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Tunable Single-Column Deterministic Lateral Displacement Device 
by Adjustable Crossflow
Miftahul Jannat Rasnaa and James C. Sturm*a

Conventional deterministic lateral displacement (DLD) devices are popular for continuous size-based separation of micro-
particles at a high resolution through a tilted array of periodically placed micro-posts. However, the conventional DLD 
devices lack tunability of the critical size of particle sorting (DC). In a conventional DLD device, the DC is fixed by the device 
geometry. Further, many rows and columns of micro-posts are required in the device array to provide adequate spatial 
separation between large and small particles after lateral bumping of large particles, which leads to large device area and 
potentially small throughput/area. In this work, we present a novel tunable single-column DLD device where tunability was 
demonstrated by adjusting crossflow applied perpendicularly to the main flow direction. Our device consists of only 8 
bumping obstacles with a device area of 0.83 mm x 0.24 mm = 0.2 mm2 (without inlet/outlet ports). The ability to tune the 
critical size DC from below 5 µm to above 10 µm in a single structure is demonstrated with a separation efficiency of ~99.9% 
and the throughput/area is 45 µL/min per mm2. Further, at very high flow rates (Re > 10), the resolution degrades due to a 
three-dimensional fluid flow pattern. 

1. Introduction

Particle sorting plays a crucial role in various applications1, such as – 
chemical2 and biological3 processing, clinical diagnostics4,5, 
environmental analysis6, quality control and regulation enforcement 
in manufacturing cosmetic products7. Deterministic lateral 
displacement (DLD) is a well-known size-based particle sorting 
technology for its simple operation, robustness, deterministic 
physics, and high resolution8, first reported by Huang et al. in 20049. 
DLD technique has shown the ability to separate particles in a wide 
range of sizes spreading from nanometers10 to micrometers11. In 
medical applications, it has also been vastly used to separate 
biological cells, such as blood cells12–15, circulating tumor cells 
(CTCs)16–21, DNA9,22 and exosomes10. In the DLD method, particle 
separation happens due to the flow bifurcation9,12 around a set of 
obstacles  (“posts”).  Migration of particles follows either the average 
fluid flow direction or the axis direction of the posts, determined by 
the “critical size (DC)” of the device. The particles larger than the 
critical size “bump” at the posts and follow the micro-array 
inclination (lateral displacement), whereas smaller particles follow 

the macroscale fluid flow direction (zigzag mode). The critical 
diameter of particle sorting (DC) is determined by the array 
geometry, specifically the gap size between two posts and the tilt 
angle (є)23 of the micro-array. Hence the critical size cannot be 
changed. 

Further, to increase throughput of conventional DLD devices the 
number of columns in the DLD array is increased, but at the same 
time, the number of rows also needs to be increased since each 
column requires 1/ є rows. Hence, the area of a DLD device increases 
as the square of the throughput, thus decreasing the throughput per 
area. To increase throughput per area, Liang et al. (2020)   introduced 
a “single-column” DLD device24 where the array of posts is replaced 
by a single vertical channel with a series of protrusions on  one side.  
A crossflow right after protrusion, set by a series of carefully 
designed fluidic resistors, sets the critical size, above which large 
particles were harvested at the end of the vertical channel.

Both the conventional and single-column DLD devices have a critical 
size for particle harvesting which is set by the fabrication.  There have 
been several attempts to make the critical diameter (DC) of 
conventional DLD devices tunable. One of the very early 
demonstrations of tunability in DLD device was achieved by 
stretching a PDMS device25. However, its elastomeric flexibility 
makes a PDMS device  suffer in high-pressure applications26. In 
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several studies, dielectrophoresis (DEP) has been coupled with DLD 
to achieve wide ranges of critical size tuning27–30. However, complex 
theoretical analysis, complicated fabrication and implementation, 
high voltage, heating, etc. make this hybrid technique difficult to use 
in practice. Numerical and experimental studies used non-
Newtonian viscoelastic fluids as buffer solution for tuning the DC31,32. 
In one study, acoustic vibrations were passed to PDMS micropillars 
to switch the trajectory of 2 and 7 µm particles33. In moderate 
Reynolds number regime, Dincao et al. (2018) observed streamline 
evolution and micro vortices in the wake of micro-posts, which 
shifted the particles trajectory. They were able to switch 10 and 20 
um particles from zigzag mode to displacement mode by increasing 
Reynolds number by a factor of 6 and 7, respectively34.  Tottori and 
Nisisako demonstrated tuning of Dc by exploiting temperature-
controlled swelling and shrinking of hydrogel pillars. However, the 
characterization of hydrogel pillars and the temperature control 
need to be very precise to achieve error-free tuning of Dc 35.    

