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Abstract
During the multistage process of cancer spread, fragments of cells branch out from the primitive tumor tissue and scatter 
throughout the body by blood flow stream or lymph, which are termed as circulating tumor cells (CTCs), regarded as an 
important biomarker for early cancer diagnosis. Deterministic lateral displacement (DLD) is one of the most efficient passive 
type particle isolation techniques which functions on asymmetrical laminar flow diversion around the placed microposts 
forming an array, based on the critical dimeter of the device. In this simulation study, complete trajectory analysis of CTCs 
and WBCs has been performed using COMSOL Multiphysics software with respect to the angular orientation of sample 
inlet channel. A simulated model of an asymmetric DLD array-based microfluidic device with latest empirical expression for 
critical diameter has been presented with optimized sample inlet orientation so as to maintain perfect separation efficiency of 
CTCs along with arrangement for unruptured trapping of CTCs and WBCs. The approximate CTC isolation efficiency was 
obtained above 95% for sample inlet inclinations up to 0.5°, and further tilt showed reduction in efficiency. Migration angle 
of CTC trajectory for the modeled device was obtained around 15° for both the sample inlet orientations leading to least 
intermingling of CTCs and WBCs. A smaller number of CTC–WBC interaction points was observed for clockwise sample 
inlet tilt compared to the anticlockwise displacement reducing possibilities of cell rupture. The shear rate around central 
microposts was found to be higher as well in clockwise sample inlet orientation. This simulation study establishes that sample 
inlet clockwise tilting of maximum around 0.5°–0.7° leads to better CTC isolation and provides better chances of unruptured 
trapping of cells at the designated outlets. The results of this study provide an approach toward further optimization of DLD 
devices' functioning and, thus, could help fabricate better DLD-based microfluidic devices for efficient trapping of CTCs.

Keywords Circulating tumor cells · Cancer · Deterministic lateral displacement · DLD · Microfluidics · COMSOL 
multiphysics · Bio-particles · Cell separation

1 Introduction

Cancer, which is a potential killer disease relates to the 
uncontrolled process of division of mutant cells which goes 
on till the previous cancer-causing cell, finally duplicates to 
a lump of cells referred to as tumors. The dangerous health 
hazard caused by tumors is their invasion of healthy tis-
sues and spread across the body. This process with multiple 
stages in which cancer is spread within the body of patients 
involving several organs is termed as cancer metastasis. In 
the meantime, fragments of cells from the primitive tumor 
tissue scatter across the body by blood flow stream or lymph, 
which are referred to as circulating tumor cells (CTCs) [1]. 
However, observation and analysis of CTCs in the primitive 
stages when metastasis is showing progression are of vital 
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importance for the study of cancerous cells [2]. With a noble 
intention of early detection of cancerous growth in suspected 
patients, diverse researchers have converged their attention 
toward CTC trapping from blood as a fluid biopsy targeted 
at early identification and treatment of cancer. Proper genetic 
study about CTCs and experimentation on the treatment effi-
ciency of suitable drugs deliver promising information to 
help eliminate these cells and prevent spread of cancer [3]. 
Tracking and identifying such cells in the human blood cir-
culation system pose a challenge since they appear in scarce 
numbers than other blood cells. For an instance, one mil-
liliter of human blood of an adult contains on an average 
close to 5 billion red blood cells (RBCs) and between 4000 
and 11,000 white blood cells (WBCs) whereas only 10–15 
CTCs are found for the same quantity of blood from cancer 
patients at the progressive metastasis stage [4]. However, an 
important identifier for CTCs is that they show contrasting 
physical and biochemical properties compared to blood cells 
[5, 6]. Most of the CTCs are bigger in size and possess dif-
ferent surface proteins in comparison with RBCs and WBCs. 
Blood platelets, RBCs and WBCs range within 5 and 15 μm 
in diameter, and on the other hand, the average size of CTCs 
range within 15 and 25 μm [7]. Most of the methods devised 
for targeted isolation of CTCs are based on label-free isola-
tion, including microfluidic filters [8, 9], inertial focusing 
[10], deterministic lateral displacement (DLD) [11], acous-
tics [12] and dielectrophoresis (DEP) [13]. The fundamental 
basis of operation of these methods is that CTCs are bigger 
in size and exhibit more stiffness than regular blood cells. 
As a matter of fact, these passive and active methods exhibit 
their limitations. Acoustics-based method and DEP need 
additional force fields to operate and take a lot of process 
time whereas inertial focusing-based approach and micro-
fluidic filter designs suffer from clogging issues.

