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Abstract
This paper deals with the design and simulation of a stripped-shaped piezoresistive pressure sensor. The sensor is based on the 
Wheatstone bridge configuration. The piezoresistive effect is a change in the electrical resistivity of a semiconductor or metal 
when mechanical strain is applied. For designing the sensor, piezoresistors are placed in series on each side of the square. The 
number of the piezoresistor arms is varied in two proposed designs where the sensitivity and the operable pressure range are 
analyzed with their characteristics. The COMSOL Multiphysics software is used for this work. The simulated sensitivity is 
about 7.736 mV/V/MPa over the range of pressure from 0 to 5 MPa. The simulated result reveals that the sensitivity signifi-
cantly depends on the placement of the resistors, combination of the materials, shape of diaphragm, and size of diaphragm.
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1  Introduction

Nowadays, pressure sensors play a vital role to address con-
cerns with the environment. Pressure sensors are used in 
different applications such as biomedical, industrial, auto-
motive, chemical, aerospace, and water treatment [1–4]. 
Some advantages of pressure sensors are their small size, 
low cost, ease of fabrication, high reliability, and less stray 
factors. Micro-pressure sensors have been classified as abso-
lute [5, 6], differential [7–9], and gauge [10] sensors based 
on the method of sensing. Micro-pressure sensors can also 
be categorized based on the mechanism of the transduction 
such as piezoresistive [11, 12], optical resonant [13, 14], and 
thermal sensors [15, 16].

Due to the emergence of microelectromechanical sys-
tems (MEMS), many kinds of MEMS-based pressure sen-
sors have been invented. According to the sensing principles, 
MEMS-based pressure sensors can be divided into piezore-
sistive [17, 18], capacitive [19, 20], resonant [21], and so on. 

Among them, the piezoresistive MEMS pressure sensors are 
the most used one because of their significant advantages 
such as high sensitivity [22, 23], excellent linearity [23], 
and repeatability. The piezoresistive MEMS sensors operate 
through the change in electrical resistance by an external 
force applied to a semiconductor. This change only affects 
the material’s electrical resistivity.

Recently, research on piezoresistive pressure sensor has 
been conducted. For instance, Hong et al. [24] designed an 
inner diaphragm of the piezoresistive pressure sensor. Their 
proposed model was compared with the original model. 
The proposed model had a square diaphragm with side of 
1 mm and thickness of 20 µm. The model showed 13% incre-
ment in the sensitivity without decreasing the linearity. The 
achieved sensitivity was about − 6.02 mV/kpa. Moreover, 
Meti et al. [22] proposed silicon-based micro-pressure sen-
sor where different configurations of p-type meander-shaped 
piezoresistors were used. The resistors were placed at the 
high strain region of the diaphragm surface with the con-
figuration of Wheatstone bridge. The material used for the 
connecting arms was copper. It was mentioned that the sen-
sitivities for 100 µm and 50 µm length of piezoresistors were 
1.64 mV/kpa and 2.36 mV/kpa, respectively. In another sim-
ulation-based study, a silicon-based piezoresistive pressure 
sensor with meander-shaped piezoresistors was explored for 
the pressure range of 0 to 1 MPa [25]. The dimension of the 
designed sensor was 500 μm in width, 500 μm in depth, and 

 *	 Maliha Farhath 
	 mfmridanka2906@gmail.com

	 Mst. Fateha Samad 
	 fatehaeteruet@gmail.com

1	 Department of Electronics & Telecommunication 
Engineering, Rajshahi University of Engineering & 
Technology, Kazla, Rajshahi 6204, Bangladesh

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com

http://orcid.org/0000-0001-8526-1610
http://crossmark.crossref.org/dialog/?doi=10.1007/s10825-019-01429-w&domain=pdf