In this paper, we demonstrate the first ability to tune the critical 
diameter DC of a single-column Deterministic Lateral Displacement 
device. Particles with diameter below DC remain in a vertical 
streamtube of fluid as it moves down through a device, and particles 
with diameter above DC are “bumped” by an asymmetric obstacle 
into an adjacent streamtube so that they leave the initial streamtube 
of fluid. Tunability is achieved by applying an externally adjustable 
crossflow set by syringe pumps, applied individually to each row of 
bumping obstacles.  Fig. 1 presents a schematic diagram of a single-
column DLD device with four bumping obstacles tuned by different 
crossflows (left side I2=right side I3) while keeping the vertical sample 
flow I1 fixed. When I2=I3, the right cross-channels withdraw the same 
volume of fluid introduced in the left cross-channels. Hence, both the 
fluid segmentation and thus the critical size DC are identical at each 
bump. Here, DC is double the width of the first streamtube adjacent 
to the bumping obstacle at the protruding bumping site and it can be 
tuned by changing the crossflow rate. When crossflow rate (I2=I3) is 
increased for a certain sample flow rate (I1), DC also increases, 
because a larger volume of fluid is drawn out from the central 
channel through the right-sided cross channels. At the same time, a 
larger volume of fresh buffer is introduced into the central channel 
through the left cross channels to keep the amount of fluid same 
there and to replace sample fluid with fresh buffer. In a conventional 
DLD with triangular posts, the critical diameter, Dc can be determined 
by the well-known experimental fit as follows36–38

Dc =  G ( 1
𝑁

)
0.48

=  G є0.48 

where, G is the gap size between adjacent posts and N is the row 

periodicity (1
є). G and N are both fixed by the device geometry. In our 

tunable single column DLD device, the ratio of the flow rates (
𝑐𝑟𝑜𝑠𝑠𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
) is the equivalent of  є  and hence 1

𝑁
. Thus, the 

expected critical size is

Dc = G (
1
𝑁 )

0.48
=  G є0.48

=  G (
𝐶𝑟𝑜𝑠𝑠𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑒𝑎𝑐ℎ 𝑟𝑜𝑤

𝑆𝑎𝑚𝑝𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 )
0.48

Since we can control the ratio of flowrates by adjusting crossflow, we 
are not limited by the device geometry (meaning arrangement of 
obstacles), and our device is tunable with fewer bumps arranged in 
a single-column channel, enabling high throughput per area.  

In this study, we perform two sets of experiments in the moderate 
Reynolds number regime (5 < Re < 30). The Reynolds number (Re), in 
a DLD array is defined as39

Fig. 1 Schematic diagram of a tunable single-column DLD device 
with four bumping obstacles. Sample with particles enters vertically 
with a flowrate of I1. The cross channels on the left side introduce 
fresh buffer each at a flowrate of I2, and the cross channels on the 
right side withdraw fluid from the main channel at a flowrate of I3, 
where I2 = I3. The streamlines at the bumping sites which bifurcate 
the flow between the main channel and the right-sided cross 
channels are called segmentation streamlines. At the bumping site, 
a particle (blue) smaller than DC will not bump and will go to the 
small particle outlet. Whereas a particle (red) larger than DC will 
bump and be pushed towards the next streamline and continue to 
travel through the main channel.
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Re =  
ρuL0

η

where, ρ is the density of water at room temperature, u is the 
average velocity of the fluid in the gap, 𝐿0 is the characteristic length 
of the gap (in our case, hydraulic diameter of a rectangular channel), 
and η is the dynamic viscosity of water. In the first set of experiments, 
we separate 5, 8.2 and 10 µm particles from each other with ~100% 
efficiency at a throughput of 45 µL/min per mm2. In the second set 
of experiments, we explore the effect of increasing Re on the tuning 
performance of our single-column DLD device and propose a 
mechanism for its degradation.

