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cation of a polydimethylsiloxane
device for evaluating the effect of pillar geometry
and configuration in the flow separation using
deterministic lateral displacement†

Pavan Pandit, ab Lingxue Kong b and G. L. Samuel *a

The advancement of microfluidics and the manufacturing of microdevices has led to a strategic change in

the biomedical industry. The flow through narrow channels and the pillars are placed strategically, leading

to the phenomenon of particle separation through deterministic lateral displacement (DLD). In such

a phenomenon, the shape, size, location and orientation of the obstacles play an important role. For

the first time, particle separation is achieved with DLD modules having high row shift angles of 25°, 30°

and 35°, reducing the number of pillars. The significance of circular and triangular micropillars

executing deterministic lateral displacement, oriented at different angles, has been investigated, and it

is found that the triangular pillars oriented at 75° resulted in better separation compared to the other

configurations. In this report, the fabrication, location, orientation of the micropillars and the selection

of appropriate process parameters are detailed. The structures are fabricated on silicon wafers using

the standard photolithography process followed by the deep reactive ion etching process. These dies

are further used to fabricate the polydimethylsiloxane-based microfluidic chips. These fabricated

devices are characterised by their size, structure and quality using 3D microscopy and scanning

electron microscopy. Further, blood plasma separation is carried out using the devices fabricated in

this work, and the particles at the inlet and outlets are evaluated using microscopy and a novel image

processing technique, replacing the use of a hemocytometer. The path traced by the particles at

different flow conditions is numerically evaluated and validated with experiments. The novel device is

capable of separating blood cells from plasma with a recovery factor varying from 44% to 100%.

PDMS–PDMS bonding experiments using oxygen and argon plasma have been carried out to evaluate

the maximum bond strength and flow velocity in the devices. It is observed that the oxygen plasma

results in a bond strength of 0.404 N mm−1, thus a high throughput of 135.34 mL s−1 is achieved using

the fabricated device.
1 Introduction

Particle separation in uids is carried out using various
methods, prominently using centrifugation, chromatography
and other size-based methods. These conventional particle
separation techniques are either slow or discrete. Discrete and
slow particle separation is undesirable in therapeutics, dialysis,
and blood purication applications. Rapid separation is an
essential feature in continuous purication as it denes the
efficiency of the system. Continuous separation of particles in
uid ow is carried out using active and passive separation
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techniques. Particle separation can be based on size, shape,
density, mass, and electric and magnetic properties.1–3

Continuous rapid separation of cells is crucial in the case of
blood purication. The process has to be carried out so that it
does not affect the functionality of the blood cells. If the process
or system induces pressure gradients, biotoxicity, ionic imbal-
ance or change in the ow behaviour, the blood gets coagulated
or is rendered unusable. Hence, special care has to be taken
while designing these systems. The material used in the fabri-
cation of these devices is essentially biocompatible. The fabri-
cation techniques should not induce biotoxicity such as
corrosion, zincication or other chemical reactions. The design
of the systems is such that the pressure gradients induced are
minimal such that the function of the system is not
compromised.

Considering these features, various systems have been
established. The deterministic lateral displacement technique
RSC Adv., 2024, 14, 1563–1575 | 1563
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is one such type of continuous separation technique. DLD has
been used in the applications such as emulsifying droplets in
water-in-oil or oil-in-water systems,4 encapsulation of micro-
organisms,5 separation of biological particles like DNA,6,7 exo-
somes,8,9 blood cells,10–14 mammalian cells and circulating
tumour cells.15,16 It was rst demonstrated by Huang et al.7

using micropillars with a circular cross-section, primarily used
for rapid DNA separation. The DLD was further improved by
Inglis17 and Davis14 and considering the wall effect and the
parabolic velocity prole in the inter-pillar spaces. Furthermore,
by changing the prole, shape and dimensions of the micro-
pillars and the microchannels, the critical diameter of the
particles being separated varies. The pillars with circular,
triangular, rhomboidal and octagonal cross sections have been
analysed previously. The pillars with unconventional cross-
sections like streamlined, airfoil,18 and I-section19,20 were ana-
lysed to reduce the critical diameter of the separating particles.
Loutherback et al.,21,22 showed that the triangular posts aided in
reducing the critical diameter of the separating particles by
considering various factors such as the gap-to-post size, the
vertex rounding, and the width-to-height ratio of the triangle. It
is seen that the pillars with a cross-section of an equilateral
shape performed better, considering the critical size of the
particles. Improving the Davis model, Wei et al.23 developed
a numerical model to study the lateral displacement of spher-
ical particles using the lattice Boltzmann method and
immersed boundary approach. This model predicts the particle
path and the critical particle diameter in DLD systems with
shaped pillars. Dincau et al.18 proposed the effect of Reynolds
number on the particle path. In the study, it was observed that
the streamlines of the ow at different Re differed in their
positions. Further, Pariset et al.24 studied the effect of the
number of pillars in the channel width (wc) and anticipated the
minimum number required to avoid the intermediary mode.
The study also demonstrates the existence of multiple critical
diameters and the techniques to obtain a single critical diam-
eter in the entire regime.

Solid polymeric microspheres are used abundantly in the
ow characterisation of the devices, but the blood components
are so and deformable.25 It is seen that the behaviour of the
particles also depends on the shape of the particles being
separated.20 Patel and Stark26 conducted on the spherical and
biconcave particles in various clustering congurations, such as
monodispersed and bi-dispersed pairs. Thus, in this study,
whole blood is considered for the analysis. The blood contains
erythrocytes, leukocytes27 and thrombocytes, mostly biconcave
in shape.

