 

[16]    X. Mao, T. J. Huang, Lab Chip 2012, 12, 4006. 

[17]    S. M. McFaul, B. K. Lin, H. Ma, Lab Chip 2012, 12, 2369. 

[18]    H. T. K. Tse, D. R. Gossett, Y. S. Moon, M. Masaeli, M. Sohsman, Y. Ying, K. Mislick, R. P. Adams, 

J. Rao, D. Di Carlo, Sci. Transl. Med. 2013, 5, 212ra163. 

[19]    Y. Zheng, J. Nguyen, Y. Wei, Y. Sun, Lab Chip 2013, 13, 2464. 

[20]    O. Otto, P. Rosendahl, A. Mietke, S. Golfier, C. Herold, D. Klaue, S. Girardo, S. Pagliara, A. 

Ekpenyong, A. Jacobi, M. Wobus, N. Töpfner, U. F. Keyser, J. Mansfeld, E. Fischer-Friedrich, J. Guck, 

Nat. Methods 2015, 12, 199. 

[21] Y. Deng, S. P. Davis, F. Yang, K. S. Paulsen, M. Kumar, R. S. DeVaux, X. Wang, D. S. Conklin, A. 

Oberai, J. I. Herschkowitz, A. J. Chung, Small 2017, 13, 1700705. 

[22] D. R. Gossett, H. T. K. Tse, S. A. Lee, Y. Ying, A. G. Lindgren, O. O. Yang, J. Rao, A. T. Clark, D. 

Di Carlo, Proc. Natl. Acad. Sci. USA, 2012, 109, 7630. 



 

  

 

This article is protected by copyright. All rights reserved. 

22 

 

[23]    V. Srinivasan, V. K. Pamula, R. B. Fair, Lab Chip 2004, 4, 310. 

[24]    R. Sista, Z. Hua, P. Thwar, A. Sudarsan, V. Srinivasan, A. Eckhardt, M. Pollack, V. Pamula, Lab 

Chip 2008, 8, 2091. 

[25]    G. Luka, A. Ahmadi, H. Najjaran, E. Alocilja, M. DeRosa, K. Wolthers, A. Malki, H. Aziz, A. 

Althani, M. Hoorfar, Sensors 2015, 15, 30011. 

[26]    D. Mark, S. Haeberle, G. Roth, F. von Stetten, R. Zengerle, Chem. Soc. Rev. 2010, 39, 1153. 

[27]    A. van Reenen, A. M. de Jong, J. M. J. den Toonder, M. W. J. Prins, Lab Chip 2014, 14, 1966. 

[28]    J. Choi, K. W. Oh, J. H. Thomas, W. R. Heineman, H. B. Halsall, J. H. Nevin, A. J. Helmicki, H. T. 

Henderson, C. H. Ahn, Lab Chip 2002, 2, 27. 

[29]    C. -H. Chiou, D. J. Shin, Y. Zhang, T. -H. Wang, Biosens. Bioelectron. 2013, 50, 91. 

[30]    N. Beyor, L. Yi, T. S. Seo, R. A. Mathies, Anal. Chem. 2009, 81, 3523. 

[31]    C.-H. Wang, K.-Y. Lien, T.-Y. Wang, T.-Y. Chen, G.-B. Lee, Biosens. Bioelectron. 2011, 26, 2045. 

[32]    T. Maleki, T. Fricke, J. T. Quensenberry, P. W. Todd, J. F. Leary, Proc. SPIE 2012, DOI: 

10.1117/12.909051. 

[33]    B. Çetin, D. Li, Electrophoresis 2011, 32, 2410. 

[34]    L. Cui, T. Zhang, H. Morgan, J. Micromech. Microeng. 2002, 12, 7. 

[35]    J. D. Yantzi, J. T. W. Yeow, S. S. Abdallah, Biosens. Bioelectron. 2006, 22, 2539. 

[36]    J. Ramón-Azcón, T. Yasukawa, F. Mizutani, Anal. Chem. 2011, 83, 1053. 



 

  

 

This article is protected by copyright. All rights reserved. 

23 

 

[37]    J. Ramón-Azcón, T. Yasukawa, F. Mizutani, Biosens. Bioelectron. 2011, 28, 443. 

[38]    J. Ramón-Azcón, T. Yasukawa, H. J. Lee, T. Matsue, F. Sánchez-Baeza, M. -P. Marco, F. 

Mizutani, Biosens. Bioelectron. 2010, 25, 1928. 

[39]    Z. Zou, S. Lee, C. H. Ahn, IEEE Sens. J. 2008, 8, 527. 

