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Abstract

The proposed work focusses on the 2D design and modelling of integrated microcantilever in microchannel for the analysis
of fluid pressure. In order to compute the microfluidic pressure in microchannel at various angles, fluid structure interaction
is analyzed using the finite element method. With a fluid flow rate of 4.33 cm/s, a 2D integrated microcantilever can optimize
both fluid pressure and microcantilever deflection. The novelty of the microfluidic pressure sensing mechanism allows
pressure of fluid to be sensed in a microchannel without connecting any electrical method such as piezoresistor or
piezoelectric approach. The objective of the research is to integrate a microcantilever into a microchannel to reduce setup
complexity and procedure cost. Maximum deflection of the 2D T-microcantilever achieved 10.30um at, pressure at the tip of

T-microcantilever 10.89 Pa, fluid velocity 0.00309 m/sec, and Reynolds number is 1.22
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1.0 Introduction

Application of microfluidics pressure sensing is extensively
applicable in the field of biological!, chemical sensing?, cell
separation/sorting®, and drugs delivery* has enormous
potential. These type such of applications are extremely
depending on flow rate of fluid flow across a microchannel. The
controlling of fluid and measuring a pressure across a
microchannel is a precise significant functionality in
microfluidics field. Numerous pressure sensing mechanism
have been reported in the literature by integration methodology
of MEMS device for microfluidic application. As a result of fluid
pressure being applied, an integrated microcantilever top
surface was deflected and bending down was being measured?.
The microcantilever’s bending capabilities are a crucial
component, and bending microcantilever requires elastic

*Corresponding Author

material with strong tensile strength. Microcantilever
deflection in a micrometer requires sophisticated optical or
electrical equipment for deflection measuring®. However, the
application of this optical fiber cantilever sensor in
microfluidics is restricted. Similar to electrical sensors,
biological cells’ toxic nature limits their use and poses
challenges for electrical sensors’. Silicon and SU-8 are
frequently utilized to create microcantilever, but because of
their strong elastic properties and toxic behaviour, they do not
produce results that are suitable for living cells or applications
in medical equipment®!?. For the detection and elimination of a
toxic problem, the low elastic modulus material PDMS is a
suitable alternative' -2, Different sensing mechanisms can be
utilized to measure the fluid pressure in microchannel, such as
deforming PDMS, forming a PSP sensing layer on a
microcantilever, and measuring the pressure using optical
microscopy. Another option is to design a galinstain bridge
circuit and measure the fluid pressure using the piezoresistive
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or piezoelectric method'>!4, Different types of algorithms are
used to identify the deflection of a vertical PDMS
microcantilever or beam in order to sense or measure the force
of cells. Higher sensitivity and a linear response device were
needed for the flow detection approach in order to achieve
this; low aspect ratio PDMS material has low stiffness'>"!7.
Experimental microchannel designed by SU8 material on using
wafer of silicon, by the process of photolithography’s and soft
baking'®.

In this paper, design and simulation of various types of
integrated microcantilever across a microchannel, paper
demonstrate a 2D-microfluidic pressure sensing mechanism
with numerous types of investigation of integrated
microcantilever across a microchannel'®. Two-dimensional
structure designed on COMSOL tool, fluid flow from inlet to
outlet across a microchannel, dimension specification of
microchannel length and width are respectively; 400pum and
200um. Integration of two physics properties laminar fluid
flow and solid mechanics with the device and characterized
fluid characteristics. 2D-simulation analysis of microfluidic
device is classified in three categories (i) analysis of
microcantilever at distinct locations across a microchannel (ii)
simulation various types of microcantilever T-microcantilever,
rectangular microcantilever, Pi-microcantilever across a
microchannel (iii) analyzing T-microcantilever at the distinct
vertical cutoff point position. 2D simulation and analysis of
fluid, measure tip deflection of microcantilever with respect
to the time domain or time-dependent. The results of
simulation at various aspect and found T—microcantilever
provide maximum displacement of 10.38 um at time 0.215 sec,
while pressure and fluid velocity value measured 10.89 Pa and
0.0302 m/sec. microcantilever provides substantial outcomes
at a low laminar fluid velocity.