2. Materials and Methods
2.1 Device design

The design of a single-column DLD device follows the design of 
conventional multi-column DLD arrays: (i) In a conventional DLD 
array, from one row to the next, the carrier fluid in each gap divides 
in the next gap, with most staying in the current column and some 
fraction going to the next column, because of the “tilt” of the array 
axis vs. the average fluid flow direction9.  This fraction is set by the 
number of rows before fluid at one position in a gap is in the same 
position at the next adjacent gap – the inverse of the so called “tilt 

angle”, є. (ii) In a “single column” DLD device, the “effective tilt” 
(bifurcation of the vertical flow) is set by the amount of fluid injected 
into the main column vertical from a side channel.  Similarly, the 
same amount of fluid also flows out the opposite side. This is 
described in detail in the first (non-tunable) single column DLD24 
published by Liang et al. (2020). In that paper, this fraction was set 
by fluidic resistors (determined by the device fabrication). In this 
paper, the dimensions of cross channels and the protrusion length of 
bumping obstacles are based on prior work on single-column DLD24. 
However, the hydraulic resistance of cross channels does not matter 
since the horizonal flow component is determined by flowrate-
controlled syringe pumps, making the critical size tunable. The 
channel height is chosen to have a moderate aspect ratio 
(height/width on the order of 1) for ease of microfabrication.

Our tunable single-column DLD device consists of 8 bumping 
obstacles. The width of the central bumping column is 38 µm, and 
the narrowed gap region at each of the bumping sites is 18 µm wide. 
The protrusion width of each triangular bumping obstacle 
(parameter “b” in Fig. 2) is 20 µm. The width of the cross channels on 
both sides on the central column is 16 µm. The device is 826 µm long, 
238 µm wide, and 28 µm high (not including the inlet/outlet ports). 

It is fundamental to the operation of a DLD array that the critical 
diameter depends on the shape and arrangement of the posts 
(bumping obstacles)36,37. The triangular shape of posts instead of 
circular posts allow larger gaps for the same critical size, hence 
reducing clogging and enabling higher throughput for a given 
pressure gradient40. Thus, for our single-column devices, we have 
used triangular posts.

2.2 Device fabrication and experimental setup

We fabricated our device on 500 µm thick silicon wafer using 
standard microfabrication technique. A SAMCO RIE800iPB reactive-
ion etcher was used to etch the channels to a depth of 28 µm and the 
angle between the vertical wall and the channel floor was 
approximately 90o. The inlets and outlets were 300 µm through-
holes obtained by etching through the silicon wafer from the 
backside. After performing standard chemical cleaning of silicon 
wafer, we sealed the device with a polyolefin sealing tape (9795RR, 
3M, USA). The device was mounted to an acrylic manifold with 
stainless steel microtubes.  

An inverted microscope was used for imaging the particle 
movement. Images and videos were captured with 10X Nikon Plan 
fluor objective (0.30 NA and 16 mm WD) and ORCA-Flash4.0 digital 
camera C11440 from Hamamatsu Photonics. We have used three 
flowrate-controlled syringe pumps (Chemyx Fusion 200) which can 
be used in either ‘infusion’ or ‘withdraw’ mode. At the sample inlet, 
we used one syringe pump in ‘infusion’ mode. For the eight fresh 
buffer inlets, we have mounted a 10-syringe expansion rack on a 
Fusion 200 syringe pump and operated it in ‘infusion’ mode. At the 
small particle outlets, we used another syringe pump with a 10-
syringe expansion rack in the ‘withdraw’ mode. 

Fig. 2 The 8-bump design of the tunable single-column DLD device 
used in our experiments. 
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2.3 Preparation of experimental samples 

Device functionality for various flowrates was confirmed by 
observing the trajectories of three sizes of fluorescent particles, 
which are Thermo ScientificTM Fluoro-Max Dye Green Aqueous 
Fluorescent Polymer Microsphere, 5 and 10 µm (10 mL), and, 
DiagPoly™ Green Fluorescent Polystyrene Particles, 8.2 μm (1 mL). 
We have diluted these particles in 0.1% Tween 20 surfactant in DI 
water to achieve a concentration of 700 to 1000 particles per 
microliter of sample.

