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Modeling the motion and detection of particles in microcantilever

sensor cells
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Department of Physics and Physical Oceanography, Memorial University of Newfoundland St. John's,
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(Received 26 November 2012; accepted 28 February 2013; published online 15 March 2013)

Consideration of the dynamics of the liquid is often neglected in experiments carried out in
flow-through microcantilever sensor cells. Thus, fluid dynamics simulations were performed
showing that the geometry of the sensor cell and laminar nature of the flow may result in a highly
uneven distribution of particulates throughout the cell, and hence an uneven detection rate at
individual cantilevers in a multi-lever setup. Various strategies for diverting flow were tested in
order to optimize particle capture rates. Additionally, DNA detection experiments were performed
that validated our approximations in treating particle-cantilever interactions and provided a
semi-quantitative relationship between simulated particle detection and actual cantilever
deflections. The results point out the advantages of flow optimization, the need for calibration of
individual cantilevers within a multi-lever cell, and the usefulness of simulation in achieving these
goals. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4795273]

INTRODUCTION

Cantilever sensors are micron-sized beams with one end
held fixed and the other end remaining free. Typical dimensions
of cantilevers are approximately 50 um (wide) by 350 um
(long) by 1 um (thick). The cantilevers are typically made of
silicon coated with a thin gold film onto which specific recep-
tive molecules that attract target molecules are deposited.
When the target molecules are introduced into the sensor cell,
they bind to the receptors on the cantilever causing the latter to
bend due to the formation of a surface stress. An optical beam
deflection system is used to monitor the deflection of the canti-
lever by reflecting an optical beam from the free end of the can-
tilever into a position-sensitive photodetector. Cantilever
sensors can be used to perform ultra-sensitive measurements of
various physical and chemical phenomena such as changes in
temperature, surface stress, antigen-antibody interactions,
and DNA hybridization." This technology has also been
used in applications such as the detection of environmental con-
taminants, pathogens, and screening of toxic substances.®’
Cantilever sensors also have many applications in the field of
medicine for performing bioassays, diagnosis, and treatment
development.*'? Excellent reviews have been published outlin-
ing many other applications of cantilever sensors.'' ™'

In a typical application, activated microcantilevers are
placed in a small enclosure, herein called the sensor cell,
which allows the sensors to be sealed from the environment.
The target molecules to be detected are introduced into the
sensor cell either in a gaseous form or in solution. The gas or
liquid is then forced to either flow over the cantilevers or in a
static case the gas or liquid is simply placed into the cell.
Once the target molecules are injected into the sensor cell, the
deflection of the cantilever(s) is(are) monitored as described
above. The deflection of the cantilever provides information
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on the presence of the target molecules and, if calibrated, can
also provide the concentration of the target particles.''
Understanding how particles move within the microcantilever
sensor cell is imperative to improve the sensitivity and rate of
particle detection.'* In many cases, it is necessary to perform
multiple measurements of different targets from a single sam-
ple. In such cases, it is imperative to not only know the sensi-
tivity of each active cantilever sensor but to also know the
relative sensitivity of each cantilever position within the sen-
sor cell. For this reason, it is important to understand how the
particles move within the sensor cell.

The sensor cell used in our laboratory consists of a small
enclosure approximately 1cm? in volume. A schematic rep-
resentation of the system is shown in Figures 1(a) and 1(b)
along with a photograph of the sensor cell (viewed from the
top) in Figure 1(d). The sensor cell consists of an input,
which allows the solution (or gas) to enter the cell, and an
output, allowing the solution (or gas) to exit the cell in flow
through experiments. The cell has 8 slots located around its
perimeter with each slot capable of holding 1 cantilever sen-
sor probe. In typical flow through experiments, a solution
containing the target molecules is forced into the cell at a
fluid flow rate of approximately 0.03 ml/s. The output of the
solution is located within a circular trough surrounding the
cantilevers. Initially, it was believed that this design would
allow all eight cantilevers in the sensor cell to be exposed to
the same concentration of target particles as the trough
would induce a radial fluid flow from the center of the cell
outwards. Unfortunately, as will be discussed in greater
details below, the fluid predominately followed a path of
shortest distance from the input to the output exposing all
eight cantilevers differently.

