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Abstract

The effects of both fluid leakage and wall slip conditions are studied analytically and numerically on the fluctuation rate in the

flow inside non-isothermal disturbed thin films supported by soft seals within a fluidic cell. Flow disturbances due to internal

pressure pulsations and external squeezing are considered in this work. The main controlling parameters are found to be the

dimensionless leakage parameter, softness of the seal, squeezing number, dimensionless slip parameter, the thermal squeezing

parameter and the power law index. Accordingly, their influences on the fluctuation rate and heat transfer characteristics inside

disturbed thin films are determined and discussed. It is found that an increase in the dimensionless leakage parameter, softness of the

seal-upper plate assembly and the wall slip parameter result in more cooling and an increase in the fluctuation level in the flow.

However, an increase in the squeezing number and the fluid power index decrease flow fluctuations. Finally, a suggested design to

alleviate a number of problems in fluidic cells is presented.

r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Thin films are utilized in various chemical and
biological systems such as in novel biosensing devices
(Lavrik et al., 2001). These novel sensors have the
advantage to accurately, quickly, and economically
screen patients for the presence of various diseases or
can be used to detect many bio-warfare agents. A
primary form of these sensors is the microcantilever
detector, which is based on the deflection of its free end
that is caused by the imposed stresses at one of its
surfaces. This surface stress is due to the reaction
between the analyte’s molecules flowing with the work-
ing fluid inside the thin film and the special coating,
called receptor, on that active surface.
Examples of reactions in biomolecular (receptor/

analyte) applications which occur within a fluidic cell
are: antibody–antigen (receptor/analyte) bindings or
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DNA hybridization of a pair of DNA strands (recep-
tor/analyte) having complementary sequences. An ap-
plication of antibody–antigen bindings is the binding of
polyclonal anti-PSA (prostate-specific antigen) antibody
and free PSA (fPSA). This binding is important in
discovering the prostate cancer (Wu et al., 2001). In
many cases, there exist disturbances in the flow which
can disturb the deflection of the microcantilever and
produce a noise in the measurement (Fritz et al., 2000).
Part of the noise in the measurement is ascribed due

to the fact that oscillations in the flow may produce an
oscillatory drag force on the microcantilever surface
causing it to vibrate. In the experimental work of Fritz
et al. (2000), they reported a 100 nm deflection in the
microcantilever due to initial flow disturbances in the
fluidic cell while the microcantilever deflection due to
receptor/analyte binding was of the order of 10 nm.
Meanwhile, flow oscillations may change the micro-
cantilever temperature causing it to produce an addi-
tional noise as the microcantilever is composed of two
layers (bimaterial) having different coefficients of
thermal expansion. Fritz et al. (2000) also reported a
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Fig. 1. Schematic diagram of (a) a symmetrical fluidic cell (it has a

uniform variation in the film thickness under disturbed conditions and

can be used for multi-detection purposes) and (b) corresponding

coordinate systems with leakage illustration.

A.-R.A. Khaled, K. Vafai / Journal of Biomechanics 37 (2004) 721–729722
50 nm deflection of the microcantilever due to its
bimetallic effect. This was five times the microcantilever
deflection due receptor/analyte binding. The rate of
receptor/analyte binding changes with the flow velocity
as demonstrated in the experimental work of Pritchard
et al. (1995). As such, flow oscillations add extra noise
due to surface stresses. It is critical to minimize flow
oscillations in designing fluidic cells.
Flow disturbances can be due to external disturbances

or due to internal pressure pulsations when the pumping
process is irregular. Even a small change in the internal
pressure of the fluidic cell can have a substantial impact
since the thickness of the thin film is very small. This fact
is more pronounced if the thin film is supported by soft
seals. Accordingly, the dynamics and thermal character-
ization of thin films will be altered producing a noise in
the biosensor measurement which is proportional to the
fluctuation rate in the flow. Another source for flow
disturbances is the flow leakage which can seriously
affect the operation of the microcantilever (Raiteri et al.,
2000).
Several authors analyzed flow inside oscillatory