3 Results and Discussion

3.1 Experiments

3.1.1 Tuning of the Critical Size

In our first experiment, we ran samples  containing 5, 8.2 and 10 µm 
particles through the sample inlet of our device at a fixed sample 
(vertical) flow rate of 9 µL/min in each channel which gives a channel 
Reynolds number of 7.4 at the narrowed bumping region. When we 
varied the crossflow rates from 0 to 4.5 µL/min, all the 5 µm particles 
stop bumping at the crossflow rate of 1.5 µL/min and go to small 
particle outlets. However, the 8.2 and 10 µm particles still bump at 
the obstacles and reach the large particle outlet (Fig. 3a). Since, there 
are 8 rows of cross channels in our device, a crossflow rate of 1.5 
µL/min at each cross channel fully replace the sample fluid by the 6th 
row (6 × 1.5 µL/min = 9 µL/min). Hence, at 1.5 µL/min, we have large 
particles in the fresh buffer at the large particle outlet. As we 
increase the crossflow rate to 2.5 µL/min, all the 8.2 µm particles go 
to small particle outlet along with 5 µm particles. However, the 10 
µm particles still end up in the large particle outlet (Fig. 3b).

Finally, when we increase the crossflow rate to 3.5 µL/min, ~99% of 
the 10 µm particles stop bumping and end up in small particle outlets 
as well. Fig. 4 represents the recovery curves of 5, 8.2 and 10 µm 
particles at sample flow rate of 9 µL/min. The x-axis is presented as 
the ratio of crossflow rate to sample flow rate.

Fig. 4 Experimental results showing the fraction of 5, 8.2 and 10 µm 

particles in the large particle outlet at various 𝑐𝑟𝑜𝑠𝑠𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

  for 

sample flow rate of 9 µL/min. The vertical bars indicate variation in the 
percentage of particle concentration in the large particle outlet during 
the transition in the traveling modes of particles. 

                                                  Fig. 3a                                                                                                             Fig. 3b 

Fig. 3 At sample flow rate of 9 µL/min, fluorescent images showing separation between a) 5 µm and 8.2 µm particles at crossflow rate of 1.5 
µL/min; b) 8.2 µm and 10 µm particles at crossflow rate of 2.5 µL/min. The channel Reynolds number is 7.4. As we increase the crossflow, larger 
volume of fluid leaves the central column through the small particle outlets on the right-side. The streamtubes entering the small particle 
outlets get wider at higher cross flow. The critical diameter, DC also increases. As a result, smaller particles stop bumping and end up in small 
particle outlets. The higher we increase the crossflow, the sooner the smaller particles go to small particle outlet. The dotted structures show 
the approximate position of the channels.
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In this work, the channel area (without inlet/outlet ports) is: 0.83 mm 
x 0.24 mm = 0.2 mm2. Hence, a sample flow rate of 9 µL/min gives a 
throughput per area of 45 µL/min per mm2.

3.1.2.   High Flow Rate Effects

To understand the separation performance of our device at higher 
flowrates, next we performed a series of experiments with 5 µm 
particles at various sample flow rates and hence various moderate 
Reynolds numbers (5 < Re < 30), and we vary the crossflow rates in 
each case to see bumping behaviour of 5 µm particles (Fig. 5). As we 
increased the sample flow rates, the sharpness of the recovery 
curves of 5 µm particles in the large particle outlet was reduced. 
Particles showed a tendency to begin bumping earlier (lower 
crossflow) and stop bumping at a larger crossflow rate when sample 
flow increased. When sample flow rate is 9 µL/min, all the 5 µm 

particles stop bumping at crossflow rate of 1.5 µL/min. Here, 
𝑐𝑟𝑜𝑠𝑠𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 =  16. But when we triple the sample flow rate (27 

µL/min), the 5 µm particles do not fully stop bumping at tripled 
crossflow rate of 4.5 µL/min. Rather they show a ‘mixed mode’, 
where some particles still go to the large particle outlet, and the rest 
of the 5 µm particles go to small particle outlets. To stop all the 5 um 
particles from going to the large particle outlet, we need to increase 

the 𝑐𝑟𝑜𝑠𝑠𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

.  As the sample flowrate increases, the sharpness 

of the recovery curve reduces. 

3.2 Three-dimensional analysis of streamlines in COMSOL

To understand this compromised resolution of recovery curves at 
higher sample flow rates, we performed 3-dimensional streamline 
analysis of our tunable single-column DLD device.  We ran a grid-
independency test for COMSOL with various default sizes of mesh, 
and the results here are obtained after we see no variation with 
increasing mesh fineness.  We make the simplifying assumption that 
unless bumping against a wall, particles follow the streamlines.  This 
is justified by the fact that for Re = 22 (or lower), fluid flow is still 
laminar41. 