In the recent age of miniaturization, various researchers 
are employing microfluidics-based devices owing to their 
wide range of advantageous features compared to traditional 
methods [14]. Requirement of minimum volumetric quantity 
of sample, huge surface-to-volume ratio, fast rate of pro-
cessing and higher throughput capability are some of the 
striking features provided by BioMEMS-based devices [15, 
16]. These devices have found huge acceptance these days 
in biomedical fields like drug delivery [17] and cell isola-
tion [18]. Distinguishing by means of separating particles is 
a very useful approach in different cell-related studies and 
biochemistry fields. Specifically, separating cells based on 
certain parameters is of extreme importance in the mod-
ern therapeutic studies, cell biology and diagnostics [19]. 
There can be two approaches of separating bio-particles 
such as cells—active and passive. In active approach, some 
kind of an external power source is employed which can 
be electrical, magnetic or acoustic. On the other hand, pas-
sive approach-based methods rely on the microfluidic device 

geometry, orientation of flow patterns and its interaction 
with internal geometrical arrangement [20]. Simpler design, 
miniature device layout and affordable construction costs 
are some vital features which make passive devices more 
popular. Many passive methods of cell separation, thus, have 
been studied and analyzed recently [21].

DLD is undoubtedly a promising passive method that 
segregates floating particles based on their structural sizes. 
With the primitive introduction of DLD back in 2004 [22], 
this method has been recently employed extensively to seg-
regate diverse varieties of bio-particles such as CTCs [11], 
blood cells [23], parasites [24] and DNA [25]. A comprehen-
sive study on the designs pertaining to applications of DLD 
technique along with their limitations was presented in [48]. 
A contorted arrangement of array of microposts can affect 
the functioning of DLD devices. Researchers have tested 
the technique by changing the micropost geometric shapes 
from circularly sized to triangular, and by the observation 
of trajectory of microbeads, it was deduced that the critical 
size parameter reduced in such arrays, and so particles of 
smaller size could be isolated using a larger device [26]. 
For example, using this concept, CTCs were captured from 
the blood sample flow with a segregation efficiency greater 
than 85% by involving triangular posts [27]. I-shaped pillars 
were used to separate RBCs and Escherichia coli bacteria 
from blood samples by these arrays [28]. Other micropil-
lar shapes, including L-shape, I-shape, inverted L-shape, 
inverted anvil shape, anvil shape and T-shape have also 
been tried to segregate microbeads and RBCs [29]. In order 
to introduce asymmetry, the ratio between lateral gap and 
downstream gap was successfully tuned in DLD arrays to 
obtain suitable critical particle diameter using which RBCs 
were isolated with improved resolution [30]. A pseudoperi-
odicity model was also studied by observing the nanobead 
trajectories based on varying the downstream microposts 
gap to the lateral microposts gap ratio. From the measure-
ment of migration angle of particles, it was found that the 
particles do not necessarily deflect to their angle of maxima 
because of the distinction between the flow pattern and the 
symmetry of posts [31]. Tracing of microbeads path patterns 
for various DLD arrays through experiments was conducted 
to observe particle behaviors in devices where anisotropy is 
introduced by array. Asymmetry was enhanced by varying 
the aspect ratio of arrays, i.e., horizontal posts gap to verti-
cal posts gap ratio and modifying the shapes of microposts 
[32]. Fabrication of a sieve shape-based DLD style device 
was also done using asymmetry where three distinctly sized 
particles have been used for finding out the critical parti-
cle size [33]. Computational simulation study of modeled 
DLD-based devices can provide a clear picture for better 
assessment of the trajectories taken by particles. Different 
micropost shapes such as airfoil [34], triangle [27], I [28] 
and optimized shaped [35] post shapes have extensively been 
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considered for study apart from circular posts [36]. Lattice 
Boltzmann method was also used for computing the flow 
lane width in a DLD-based device considering variable lat-
eral post gap size to downstream posts gap size ratios [37]. 
Asymmetry in such devices was further analyzed by comput-
ing the ratio of fluid flow lanes, though the mixed motion 
behavior of particles observed by experiments could not be 
explained and estimated [38]. For simulation of the behav-
ioral pattern of firm and deformable particles, a coarse-
grained mesoscopic method was used in a DLD device with 
a variety of micropillar shapes, including circular, diamond, 
square and triangular microposts [39]. A heuristic formula 
representing the critical particle diameter was estimated for 
cases in DLD where the horizontal post spacing and vertical 
post spacing are not equal [40]. Recently a 3D framework 
employing a lattice of representative resistors has been pro-
posed to provide an advanced approach for analyzing peri-
odic boundary conditions in DLD arrays [41]. Using the 
finite element method (FEM) simulation, an attempt to fur-
ther alter the critical diameter equation was made. However, 
the revised critical diameter expression lacked accuracy for 
few of the experimental cases [30]. While simulating the 
working of a DLD device model, the influence of particle 
trajectory on the fluid flow profile and vice versa have to 
be carefully considered. Thus, it becomes a very challeng-
ing task to precisely present a visual representation of path-
ways of particles in a numerical-based simulation [42], but 
using computational analysis, we can get better insight of 
the device design and provide in-depth estimation of the 
device behavior before commencing the fabrication process.