These DLD structures and the microchannels are fabricated
by various processes such as lithography and li-off processes,
electroplating, thermal oxidation, wire bonding, chemical
etching, deep reactive ion etching, and laser micromachining.
The most prominent technique used in the fabrication through
photolithography is SU-8 lithography. However, cracking and
residual stresses28 were observed in the SU-8 lithography
affecting the quality of the DLD module. The other challenges
associated with the above-mentioned process are that the cross-
section of the slender pillars is non-uniform owing to the non-
1564 | RSC Adv., 2024, 14, 1563–1575
isotropic etching, the heat-affected zone, and the fusion of the
adjacent micro holes. In our previous study, the P20 die steel
moulds were prepared using femtosecond lasers to fabricate
PDMS-based microchannels with DLD structures.29 Thus, the
current structures are fabricated considering the limitations of
laser micromachining in fabricating the DLD structures.

Bonding of the microuidic chips is crucial in determining
the throughput of the device. It denes the maximum ow rate
of the uid. Various bonding techniques are adopted to bind
the PDMS–PDMS chips. Some prominent techniques are partial
curing, adhesive bonding, solvent bonding and plasma bonding
techniques. The binding of the PDMS chips occurs due to the
creation of hydroxyl (–OH) groups on the surface when PDMS is
exposed to oxygen plasma. The –OH groups readily react to form
covalent bonds with the other plasma-exposed PDMS chip.30

The bond strength is quantied using blister, leakproof, and
adhesion tests. It was observed that the bond strength of O2 and
argon (Ar) plasma treat PDMS samples showed similar bond
strengths when PDMS was bonded with glass coverslips.31

In this study, micropillars with circular and equilateral
triangular cross-sections are considered to evaluate the effect of
the process parameters, vertex rounding, placement and the
orientation of the pillars in the deterministic lateral displace-
ment zone. Numerical simulations are carried out, and vali-
dated with experiments through blood ow evaluation. The
fabrication of the masters to develop the PDMS chips is
explained in detail showing the variations in the pillar depth
with the etching cycles. The structures are characterised by
evaluating their quality and shapes. Finally, the adhesive bond
strength evaluation of the PDMS–PDMS samples was carried
out to determine the blood ow's maximum pressure and mass
ow rate in the microchannels.
2 Materials and methods
2.1 Materials

Chromium coated quartz glass plate is used for the preparation
of the mask. 4 inch h100i 0.5 mm uncoated N type Phos 1–10
ohm SSP silicon wafers are used in the fabrication of the
masters. Photolithography is used to prepare the masters. A
positive photoresist (AZ40XT) and AZ-726 MIF developer are
used for the photolithography process. C4F8 and SF6 gases are
utilised for the Bosch process.32 Commercially available COM-
SOL Multiphysics 5.6 is used to carry out the ow simulations.
Human blood collected from healthy individuals at the institute
hospital is used to conduct ow experiments and validate the
simulation results. The experiments are carried out as per the
institute guidelines with approval from the institutional Ethical
Committee of the Indian Institute of Technology – Madras with
protocol number IEC/2018/01/GLS/16. Informed and signed
consent is obtained and archived to conduct the experiments
and publish results.
2.2 Device conguration

Open source K-layout is used to design the geometry for
photolithography. Fig. 1 shows the schematic layout of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The individual device with nomenclature.

Fig. 2 Sign convention followed to determine the rotation angle with
respect to the flow direction considering initial T-30 as 0°.
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devices to be fabricated with 1 inlet and 2 outlets. The devices
comprise of straight channels of width 500 mm and length 90
mm. Each device is provided with a different conguration of
the deterministic lateral displacement structures. The congu-
rations are detailed in Table 1.
Table 2 Details of the parameters used during DRIE – Bosch etch

Parameter Value

Chamber pressure (mTorr) 30
Passivation pressure (mTorr) 19
Valve position 70%
SF6 ow rate (ccpm) 140
C4F8 ow rate (ccpm) 7
ICP generator forward power (W) 2200
RF generator forward power (W) 23
Step time (s) 6
2.3 Fabrication of PDMS devices

2.3.1 Fabrication of mask. The mask was written on SF-100
micro writer using the chromium-plated quartz glass with the
congurations as summarized in Table 1. The designs used in
the fabrication are provided in Fig. S1,† and the scheme of
orientation of the triangular pillars is shown in Fig. 2.

2.3.2 Fabrication of masters using photolithography.
Silicon wafers were used as the substrate for the fabrication of
the masters. 4 inch h100i 0.5 mm uncoated N type Phos 1–10
ohm SSP silicon wafers were used for the fabrication. The chosen
wafers were piranha cleaned using a 3 : 1 mixture of hydrogen
peroxide and sulphuric acid to remove the organic residues on
the silicon surface. The wafers were placed on the hot plate
maintained at 120° to remove the solvent impurities. Aer
assuring that the wafers are free from organic or any dirt, a layer
of hexamethyldisilazane is spin-coated on the silicon surface.