disturbed thin films like Langlois (1962). In addition,
many authors considered in their analysis laminar
pulsating flows like Hemida et al. (2002). Recently,
Khaled and Vafai (2002) studied effects of internal
pressure pulsations on oscillatory squeezed laminar flow
and heat transfer inside thin films supported by soft
seals. However, the literature lacks an investigation of
the effects of fluid leakage on pulsating flow and heat
transfer inside thin films in the presence of soft seals as it
represents an important source for flow disturbances.
Another motivation for this study is to analyze flow

inside disturbed fluidic cells under wall slip conditions
with different fluid types in order to determine their best
operating conditions that cause minimum flow fluctua-
tions. It is worth noting that wall slip conditions can be
achieved either when the fluid contains suspensions or
when the plates are coated with water repellent resigns
(Watanabe and Udagawa, 2001). Also, slip occur when
the size of the thin film is so small that the Kundsen
number, a ratio of the molecular mean free path to the
characteristic length of the cell, is between 10�3 and 10�1

as for flow of gases in microchannels (Shiping and
Ameel, 2001). This work will analyze analytically and
numerically flow and heat transfer associated with side
leakage, wall slip condition and non-Newtonian effects
inside disturbed thin films supported by soft seals in
order to obtain better designs of fluidic cells.
2. Analysis

A two-dimensional thin film fluidic cell that has a
small thickness h compared to its length 2B and its width
D is considered. The inlet of this fluidic cell is taken to
be at its center forming a symmetrical fluidic cell,
Fig. 1(a), in order to assure an almost uniform
deformation in the seal along its length under pulsative
flows. The analysis will be concerned with one half of
the fluidic cell shown in Fig. 1(b) due to the symmetry of
the proposed cell. The x-axis is taken along the axial
direction starting from the inlet while y- and z-axis are
taken along its thickness and width, respectively, as
shown in Fig. 1(b).

2.1. Fluid leakage in the presence of internal pressure

pulsations

The lower plate of the thin film is assumed to be fixed
while the upper plate is attached to the lower plate by
soft seals. The average dimensionless motion of the
upper plate H is expressed according to the following
relation:

H �
h

h0
¼ ð1þ HpÞ; ð1Þ

where h; h0 and Hp are the dimensional average thin film
thickness, a reference thin film thickness and the average
dimensionless change in the film thickness due to
internal pressure forces, respectively.
The following dimensionless variables will be utilized

in the analysis:

X ¼
x

B
; ð2aÞ

Y ¼
y

h0
; ð2bÞ

Z ¼
z

B
; ð2cÞ

t ¼ ot; ð2dÞ
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U ¼
u

ðoB þ V0Þ
; ð2eÞ

V ¼
v

h0o
; ð2fÞ

W ¼
w

ðoB þ V0Þ
; ð2gÞ

P ¼
p � pe

mðoþ V0=BÞe�2
; ð2hÞ

y ¼
T � T1

ðq0h0Þ=k
; ð2iÞ

where o; T1; pe; V0; m; k; and e are the reference
frequency of internal pulsations, inlet temperature of the
fluid, a constant representing the exit pressure, a
constant representing a reference dimensional velocity,
dynamic viscosity of the fluid, thermal conductivity of
the fluid and the perturbation parameter ðe ¼ h0=BÞ;
respectively. The pressure at the exit and the outside
pressure are assumed to be at the exit pressure.
The lower plate is maintained at a uniform wall heat
flux condition q0: The variables t; u; v; w; p and T are the
time, axial velocity component, normal velocity
component, lateral velocity component, pressure and
the temperature, respectively. The dimensionless vari-
ables X ; Y ; Z; t; U ; V ; W ; P and y are the
dimensionless forms of x; y; z; t; u; v; w; p and T

variables, respectively.
The average dimensionless change in the film thick-

ness is related to the average dimensionless pressure
inside the thin film fluidic cell PAVG through the theory
of linear elasticity. It assumes that the change in
pressure force on the upper plate is linearly proportional
to the average change in the thin film thickness (Boresi
et al., 1978), by the following relation:

Hp ¼ FnPAVG; ð3Þ

where Fn is named, the fixation parameter. A larger
Fn value indicates softer seal-upper plate assembly.
The inertia of the upper plate is negligible because
the frequency of pulsations is usually small. The
fixation parameter Fn that appears in Eq. (3) is
equal to

