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In this study, we present numerical simulations of the flow-induced deflection of a microcantilever beam and the distribution of a passive an-
alyte inside a microfluidic cell for a piezoresistive biosensor. The numerical implementation was validated using semi-analytical models and
previously reported experimental measurements. The primary objective of the study is to understand the impact of the flow on the cantilever’s
behavior and use this knowledge in the decision-making process for a microfluidic cell design for a piezoresistive biosensor. To accomplish
this, the results for three different inlet/outlet configurations allow us to describe the dynamics of the fluid-structure interaction, finding that,
for small times, the flow is symmetrical around the microcantilever. As time passes, two vortices surround the microcantilever, resulting
in an asymmetric flow distribution. Throughout the entire range of analyzed inlet flow rates, it is evident that the inlet/outlet configuration
significantly influences the deflection and stress sustained by the cantilever. Similarly, these configurations affect how the concentration of
an analyte sample distributes on the detecting surface. The in-depth understanding of the flow dynamics within the microfluidic cell and its
effect on the cantilever, as provided by the simulations, can be used to propose design recommendations aimed at reducing the noise due
the flow, ultimately achieving high sensitivity in these types of devices.
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1. Introduction ity of these biosensors remains a challenge. In recent years,
researchers have explored different approaches to improve
Micromechanical cantilever-based transducers have emerggge performance of piezoresistive microcantilever biosensors,
as a promising technology for developing biosensors due tghcluding introducing stress concentration region (SCR) de-
their hlgh SenSitiVity to small surface Changes reSUlting frornsigns in the Cant”ever, as reported in Refs. [10_12]
immunological reactions between analytes and bioreceptors
[1,2]. These transducers come in various sizes and measure- In this context, piezoresistive microcantilevers experi-
ment modes, requiring only small amounts of reagents, bioreence numerous perturbations during immunological biode-
ceptors, and analytes, making them ideal for medical diagtection processes, which are normally conducted in an aque-
nostics [3,4], biotechnology [5,6], and environmental mon-ous medium, increasing the likelihood of inducing spuri-
itoring applications [7,8] that require multispectral capabil- ous transduction signals. One of the primary challenges in
ities. Notable applications of these devices include plagueleveloping devices based on piezoresistive microcantilevers
control and environmental monitoring in agriculture to de-as transduction elements for analyte biodetection is the im-
tect insecticides, fungicides, and herbicides, each related tmunoassay microfluidic cell. This cell is responsible for con-
controlling insects, fungi, and undesirable plants, respecnecting the piezoresistive microcantilever chip to an elec-
tively. These reagents are commonly referred to as pesticidegponic amplification module that acquires the transduction
and those of chemical origin pose significant risks to humarsignal, subsequently analyzed to calculate the detected ana-
health and the environment [9]. lyte concentration. The chip integrates contacts connecting to
Piezoresistive microcantilever biosensors have gaine@iezoresistors implanted on the microcantilevers in a Wheat-
popularity in biosensing due to their high sensitivity and reli- stone bridge arrangement through prior microfabrication pro-
ability. These sensors measure the surface stress-induced messes. In this circuit, the variable resistance is a piezoresis-
sistance change to study the analyte-receptor type bonding itance implanted on the working microcantilever, and residual
teractions, making them valuable in various medical and enstresses caused by the interaction between the analyte and
vironmental applications. However, improving the sensitiv-the bioreceptor immobilized on its surface, modify the re-
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sistance’s magnitude, resulting in variations in the circuit'sfor solving such problems. For example, in Ref. [21], COM-
measured voltage [13]. SOL Multiphysics was employed to study the flow around a
For correct operation, the microfluidic cell must also en-flexible flap in a microchannel. Alternatively, open-source
sure that the necessary reagents in the immunological preolvers for fluid flow and solid mechanics can be effectively
cesses pass through the test chamber without spilling, as tleeupled using the preCICE library. This library facilitates
reagents can generate recirculations or pressure changes tkfficient data exchange, mapping, and synchronization be-
can affect the tightness or even the integrity of the cantileverdween solvers, ensuring accurate and consistent coupling be-
In this sense, several papers report on the response of micrtween software. Some implementations of FSI solutions for
cantilevers to fluid flow. For example, Nezhatlal. [14] a flexible flap using open-source software can be found in
proposed a method to fabricate PDMS microcantilevers inRefs. [22,23].
tended for microsensors. They characterized detection limits  This paper presents a 2D fluid-structure interaction study
through experiments and 3D fluid-structure simulations. Jan#nside a microfluidic cell. The focus of the analysis lies in
et al. [15] investigated the flow-induced mechanics of mi- the description of the fluid dynamics and analyte concentra-
crocantilevers using semi-analytical methods and compareiion distribution around the cantilever beam for three differ-
them with experimental observations. Their model was deent inlet/outlet configurations. This aspect should be an im-
veloped by conducting 3D fluid flow simulations to under- portant factor when designing microfluidic cells for biologi-
stand the flow behavior inside an empty cell, that is, withoutcal or pesticide detection. Since a desirable feature of these
a microcantilever. The simulation results were then used talevices is to ensure that the sample comes into contact with
perform 2D steady-state simulations of the flow past the canthe sensing surface, we performed an in-depth study of both,
tilever’s tip, to compute the drag coefficients as functions ofthe mechanic behavior of the beam, as well as of the concen-
Reynolds number. Finally, using Euler-Bernoulli beam the-tration of an analyte varing the inlet flow rate. This study will
ory along with the calculated drag coefficients, the authordelp to generate design guidelines for the flow configuration
proposed an analytical equation to estimate the cantilever déa the microfluidic cell, aiming to reduce the spurious mea-
flection as a function of the Reynolds number, which wassurement signals resulting from the interaction between the
validated using experimental observations. letal. [16]  microcantilever and the working fluid.
characterized the flow and resistance change of an octagonal The structure of the paper is as follows: In Sec. 2 the
microcantilevers array designed for a flow-rate/flow-directionconceptual design of the microfluidic cell, as well as the
microsensor. Pressure distribution over each microcantilevdfANAN.PESTI project are described. Section 3 describes
was computed for different designs of the octagonal array téhe mathematical model, equations and boundary conditions
find the optimal configuration. used to simulate the system. In order to validate the numer-
Of particular interest are those works analyzing non-ical implementation, in Sec. 3.1 we present a comparison of
conventional geometries for microcantilevers. For instancethe numerical model and previously reported experimental
Wu et al. [17] studied the flow-induced deflection and re- and theoretical analyses, finding good agreement. Results of
active rate as functions of the flow velocity for rectangu-the performed simulations are presented in Sec. 4, where the
lar and triangular microcantilevers, suggesting the optimamechanical behavior of the beam, the fluid dynamics around
placement of the cantilevers in the middle of the channel téhe microcantilever and the spatial concentration field of the
minimize disturbances due to the flow field. For their part,analyte are described in detail. Finally, the conclusions of the
Khanaferet al. [18] analyzed the effect of the magnitude and paper are presented.
direction of the inlet velocity on the microcantilever deflec-
tion, usirjg a finite element formulation based on a Galerkinp  Microfluidic cell design
method implemented in ADINA (v9.05, ADINA 182 R&D,
Inc., Watertown, MA). In more recent studies, the authorsThis research is part of a larger project aimed at de-
have paid attention to designing, simulating, and optimizingsigning and manufacturing a biosensing platform named
the mechanical performance of truss-based microcantilever)K ANAN.PESTI”, which is intended for pesticide detec-
[19,20]. This geometry minimizes the influence of the sur-tion with high sensitivity, specificity, and portability. The
rounding medium, thus resulting in increased sensitivity forproject was funded by the Mexico’s National Council for Hu-
water and ethanol as working fluids. However, it is worthmanities, Science, and Technology (CONAHCYT) through
noting that all of these papers focus on examining the microFORDECYT-PRONACES, currently program F003, with ID
cantilever's response under a single configuration for fluidhumber 618306/2020.

