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Abstract
The mechanical design and optimization of piezoresistive cantilevers for
biosensing applications is studied using finite element analysis. The change
of relative resistivity of piezoresistive microcantilevers is analyzed in the
presence of the chemical reaction at the receptor surface under the condition
of oscillating flow. Chemo-mechanical binding forces have been analyzed in
order to understand issues of saturation over the cantilever surface.
Furthermore, the optimum design using finite element modeling is achieved
by modifying the factors pertaining to the geometry of the microcantilevers
under the condition of bio-binding. The introduction of stress concentration
regions (SCRs) during cantilever fabrication has been discussed, which
greatly enhances the detection sensitivity through increased surface stress.
Finally, the optimum SCR modified ‘C’ piezocantilever system for
biosensing is designed and the optimal parameters are set for high sensitivity.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The widespread availability of inexpensive microfabricated
cantilevers has resulted in renewed interest in using
surface stress-based cantilever sensors as a means of
detecting biomolecule absorption. The small size of the
microcantilevers and the precise measure of the induced
deflection permit the detection of small surface stresses.
Changes in the surface properties of the microcantilever
through binding or hybridization of analytes to receptor
molecules will directly influence its surface stress. This causes
the microcantilever to deflect and the deflection is proportional
to the analyte concentration. Examples of bindings in
biomolecular (receptor/analyte) applications are: antibody-
antigen (receptor/analyte) bindings or DNA hybridization of a
pair of DNA strands (receptor/analyte) having complementary
sequences [1]. The deflection is usually in nanometers and is
conventionally measured using optical techniques. Biochips
having microcantilevers as sensing elements do not require
external power, labeling, external electronics or fluorescent
molecules or signal transduction for their operation. These

types of biochips can be used in screening certain diseases,
such as cancer, and detecting specific chemical and biological
warfare agents, such as anthrax and aflatoxin. Alcohol
detection in gases has been demonstrated on polymer-coated
cantilevers by Jensenius et al [2]. The detection of alkanethiol
monolayer formation on gold-coated surfaces over cantilevers
in gases has been demonstrated by Hansen et al [3].

The amount of bending of a cantilever beam can
be detected by several read-out systems, including optical
detection [4], capacitive detection [5], tunneling detection
[6] and interferometric detection. The most commonly used
methodology is based on optical detection, where a laser is
beam focused on the end of a cantilever, and the position
of the reflected beam is measured with a position sensitive
photodetector. There are several disadvantages of these
techniques. First of all, they require external devices for
deflection measurements, in the form of lasers, optical fibers
or capacitors. In addition, the alignment and calibration
of these external elements are often periodically required.
Furthermore, the overall dimensions and power requirements
for such detection systems can exceed the requirements of
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field or aircraft deployable devices for biochemical detection
purposes. Other difficulties involve the scanning of the
whole conjugation area over a cantilever surface; the external
detection devices are usually very bulky and do not have
the flexibility for that purpose. These disadvantages can be
avoided by integrating the detection elements or devices into
the cantilever. When a piezoresistive material such as doped
silicon is strained, its electrical conductivity is changed. The
change in the resistivity can be most conveniently measured
by using a Wheatstone bridge. Piezoresistive microcantilevers
are ideal for detecting the changes in surface stress due to
cantilever deflection upon binding of biochemical agents; they
do not require external detection devices, they do not require
tedious alignment, and they can be made to fit in an integrated
electromechanical system [7].

The fractional change in resistance (�R/R) of a
piezoresistive cantilever is described by the following
expression [8]

�R

R
= β

3πL(1 − υ)

t
(σ1 − σ2) (1)

where πL is the piezoresistive coefficient of silicon along
the 〈110〉 axis, σ1 is the longitudinal stress, σ2 is the
transverse stress, t is thickness of cantilever, υ is Poisson’s
ratio, and β is a factor that adjusts for the thickness of the
piezoresistor [9]. From equation (1), the ratio (�R/R) is
proportional to differential stress (σ1 − σ2). Differential stress
distribution over a cantilever surface depends on the geometric
factors of the layers and the chemo-mechanical forces
between the biomolecules and the capture or hybridization
layers. Therefore, the deflection signal can be increased
by maximizing differential stress (σ1 − σ2) by changing the
geometric factors. However, a thorough study is needed
to explore the change of relative resistivity of piezoresistive
microcantilever in the presence of a chemical reaction at the
receptor surface under the condition of the dynamic effect
of an oscillating flow representing flow turbulence on the
microcantilever. The design principle of different geometries
for high sensitivity is also not clear.