Fn ¼ K� mðV0 þ oBÞD
2ðB þ 0:5DÞEe2hs

; ð4Þ

where E and hs are the effective modulus of elasticity
and the effective dimension of the seal (hs ¼ h0 for a
square seal cross section), respectively. The factor K�

reflects the contribution of the elastic behavior of the
upper plate. The parameter Fn becomes apparent when
the thin film thickness is very small (h0o0:15mm).
Most flows inside thin films possess relatively small

Reynolds numbers and could be creep flows as in
biological applications. That is the modified Reynolds
numbers, ReL ¼ V0h0e=u and ReS ¼ h20o=u; are less than
one. Therefore, the low Reynolds number flow model is
adopted. Accordingly, the continuity and momentum
equations for the flow inside the fluidic cell filled with a
Newtonian fluid are reduced to the following non-
dimensionalized equations along with the non-dimesio-
nalized energy equation:

U ¼
1

2

qP
qX

H2 Y

H

� �
Y

H
� 1

� �
; ð5Þ

V ¼
dH

dt
3

Y

H

� �2

� 2
Y

H

� �3
 !

; ð6Þ

W ¼ �
1

2
MLP

Z

H

Y

H

� �
Y

H
� 1

� �
; ð7Þ

q2P
qX 2

�
ML

H3
P ¼

s
H3

dH

dt
; ð8Þ

PS
qy
qt

þ
12

s
U

qy
qX

þ V
qy
qY

� �
¼

q2y
qY 2

: ð9Þ

In this section, no slip conditions are assumed at the
lower and the upper plates of the fluidic cell as shown in
Eq. (5). The parameters s and PS are called the
squeezing number and thermal squeezing parameter,
respectively. They are defined as

s ¼
12

1þ V0=ðoBÞ
; PS ¼

rcph20o
k

: ð10Þ

According to Eq. (7), the leakage inside the thin film is
distributed equally on both sides of the thin film and it is
relatively small thus linearization of the lateral pressure
gradient is used. As seen in Eq. (7), side leakage is
proportional to the pressure difference between internal
and external (at Pe) pressures of the thin film. Eq. (8) is
the corresponding modified Reynolds equation of the
problem. Eq. (9) is applicable at the plane of symmetry
at Z ¼ 0: The parameter ML in Eq. (7) will be named the
dimensionless leakage parameter. It is related to the
total leaked mass mL through the following relation:
mL ¼ 1=12

R 1
0 MLPrDh0ðV0 þ oBÞ dX : The inlet pres-

sure due to flow disturbances in the pumping process is
considered to have the following relation:

Pi ¼ P0ð1þ bv sinðgotÞÞ; ð11Þ

where bv; g; Pi and P0 are the dimensionless amplitude
in the pressure, dimensionless frequency of the pressure
pulsations, inlet dimensionless pressure and the mean
dimensionless inlet pressure, respectively. The solution
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to Eq. (8) is obtained as

PðX ; tÞ ¼ Pi þ
s

ML

dH

dt

� �
cosh

ffiffiffiffiffiffiffiffi
ML

H3

r
X

 !
�

s
ML

dH

dt

þ
s

ML

dH

dt
� Pi þ

s
ML

dH

dt

� 	
cosh

ffiffiffiffiffiffiffiffi
ML

H3

r ! !

�

sinh

ffiffiffiffiffiffiffiffi
ML

H3

r
X

 !

sinh

ffiffiffiffiffiffiffiffi
ML

H3

r ! : ð12Þ

The reference velocity V0 is taken to be the
velocity inside the thin film in absence of any
disturbance and it is related to P0 according to
following relation:

P0 ¼ 12� s ð13Þ

2.2. Slip effects and non-Newtonian effects in the

presence of external squeezing

In this part, the effects of fluid slip at the boundaries
and non-Newtonian effects in the presence of an
external disturbance are analyzed. The dimensionless
oscillation of upper plate is based on the following
generic relationship:

H ¼ 1� b cosðgtÞ; ð14Þ

where b and g are the amplitude of the motion and
a selected dimensionless frequency, respectively. The
apparent viscosity m of a non-Newtonian fluid such
as a biofluid at low flow rates can be expressed
according to the following power-law formula: m ¼
m0 qu=qy