Even though various studies have been conducted on the 
geometrical arrangement of the DLD array, but a definite 
thorough study on the effect of angle of release of bio-par-
ticles on their trajectory through DLD array is not available 
so far. In this simulation study, complete trajectory analysis 
of CTCs and WBCs has been performed using COMSOL 
Multiphysics software with respect to the angular orienta-
tion of sample inlet channel. Further for an efficient design 
of microfluidic device, apart from purity of extracted cells, 
it is also necessary to ensure that the trapped cells at outlets 
do not lose cellular structural property. In this paper, model 
of an asymmetric DLD array-based microfluidic device has 
been presented with optimized sample inlet orientation so 
as to maintain perfect separation efficiency of CTCs along 
with arrangement for unruptured trapping of CTCs and 
WBCs. We have used the latest empirical expression for 
critical diameter to make the simulated design of DLD array 
incorporate the experimental findings so far in this area. The 
obtained results show that the modeled device works fine 
at a much high value of sample mass flow rate for clear 
CTC–WBC isolation with appreciable efficiency and main-
tains minimum CTC–WBC interaction reducing chances of 
cell rupture.

2  Theory of deterministic lateral 
displacement

The characterizing parameter for particle isolation in DLD 
devices happens to be the size of the particles; thus, estima-
tion of the critical structural size for particle segregation 
in a DLD-based device becomes very vital. This principle 
of design based on determining the critical particle diam-
eter in a DLD-based device with same downstream post 
gap and lateral post gap sizes has been exploited [11]. As 
per this design logic, every spacing between two consecu-
tive microposts in a particular row is split into fluidic lanes, 
termed as the array periodicity. Equal volumetric quantity of 
fluid is maintained by each of these flow lanes, and assum-
ing a symmetrical parabolic flow profile, width of each lane 
can be estimated. On the basis of this theoretical arrange-
ment, if the radius of the particle in the flow lane closest to 
the micropost is smaller in magnitude than the calculated 
width of lane, the particle traverses the path following that 
lane. This pattern of movement is coined as the "zigzag" 
mode. Otherwise, if the radius of particle exceeds the cal-
culated width of lane, the particle deviates to the adjoin-
ing flow lane. This pattern of particle travel is termed as 
the "displacement" mode, also referred to as "bump" mode. 
Adoption of the pathway for any particle released in a fluid 
sample injected in a DLD array is dependent on the critical 
diameter (Dc). As presented in Fig. 1, particles with effec-
tive diameter lesser than Dc follow a zigzag scheme of tra-
versal while those with diameter larger than Dc showcase a 
bumped pattern of traversal around the microposts [30]. In 
a DLD-based microfluidic device, the row shift fraction (ε) 
stands for a geometry-based parameter defining the ratio of 
displaced gap between the microposts and center-to-center 
distance of adjoining microposts. A quantifying parameter 
to indicate lateral row shifting of microposts in DLD array 
is termed tilted angle (θ) representing the slope of micropost 
arrays. A period number (PN) is defined for the array which 
means that the microposts of row PN + 1 placed at the same 
slanting position as the primitive row.