311Journal of Computational Electronics (2020) 19:310–320	

1 3

10 μm in height. It also used copper as the metal strip to con-
nect the piezoresistors. In this work, four different configu-
rations of meander-shaped piezoresistive pressure sensors 
were analyzed. High sensitivity of 32.93 μV/V/Pa for two 
turn configurations and a high linearity for zero turn configu-
rations were obtained. On the other hand, a pressure sensor 
based on the piezoresistive effect of graphene was presented 
by Zhu et al. [26]. The sensor used a square-shaped silicon 
nitride membrane which was 100 nm thick and 280 µm wide. 
The polycrystalline graphene piezoresistors were placed on 
the maximum strain area of the diaphragm. At the pressure 
range of 0–70 kPa, the diaphragm was deflected and the 
output voltage was produced. The achieved gauge factor 
for graphene was as 1.6. Similarly, a thin graphene-based 
MEMS intracranial piezoresistive pressure (ICP) sensor was 
introduced in [17]. The effect of residual stress on the gra-
phene diaphragm was studied in the paper. It was found that 
20 layers of graphene can reduce the residual stress on the 
diaphragm from 1.94 × 107 Mpa to 9.72 × 103 Mpa. Further-
more, a structural four-beams-bossed-membrane (FBBM) 
piezoresistive pressure sensor was invented in [27]. The per-
formance of the stress distribution on sensitive elements and 
the deflection of membrane were examined using the finite 
element analysis. The relationships between the mechani-
cal performance and dimension variables were determined, 
which provided an instruction for designing a sensor with 
FBBM structure. The results demonstrated a high sensitiv-
ity of 4.71 mV/V/kPa and a low pressure nonlinearity of 
0.75% FSS. It also indicated that this novel structure-based 
sensor was a perfect sensor for working under 5 kPa. In addi-
tion, Guan et al. [28] reported a novel high sensitivity- and 
linearity-based piezoresistive pressure sensor. The design 
was analyzed using 0–3 kPa to determine the stress on the 
beam edge and the diaphragm deflection. A shuriken-struc-
tured diaphragm was fabricated which not only improves 
the sensitivity but also enhances the linearity performance 
of this piezoresistive pressure sensor. The fabricated sen-
sor illustrated 4.72 mV/kPa/V of sensitivity and 0.18% FSO 
(full-scale output) of nonlinearity.

Overall, it is found that the piezoresistive pressure sen-
sor mainly consists of silicon diaphragm with piezoresistive 
elements mounted on it. Silicon works as the sensing ele-
ment, and semiconductors and metals work as piezoresistive 
materials. However, semiconductors are more preferred over 
the metals, since semiconductors exhibit higher gauge factor 
[29]. Widely used piezoresistive materials are polysilicon 
[30], polycrystalline SiC [31], single-crystal silicon carbide 
[32], carbon nanotubes [12], etc. In this design, the place-
ment of the piezoresistors is selected in the form of Wheat-
stone bridge circuit. Wheatstone bridge circuit is used in pie-
zoresistive pressure sensor because of the extreme accuracy. 
The Wheatstone bridge circuit determines the concept of the 
measurement of small differences, which shows the extreme 

accuracy. There are number of piezoresistor arms, which 
are placed on the diaphragm of the piezoresistive pressure 
sensor as the configuration of Wheatstone bridge circuit. 
Therefore, the change in resistance is measured simultane-
ously with the change in electric potential when the pressure 
is imposed on the surface of the piezoresistive pressure sen-
sor. Moreover, the sensitivity of the bridge with four active 
arms is higher than any one or two active arms [33]. For 
this reason, Wheatstone bridge circuit is chosen as the basic 
principle of this piezoresistive pressure sensor. Having all 
these considerations, the sensitivity is achieved higher and 
the operable pressure range is much wider.