2.0 Geometry of Integrated
Microcantilever
Fig.1 shows different position of rectangular microcantilever

from the inlet, fluid flow inlet at very high pressure the as
rectangular microcantilever which is placed near by the inlet

port give maximum deflection. The geometry of integrated of
microcantilever across a microchannel is shown in Fig.1
Rectangular microcantilever, Pi-microcantilever, and T-
microcantilever placed at 50 um, 85 um and 135 pm. 2D
geometry design in COMSOL multiphysics focusing on
length and height of microcantilever. The two physics are
combined in FSI (Fluid Structure Interaction) laminar fluid
flow and solid mechanics. Microcantilever deformed due to
applied pressure on its body when the fluid flow across a
microchannel. Microcantilever tip change its position from
original position to apparent position due to applied pressure
of fluid. Tip deflection of microcantilever gives a minor strain
with corresponding mean velocity of fluid?°.

Proposed 2D integrated microcantilever microfluidic device
is shown in the Fig.2 with microchannel. Fluid flow across
microchannel with parabolic profile and connected with
microcantilever. The simulation is done COMSOL tool with time
dependent study, time range defined (0, 0.005,0.75) and (1,0.25 ,4)
fluid velocity , pressure and stress examined with respect to
time?!. The Fig.3 shows T-microcantilever numerous cutoff
locations where fluid applied a pressure and cantilever get
deflected, deflection of microcantilever is calculated by
COMSOL tool. The materials used in designing of integrated
microcantilever pressure sensor across microchannel for
detection of pressure sensing mechanism. The PDMS material is
preferred on basis of two factors, material should be not more
rigid and young modulus should not be too high. Properties of
micro cantilever are Young’s modulus 2¢5 Pa, poisson’s ratio
0.33, and density 7850 Kg/m?. Fluid properties define with
density and dynamic viscosity in COMSOL Tool. Fluid flows
across microchannel contact with microcantilever, if water
property density or dynamic viscosity is precisely high, fluid flow
became precisely slow and T-microcantilever is not able to deflect
due to its low velocity of a water. So here water dynamic viscosity
and density are respectively defining 107 Pa.s and 1000 kg/m?3

3.0 Methodology

ALE (Arbitrary Lagrangian Eulearian) technique is applied to
combine fluid flow expressed consuming an Eulerian

Microchannel Microchannel .\’llicmchanne]\ ‘
| 400 pm = 400 pm i 400 pm E_
= =)
H\ (a) ’\ (b)]C ‘ \ © |®
Microcantilever l Microcantilever M I
50 pm 85 pm icrocantilever

Figure 1: Microcantilever schematic structure with its position and dimensions (a) pcantilever fixed in mlcrochannel at 50 um distance
from inlet (b) pcantilever fixed in microchannel at 85 um distance from inlet (c) pcantilever fixed in microchannel at 135 pm distance

from inlet with dimensions
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Figure 2: Microcantilever schematic structure with specified dimensions (a) T pcantilever is placed in microchannel at 2000 pm distance
from inlet and dimensions are shown (b) Pi pcantilever is placed in microchannel at 2000 um distance from inlet with dimensions
(c) Rectangular microcantilever is placed in microchannel at 2000 pm distance from inlet with dimensions
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Figure 3: T-Microcantilever schematic structure with its cut off
point position

description and spatial frame with solid mechanics expressed
using a lagrangian method??. Laminar fluid flow across a
microchannel; it is incompressible and steady flow liquid, and
microcantilever situated across a microchannel, bottom end
of microcantilever is fixed and connected with the bottom
surface of microchannel?®. The fluid flow 4.33 cm/sec velocity
across a microchannel, parabolic velocity profile fluid
interacts with a microcantilever, microcantilever tip surface
got maximum pressure and effect of pressure moves its top
surface from its original position to apparent position as
show in Fig.4 at time from 1 sec to 4 sec with an break of 0.01
sec. Each structure gives some significant result of various
shapes in terms of deflection, pressure, stress, at various
simulation times.