3  Microfluidic device design and analysis

3.1  Layout of the proposed model of microfluidic 
device

Making use of COMSOL Multiphysics 5.4 software, a 3D 
layout view of the simulated model of microfluidic device 
centrally supported by the arrangement of asymmetric DLD 
array of cylindrical microposts has been designed. As pre-
sented in Fig. 2, at injecting end, three evenly positioned 
inlets namely two diagonal inlets for buffer fluid (water) 
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and one central inlet for sample (blood) have been built. 
Uniformly spaced multiple outlets have been provided for 
suitable extraction of distinct CTCs and WBCs and also to 
maintain steady and uniform pressure distribution within the 
device. The longitudinal spread of the device is 400 µm, and 
its width is fixed at 200 µm. The height of the cylindrical-
shaped microposts is 30 µm.

3.2  Geometrical details of asymmetric DLD array 
for simulation study

Figure 3 puts on display the various dimensional param-
eters involved in selecting the design of asymmetric DLD 
array.

Table 1 lists out the various values of the characteriz-
ing asymmetric DLD array parameters placed within the 
microfluidic device.

Additionally, the lateral post gap to the perpendicular 
post gap size ratio between microposts can be expressed 
as:

Fig. 1  Traversal patterns of 
particles around microposts in 
DLD array possessing diameters 
lesser than Dc (Pink marked 
path) and much more than Dc 
(Black marked path)

Fig. 2  3D view of the modeled microfluidic device
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The values of � can be adjusted to bring in the effect of 
asymmetry in the cell trajectory inside the microfluidic 
device.

3.3  Governing equations for cell trajectory study

In the miniaturized mode, the fluid flow profile within the 
microfluidic device resembles the pattern observed in creep-
ing regime, so simplification of Navier–Stokes equation is 
possible when the inertial force terms are neglected [43]. 
Hence, for the fluid stream in microfluidic device, the fol-
lowing equation can be implemented to govern the simula-
tion [44]:

where �f  , vf  , pf  and � refer to density of fluid, velocity of 
fluid, pressure exerted by fluid and dynamic viscosity of 
fluid, respectively.

(1)� =
Dx

Dy

(2)�f

�vf

�t
= −∇pf + �∇2vf

For tracing out the cell movement through the microfluidic 
device, Newton's second law is used, according to which the 
total force exerted on the cell equals the time rate of change of 
its linear momentum [45]:

where mc , vc and Fbc denote the cell mass, cell velocity and 
the total body force exerted on the cell, respectively. In our 
cell trajectory simulations, the drag force has been consid-
ered the single force exerted to the cell because of viscosity 
of fluid and the pressure gradient.

3.4  Theoretical analysis for evaluation of critical 
diameter (Dc)

As per the existing widely accepted generalized empirical 
model of DLD, the critical size of separation can be repre-
sented as [46]:

A more generalized expression of critical diameter has been 
deduced after several experimentation with introducing dif-
ferent levels of asymmetry in DLD array which can be repre-
sented as [47]:

where the row shift fraction can be presented as [47]:

(3)
d
(

mcvc
)

dt
= Fbc

(4)Dc = 1.4.g.ε0.48

(5)
Dc

Dy

= 2.44
(

�

�

)0.17

− 1.096�−0.558

(6)� =

(

Dx + Dm

)

tan �

Dy + Dm

Fig. 3  Distinct geometrical 
design parameters for asymmet-
ric DLD array

Table 1  Values of distinct DLD array parameters

Parameter Parameter meaning Param-
eter value 
chosen

Dm Diameter of microposts 12 µm
Dy Perpendicular gap size between microposts 21 µm
Dx Lateral gap size between microposts 25 µm
tan ( �) Slope of micropost array 0.199
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As per our internal geometrical arrangement, listed in 
Table 1, in asymmetric DLD array centered within the 
microfluidic device, the parameter values are � = 0.224, 
� = 1.190. Now, using Eq. (5), the critical diameter for the 
microfluidic device comes out to be:

Thus D
c
= 212.44(0.7528) − 1.096(0.9074) = 17.688�m.