2 � Theory

Piezoresistive pressure sensor works based on the piezore-
sistive effect. When the pressure sensor is subjected to the 
mechanical strain, the effective mass of silicon atoms either 
increases or decreases which in turn changes the mobility of 
the silicon carriers; hence, the resistance (R) of the material 
changes according to the following equation:

where A is the cross-sectional area of the piezoresistive 
material, l is the length of the piezoresistive material, and 
ρ is the resistivity of the material. Two important factors of 
piezoresistive pressure sensor are: the substrate of the sensor 
with a known area A and the ingredient of the sensor. The 
sensor will respond to the applied force F, which is satisfied 
by the mathematical formula of pressure [34]. The pressure 
is related to the differential of force over area as:

The placement of the piezoresistors on the pressure sen-
sor is arranged as the Wheatstone bridge circuit as shown in 
Fig. 1. In this circuit, there are four active arms. When there 
is a change in pressure, the two resistors R1 and R3 undergo 
a resistance change. This change in resistance is equal and 
opposite to the resistance change in R2 and R4. As a result, 

(1)R = �l∕A

(2)P =
dF

dA

Fig. 1   Wheatstone bridge circuit
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the sensitivity of four active arms is higher than any one or 
two active arms. For this reason, Wheatstone bridge circuit 
configuration is considered [35].

When the pressure is applied to the diaphragm, it gets 
deformed. The quantity of displacement is measured at the 
center of the diaphragm using the following equation [11]:

where P is the applied pressure, a is the side length of the 
diaphragm, E is the Young’s modulus, h is the thickness 
of the diaphragm, and v is the Poisson’s ratio. The output 
voltage of the circuit depends on the input voltage and the 
applied pressure. This output voltage of the Wheatstone 
bridge circuit is given by [12]:

Output voltage across Wheatstone bridge circuitry is 
measured analytically by using another equation [12]:

where �
t
 is the piezoresistive coefficient for transverse posi-

tion and Vin is the input voltage in V. The sensitivity of a 
pressure sensor is defined as the ratio of change in the output 
voltage to the change in the applied pressure with the input 
voltage. Mathematically it is defined by [36]:

3 � Design considerations

While designing a piezoresistive pressure sensor, there are 
some factors that must be kept into the considerations. First 
consideration is the selection of piezoresistive materials. 
Widely used piezoresistive materials are silicon [11], poly-
silicon [37], silicon di-oxide [28], carbon nanotube [12], 
graphene [26], etc. Therefore, the choice of material is an 

(3)D = 0.0151(1 − v
2)
Pa4

Eh3

(4)Vout = Vin

[

R2R3 − R1R4

(R1 + R2)(R3 + R4)

]

(5)Vout =
0.75Pa2(1 − v)�

t
Vin

h2

(6)sensitivity =
ΔV

ΔP
⋅

1

Vin

important matter because it results the change in the output 
of the sensor. The placement of the resistors is also a matter 
of consideration [11]. In the time of dimensioning the sen-
sor, the thickness of the diaphragm is highly considered to 
obtain the best output characteristics from the sensor [38]. 
By maintaining these considerations, the proposed sensor 
is designed.

3.1 � Materials used for the proposed designs

In this work, the selected piezoresistive material is silicon. 
However, depending on the application, different types of 
silicon materials can be used as piezoresistive element such 
as p-type and n-type silicon semiconductors. Moreover, 
there are some piezoresistive materials such as graphene and 
carbon nanotube (cnt) that have widely been used in other 
applications [12, 39]. In the proposed design, n-type sili-
con (single crystal, lightly doped) is used as diaphragm and 
p-type silicon (single crystal, lightly doped) is preferred for 
the resistors. For the connectors, metal can be used because 
it cannot affect the piezoresistive effect. However, the widely 
used materials for the connectors are silicon, copper, alu-
minum, etc. [22, 40]. In this design, silicon is also chosen 
as the connectors which might raise the performance [11, 
22]. The properties of the materials used in this work are 
given in Table 1.

3.2 � Placement of the resistors

For the enhancement of the sensitivity, the piezoresistors are 
needed to be placed properly. The optimal location to place 
the piezoresistive material would be the region of maximum 
strain on the diaphragm which is the four-edge side of the 
square diaphragm [11]. The application of pressure under-
neath the sensor causes a deflection of the diaphragm, and 
this causes a change in resistance hence change in the output 
voltage. The two resistors are placed in a way to experience 
the tensile strength which increases the resistance. Another 
two piezoresistors experience the decrease in the resistance. 
This proper placement of resistors also compensates the 
temperature compensation. Thus, the calculation of strain 
distribution and deflection with the change in the applied 
pressure becomes pivotal [11].