In order to better understand the factors that influence
the detection rate of target particles by cantilever sensors, a
qualitative analysis was performed by simulating the flow of
target particles in solution within a sensor cell in order to
observe the motion of particles and to study the effects of the

© 2013 American Institute of Physics
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FIG. 1. (a) Schematic representation of the cantilever sensor cell used in our laboratory. (b) Top view of the cantilever plane showing the location of the canti-
levers, which have been enlarged to make them visible. Each cantilever is labelled with a number from 1 to 8. Diagram not to scale. (c) From left to right,
small, medium, and large inverted cones used in the simulations to force the particles to the edges of the main chamber where the cantilevers are located. (d)
Photograph of the sensor cell showing the relative position of the slots that hold the cantilevers, the particle inlet, and the particle outlet.

sensor cell geometry on the detection rate of particles by the
cantilevers. It should be made clear that although the current
work is presented in the context of cantilever sensing, the
application of fluid dynamics calculations plays a significant
role in many different types of sensor applications. For
example, the fluid cell used to house quartz crystal monitors
(QCM) should be designed so as to not interfere with the per-
formance of the crystal, which is already highly damped due
to the surrounding fluid. Whether it be in conventional appli-
cations or in cases where the crystal has been partitioned to
act as a multi-array sensor,15 16 understanding the fluid flow
within the sensor cell is critical for optimizing the sensitivity
of the sensor.'”"'® In another application, fluid dynamics cal-
culations are used not so much for optimizing the perform-
ance of one sensor but to synchronize two complementary
techniques. Surface plasmon resonance (SPR) and QCM are
two surface-sensitive characterization techniques, which are
complementary each to one another. Since there is no com-
mercial instrument that combines both techniques, the only
possible way to perform simultaneous SPR and QCM meas-
urements is to either build your own instrument'*?° or to
determine a method to match the hydrodynamic flow condi-
tions to two separate instruments. Viitala er al.?' used fluid
dynamics modeling to determine how to subject two separate
instruments to the same hydrodynamics flow conditions so
as to improve their ability to study targeted drug delivery
systems using two separate commercially available SPR and
QCM instruments. In some applications, the biosensor
requires a more complex design, which comprises not only

the transducer that interprets the sensing event but also a se-
ries of microfluidic channels to introduce several agents,
which must be made to first come together to form a reactant
before it can be detected by the transducer. In such cases, not
only is the delivery of the reactant to the transducer impor-
tant but also the intermixing of the reagents. In these sys-
tems, there are many experimental parameters that affect the
performance of the sensor. To perform an analysis on the
influence of each parameter experimentally would not only
be time consuming but also expensive since many lab-on-a-
chip systems require costly micromachining. In this case,
performing fluid dynamics simulations is the most feasible
alternative to understanding the effect each parameter has on
the overall performance of the sensor.*

MODELS
Computational model

Ansys® FLUENT M is a computational fluid dynamics soft-
ware package used for simulating the motion of fluid in a sys-
tem. Below, some terms used within FLUENT simulations are
given in italics. For modeling a small concentration of par-
ticles moving within a fluid, the Discrete Phase Model was
used. This model calculates the trajectories of the particles
(discrete phase) using a Lagrangian frame of reference that
includes the particles’ mass, hydrodynamic drag, and the force
of gravity. In this model, the fluid is treated as a continuous
phase by solving the Navier-Stokes equations. The discrete
phase can be an inert particle, bubble, or droplet.
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The motion of the discrete phase is described by equat-
ing the particle’s inertia with all the forces acting on the par-
ticle (shown in the y-direction)

%:Fd(u—up)—&—g(pppipp)—&—Fy. (1)
Here, u, is the particle’s velocity, u is the velocity of the
continuous phase, p, is the mass density of the particle
(1300kg/m?), p is the fluid density (1000kg/m’), F, is an
additional acceleration term that includes Brownian motion
and an attraction between the particles and microcantilevers
that we describe below, F; is the drag force coefficient, and g
is the acceleration due to gravity. The particle density was
chosen to be in the vicinity of biomaterials such as DNA or
viruses.”® The drag force is negligible in this case because the
velocity of both the particles and the fluid are approximately
equal.”* The continuous phase is governed by the continuity
equation and the momentum conservation equations, given as

dp

T4V (pii) =0 2)

and

i)