A layer of positive photoresist, namely AZ40xt, was spin
coated on the HMDS coated silicon wafers. The coated wafer is
subjected to pre-exposure bake at 80° on the hot plate. The
Table 1 Details of the fabricated DLD structures configurations

Sl no. Conguration code Post shape

1 C – 25 Circular
2 C – 30 Circular
3 C – 35 Circular
4 T – 25 Triangular
5 T – 30 Triangular
6 T – 35 Triangular
7 T – 30–15 Triangular
8 T – 30–45 Triangular
9 T – 30–75 Triangular
10 T – 30–90 Triangular

© 2024 The Author(s). Published by the Royal Society of Chemistry
baked wafers are then exposed to UV light with the mask
aligned on it. This is carried out using the UV ood light. The
UV exposure required to cure the AZ40xt is 12 W cm−2, i.e., the
wafer is exposed to UV light at 25 W for 75 s.33 The exposed
wafers are then subjected to post-exposure bake of 80 °C for
10 min. The unexposed portion of the coated wafer is removed
by developing the wafer using the AZ726 MIF developed.

2.3.3 DRIE of silicon wafers. The wafers developed using
photolithography are subjected to DRIE, as the process results
in perpendicular walls. The system uses alternating etch (SF6)
and passivation (C4F8) cycles to achieve high aspect ratio
structures (∼1 : 10).34 The equipment used here is the Si Oxford
PlasmaLab DRIEmachine. The recipe used to carry out the deep
reactive ion etch is summarized in Tables 2 and 3.

According to the hypothesis, every cycle etches 385 nm of the
silicon wafer. To determine the etch rate, three different
Inclination angle Tilt angle Row shi fraction

25 — 0.4663
30 — 0.5774
35 — 0.7002
25 0 0.4663
30 0 0.5774
35 0 0.7002
30 15 0.4663
30 45 0.4663
30 75 0.4663
30 90 0.4663

RSC Adv., 2024, 14, 1563–1575 | 1565
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Table 3 Details of the parameters used during deposition

Parameter Value

Chamber pressure (mTorr) 30
Passivation pressure (mTorr) 19
Valve position 70%
SF6 ow rate (ccpm) 4
C4F8 ow rate (ccpm) 140
ICP generator forward power (W) 1700
RF generator forward power (W) 4
Step time (s) 5

Fig. 4 Fabrication process used in developing the microfluidic device.
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combinations were carried out at 256, 258 and 259 cycles and it
was seen that 258 cycles yielded a channel depth of 100 mm,
which was the intended dimension, as discussed in Section 3.1.2.

Aer the DRIE of the silicon wafer, the remaining resist was
washed away with acetone. The cleaned wafer was further
deposited with the passivation layer such that the Teon-like
nano-coating acts as a release agent while fabricating the
PDMS devices. The fabricated silicon masters are shown in
Fig. 3 and detailed gures are shown in Fig S2.†

2.3.4 Fabrication of PDMS device using spin coating.
PDMS was mixed in the ratio of 10 : 1 inside a mixer with two 90
second cycles, the rst being run at 1000 rpm and the second
run at 500 rpm. Simultaneously, the silicon wafer is placed in
a vacuum chamber for silanisation (20 mL of (3-aminopropyl)
triethoxysilane is placed on a glass slide in the chamber, and the
vapours are allowed to deposit on the wafers). The PDMS mix is
poured on the coated wafer and then placed in a vacuum
chamber until the microbubbles escape from the mould. Aer
the degasication, the assembly is kept in a hot air chamber
maintained at 65 °C for 2 h Fig. 4 shows the fabrication tech-
nique used in the development of the microuidic device.

2.3.5 Theory of DLD. The ow in the DLD domain can be
modelled using the 2D Navier–Stokes equation (eqn (1)).7,35 The
ow depends on the value of the dimensionless numbers, such
as Reynolds' number given in eqn (2). This dimensionless
number depends on the density, velocity, dynamic viscosity and
hydraulic diameter. The hydraulic diameter for the given cross-
section is given by eqn (3). In this case, the cross-sectional area
of the microchannel is 5 × 10−2 mm2, and the perimeter is 1.2
mm, resulting in a hydraulic diameter of 0.167 mm. The length
of the channel considered is 30 mm. The Re is evaluated using
the DH of 0.167 mm, density of 1000 kg m−3, ow velocity of
25 mm s−1 and a dynamic viscosity of 1 × 10−3 Pa.
Fig. 3 Microscopic image of the device, (a) 5×, (b) 50×.

1566 | RSC Adv., 2024, 14, 1563–1575
r
vv

vt
þ rðvVÞv ¼ �Vpþ mV2v (1)

Re ¼ rvDH

g
(2)

DH ¼ 4� Ac

P
(3)

Due to the low Re, in other terms due to the prominence of
viscous damping, the kinetic energy term in eqn (1) becomes
negligible, thus can be written as eqn (4).

r
vv

vt
¼ �Vpþ mV2v (4)

Considering the pressure gradient and the volumetric uid
ux between the pillars. The uid resistance is deduced as
shown in eqn (5) considering the circular pillars and the para-

bolic velocity prole between the pillars
�
vmax ¼ 3

2
� vavg

�
:

R ¼ 12mL

G3E
(5)

Further, considering the allowable shear stress (0.3 Pa in
large arteries and 10 Pa in capillaries) in the blood vessels,
which prevents the activation of the platelets. This is observed
to be maximum at the walls�

Shear rate ðg� Þ ¼ 4� vmax

G

�

Therefore, the critical hydrodynamic diameter is twice the
width of the rst streamline, thus

Dc = 2zG3 (6)

where, z is a function of shape and row shi fraction of the
array.