In accordance with the particle movement pattern in 
DLD arrays, it can be established that for the proposed DLD 
design, any bio-particle with diameter greater than 17.688 
µm will follow bumped mode whereas the ones lesser in size 
than Dc shall follow zigzag mode.

4  Result and discussion

In this section, we have presented the simulation responses 
which were obtained after computationally analyzing the 
microfluidic device in COMSOL Multiphysics 5.4 software. 
In our simulation study, the microposts have been assumed 
to be rigid bodies, and the cells have been modeled as cir-
cular microbeads with physical properties same as actual 
cell characteristics. The characteristics of blood at room 
temperature have been used to model the sample fluid flow 
environment. In order to nullify the extra sidewall collision 
impacts on the cell trajectories, the microbeads are allowed 
to initiate their travel at the middle section of the microflu-
idic device much far away from the walls. Authentic cell 
characteristic parameter values as referenced in [46] have 
been used for trajectory study as presented in Table 2. The 
effect of angle at which the blood sample is injected within 
the microfluidic device on cell trajectory has been closely 
observed and presented through particle tracing feature in 
computational software tool.

4.1  Simulation response showing the effect 
of variation in anticlockwise orientation 
of sample inlet channel

By making use of the particle tracing feature of COMSOL 
Multiphysics 5.4, the microfluidic device was tested by 
injection of a blood sample containing representative WBCs 

Dc

Dy

= 2.44
(

0.224

1.190

)0.17

− 1.096(1.190)−0.558

and lung cancer CTCs at sample inlet. As shown in Sect. 3.4, 
the value of Dc for the modeled device is 17.688 µm. So, as 
per the principle of DLD, lung cancer CTCs are expected to 
follow the displaced mode whereas the WBCs shall abide by 
the zigzag pattern. The obtained responses are in accordance 
with the theoretical estimation. Figure 4a–f shows the differ-
ent movement patterns which the CTCs and WBCs trace out 
as the angle of injection changes in anticlockwise sense at 
the sample mass flow rate of 22 ×  10–6 kg/s. The mass flow 
rates of upward buffer inlet (water) and downward buffer 
inlet (water) were maintained at 40 ×  10–6 kg/s and 45 ×  10–6 
kg/s, respectively.

Figure 4a shows a distinct separation of lung cancer CTCs 
from WBCs when the injection inlet is maintained exactly 
in same line with the horizontal axis crossing the midline of 
the asymmetric DLD array.

As we increase the tilt of injection inlet slowly in steps 
of 0.2° in anticlockwise sense, i.e., the release end facing 
toward the upper section of the DLD array, we notice that 
the device continues to isolate the CTCs effectively until the 
orientation is at 0.4°.

From 0.5° onward, as we provide angular displacement 
of injection inlet further, we observe that the distinctness of 
CTC–WBC separation shows a declining trend.

At 0.6° orientation, intermingling of CTCs and WBCs 
can be observed in the trajectory visualization indicating 
significant CTC–WBC collisions as the blood sample enters 
the DLD array.

The same trend of significant interaction between the 
cells at the passage of DLD array microposts continues as 
we increase the tilt further as can be seen with orientation 
at 0.8° in Fig. 4f.

4.2  Simulation response showing the effect 
of variation in clockwise orientation of sample 
inlet channel

By making use of the particle tracing feature of COMSOL 
Multiphysics 5.4, the microfluidic device was tested by 
injection of a blood sample containing representative WBCs 
and lung cancer CTCs at sample inlet. Figure 5a–f shows 
the different movement patterns which the CTCs and WBCs 
trace out as the angle of injection changes in clockwise sense 
at the sample mass flow rate of 22 ×  10–6 kg/s. The mass flow 
rates of upward buffer inlet (water) and downward buffer 
inlet (water) were maintained at 40 ×  10–6 kg/s and 45 ×  10–6 
kg/s, respectively.

When the sample inlet is angularly displaced clockwise, 
i.e., the release end now facing the lower section of the DLD 
array, we observe that the isolation of CTCs from WBCs 
happens with a better distinctness when compared with the 
anticlockwise orientation.