5 + V- (pu) = -Vp+V-t4+pg+F, (3)

where 1 is the stress tensor, p is the pressure and F is the
force exerted by the particles on the fluid, which here is set
to zero. In this application, the particles were allowed to
interact with the continuous phase and undergo Brownian
motion. Two types of simulations were conducted using both
the steady and transient tracking methods. The steady state
method solves the time independent flow problem, i.e., by
setting time derivatives to zero, while the transient method
solves the fully time dependent equations. For well-behaved
flows, the two methods should give the same results and so
provide a way of checking for consistency. By definition, the
steady state simulations provide the unique trajectory traced
by a particle entering through a particular position on the ve-
locity inlet face. Particles enter the system using surface
injection. Each particle was given the same initial velocity.
The transient tracking system allows multiple pulses of par-
ticles to be injected into the system over time. This type of
simulation better displays the bulk motion of the particles,
making trends and flow corridors more visible. In this case,
particle pulses were injected each second for a total of 30s.

A user defined function (UDF) was developed in order
to model the attractive van der Waals forces between the par-
ticles and the cantilevers and to record the number of par-
ticles trapped by each cantilever. The force between the
target particles and the cantilevers was obtained by modify-
ing the van der Waals interaction between two spheres®

F(D) = ;A { 2R R, 2R R,

6 (2R, + 2R, +D)D (2R, + D)(2R, + D)
(2R| 4+ 2R, + D)D
(2R, + D)(2R2 + D) }

+In

“)
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where R; and R, are the spheres’ radii and D is the distance
separating them. To model the cantilever surface, the radius
of the second sphere was set to infinity (R, = 0c0) giving the
force to be

—2AR3
FD)= ——— 5
) 3(2R + D)*D?’ ©)

where R is the radius of the target particles. The constant A
in Eq. (5) is the nonretarded Hamaker constant based on
Dzyaloshinskii, Lifshitz, and Pitaevskii (DLP) theory and is

defined by*’

3 €1 — €3\ (€ — €3

—kT , 6

4 (61 + 63> <62 + e3> ©)
where ¢, is the dielectric constant of the target particles, &, is
the dielectric constant of the fluid, and &3 is the dielectric

constant of the cantilever surface. Using Eqs. (5) and (6), the
force term used in this work was

A

1%

—42
p_ 169810 i ’ o
(2% 1077+ D)" D2

where the distance D (m) is measured from the center of the
target particle to the base of the cantilever. The force as writ-
ten above is in units of Newtons.

In the detection of DNA, McKendry et al.*® found that
exposing their cantilever sensors to 75 nM solutions of DNA
corresponded to a capture of the order of femtomoles of
DNA on the cantilever. These numbers indicate that about
0.0000013% (1 in 75000 000) of the total particles injected
into the sensor cell were captured by the cantilever. The sim-
ulations performed in this work involved the study of thou-
sands of target particles flowing through the cantilever
sensor cell. With such small particle detection numbers, it
would have been difficult to observe enough (if any) particle
trapping so as to study the effects of cell geometry on the
particle detection. In order to compensate for this, the van
der Waals force (Eq. (7)) between the particles and the canti-
lever surface was increased by ten orders of magnitude so as
to increase the particle detection rate. It is believed that
increasing the van der Waals force allows for qualitative
data to be collected however since the increase in the force is
the same for each cantilever, the relative ratio of particles
detected between different cantilevers should provide a more
quantitative description of the influence on the cantilever
position within the sensor cell in detecting target particles.