inlet/outlet, thus overlooking the potential impact of the mi-  In the following, a brief description of the general func-
crocell design on the fluid dynamics and, consequently, théioning of the biosensor is presented.
sensitivity of the device. The design of the immunoassay cell considers the hous-

Analyzing the behavior of microcantilever-based biosen-ing of a square-shaped chip measuing) mm? and 50Q:m
sors requires solving an FSI problem, which involves simul-in thickness (refer to Fig. 1).
taneously addressing the fluid and structural equations to cap- Inside the chip, there is a concentric2 mn? square
ture their interaction. Various numerical tools are availablecavity containing two microcantilevers working as transduc-
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FIGURE 1. Sketch of the microfluidic cell for the KANAN.PESTI project.

ers. Each microcantilever is embedded with a piezoresismation and mechanical stress in the cantilever. Those chal-
tor, and both transducers are connected to external resistotenges can be addressed by a deep study of the fluid-structure
forming a Wheatstone bridge configuration. The corners ofnteraction inside the microfluidic cell chamber and, there-
the chip have electric gold contacts that facilitate the connecfore, choosing working flow conditions that allow them to be
tion of the Wheatstone bridge. One of the microcantileversovercome.
is functionalized and coated with bioreceptors on its surface,
while the other serves as a reference transducer. Despite ex-1.  Analyzed microfluidic cell configurations
posing both transducers to the analytes, only one detects their
presence during an immunological reaction. Since this paper is intended to serve as a basis for the design
The microfluidic cell design serves two primary purposes.of the microfluidic cell for the KANAN.PESTI biosensor, we
First, it ensures the tightness of the aqueous working mediurpropose and analyze three different inlet/outlet configurations
(Sodium phosphate buffer PBS, pH 7.5) around the transto assess their effect on the deflection of the microcantilever
ducer. This tightness is achieved by incorporating concenand the flow dynamics. Those configurations were chosen
tric o-rings on the upper and lower surfaces of the cavitysince they represent design options for the microfluidic cell
When properly secured, these o-rings keep the PBS insid®r the piezoresistive sensor. The results of the simulations
the immunoassay area. The microfluidic cell design considwill be quite relevant for the biosensor development process
ers strategically positioned microchannels as inlet and outletince accurate knowledge of the flow-induced deflections can
channels for introducing and removing reagents during théelp to improve its sensitivity by providing design and fabri-
immunological processes [refer to Figs. 1b)-c)]. The flow ofcation guidelines to minimize noise or spurious deformation
PBS within the inner chamber remains constant. due to fluid flow over the cantilever. Additionally, the flow
Additionally, the immunoassay cell allows the connectiondynamics prediction will be useful to improve the exposure
between the chip and a signal acquisition module. It incorof the biorceptors to the analytes, since it depends on how
porates four retractable probes or pogo-pins that connect thauch of the injected contaminated fluid is directly in contact
chip and the electronic read-out module. These probes enahlgth the sensing surface. All the simulations were carried out
the analysis of the transducer’s behavior during immunoasin a 2D Cartesian domain, as shown in Fig. 2a). The cor-
says. Therefore, the microfluidic cell design presents severakésponding dimensions of the domain, microcantilever, and
challenges: 1) ensuring that the cantilevers are not damagéualet/outlet diameters are reported in Table I. It is important
during reagent injection, 2) minimizing the vortices zonesto highlight that all the dimensions were chosen considering
during the immunoassay within the chamber, 3) preventinghe manufacturing capabilities of the microfabrication team
the isolation of analytes on the transducer surface due to paa charge of developing the piezoresistive biosensor. Ad-
tential flow currents in the inner chamber, and 4) minimizingditionally, it has been defined that the biodetectors will be
the effect of the inlet and outlet configuration on the defor-placed on the bottom surface of the microcantilever.

