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Abstract
Microfluidics based particle sorting and separation methods are gaining momentum to be applied for various appli-
cations. Deterministic lateral displacement (DLD) methods are prominent for high resolution in separation and there 
has been extensive studies to develop more efficient devices based on the DLD. However, it is still challenging to fully 
eliminate negative effects of the boundaries that degrade particle separation efficiency by perturbing the fluid flow in 
the channel. In this article, we present two equations to optimize channels’ geometry near the boundaries. Implement-
ing the equations, the fluid behavior is improved around the pillars and thereby, separation efficiency is increased. The 
Boundary Correction Paradigm (BCP) enhances the microchannel’s functionality as much as 2–3 times and can be highly 
beneficial in microchannels. Also, an equation is proposed in order to recalibrate the BCP in microchannels with desired 
pillar diameters. The calibration equation assures high accuracy and resolution of the DLD devices corrected with the BCP.

Keywords Microfluidics · Deterministic lateral displacement · Particle separation efficiency · Boundary correction 
paradigm

1 Introduction

One of the mostly employed capabilities of microfluidics 
towards accomplishment of Lab-on-a-chip technology is 
separation of specific bio particles in a whole sample. This 
application paves the way for diagnosing different diseases 
and developing efficient therapeutics. Separation methods 
and particle analysis are two significant steps need to be 
swift, low-cost, efficient, and continuous [1–6]. Microfluid-
ics is widely utilized for this purpose and enables separa-
tion of target particles with low concentration in biofluids 
like blood [7]. The separation of bioparticles on microfluidic 
platforms mostly relies on particle physical properties like 
mass, size, charge, etc. and mainly fall into two categories of 
active and passive [8–10]. Active sorting is implemented on 

devices that use external fields to manipulate and act on the 
particles and the flow. Some of the active separation meth-
ods include dielectrophoresis, magnetophoresis, and acou-
stophoresis. Dielectrophoresis [11–13] sorts particles based 
on their size and capacitance by imposing variant electric 
field in the channel. Acoustophoresis transmits bulk [14, 15] 
or surface [16] ultrasound waves so that the particles in the 
channel would be separated based on differences in size, 
density, and compressibility [17]. Magnetophoresis offers 
particle sorting based on the magnetic susceptibility of the 
particles which could be intrinsic [18] or superparamagnetic 
[19, 20]. On the contrary, passive methods mainly rely on 
channel geometry and hydrodynamic forces for separa-
tion which their simplicity and throughput is comparable 
to active methods [21]. Passive methods include, but are 
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not limited to, hydrodynamic or hydrophoretic filtration, 
pinched-flow fractionation (PFF), and deteministic lateral 
displacement (DLD) [8, 9, 22–24]. The DLD, first proposed 
by Huang et al. [25], sorts particles based on their diameters. 
This method is used for variety of purposes such as separat-
ing blood components [26–29], measuring platelet activity 
[30], separating circulating tumor cells (CTCs) [31–33], spores 
[34], bacteria [35], parasites [36] and even nanoparticles [37, 
38]. Compared to other methods, the DLD is cost-efficient, 
easy to use, accurate, and leaves morphology and properties 
of the particles intact. In addition, it has highest resolution 
among separation methods [25].

In the DLD method, the channel’s geometry is of high 
importance. The design and arrangement of pillar arrays 
play the main role in separation. The angle of pillar arrays 
relative to the flow direction is called migration angle ( � ). 
Also, the gap (G) between each two pillars are equal. The 
gap (G) and migration angle ( � ) define a critical size ( Dc ) for 
separation. Therefore, particles will follow either zigzag or 
bumping streamlines [25, 39]. Particles with smaller diam-
eters than the Dc will go through zigzag mode with approxi-
mately no lateral displacement. On the contrary, particles 
with larger diameters than the Dc will have bumping trajec-
tory and migrate upward [25, 39]. In this way, the particles 
with diameters less and over the critical diameter ( Dc ) will 
be separated.