In order for FLUENT to model the motion of particles, the
system which houses the fluid must first be created using a
graphical user interface to create a 3D representation of the
cell that can be imported into the program. In this work, the
program camBIT® was used to create the geometries to
describe our system by first creating a volume and then
applying a general meshing scheme throughout. Each face
was given a boundary condition appropriate to it being an
inlet, outlet, or simply a wall. The system used in the simula-
tions, shown schematically in Figures 1(a) and 1(b), was an
exact reproduction of the cantilever sensor setup used in our
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laboratory (Figure 1(d)). Particles were injected with an ini-
tial velocity of 0.01 m/s from the particle inlet face, which
corresponds to a particle flow rate of 0.03 ml/s, a typical flow
rate used in our experiments. For the steady state, a single
injection of 1182 particles was introduced into the cell,
whereas for the transient flow simulation, 1182 particles
were injected into the cell every second for a total of 30s. A
cone shaped velocity inlet tube, which mimics the syringe
used in the experiments, was used to allow more grid faces
and consequently more particles to be injected. The solution
was injected at the inlet face and traveled up through the
inlet cylinder (I mm dia.) into the main chamber (10 mm
dia.) and out through the outlet cylinder (1 mm dia.). The
cantilevers are located around the edges at the top of the
main chamber called the cantilever plane.

In order to force the target particles to better come into
contact with the cantilevers, inverted cones were inserted
into the main chamber of the cell, as shown schematically in
Figure 1(c). Within the text, these cones will be referred to
as small, medium, and large cones in reference to their size.
A fourth, more complicated, geometry was used to divert the
target molecules to two cantilevers at one time. The flow di-
verter shown in Figure 2 has a cylindrical geometry with the
same outer diameter as the inner diameter of the main cham-
ber. The diverter fits into the main chamber (Figure 2(a)) and
allows the solution containing the target molecules to enter
the sensor cell and forces it to flow towards two cantilevers
(Figure 2(b)) positioned at 90° with respect to the center of
the cell. The solution then exits the cell through the particle
outlet as in the other cases.

MATERIALS AND METHODS

Experiments were conducted to investigate the effects of
the flow diverter (Figure 2) on the detection of target mole-
cules. Commercially available silicon microcantilevers
(MikroMasch CSC12/Tipless microcantilever) 350 um long,
35 um wide, and 1 um thick were used in the experimental
portion of this study. Prior to deposition, the microcantile-
vers were first cleaned with a Piranha solution (H,SOy:

a ) ol b )

2-cantilever
flow diverter

L -

Particle mhain b

outlet—> i ;:oam Zr.

1 mm dia LR
Inlet tube

1 mm dia

2-cantilever
flow diverter
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H,0,=3:1) for 5 to 10min and then washed twice with
ethanol and then de-ionized water to remove any residues
and contaminations on the surface. After rinsing, the micro-
cantilevers were dried in an oven for 24h at 275°C. The
cleaned and dried cantilevers were than coated on the top
surface with a 20 nm adhesion layer of Inconel followed by a
100nm thin gold film by sputtering deposition. During all
experiments, all active and reference microcantilevers were
taken from the same deposition batch to ensure consistency.
Reference microcantilevers were used throughout all experi-
ments to eliminate any deflections caused by changes in tem-
perature and/or nonspecific interactions. Microcantilevers
used in this study were mounted in a fluid cell where they
were exposed to the injected fluids. The fluid cell was
attached to two Polyether Ether Ketone (PEEK) tubes used
to transport fluid to and from the fluid cell. All fluids used in
this study were injected into the fluid cell at a consistent flow
rate of 0.03ml/s, which matches the initial inlet velocity
used in our computational simulations.

Deoxyribonucleic acid (DNA) hybridization was used as
the reaction mechanism for assessing the impact of the sen-
sor cell geometry on the cantilever detection. Thiolated sin-
gle stranded (ss) DNA of length 25 bp with a C6 linker (5'-/
ThioMC6-D/TCT GTA TGT CAT TGA CAG TCC AGC T-
3") purchased from IDT (Integrated DNA Technologies)
were immobilized on the surface of the gold coated micro-
cantilevers. An incubation time between 3 and 5 h was found
to give the best results although others have found that lon-
ger incubation times were preferred.*’

After immobilizing the probe ssDNA on the microcanti-
lever surface and placing it in the fluid cell, TE buffer was
than injected at the flow rate of 0.03 ml/s until the cantilevers
came into equilibrium. TE buffer is often used to stabilize
the DNA molecules and protects them from degradation.®
This process also removes physisorbed oligos from the
microcantilever surface. Once equilibrium was obtained, a
solution containing complementary target ssDNA was
injected. The target ssDNA sequence used in this study had
the following sequence 5'-AGC TGG ACT GTC AAT GAC
ATA CAG A-3'.