In this work, the change of relative resistivity of
piezoresistive microcantilever has been analyzed in the
presence of a chemical reaction at the receptor surface
under the condition of the dynamic effect of an oscillating
flow representing flow turbulence on the micocantilever.
Furthermore, this analysis will help in establishing the
parameters that can be used in finite element modeling for
determining the effect of chemo-mechanical binding of an
analyte onto the microcantilever surface and also the effect of
relative resistivity of the piezoresistive microcantilever due
to the previously mentioned conditions. Finally, through
this work we establish the optimum parameters involved in
enhancing surface stress in piezoresistive microcantilevers.
The optimum design using finite element modeling is achieved
by modifying the factors pertaining to the geometry of
the microcantilevers under the condition of bio-binding.
The optimization has been achieved by implementing the
analytically determined parameters into the finite element
modeling which produces an enhancement of surface stress
in the piezoresistive microcantilevers.

2. Analysis

The differential stress �σ is proportional to the number of
analyte molecules attached to the receptor surface. This
relation has the following form according to Lavrik et al [10]

�σ = �G �M−1 (2)

where �G is the change in the Gibbs free energy caused
by the adsorption process, � is the mass of the bound analyte
molecules per unit area and M is the molar mass of the analyte.
This equation is based on the Dupre equation that relates the
surface free energy of the substrate and the adsorbate and the
work of adhesion.

The first-order chemical reaction equation is

dNb

dt
= kad(N0 − Nb) (3)

where kad, Nb and N0 are the adhesion rate, cumulative
number of analytes molecules and the total number of
analytes molecules bound on the substrate after the experiment,
respectively. The adhesion rate according to Chang and
Hammer [11] is

kad = kfC∞Nr (4)

where kf, C∞and Nr are the effective reaction rate, surface
analyte concentration and the number of available receptors,
respectively. The results of Swift et al [12] agree with the
previous equation. Thus, equation (3) reduces to

dNb

(N0 − Nb)
= kfC∞Nr dt. (5)

The analyte concentration due to turbulence can be written
according to

C∞ = (C∞)0 − βc sin(ωt) (6)

where (C∞)0 and βc are the mean free stream analyte
concentration and the amplitude of concentration. kf increases
with the vibration frequency of the molecules [11]. Also,
Ramakrishnan and Sadana [13] show that the turbulence at
the receptor surface, which is produced by varying the surface
roughness of the receptor, results in an increase in the effective
reaction rate at the surface. They ascribed it to the mixing
effect that the turbulence produces, which results in increasing
the vibration frequency of the molecules. Turbulence at the
receptor surface can also be produced by disturbances in the
flow. In this paper, the relation between the effective reaction
rate and the turbulence frequency is taken to be linear for
simplicity.

kf = k̄f(1 + aω) (7)

where k̄f and a are the effective reaction rate in the absence of
the turbulence and a constant, respectively. Thus, equation (5)
reduces to

dNb

(N0 − Nb)
= k̄f(1 + aω)[(C∞)0 − βc sin(ωt)]Nr dt. (8)

This is a first-order differential equation and has the following
solution given that Nb(t = 0) = 0:

Nb = N0
[
1 − e−k̄fNr(1+aω)((C∞)0t+

βc
ω

(cos(ωt)−1))
]
. (9)

The parameter Nb can be related to � by the following relation

Nb

Am
= �M−1A (10)
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Figure 1. Resistance changes versus time due to analyte-receptor binding.

where �, M, A and Am are the mass of the adsorbate per unit
area, molar mass, number of analyte molecules per mole and
the area of the receptor coating, respectively. Therefore, the
time history for the surface stress can be related to equation
(9) by applying equations (2) and (10) and the result is

�σ = (�σ)0
[
1 − e−k̄fNr(1+aω)((C∞)0t+

βc
ω

(cos(ωt)−1))
]

(11)

where (�σ)0 = �GN0A
−1
m A−1. Thus, equation (1) can be

reduced to

�R

R
= �[(�σ1)0 − (�σ2)0]

× [
1 − e−k̄fNr(1+aω)((C∞)0t+

βc
ω

(cos(ωt)−1))
]