Laminar fluid flow across a microchannel, with constant
velocity fluid flow a microcantilever sense its velocity and
microfluidic pressure. Laminar fluid flow governs equation for
the processing of fluid flow across microchannel.
Incompressible fluid flow across a microchannel with no slip
condition of wall at temperature 293.15K. The Navier’s Stokes
equation in fluid mechanics is given such types:

pz—?+p(u.‘7)u= V.[-pl + K] +F ~(1)

The incompressible flow gives the continuity equation for
the fluid flow across a microchannel with density p, velocity
u and no source and sink written as;

Vol 71(4) | April 2023 | http://www.informaticsjournals.com/index.php/jmmf

du
Pyt Vip.u) =0 - (Q2)
Then introduce the differential operator
D a
o stV NE)

The continuity equation can be represented in this form
is shown in equation 4. The incompressible fluid flow density
is constant, so continuity equation differential part becomes
zero as shown in equation 5.

Dp  dp

E—E+p\7.u .4

pV.au=0 .. (5

The laminar characteristics established parabolic profile
along microchannel, transformation in amplitude with respect
to time?*. The velocity fixed amplitude given by equation:

Ur’

\/(0.004 ~2F 4 (0.10)

Fluid flow have a relation with Reynold’s number, its
defined type of fluid. Reynold’s number calculated on basis
of dimension and material properties of fluid like dynamic
viscosity and density. 2D microstructure where water as a
fluid taken with fluid dynamic viscosity and density were
respectively 0.001 Pa.s and 1000 kg/m>. Fluid velocity is
directly proportional to Reynold’s number, Reynold’s
number value high show turbulent flow of fluid while if
Reynold number values lie <2000 then its show laminar
fluid. The Reynold’s number calculated as a given
equation:

— :()VDI:
T (7

Laminar fluid flows the general relation for semi-circular
channel is given by f=K/Re where f is fanning friction factor
and K is numerical coefficient that depends on the shape of
microchannel

uin -

- (6)

Re

Journal of Mines, Metals and Fuels | 487



Ankur Saxena, Mahesh Kumar and Kulwant Singh

Max. Pressure

Max. Pressure

Max. Pressure

Min. Pressure

Max. Pressure
Max, Pressure

Min. Pressure

Figure 4: 2D-Microcantilever simulated design analysis (a) T p-cantilever deflected when fluid flow left hand side to right side and max
deflection achieved (b) Pi p-cantilever deflected when fluid flow left hand side to right hand side (¢) T p-cantilever deflected when fluid

flow left hand side to right side and max deflection achieved

4.0 Result and Discussion

4.1 Analysis of fluid velocity across
microchannel at distinct location of
microcantilever

Microcantilever placed across microchannel; a fluid flow
from inlet to outlet and its properties of fluid varies along the
distance. Microcantilever placed at various positions across
microchannel for analysis of pressure and velocity profile.
Microcantilever placed at 50 pm, 80 um, and 135 um from an
inlet of a microchannel, fluid properties examined at time
domain. The velocity maximum achieved at 50 pm, now
microcantilever change its position from 50 to 80 then 135 and
found when distance increased then fluid velocity become
lower and due to its deflection in microcantilever become less
as shown in Fig.5. The velocity varies with respect to time
gradually increasing until time 0.215 sec a fluid velocity
maximum achieved when microcantilever closed to inlet
position at 50 um. The velocity of microfluidic is very high
when microcantilever at 50 pm due to its deflection occurs in
microcantilever, which was also high at 50 um in comparison
with 80 um and 135 pm.

4.2 Analysis of Pressure at distinct
position of microcantilever across/in
microchannel

Controlling the fluid flow rate across a microchannel,
numerous possibilities are available but operating technique
increased in price of device. Pressure controlling of fluid have
features of reliable, extremely efficient and measure pressure
at individually. Microcantilever placed at positions 50 pm, 85
pm, and 135 pum measure pressure of microfluidic, maximum
pressure at time 0.005 sec, 0.215 sec, and 4 sec. Fig.6 shows
variation of pressure at different position of microcantilever
and found distance of microcantilever increased from inlet
position, pressure value also decreased. The maximum
pressure 31.93 Pa achieved at 50 um while minimum pressure
attained at 200 pm.
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Figure 5: Velocity varies with time at various position of
rectangular microcantilever (a) Velocity at SOum (b) Velocity at
85um (c¢) Velocity at 135um
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Figure 6: Presure varies with time at various position of
rectangular microcantilever (a) Pressure at 50um (b) Pressure at
85um (c) Pressure at 135um