TABLE |. Microcell dimensions considered in the present study.

Fluid domain Microcantilever Inlet/Outlet
Length, L 3mm Length, [ 100um Inlet diameter, Iin 1 mm
Height, H 2.5mm Height, b 1.15um Outlet diameter, lout 1mm
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FIGURE 2. Sketch of the a) fluid domain and b)-d) different configurations used in the FSI simulations. The blue, red and black lines
represent the inlet, outlet and solid walls in the domain, respectively.

Figure 2 shows the different configurations studied in thedimensional models have been widely used in investigating
present paper. In Fig. 2a), the fluid domain is shown, whereaftuid-structure interaction within systems featuring microcan-
Figs. 2b)-2d) sketch the three analyzed cases. For all thiélevers [18,24-26]. The physical laws of interest for this pa-
cases, the inlet flow rate varied in the range from 20 to 400@er consist of mass conservation and balance of momentum
wul/min. The working fluid employed is common water, while for the fluid, which, for an incompressible and Newtonian
the microcantilever is made of silicon, whose properties werdluid, can be expressed as
taken from Table Il (see Sec. 3.1). Although, the common
fluid used in microsensors is a buffer PBS solution, it is nor- V-v=0, @)
mally so dilute that, from a fluid dynamics point of view, its ov
important physical propertieg,g mass density and viscos- ot +
ity, are those of water.

(V-V)v= %V- [—pl + u(Vv+VTV)], (2

wherev and p are the velocity and pressure fields, gnd
and p, are the mass density and dynamic viscosity of the
3. Mathematical model and numerical imple- fluid, respectively.| is the second-order unit tensor. For all
mentation the reported simulations in this paper, the material proper-
ties for both, the solid and fluid phases were considered con-
The microfluidic cell is studied by using a two-dimensional stant. Considering these physical properties, the correspond-
approach of a fluid-structure interaction model. Two-ing Reynolds number is given by
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whereu is the displacement vector aidis the stress tensor
Re — vol 3 that is calculated by using the generalized Hooke’s law for an
€= ) isotropic material.

vo being the inlet flow velocity corresponding to the given  Figyre 3 shows a sketch of the considered domain of in-
flow rate, the length of the cantilever andthe kinematic  erest. For the fluid domain, standard no-slip boundary con-
viscosity of the fluid. As a result, the range of Reynoldsjtions were applied at all solid surfaces (green solid lines),
number analyzed corresponds(t94 < Re < 8.4, corre-  whereas, a constant flow rate was prescribed perpendicular
sponding to laminar flow. to the inlet of the flow domain (dashed blue line). A pre-
Since we are interested in the fluid-structure interactionscrined constant zero pressure is imposed at the outlet of the

(FSI), the surface of the microcantilever in contact with theqgomain (dashed black line), which physically implies a fully-
fluid is considered as a common interface. In this surface, thgeveloped flow. In mathematical terms:

microcantilever experiences a force due to the fluid motion

given by
Interface:v =v,,, Solidwalls:v =20, 6
F=-n-[-pl +u(Vv+V'V)], (4) ©
wheren is the unit vector normal to the cantilever’s surface.
At the same time, the fluid attaches to this interface, thus ac-
quiring the same velocity as the microcantilever. Standard o Lov
no-slip boundary conditions were applied to all solid sur- Inlet: v =vo,  Outlet: on 0, )
faces.
The mechanl_cal behavior of th_e cantilever can be comyerev,, andv, are the microcantilever’s interfacial velocity
puted by the Navier-Cauchy equation: and inlet velocity of the fluid, respectively, was calculated
d?u v E 5 considering the working inlet flow rates, that is, by diving the
a2 - ve 5 ) flow rate by the inlet surface area.
Outlet p=0
____________________________ 5;__________
— =0
an
. I
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FIGURE 3. Sketch of the coupled system fluid-structure considered for the microfluidic cell. a) Domain of interest and b) Boundary
conditions. The important dimensions for the cantilever are its thickheand length].
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The microcantilever's surface in contact with the fluid pect ratio is close to unity. Figure 4a) shows an example of
(solid red line) is subjected to the load exerted by the flowthe initial mesh used in this study, whereas Fig. 4b) depicts a
as described by Eqg4), and its rightmost side (dashed red dynamic mesh adjusted to account for the microcantilever's
line) is kept fixed at its initial position. deflection. The blue lines correspond to the mesh generated

