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Abstract: A piezoresistive microcantilever biosensor has been designed and optimized using both 
finite element and system level analyses. Using the finite element method, simulations on the 
mechanical and piezoresistive behavior of the piezoresistive microcantilever biosensor were carried 
out. The effect of varying geometrical dimension of both cantilever and piezoresistor on deflection and 
sensitivity has been studied. A noise analysis has also been considered by investigating the temperature 
and voltage variations effects to the sensor response. Further analysis was carried out by extracting the 
finite element results to system level analysis in the circuit simulation environment. For this purpose, a 
Wheatstone bridge schematic was constructed in the circuit simulator to convert the piezoresistive 
signal into an output voltage response. With the combination of finite element and system level 
analyses, a piezoresistive microcantilever design and optimization has been realized through circuit 
simulation environment similar to the actual device at faster simulation time.  
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INTRODUCTION 

 
Due to its enormous potentials in gas detection, biochemical analysis, medical and biosensing applications, 

the study of microcantilever biosensor has lately generated great interest among researchers. Among the 
microcantilever biosensors that have been reported include environmental (Boisen et al. 2000), chemical 
(Choudhury et al. 2008) and biological (Rasmussen et al. 2003; Yang et al. 2003; Oei et al. 2004; Na et al. 
2005) sensing applications. The development of various microcantilever biosensors has also been further 
inspired by the advancement in microfabrication techniques. Some improvements have been made on 
fabrication techniques either using surface micromachining or bulk micromachining to improve the sensitivity, 
performance and reliability of the sensor (Chen et al. 2008; Tang et al. 2004). As a result, the microcantilever 
biosensor has become popular due to its outstanding performance serving as a reliable platform for many 
applications. 

Microcantilever biosensor’s response is imperative in determining the reliability and sensitivity of the 
sensor. Apart from other readout systems such as optical, capacitive, interferometry, piezoelectric and charge-
coupled device; piezoresistive is commonly employed due to its advantage of CMOS compatibility. However, 
deflection resolution for the piezoresistive readout is only one nanometer compared to one Angstrom by optical 
detection (Vashist 2007). Due to low resolution issues, many researchers have focused on improving the 
sensitivity of the piezoresistive microcantilever biosensor. Choudhury et al. (2007) described a model for 
surface-stress-sensitive cantilevers using laminated plate theory while Rasmussen et al. (2005) discussed the 
surface stress measurement technique of piezoresistive microcantilever sensor. Using finite element analysis, 
many researches on mechanical stress and strain modeling of a piezoresistive microcantilever sensor to attain 
maximum sensitivity and resolution of the device have been reported (Yang and Yin 2007; Chivukula et al. 
2006; Grericke and King 2008; Park et al. 2010). In addition to these developments, incorporation of stress 
concentration regions on the microcantilever to increase local stress in order to improve cantilever’s sensitivity 
has also been considered (Rahim et al. 2008). 

The above efforts made in designing the microcantilever biosensor indicate the importance of optimizing 
sensitivity. Hence, the aim of this work is to design and simulate a piezoresistive microcantilever biosensor 
using not only finite element analysis but also system level analysis to obtain the whole performance of the 
device. The simulation encompasses mechanical behavior analysis of the cantilever to the electrical response of 
the embedded piezoresistive material which is later integrated into the electronic circuitry for the sensor output 
response.   
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Design  and Theoretical Analysis: 
The design theory of microcantilever and piezoresistor has been discussed individually in the first two parts 

of the analysis. Further discussion on piezoresistive microcantilever biosensor has been covered in the 
subsequent part. 

 
Microcantilever: 

A uniform surface stress acting on an isotropic material causes surface area changes; compressive stress 
increasing cantilever surface area whereas tensile stress decreasing the area. Without stress compensation at the 
opposite side of a thin plate or cantilever beam, the whole cantilever structure will deflect (Ziegler 2004). In 
1905, Stoney derived a relation between adsorption-induced surface stress which is given by,  
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where R represents the radius of curvature of the cantilever, t its thickness, Δσ the differential surface stress and 
v and E are Poisson’s ratio and Young’s Modulus for the substrate, respectively (Madou 2008).  