flow
out

FIG. 2. Schematic representation of the
flow diverter used to force the input so-
lution to flow directly over two separate
cantilevers. (a) The flow diverter is
made to fit in the main chamber of the
sensor cell. (b) The fluid enters the cell
and is separated into two currents.

flowin
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RESULTS

The general properties of the fluid flow in the sensor cell
are described by two dimensionless quantities. The Péclet
number is a measure of the relative importance of advection
to diffusion in a system. For a Péclet number P, < 1, the
fluid flow is dominated by diffusion. In the case where
P.>> 1, the fluid flow is dominated by advection. The Péclet
number is defined as

dlffusn./e tn.ne N o —p, @)
convective time DWW
where D is the diffusivity of the fluid (~107>cm?/s for
water), W is the width of the cell (1 cm), and Q is the flow
rate (0.03ml/s).?’ Given the order of magnitude of these
quantities for our system, we obtain P, ~ 3000, indicating
that diffusion of particles is unimportant. Hence, the particles
do not tend to randomly diffuse throughout the volume, but
rather move along with the fluid. The second dimensionless
number that describes the relative importance of inertial and
viscous forces is the Reynolds number given by

UL
”7 =R,, ©)

where p is the density of the fluid (1 g/cm®), U is the velocity
of the fluid (1 cm/s), L is the typical length scale of the sys-
tem (1cm), and 5 is the dynamic viscosity of the fluid at
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room temperature (0.01003 g/(cm s)).29 We estimate the
Reynolds number to be Re ~ 100, which implies that viscous
forces dominate over inertial forces and that the fluid flow
will be laminar.>® As a result of this, the fluid motion can in
principle be described using a linear form of the Navier-
Stokes equations.**

The flow patterns of the particles were very smooth and
showed little if any sign of randomness. Time-lapsed anima-
tions of the simulations showed that the particle trajectories,
as calculated by FLUENT, followed clear paths from the inlet
of the main chamber almost directly to the outlet with the
fastest particles moving along the most direct path between
the inlet and the outlet. By observing time-lapsed animations
of the particles, it was found that the fastest moving particles
intercepted the cantilever plane near the centre, away from
the cantilevers, with a second surge of slower moving par-
ticles moving towards the edge closest to the outlet. The fast-
est moving particles exited the cell, quickly followed by the
slower particles.

Figures 3(a)-3(c) show scatter plots illustrating the posi-
tion of the particles at different time intervals as they move
through the sensor cell. The pink spheres indicate the par-
ticles as they first enter the cell through the inlet tube. The
blue spheres show the particles at some later time as they are
17% up the main chamber (see Figure 1(a)) of the sensor
cell. The red spheres show the particles at a later time as
they are approximately 58% up the main chamber while
finally the green spheres show the position of the particles in
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FIG. 3. The time evolution of the particles as they intersect three defined planes within the main cylinder of the (a) original geometry, (b) the small cone geom-
etry (of height 3.3 mm), (c) of the large cone geometry (of height 9.6 mm). Contour plot of the particles intersecting with the cantilever plane for the (d) origi-

nal geometry, (e) small cone, and (f) large cone.
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FIG. 4. (a)—(d) Number of particles captured as a function of time for each
cantilever for the original geometry (a), small cone (b), medium cone (c),
and the large cone (d). Each cantilever is displayed using a different color
and symbol: cantilever 1 (orange A), cantilever 2 (blue @), cantilever 3
(cyan <), cantilever 4 (purple @), cantilever 5 (pink V), cantilever 6 (red
W), cantilever 7 (green p), and cantilever 8 (black ). (e)—(h) Histograms
of the total number of particles trapped by each cantilever for the original
geometry (e), small cone (f), medium cone (g), and the large cone (h).

the cantilever plane of the sensor cell. In this figure, the yel-
low circles indicate the bottom and top of the main chamber
of the sensor cell with the inlet located at the bottom of the
cell and the outlet (not shown) located on the right hand side.
Figure 3(d) is a contour plot showing the location of all the
particles as they pass through the cantilever plane. This plot
clearly shows how only a fraction of the particles come in
contact with the cantilevers along the perimeter of the canti-
lever plane. This central flow behaviour is not ideal for our
purpose because most of the particles exit the sensor cell
undetected. To eliminate this central flow, inverted cones
were placed in the main cylinder of the cell in the hopes of
redirecting the particles towards the cantilevers.