System 1)-(5), with the corresponding boundary condi- for the fluid, while, for the solid domain, we used a uniform
tions, Egs./6) and [7), was numerically solved using the pre- mesh consisting of square cells, shown in red in the zoomed
CICE coupling library [27]. The fluid equations were solved region of Figs. 4a) and 4b).
using the Open-source Field Operation And Manipulation As can be seen in Fig. 4, the meshes for the solid and
(OpenFOAM) v1806 library [28,29], whereas the solid me-fluid regions of the system are non-conforming, namely, they
chanics model was solved using the deal.ll FEM open-sourcgo not perfectly align at the interface. The information ex-
software [30,31]. Since the microcantilever is expected to dechange between the two employed software packages (Open-
form considerably, a moving mesh algorithm must be considFOAM and deal.ll FEM) is handled by the preCICE coupling
ered for the fluid domain. For all the reported simulations inlibrary through a radial basis function (rbf).
this paper, th@impleFoamsolver, which has dynamic mesh Finally, in order to analyze phenomena more related to
generation capabilities, was used. This solver combines theeal situations, we also performed simulations of the behav-
SIMPLE (Semi-Implicit Method for Pressure-Linked Equa- ior of a passive scalar inside the microcell. This phenomenon
tions) and PISO (Pressure-Implicit with Splitting of Opera- is governed by the advection-diffusion equation:
tors) algorithms. The algorithm iteratively solves Ed3.gnd 9C
(2) by alternating between velocity and pressure corrections, — +(v-V)C =D, V?C, (8)
using outer SIMPLE algorithm loops for steady-state conver- ot
gence and inner PISO algorithm loops for time-dependent adwhere C' and D,,, are the concentration and mass diffusiv-
justments. The convective terms of the Navier-Stokes equdty of the analyte, respectively. For all the reported results,
tions were discretized using a second-order upwind limitedve considered a diffusivity of.39 x 10=2 m?/s, which cor-
scheme and the diffusive terms with a central differencesesponds to the diffusion coefficient of urine in water. This
scheme. The resulting linear systems were solved with @as chosen this way because one of the working fluids to use
Conjugate Gradient method combined with a Diagonal-basefh the biosensor corresponds to the urine of the population.
Incomplete Cholesky preconditioner. To mimic the operation process of the microcell, we started

Due to the simple geometry of the fluid domain, the initial the simulations by injecting a fluid with no analyte concen-
2D mesh generated consists of quadrilateral cells. Since theation. When the steady state has been reached, a sample of
zone around the microcantilever is the most important regio®0 pl, with initial concentrationCy = 50 pg/ml, is injected
for this study, the meshing strategy included a refinement ointo the cell at the same flow rate. When this sample has
the mesh as we approach the cantilever’s tip from any of théeen depleted, then the inlet concentration is switched back
two spatial directions. Considering that the thicknessthe  to zero. As the sample flows through the cell, the concentra-
most critical physical distance and that the largest deflectiongon of the analyte at the lower surface of the cantilever was
will be present in this region, the mesh was created so that theonitored through the simulations. Since no sensing kinetics
cells near the tip of the cantilever are squares, that is, their ass implemented in the present study, in all solid boundaries,

Solid domaini!

‘

e
i
1T

a) Original mesh b) Dynamic mesh

FIGURE 4. a) Example of a refined mesh near the microcantilever. The zoomed region shows that, in the fluid domain, the mesh is finer near
the tip of the microcantilever, and gets coarser as we move away from this region. For the solid domain, the mesh consists of uniform square
cells for the whole cantilever. b) Example of an adjusted mesh as the solid deforms.
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TABLE Il. Material properties and physical parameters used for validation.

Solid properties

Parameter Nezheet al. [14] Janeet al. [15]
Material PDMS Silicon
Young modulusF 802 kPa 169 GPa
Poisson’s ratioy, 0.45 0.28
Density, ps 970 kg/n? 2330 kg/ni
Microcantilever’s thickness 40m 1um
Microcantilever’s length 51@m 500um
Fluid properties
Parameter Nezheet al. [14] Janaet al. [15]
Working fluid Water Liquid Nitrogen
Fluid density,o 1000 kg/n¥ 1.616 kg/ni
Fluid viscosity,y = u/p 1x107% m?*/s 1.081x10~° m?/s
Flow rate range 0.2 — 1 ml/min 20 — 60 ml/min

including the microcantilever, Neumann conditions were im-performed for the experimental system reported by Jtna
plemented, that is, the first derivative of the concentratioral. [15], which is conformed by a silicon microcantilever im-
field is equal to zero, whereas at the outlet of the domainmersed in a flow. For both cases, simulations were carried
fully developed behavior is enforced. The solution of thisout for the different flow rates reported in the respective ref-
phenomenon was also performed using OpenFOAM [29]. erences.
Table Il shows the considered theoretical and experimen-

3.1. Validation tal parameters, as well as material properties, used to validate

the numerical simulations. All these values were taken from
In order to validate the numerical implementation, simula-the corresponding references.
tions for two microcantilever-based flow sensors reported in  As can be seen from Table |, the selected cases for valida-
the literature were performed. On the one hand, the expetion have very different physical parameters, particularly, the
imental measurements made by Nezleadl. [14] were re-  flow rate ranges, material properties, and cantilever’s thick-
produced by our simulations. The system consists of a PDM&ess, which results in deflections with three orders of magni-
cantilever in a microfluidic cell in which the flow is perpen- tude differences. Nevertheless, the implemented 2D numeri-
dicular to the length of the cantilever. For this first validation, cal model was able to reproduce the same behavior reported
we used the exact geometry and flow rate ranges as reportbég Nezhackt al. [14] and Janat al. [15], thus validating the
by the authors [14]. On the other hand, simulations were alsaumerical model.

