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Abstract:This study on pressure sensors was conducted in order to determine which design 

yielded the device with highest sensitivity. Seven different microcantilever shapes have been 

used and their behaviour towards applied pressure has been studied to find out which shape 

showed the most displacement for the same applied pressure. A pressure of 1000 kPa was 

used for each model. A solid cylindrical silicon structure was used as the piezoresistor. The 

change in resistance of the piezoresistor was calculated due to applied pressure. The gauge 

factor (ΔR/R) was calculated for each model and thus the model with the best sensitivity was 

determined. All simulations were done in COMSOL Mutliphysics v4.4. The results indicate 

that the 1 µm single-crystal silicon rectangular (slotted) microcantilever sensor showed 

maximum sensitivity among the sensors studied. 
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Introduction 

A cantilever is a structure whose one end is fixed to a vertical base while the other end 

extends freely. It is usually in the shape of a beam. The diving board in a swimming pool is 

an example of a cantilever. Figure 1 shows a basic cantilever structure. 
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Figure 1 :A basic cantilever structure (side-view) (Univ. of Cambridge) 

In Figure 1 it is evident that the cantilever beam is anchored to a clamp which serves as the 

fixed base. The beam has a length 'L' and thickness 'h'. An unloaded cantilever beam is 

horizontal. When pressure 'P' is applied to the free end of the beam, the beam bends due to 

the load and is displaced vertically a distance 'δ' from its initial unloaded position.  

A microcantilever is nothing but a cantilever structure built in the micrometer-scale. The 

most common shape used in microcantilever sensors is the rectangular beam microcantilever. 

The aim of this study is to find a different geometry for the microcantilever beam which will 

provide more sensitivity than the conventional design. 

 
Literature Review 

Sensors employing microcantilevers depend on some sort of a measurable change when 

exposed to mechanical stress. This external stress causes a change in the microcantilever’s 

electrical or mechanical properties which is observed by measuring parameters such as the 

angular deflection of the beam, the resistivity of the material deposited on the beam, or the 

natural resonant frequency of the beam. 

A microcantilever can be operated in one of two modes: the static mode or the dynamic 

mode. In the static mode, the bending of the beam is used and its displacement due to an 

external load is measured. The intrinsic stress generated on or within the microcantilever may 

also be measured. In the dynamic mode, the microcantilever is made to oscillate at its natural 

frequency. Any change in load on the beam will change the resonant frequency of the 

microcantilever. This change in frequency is then measured. The sensors designed for this 

research work were for the static mode of operation. 

Thanks to the advent of atomic-force microscopy (AFM) micrometer-scaled cantilevers of 

different shapes can now be mass-produced (G. Binnig et al., 1986). Microcantilevers find 
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huge applications in the field of micro-electro-mechanical systems (MEMS). No matter what 

the sensing application is, the basic principle remains the same - the sensor detects changing 

load on the beam. If the microcantilever beam has different materials deposited on it, then it 

will show different amount of bending. This can be useful for sensing parameters such as 

detecting a material, measuring humidity, measuring temperature, measuring viscosity and 

pressure, etc(Oak Ridge Nat. Lab.). 

 
Mathematical Analysis of Microcantilevers 

Stoney's formula relates the vertical displacement of the microcantilever beam 'δ' to the 

differential surface stress applied on the beam 'Δσ' (S. Arora et al., 2012). 

(1) 

where,     

Δσ = σ1 - σ2 [σ1= surface stress of upper face of microcantilever beam, σ2 = surface stress of 

lower face of microcantilever beam], v = Poisson's ratio, E = Young's modulus, L = Length 

of the beam, t = Thickness of the beam. 

The spring constant 'k' of the microcantilever can be given as a function of its dimensions [4] 

such that 

        (2) 

where,  

w = width of the microcantilever, and E, t, and L are as stated before. 

Gauge Factor is a measure of sensitivity of piezoresistive sensors. It is defined as the ratio of 

the change in resistance to the applied mechanical strain. It can be expressed by the equation 

below (National Ins.). 