Row shift fraction ð3Þ ¼
Ð zG
0

vydxÐ G
0
vydx
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Boundary conditions

Parameter Value

Type of ow Laminar ow
Governing equation Navier–Stokes' equation
Inlet velocity (m s−1) 0.5
Domain 1, 2, 3
Domain density (kg m−3) 1000
Domain dynamic viscosity (Pa) 0.001
Particle density (kg m−3) 1055
Particle diameter (mm) 10, 15
Drag force Governed by Stokes law
Wall condition No slip, bounce
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The row shi fraction signies the fractional distance by which
the adjacent row is shied, and this is vital in determining the
separation efficiency of the device. Analytically, the least critical
diameter is found to be 19.31 mm, computed using eqn (6).

2.3.6 Bonding of the devices with substrate
2.3.6.1 Bonding of the devices with PDMS. The PDMS–PDMS

bonding, which is crucial in determining the ow pressure, is
tested using the 180° T-peel test (ASTMD1876).30 The peel test is
done using the micro tensile testing machine. Initially, the
PDMS–PDMS bond is created using the parameters mentioned
in Table 4. A bond strip of width 10 mm is cut out to carry out
the experiments. A small area of the bond is broken to create the
free ends of the PDMS layers. The two free ends of the PDMS are
held in the jaws of the tensile testing machine as shown in
Fig. S4.† The experiment was carried out at a steady extension
rate of 20 mm min−1. The load vs. extension graph of the bond
is observed. The maximum load observed in the load vs.
extension is utilised for the analysis. This determines the
threshold of the uid ow pressure since increasing the pres-
sure beyond this limit will result in the delamination of the two
PDMS layers.
2.4 Fluid ow experiments

The ow of the particles depends on the velocity of the uid,
density of the particles and the size of the particles. The ow in
the microchannels provided with the DLD structures is simu-
lated using COMSOL Multiphysics. The laminar ow and the
particle tracing module are used to evaluate the velocity proles
and the number of particles being separated. The boundary
conditions are shown in Fig. S5.† The ow parameters, such as
the inlet velocity, the density of the particles and the size of the
particles owing in the microchannels, are varied. The path
taken by the particles is noted and analysed.

2.4.1 Critical ow rate. The ow through the microuidic
device here is similar to the ow through a thin-walled cylinder.
The inner diameter is the hydraulic diameter, and it is assumed
that the system fails at the bonding section. The maximum
allowable hoop stress in the system is substituted by the bond
strength of the plasma bonding. Eqn (7) is used to calculate the
allowable hydrodynamic pressure in the device, and on
deducing the pressure, the maximum acceptable uid velocity
is calculated. The calculated values are tabulated in Table 5.

sH ¼ Dp�DH

t
¼ bond strength;

�
N mm�2� (7)
Table 4 Process parameters used in the PDMS–PDMS bonding

Conguration

Exposure d
(mins)Plasma exposure

Temperature
(°C) Pressure (mTorr)

O2 80 436 2
O2 80 436 5
Ar 80 455 2
Ar 80 455 5

© 2024 The Author(s). Published by the Royal Society of Chemistry
Q ¼ 8mLDp

pR4
;
�
m3 s�1

�
(8)

Mass flow rate _m = A × v, [m3 s−1] (9)

The ow experiments are conducted using the experimental
setup as shown in Fig. 10a. The setup consists of a syringe pump
(NE-300), a uorescent microscope (Nikon Eclipse 80i), a Nikon
DS-Ri1 camera and a computer system to analyse the images.
The syringe pump is used to pump the uid at the required
mass ow rates, and the uorescent microscope and the camera
are used to capture the images and videos of the cells owing
between the pillars.

2.4.2 Separation efficiency. Human blood is collected from
a healthy human in a K2 EDTA blood collection tube (Make:
Levac). The blood samples are diluted with different volumes of
phosphate buffer solution so as to ensure that an adequate
amount of cells are present in the blood samples. This makes it
easier to count the cells in the haemocytometer. Fig. 12a–f show
the microscopic images of the blood collected on the haemo-
cytometer from outlet 1, and Fig. 12g–l shows the images of the
blood collected from outlet 2. The microscopic images are
further processed to evaluate the cells present in the samples
collected from outlet 1 and outlet 2 and are represented.

2.4.3 Image processing for cell counting. The images
collected from the microscope are processed using ImageJ. This
involves the conversion of the image to a 8 bit black-and-white
image. Further, the background of the image is removed using
the subtract background command. Once the background is
removed, the threshold of the image is set such that the outline
uration Bake temperature
(°C) Post bonding bake duration (mins)

80 10
80 10
80 10
80 10

RSC Adv., 2024, 14, 1563–1575 | 1567
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of the cells is clearly marked. Then, using the ll holes
command, the cells are lled and converted to solid entities.
Using the watershed command, the fused cells, if any are
separated, such that the count of the cells is appropriate. The
cell counter command is used to count the cells, by choosing
the range of the pixels such that the cell size is appropriately
chosen. The circularity of the entities is also maintained at
80% such that the other entities apart from the cells are
neglected.