Table 2  Distinct bio-particle parameters used for cell travel tracing in 
microfluidic device

Bio-particle type Mass (pg) Diameter (µm)

Lung cancer CTC 36.8 22.4
WBC 19.3 12
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Fig. 4  a Simulation response for sample injection angle at 0°. b 
Simulation response for sample injection angle at 0.2°. c Simulation 
response for sample injection angle at 0.4°. d Simulation response 

for sample injection angle at 0.5°. e Simulation response for sample 
injection angle at 0.6°. f Simulation response for sample injection 
angle at 0.8°
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Fig. 4  (continued)
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Fig. 5  a Simulation response for sample injection angle at −  0.1°. 
b Simulation response for sample injection angle at −  0.2°. c Sim-
ulation response for sample injection angle at −  0.4°. d Simulation 

response for sample injection angle at − 0.5°. e Simulation response 
for sample injection angle at − 0.6°. f Simulation response for sample 
injection angle at − 0.8°
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Fig. 5  (continued)
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The distinct isolation pattern of CTCs continues as we 
increase the clockwise tilt of sample inlet channel toward 
0.4° and 0.5°. It can be clearly observed from the responses 
shown in Fig. 5a–d that the displaced vertical gap between 
the trajectory patterns of CTCs and WBCs is wider enough 
when compared with the responses for anticlockwise tilt 
shown in Fig. 4a–d.

As shown in Fig. 5d, path tracing patterns of the two cells 
remain distinct with almost negligible interaction between 
them until the sample inlet tilt angle at − 0.5° as they enter 
the DLD array.

When the clockwise sample inlet tilt is increased beyond 
0.5°, the distinctness of CTCs isolation still remains intact 
but some intermingling points of the CTCs and WBCs begin 
to emerge as shown in Fig. 5e, f.

At tilt of − 0.8°, a greater number of CTC–WBC interac-
tion points can be noticed as shown in Fig. 5f, but the sepa-
ration pattern is much better compared to the anticlockwise 
tilt of inlet channel.

4.3  Comparative study of CTC–WBC collision points 
for clockwise and anticlockwise orientation 
of sample injection inlet

In this section, we discuss the number of instances of 
CTC–WBC interaction within the microfluidic device as 
observed in the simulation response with variation in sam-
ple inlet orientation keeping the sample mass flow rate of 

22 ×  10–6 kg/s constant. Figure 6a showcases the interaction 
area inside the DLD array for 0.9° anticlockwise sample 
inlet tilt which is the maximum permissible tilt for satis-
factory CTC separation. It can be observed that there any 
interaction points indicating more possibility of cell rupture 
for both CTCs and WBCs.

Figure 6b showcases the interaction area inside the DLD 
array for 0.9° clockwise sample inlet tilt. It can be observed 
that there are very few interaction points indicating negligi-
ble possibility of cell rupture for both CTCs and WBCs as 
per the simulation response obtained.

Figure 7 presents the plot showing the drastic difference 
in the number of instances CTCs and WBCs showed col-
lision effect during their travel through DLD array under 
clockwise and anticlockwise sample inlet orientation effects. 
It can clearly be concluded that the usage of clockwise tilt 
in sample injection inlet reduces the risk of rupture of CTCs 
and WBCs making the device suitable for unruptured trap-
ping at targeted outlets.

4.4  Comparative study of migration angle of CTC 
trajectory for clockwise and anticlockwise 
orientation of sample injection inlet

Migration angle can be expressed as a quantifying angular 
parameter to represent the maximum vertical lift that the 
CTCs take while following the bumped mode of travel 
within the asymmetrical DLD array. It can be defined as 

Fig. 6  a Zoomed image of cell 
trajectory showing CTC(Green 
marked)–WBC(Pink marked) 
interaction points for 0.9° anti-
clockwise sample inlet orienta-
tion. b Zoomed image of cell 
trajectory showing CTC(Green 
marked)–WBC(Pink marked) 
interaction points for 0.9° clock-
wise sample inlet orientation