One of the challenges in the DLD method, however, is 
particle clogging near the boundary interfaces. According to 
the DLD theory [25], it is assumed that there are no bounda-
ries to disturb the Poiseuille flow and particle separation. 
Due to limitations in the fabrication and inevitable presence 
of boundaries, the Poiseuille flow pattern is disturbed in 
experimental setups. Therefore, anticipated streamlines and 
critical diameters ( Dcth

 ), according to the DLD theory, won’t 
be realized in the experiment. Each pillar in the array would 
have a different Dc and the pillars close to the boundaries 
would malfunction, thereby, zigzag and bump streamlines 
will be merged and particles of all sizes flow near walls.

Inglis et al. [40] proposed a method to resolve the prob-
lem. They modified the distance between the boundaries 
and the pillars close to them. In this way, the flow pattern 
in the channel improved and numerical simulation showed 
that resulted critical diameters came closer to ( Dcth

 ). The 
method included two equations for modifying the two 
boundaries. The Eqs. 1 and 2 presented by Inglis et al. to 
correct boundary interfaces are expressed for left and right 
boundaries respectively [40] for a channel with downward 
flow,

(1)gn = G
√

n�

(2)gn = G
√

2 − n�

where gn is the distance of each boundary-adjunct pillar 
to its neighboring wall, G is the distance between two pil-
lars in a row, � is pillars row incline and n can be a num-
ber from 1 to 1∕� . Employing the equations to implement 
wall correction has led to a better performance of the DLD 
devices. Flow patterns enhanced to be more similar to 
the Poiseuille. In another attempt to improve DLD-based 
separation efficiency, Feng et al. [41] proposed a design in 
which used two DLD arrays mirrored so that smaller parti-
cles would focus in the middle and bigger particles would 
bump toward boundaries. They also indicated that the 
flow flux passing through a DLD channel is proportional 
to the cube of the gap sizes in the channel, comparable to 
the square proportion that was previously expressed [40].

In this paper a more efficient wall correction method 
based on the original theory is proposed to further bridge 
the gap between theory and practice. Similar to the Inglis 
et al.’s method, the Boundary Correction Paradigm (BCP) 
also includes two equations for the microchannel bound-
ary correction. Derivation of the BCP’s equations are first 
explained. Afterward, on a completely similar microchan-
nel, the BCP and Inglis et al.’s method are used to correct 
the boundaries and then the fluid streamlines and resulted 
critical diameters by both methods are compared. The BCP 
showed to enhance homogeneity of streamlines and criti-
cal diameters in the microchannel. Also, the critical diam-
eters converged to the Dcth

.

2  Materials and methods

2.1  Theory of DLD

The DLD was first described by Hunag et al. [25], using 
an array of pillars arranged to have an offset relative to 
the flow direction in microchannel (See Fig. 1. Size-based 
sorting of the particles in the carrying fluid can be carried 
out while passing the pillars. A critical size for the separa-
tion, critical diameter ( Dc ), is determined by two design 
parameters of the gap size between the pillars and the 
angle between the pillar array and the flow direction. 
Particles with smaller diameters than Dc zigzag through 
the pillars with almost no movement along y-direction 
whereas those with bigger diameters bump on the pillars 
and would have a lateral displacement. Consequently, par-
ticles are distinguished based on their size and the sorting 
is accomplished. There are several parameters that should 
be taken into consideration in the DLD array design. As 
mentioned, the arrays have an offset relative to the flow 
direction which is defined as inclination angle ( � = tan−1 � ) 
where � is the slope. � is the center to center distance of 
neighboring pillars in a column and the shift between two 
pillars in consecutive columns is �� . The number of pillars 
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in a row can be expressed as an integer (n = 1/� ). Further-
more, the flow flux between each two pillars in a column 
can be divided to n parts (See Fig. 1, an array with n = 4 
is considered) and the first flow stream width would be 
� . Finally, the critical diameter is defined as twice the � 
( Dc = 2� ). First flow stream can be expressed as integration 
of flow profile u(x), where g is the gap,

Also, in creeping flow conditions with no-slip in the micro-
channel, flow profile can be expressed as

Using 4 in 3, we would have � to calculate Dc,

Using 5, the critical diameter for an ideal DLD device can 
be achieved ( Dcth

 ) [39]. The aforementioned characteristics 
are depicted in a DLD device with n = 4 in Fig. 1. It can be 
established that the flow is divided to n (=1 to 4) parts that 
each pass beneath nth column. For instance, first stream 
(pink) flows beneath first column; second stream (blue) 
flows below the second column and so on. Also, it can be 
established that this pattern applies for upper rows. It is 
noteworthy to mention that the aforementioned equa-
tions were presented by the pioneers of the DLD field 
which was a grand breakthrough. However, there is a 

(3)

�

∫
0

u(x)dx = �

g

∫
0

u(x)dx

(4)u(x) =

[

g2

4
−
(

x −
g

2

)2
]

.