Table 1   Properties of materials Properties Material of diaphragm 
(n-type silicon)

Material of piezoresistors 
(p-type silicon)

Material of 
connectors 
(silicon)

Young’s modulus [GPa] 160 160
Poisson’s ratio 0.22 0.22
Density [kg/m3] 2330 2330
Electrical conductivity [S/m] 1000
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3.3 � Diaphragm dimension of the proposed design

The thickness and the size of the diaphragm are a matter of 
consideration in designing the piezoresistive pressure sen-
sor. The thinner diaphragm increases the sensitivity [38]. 
However, the thicker diaphragm increases the linearity 
[38]. Emphasizing on the sensitivity, the thickness of the 
diaphragm is fixed to 10 µm. The diaphragm of the sen-
sor will be said to be ‘thin’ if the ratio of the thickness of 
the diaphragm to the length of the diaphragm is less than 
1/20 [41]. Since the selected thickness of the diaphragm 
is 10 µm, the length of the diaphragm should be at least 
10 × 20 = 200 µm. For this design, the length of the dia-
phragm is fixed to 400 µm.

4 � Design and simulation

The performance of the piezoresistive pressure sensor not 
only depends on the properties of the materials but also 
depends on the shape of the sensor, the placement of the 
resistors, the size of the resistors, the thickness of the dia-
phragm, etc. The Young’s modulus of the piezoresistive 
material and the electrical conductivity of the connector’s 
material play a vital role in the sensitivity of the piezoresis-
tive pressure sensor. Additionally, the length of the resistors 
and the thickness of the diaphragm are of great importance 
[22]. Keeping these concepts under consideration, two 
designs are proposed below.

4.1 � Stripped‑shaped piezoresistive pressure sensor 
(Design‑1)

In this work, the shape of the sensor is chosen as square 
because it has advantages over circular and rectangle shape. 
The advantages are: The induced stress is maximum at the 
edges; and the strain is positive over wide range [42]. The 
proposed model is designed in the COMSOL Multiphysics 

4.4. The designed sensor includes three piezoresistor arms 
in each side which are placed on the square diaphragm. The 
selected dimension of the substrate and the diaphragm is 
500 µm × 500 µm and 400 µm × 400 µm, respectively. The 
thickness of the diaphragm is chosen as 10 µm. For design-
ing the resistors and the connectors, a work plane is cre-
ated on the diaphragm from the COMSOL tool. Then, the 
2D geometry of the resistors and connectors is designed 
on the work plane. The total dimension of each resistor is 
approximately 100 µm × 10 µm where 33.3 µm length of 
each piezoresistor arm is slotted. The space between these 
piezoresistor arms is kept as 35 µm. For the connectors, 
10 µm width of semiconductor is used between piezoresis-
tors. The connectors are united using Boolean operations 
of the COMSOL tool. Then, the novel stripped-shaped pie-
zoresistors are ready to employ for the simulation. Figure 2 
shows the structure of the proposed pressure sensor.

For the simulation of this model, COMSOL study tool is 
used. The physics that is used in the simulation is piezore-
sistive boundary current. The boundary load is defined on 
the diaphragm area. The input voltage of 5 V is applied to 
one corner terminal of the diaphragm, while the other cor-
ner terminal is ground connected. For better performance, 
extremely fine meshing technique is employed. The simula-
tion is done by pressure range of 0 to 5 MPa with the step 
size of 0.25 MPa. In each step, the displacement and the 
output voltage are computed. For instance, the maximum 
deformation at 1 MPa is obtained as 2.64 µm. The simulated 
displacement at 1 MPa is shown in Fig. 3. The change in 
the resistance of piezoresistors causes the change in output 
voltage across the Wheatstone bridge circuitry. Figure 4a 
shows the electric potential distribution of Design-1. The 
potential distribution is produced by the continuous charge 
distribution. Input terminal shows the highest electric poten-
tial distribution of 5 V as marked by the red color, and the 
ground terminal shows the lowest electric potential indicated 
by the blue color. The output voltage of Design-1 is found as 
39.28 mV to 194 mV for 1 MPa to 5 MPa applied pressure. 