       (3) 

where,  

GF = Gauge Factor, R = Resistance of piezoresistor with microcantilever unloaded, ΔR = 

Change in the resistance of piezoresistor due to applied pressure, l = original length of 

piezoresistor, Δl = change in length of piezoresistor. 
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Since the term (l/Δl) is the inverse of strain, thus, for a constant applied pressure the strain is 

constant, so the ratio (l/Δl) is constant. So the more the value of ΔR, the more is the GF and 

the more sensitive the piezoresistor is. 

 
Microcantilevers in Piezoresistive Pressure Sensors 

In Figure 1, imagining the beam to have a length of several hundred micrometers and a 

thickness of around a few micrometers would result in a microcantilever. Now if a 

piezoresistive material was deposited over the cantilever and the resistance of the material 

was monitored under applied pressure on the cantilever beam then this would work as a 

piezoresistive pressure sensor. The stress in the beam would create a change in the atomic 

spacing of the piezoresistive material and thus change its resistance in the process. This 

change in resistance can easily be calculated by applying a dc voltage across the 

piezoresistive material and measuring the current through it. As pressure applied is varied, 

the resistance also varies, and so does the voltage drop across the piezoresistive material (i.e. 

the output voltage). 

 

Material 

Commercially available microcantilever beams are usually made of silicon (single-crystal or 

poly-Si), silicon nitride (Si3N4), or silicon dioxide (SiO2) with different shapes, dimensions 

and sensitivities. But the material used for the piezoresistor film has to be a piezoresistive 

material such as silicon. Silicon dioxide (SiO2) microcantilever provides comparatively 

larger displacement since SiO2 film has a lower Young’s modulus at about 57-79 GPa than 

silicon at 130 GPa. Thus, using SiO2 as cantilever results in higher sensitivity for pressure 

sensors. The interconnects are of metal, usually gold (Au) (R. A. Rahim et al., 2008). 

 

Sensor Design 

A wide variety of microcantilever geometries have been used to study their effect on 

different applications (V. M. Reddy et al., 2013). In this study seven different 

microcantilever shapes have been used and studied to find out which shape showed the most 

displacement for the same applied pressure. 
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For this study three rectangular microcantilever models (regular, wide, and slotted), two 

triangular microcantilever models (regular and wide), a pi-shaped microcantilever model and 

finally a trapezoidal microcantilever model were used. Figure 2 shows the top view of each 

of these seven sensor models. 

 

Figure 2 :Top view of all the seven microcantilever sensor models used in this study 

 

For each model – 

• Same length of the cantilever was used (200 µm). 

• Same thickness of the cantilever was used (1 µm). 

• Same dimensions of cylindrical piezoresistor, interconnects and fixed base were used. 

• Same pressure was applied (1000 kPa). 

• Same material for all components was used. 

Figure 3 shows one of the seven models used in this study. 

 

Figure 3 :Side view of the rectangular microcantilever sensor model in COMSOL (3-D 

view) 
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In all models: 
Table 1 : Cantilever Parameters

Length Width Thickness Material 

200 µm 50 µm 1 µm Single crystal p-Si 

 

Table 2 : Fixed Base Parameters
Length Width Height Material 

100 µm 140 µm 50 µm Single crystal p-Si 

 
Table 3 : Silicon Piezoresistor Parameters

Length Diameter Material 

20 µm 0.8 µm Single crystal n-Si 

(1.32e19 cm
-3

) 

 
Table 4 : Interconnect 1 and 2 Parameters 

Length Width Thickness Material 

30 µm 50 µm 

100 µm 

5 µm Single crystal p-Si 

(1.45e20 cm
-3

) 

 
The goal is to make the microcantilever beam as thin as possible in order to achieve the 

largest resistance change, which in turn results in the largest sensitivity for the sensor (R. A. 

Rahim et al., 2008). 

The idea of the microcantilever model was taken from the one used in D.V. Dao et al. (2010). 

The models used in this work are simplified versions of the practical commercially available 

sensors. Only two electrodes were used in order to supply the dc voltage through the 

cylindrical piezoresistor. The electrodes also work as supports for holding the piezoresistor. 