(12)

where � = β 3πL(1−υ)

t
is the piezoresistor coefficient,

(�σ1)0 = �G1N0A
−1
m A−1, (�σ2)0 = �G2N0A

−1
m A−1. It

was found that the adhesion rate is inversely proportional to
the translational velocity, u, of the analyte molecules for a wide
range of translational velocities. According to the data present
in the work of Pritchard et al [14], the effective binding rate
can be linearly correlated to the analyte rolling velocity and
the translational velocity, such that

k̄f = k̄fo − b|u| (13)

where k̄fo and b are constants greater than zero. Therefore,
equation (12) is further reduced to

�R

R
= �[(�σ1)0 − (�σ2)0]

× [
1 − e−(k̄fo−b|u|)Nr (1+aω)((C∞)0t+

βc
ω

(cos(ωt)−1))
]
. (14)

If we ignore the effect of turbulence, i.e. when the flow is fully
developed, equation (14) is simplified to

�R

R
= �[(�σ1)0 − (�σ2)0][1 − e−(k̄fo−b|u|)NrC∞t ]. (15)

Here we define T0 = 1/(k̄fo − b|u|)NrC∞. When t � 3T0,
the change of relative resistance almost reaches the maximum
(figure 1). This is because, when the analyte concentration
reaches a saturated level, the process of binding will reach a
state of dynamic equilibrium. The analyte concentration is
uniformly distributed over the reaction surface.

Z

y
x

Analyte Inlet

Analyte Outlet

Teflon flow cell 

Surface functionized cantielver

Geometry

Figure 2. Model of the sensogram.

3. Finite element modeling simulation and design

We have developed a finite element computational model
for simulating the chemo-mechanical surface stresses due to
analyte binding on functionalized surfaces based on the former
analysis with CFDRCTM. We have conducted simulations
using a model where a substrate functionalized with the
binding molecules is inserted in a thin plate-shaped flow cell.
The simulation system is schematically illustrated in figure 2.
A liquid solution containing the analyte passes through an
orifice with a circular inlet port connecting to the flow cell. A
functionalized substrate on which the binding molecules are
attached is located in the bottom of the flow cell. For the
simulations, we have assumed an arbitrary set of analyte and
binding molecules that have a strong binding affinity. The
initial analyte concentration in the bulk solution was taken
to be 5 × 10−6 M, and the inlet volumetric flow rate was
300 µl min−1 (table 1).

The cantilever beam in this work is 30 µm wide and
120 µm long with a thickness of 1 µm. The piezoresistive
layer has a depth of 0.1 µm. The length of the piezoresistive
layer is 80 µm, which covers the most area near the support.
The capture area is located at the top surface of the cantilever.
Table 2 shows the geometrical parameters used in this
paper.
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Table 1. List of the partial parameters used in the
chemo-mechanical binding analysis.

Property Value

Association rate constant, Ka 1 × 109 M−1 s−1

Dissociation rate constant, Kd 0.001 s−1

Initial analyte concentration in the 5 × 10−6 M
bulk solution, C∞
Maximum possible surface 2 × 10−6 mole m−2

analyte concentration, Ps

Density of sample 1000 kg m−3

Viscosity of sample 0.86 × 10−6 m2 s−1

Diffusivity of analyte, D 4 × 10−7 cm2 s−1

Inlet volumetric flow rate, Q 300 µl min−1

Table 2. A list of the geometrical parameters used in this paper.

Parameters Nomenclature

Length of cantilever L
Width of cantilever W
Thickness of elliptical holes th
Transverse axis length of elliptical holes Rt

Longitudinal axis length of elliptical holes Rl

Distance between elliptical holes Lh

Distance between the first hole and the support Ld

Length of cantilever close to the support Lv

for variable width study
Length of cantilever at the end for variable Wv

width study
Width of cantilever close to the support for Le

variable width study
Width of cantilever at the end for variable We

width study

It can be seen from figure 2 that the model exhibits
symmetry about the XZ plane. This symmetry can be utilized
for the analysis by building a grid that uses only half of
the geometry (the symmetrical half about the XZ plane) and
applying the symmetry BC on that plane. The model is also
symmetric about its center, about a plane parallel to the YZ
plane. This symmetry cannot be used because the flow is not
symmetric about this plane (one is an inlet tube and the other
is an outlet tube for the fluid flow, hence the asymmetry about
that plane.)