 The critical diameter of particle sorting (DC) is twice the width of the 
streamtube at the bumping site that leaves the main channel and 

Fig. 5 Experimental results showing the fraction of 5 µm particles in 
the large particle output for various sample and crossflow rates. 
The X-axis is shown as the ratio of crossflow to sample flow rates. 
Here, the channel Reynolds numbers are 7.4, 22 and 29.4 in the 
ascending order of sample flow rates. The vertical bars indicate 
variation in the percentage of particle concentration in the large 
particle outlet during the transition in the traveling modes of 
particles.

                Fig. 6a (Re = 7.4)                                      Fig. 6b (Re = 22)

Fig. 6 COMSOL 3D simulations of segmentation streamlines at the 
bumping site for two Reynolds numbers in the moderate regime. The 
top panels (dashed outlined) show the device top view, while the 
bottom panels present cross-sectional views along the flow direction 
at an angled perspective. Coordinate axes: x = crossflow, y = sample 

flow, z = channel height (28 µm).The 𝑐𝑟𝑜𝑠𝑠𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

  = 1
6
 in both cases. 

(a) Sample flow = 9 µL/min (Re = 7.4), crossflow = 1.5 µL/min. (b) 
Sample flow = 27 µL/min (Re = 22), crossflow = 4.5 µL/min. In the top 
views, Magenta streamlines are taken 1 µm above the channel floor; 
blue streamlines are at mid-height. With higher crossflow, the 
segmentation streamtube width shows greater variation between 
mid-height and near the floor/ceiling.
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enters the small particle outlet. The streamline which divides the 
flow at the junction of main channel and the small particle outlet is 
called the segmentation streamline. 3D simulations allow us 
visualizing the segmentation streamlines across channel height at 
the bumping site42. In Fig. 6, we show the segmentation streamlines 
at the bumping site across height for sample flowrates of 9 µL/min 

(Re = 7.4) and 27 µL/min (Re = 22)  while keeping the 𝑐𝑟𝑜𝑠𝑠𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

  

constant. The width of the corresponding streamtubes varies from 
the center of the channel to the channel floor and the channel ceiling 
at the bumping site. i.e. across the height of the device.   This means 
that the maximum “critical size” of particles that go to the “small 
particle outlet” is larger near the top and bottom of the channel than 
in the middle.   

However, this variation is more pronounced at the higher Reynolds 
number. At sample flow of 9 µL/min (Re = 7.4) and crossflow of 1.5 
µL/min, all the segmentation streamtubes are wider than 2.5 µm 
(Fig. 6a). Hence the predicted bumping radius (rC) at all heights within 
the device is larger than the radius of 5 µm particles. As a result, none 
of the 5 µm particles bump at the obstacle anymore and they simply 
go to waste. However, at sample flow of 27 µL/min (Re = 22) and 

crossflow of 4.5 µL/min ( 𝑐𝑟𝑜𝑠𝑠𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

  is same as previous case), 

the width of the segmentation streamtubes at the bumping site is 
narrower than 2.5 µm at mid-height of the device (Fig. 6b), wider 

nearer the top and bottom of the channel (device ceiling and floor). 
This explains why at high flow rates, some of the 5-µm particles (the 
ones near the middle of the channel) “bump” and go the “large-
particle” outlet, whereas those near the top and bottom of the 
channel, where the bumping radii are large, do not “bump” and go 

to the small-particle outlet. the 5 µm particles travel in a “mixed” 
bumping mode at larger sample flowrates, as observed in Fig. 5.

In Fig. 7, we plot the width of segmentation streamtubes (predicted 
bumping radius) across height for various Reynolds numbers ranging 

from 0.001 to 29, with  𝒄𝒓𝒐𝒔𝒔𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆
𝒔𝒂𝒎𝒑𝒍𝒆 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆

  = 𝟏
𝟔

. We can see that, the 

width of streamtubes from mid-height to floor (or ceiling) of the 
channel is minimum and the plots of streamtubes at different depths 
are similar, with the streamtubes collapsing on top of each other 
when Re ≤ 1. Whereas, when Re > 1, the variation in the width of the 
segmentation streamtubes increases as we go higher Reynolds 
numbers.  For example, at sample flow of 9 µL/min (Re = 7.4) and 

𝒄𝒓𝒐𝒔𝒔𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆
𝒔𝒂𝒎𝒑𝒍𝒆 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆

 = 𝟏
𝟔

, we demonstrated the separation of 5 µm 

particles from 8.2 um particles (Fig. 4). However, at sample flow 1.5 
µL/min (Re = 1.2) and same cross- to sample flow rate ratio, 6.5 µm 
particle could potentially be separated from 8 particles (according to 
the predicted bumping radii in Fig. 7).  Separation resolution could 
be improved by two-fold, but throughput would be compromised by 
six-fold.