Jana et al. (2007) Nezhad et al. (2013)
— 80

90
80
70
60

Jana Exp — _ Sim -
This work —e— ’ 70+ Exp -«
u go L This work —e-

E 50 ; 50 ¢ .
£ 40 £ 40 | 1
T 30 = 30 | ]
| 20 = 20 L . ]
18 1 10 | g 1
200 25 30 35 40 45 50 535 60 65 0.2 04 06 08 1l
a) Flow rate [ml/min] b) Flow rate [ml/min]

FIGURE 5. Validation of the implemented 2D numerical model. Experimental microcantilever deflections (solid red and dashed blue lines)
reported bya) Janaet al. [15] and byb) Nezhadet al. [14] are in good agreement with the simulated results (solid black line) of the present
paper. Ina), black dashed lines mark the lower and upper limits of Jana’s semianalytical model [15].
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In Fig. 5, the deflection of the cantilever's tip is plotted In Fig. 5b), a comparison of our numerical implementa-
as a function of the flow rate for the two selected parametion with the results reported by Nezhad [14] is presented. It
ter sets:a) silicon cantilever [15], and) PDMS cantilever  can be noted that this implementation presents a good agree-
[14]. As it can be observed, the results of the simulationament with the results previously reported, even though our
for both systems are in good agreement with the reported exnodel deviates slightly from both the experimental and sim-
perimental measurements. It is important to highlight thatulated results by Nezhad. In this sense, it is noteworthy that
in the case of the silicon cantilever [Fig. 5a)], the numericalthis second case was used only to validate our FSI imple-
results begin to deviate slightly from the experimental meaimentation, considering very different physical properties and
surements when the flow rate is larger than 40 ml/min, thiggeometry than the actual biosensor that will be fabricated.
can be explained by two main reasons: 1) at those high veFhe main objective of the KANAN.PESTI project involves
locity flows, three-dimensional effects can be important andhe development of a biosensor made of silicon, operating at
change the force distribution over the cantilever, and 2) thdlow rates in the order ofll/min, conditions for which our
flow produces large equivalent stress that promotes a nommodel is accurate and reliable, as seen in Fig. 5a).
linear behavior of the silicon cantilever, and then, the elastic
model is clearly not valid. However, the flow rates at which4
the Biosensor designed in the present project will work, are™
much lower than this limit€1 ml/min), and then the valid- 4 1 Fluid flow behavior
ity of the two-dimensional approach can be safely used. It
is worth mentioning that the black dashed lines in this figureln the same way as in the validation stage, the governing
represent the lower and upper limits of Jana’s semianalytiequations Eqs.1j-(5) and boundary conditions Eq®)(and
cal model developed in their study. Particularly, these limits(7) were solved for the three selected domains varying the in-
mark the extreme values of geometry dimensions (length ankbt flow rate. Also, the same numerical implementation was
thickness) of their corresponding analytical adjustments. Irfollowed, that is, a mesh refinement around the microcan-
this study, we only performed simulations with the same cantilever’s tip in the fluid domain and a uniform meshing for
tilever geometry as the one they reported experimentally, thuthe solid; dynamic meshing to account for the deflection of
only the red line is used for comparison. the cantilever, and the coupling of OpenFOAM [28,29] and

Results

U (m/s) | U(m/s)
0.0e+00 1.2e-03 | 0.0e+00 1.2€-03
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FIGURE 6. Time evolution of instantaneous flow streamlines for an inlet flow of 2d@in in Configuration 2.
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FIGURE 7. Streamlines for a 75@l/min inlet flow for the three configurations in steady state.