3.1. Geometrical analysis of a piezoresistive cantilever beam

In general, the adsorption of molecules to a binding surface
causes a change in the surface free energy, which is also called
the surface tension. The mechanical response of a biosensing
cantilever is caused by a change in the surface stress upon
binding and hybridization of biomolecules. The change of
relative resistivity is proportional to the stress difference, so the
sensitivity of the cantilever can be enhanced by maximizing
this stress difference (σ1 − σ2). The resonance frequency
of microcantilevers is very sensitive to the properties of the
microcantilever surface. Changes in the surface properties
of the microcantilever through binding or hybridization of
analytes to receptor molecules will directly influence its
resonance frequency by changing the overall cantilever mass
and the thickness of the binding layer. The dynamic effects
of flow turbulence in the micofluidic chamber will cause
associated noise due to microcantilever deflection, which will
decrease the signal-to-noise ratio (SNR). So the parameters

w

Ld Lh

L

Figure 3. Top view of a piezoresistive microcantilever with
elliptical holes.
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Figure 4. Stress distribution for SCR cantilevers. (a) differential
stress distribution, (b) integrated differential stress along
longitudinal axis.

of spring constant and resonance frequency for different
geometries will help in designing the microchamber and
controlling the flow rate to decrease the associated noise.

3.1.1. Stress concentration region: elliptical holes. Since
the ratio (�R/R) is proportional to the stress difference (�σ ),
any geometrical enhancements to maximize the stress
difference will result in increasing sensitivity of the
biodetection process. For the finite element simulations, we
have utilized elliptical holes located in the piezoresistor area
to maximize the integrated stress difference. As shown in
figure 3, three elliptical holes are located on the cantilever
such that the distance between the holes are given by Lh, Ld is
the distance between the first hole and the cantilever support,
and W and L are the width and the length of the cantilever,
respectively. For the simulation results shown in figure 4,
th = 0.1 µm, L = 120 µm, W = 30 µm, Ld = 15 µm and
Lh = 12 µm. In addition, Rt = 2 µm is the transverse axis
length, Rl = 8 µm is length of the longitudinal axis and the
hole axis hole ratio (Rl:Rt).

The value of the stress difference is concentrated around
the holes, and is maximized around the first hole, which is
closest to the supporting post (figure 4(a)). Three ‘peaks’ in
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Figure 5. Displacement sensitivity, analyte concentration sensitivity for rectangular cantilever with different SCR axis ratio elliptical holes.
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Figure 6. Parameters for SCR different hole scale size.

Table 3. Displacement sensitivity, analyte concentration sensitivity, spring constant and resonance frequency change for a rectangular
cantilever with different SCR axis ratio elliptical holes.

Rl = 4 µm, Rl = 6 µm, Rl = 8 µm, Rl = 10 µm,
Rt = 2 µm, Rt = 2 µm, Rt = 2 µm, Rt = 2 µm,

L = 120 µm, th = 0.1 µm, th = 0.1 µm, th = 0.1 µm, th = 0.1 µm,
W = 30 µm Ld = 15 µm, Ld = 15 µm, Ld = 15 µm, Ld = 15 µm,

Parameters (No SCR) Lh = 20 µm Lh = 20 µm Lh = 20 µm Lh = 20 µm

�R

R

/
(D�) (MPa Å−1) 2.99 × 10−8 1.05 × 10−7 1.54 × 10−7 1.85 × 10−7 2.05 × 10−7

�R

R

/
(C0�) (MPa µM−1) 7.16 × 10−7 2.5 × 10−6 3.58 × 10−6 4.842 × 10−6 5.92 × 10−6

k (N m−1) 1.04 × 10−1 9.24 × 10−2 8.60 × 10−2 7.64 × 10−2 6.75 × 10−2

F (kHz) 15.78 15.23 14.91 14.23 13.52

the integrated stress difference are observed near the holes, as
shown in figure 4(b). Between the three peaks, we also observe
two local minimum points or bottoms. Because the long axis
of elliptical holes is along the longitudinal axis of cantilever,
the effect of discontinuity causes the stress contours to change.
A sharp increase in the differential stress is obtained on the
cross section of the hole position. The effect of the stress
concentration regions (SCRs) decreases sharply as we move
away from the hole position (figure 4(a)).