 

n�1 where n is a constant representing the

power law index. As a result, axial momentum equation
for creep flow reduces to the following, m0 replaces m in
Eq. 2(h):

qP
qX

¼
V0 þ oB

h0

� �n�1 q
qY

qU

qY











n�1 qU

qY

 !
: ð15Þ

According to the linear relationship between the wall
slip velocity and the shear rate at a solid boundary
(Navier, 1823), the dimensionless boundary conditions
for the axial velocity at the plates are:

Uð0; tÞ �
bP
h0

qUð0; tÞ
qY

¼ 0;

UðH; tÞ þ
bP
h0

qUðH; tÞ
qY

¼ 0; ð16Þ

where bp is the dimensional slip parameter. By solving
Eq. (15) and the continuity equation, the modified
Reynolds equation is

q
qX

n

ð2n þ 1Þ
þ 2

bP
h0

� �
1

H

� �
H

2

� �ð2nþ1Þ=n

�
qP
qX

� �1=n
" #

¼ �
s
24

dH

dt
V0 þ oB

h0

� �ð2nþ1Þ=n

: ð17Þ

For a constant average inlet velocity condition V0

during the oscillations, Eq. (15) can be used for
determining the velocity field, U and V ; for the lower
half of the thin film (Y=Ho0:5). They are found to be

UðX ;Y ; tÞ ¼
½sbg sinðgtÞX � ð12� sÞHð0; tÞ	

12 ðn=ð2n þ 1ÞÞ þ 2 bP=h0

 �

1=H

 �

H

�
n

n þ 1
1� 2

Y

H

� �� �ððnþ1Þ=nÞ

�1

( )"

�2
bP
ho

� �
1

H

	
; ð18Þ

V ðX ;Y ; tÞ ¼
bg sinðgtÞ

ðn=ð2n þ 1Þ þ 2ðbP=h0Þ1=HÞ

�
n

n þ 1

n

2n þ 1

� �
1

2

� ���

� 1� 2
Y

H

� �� �ð2nþ1Þ=n

�1

( )
þ

Y

H

�

þ2
bP
h0

� �
1

H

� �
Y

H

� �	
: ð19Þ

Accordingly, the fluid slip velocity at the wall is
obtained as

USlipðX ; tÞ ¼
�2ðbP=h0Þ

1

H

12ðn=ð2n þ 1Þ þ 2ðbP=h0Þ
1

H
Þ

�
½sbg sinðgtÞX � ð12� sÞHð0; tÞ	

H
: ð20Þ

2.3. Thermal boundary condition

It is assumed that the upper plate is insulated while
the lower plate is maintained at a constant heat flux.
Accordingly, the dimensionless thermal boundary and
initial conditions are

yðX ;Y ; 0Þ ¼ 0; yð0;Y ; tÞ ¼ 0;

qyðX ; 0; tÞ
qY

¼ �1;
qyðX ;H ; tÞ

qY
¼ 0: ð21Þ

3. Numerical methods

The dimensionless average thickness of the thin film
for the leakage problem was determined by solving
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Eqs. (1) and (3) and the average of Eq. (12), simulta-
neously, using the explicit formulation with respect to
time. Accordingly, the velocity field U ; V and W was
determined. The energy equation, Eq. (9), was then
solved using the Alternative Direction Implicit (ADI)
method by transferring the problem to one with
constant boundaries using the following transformation:
t� ¼ t; x ¼ X and Z ¼ Y=H :
τ *

0 1 2 3 4 5 6

dH
/d

τ

-0.150

-0.125

-0.100

-0.075

-0.050
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0.125
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γ=3.0
σ =2.0

Fig. 3. Effects of the fixation parameter Fn on the fluctuation rate at

the upper plate dH=dt: The fluctuation rate decreases as the seal

becomes softer.
4. Results and discussions

The used dimensionless parameters in the leakage
problem were selected according to the following data
from the literature: the estimated volume of the fluidic
cell, Fig. 1(b), is 50 ml and the flow rate of the liquid is
0.5ml/min. The thin film thickness was taken to be less
than 0.15mm and the effective modulus of elasticity of
the seal was considered to be between about 105 pa.