Figure 3(b) shows a scatter plot illustrating the effect of
a small inverted cone located centrally within the main
chamber of the sensor cell. As can be seen the particles enter
the sensor cell centrally and are allowed to rise momentarily
until they are force to spread through contact with the cone.
As the particles move beyond the top of the cone, they begin
to move towards the outlet (on the right, not shown) increas-
ing the dispersion of the particles in the cantilever plane as
shown in the contour plot in Figure 3(e). However, as shown
in Figure 3(c), the large-sized cone produces a greater dis-
persion with the particles intercepting the cantilever plane
around the perimeter. Although the results are better than the
previous two cases, the distribution of particles along the pe-
rimeter (see Figure 3(f)) is still not perfectly uniform with a
large number of particles gathering at the portion of the can-
tilever plane closest to the particle outlet.
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Figures 3(a) to 3(f) provide a general understanding of
how particles move within the cantilever sensor cell with
and without the presence of the cones. From these data, we
can hypothesize that the large cone geometry should best
direct particles towards the microcantilevers located around
the perimeter of the cantilever plane. To quantify these
results, we investigated the total number of particles trapped
by each cantilever as a function of time.

Two types of simulations were conducted to study the
detection of target particles by the cantilevers. In the steady
case, 1182 particles flowed through the sensor cell, with
each particle having an initial velocity of 0.01 m/s at the
inlet. As the particles flow through the sensor cell, some
interact through the van der Waals force and become trapped
by the cantilevers. The cantilevers are labelled from 1 to 8 as
shown in Figure 1. Figure 4(a) shows the number of particles
trapped on all 8 cantilevers as a function of time as they flow
unobstructed (no cone) through the sensor cell. Figure 4(e)
shows a histogram of the total number of particles captured
by each cantilever (left ordinate) along with the relative per-
centage of particles detected by each cantilever indicated by
the right ordinate. As can be seen, the number of particles
detected is highly dependent on the position of the cantile-
vers with respect to the particle outlet. In this case, cantile-
vers 1, 2, and 8 captured 78% of all the particles detected (59
out of a total 76 particles captured). Although introducing
the cones into the sensor cell increases the total number of
particles detected (see Figures 4(b)—4(d) and 4(f)—4(h)), the
cantilevers away from the particle outlet still only detected a
small fraction of particles compared to cantilevers 1, 2, and
8. Cantilevers 3—7 detected 22% of the total number of par-
ticles captured for the case of no cone, 5% using the small
cone, 14% using the medium cone, and 31% using the large
cone.

One of the effects of the cones is to increase the rate at
which particles are detected. Calculating the total number of
particles collected by all eight cantilevers as a function of
time for each cell geometry shows that the larger cone and
the medium cone reached their saturation point (maximum
number of particles counted) in less than half the time (44%
faster) and two thirds the time, respectively, than the original
geometry. In addition, the geometry with the large cone
detected approximately 300% more particles than the
unmodified cell, 150% more than the small cone, and 125%
more than the medium cone. From these results, it is clear
that the presence of the cones not only increases the total
number of particles detected but also the rate at which par-
ticles are detected.

Because steady state simulations provided only one set
of particle tracks, it is difficult to establish any trend in the
detection patterns since some cantilevers only captured a
few particles. For this reason, the transient particle tracking
scheme was used to inject a pulse of 1182 particles into the
sensor cell through the velocity inlet every second for thirty
seconds. Following the initial 30s, the sensor cell was con-
tinued to be monitored with no further injections for ten
seconds.