Different axis ratios of elliptical holes have been utilized
for the simulations, which resulted in different effects on
the cantilever sensitivity, as shown in table 3 and figure 5,
where C0 is the initial surface analyte concentration, D is

the displacement of the cantilever, k is the spring constant
of the cantilever and F is the resonance frequency of the
cantilever. Simulations have indicated that high axis ratio
holes are always helpful to increase the stress difference, i.e.
to increase the magnitude of the ‘peaks’ in the integrated
stress difference, which results in increased signal sensitivity.
Both the vertical displacement sensitivity and the analyte
concentration sensitivity increase with the increase of axial
ratio of the elliptical holes. Both the spring constant k and
the resonance frequency F decrease with the increasing of the
axis ratio.

In addition, changes in the size and thickness of the holes
have effects on cantilever sensitivities, as shown in figures 6
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Figure 7. Parameters for SCR thickness.

Table 4. Parameters for SCR different hole scale size.

Rl = 6 µm, Rl = 9 µm, Rl = 12 µm, Rl = 15 µm,
Rt = 2 µm, Rt = 3 µm, Rt = 4 µm, Rt = 5 µm,
th = 0.1 µm, th = 0.1 µm, th = 0.1 µm, th = 0.1 µm,
Ld = 15 µm, Ld = 15 µm, Ld = 15 µm, Ld = 15 µm,

Parameters Lh = 20 µm Lh = 20 µm Lh = 20 µm Lh = 20 µm

�R

R

/
(D�)(MPa Å−1) 1.54 × 10−7 1.60 × 10−7 2.36 × 10−7 2.57 × 10−7

�R

R

/
(C0�)(MPa µM−1) 3.58 × 10−6 4.28 × 10−6 6.42 × 10−6 8.02 × 10−6

k (N m−1) 8.60 × 10−2 7.47 × 10−2 7.35 × 10−2 6.41 × 10−2

F (kHz) 14.91 14.36 13.96 12.83

Table 5. Parameters for SCR thickness.

Rl = 12 µm Rl = 12 µm, Rl = 12 µm, Rl = 12 µm, Rl = 12 µm,
Rt = 4 µm, Rt = 4 µm, Rt = 4 µm, Rt = 4 µm, Rt = 4 µm,
th = 0.1 µm, th = 0.2 µm, th = 0.4 µm, th = 0.6 µm, th = 0.8 µm,
Ld = 15 µm, Ld = 15 µm, Ld = 15 µm, Ld = 15 µm, Ld = 15 µm,

Parameters Lh = 20 µm Lh = 20 µm Lh = 20 µm Lh = 20 µm Lh = 20 µm

�R

R

/
(D�)(MPa Å−1) 2.36 × 10−7 5.34 × 10−7 9.55 × 10−7 1.98 × 10−6 8.27 × 10−6

�R

R

/
(C0�)(MPa µM−1) 6.42 × 10−6 1.47 × 10−5 2.68 × 10−5 5.58 × 10−5 2.38 × 10−4

k (N m−1) 7.35 × 10−2 7.29 × 10−2 7.13 × 10−2 7.09 × 10−2 6.94 × 10−2

F (kHz) 13.96 13.78 13.35 13.23 13.12

Table 6. Parameters for variable distance to support.

Rl = 8 µm, Rl = 8 µm, Rl = 8 µm, Rl = 8 µm, Rl = 8 µm,
Rt = 2 µm, Rt = 2 µm, Rt = 2 µm, Rt = 2 µm, Rt = 2 µm,
th = 0.1 µm, th = 0.1 µm, th = 0.1 µm, th = 0.1 µm, th = 0.1 µm,
Lh = 20 µm, Lh = 20 µm, Lh = 20 µm, Lh = 20 µm, Lh = 20 µm,

Parameters Ld = 25 µm Ld = 20 µm Ld = 15 µm Ld = 10 µm Ld = 5 µm

�R

R

/
(D�)(MPa Å−1) 1.41 × 10−7 1.56 × 10−7 1.85 × 10−7 2.13 × 10−7 2.37 × 10−7

�R

R

/
(C0�)(MPa µM−1) 2.67 × 10−6 3.98 × 10−6 4.84 × 10−6 6.48 × 10−6 7.82 × 10−5

k (N m−1) 8.96 × 10−2 8.42 × 10−2 7.64 × 10−2 6.57 × 10−2 6.06 × 10−2

F (kHz) 15.35 14.94 14.23 13.54 12.54

and 7. With an increase in the size or thickness of the
holes, both the displacement and the analyte concentration
sensitivities of the cantilever increase, and the spring constant
and resonance frequency of the cantilever decrease. Overall,
a large size hole, a large aspect ratio and a large thickness
of the elliptical hole dimensions increase the sensitivity in
spite of the slightly decreasing spring constant. Decreasing

Ld will increase both the displacement and the analyte
concentration sensitivities. In addition, the spring constant and
resonance frequency of the cantilever will decrease (table 6).
If we fix the location of the second hole in the cantilever
and shorten the distance between the holes (Lh), both the
displacement and the analyte concentration sensitivities will
increase when Lh is decreased from 20 to 15 µm (figure 9).
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Figure 8. Parameters for variable distance to support.
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Figure 9. Parameters for variable distance between holes Lh.