(5)
[

�

g

]3

−
3

2

[

�

g

]2

+ �
1

2
= 0.

large gap between the theory and experimental setups 
for several reasons. First, the DLD theory explains an ideal 
flow within infinite parallel plates which are impossible 
to be realized in experiments. Second, the DLD theory 
describes the flow profile only in two dimensions and the 
third dimension is neglected which brings about dishar-
mony from the original theory even in large devices. The 
non-ideal conditions like finite boundary interfaces in 
experimental devices make the calculated Dc far to achieve 
in experiment [42].

2.2  Improving effect of using obround pillars 
before the DLD array

The obround pillars are mainly used after the inlet and 
before the pillar arrays in several past works [41] but the 
explanation of their positive effect was ignored. Here, we 
are going to discuss and numerically explain how using 
these pillars can improve functionality of every DLD 
device. As the pillars are similar throughout the channel, 
the pressure gradient before and after each pillar along the 
y-direction should be constant. However, this condition 
is not fulfilled across the initial pillars after the inlet. As a 
result, the efficiency is plummeted in the initial section. As 
an initial attempt to improve the DLD function, we have 
studied the influence of obround pillars on making the 
pressures uniform after the fluid inlet by the Finite Element 
Method (FEM). To elaborate, before the pillar arrays, the 
flow is Poiseuille-like, fully developed and has maximum 
velocity in the middle of the channel. It runs into the micro 
pillars and as a result, the flow velocity (thus pressure drop) 
is higher in the middle of the channel through the first 
columns of pillars (See Fig. 5b). Thereby, the critical diame-
ters are only homogeneous after the few first columns and 
those columns would be futile. To overcome this velocity 
non-uniformity through the first columns, obround pil-
lars are located before the DLD array exactly on the same 
y-coordinates as the first column of pillars (See Fig. 5b). 
Consequently, the flow is stabilized before it enters the 
pillars network and the first columns would be beneficial 
as well. Figure 2 displays pressure profiles in the channel’s 
width in two conditions of with and without obround pil-
lars in a sample DLD array having 17 rows. Moreover, after 
studying pressure values along the y-axis between every 
two horizontally neighboring pillars in Fig. 2c, it is deduced 
that the pressure has become constant and has no fluctua-
tions when the obround pillars are used.

2.3  Derivation of boundary correction equations

It is learned from the previous section that pressure differ-
ence ( �P ) between consecutive pillars in a row is constant 
as depicted in Fig. 2c (pressure line is flat along the y-axis). 

Fig. 1  Schematic array of a DLD device consisting n = 4 columns to 
depict the original theory and geometry characteristics. � is shown 
which is first flow width and equals Dc/2. � equals sum of diameter 
and gap sizes. Q is the flux passing between two vertically neigh-
boring pillars and qn passes two horizontally neighboring pillars
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Thereby, we assumed that all pillars in a column (along 
y-axis) have similar �P values around them so we can con-
sider only two micro pillars and simulate the flow between 
them assuming constant pressure on vertical boundary of 
both sides (See Fig. 3a). In the Poiseuille governed flows, the 
flux alters linearly when the magnitude of �P varies, which is 
known as Hagen–Poiseuille law [43]. To yield an optimized 
equation for wall correction, the optimal distance of the 
boundary and its adjunct micro pillar should be calculated 
which is also referred to as modified gap size in this manu-
script. For this purpose, the two semi circles representing 
half of two micropillars are considered. Our ultimate goal on 
this numerical analysis is to discover the relation between 
flow flux passing through the pillars and modified gap sizes. 
In this simulation the pillar diameter is considered constant 
and equal to 40 micrometers. The gap size (G) inside the DLD 
array is constant and equal to 40 micrometers. The modified 
gap size between two pillars ( gn ) is increased from 0 to 40 
with the intervals of 0.5 micrometers. The relative flux (Q) 
for each quantity of gap size is then calculated. This simula-
tion’s output is employed to derive the relation of flux and 
modified gap sizes. In the following, developing process 
of wall correction method for both upper and lower wall is 

elaborated. As the DLD theory is based on the creeping flow, 
inertial term is neglected in our numerical studies.

