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Due to widespread advances in various industries and new technologies, micro-electro 

mechanical systems (MEMS) systems have increased in today's world. Applications of 

MEMS are typically in the production of electromechanical consequences with high 

production efficiency and volume and the lower production costs. In this paper, the design, 

modeling, and a detailed production process of a prototype of a high acceleration MEMS G-

switch are discussed. The system configuration of this switch is equivalent to traditional 

sensors of the same class, consisting of a proof mass handled by four cantilever beams. The 

proposed model has the ability to respond to accelerations in the range of 0 to 100g (low-g 

levels) and tolerance to mechanical failure up to 30,000g (high-g levels) acceleration.  In 

order to simulate and evaluate the performance of the designed sensor, COMSOL 

Multiphysics finite element analysis software has been used. The results show that the 

proposed model can be constructed due to its simple structure. 

1. Introduction 

In today's world, due to the widespread advances in various 

industries and new technologies, the use of micro-electro 

mechanical systems (MEMS) have increased. Applications 

of MEMS are generally in the production of 

electromechanical products with high production efficiency 

and volume with low production costs. [1]. These parts are 

made on a small scale and have many applications in various 

industries such as sensors [2–4], actuators [5–8], biomedical 

devices [9–11], etc. Novel methods such as additive 

manufacturing (AM) and micro-friction stir welding (FSW) 

can be used for fabrication of such components with high 

mechanical properties [12–32]. Acceleration measurement 

and the operation of a mechanism at a specified acceleration 

by microelectromechanical equipment is a widely used 

subject. An example of this is the accelerometers used in car 
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airbags. The typical acceleration measured in this category is 

about 2g. But in the aerospace and automotive industries, 

these sensors sometimes need to withstand accelerations in 

the 100g-100,000g range [32]. Therefore, the structures 

proposed for them are slightly different from those proposed 

for vehicle accelerometers. In this report, we get acquainted 

with the modeling process of one of these structures, which 

is capable of withstanding a shock of about 30000 g. 

2. Mathematical Modeling 

The purpose of this study is to design and model a high-

acceleration G-switch. The structure design of this switch is 

similar to conventional sensors of the same level, consisting 

of a mass that is controlled by four cantilever beams. The 

schematic image of this design is shown in Figure 1.  
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Figure 1. Schematic image of a sample G-switch design [32] 

 
The following are the mathematical relationships 

associated with these design modeling [32]. If the force at 

acceleration  a is 𝐹𝑎, this force is equal to the sum of the forces 

that are borne by the sensor beams (𝐹𝑠,𝑠𝑒𝑛) and the mass 

beams (𝐹𝑠,𝑠𝑢𝑝), i.e.: 

𝐹𝑎 = 𝐹𝑠,𝑠𝑒𝑛 + 𝐹𝑠,𝑠𝑢𝑝 (1) 

By writing 𝐹𝑎 in Eq. (1) in terms of the density (ρ) of the 

material (silicon), the volume of the proof mass block (𝑉𝑏) 

and the maximum acceleration (𝑎𝑚) entered into it, as well 

as the force of the beams in terms of their stiffness, Eq. (2) 

can be written as: 

𝜌𝑉𝑏𝑎𝑚 = 𝑘𝑠𝑢𝑝𝑥 + 𝑘𝑠𝑒𝑛(𝑥 − 𝑔)                  (2) 

where K is the stiffness equivalent to the beam, x is the 

amount of displacement from equilibrium, and g is the gap 

between the sensor beams before making contact. Also, 

return force of retaining beams is 𝐹𝑟𝑒𝑠 = 𝑘𝑠𝑢𝑝𝑔 and contact 

force at the point of impact of the sensor beams is 𝐹𝑐𝑜𝑛 =
𝐹𝑠,𝑠𝑒𝑛 = 𝑘𝑠𝑒𝑛(𝑥 − 𝑔). 