and deal.ll [30.31] software through the preCICE couplingdeflection remains below 1 nm under these flow conditions.
library [27]. Despite the symmetry of the flow around the cantilever
Figure 6 shows the time evolution of the flow around thebeam is a desirable feature, since it diminishes flow-induced
microcantilever for a 10Q:!/min inlet flow rate in configu- noise, it can have an adverse effect. For instance, in real oper-
ration 2. In all images, instantaneous streamlines are usedtion conditions, after steady state has been reached, an inlet
to illustrate the fluid motion. Just at the beginning of theflow enters the microfluidic cell with an initial concentration
simulation f = 0.2 ms, Fig. 6a)], the flow is very symmet- of the analyte of interest, which is expected to be deposited
rical around the cantilever. As time passes,#fet 1.1 ms,  on the cantilever’s surface, however, the existence of the two
[Fig. 6b)], two vortices are formed, thus breaking the originalvortices may act as a flow barrier that prevents the incoming
symmetry of the streamlines. Next, for longer times{2.1 flow to be in direct contact with the detecting surface. As
ms, Fig. 6¢)] the vortices become larger until they reach ara result, when the analyte concentration of the recirculating
almost steady state for= 3.6 ms [Fig. 6d)]. This behavior fluid is depleted because of deposition, the incoming, high-
is similar for small flow rates<€1000ul/min). concentration fluid will pass far from the cantilever, mean-
Even though there are small differences in the flow insideéng that the analyte will travel toward the detecting surface
the analyzed configurations, for small flow rates the qualitamainly by diffusion. This particular situation may have an
tive behavior of the dynamics is the same, that is, symmeimportant impact on the performance of the detection system,
try around the solid beam for short times, followed by thesince the diffusion mechanism might not be quick enough
formation of two vortices wrapping around the microcan-to allow a correct detection. Then, there must exist a well-
tilever, and breaking of the symmetry, which is maintainedcompromise between the flow-induced noise that deflects the
even when reaching steady state. However, as the inlet flowantilever and the flow developed in the cell to ensure ade-
rate increases, configuration 3 seems to present less asymnugrate detection.
try when compared to the other two configurations. Figure 7  Since the biodetectors will be placed on the bottom sur-
shows the flow streamlines and pressure field for the thretace of the microcantilever, it is convenient to minimize flow
configurations, for an inlet flow of 75Ql/min in a steady recirculations at this region in order to improve the transport
state. As it can be observed, configuration 3 shows a moref the analyte, via a combined convection-diffusion mecha-
symmetric flow pattern than the other two configurations.nism. This feature intrinsically will improve the sensitivity
This can be explained since the outlet of the flow region isof the biosensor, and, at the same time, decrease the time
located far from the cantilever, thus providing a large devel+required for detection, since the analyte sample can quickly
oping length, which allows a more symmetric pressure distripass around the bottom surface of the microcantilever and
bution on the cantilever’s surface. As a result, smaller flow-nteract with the detectors. For this purpose, simulations at
induced deflections are observed for this configuration. Frontarger flow rates were implemented in order to find the most
the pressure field, it can be observed, for all configurationssuitable flow and inlet/outlet configuration, with the objective
that the maximum pressure is located at the tip and fixed endf minimizing both, the flow recirculations close to the de-
of the cantilever, in opposite locations of the longitudinal can-tection zone, and the cantilever deflection in such a way that
tilever surfaces. The same happens with the minimum valuethe detection sensitivity of the biosensor is not compromised.
for the pressure. Finally, the highest pressures are found iRigure 8 shows the temporal evolution of the flow inside the
Configuration 1, indicating that the largest deflections will becell for a flow rate of 200Qul/min in Configuration 1. As
found in this configuration. This is confirmed by analyzing can be noticed, after the symmetry is broken only one vortex
the displacement of the cantilevers for the three configu- above the microcantilever appears for these flow conditions.
rations shown with the contour field inside the solid domainThis recirculation grows as a function of time until the flow
(cantilever beam). The largest deflection is observed in Correaches a steady state.
figuration 1, caused by the flow generated in this configura-  Similarly, as for small flow rates, it is possible to compare
tion. Furthermore, it can be noted that, for all three cases, ththe qualitative steady flow for the three different inlet/outlet
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FIGURE 8. Time evolution of the instantaneous flow streamlines for an inlet flow of 2000in in Configuration 1.
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FIGURE 9. Streamlines for a 4000I/min inlet flow for the three configurations in steady state.

configurations. In Fig. 9, instantaneous streamlines and theonvenient from the detection point of view since the detec-
pressure field are plotted for the steady flow for the thredors can be placed along almost the entire bottom surface of
configurations and a flow rate of 40Q0/min. As it can  the beam. Configuration 2 can also be used at these higher
be seen, when the flow rate is increased, the effect of thflow rates, paying attention that the detectors must be placed
inlet/outlet configurations on the qualitative behavior of thebeyond the middle of the microcantilever with respect to its
flow is much more significant. In Configurations 1 and 2, theroot [Fig. 9b)]. Finally, Configuration 3 should be avoided
size of the vortex below the microcantilever is reduced at thisf large flows are required>2000 u:I/min) since the vortex
flow rate, particularly, for Configuration 1, the vortex is con- below the microcantilever grows as the flow rate increases
strained to the fixed edge of the cantilever [Fig. 9a)], this ig[Fig. 9¢)]. From the pressure field, it can be noticed a more
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FIGURE 10. Comparison of a) the deflection and b) von Mises stress as functions of flow rate for the three considered configurations.

asymmetrical distribution than that for the 7p0min (see Figure 10b) shows the maximum equivalent (von Mises)
Fig. 7), hence the asymmetry of the flow. stress as a function of the inlet flow rate for the three config-
urations. As it can be seen, Configurations 1 and 2 exhibit
) ) ) ) very similar equivalent stresses, both of which have a linear
4.2. Microcantilever mechanics behavior behavior. On the other hand, Configuration 3 presents a much

] ) ) o ) smaller von Mises stress, being less than 50% of the stress
Alongside the fluid mechanics, the quantitative behavior of, Configuration 1 when the flow rate is 40@0min. It is

the microcantilever mechanics was assessed for all the siny,hrtant that the exhibited stresses in all configurations are
ulated conditions. Figure 10 shows the deflection of the Miy,ch smaller than the yield strength of the silicon, in order to

crocantilever and maximum equivalent von Mises stress, agngyre that the microcantilever will be working in the elastic
functions of flow rate, for the three considered configura-,one of the material.