Although it is not practical to realize unlimited bounda-
ries for the channel, the wall correction methods attempt 
to accomplish this boundary condition as much as possible. 
To obtain an efficient wall correction method, it is required 
to comprehend flow behavior, especially near channel walls 
and boundaries. Therefore, two different equations must be 
developed for the lower and upper walls. These equations 
are developed by curve fitting of flow flux profile data pass-
ing through modified gap quantities, calculated in the last 
section. Among various curve fitting possibilities, the least 
error was obtained by power equation with two variables. 
Having these assumptions and the following comprehen-
sions, the equations are developed.

2.3.1  Lower wall equation

Considering the lower wall and its nearing pillar row, it is 
established that the downward flow passing the first gap 
is Q/n, the second gap is 2Q/n till the n th gap, that equals 
G, will be nQ/n. Therefore, for the first gap we have 6,

where g1 is the first gap, q1 is the flux passing below the 
first gap and “a” and “b” are the two variables for the 
power equation. Thus, according to 6, we have 7 for G 
respectively,

Moreover, as mentioned, the flux passing below the first 
gap is as 8,

Also, it is aforementioned that 1
n
= � . Utilizing q1 from 8 and 

Q form 7 in 6,

In the next gap (second gap), the flux is increased by 
Q/n. The same amount of flow is added through the next 
gaps until the last gap. For the general condition, from 9 
we would have 10 for the nth modified gap in the lower 
boundary,

Consequently, it was clarified that the “a” variable in 6 will 
not have any effect on the final wall correction equation 

(6)g1 = aq
1

b

1

(7)G = aQ
1

b → Q =
(

G

a

)b

(8)q1 =
Q

n
= �Q

(9)g1 = a
(

Q

n

)

1

b

= a

(

1

n
×
(

G

a

)b
)

1

b

= G
1

n
1

b

= G�
1

b

(10)gn = G(n�)
1

b =
b
√

G(n�)

Fig. 2  Depiction of pressure profiles a with and b without obround 
pillars present ahead of separation arrays. It is deduced that the 
pressure drop is increased by 6.4 percent when obround pillars are 
implemented. c Investigating pressure values in channel’s width 
(along y-axis), it is deduced that the pressure is constant and has no 
oscillation when obround pillars are used. For instance, the green 
solid and dashed lines illustrate pressure values after the first col-
umn in microchannels with and without obround pillars, respec-
tively. Likewise, red, light blue, purple, and yellow lines represent 
the measured pressure values after second, third, forth, and fifth 
columns, respectively, along channels’ width
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and only one variable “b” plays the only role and should 
be determined.

2.3.2  Upper wall equation

For upper wall, as the large particles flow toward above the 
channel, larger gaps are considered to prevent clogging. 
Therefore, passing flow from the first gap is Q + Q/n, from 
the second gap is Q + 2Q/n, and goes on till the nthgap, 
equaling G, that has 2Q passing flow. Therefore, similar to 
lower wall equations, we have,

We also know that,

(11)g1 =aq
1

b

1

(12)G =aQ
1

b → Q =
(

G

a

)b

(13)q1 = 2Q −
Q

n
= (2 − �)Q

First employing q1 from 13 in 11 and G from 12 in 11,

And for the general condition, gap size for nth column in 
upper wall is developed in 15.

Again, it was determined that the “a” variable in 11 is omit-
ted in final equation for upper wall (15); and variable “b” 
should be found to hand in the equation.