According to Eq. (1) and Eq. (2), the force of the 

supporting beams can be rewritten as: 

𝐹𝑠,𝑠𝑢𝑝 = 𝑘𝑠𝑢𝑝𝑥 = 𝑘𝑠𝑢𝑝(𝑥 − 𝑔) + 𝑘𝑠𝑢𝑝𝑔

=  
𝑘𝑠𝑢𝑝

𝑘𝑠𝑒𝑛
𝐹𝑐𝑜𝑛 + 𝐹𝑟𝑒𝑠 

(3) 

By substituting Eq. (3) in Eq. (2), the minimum possible 

value for the mass block volume is obtained: 

𝑉𝑏 ≥ (
𝑘𝑠𝑢𝑝

𝑘𝑠𝑒𝑛
+ 1)

𝐹𝑐𝑜𝑛
𝜌𝑎𝑚

+
(𝐹𝑟𝑒𝑠)𝑚𝑖𝑛
𝜌𝑎𝑚

 (4) 

Eq. (4) shows that the volume of the block depends on 

the stiffness of the whole beams (springs). Now, assuming 

that the maximum amount of deformation that occurs is 

equal to δ, Eq. (5) can be written as: 

𝜌𝑉𝑏𝑎𝑠 = 𝑘𝑠𝑢𝑝(𝑔 + 𝛿) + 𝑘𝑠𝑒𝑛𝛿 (5) 

where 𝑎𝑠 acceleration due to maximum load is tolerable. Eq. 

(5) can be written as Eq. (6) to create a phrase similar to the 

left side of Eq. (2). 

𝜌𝑉𝑏𝑎𝑚 = 𝑘𝑠𝑒𝑛 (
𝑘𝑠𝑢𝑝

𝑘𝑠𝑒𝑛
(𝑔 + 𝛿) + 𝛿) +

𝑎𝑚
𝑎𝑠
              (6) 

Then by equating the right side, the Eq. (2) and Eq. (6) 

turn to: 

𝑘𝑠𝑢𝑝

𝑘𝑠𝑒𝑛
=

√
  
  
  
  
  
  
  
  𝐹𝑟𝑒𝑠

𝐹𝑐𝑜𝑛
[
𝑎𝑠
𝑎𝑚

− (
𝛿

𝑔
+ 1)]

−1 𝛿

𝑔
+

1

4
{1 +

𝐹𝑟𝑒𝑠
𝐹𝑐𝑜𝑛

+ [
𝑎𝑠
𝑎𝑚

− (
𝛿

𝑔
+ 1)]

−1

}

2

−
1

2
{1 +

𝐹𝑟𝑒𝑠
𝐹𝑐𝑜𝑛

+ [
𝑎𝑠
𝑎𝑚

− (
𝛿

𝑔
+ 1)]

−1

}

 (7) 

By considering the maximum strain equal to 0.008, 

which is common for such models, the size of the sensor and 

retaining beams can be calculated. Considering that the 

second deformation derivative (𝑦𝑚𝑎𝑥
" ) has a direct 

relationship with the flexural strain (휀𝑚𝑎𝑥) of the beams and 

that the mass retaining beams behave as a fixed-end beam 

due to their connection to the test mass, and the boundary 

conditions, the value of 𝑦𝑚𝑎𝑥
"  is created at both ends as in Eq. 

(8) 

휀𝑚𝑎𝑥 =
𝑤𝑠
2
𝑦𝑚𝑎𝑥
" =

𝑤𝑠𝑢𝑝𝐿𝑠𝑢𝑝(𝐹𝑠,𝑠𝑢𝑝)𝑚𝑎𝑥
4𝐸𝐼𝑠𝑛𝑠𝑢𝑝

  (8) 

where 𝑤𝑠 is the width, 𝐿𝑠𝑢𝑝 is the length, 𝐼𝑠 is the moment of 

inertia of the cross-section of the beams, 𝑛𝑠𝑢𝑝 is the number 

of supporting beams and E is the Young's modulus. On the 

other hand, the relationship between the stiffness of the 

supporting beams and their deformed state is shown in Eq. 