The number of particles trapped on all eight cantilevers
as a function of time is shown in Figures 5(a)-5(d) with the
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total number of particles captured shown by the histograms
in Figures 5(e)-5(h). The right ordinates in Figures 5(e)-5(h)
show the relative percentage of particles captured by each
cantilever. The step-like nature of the data in Figures
5(a)-5(d) is a result of the pulses used to inject particles into
the sensor cell. As in the steady case, the cantilevers closest
to the particle outlet captured the largest number of particles.
In fact, cantilevers 3—7 captured 25% for the geometry with
no cone, 7% for the small cone, 16% for the medium cone,
and 45% for the large cone. These values are all slightly
larger than those observed for the same geometry using the
steady state particles injection method. Also, for the large
cone geometry, cantilevers 3—7 were found to capture more
particles. As in the previous case, not only did the total num-
ber of particles captured increase with the size of the cone,
but so did the capture rate. This effect is clearly due to the
clearer path the particles take towards the cantilevers in the
presence of the cones.

Simulations were performed with the two-cantilever flow
divider positioned in the cell. In these simulations, 750 par-
ticles were injected into the cell every second for 30 s. Figure
6(a) shows the number of particles captured for cantilevers
positioned in slots 2 (blue 4) and 8 (green A) without the
presence of the two-cantilever fixture. Since there were fewer
particles inserted into the cell, the number of particles detected
by each cantilever was smaller than as shown in Figure 5.
Using the two-cantilever fixture increased the number of par-
ticles detected by the cantilevers positioned in slots 2 (purple
@) and 8 (orange M) by a factor of approximately 4. When
the cantilevers were positioned in slots 4 and 6, the effects
were even more dramatic. Figure 6(b) shows the number of
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20 FIG. 5. (a)—(d) Number of particles captured as a func-
tion of time for each cantilever for the original geome-
try (a), small cone (b), medium cone (c), and the large
cone (d). Each cantilever is displayed using a different
color and symbol: cantilever 1 (orange A), cantilever 2
(blue @), cantilever 3 (cyan <), cantilever 4 (purple
@), cantilever 5 (pink V), cantilever 6 (red ), cantile-
ver 7 (green Pp), and cantilever 8 (black <). e-h)
Histograms of the total number of particles trapped by
each cantilever for the original geometry (e), small
cone (f), medium cone (g), and the large cone (h).
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particles detected by cantilevers 4 (blue 4) and 6 (green A)
were approximately 60 and 40, respectively. However, when
the fixture was inserted the number of particles detected by
the cantilevers positioned in slots 4 (purple @) and 6 (orange
W) increased to just less than 400. More interesting is that
irrespective of where the cantilevers were located, the total
number of particles detected was approximately the same as
shown in Figure 6(c) where the total number of particles col-
lected when the cantilevers were in positions 2 and 8 (purple
@) was approximately 800 while the total number of particles
collected with the cantilevers located at positions 4 and 6 (or-
ange M) was approximately 780.

Experiments were also conducted to verify the effects of
the two-cantilever flow diverting fixture. Figure 7 shows the
results of DNA hybridization experiments for cantilevers
positioned in slots 4 and 6 in the sensor cell. In this case
however one cantilever was used as a reference cantilever
while the second was used as the active cantilever. The black
curve shows the cantilever deflection versus time as the can-
tilevers were exposed to a 0.5 uM solution of ssDNA. As the
ssDNA hybridized with the complementary ssDNA immobi-
lized on the surface of the cantilever, a compressive surface
stress was generated causing the cantilever to deflect down-
wards. Because slots 4 and 6 are opposite from the fluid out-
put, the cantilever deflections are small even with a high
target concentration. The red curve in Figure 7 shows the
cantilever deflection when the active cantilever was exposed
to the same target solution of ssDNA with the two-cantilever
flow diverter inserted into the cell. As can be seen, the canti-
lever deflection in this case is approximately 4 times larger
than the cantilever deflection observed without the use of the
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FIG. 6. (a) Number of particles detected as a function of time when the can-
tilevers were positioned in slots 2 (blue 4) and 8 (green A). Number of par-
ticles detected as a function of time with the two-cantilever flow diverter
when the cantilevers were positioned in slots 2 (purple @) and 8 (orange H).
(b) Number of particles detected as a function of time when the cantilevers
were positioned in slots 4 (blue @) and 6 (green A). Number of particles
detected as a function of time with the two-cantilever flow diverter when the
cantilevers were positioned in slots 4 (purple @) and 6 (orange H). (c) Total
number of particles collected as a function of time using the two-cantilever
flow diverter with the cantilevers positioned in slots 2 and 8 (purple @) and
slots 4 and 6 (orange H).
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FIG. 7. Cantilever deflection versus time as a result of DNA hybridization
for cantilevers positioned in slots 4 and 6 without the flow diverter (black
curve) and with the flow diverter (red curve).
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flow diverter. It is clear from Figure 7 that influencing the
motion of the target molecules to flow directly over the
active cantilever can seriously increase the detection rate of
cantilever sensors. The experiments shown in Figure 7 were
repeated several times with the position of the reference and
active cantilevers interchanged with similar results.