3  Results and discussion

In this section, derivation of the BCP and it’s two equa-
tions and variables are elaborated. Also, a microchannel’s 
boundaries are corrected by BCP and Inglis et al.’s method 

(14)

g1 = a
(

Q

n

)

1

b

= a((2 − �)Q)
1

b = a

(

(2 − �)
(

G

a

)b
)

1

b

= G(2 − �)
1

b

(15)gn = G(2 − n�)
1

b =
b
√

G(2 − n�)

(a) (b)

(d)(c)

Fig. 3  a Calculation of flux passing through the modified gap 
sizes ( gn ) varying from 0 to 40(=G)μ m between two semi-pillars to 
achieve optimized wall correction paradigm. The fluid is assumed 
to flow from left to the right. b The data corresponding obtained 
flux values for each gap size is plotted by blue dots. To obtain the 
BCP paradigm, power equation ( Q = agb

n
 ) is utilized in curve fit-

ting to find the relation of modified gap sizes and the flux pass-
ing through them. As a result of power fitting the “b” variable is 
computed to be 2.463 (or 1/0.4126). c The calculation is repeated 
when pressure difference ( �P ) between left and right edges are 
0.1, 1 and 10 Pa. By the figure, it is established that the flux val-
ues for each modified gap are timed to 10 and 100 as the ( �P ) is 
timed to 10 and 100, respectively. Thereby, when power equation 

( y = axb ) is employed for curve fitting, the “a” variable is affected 
(as a result of implemented changes in �P ) and “b” variable is left 
intact. d By this figure, a comparison between the presenting BCP 
paradigm and previous methods in theory is carried out. For the 
equation of Q = agb

n
 , Inglis et  al. [40] proposed b  =  2 (red), Feng 

et al. [41] proposed cubic root to explain the relation (purple), and 
hereby we propose b = 2.463 in the BCP paradigm (blue). Assuming 
Q = 1m3∕s and acknowledging g0 = 0 and gn=40 = 40 , we obtained 
“a” for each method and plotted each equation to exhibit the dif-
ference. It is established that the BCP lies almost between previous 
two methods to describe the relation of modified gap sizes and the 
flux passing through them
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and resulting flow patterns and critical diameters ( Dc ) are 
compared.

3.1  Determination of BCP equations’ variables

As the equations are developed, derivation of variables to 
find the optimized wall correction method are essential. 
To do so, the obtained data from simulation of modified 
gaps and their relative flux are used. The curve fitting of 
the results with power equation pattern ( y = axb ) with two 
variables resulted in the least error. However, this question 
was raised that how changing basic boundary conditions 
like �P affects the output. Therefore, three different �P val-
ues (0.1, 1, 10 Pa) were utilized to repeat the simulation 
and compare the outcome. Aftermath, it was observed 
that only quantity of “a” is influenced in power fitting by 
different amounts of pressure which does not affect the 
equation. Figure 3b illustrates how flux is increased by 
higher pressure differences ( �P).

Furthermore, to acquire the accurate power variable, 
“b”, several measures are taken to ensure the reliability of 
output results. First, the results independency from the 
utilized mesh were accomplished by gradually decreasing 
mesh size till the results were unchanged from some point. 
Second, the number of modified gap sizes and the relative 
flux passing through them were increased to reach the 
highest accuracy in the curve fitting. This process was also 
carried on until no alteration was observed in the achieved 
equation. Subsequently, the “b” variable was determined 
to be 2.463 by the curve fitting, Fig. 3c. Goodness of fit was 
ensured by R-square and adjusted R-square equal to 1. We 
herewith propose Boundary Correction Paradigm (BCP) to 
improve homogeneity of Dc in the channel. Equations 16 
and 17 are presented as the BCP method to correct two 
boundaries.

The resulting equations are similar to wall correction 
method presented in previous research works [40, 41]. Ing-
lis et al. (Feng et al.) assumed that the flux passing through 
the modified gap sizes is proportional to square (cube) of 
gap size. However, hereby, the authors exhibited that a 
precise equation describing the relation of flux through 
modified gap sizes with a constant pillar size can be pre-
sented in 16 and 17 for the lower and upper boundaries, 
respectively.