tions. It can be noticed that the microcantilever suffers the

largest deflections using Configuration 1. The expected deg 3. Analyte concentration analysis

flection during the real detection is around 50 nm, and the

maximum deflection simulated for Configuration 1 is 5.8 nm,To complete the study, we present the behavior of the passive
which represents more than 10% of the expected deformatioscalar inside the microfluidic cell. Recall that this concentra-
during the operation of the biosensor. This can represent #on fields were obtained by solving E@) (after letting the
risk from a sensitivity point of view, since flow-induced de- system reach steady state, and then injecting alS@mple
formation is a source of noise for the detection process. Owith an analyte concentration of 5@)/ml at the same flow
the other hand, with Configuration 3, the smallest deflectionsate. Figure 11 illustrates the spatial distribution of the ana-
were found, however, as was commented in the previous sebgte concentration for an inlet flow rate of 70/min for the

tion, this configuration has the problem that the vortex belowthree configurations. For Configuration 1 [Fig. 11a)], since
the cantilever becomes larger as a function of the flow ratethe analyte sample flows perpendicular to the lower surface
and this is not convenient from the analytes transport point 0bf the cantilever, the concentration is higher in this region. It
view. Finally, for Configuration 2, the maximum deflection is worth noting that the concentration in this surface reaches
obtained is 4 nm, which is small enough not to compromiséhigher values at approximately the first third of the microcan-
the detection sensitivity of the biosenser (0% of the ex- tilever length, measured from its tip. This can be explained
pected deflection due to the analyte detection). by the fact that, near the walls of the microcell, the fluid has

a) t = 1.5 ms, Configuration 1 b) t = 2.25 ms, Configuration 2 c) t = 1 ms. Configuration 3

FIGURE 11. Spatial distribution of the analyte concentration for 78@nin for a) Configuration 1, b) Configuration 2 and c) Configuration 3.
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FIGURE 12. Concentration as a function of time for different inlet flow rates for the three analyzed configurations.

a very low velocity. Consequently, in this region, the trans-2. As it can be seen, this configuration presents the same
port of the analyte is dominated by diffusion, unlike the re-behavior as Configuration 1 with two differences: first, the
gion away from the solid walls, where advection promotesmaximum concentration achieved in this configuration is one
transport of the analyte towards the cantilever’s surface. Thisrder of magnitude smaller than that for configuration 1; sec-
information can be valuable for the design and fabrication ofond, the time interval needed to reach this concentration is
such devices. For example, as a recommendation, the biolotgrger for all inlet flows. Considering that the diffusivity is
ical immobilization and functionalization of the cantilever’s the same for all simulations, these differences result from
surface can be confined to the first half of the entire surfacepurely advective transport. As it can be observed in Fig. 9,
ensuring sensitivity without compromising the device’s per-even though the structure of the flow is similar, the larger
formance. velocities present in Configuration 1 promote higher advec-
For the other two configurations, an interesting situationfive transport, thus resulting in higher concentrations. Addi-
occurs: by closely observing the spatial distribution of thetionally, given the dimensions of the analyzed domain, it is
analyte, it can be observed that the highest concentrations af¥rth mentioning that, for configurations 2 and 3, the inlet
found in the surface of the cantilever opposite to that of thdS located farther from the cantilever than it is for configu-
inlet flow, that is, for Configuration 2 [Fig. 11b)] the inlet ration 1. As aresult, it is expected that the sample will dif-
is located below the position of the microcantilever, whereaduse to a larger region before approaching the space near the
the outlet of the cell is in a higher position. The combinationMicrocantilever, thus resulting in an overall decrease of the
of this configuration, alongside the fact that the inlet is far-concentration near the sensing surface, which is evident from
ther away from the cantilever beam than in Configuration 1Fig- 12.
drives the fluid flow from the bottom up. Consequently, the ~ Figure 12c) displays the concentration profiles for Con-
fluid flow tends to transport the analyte away from the lowerfiguration 3. It can be easily noted that the order of magni-
surface of the cantilever, and the mechanism responsible f¢'de for the concentration is similar to that of Configuration
transport the analyte to this surface is diffusion, whereas irf» Put the behavior of the profiles is reversed compared to
the upper surface the combination of the two mechanismi€ previous configurations, that is, higher concentrations are
(advection + diffusion) results in higher concentrations. For2chieved for higher flow rates. Another difference lies in the
Configuration 3 [Fig. 11c)], the latter situation repeats it-fact that the profiles flatten when maximum concentration is
self but with the flow direction inverted, that is, the flow is @bout to be achieved, which is more clearly seen for an inlet

driven from top to bottom, so that the higher concentrationglow rate of 200ul/min. _ _
are found on the lower surface of the microcantilever. Even though the concentration of the analyte provides

Figure 12a) displays the concentration (averaged over th\éaluable information about the location of the functionalized

. ) . .. surface, from a sensing perspective in these kinds of devices,
lower surface of the cantilever) as a function of time, for dif- . . . .
. . . . . the total mass reaching the sensing surface is of major impor-
ferent inlet flow rates in Configuration 1. As it can be seen . e . . .
‘tance, since is this quantity the one mainly responsible for de-

for lower flow rates, the concentrations near the Cant"eveflecting the cantilever. In this sense, we calculated the avail-

are higher, reaching a maximum value of 80% of the initialable mass reaching the lower surface of the beam by means
inlet concentration for a flow rate of 2Qd/min. It can also f 9 y

be observed that the maximum concentration is achieved fot .
smaller times as the inlet flow rates are larger. This is ex- mp = / C(t)Qodt, 9)
plained since the time required to inject the/ d®f the sam- 0
ple is smaller for higher flow rates, thus diminishing the resyhere(, is the inlet flow rate and’(t) is the concentration
idence time of the analyte and, consequently, the availablgrofile at the sensing surface as shown in Fig. 11. The ana-
mass to be detected. lyte concentrations for configuration 1 are, in general, much
Figure 12b) shows the behavior of the mean concentrahigher than for the other two configurations, as it can be seen
tion of the analyte as a function of time for Configuration in Figs. 11 and 12. Even though Fig. 11 is presented for par-
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1 ‘ ‘ a state in which the deflection of the beam oscillates with