Fig. 2   Pressure sensor of Design-1: a top view of the proposed model, b geometry designed in COMSOL
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Thus, output voltage increased with the increment in the 
applied pressure. Since the maximum operable pressure for 
Design-1 is 5 MPa, the highest obtained output voltage for 
Design-1 is 194 mV. 

The stress region of the pressure sensor is simulated 
in a 3D plot. As shown in Fig. 4b, the high stress region 
lies on the area of the resistors. In this figure, the red area 
represents the maximum stress area where the resistors are 
located. The maximum stress is found as 8.97 × 108 N/m2. 
This result is obtained by the expression of the first princi-
ple stress. The first principle stress is the maximum tensile 
stress induced in that area where the pressure is applied. 
Moreover, the maximum or ultimate tensile strength is the 
maximum applied pressure divided by the cross-sectional 

area where the pressure is applied. Using the maximum 
applied pressure of 5 MPa and the cross-sectional area of 
400 µm × 10 µm, the ultimate tensile strength is found as 
1250 × 106 MPa. The first principle stress of 8.97 × 108 N/
m2 does not exceed the ultimate tensile strength. This 
indicates Design-1 is optimized well and compatible for 
practical applications [43, 44].

4.2 � Stripped‑shaped piezoresistive pressure sensor 
(Design‑2)

In this model, the shape and size of the sensor are same as 
previous design. The main difference from Design-1 is the 
number of the piezoresistor arms. In this design, there are 

Fig. 3   3D simulation results of Design-1: total displacement is in µm range at the applied pressure of 1 MPa

Fig. 4   Simulation results of Design-1: a electric potential (V) distribution, b stress region of the pressure sensor (Color figure online)

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com



315Journal of Computational Electronics (2020) 19:310–320	

1 3

four piezoresistor arms in each side of the diaphragm. This 
second design is proposed for analyzing the outputs that can 
be compared with the first design. Figure 5 represents the 
geometry of the proposed Design-2.

Since the number of the piezoresistor arm is increased 
in the second design, the length of each piezoresistor arm 
is taken as 25 µm. This model is also designed in the COM-
SOL Multiphysics software. All of the steps in design proce-
dure are same as Design-1. Figure 6 represents the simulated 
result of total displacement at 1 MPa. The deformation of 
Design-2 sensor is achieved as 2.62 µm at 1 MPa. The dis-
placement of this sensor is also observed for the pressure 
range of 0 to 5 MPa. However, the maximum displacement 
is obtained at 20 MPa. Moreover, the electric potential dis-
tribution of Design-2 is displayed in Fig. 7a. The simulated 
output voltage is 13.6 mV to 68 mV for applied pressure of 
1 MPa to 5 MPa. Thus, with the increase in the applied pres-
sure, the output voltage is increased. It can be acknowledged 

that the output voltage of Design-2 is low compared to 
Design-1. In addition, the maximum stress of 1.07 × 108 N/
m2 is achieved from this model which is denoted by the red 
region area in Fig. 7b. While comparing the first principle 
stress of Design-1 and Design-2, Design-1 shows about nine 
times greater stress. Although Design-1 and Design-2 have 
similar materials, Design-1 achieved better performance 
because of less number of piezoresistor arms. The less num-
ber of arms enhances piezoresistive effects. Hence, Design-1 
is more suitable for application in a highly stressful situation 
than Design-2. The graphical representation of all outputs is 
shown in the result analysis section.  