The enhanced variation in the width of segmentation streamtubes 
(at high Re) across height of the channel depends on the velocity 
fields of fluid molecules at the bumping site and near the small 
particle outlet, because velocity field directions are tangent to 
streamlines. At high flowrates, nonlinear effects39 (inertial) cause 
flow patterns to differ from their low velocity conditions. That is 
exhibited in Fig. 6 (6a. low velocity vs. 6b. high velocity). Reducing 
channel height while keeping the channel width constant would lead 
to smaller hydraulic diameter which is also the characteristic length 
in our calculation of Reynolds number. The ratio of volume to surface 
forces would be reduced to lower the inertial effects39.

3.3 Discussion

This work addresses two major challenges in deterministic lateral 
displacement (DLD): the tunability of the critical diameter (DC) 
combined with a high throughput per area. 

Table 1 provides a quantitative comparison of our device against 
other size-based particle separation methods operating in a similar 
dynamic size range (sizes of red and white blood cells). Here, 
throughput represents the total sample flow rate. Particle size is 
presented in diameters. Separation efficiency has been defined as 
the yield or the percentage of large particles that are successfully 
collected in the intended outlet (large particle outlet).  The device 
area and throughput per area are determined without including the 
inlet/outlet ports for our device, single-column DLD with fixed DC24 
and HDF device43. Compared to a previous high-throughput but non-
tunable DLD device44, our design achieves tunable DC with more than 
a 2.5-fold increase in throughput per area and over a 6-fold 
improvement in size resolution, all with higher separation efficiency. 
Although tunable DLD devices based on hydrogel pillars35 have 
shown DC adjustability, to date they exhibit ~2x lower size resolution 
and ~2.5 orders of magnitude lower throughput per area. Our device 

Fig. 7 COMSOL simulations of the variance of the width of 
segmentation streamtubes across channel height for different 
sample flowrates and hence different Reynolds numbers while 

we keep 𝑐𝑟𝑜𝑠𝑠𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

  fixed at  1
6
. The interaction region of 5 µm 

particles are showed as grey horizontal dotted lines based on the 
corresponding radius of 2.5 µm. 
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shares some functional features with both hydrodynamic filtration 
(HDF)devices43 and single-column non-tunable DLD device24, where 
particles follow streamtubes into side channels when their radius is 
smaller than the streamtube width near a bump or wall. However, 
unlike those approaches, DC in our device is not fixed by the channel 
geometry, and our device provides tunability to crossflow control 
and achieves more than 2.5x higher size resolution. Further, the 
“large particle outlet” of our device is not contaminated by some 
“small particles” which inevitably remain in the central channel at 
each stage, as in HDF.

We have discussed in the introduction that, the 𝑐𝑟𝑜𝑠𝑠𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

 in our 

tunable single-column DLD device is the equivalent of the tilt angle 

(row shift fraction), є, which is ( 1
 𝑁

), where N is the row periodicity in 

conventional DLD devices. In Fig. 8, we plotted data comparing the 
critical size (DC) vs. row shift fraction (for the same gap size, G) for a 
conventional DLD and the effective row shift fraction for new device 
in this work. While qualitative agreement is good, there is about 
≤15% deviation between our experimental data for tunable single-
column DLD device and the empirical fit for conventional DLDs. The 
discrepancy may arise from the Reynolds number effects. Our data 
were obtained at Re = 7.4, whereas the empirical fit23,37,38 for 
conventional DLDs with triangular posts was obtained for Re < 1.