3 Results
3.1 Characterization of the devices

3.1.1 Scanning electron microscopy. The masters and the
PDMS devices are characterized for their dimensions and
geometry. The geometry of the holes and the pillars are
observed using the portable scanning electron microscopy
(Make: Hitachi). From Fig. 5, it is seen that the vertices of the
triangular holes are rounded and the circular geometries are
polygonal in shape. The shape can be attributed to the capa-
bility of the UV ood light or the mask writer. Uniform pillars of
diameter 35± 5 mm are fabricated with rounded edges. It is also
seen that PDMS is stuck in some of the shaped holes despite the
application of the primer coating. Thorough cleaning with
isopropanol and a thin layer of silane overcomes the problem of
sticking and prevents the distortion in the shape of the micro-
pillars in the subsequent peel-offs.
Fig. 5 Scanning electron microscopic images of the (a) and (b) silicon
masters, (c)–(f) PDMS chips.

1568 | RSC Adv., 2024, 14, 1563–1575
3.1.2 3D prolometer imaging. The 3D images of the
devices and the masters were procured to evaluate the depth of
the holes and the height of the PDMS pillars. From Fig. 6, it is
Fig. 6 3Dprofilometer images of the (a and b)masters and (c–e) devices,
showing the channel depth, microholes and fabricated micropillars.

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06431j


Table 6 Variation of depth with etch cycles

Sl no. No. of cycles

Depth of etching (mm)

Channel Hole

1 255 98.64 69.58
2 258 100.02 75.89
3 259 100.64 76.20

Table 7 The maximum load observed during the 180° T peel test of
the O2 and Ar bonded samples

Type of plasma Maximum load (N)

O2 plasma 0.396 0.404
Ar plasma 0.322 0.366

Table 8 Flow parameters based on the simulations and bond strength

Conguration
Bond strength
(N mm−1)

Maximum ow
rate (mL s−1)

Maximum velocity
(m s−1)

O2 plasma 0.396 132.66 1.06
O2 plasma 0.404 135.34 1.08
Ar plasma 0.366 122.61 0.98
Ar plasma 0.322 107.87 0.86
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observed that the depth of the circular and triangular pillars
was found to be 75 ± 1 mm and 69 ± 1 mm. The depth of the
channel and hole varies with the etch cycles, and variation is
shown in Table 6. This variation in the depths is due to the
area exposed during the etch cycles.

Fig. 6a and b show the depth of the pillars and the micro-
channels. From the gures, it is evident that the circular and
triangular pillars are 75.9 mm and 69.6 mm whereas the micro-
channel is 100 mm in depth. Fig. 6c shows the dimensions of the
PDMS micropillars in the device. It is seen that the triangular
pillars are 79.9 mm high, this variation can be attributed to the
formation of defects while peeling or due to the presence of
undulations on the pillar surface.

Fig. 6d and e show the variation in the depths of the micro
holes of circular and triangular geometry aer 255 DRIE cycles.
A variation of approximately 7 mm was observed between the
circular and triangular holes.

3.2 Evaluation of bond strength: peel test of the devices

Fig. 7 shows the plot corresponding to the bond strength test.
The specimens 1 and 2 correspond to the chips bonded using
O2 plasma whereas the graphs corresponding to specimens 3
and 4 correspond to the chips bonded using argon plasma. The
maximum load during the 180° peel test for the samples is
shown in Table 7. The bond strength observed from the T-peel
test is further used to evaluate the maximum uid ow velocity
and the maximum uid ow rate. Table 8 summarises the
details of the uid ow.

3.3 Numerical simulations

With the knowledge of the maximum velocity and the ow
rates, numerical simulations are carried out to observe the
particle trajectories. The commercially available soware
tool, COMSOL Multiphysics 5.6, is used to evaluate the ow
pattern and to predict the number of particles owing in the
Fig. 7 The results of the T-peel test where specimen 1 and 2 corre-
sponds to the oxygen plasma, whereas 3 and 4 to the argon plasma.

© 2024 The Author(s). Published by the Royal Society of Chemistry
le and the right outlets. The particle tracing module in the
tool helps determine the path taken by the particles. The uid
was own at the initial velocity of 0.5 m s−1 and the particle
size i.e., the diameter was considered to be 10 mm and 15 mm.
The number of particles available in each domain at 0.1 s of
the simulations (refer to Fig. S3† for the results) was noted
and tabulated in Table 9. From this information, the recovery
factor of the device is calculated using eqn (10). It can be
observed that the number of particles separated depends on
the ow patterns.

It is seen that the circular pillars oriented at 35° provides
the best particle separation, but as the circular pillars result
in a zero velocity zone on their surface, the possibility of the
particles getting stuck in the domain is higher. The recovery
factor in the devices with circular pillars is lower in
comparison to the devices with triangular pillars. When the
particle path in the devices with triangular pillars is
observed, the orientation plays an important role. The ratio
of the cells in outlet 1 to the cells in outlet 2 shows an
increasing trend while the orientation angle is increased
from 25° to 45°, but at 75°, the ratio is the least, thus sug-
gesting that the triangular pillars oriented at 75° show the
best separation. Meanwhile, the recovery rates in case of the
devices with triangular pillars is lower in comparison to the
devices with circular pillars.