Silicon dioxide or any other insulating layer was not required since COMSOL Multiphysics 

allows the user to select any boundary (face of a block) or domain (individual components) 

and define whether it is a conductor or an insulator. The models used in this study are custom 

designs built only for the analysis carried out and is sufficient for this study. 
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COMSOL Multiphysics v4.4 has only p-Si and n-Si (single-crystal and poly-Si) in its 

piezoresistive material library; that is why silicon was used for fabricating all parts of the 

sensor, including the interconnects. 

 

Simulation and Discussion 

Displacement Analysis :For each model, applied pressure was kept constant at 1000 kPa, 

length of the beam was kept at 200 µm and beam thickness used was 1 µm. All other 

parameters were kept constant. 

Figure 4 shows the displacement plot for the pi-shaped microcantilever. 

 

Figure 4 :Displacement plot of pi-shaped microcantilever for beam thickness, t = 1 µm 

 

Similarly, all seven shapes were studied and the results were added in Table5. 

 
Table 5 : Microcantilever displacement for all seven shapes 

Cantilever shape Cantilever Displacement (in m) 

Rectangular 8.36 x 10
-3

 

Rectangular (wide) 9.89 x 10
-3

 

Rectangular (slotted) 0.02 

Triangular 2.85 x 10
-3

 

Triangular (wide) 3.25 x 10
-3

 

Pi-shaped 0.02 

Trapezoidal 6.03 x 10
-3

 

 
The data in Table5 was found using microcantilever thickness of 1 µm and an applied 

pressure of 1000 kPa, for all seven models. The fracture strength of silicon is about 7000 

MPa. Thus, the applied pressure did not damage the structures. 
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It is clear from Table 5 that the most displacement (= 0.02 m) of the beam is shown by two 

models - the rectangular (slotted) 1 µm thick microcantilever model and the pi-shaped 1 µm 

thick microcantilever model. 

Now, polycrystalline silicon was used instead of single crystal silicon for the microcantilever 

of the above best two models. The same analysis was carried out for 1000 kPa pressure and 

the results found showed that the rectangular (slotted) 1 µm thick single-crystal Si 

microcantilever showed maximum displacement for the same applied pressure (~0.02 m). 

 

Resistance of Si Piezoresistor vs. Applied Pressure :Silicon is piezoresistive in nature. 

Materials which possess piezoresistivity show a significant change in resistance value due to 

an applied pressure on the material. In this model, the cylindrical silicon structure serves as 

the piezoresistive material, or simply, the piezoresistor. 

A voltage of 5 V dc between the two interconnects was applied and the change in resistance 

of the piezoresistor due to increasing applied pressure was observed. Pressure appliedwas up 

to 100 kPa. All cantilever shapes used in this analysis had a thickness of 1 µm and all other 

parameters (like materials and component dimensions) were kept same as before. Figure 5 

shows the plot of resistance of piezoresistor versus applied pressure on the microcantilever 

beam for the rectangular (slotted) microcantilever model. Similar work was done for the 

other six models. 

 

Figure 5 :Resistance of Si piezoresistor for varying applied pressure for the rectangular 

(slotted) model 
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Since the change in resistance ΔR/R is directly related to the gauge factor and thus the 

sensitivity of a piezoresistor for an applied pressure, it was calculated for the two cantilever 

shapes which gave the best output for displacement and for the first regular rectangular 

model (for comparison). 

Table 6 lists the values of ΔR/R obtained for an applied pressure of 100 kPa. 

 

Table 6 :(ΔR/R) for three models 
Cantilever shape Cantilever thickness (in µm) (ΔR/R) 

Rectangular 1 6.494 

Rectangular (slotted) 1 8.793 

Pi-shaped 1 8.454 

 
It is clear from Table 6 that the rectangular (slotted) microcantilever model showed the 

highest value of ΔR/R (= 8.793) and thus, the highest sensitivity, compared to other models 

for the same piezoresistor dimensions and other parameters. 

 

Conclusion 

Since the Rectangular (slotted) 1 µm thick single-crystal silicon microcantilever sensor 

(pictured in Figure 6) showed maximum displacement and highest gauge factor, thus it can 

be concluded that this model results in the most sensitive piezoresistive pressure sensor 

among the microcantilever models studied. 

 

 
Figure 6 :Rectangular (slotted) microcantilever sensor model in COMSOL (3-D view)
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