In this work, we have experimentally demonstrated tuning of the 
critical size by greater than a factor of 2.  The width of the narrow 

Table 1 Performance comparison between different microfluidic cell sorters (particle sizes are diameters)

Technology Fundamental principle Small 
particle

Large 
particle

Ratio of 
particle sizes 
separated 
(small/large)

Separation 
efficiency

Through-
put 
(µL/min)

Device 
area 
(mm2)

Throughput/ 
area 
(µL/min/ 
mm2)

Tunability of DC

Clot formation-
inhibited DLD44

• array with circular posts 
operating at Re ~ 10

RBC PC3 (17 
µm)

0.29 86% 1470 85 17.3 No

Tunable 
conventional 
DLD35

• hydrogel micropillars
• swelling/shrinking of pillar 
width based on device 
temperature to adjust the gap 
between pillars

Beads (2.1 
µm) 

Beads (7.3 
µm) 

0.28 99.99% 8.3 60 0.14 
(device 
temperature 
is 240 C)

Yes. At 35°C, 7.3 
µm particles 
shift from 
displacement to 
zigzag mode

Hydrodynamic 
filtration43

• rectangular microchannel 
passively splitting flow into side 
channels
• flow ratios set by channel 
geometry 

RBC (<3 
µm)

Leukocytes 
(>8 µm)

0.38 99.99% 
(2 rounds 
of 
filtration)

20 0.6 33 No

Single-column 
DLD with fixed 
critical size24

• rectangular channel 
consisting of with bumps on 
one side
• DC determined by a crossflow 
after each bump, fixed by the 
fluidic resistors of side 
channels

Beads (4.8 
µm)

Beads (9.9 
µm)

0.48 99.99% 30 0.56 53.5 No

Case 1: 
beads 
(5 µm)

Case 1: 
beads 
(8.2 µm)

0.61This work • single-column tunable DLD 
consisting of side channels and 
adjustable crossflow after each 
bump
• critical size is set by the 
adjustable crossflow

Case 2:
 beads 
(8.2 µm)

Case 2: 
beads (10 
µm)

0.82

99.99% 9 0.2 45 Yes

Fig. 8 Comparison of the plots of “Critical diameter, DC vs. the 
(effective) row shift fraction, є for conventional DLD devices36,37 
(empirical fit) and tunable single-column DLD device (experimental 
data presented in Fig. 4). The effective row shift fraction in the new 

device is 𝑐𝑟𝑜𝑠𝑠𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑒𝑎𝑐ℎ 𝑟𝑜𝑤
𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒

, whereas for conventional DLDs, 

the row shift fraction,  є = 1
N

. Here, N is the row periodicity in 

conventional DLDs.
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“gap” in our device which gives rise to the “bumping” of large 
particles to adjacent streamtubes (which is the physical mechanism 
of the particle separation in DLD) is 18 µm. Theoretically, the 
maximum achievable critical size can be just below this gap size36, 
though we limited experiments to 10 µm (upper size limit) to avoid 
clogging. The lower bound of critical size tuning depends on smaller 
crossflow rates. However, in our single-column device, using smaller 
crossflow rates (for the same vertical flow) require more rows (larger 
N) to separate large and small particles (as in convention DLD arrays), 
and hence more syringe pumps.  Thus, right now we are limiting our 
interest to devices with N < 10. A single-column DLD device with 8 
rows of cross channels, an 18 µm gap and a sample flow of 9 µL/min 
would require at least 1.1 µL/min per cross-channel to fully replace 
the sample with buffer at the large-particle outlet. Numerical 
simulation (not shown here) shows that this would limit the 
minimum achievable critical size to 4.8 µm.

Apart from limiting the maximum tunable size during experiments to 
minimize device clogging, the sample was prepared with anti-
clogging additives (section 2.3), and was filtered through 20 µm cell 
strainers45. Further, integrated pre-filters were added to the inlet 
channel design of our device to remove cell aggregates in sample46. 
In a conventional DLD array47 with a width of 40 mm, a throughput 
of 70 mL/h has been reported, which corresponds to approximately 
67 µL/h for a single-column device with a 38 µm width. In contrast, 
our single-column DLD device, with an inlet width of only 38 µm, 
achieved a sample throughput of 2 mL/h containing roughly 1000 
particles/µL, operating continuously for 7 hours without clogging. 
Future work is aimed at extending this concept to multiple integrated 
vertical channels in parallel and ultimately to a tunable deterministic 
lateral displacement device.

Conclusion
In summary, we have demonstrated a novel tunable single-column 
deterministic lateral displacement device where we performed 
particle separation in the 5-10 µm range with ~99.9 % efficiency by 
applying an adjustable crossflow. It achieves very high 
throughput/area due to small device dimensions. The separation 
performance degrades with increasing Reynolds number (increasing 
sample throughput) due to an increased variation in critical size 
across the depth of the device at the bumping site.
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