From Fig. 8 and 9, it is evident that the vertices of the
triangular pillars also contribute to the separation efficiency
of the devices. Fig. 8 shows the count of the cells observed in
the 3 chosen domains considering the sharp edged micro-
pillars whereas the Fig. 9a represents the count of the cells in
the domains considering the rounded edged micropillars as
in the case of the experiments. The particle size chosen for
previously discussed simulations is 10 mm whereas the
simulations results shown in Fig. 9b consider a particle
diameter of 15 mm. Fig. 9a and b compares behaviour of the
path lines when diameter is varied from 10 mm to 15 mm. It is
observed that the 15 mm particles are directed towards the
outlet 2 whereas the 10 mm particles have the possibility of
owing towards the outlet 1.
RSC Adv., 2024, 14, 1563–1575 | 1569
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Table 9 The number of cells present at outlet 1 and outlet 2 suggests the separation efficiency of the devices

Conguration Cell count in outlet 1
Cell count in outlet
2

Cell count in
inlet

Cells stuck in domain
1

Ratio of out_1
to out_2

C – 25 9 10 27 7 0.90
C – 30 6 14 27 0 0.43
C – 35 0 22 27 5 0
T – 25 3 9 27 13 0.33
T – 30 6 16 27 4 0.38
T – 35 3 12 27 11 0.25
T – 30–15 4 14 27 9 0.29
T – 30–45 1 0 27 24 —
T – 30–75 2 11 27 14 0.18
T – 30–90 8 2 27 17 4.00

Fig. 8 The particle distribution in outlet_1, outlet_2 and the domain_1
at the end of the simulation time scale of 0.1 s as observed with
triangular micropillars having pointed vertex.

Fig. 9 The particle distribution in outlet_1, outlet_2 and the domain_1
at the end of the simulation time scale of 0.1 s observed with rounded
triangular micropillars and varying particle sizes of (a) 10 mm and (b) 15
mm.

Fig. 10 Experimental setup for fluid flow and analysis. (a) and (b) Flow
setup used to evaluate the cells collected at the outlets. (c) Flow setup
to visualize the flow paths and the cell movement.
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3.4 Comparison of simulations and experiments

3.4.1 Flow microscopy. Flow microscopy is conducted to
observe the uid ow pattern and the efficiency of the various
DLD congurations. The setup for the ow experiments
involves a uorescence microscope (Make: Nikon, Eclipse 80i),
syringe pump, BD syringes, feeder tubes, PEEK tubing and vials
for collection. A food colouring dye is own through the device
1570 | RSC Adv., 2024, 14, 1563–1575
to evaluate the dead zones and the uid path in the device. The
ow zone and the zero-velocity zone are seen in Fig. 11a. The
zero-velocity zone is evident from the region where the cells are
immobile.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Food colouring dye showing the fluid path, (b) and (c)
showing the flow of particles in two different sections of the device. (d)
and (e) Samples collected from the outlets of the devices. “A” and “B”
represents the sample collected in the left and right outlets
respectively.
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From the analytical measurements, the least critical particle
diameter was observed to be 19.31 mm, however, lateral
displacement of the blood cells (RBC – 6–8 mmandWBC – 14–16
mm) is observed in the experimental results.
Table 10 Percentage recovery in the devices corresponding to
configuration

Circular micropillars

Conguration
% recovery
(%) Conguration

% recovery
(%)

C – 25 70 C – 30 74
C – 35 81

Triangular micropillars

Pointed vertices Rounded vertices

T – 25 44 T – 25 89 100
T – 30 81 T – 30 93 100
T – 35 56 T – 35 96 74
T – 30–15 67 T – 30–15 89 93
T – 30–45 4 T – 30–45 89 85
T – 30–75 48 T – 30–75 89 85
T – 30–90 37 T – 30–90 93 74

© 2024 The Author(s). Published by the Royal Society of Chemistry
The percentage recovery in the experiments was evaluated
using the eqn (10) and is tabulated in Table 10. It is found that
the recovery factor varies from 44% to 81% in pointed vertex
micropillars, whereas it varies from 74% to 100% in the
rounded vertex micropillars.

% recovery ¼ outlet 1þ outlet 2

inlet
� 100 (10)

3.4.2 Cell counting. Cell counting is done using image
processing, Fig. 12a–c show the three steps involved in cell
counting. It is observed that the number of cells counted in the
blood ow experiments shows a similar trend in comparison to
the numerical simulation results observed in Fig. 9a and b.
Fig. 13 shows the variation in the number of cells in different
domains observed in the experiments. Further, Fig. 11b shows
the cells adhering to the micropillars as evident in Fig. S3h†
corresponding to conguration 8 (T-30–45), i.e., micropillars are
placed at a row shi angle of 30° and are oriented at an angle of
45°. The experimental results are found to be in agreement with
the simulation results.

From the numerical simulations and the experimental
studies carried out it is seen that the shape and orientation of
the micropillars play an important role in evaluating the func-
tionality of the deterministic lateral displacement-based
Fig. 12 (a), (d), (g) and (j) Microscope images of the cells placed on the
haemocytometer, (b), (e), (h) and (k) processed images, (c), (f), (i) and (l)
automated cell counting for configurations 9 (T-30–75) and 10 (T-30–
90) respectively.