Fig.6 shows pressure of fluid in beginning; it is almost
stable there no variation occurred but as velocity increased
pressure of fluid also increased and it bended down
microcantilever so pressure increased in negative y-axis
direction as overshoot value achieved now pressure start to
decreased due to this it achieved minimum value after
pressure became in steady state condition.
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4.3 Analysis of displacement at distinct
position of microcantilever across/in
microchannel

The fluid flow across microchannel a microcantilever
placed at a distinct location, deflection occurred when
pressure applied on surface of microcantilever. The COMSOL
tool measure deflection, and found when microcantilever at
50 pm maximum deflection occurs 5.921 um at time 0.215 sec.
while minimum deflection achieved 2.060 pm at 200 pm. It
shows displacement occurs with respect to time of
rectangular microcantilever at numerous position. Fig.7
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Figure 7: Displacement varies with time at various position of
rectangular microcantilever (a) Displacement at 50 pm (b)
Displacement at 85 pm (c) Displacement at 135 pm
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shows graph between displacement and time, location of
microcantilever is shown in graph overshoot value is attained
at 50 um distance, while minimum value is attained at 200 pm.

4.4 Comparative analysis fluid velocity
at centre of microchannel

Analysis of fluid velocity effect on microcantilever, as fluid
interact with microcantilever its deflected from its original
position to apparent position. Rectangular microcantilever
gives minimum velocity when fluid interact with it and T—
microcantilever gives maximum velocity at time 0.21 sec. The
Fig.8 shows the graph between velocity and time for
rectangular microcantilever, Pi-microcantilever and T-
microcantilever. The analysis is focus on maximum
displacement when achieved that time fluid velocity is
rectangular is 0.00306 m/s, Pi-microcantilever 0.00311 m/s and
T-microcantilever 0.0011 m/sec. The graph easily defines that
in the beginning the fluid velocity continuously increased
after some time its velocity decreased and finally its achieved
saturated state with respect to time. The overshoot value
achieved at 0.215 sec after that the fluid velocity becomes
decreasing and achieved at minimum values at time 0.5 sec
after that velocity became in a steady-state condition of its.
Now overshoot values of T-microcantilever and Pi-
microcantilever are almost the same so that both graphs
overlapped to each other. The velocity of the fluid at T-
microcantilever is maximum due to the hinged structure of it,
a top surface of the microcantilever gives maximum deflection
at 0.003071 m/sec.

x10° . .
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— It —Pi-ucantilever
‘E | .'1. Rectangular ucantilever
QZ - : \ J
;:5: f L\_‘—-.‘_ Steady State
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0 1 2 4
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Figure 8 Velocity varies with time for T-microcantilever, Pi-
microcantilever and rectangular microcantilever

4.5 Comparative analysis fluid

Pressure at centre of microchannel
Pressure sensing®’ is an imperative factor to measure in

microchannel for laminar fluid flow, fluid-applied pressure on

microcantilever to shift its position from original to apparent.
The microcantilever describes pressure-sensing mechanism,
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Figure 9: Pressure varies with time for T-microcantilever,
Pi-microcantilever and rectangular microcantilever

pressure of fluid, which was flowing across a microchannel,
measurement of deflection at various times?®. Microcantilever
studied and plot graph between pressure and time as shown
in Fig.9. The overshoot value of pressure achieved by T-
microcantilever 10.894 Pa at time 0.16 and minimum value 6.93
Pa at time 0.235sec. Similarly at same time Pi-microcantilever
achieved 5.422 Pa at time 0.16 sec and rectangular
microcantilever achieved 2.728 Pa at time 0.16 sec. if discussed
the overshoot point of Pi-microcantilever and rectangular
microcantilever are 5.4227 Pa at time 0.15 sec and 2.7286 Pa at
time 0.12, while discussing minimum value point of
rectangular microcantilever is 18.937 Pa at time 0.22 second.
A microcantilever pressure increased with an increase in time
as peak pressure achieved then pressure starts decreasing
after some time it moves in a steady-state condition.