(a)  Zoomed image of cell trajectory showing CTC(Green marked)-WBC(Pink marked) 

interaction points for 0.90 anticlockwise sample inlet orientation 

(b) Zoomed image of cell trajectory showing CTC(Green marked)-WBC(Pink marked) 

interaction points for 0.90 clockwise sample inlet orientation
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�mig = tan−1
(

yfinal−yinitial

xfinal−xinitial

)

 where (xinitial, yinitial) represents the 
coordinate point of release of bio-particles (i.e., CTCs and 
WBCs) and (xfinal, yfinal) represents the ultimate coordinate 
point of the CTC showing the maximum vertical lift while 
traversing through the DLD array. It can prove to be a vital 
parameter to distinctly differentiate the two modes of bio-
particle movement so that the CTCs and WBCs maintain a 
proper distance in terms of pathway to minimize the interac-
tion between them. This will significantly reduce the chances 
of rupture of CTCs and WBCs. Figure 8 shows the plot of 
variation in migration angle for CTC trajectory as the sample 
inlet orientation is changed. It can be observed that for the 
different orientations, on an average the microfluidic device 
model offers �mig ∼ 15◦ for smooth isolation of CTCs with-
out any significant cell rupture. The comparative analysis 
also reveals that anticlockwise tilting of sample inlet channel 
leads to a better migration angle for CTC trajectory.

4.5  Comparative study of separation 
efficiency of CTCs and WBCs for clockwise 
and anticlockwise orientation of sample 
injection inlet

Figure 9a presents the approximate cell separation effi-
ciency figures as observed from the simulation responses 
with the anticlockwise tilting effect in sample inlet channel. 
It was observed that the CTC isolation efficiency remains 
above 95% until the inlet orientation is at 0.5°. Further tilt-
ing causes decrement in CTC isolation efficiency. A similar 
pattern of decrement in WBC separation efficiency as well. 
Thus, it can be deduced that in the anticlockwise sense, 

maximum tilt needs to be restricted to 0.5° for suitable CTC 
and WBC trapping at outlets.

Figure 9b presents the approximate cell separation effi-
ciency figures as observed from the simulation responses 
with the clockwise tilting effect in sample inlet channel. 
It was observed that the CTC isolation efficiency remains 
above 95% until the inlet orientation is at 0.7°. Further tilting 
leads to dip in CTC isolation efficiency. A similar pattern 
of decrement in WBC separation efficiency as well. When 
compared with anticlockwise sample inlet tilt, the clockwise 
orientation generates better CTC and WBC isolation for a 
wider range. Thus, it can be deduced that in the clockwise 
sense, maximum tilt needs to be restricted to 0.7° for suit-
able CTC and WBC trapping at outlets.

4.6  Comparative study of shear rate around central 
microposts for clockwise and anticlockwise 
orientation of sample injection inlet

Shear rate is an important fluid parameter signifying the 
effect of viscosity of fluidic layers as the cells travel through 
the designated fluidic streamline. If the shear stress induced 
due to the sample flow rate through the inlet is maintained 
constant, then the shear rate is inversely proportional to vis-
cosity. A higher value of shear rate would indicate lower vis-
cosity and thus lesser resistance to the designated streamline 
for the CTC trajectory. In this section, the shear rate around 
the central microposts of the DLD array has been studied 
with respect to the variation in sample inlet orientation. The 
areas around those cylindrical microposts have been selected 
for the shear rate value through the CTCs are most likely to 

Fig. 7  Plot showing variation in number of CTC–WBC interaction 
points with clockwise and anticlockwise orientation of sample inlet Fig. 8  Plot of maximum migration angle of CTC trajectory with vari-

ation in clockwise and anticlockwise orientation of sample inlet



Journal of the Brazilian Society of Mechanical Sciences and Engineering          (2024) 46:295  Page 13 of 18   295 

traverse as per bumped mode of trajectory. Figure 10a shows 
the plot of shear rate around central microposts with the var-
iation in anticlockwise sample inlet tilt. It can be observed 
that the shear rate is on the higher side until 0.5° orientation 
and any further inclination leads to downward trend in the 
shear rate figure.

Figure 10b shows the plot of shear rate around central 
microposts with the variation in clockwise sample inlet tilt. 
In this pattern of inlet orientation, the values of shear rate 
obtained were much higher than the anticlockwise orienta-
tion. This indicates that the CTC trajectory is expected to 
be much smoother with minimum restriction due to viscous 
force. It can also be observed that the shear rate is on the 

higher side until 0.6° orientation and any further inclination 
leads to downward trend in the shear rate figure.