Table 7. Parameters for variable distance between holes Lh.

Rl = 8 µm, Rl = 8 µm, Rl = 8 µm, Rl = 8 µm, Rl = 8 µm,
Rt = 2 µm, Rt = 2 µm, Rt = 2 µm, Rt = 2 µm, Rt = 2 µm,
th = 0.1 µm, th = 0.1 µm, th = 0.1 µm, th = 0.1 µm, th = 0.1 µm,

Parameters Lh = 20 µm Lh = 17 µm Lh = 15 µm Lh = 12 µm Lh = 10 µm

�R

R

/
(D�)(MPa Å−1) 1.85 × 10−7 2.00 × 10−7 2.06 × 10−7 1.65 × 10−7 1.62 × 10−7

�R

R

/
(C0�)(MPa µM−1) 4.84 × 10−6 5.34 × 10−6 6.20 × 10−6 5.32 × 10−6 4.96 × 10−6

F (kHz) 14.23 13.46 13.55 13.50 13.38

Table 8. Parameters of variable width of cantilever.

Lv = 80 µm, Lv = 80 µm, Lv = 80 µm, Lv = 80 µm, Lv = 80 µm, Lv = 80 µm,
Le = 40 µm, Le = 40 µm, Le = 40 µm, Le = 40 µm, Le = 40 µm, Le = 40 µm,
We = 30 µm, We = 30 µm, We = 30 µm, We = 30 µm, We = 30 µm, We = 30 µm,

Parameters Wv = 30 µm Wv = 25 µm Wv = 20 µm Wv = 15 µm Wv = 10 µm Wv = 5 µm

�R

R

/
(D�)(MPa Å−1) 2.99 × 10−8 3.71 × 10−7 1.62 × 10−6 2.28 × 10−7 1.69 × 10−7 1.04 × 10−7

�R

R

/
(C0�)(MPa µM−1) 7.14 × 10−7 1.59 × 10−5 3.06 × 10−5 1.66 × 10−5 7.60 × 10−6 6.32 × 10−6

F (kHz) 15.78 14.26 13.34 12.45 10.16 8.089

If Lh is decreased further, both sensitivities will also start
to decrease. We conclude that the optimum distance
between the holes can be taken to be twice the long axis
length.

3.1.2. Variable width of cross section. Simulations have
indicated that variable width of the cantilever geometry can
be used to increase the sensitivity. Wv is the width of
the cantilever near the support, We is the width of the
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LV Le

Wv We

Figure 10. Geometry parameters for variable cross section.

cantilever at the end, Lv is the length of cantilever close
to the support and Le is the length of cantilever at the end
(figure 10). The displacement and the analyte concentration
sensitivities increase when Wv decreases from 30 to 20 µm
(figure 11). This is because the differential stress reaches
the maximum around Wv = 20 µm for the increasing extent
of the SCR. When Wv decreases further, the decrease in
the cantilever spring constant will dominate, and hence both
the displacement and the analyte concentration sensitivities
will decrease. Since the ratio Lv:Le = 3:2, it is reasonable
to find that the maximum sensitivity is obtained when
We:Wv = 3:2.

3.2. Design principles

From the previous analysis, we can conclude the following.

(1) The differential stress (σ 1 − σ 2) is concentrated in the
area near the support post.

(2) SCR (holes) can increase the magnitude of the differential
stress (σ 1 − σ 2). In the case of elliptical holes, a large axis
ratio, large hole dimensions and deep hole thickness can
increase both the displacement and analyte concentration
sensitivities even though the cantilever spring constant
decreases.

(3) For integrated differential stress (σ 1 − σ 2), the peaks are
obtained in positions around the holes.

(4) The optimal distance between holes is taken to be twice
the longitudinal axis of elliptical holes.