4.1. Leakage and slippage effects on flow dynamics inside

thin films

It is noticed from Fig. 2(a) that the thin film thickness
decreases as the dimensionless leakage parameter ML

increases. A relief in the average internal pressure is
expected when the leakage rate increases at a constant
inlet pressure. This reduced pressure result in a
reduction in the force holding the upper plate thus the
thickness decreases. Accordingly, the absolute values of
the inlet pressure gradient increases as the leakage rate
increases, Fig. 2(b). This causes the inlet flow rate to
increase.
According to Fig. 2(a), the leakage rate has almost an

insignificant effect on the fluctuation rate at the upper
τ *

0            1            2            3            4 5            6

H

1.0425

1.0450

1.0475

1.0500

1.0525

1.0550

1.0575

ML=0.01,0.2,0.5

Fn=0.01

βv=0.05

γ=3.0
σ=2.0

(a) (

Fig. 2. Effects of the dimensionless leakage parameter ML on (a) the dimens

film thickness decreases with an increase in the leakage.
plate, dH=dt: However, the associated reduction in the
film thickness increases fluctuations in axial and normal
velocities at the sensor position which tend to magnify
the noise in the sensor measurements especially if the
sensor is placed near the disturbed plate. Induced lateral
flow due to leakage may cause a lateral bending or
twisting of the sensor (e.g. microcantilever). Both effects
tend to reduce the accuracy of the measurement and
may damage the microcantilever over a long period of
time. The fluctuations due to mass leakage can be
minimized if the fluidic cell width D is maximized.
When the used seal-upper plate assembly is soft as for

large Fn values, the film thickness will be more sensitive
to internal pressure pulsations. As a result, an increase
in the fixation parameter Fn causes an increase in the
fluctuation rate at the upper plate (Fig. 3) and
τ *

0 1             2           3            4             5            6

(d
Π

/d
X

) X
=

0

-13.0

-12.5

-12.0

-11.5

-11.0

-10.5

-10.0

-9.5

-9.0

ML=0.01

Fn=0.01

βv=0.05

γ =3.0
σ =2.0

ML=0.2

ML=0.5

b)

ionless thin film thickness H; and (b) the Inlet Pressure Gradient. The
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consequently an increase in flow fluctuations is asso-
ciated (Eqs. (5)–(7) and (12)). Meanwhile, an increase in
the squeezing number s means a reduction in pressure
pulsations levels thus a reduction in the fluctuation rate
is noticed (Fig. 4). As such, soft sealing assembly and
large velocities produce large fluctuations in the flow
within the fluidic cell. Similar trends can be extracted for
the lateral fluctuations in view of Eq. (7). Accordingly,
the noise in the measurement with respect to a
microcantilever sensor is magnified for relatively large
values of the fixation parameter Fn especially at large
pulsation rates.
The resistance against the flow decreases as

the dimensionless wall slip parameter bP=h0 increases.
Thus the wall slip velocity increases as bP=h0 increases,
τ*

0 1 2 3 4 5 6

U
sl

ip

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

βp/ho=0.07
n=1.0
β=0.3
γ=3.0
σ=5.0
ξ=1.0

βp/ho=0.02

βp/ho=0.05

(a) (b

Fig. 5. Effects of the dimensionless slip parameter bP=h0 on (a) the dimension

(the dimensionless time t� ¼ 3p=2 corresponds to the time at which the fluctu
to the time at which the fluctuation rate at the upper plate is minimum).

τ *
0 1 2 3 4 5 6

dH
/d

τ

-0.05

-0.04

-0.03

-0.02

-0.01

0.00

0.01
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0.04
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σ=5.0,6.0,7.0