4.6. Comparative Analysis Displacement
Microcantilever at Centre of Microchannel

Fig.10 shows comparative analysis of microcantilever,
maximum displacement achieved by T-microcantilever and
minimum displacement achieved by rectangular
microcantilever. The displacement value is high representing
bending of the large movement of microcantilever due to high
pressure of a fluid. T-Microcantilever achieved 10.30 pm
overshoot point at time 0.215 sec, while others microcantilever
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Q —_—
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Figure 10 Displacement varies with time for T-microcantilever,
Pi-microcantilever and rectangular microcantilever
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are 8.55 Pa and 2.06 Pa respectively for Pi-microcantilever and
rectangular microcantilever. The maximum points attained at
a time of 0.235 seconds after that fluid becomes in steady
state, there is no significant variation attained.

4.7 Analysis fluid velocity of T-
microcantilever at cut-off position

The coupling of fluid mechanics and structural mechanics
module of software used to simulate fluid-structure interaction
between fluid flow and flexible microcantilever structure in
times domain study using laminar fluid flow. The fluid flow is
4.33 cm/sec across a microchannel, now the parabolic profile
of fluid has different velocities at different cut-off points of
the T-micro cantilever. The T-microcantilever placed at 200 pm
distance from the inlet position, analysis of fluid mechanics
at four cutoff positions, position 1, position 2, position 3 and
position 4. The cutoff point defines in 2D model is shown in
above Fig.3 from the bottom to top surface of microcantilever.
The T-microcantilever hinged structure, movable when fluid
pressure applied on it, maximum velocity is 0.01482 m/sec
attained at time 0.215 sec while the minimum velocity 0.00197
m/sec attained at 0.215 sec for position 4 and position 1
respectively. As seen Fig.11 graph between velocity and time,
the velocity of fluid increased from cutoff point 1 to cut off
point 4, its means at bottom of T-microcantilever fluid velocity
is very low and when moved towards upper surface, the
velocity is continually increased.

0.2 —Cut Off Position 1
—Cut Off Position 2
70.15 «— Overshoot —Cut Off Position 3
E \ —Cut Off Position 4
E <
[X]
i)
® Steady State |
Steady State
2 4
Time[s]

Figure 11: Velocity varies with time for T-microcantilever at cut
off position

4.8 Analysis fluid pressure of T-
Microcantilever at cut-off position

This method measures pressure directly in microscale
technique, the basic principle to measure a pressure of FSI
by applying of fluid on T-microcantilever, four cut off point,
and found at cut off point 1 overshoot value maximum
attained 58.46 Pa while minimum value attained at cut off
position 4. The Fig.12 shows pressure all four cut off position,
and found after attained minimum value pressure became
almost constant or steady state.
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Figure 12: Pressure varies with time for T-microcantilever at cut
off position

5.0 Conclusion

Simulated integrated microcantilever shows effective solutions
for improving the pressure sensitivity and displacement of
microcantilever by the utilizing concept of fluid structure
interaction, which is responsible for enhancing maximum
pressure with maximum deflection of microcantilever. Analysis
of microfluidic pressure velocity, displacement, Reynold’s
number, and friction factor, microcantilever calculated, while
almost same friction factor across a microchannel a, its
concluded friction factor does not play an important role across
a microchannel. The overshoot values at 0.215 seconds show
maximum value in terms of velocity, pressure, and displacement.
The cut-off points for fluidic analysis so that it gives high
deflection in T- microcantilever. The integrated device is high
pressure sensitive of fluid so that at minor or short duration got
the highly precise value. The syringe set up size is very large,
this method helps to reduce the size of such set up, and
increased the efficiency, and reduces the cost of the device. The
T-microcantilever gives the maximum displacement of 10.38um
atatime of 0.215 seconds. The simulation result shows behaviour
of fluid when it interacts with solid. Integrated microcantilever
with microchannel is pressure sensing mechanism is highly
reliable, low cost and cost-effective technology which is highly
suitable for biomedical microfluidics application such as
pressure measurement in a syringe.
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