Taking into account the boundary conditions of a cantilever (R » L), the above equation can be solved and 
the deflection of the cantilevers, δ can be written as,  
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where L is the length of the cantilever. From Eq. 2, it can be seen that materials with different Young Modulus 
values determine the deflection behavior of the cantilever where lower value yields higher deflection. A 
comparison between PolySi and SiO2 cantilevers of the same dimension on displacement sensitivity shows that 
SiO2 with Young Modulus value of 57-79 GPa provides higher displacement over PolySi of 120-180 GPa for 
the same applied load as shown in Fig. 1 (Rahim et al. 2008). Silicon dioxide, SiO2 is chosen as the appropriate 
material for microcantilever mainly due to its relatively low Young Modulus value which results in the high 
deflection behavior of the biosensor. In addition, the utilization of SiO2 cantilever from the buried oxide layer of 
an SOI wafer offers fabrication process flexibility and simplicity.   
 

 
 
Fig. 1: A plot of deflection versus load for both PolySi and SiO2 (Rahim et al. 2008). 
 
Piezoresistor: 

A piezoresistive material changes its electrical conductivity under stress changes. By incorporating the 
piezoresistor into a cantilever, this effect can be used to monitor stress and therefore the bending of the 
cantilever. The measurement of resistance change of such a piezoresistor is realized with a Wheatstone bridge 
circuit. Using the circuit, the resistivity changes of the embedded piezoresistor are measured and translated into 
sensor output voltage changes. 

The advantage of using a piezoresistive detection method is that neither additional optical components nor 
laser alignment is needed. In addition, the piezoresistive readout system can easily be integrated on the same 
chip using CMOS fabrication and most importantly, it can perform well in a liquid environment due to recent 
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improvements in wafer processing which introduces insulation layers to prevent short circuit due to the Faraday 
currents (Rasmussen et al. 2003). The placement of the piezoresistor on the microcantilever surface determines 
the sensitivity of the biosensor. The highest sensitivity can be achieved with a piezoresistor placed at the surface 
of the cantilever beam near the base (Madou 2008). At that point, the stress can be calculated as, 
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where F is the applied force and W is the width of the cantilever beam (Madou 2008). The resulting fractional 
resistance change is given by, 
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where πl is the longitudinal piezoresistive coefficient of silicon at the operating temperature and at a given 
doping and β is a correction factor between 0 to 1. Substituting Eq. 2 into Eq. 4, the expression for fractional 
resistance change in terms of surface stress is obtained as,  
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From the above equation, it can be seen that minimizing cantilever’s thickness, without considering other 

geometrical paremeters such as cantilever’s width and length will increase the sensitivity, ΔR/R of the 
piezoresistive microcantilever sensor. 
 
Piezoresistive Microcantilever Biosensor: 

The piezoresistive microcantilever biosensor working principle is based on measuring a change in surface 
stress when molecules are attached to the surface of the stress-sensitive piezoresistor on the cantilever (Boisen et 
al. 2000). Functionalizing the cantilevers differently by coating them with different molecules of bio-elements 
such as enzyme, antigen and antibody makes it possible to detect different bio-molecules in a complex sample. 

Upon biosensing reaction on the surface of a cantilever, the cantilever will bend downward due to generated 
surface stress. The stress is due to molecular interactions between the bio-element and its specific analyte on the 
cantilever surface. For instance, a good response of cantilever deflection behavior in the presence of glucose 
oxidase bio-element immobilized on the cantilever surface in sensing its specific analyte, glucose was reported 
by Pei et al. (2004) as shown in Fig. 2. 

 

 
 
Fig. 2: Cantilever deflection in response to glucose oxidase solution concentration (Pei et al. 2004). 
 