5 � Result analysis

Various parameters such as deflection of the diaphragm, out-
put voltage, and sensitivity are the analysis characteristics of 
the proposed models. For the applied pressure of 0 to 5 MPa, 
the corresponding displacement and the electric potential are 
computed to get the value of the linearity and the sensitivity. 
In this section, the simulated and the mathematical results 
of the linearity and the sensitivity are presented. Figure 8 
shows the graph of displacement versus applied pressure for 
Design-1, Design-2, and the theoretical result. The theoreti-
cal values of the displacement are computed from Eq. (3). 
The reference point for measuring displacement is the 
center of the diaphragm where the maximum displacement 
is achieved. It is observed that the displacement of Design-1 
is close to the theoretical result. In addition, the output curve 
of Design-2 is less linear than Design-1. When the pressure 
increases, the displacement in the sensor also increases. This 
graph confirms the linearity of the piezoresistive pressure 
sensor for Design-1.Fig. 5   Geometry of Design-2

Fig. 6   3D simulation results of Design-2: total displacement is in µm range at the applied pressure of 1 MPa
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Additionally, Fig. 9 represents the change in the output 
voltages across the bridge due to the change in applied 
pressure of Design-1, Design-2, and the theory calcu-
lated from Eq. (5). In this graph, it is observed that as the 
applied pressure increases, the output voltage increases. 
The output voltages of Design-1 are greater than the out-
put voltages of Design-2. The sensitivity of the piezore-
sistive pressure sensor can be determined from this plot 
with the help of Eq. (6). Equation (6) confirms that if the 
difference in applied pressure is low, then the sensitivity 
of the sensor is raised. The achieved simulated sensitiv-
ity for Design-1 is 7.736 mV/V/MPa and for Design-2 

is 2.72 mV/V/MPa. Thus, the measured sensitivity of 
Design-2 is lower compared to Design-1. Therefore, it can 
be concluded that the increasing number of piezoresistor 
arms decrease not only the linearity performance but also 
the sensitivity of the piezoresistive pressure sensor. Thus, 
Design-1 shows better sensitivity and linearity.

For further analysis, the proposed Design-1 is simu-
lated with the variations in diaphragm thickness. Table 2 
represents the performances of Design-1 for various 
thicknesses of the sensor. It is indicated that the thicker 
diaphragm reduces the displacement and the sensitiv-
ity. On the contrary, thicker diaphragm makes pressure 

Fig. 7   Simulation results of Design-2: a electric potential (V) distribution, b stress region of the pressure sensor

Fig. 8   Displacement versus 
applied pressure
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range wider. In addition, although the displacement and 
sensitivity performance of the sensor are improved for 
5 µm thickness, the range of the pressure is very low 
compared to others. Thus, the trade-off of the displace-
ment, sensitivity, and pressure range of the piezoresistive 
pressure sensor is needed. The optimum thickness of the 
diaphragm is 10 µm. Keeping all these considerations, the 
proposed Design-1 shows the better displacement, sensi-
tivity, and pressure range.

6 � Comparative analysis and discussions

In this section, the characterization of the existing pressure 
sensors with their parameters and results are provided and 
analyzed. Table 3 summarizes the achieved performance of 
the existing pressure sensors with our proposed designs.

While Katageri and Sheeparamatti’s work [12] is com-
pared with Xu et al. [18], it is seen that former paper used 
carbon nanotube (cnt) as a piezoresistive material whose 
Young’s modulus (1000 GPa) was much higher than the 
boron oxide used in latter work. As a result, the operable 
pressure range of Ref. [12] was wider than [18]. The Kat-
ageri’s [12] sensor operated at highest 1 MPa, whereas only 
500 pa of the maximum pressure was used in Ref. [18]. 
Although the diaphragm size in [18] was nine times greater 
than that of [12], the Katageri’s sensor [12] was operable at 
a wider range. Moreover, the relative permittivity of cnt of 
237.4 was another vital parameter for the above-mentioned 
results.