(5) Moving holes closer to the support increases both the
displacement and the analyte concentration sensitivities.

0.00E+00

2.00E-07

4.00E-07

6.00E-07

8.00E-07

1.00E-06

1.20E-06

1.40E-06

1.60E-06

1.80E-06

0 5 10 15 20 25 30 35

-5.00E-06

0.00E+00

5.00E-06

1.00E-05

1.50E-05

2.00E-05

2.50E-05

3.00E-05

3.50E-05

0.00E+00

2.00E-07

4.00E-07

6.00E-07

8.00E-07

1.00E-06

1.20E-06

1.40E-06

1.60E-06

1.80E-06

0 5 10 15 20 25 30 35

-5.00E-06

0.00E+00

5.00E-06

1.00E-05

1.50E-05

2.00E-05

2.50E-05

3.00E-05

3.50E-05

WV (µm)

D
is

pl
ac

em
en

t S
en

si
tiv

ity
 (

M
Pa

/Å
)

C
oncentration Sensitivity (M

Pa/µ
M

)

Figure 11. Parameters of variable width of cantilever.
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Figure 12. (a) Differential stress distribution of normal cantilever,
(b) differential stress distribution of ‘C’ modified cantilever and
(c) integrated differential stress along longitudinal axis.

(6) Decreasing the cross section close to the support will
increase the displacement and analyte concentration
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Table 9. Parameters for ‘C’ cantilevers.

Rl = 6 µm, Rl = 9 µm, Rl = 12 µm,
Rt = 2 µm, Rt = 3 µm, Rt = 4 µm,

Parameters th = 1 µm th = 1 µm th = 1 µm

�R

R

/
(D�) 2.35 × 10−7 3.77 × 10−7 8.45 × 10−7

(MPa Å−1)
�R

R

/
(C0�) 1.53 × 10−5 5.82 × 10−5 9.46 × 10−5

(MPa µM−1)

Table 10. Geometrical parameters for the optimized SCR modified
‘C’ cantilever.

Parameters Nomenclature

Length of cantilever, L L = 120 µm
Width of cantilever, W W = 30 µm
Contacting beam 30 × 120 µm2

Thickness of elliptical holes, t th = 1 µm
Transverse axis length of elliptical holes Rt = 4 µm
Longitudinal axis length of elliptical holes Rl = 12 µm
Distance between elliptical holes Lh = 15 µm
Distance between the first hole and the support Ld = 1 µm

sensitivities. The sensitivities first reach the maximum
and then decrease. An optimum ratio is Lv:Le = We:Wv.

3.3. Optimized stress concentration region modified ‘C’
cantilever based on the design principle

Based on the design principle discussed previously, the
optimized SCR modified ‘C’ cantilever is designed to increase
the overall detection sensitivity. For the simulations whose
results are presented below, the holes are moved towards
the support, the distance between the holes is shortened, and
large size, large aspect ratio and large depth for the holes are
assumed. In figure 12(c), the overlap of the three ‘peaks’
and hence a comparatively stable flat roof area can be found
near the support area. This is where the piezoresistive layer
should be located to collect large signals. The normal single
beam cantilever is also compared with the ‘C’ cantilever with
the same optimized geometry factors and the same initial
concentration. The ‘C’ cantilever has a higher differential
stress than the single beam cantilever because of the increasing
binding area on the connecting beam far away from the support,
which significantly increases the differential stress on the
cantilever (figure 12(c)). The principles outlined previously
for the optimal design of rectangular cantilevers are also useful
for the design of ‘C’-shaped cantilevers (table 9).

4. Conclusion

We have developed a finite element computational model
for simulating the chemo-mechanical binding of analytes to
specific binding molecules on functionalized surfaces. The
analyte concentration is uniformly distributed over the reaction
surface when the analyte concentration reaches a saturated
level. This means that the stable chemo-mechanical binding

stress gives rise to a uniform distribution for surface stress
which can be utilized for bio-sensing using a cantilevered
detection system. Displacement and uniformly distributed
force sensitivity analysis have been carried out to investigate
the effects of geometrical factors on the piezoresistive
cantilever. Optimization of geometry factors can increase
the device sensitivity to the binding and hybridization of
biomolecules. Design principles are established according
to the geometry analysis. Finally, the optimum SCR modified
‘C’ piezocantilever system for biosensing is designed and the
optimal parameters are set for the high sensitivity (table 10).
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