0.5 ] small amplitude around a very small mean value. By vary-

- e S i S ¢ ing the inlet flow rate, it was found that for flow rates below

= ) Confie 1 1000 ul/min, the inlet/outlet configuration has no significant
D2 Config 2 effect on the flow behavior, and the two vortices surround-
g o1 Config 3 - | ing the microcantilever may act as a barrier that prevents the
= arrival of analytes to the cantilever’s surface, thus, hinder-
g 0.05 1 ing and delaying the detection. For larger flow rates, the in-
,? let/outlet arrangement has an important effect on the micro-
0.02 1 cantilever deflection and the transport of the flow for ensuring
0.01 that the analyte sample interacts efficiently with the detectors.
00 500 =00 1000 2000 4000 It can _be concluded that Configurations 1 anql 2 are suitable

‘ for being used at flow rates less than 35d0min. Above

Flow rate |l /min] this flow rate, Configuration 1 can be used carefully since the

FIGURE 13. Total available mass at the cantilever’s lower surface deflection due to the cantilever interaction with the flow is

as a function of inlet flow rate. more than 1& of the expected deflection by the detection

process, which can compromise the sensitivity of the biosen-

ticular time instants, it is expected that the integral over timesor. In this sense, Configuration 2 shows a good compromise
of this field presents this same behavior. Figure 13 displaygetween the flow-induced deflection and the flow distribution
the total mass reaching the cantilever as a function of the infor efficient biosensor detection. In this sense, it is shown
let flow rate for the three configurations. In Configuration 1that the FSI simulations should be focused on both, dimin-
(red line) it can be seen that the total available mass is almoghing flow-induced noise, and, at the same time, fomenting
constant for all the analyzed flow rates. The reason behinghvorable flow patterns to ensure proximity to the cantilever's
the smaller mass for 20@/min lies in the fact that the time  surface of the inlet flow to be analyzed. From the analysis of
integration was performed for the first five seconds, whichthe distribution of a passive scalar, it was also found that the
for this low flow rate, is not enough for the analyte concen-inlet/outlet configuration influences the available amount of
tration to reach a value close to zero near the cantilever, agnalyte reaching the detecting surface. For configuration 1
it can be observed in Fig. 12a) (red solid line). For Config-the analyte concentration is one order of magnitude higher
urations 2 and 3 (blue and black lines in Fig. 13), the totakhan for configurations 2 and 3. This implies that the amount
available mass is one order of magnitude smaller than that ajf analyte mass available in the cantilever area where the sen-
Configuration 1. For Configuration 2, it can be noted that thesor detectors are located is significantly larger and reaches
available mass reaches a maximum value at/45@in and  around 80% of the initial inlet analyte concentration. Addi-
then decreases. For the final configuration, the total mass aninally, for this configuration, from a flow of 75l/min,
the inlet flow rate are proportional. the total available mass of the analyte is independent of the
inlet flow rate, so the only effect of the flow rate will be the
deflection on the cantilever and the sensing time.

The application of Computational Fluid Dynamics (CFD)

In this paper, the interaction of a microcantilever with a fluid in analyzing fluid behavior within immunoassay cells is cru-
flow inside a microcell was investigated through 2D numer-Cial for optimizing the design and manufacturing of microflu-
ical simulations implemented using Open-Source softwareidic components. Moreover, the use of simulation techniques,
The numerical model was validated using experimental an@s the ones shown in this paper, can play a significant role for
numerical results previously reported. The good agreemerifie calibration of biosensors by means of the creation of the
of the model with the validation data shows that Open-Sourc&0-called dose-response curves, which are a key element for
software, particularly, OpenFOAM, deal.ll and the preCICEthe correct operation of these devices, but are normally de-
coupling library is a reliable implementation to perform ac- veloped experimentally. This report is integral to developing
curate simulations of multiphysics phenomena of interest ir@ multispectral biodetection system named KANAN.PESTI,
biosensors and MicroElectroMechanical devices (MEMS). Which is based on Piezoresistive microcantilevers for the de-
The numerical results allowed us to describe the dynamtection of different pesticides in aqueous media.
ics of the flow around the microcantilever, and the distribu-
tion of a passive scalar using different inlet/outlet configu-Acknowledgements
rations. For all the analyzed configurations at small flow
rates, at the beginning of the simulations, the flow around th&he present research work is a Frontiers of Science project
cantilever beam is symmetric, as time passes and the micradentified with number 618306/2020, and was funded
cantilever deflects, two small vortices enclose the cantilevehy the Mexico’s National Council for Humanities, Sci-
thus breaking the symmetry. For longer times, the vorticeence, and Technology (CONAHCYT) through FORDECYT-
become larger until reaching an almost steady state, that i§RONACES, currently program F003.

5. Conclusions
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