4.7  Numerical solution verification analysis 
of simulation results

In order to ascertain the validity of the obtained simulated 
results, we have run a grid/mesh convergence analysis 
of all the cell trajectory cases with different sample inlet 
inclinations. For an instance, we present the cell trajectory 
case with 0.5 degree clockwise orientation of sample inlet. 
With normal mesh, the cell trajectory response is shown in 

Fig. 9  a Plot of cell separation 
efficiency at designated outlet 
with variation in anticlockwise 
orientation in sample inlet chan-
nel. b Plot of cell separation 
efficiency at designated outlet 
with variation in clockwise ori-
entation in sample inlet channel
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Fig. 11a and the corresponding convergence plot as obtained 
from COMSOL Multiphysics software is shown in Fig. 11b.

To verify mesh independence, with fine mesh, the cell tra-
jectory response is shown in Fig. 12a and the corresponding 
convergence plot as obtained from COMSOL Multiphysics 
software is shown in Fig. 12b.

Further, with finer mesh, the cell trajectory response is 
shown in Fig. 13a and the corresponding convergence plot 
as obtained from COMSOL Multiphysics software is shown 
in Fig. 13b.

From this analysis, it can be clearly observed that numeri-
cal solution convergence was obtained indicating valid cell 
trajectory patterns. Similar convergence plots were observed 
for all other simulation responses depicted in previous 
results. It can also be witnessed that even after altering the 

mesh arrangement, i.e., normal, fine and finer patterns, the 
cell trajectory points do not show alteration and hence mesh-
ing does not change cell separation efficiency.

5  Conclusion

We have successfully modeled an asymmetric DLD array-
based microfluidic device using COMSOL Multiphysics 
5.4 software for efficient lung cancer CTC–WBC isolation 
at a high sample mass flow rate of 22 ×  10–6 kg/s. In this 
simulation study, the effect of angle of release of cells 
from the sample inlet on the CTC–WBC trajectory through 
DLD array has been investigated. It was found that clock-
wise tilting of sample inlet channel yielded better results 

Fig. 10  a Plot of shear rate (1/s) 
around central microposts with 
variation in anticlockwise ori-
entation in sample inlet channel. 
b Plot of shear rate (1/s) around 
central microposts with varia-
tion in clockwise orientation in 
sample inlet channel
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compared to anticlockwise inclination. The approximate 
CTC isolation efficiency was obtained above 95% for sam-
ple inlet inclinations up to 0.5°, and further tilt showed 

reduction in efficiency. For clockwise sample inlet orien-
tation, high isolation efficiency of cells was observed till 
0.7°. Migration angle of CTC trajectory for the modeled 

Fig. 11  a Cell trajectory response for − 0.5 degree inlet tilt with normal mesh. b Convergence plot for − 0.5 degree inlet tilt with normal mesh

Fig. 12  a Cell trajectory response for − 0.5 degree inlet tilt with fine mesh. b Convergence plot for − 0.5 degree inlet tilt with fine mesh



 Journal of the Brazilian Society of Mechanical Sciences and Engineering          (2024) 46:295   295  Page 16 of 18

device was obtained around 15° for both the sample inlet 
orientations indicating clear distinctive pathways for CTC 
and WBC movement. The simulation responses revealed a 
smaller number of CTC–WBC interaction points for clock-
wise sample inlet tilt compared to the anticlockwise dis-
placement. This reduces possibilities of cell rupture while 
traversing through the DLD array at high sample flow rate. 
The shear rate around central microposts was found to be 
higher in clockwise sample inlet orientation which leads 
to unrestricted travel of CTCs through the bumped mode. 
Thus, this study establishes that sample inlet clockwise 
tilting of maximum around 0.5°–0.7° leads to better CTC 
isolation and provides better chances of unruptured trap-
ping of cells at the designated outlets. The results of this 
study provide an approach toward further optimization of 
DLD devices' functioning and, thus, could help fabricate 
better DLD-based microfluidic devices for efficient trap-
ping of CTCs. Accurate modeling of the target cells such 
as CTCs can be done using equations in spherical domain 
for better tracking of movement of these cells inside the 
microfluidic device. This would help in improving pre-
ciseness of simulation results obtained by computational 
methods.
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