RSC Adv., 2024, 14, 1563–1575 | 1571
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Fig. 13 The number of cells observed in outlet 1 and outlet 2 in the
critical configurations.
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devices. Moreover, uid constituents can be easily manoeuvred
with the triangular pillars as the pillars have faces that can be
easily oriented, unlike the circular pillars. From the numerical
and the experimental results is observed that the triangular
micropillars with an orientation of 75° gives the best separation
efficiency amidst the chosen congurations. Further, while
discussing the process parameters involved in the design and
fabrication of the DLD structures, it also signies the possibility
of particle separation using DLD structures at high row shi
angles.
4 Discussion

From the literature, it is observed that most of the DLD-based
particle separation devices are produced using SU-8 lithog-
raphy and li-off or direct writing methods, and the depth of
the micropillars is restricted to 20–30 mm. However, in the
current study, the depth of the microchannels and the micro-
pillars is 95–100 mm with the diameter of the circular micro-
pillars as 40 mm and the width of the triangular micropillars in
the range of 28 mm. Thus, the fabrication is carried out using
positive photoresist and DRIE Bosch process resulting in
anisotropic etching to realise the required aspect ratio. The
alternating deposition and etch cycles result in anisotropic
etching, which is signicant in the fabrication of features with
a high aspect ratio. The process parameters and the DRIE cycles
are crucial in dening the shape, size and quality of the
structures.

From the 3D prolometer images shown in Fig. 6d and e, it is
evident that the shapes of the holes also play an important role
in dening the etch rate and the aspect ratio of the holes. The
etching rate is higher in circular than triangular holes. And
since the area of exposure on the site beside the channels is
higher, the rate of etching is much higher than the micro-holes.
This can be attributed to the reach of the etchant gases into the
etching region. The narrower the etching region, the lower the
etching depth in comparison to the wider regions.
1572 | RSC Adv., 2024, 14, 1563–1575
Bond strength between the chips in the microuidic devices
depends on the plasma exposure time and the post-exposure
baking temperature. Moreover, the bond strength is also
considered to be critical in designing the maximum permissible
pressure difference in the microuidic chip. Thus, using the
Hagen–Poiseuille equation (eqn (8)), the maximum ow rate of
the uid owing in the chip is evaluated and shown in Table 8.
Further, the maximum ow velocity is calculated using the
continuity equation (eqn (9)). From the T-peel tests, the results
shown in Table 7 show that the oxygen plasma bonding bond
strength is 10% higher than the argon plasma with a maximum
bond strength of 0.404 N mm−1. It is observed that the bonding
in the chips exposed to oxygen plasma for 5 min resulted in the
highest bond strength in combinations carried out. This can be
attributed to the formation of a large number of free sites for
bonding thus increasing the availability of the bonding sites.
The maximum ow rate and maximum uid velocity achievable
are 135 mL s−1 and 1.08 m s−1. It is also observed that the
hydrophilic nature of the Ar plasma exposed surface does not
vanish with time, as seen in O2 plasma bonding. As observed
previously by Malecha et al.,31 the surface exposed to Ar plasma
showed an irreversible change in the hydrophobicity. Thus, Ar
plasma is not preferred in device fabrication as it induces
a small amount of hydrophilicity. This affects the functioning of
the microuidic device by inducing unwanted drag forces. This
suggests the application of oxygen plasma over argon plasma.
Hence, in the development of the current device, oxygen plasma
is used. The ow velocity of 0.5 m s−1 is used for the experi-
ments as the available volume for the ow is constricted in the
DLD zone, thereby increasing the uid pressure.

With the ow parameters and the wall conditions, the
devices were tested for blood particle separation. The effect of
the placement, orientation and shape of the micropillars on the
particle separation was studied. It is evident from the particle
tracing simulations that every conguration results in a unique
ow pattern. From the results obtained in the conguration C-
25, C-30 and C-35, it can be concluded that the particles are
moved towards the outlet 2. However, the ow pattern in the
devices with the triangular pillars is different suggesting that
the shape of the pillars is signicant in directing the particles. It
is seen that increasing the row shi fraction in the circular DLD
increases the possibility of the particles moving towards the
outlet 2 whilst the triangular pillars present a completely
different pattern, the number of particles reaching the outlet 2
depends on the orientation of the pillars. This can be attributed
to the inter-pillar gap and the velocity prole between the
pillars. As observed by Loutherback et al.,22 the velocity prole of
the uid owing between the triangular pillars is skewed in
comparison to the uid owing between the circular pillars,
thus affecting the streamlines. A similar phenomenon occurs
when the orientation of the pillars is considered. The inter-
pillar gap changes signicantly; thus, the ow pattern ob-
tained is skewed, and an orientation of 75° gives the best outlet
1 to outlet 2 ratio. The other important factor can be the rst
critical angle at the instant when the particle leaves the pillar
that determines the path taken by the particles.4
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The possibility of the particles getting stuck in the domain
increases with the zero velocity zones offered to the ow on the
walls of the microchannels and the walls of the pillars. The zero
velocity zones are observed at the walls of the circular pillars.29

The recovery factor in these devices is also dependent on the
congurations, it is seen that the recovery rate varied from 44%
to 81%, and C-35 and T-30 result in the highest recovery factor
when the pillars with the pointed vertices are considered. The
recovery factors for the devices with pillars having rounded
vertices were found to vary between 74% and 100%, this
suggests that the rounded triangular micropillars provided
a higher recovery in comparison to the pointed micropillars.
The recovery factor of the congurations can be further
improved using surface treatment with hydrophobic agents or
other surface modication techniques.