FEM Analysis And Results: 

It is noted from Eq. 5 that the only geometrical factor which contributes to the device sensitivity is the 
thickness value of the device. As such, the optimal performance of SiO2-based piezoresistive microcantilever 
sensor can be obtained by optimizing the thicknesses of both cantilever and piezoresistor.  
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Microcantilever Design: 
The simulation was conducted on a dual-leg thin layer of Si [100] on rectangular SiO2 cantilever as 

piezoresistive material as shown in Fig. 3 using Coventorware, a commercial finite element analysis tool for 
MEMS. FEM analysis consisted of two parts: mechanical and piezoresistive analyses. Both mechanical and 
piezoresistive analyses was conducted using finite element method where the interactive behavior of each 
element in the model was simulated. Appropriate meshing was conducted on the piezoresistive microcantilever 
solid model using a Manhattan parabolic type mesh structure. The unnecessary portions of the cantilever 
structure such as the anchor was not meshed so as to reduce the computational load. Interactive forces 
commonly found in biosensor detection applications are in the range of ten to hundreds of pN (Villanueva et al. 
2007). As such, a 250 pN load is applied on the surface of the piezoresistive cantilever, taking the higher end 
value of the range. Prior to simulation analysis, a theoretical calculation based on Eq. 5 was compared with the 
simulation in order to check the validity of Coventorware simulator. As shown in Fig. 4, the theoretical 
calculation agrees well with the simulation results. 

 

 
 
Fig. 3: A piezoresistive SiO2 rectangular cantilever dimension. 
 

 
Fig. 4: A plot of sensitivity versus cantilever thickness for both theory and simulation. 
 
Mechanical Analysis: 

Under mechanical analysis, the cantilever and piezoresistor behavior at different thicknesses under various 
applied pressures were studied. For this purpose, a parametric study was carried out by defining the applied load 
range and related boundary conditions on the cantilever. The boundary conditions were set with one end of the 
cantilever was fixed while the rests were free to move. The applied load was defined as a uniformly distributed 
load in the form of a vector with negative z-axis on the surface of the cantilever. Note that the minimum 
thicknesses of both cantilever and piezoresistor were set at 0.5 μm and 0.2 μm respectively, considering the 
device fabrication limitation.  
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Piezoresistive Analysis: 
The results obtained from the mechanical analysis on cantilever bending behavior were then utilized for 

piezoresistive analysis. The dual-leg piezoresistor structure was placed at the fixed end of the cantilever, 
covering about 2/5 of the cantilever length (Chivukula et al. 2006). A one volt potential was applied at one end 
of the piezoresistor’s leg as shown in Fig. 5. 

 

 
 
Fig. 5: A simulation capture of one volt potential applied at one end of dual-leg piezoresistor. 

 
Noise Analysis: 

Understanding the effect of noise is important in the optimization of the piezoresistive microcantilever 
sensor. The two main possible noise sources; thermal and Hooge noises are generated from temperature and 
voltage variations (Harley and Kenny 2000). A temperature variation in the range of 290 to 300 K and a voltage 
variation of ± 0.05 V from 1 V applied voltage have been considered in this study. 

 
Results: 

Fig. 6 shows both deflection and von Mises stress values observed at various cantilever thicknesses, up to 4 
µm. It is seen that both maximum stress and deflection were obtained at a minimum cantilever thickness, in this 
case 0.5 µm which agrees well with Eq. 2. The same trend was observed for various piezoresistor thicknesses 
where both deflection and von Mises stress values are maximized at minimum piezoresistor thickness as shown 
in Fig. 7. 