Fn=0.01
ML=0.1

βv=0.2

γ=3.0

Fig. 4. Effects of the squeezing number s on the fluctuation rate at the
upper plate dH=dt: The fluctuation rate decreases as the order of the

inlet velocity decreases compared to the axial squeezed velocity due to

pressure pulsations.
Fig. 5(a). This results in a reduction in the maximum
axial velocity since the average flow velocity is kept
constant for each case. The maximum slip velocity
occurs during the squeezing stages. Due to the increase
in the uniformity of the axial velocity profiles as bP=h0
increases, flow fluctuations increase near the fixed plate,
Fig. 5(b). This causes enlargement in the noise with
respect to microcantilever measurements.
Due to the expected increase in wall shear stresses for

pseudoplastic (no1) fluids as the power law index n
decreases, the wall slip velocity increases as n decreases,
Fig. 6(a). The uniformity of the axial velocity profiles
increases as n decreases. However, flow fluctuations
increase near the fixed plate as n decreases, Fig. 6(b).
This indicates that dilute solutions of analytes are
preferred over blood and many biofluids in biosensing
applications as they produce minimal flow fluctuations
near the undisturbed plate.

4.2. Leakage and slippage effects on the thermal

characteristics inside thin films

The reduction in internal pressures associated with an
increase in the leakage rate results in an increase in the
inlet flow rate which reduces the average dimensionless
lower plate temperature as seen in Fig. 7. This causes the
temperature levels around the microcantilever surface to
be closer to the inlet temperature, Eq. 2(i). These
temperatures could be quite different from the original
microcantilever temperature. Thus, the deflection of the
bimaterial microcantilever due to thermal effects is
magnified when leakage is present. Similarly, thermal
effects on bimaterial sensors can be magnified by an
increase in Fn and a decrease in s since both effects
cause a reduction in the dimensionless average lower
plate temperature (Figs. 8 and 9). According to Fig. 7,
η
0.000 0.025 0.050 0.075 0.100 0.125 0.150

V

-0.150

-0.125

-0.100
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-0.050

-0.025
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0.150
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n=1.0
β=0.3
γ=3.0
σ=5.0

τ*=3π/2

τ*=11π/6

)

less wall slip velocity Uslip; and (b) the dimensionless normal velocity V

ation rate at the upper plate is maximum while t� ¼ 11p=6 corresponds
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Fig. 7. Effects of the dimensionless leakage parameter ML on the

average dimensionless lower plate temperature yW: The cooling

increases with an increase in the leakage rate.
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Fig. 6. Effects of the power law index n on (a) the dimensionless wall slip velocity Uslip; and (b) the dimensionless normal velocity V (the

dimensionless time t� ¼ 3p=2 corresponds to the time at which the fluctuation rate at the upper plate is maximum while t� ¼ 11p=6 corresponds to
the time at which the fluctuation rate at the upper plate is minimum).
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for the range of ML used, thermal variations can be
neglected when compared to variations in ML:
5. A design for a thin film fluidic cell

In order to minimize axial, normal and lateral flow
disturbances inside thin films, the parameters Fn; mL and
b need to be minimized. Special designs of these films
can satisfy these constraints. As an example, the multi-
compartment fluidic cell with multiple inlets shown in
Fig. 10 will result in reductions in minimizing flow
fluctuations associated with internal/external distur-
bances, leakage and the softening effect of the support
and upper plate assembly. That is because the expected
reduced pressure difference between the main cell and
the two secondary cells minimizes mL: The width of the
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Fig. 10. Multi-compartment fluidic cell.
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secondary compartment needs to be less than half of the
width of the main cell thus reducing Fn: The parameters
Fn and mL can also be reduced if stiff seals are used for
the outer most supports while the interior soft seals are
kept under compression as shown in Fig. 10. Thus b is
reduced for the suggested design. The flow inside the
secondary compartments can be similar to the main flow
conditions or separately controlled.
6. Conclusions

Flow fluctuations within a fluidic cell and conse-
quently the noise in the measurement due to flow
disturbances, are minimized by considering the follow-
ing effects:

* minimizing the working velocities;
* maximizing the thickness of the upper plate;
* maximizing the thin film width if relatively large

leakage rate is involved;
* minimizing the thin film width in the absence of

leakage;
* maximizing the perturbation parameter;
* utilizing dilute working fluid;
* maximizing the thin film thickness.

The last three effects may increase the microcantilever
deflection due to thermal effects. As such, the problem
of reducing flow oscillations was alleviated by consider-
ing new designs for fluid cells can be utilized so that
reliable and accurate detections of biological agents can
be achieved.
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