Moreover, the pressure range of a sensor designed by 
Guan et al. [28] is narrower than that of Li et al. [27]. It 
was also observed from Ref. [27] that the greater thickness 
increased the pressure range and reduced the sensitivity. On 
the contrary, the lower thickness in [28] improved the sensi-
tivity and declined the pressure range. As a result, the opti-
mization of the thickness of the diaphragm is a major factor.

Although Sujit et al. [37] used the least size of diaphragm 
among Guan et al. [28], Li et al. [27], Tran et al. [45], and 
Xu et al. [18], the pressure range of [37] was wider than 
those in the above-mentioned studies. It was between 0 and 
200 kPa which is around 50 times greater than other pressure 
ranges. In Ref. [37], the material used for the piezoresis-
tors was polysilicon which made the sensor to operate in a 
wider range of pressure. However, the pressure range of our 
proposed design is much wider than Ref. [37]. Though the 
diaphragm size (400 µm × 400 µm) of the proposed sensor is 
least among these references, it shows the highest pressure 
range. Moreover, the stripped-shaped piezoresistors have 

Fig. 9   Electric potential versus 
applied pressure

Table 2   Performances of Design-1 for thickness variations

Thickness 
(µm)

Displacement (µm) 
for 1 MPa

Sensitivity 
(mV/V/MPa)

Pressure 
range 
(MPa)

5 0.032 14.4 0 to 1
10 0.017 7.4 0 to 5
15 0.009 1.36 0 to 20
20 0.0034 0.25 0 to 35
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made the pressure range much wider. The pressure range 
of the proposed Design-1 is 0 to 5 MPa and of the proposed 
Design-2 is 0 to 20 MPa.

Among the works of Bannikoppa et al. [11], Meti et al. 
[22], and Hong et al. [24], Ref. [24] shows the least sensi-
tivity, though all of the sensors configurations were almost 
same. The author in Ref. [24] used an inner diaphragm in 
the middle of the sensor. Both [11] and [22] references used 
50 µm and 100 µm lengths of piezoresistors for comparative 
analysis. The work in Ref. [11] showed the higher sensitiv-
ity because of the shape of the piezoresistors. The shape 
of the piezoresistors in [22] was meander shape, and they 
used a metal material (copper) as the connecting arms. This 
reduced the sensitivity of the piezoresistive pressure sensor. 
From this comparison, it is also deducted that the increasing 
length of the piezoresistors has decreased the sensitivity. 
Apart from this, while comparing with the proposed sen-
sor, Design-1 and Design-2 exhibited higher sensitivity. 

The reason behind this is the configuration of the proposed 
piezoresistive pressure sensors. Additionally, silicon mate-
rial as the connecting arms has a great impact to enhance 
the sensitivity.

Although the total length of the piezoresistors for both 
designs is 100 µm similar to [11] and [22], this 100 µm is 
slotted in 33.3 µm and 25 µm of piezoresistive arms for 
proposed Design-1 and Design-2, respectively. In proposed 
Design-2, though the length of the piezoresistive arms has 
been decreased, the increasing number of the slotted pie-
zoresistive arms has decreased the sensitivity. However, the 
pressure range of proposed Design-2 is much wider than pro-
posed Design-1 and other mentioned references too. There-
fore, the proposed Design-2 can be implemented for those 
applications where high pressure range is significant rather 
than sensitivity. On the other hand, the proposed Design-1 
is suitable for that condition where both the sensitivity and 
pressure range are highly significant.