3.2  Calibration formula for the BCP method

In the previous sections, we have developed two main 
equations for the correction of boundaries in a DLD device 

(16)gn =G(n�)
0.4126 =

2.463
√

G(n�)

(17)gn =G(2 − n�)0.4126 =
2.463
√

G(2 − n�)

to maximize the separation resolution. We assumed that 
the pillar diameter ( Dp ) is 40 micrometers in the DLD array 
and then calculated the flux passing through the modi-
fied gap sizes from 1 to 40 micrometers to obtain the ‘b’ 
variable in Q = agb and thereby the boundary correction 
equations. However, the assumption of constant Dp could 
bring about incompetence to the proposed BCP when 
employed for microchannels with Dp sizes rather than 40 
micrometers. Therefore, in this section, we seek to pro-
pose another equation as a part of the BCP that calibrates 
boundary correction equations for microchannels with 
different Dp sizes. In this way, one could calculate the ‘b’ 
variable with respect to the pillar diameters between 0 to 
40 micrometers. In order to derive such equation, we have 
repeated to calculate the flux passing through the modi-
fied gap sizes with varying pillar diameters. For each value 
of Dp , the obtained flux and modified gap size are used for 
curve fitting to find the ‘b’ variable in the Q = agb equation. 
The calculated ‘b’ variable for each Dp are depicted in the 
Fig. 4. As there are two horizontal and vertical asymptotes, 
we have used fractional equation in curve fitting to derive 
the calibration equation, expressed below.

where d is the pillar diameter and b is the ‘b’ variable used 
in the BCP’s boundary correction equations. It is note-
worthy to mention that as the ‘b’ in 18 approaches zero 
(there are no pillars in the channel), b =

3.298

1.81
≈ 2 which is 

the Poiseuille. Also, as the ‘b’ in 18 approaches the infinity, 
b = 2.494 which is approximately equal to the proposed 
value for ‘b’ in the BCP’s boundary correction equations. In 
brief, we proposed a calibration equation in this section so 
that the ‘b’ variable could be recalculated for microchan-
nels with different pillar diameters. Then, the calculated 
‘b’ variable could be used in the BCP boundary correction 
equations.

3.3  Numerical analysis

Hereby, we seek to validate the BCP approach by numeri-
cal analysis. For this purpose, finite element method (FEM) 
is employed. To ensure the maximum simulation accuracy, 
the results are validated with Inglis et al. previous work 
[42]. A DLD micro-channel is assumed with a pillar array 
of 20 columns and 8 rows which makes it a narrow device. 
Then, we put three identical DLD arrays (with assumed 
characteristics) in series along the x-axis to further evaluate 
the BCP paradigm prformance in consecutive DLD arrays. 
We hereby use the terms of first, second or third array to 
refer to the array we long to discuss in this sequence. The 
micro-channel’s boundaries are first modified using the 
Inglis et al.’s method [40] principles and then with the BCP 

(18)b =
2.494 × d + 3.298

d + 1.81
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method. The micro channels containing arrays of micro 
pillars are 760 μ m wide and 1640 μ m long. The surfaces 
are considered to have no-slip boundary condition and 
the flow was driven by the average velocity of 1e-6 m/s at 
the inlet and an outlet pressure of 0 pa. Micropillars have a 
diameter of 40 μ m, gap G is 40 μ m, shift fraction ( � ) in each 
row is 1/20, and they are repeated three times in series 
along the x-axis. The simlated microchannel is depicted 
from in Fig. 5. As it was anticipated, the smallest gap occurs 
in lower wall ( gn=1 = 11.62131 μ m) to ( gn=20 = 40 μm = G) 
according to the Eq. 16. Whereas, in the upper wall, the 

largest gap occurs in the first gap ( gn=1 = 52.69 μ m) as it 
has to collect the fluid of two rows. And in the last column 
of each series, in the upper wall, ( gn=20 = 40 μm = G). Fig-
ure 5 depicts the characteristics of the DLD arrays with 
corrected edges in Fig. 5.