DISCUSSION

Understanding the flow of target particles inside the
sensor cell is critical for obtaining accurate and reproducible
cantilever sensor measurements. The simulations conducted
show that for a geometry as described herein, with one parti-
cle inlet, one particle outlet and eight cantilevers arranged
around a ring, the exposure of the cantilevers to the target
molecules is non-uniform. As a result, in order to perform
comparative measurements, the signals from each cantilever
must be scaled. Simulations have also shown that a signifi-
cant improvement can be obtained in terms of both total
number of particles detected and the rate of detection when
the sensor cell is modified with a large inverted cone placed
centrally within the main cylinder of the cell. Although the
presence of a large cone somewhat reduced the dispersion
in the total number of particles detected by each cantilever,
this scenario still requires a calibration scheme. It may be
possible to calibrate such a system by performing a con-
trolled experiment where each cantilever in the sensor cell
was functionalized to be receptive to the same target parti-
cle. Introducing those target particles into the sensor cell
would give cantilever deflections, which are proportional to
the exposure of the target particles to each cantilever. In
such a scenario, it should not be necessary to use a reference
cantilever since any additional deflections not due to the
detection of the target particles (thermal or vibrational
noise) should be the same for each cantilever. If the portion
of the cantilever deflections not due to the detection of the
target particles is less than 10% of the active signal the
effect on the relative ratios should be well within experi-
mental errors.

The best results were obtained when the two-cantilever
fixture was used. In this case, the solution carrying the target
particles was observed to more directly interact with the can-
tilevers causing a significant increase in the number of par-
ticles detection. One of the most interesting results was the
fact that the number of particles detected using the two-
cantilever fixture was indifferent to the position of the canti-
levers with respect to the particle outlet. The effects of the
two-cantilever flow diverter were validated experimentally
by performing DNA hybridization experiments with and
without the fixture while the cantilevers were in the least
sensitive positions (slots 4 and 6). The presence of the fixture
increased the cantilever deflection by 4 compared to the sig-
nal obtained without the fixture. While it is generally diffi-
cult at best to precisely relate the number of particles
captured to cantilever deflection, it is reasonable to expect
the same order of magnitude change in cantilever deflection
and particle count in cantilever sensor measurements. With
this in mind, the 8-fold increase in particle count that we
observed in simulation is consistent with the 4-fold increase
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in cantilever deflection. While our experiments are not
designed to probe all aspects of the model, such as the details
of the non-uniformity of the flow, they do verify the relative
effectiveness of the cantilevers in catching particles.
Although the simulation results presented in this work
are semi-quantitative due to the magnitude of the van der
Waals force used to describe the interaction between the can-
tilevers and the target molecules, they provide a reasonably
accurate prediction of the relative effectiveness of different
cantilevers within the cell and also provide an indication of
how actual cantilever deflections will change in response to
altering cell geometry. Moreover, the data emphasize the im-
portance of understanding the motion of the target particles
through the cantilever sensor cell. In particular, due to the
sensitive nature of cantilever sensors and the tendency of
small fluid systems to experience laminar flow, it is critical
to understand how the target particles are presented to the
cantilevers inside the sensor cell. For the case of the geome-
try presented herein, obtaining the distribution of particles
detected by each cantilever is imperative for obtaining reli-
able and reproducible measurements. This is of even greater
importance when multiple cantilevers within the same cell
are used at the same time.
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