[40]    J. Friend, L. Y. Yeo, Rev. Mod. Phys. 2011, 83, 647. 

[41]    L. Y. Yeo, J. R. Friend, Annu. Rev. Fluid Mech. 2014, 46, 379. 

[42]    P. Glynne-Jones, R. J. Boltryk, M. Hill, F. Zhang, L. Dong, J. S. Wilkinson, T. Melvin, N. R. Harris, 

T. Brown, Anal. Sci. 2009, 25, 285. 

[43]    X. Ding, S.-C. S. Lin, B. Kiraly, H. Yue, S. Li, I.-K. Chiang, J. Shi, S. J. Benkovic, T. J. Huang, Proc. 

Natl. Acad. Sci. U. S. A. 2012, 109, 11105. 

[44]    F. Guo, Z. Mao, Y. Chen, Z. Xie, J. P. Lata, P. Li, L. Ren, J. Liu, J. Yang, M. Dao, S. Suresh, T. J. 

Huang, Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 1522. 

[45]    A. R. Rezk, L. Y. Yeo, J. R. Friend, Langmuir 2014, 30, 11243. 

[46]    G. Destgeer, H. J. Sung, Lab Chip 2015, 15, 2722. 

[47]    G. Destgeer, H. Cho, B. H. Ha, J. H. Jung, J. Park, H. J. Sung, Lab Chip 2016, 16, 660. 

[48]    J. Lee, M. A. Burns, RSC Adv. 2015, 5, 3358. 

[49]    K. Loutherback, J. Puchalla, R. H. Austin, J. C. Sturm, Phys. Rev. Lett. 2009, 102, 045301. 

[50]    D. W. Inglis, J. A. Davis, R. H. Austin, J. C. Sturm, Lab Chip 2006, 6, 655. 



 

  

 

This article is protected by copyright. All rights reserved. 

24 

 

 

 

Figure 1. A schematic of the one-way particle transport. The repetition of the passage-capture 

trap/particle interaction leads to a positive net displacement of micro-particles and a zero net 

displacement of fluid. 
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Figure 2. The mechanical capturing and asymmetric trap-particle interaction. (a) The particle (green) 

with a diameter greater than the trapping gap, s, is mechanically captured. A smaller particle (red) 

passes through the trapping gap. (b) The critical particle diameter, d*
cap, for mechanical capturing is 

equivalent to the trapping gap, s*. (c) The schematic of the modeling of the asymmetric interaction. 

If a particle is large enough (d/2 > wasymm) for its center (shown as a black dot) to be outside of the 

flow passing through the trapping gap, s, it avoids the trapping in the forward flow and has an 

asymmetric interaction. The green particle has its center out of the trapping flow, but the red 

particle does not. wasymm is the width of the trapping flow. (d) Calculated critical particle diameter, 

d*
asymm, for the asymmetric interaction. If the particle diameter is larger than d*

asymm, the trap-

particle interaction becomes asymmetric. The superscript “*” denotes the normalization of the 

variables by the inter-trapping blocks gap (h). 
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Figure 3. Physical collision to overcome hydrodynamic reversibility. (a) (Left) Without a physical 

collision during the forward flow, the particle returns to its initial position and no net displacement 

occurs. (Right) The collision between a particle and a trapping block of the asymmetric trap can 

induce a lateral shift of the particle, causing a positive net displacement. (b) The flow in the periodic 

obstacles splits into a number of unit flows, Qunit, distinguished by colors. A small particles is 

supposed to follow one of the unit flows unless bumped onto another streamline. (c) While 

following one of the unit flows, the particle is likely to collide with a trapping block when the unit 

flow is located at the sides of inter-trapping blocks gap (shown in the dashed box). (d) A particle 

(shown as green) having size greater than the width, wuh, of Qunit at inter-trapping blocks gap collides 

onto a trapping block. Otherwise, the particle (shown as red) can flow through the inter-trapping 

blocks gap without the physical collision. (e) Mass balance relationship to estimate wuh. (f) Calculated 

d*
col based on the mass balance relationship. d*

col is around 1/3, and is approximately equal to the 

row shift fraction (ε) of the asymmetric traps used here. The critical particle diameter, d*
col, is the 

condition for having at least a single physical collision during forward transport through a vertical 

period of the asymmetric traps. 
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Figure 4. Lateral shift of the particle into the capturing stream (shaded in blue) in reverse flow. The 

lateral location of the particle in the inter-trapping blocks gap changes from (i) to (ii) and to (iii). 