The experiments were carried out to validate the simula-
tions. The experimental ow study was carried out in two
different ways, one keeping the device upright and the other
with a reversed position, to understand the effect of gravita-
tional forces. In the upright position, the outlets are facing
upwards, and thus, there's a possibility of backward ow due to
the requirement of high-pressure head. Thus, the collection
tube was placed at a lower position such that the pressure head
didn't affect the ow. The ow in the upright and reversed
positions yields the same results. However, since the placement
of the tubing in the devices is easier in the upright position, the
devices in the upright position with an inverted microscope give
an optimal conguration to capture the ow through the
microchannels. Moreover, the strategy of collecting the samples
at the outlets and enumerating the cells from the microscopic
images helps reduce the error caused by visual counting using
a haemocytometer.

In the manufacturing aspect, the increase in the row shi
angle results in a reduction the number of pillars required for
the particles to separate. The previous DLD chips consider a low
inclination angle, which makes the manufacturing process
difficult and also leads to the breakage of the micropillars,
creating voids in the chips. In this study, an row shi angle of
25°, 30° and 35° is considered, thus reducing the pillars in the
DLD zone. Increasing the inclination angle increases the inter-
row and inter-column spacing, thereby increasing the number
of ways the pillars can be fabricated. As observed in our previous
study, laser micromachining was used to fabricate the DLD
structures, but it was observed that the micro holes fused with
each other when the inter-array gap was reduced to 25 mm.

Particle separation through a deterministic lateral displace-
ment is a hydrodynamic phenomenon. Hence, it depends on
the factors causing changes in the hydrodynamic forces. The
laminar ow in the microchannels is affected by the roughness
elements. The hydrodynamic drag and the pressure drop across
the microchannels tend to change, thus aiding in particle
separation. Literature suggests the application of sheath layers
to avoid wall friction and considers the particle separation only
between the pillars. In this study, the effect of wall friction is
also considered as it is a signicant factor in determining the
separation efficiency of the device. Here, whole blood or diluted
blood is own through the microchannel, where the blood
© 2024 The Author(s). Published by the Royal Society of Chemistry
constituents experience the drag from the walls of the device
until they reach the DLD zone and further experience deviation
in the ow path due to the pillars placed in their ow direction.
It is also seen that the separation efficiency depends on the rst
angle of incidence.

Thus, with this study, it is observed that efficient particle
separation is possible even at higher row shi angles. The
numerical studies can be further extended to 3 dimensional
analysis to consider the friction and intercellular interactions in
the particle movement. This work considers the stationary and
rigid micropillars for its analysis, whereas at higher ow rates,
the bending of the pillars can be observed, thus in the further
studies the bending in the micropillars can be considered. The
effect of the bending on the interpillar spaces, thus their effect
on the particle separation can be analysed. The current work
doesn't consider the effect of hydrodynamic nature of the pillars
and the walls caused by the exposure to the plasma, in further
studies, there is scope of introduction of these forces in deter-
mining the particle ow paths. As, the bond strength experi-
ments show that the maximum achievable ow rates in these
microuidic devices are in the range of 100–135 mL s−1, this
strategy can be utilised in the development of closed micro-
uidic devices with higher throughput.

5 Conclusions & scope

The current study presents the life cycle of the fabrication and
testing of the polymeric DLD device. The effect of the geom-
etry, orientation and placement of the micropillars in the
separation of the particles is studied. During the fabrication of
the dies for devices, the effect of the process parameters
during DRIE and device bonding are studied. It is observed
that the etch rates vary with shapes, i.e., the circular holes
provide a higher depth in comparison to the triangular holes
while keeping the etching parameters constant. From the
bonding experiments, it is observed that the oxygen plasma
provides a bond strength of 0.404 N mm−1, thus a maximum
ow rate of 135 mL s−1 is achievable. With the ow simulations
and experiments, it is evident that the particle separation can
be carried out at higher row shi angles, thus reducing the
number of columns required to visualise the lateral displace-
ment without compromising the resolution, thus reducing the
tolerances and increasing the possible techniques with which
the DLD structures can be fabricated. This also reduces the
dependence on photolithography for the fabrication of these
devices.

In the further studies, the simulations can be improvised
for 3-dimensional study as the drag forces on the walls play
a vital role in determining the number of particles getting
separated. The role of the plasma exposure and the surface
quality of the devices can be studied, thus providing more
insights on the effect of fabrication technique on the actual
particle separation. The micropillars in the current study are
considered to be stationary and rigid, but at higher velocities,
the micropillars are deemed to bend, and as a result, there is
a variation in the interpillar gap and thus might inuence the
particle ow path.
RSC Adv., 2024, 14, 1563–1575 | 1573
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Argon

p
 Pressure

Dc
 Critical diameter

RF
 Radio frequency

Ac
 Cross-sectional area

Re
 Reynolds number

DRIE
 Deep reactive ion etching

l
 Row shi fraction

r
 Density

SSP
 Single side polished

DLD
 Deterministic lateral displacement

UV
 Ultraviolet

G
 Dynamic viscosity

v
 Velocity

EDTA
 Edetic acid

m
 Viscosity

G
 Gap size

vx
 x component for velocity

DH
 Hydraulic diameter

vy
 y component for velocity

ICP
 Inductively coupled plasma

E
 Young's modulus

PDMS
 Polydimethylsiloxane

SU-8
 Negative photoresist

PEEK
 Polyether ether ketone
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