Table 3   Comparison of different parameters and results of some existing works

References Material properties Results

Diaphragm Piezoresistors Pressure range Sensitivity

Katageri and Sheeparamatti [12] n-type silicon
Dimension = 400 µm × 400 µm
Thickness = 10 µm

Carbon nanotube
Length = 50 µm

1 Pa to 1 MPa 6.02 μV/V/Pa

Bannikoppa et al. [11] n-type silicon
Dimension = 400 µm × 400 µm
Thickness = 10 µm

p-type silicon
Length = 50 µm and 100 µm

0 to 1 MPa 2.75 mV/kPa for 100 µm
9.27 mV/kPa for 50 µm

Guan et al. [28] Width = 1900 μm
Thickness = 16 µm
Shuriken-structured

SiO2 0 to 3 kpa 4.72 mV/kPa/V

Meti et al. [22] n-type silicon
Dimension = 400 µm × 400 µm
Thickness = 10 µm

p-type silicon
Length = 50 µm and 100 µm
Meander shape

0 to 1 MPa 2.36 mV/kPa for 50 µm
1.64 mV/kPa for 100 µm

Li et al. [27] n-type silicon
Dimension = 4500 µm × 4500 µm
Thickness = 300 ± 5 μm

n-type silicon
Four-beams-bossed-membrane

0 to 5 kpa 4.71 mV/V/kPa

Tran et al. [45] n-type silicon
Dimension = 2900 µm × 2900 µm
Thickness = 12 µm

p-type silicon
Length = 200 µm

0 to 5 kPa 25.7 mV/kPa

Hong et al. [24] n-type silicon
Dimension = 400 µm × 400 µm
Thickness = 10 µm

p-type silicon 0 to 1 MPa − 6.02 mV/kpa

Sujit et al. [37] n-type silicon
Dimension = 500 µm × 500 µm
Thickness = 25 µm

Polysilicon 0 to 200 kpa

Xu et al. [18] Polished n-type silicon
Dimension = 3500 µm × 3500 µm
Thickness = 10 µm

Boron oxide
Length = 200 µm

0 to 500 pa 0.06 mV/V/Pa

Proposed work (Design-1) n-type silicon
Dimension = 400 µm × 400 µm
Thickness = 10 µm

p-type silicon
Length = 33.3 µm

0 to 5 MPa 7.736 mV/V/MPa

Proposed work (Design-2) n-type silicon
Dimension = 400 µm × 400 µm
Thickness = 10 µm

p-type silicon
Length = 25 µm

0 to 20 MPa 2.72 mV/V/MPa

Downloaded from https://iranpaper.ir
https://www.tarjomano.com https://www.tarjomano.com



319Journal of Computational Electronics (2020) 19:310–320	

1 3

The advantages of this proposed sensor are simple in 
structure, easy fabrication, high sensitivity, easily available 
material, excellent linearity, and wider pressure range detec-
tion capability. Although the proposed simulated work has 
various advantages over the existing sensors, its practical 
implementation is essential to validate its performance in 
real-life situation. However, similar types of sensors have 
been implemented, evaluated, and applied for medical appli-
cation and high temperature applications in Refs. [18, 45, 
46]. Thus, our proposed sensors can be fabricated with exist-
ing MEMS compatible fabrication process.

7 � Conclusion

This work was conducted to find the best combinations of 
designs to achieve moderate sensitivity within a large range 
of applied pressure. From our analysis and discussion, it 
can be deduced that the n-silicon (single crystal) diaphragm, 
p-silicon (single crystal) piezoresistor combination, and the 
stripped-shaped design enhance the performance of the 
piezoresistive pressure sensor. This combination gives a 
better sensitivity within a wider range. This MEMS-based 
piezoresistive pressure sensor was designed and simulated 
using the COMSOL Multiphysics tool. The deflection of the 
diaphragm was analyzed according to the applied pressure. 
As the pressure was increased, the output voltage across the 
Wheatstone bridge was also increased. The paper presented 
two different designs and simulations of piezoresistive 
micro-pressure sensors which were operated over a higher 
pressure range. Analyzing those two designs, Design-1 
achieved a good sensitivity of 7.736 mV/V/MPa and better 
performance over the range of 0–5 MPa. The sensitivity of 
the sensor can also be increased by decreasing the thick-
ness of the diaphragm and by changing the other parameters. 
For future enhancement of the sensitivity, a SOI (silicon on 
insulator) layer can be introduced where a sandwich layer of 
silicon–insulator–silicon layer can be used.
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