Once its center (shown as a black dot) is placed in the capturing stream (iii), the particle is 

transported to the trap of the next row. 
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Figure 5. Three rules of deterministic lateral shift of the particle during reverse flow. (a) The initial 

lateral position of the particle is set by the collision with a trapping block on the previous upward 

flow. (b) The lateral shift made by the unit flow (Qunit). The distance of the shift equals to the width 

of the unit flow, wuh, at the inter-trapping blocks gap. (c) Limit of the lateral shift. After subsequent 

lateral shifts, the particle collides onto a trapping block on the opposite side, which becomes the 

limit of the lateral shift. Gray areas in the plots indicate excluded regions for the particles. 
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Figure 6. The locations of boundary streamlines, bl and br, of the capturing stream at the inter-

trapping blocks gap. (a) Only a particle whose center is located between bl and br is captured during 

reverse flow. (b–d) The diagrams showing mass balance relationships between flow streams for 

finding the location of bl and br. Qbl and Qbr are the volumetric flow rates in the region between bl 

and a trapping block on the right, and br and the trapping block on the right, respectively. (e) The 

location of bl and br at inter-trapping blocks gap. The row shift fraction is 1/3. As the normalized 

trapping gap increases, the distance between bl and br increases due to the increased flow of the 

capturing stream. 
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Figure 7. Prediction of particle capturing based on the combination of the deterministic lateral shift 

of the particle and the location of the capturing stream. (a) Only the particle whose center enters 

into the capturing stream is captured during reverse flow (ii). The location of the capturing stream at 

a given trapping gap size (s* = 0.3) was shown as the blue shaded region between bl and br. After the 

particle reaches to the other side of the inter-trapping blocks gap, the particle either keeps its lateral 

position (large particles which show the bump mode transport, (i)) or goes back to initial lateral 

location (small particle which shows the zig-zag mode transport, (ii)). (b) The calculated trapping 

behavior as a function of the particle diameter and the trapping gap. Black dots are calculated 

intersections between the boundary streamlines and the lines of lateral locations of the particle 

center. Only particles in the shaded region have a chance of deterministic capturing. It should be 

noted that the line between the calculated points were interpolated based on the trend of diameter 

range at two trapping gap sizes (Supplementary Note S2 and Figure S6, Supporting Information) 
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Figure 8. (a) The phase diagram of the trap-particle interactions. One-way particle transport requires 

four conditions including mechanical capture (d* ≥ d*
cap), asymmetric interaction (d* ≥ d*

asymm), 

physical collision (d* ≥ d*
col), and lateral shift into a capturing stream (d* belonging to the shaded 

region in Figure 7b). d*
col was omitted for clear view of the regions of the other trap-particle 

interaction.  The green shaded regions satisfy all of those conditions. The row shift fraction of the 

array is 1/3, and the ratio of inter-trapping blocks gap, h, to inter-barriers gap, g, is 1.5. (b) 

Theoretical prediction and experimentally validated trap-particle interaction dynamics in the arrays 

of row shift fraction (ε) of 1/3. Symbols: green triangles (  ) = one-way particle transport, inverted 

closed red triangles (  ) = trap skipping by bump mode, inverted open triangles (  ) = trap skipping 

by zig-zag mode , closed circles (  ) = symmetric capturing, and open circles ( ) = symmetric 

passage. (c) Images of the experimental locations of the particles in one-way particle transport 

before and after seven fluid oscillations. A group of particles (surrounded by the red-dashed 

rectangle) in the entry part of the array (Left) was transported to the end region of the array (Right) 

by one-way particle transport. (d) Experimental positions of particle distribution before (dashed line) 

and after (solid line) oscillations for different trap-particle interactions: (Top left) one-way particle 

transport, (Top right) symmetric capturing, (Bottom left) trap skipping in zig-zag mode transport, and 

(Bottom right) trap skipping in bump mode transport. The diagrams in each graph show detailed 

trap-particle dynamics. (e) Particle separation using the asymmetric traps. The particle (green) in 

one-way particle transport was transported faster and further than the particle (red) in the 

symmetric capturing, resulting in the particle separation. 
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Passive fluidic particle transport using asymmetric traps in non-acoustic oscillatory flow is developed. 

The conditions to achieve this technique are based on the mass balance of fluid flows, the theory of 

deterministic lateral displacement of micro-particles, and experimental validation. This technique can 

transport or separate micro-particles in a closed chamber and facilitate the integration of the micro-

particle system into portable Lab-on-a-Chip devices. 

 

 

 

 