 
 

Fig. 6: Deflection and von Mises stress values at various cantilever thicknesses. (Piezoresistor thickness was 
fixed at 0.2 μm) 

 
By applying a one volt potential at one of the piezoresistor’s dual legs, a current flow through the 

piezoresistor can be observed as shown in Fig. 8. These current values together with a 250 pN load applied on 
the cantilever are translated into cantilever’s sensitivity in terms of resistance change. The sensitivity was 
measured by comparing the change of current under load and no load conditions as in Fig. 9. The graph shows 
that the highest sensitivity can be obtained at minimum value of both cantilever and piezoresistor thicknesses, in 
this case, 0.5 µm and 0.2 µm respectively which agree well with the theoretical study in Eq. 5. 
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Fig. 7: Deflection and von Mises stress values at various piezoresistor thicknesses. (Cantilever thickness was 

fixed at 1.0 μm). 
 

 
 
Fig. 8: A simulation capture showing current flow through a piezoresistor at one volt potential applied. 

 
For noise analysis, it can be noted that temperature variation gives some changes in current value at various 

piezoresistor thickness as shown in Fig. 10. Basically, higher temperature yields higher current change in the 
piezoresistive cantilever response. However, a voltage variation does not show significant change in current as 
displayed in Fig. 11 which indicates that the voltage noise does not affect the performance of the sensor. 

 

 
 

Fig. 9: Cantilever sensitivity versus cantilever thickness at various piezoresistor thicknesses. 
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Fig. 10: Sensor response versus piezoresistor thickness with ± 2 K temperature variation. 
 

 
 
Fig. 11:  Sensor response versus piezoresistor thickness with ± 0.05 voltage variation. 

 
System Level Analysis And Results: 

Overall sensor performance was optimized in the system level simulation by utilizing the finite element 
results from mechanical analysis and piezoresistive analysis into the circuit simulator.  

 
System Level Analysis: 

Under the system level environment, the circuit analysis was carried out by extracting finite element data 
from the CoventorWare database to simulate the overall performance of the sensor. This simulation was based 
on the behavior of a complete model as expressed by reduced-order equations. A Wheatstone bridge circuit as 
shown in Fig. 12 was later connected to the sensor to measure the output signal from the piezoresistive 
microcantilever. 

 
Results: 

The piezoresistor design and optimization was conducted by simulating the sensor output circuit after 
specifying the piezoresistor layer properties during piezoresistive analysis. The piezoresistor parameters were 
then defined in system level analysis by considering that all database access models in the circuit simulation 
environment use the same FEM database results. This is to ensure the correct placement of the piezoresistor in 
relation to the cantilever beam developed in the initial stage of simulation. 

Using DC transfer analysis, simulation on the sensor output signal was conducted. Only DC analysis was 
considered as the microcantilever is meant for static driving mode for the application of biosensing in further 
research. The simulation was performed under the same applied load range defined in the mechanical analysis 
previously. Fig. 13 shows the sensor output generated from CosmosScope of the circuit simulator. It is seen that 
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the sensor output voltage is higher for lower values of piezoresistor and cantilever thicknesses. These results are 
in good agreement with the cantilever’s sensitivity in terms of resistance change as shown in Fig. 12. 

 

 
 
Fig. 12: A Wheatstone bridge circuit connected to an operational amplifier in system level analysis. 

 

 
 
Fig. 13: Output voltage versus cantilever thickness at various piezoresistor thicknesses. 

 
Conclusions: 

In this work, design and simulation of a piezoresistive microcantilever biosensor using a combination of 
finite element and system level analyses has been reported. A rectangular SiO2 microcantilever embedded with a 
dual-leg Si [100] piezoresistor has been proposed. Choosing an appropriate material for the cantilever structure 
by utilizing the advantages of SOI wafer made it possible to develop a high sensitivity microcantilever biosensor 
through simple fabrication processes. The simulation work which combines both finite element and system level 
analyses provided whole representation of the device performance at a faster simulation time. The simulation 
results also provided guidance to the fabrication of the optimized piezoresistive microcantilever sensor. The 
usability of the combined analyses is not limited to this device only, but extendable to other similar 
piezoresistive structures. 
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