As it was previously discussed by the Inglis et al. [40], 
the performance of the whole device will be improved 
when the boundaries are corrected. In order to verify the 
BCP method’s practicality, we studied flow profile, u(x), 
around every micro pillar inside the three arrays which 
could be used interchangeably instead of the critical 

(a) (b)

Fig. 4  a Calculation of flux passing through the modified gap sizes 
( gn ) varying from 0 to 40(=G)μ m between two semi-pillars with 
varying diameters from 0 to 40�m . This calculation is carried out 
to achieve a calibration equation in which the ‘b’ variable, used in 
the Q = agb , can be found for different pillar diameters. The fluid is 
assumed to flow from left to the right. b The data corresponding 

obtained ‘b’ variables for each pillar diameter size is plotted by blue 
dots. To obtain the calibration equation, fractional equation is uti-
lized in curve fitting to find the relation of pillar diameter sizes and 
the ‘b’ variable. As a result of curve fitting the equation is computed 
to be b =

2.494×d+3.298

d+1.81

(a)

(b) (c)

Fig. 5  a Depiction of the flux passing through three consecutive 
DLD arrays along the x-axis, simulated using finite element method 
(FEM). b Implementing obround pillars at the beginning of the 
microchannel illustrates their positive effect in stabilizing the flow 
pressure and velocity before entering the first array and allows 
taking advantage of the first few columns which would malfunc-

tion without obround pillars. c The first ( g1 ) and last ( g20 ) modified 
gaps of lower and upper walls in the second DLD array are shown. 
The modified gap sizes in the DLD array with corrected walls using 
Boundary Correction Paradigm (BCP) and previous methods are 
studied with similar arrays
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diameter ( Dc ). Using the flow profile results in reduced 
load of numerical analysis while does not decrease the 
accuracy of evaluation. Afterwards, the calculation of Q for 
vertically neighboring pillars and q1 for horizontally 
adjunct pillars for both methods are carried out and the 
obtained values are divided ( Q/q1 ) (See Fig. 1). This amount 
is expected to be 20 for a DLD array of 20 columns and is 
depicted by a blue line in Fig. 6. These calculated magni-
tudes are illustrated in Fig. 6a, b. for the second and third 
arrays of the DLD device, respectively. It shows 7 quantities 
for each row in each column. At last, the standard devia-
tion of this relation from the original theory is calculated 

for both methods by a simple equation as 

�

∑N

i=1
(xi−xth)

2

N
 . 

where xi is the calculated Q/q1 , xth and N for the assumed 
device are 20 and 7 respectively. It is established that the 
standard deviation (from the theory) was reduced from 
4.15 to 2.84 in the first array, 3.51 to 2.20 in the second 
array, and 3.64 to 1.60 in the third array. Therefore, when 
the BCP method is used, closer-to-theory fluxes (critical 
diameters) are achieved around the pillars throughout the 
whole channel which is comparable to the previous meth-
ods (Fig. 6a, b). It is also deduced that the areas with the 
most divergence from the theory (like g20 ) are improved 
in the third array compared to the second array. It is, 

thereby, anticipated that using even more arrays in series 
would result in more uniform flow in the most troubled 
areas. In the same manner, we exhibited how obround pil-
lars improve the functionality of first few columns of the 
first array.

4  Conclusion

Particle separation is a significant step toward personalized 
medicine and lab-on-a-chip technology. Among particle 
separation methods, the DLD has the highest resolution 
and throughput compared to other methods. However, 
the ideal DLD boundary conditions (no boundaries to 
disturb the flow) cannot be implemented in the fabrica-
tion and experiment. There has been attempts to further 
extend the original theory and maximizing the resolution 
and efficiency of DLD devices by boundary correction 
methods. Using wall correction methods becomes crucial 
when the DLD arrays are utilized in nanochannels and for 
sensitive applications. In this paper, the Boundary Correc-
tion Paradigm (BCP) is presented to eliminate disharmo-
nies caused by boundary interfaces which can severely 
affect the process of particle or cell separation when the 
DLD method is employed. The presented method intro-
duces two equations to correct the boundaries and fur-
ther extends and optimizes the original theory. Also, a 
calibration equation is proposed to assure high accuracy 
and resolution of the BCP in microchannels with desired 
pillar diameters. The standard deviation of the flow regime 
from the theory was enhanced 31–56% in the considered 
microchannel compared to previous methods.
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