(9) 

(𝐹𝑠,𝑠𝑢𝑝)𝑚𝑎𝑥
𝑛𝑠𝑢𝑝

=
𝑘𝑠𝑢𝑝𝑥𝑚𝑎𝑥

𝑛𝑠𝑢𝑝
=
𝑘𝑠𝑢𝑝(𝑔 + 𝛿)

𝑛𝑠𝑢𝑝
 (9) 

and the expression of the stiffness of a fixed end beam is 

shown in Eq. (10) 

𝑘𝑠𝑢𝑝

𝑛𝑠𝑢𝑝
=
12𝐸𝐼𝑠𝑢𝑝

𝐿𝑠𝑢𝑝
3

 (10) 

Now by substituting Eq. (10) in Eq. (9) and Eq. (8) 

휀𝑚𝑎𝑥 =
𝑤𝑠𝑢𝑝

2
𝑦𝑚𝑎𝑥
" =

3𝑤𝑠𝑢𝑝(𝑔 + 𝛿)

𝐿𝑠𝑢𝑝
3

≤ 0.008 (11) 

Eq. (11) is used to create the design range of the length 

and width of the retaining beams. By considering the amount 

of gap, the expression of stiffness can be written as Eq. (12) 
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𝑘𝑠𝑢𝑝

𝑛𝑠𝑢𝑝
=
(𝐹𝑠,𝑠𝑢𝑝)𝑐𝑜𝑛
𝑛𝑠𝑢𝑝𝑔

=
𝜌𝑉𝑏𝑎𝑚 − 𝐹𝑐𝑜𝑛

𝑛𝑠𝑢𝑝𝑔
 (12) 

Now the ratio of width to the length of the supporting 

beams is calculated as Eq. (13): 

𝑤𝑠𝑢𝑝

𝐿𝑠𝑢𝑝
= √

𝜌𝑉𝑏𝑎𝑚 − 𝐹𝑐𝑜𝑛
𝑛𝑠𝑢𝑝𝑔𝐸𝑡𝑠𝑢𝑝

3

 (13) 

where 𝑡𝑠𝑢𝑝 is the thickness of the beams, which according to 

the use of SOI wafer, this thickness is equal to the thickness 

of the block and in fact the thickness of the whole set. This 

relationship shows that in different cases, this ratio has a 

constant value. On the other hand, the solution to reduce the 

size of the sensor as much as possible is to reduce the length 

of the beams, which means that the minimum possible width 

for the beams should be selected and by determining the 

value of this parameter, the desired length of the beam is 

obtained. 

The same is true for sensor beams as shown in Eq. (14) 

and Eq. (15): 

𝑘𝑠𝑒𝑛
𝑛𝑠𝑒𝑛

=
12𝐸𝐼𝑠𝑒𝑛
𝐿𝑠𝑒𝑛
3

 (14) 

𝑤𝑠𝑒𝑛
𝐿𝑠𝑒𝑛

=
𝑘𝑠𝑒𝑛

𝑛𝑠𝑒𝑛𝑡𝑠𝑒𝑛𝐸
 (15) 

3. Finite Element Modeling 

Recognizing the amount of acceleration and performing 

a specific operation (such as establishing an electrical 

circuit) at a specified acceleration is one of the tasks of a G-

switch in the field of microelectromechanical systems. The 

purpose of this research work is to design and model a high 

acceleration G-switch. The structure design of this switch, 

similar to conventional sensors, consists of a proof mass that 

is controlled by four beams. Its schematic is shown in Figure 

2. 

 
Figure 2. Geometric mechanism of the designed G-switch  

 

As shown in Figure 2, the beams holding the proof mass 

are fixed at one end and attached to the proof mass at the 

other end, in which case they behave similarly to a fixed-end 

beam. This figure shows only the part related to the 

mechanics of the system that by applying acceleration in the 

z-direction, the proof mass is deformed and consequently, 

the sensor beams also experience the amount of 

displacement that the displacement intended by the design 

(here, this value is considered equal to 5 microns). Due to 

this displacement, a contact is established between the sensor 

beams, and the target operation will be performed by 

establishing an electrical circuit. 

 
Figure 3. Geometry modeled for simulation in software 

 

It should be noted that the geometry in Figure 3 has been 

created with the aim of having the ability to simulate in 

software. Because during the simulation process, importing 

components that are separate from each other seemed a bit 

difficult. But the main structure of the sensor that will be 

produced has only the components shown in Figure 4. 

 
Figure 4. The main components of the G-switch are designed 

 

After geometric modeling, accelerations of 70g and 

3000g were applied in two stages to observe the sensor 

behavior. At 70g acceleration, an electric circuit is 

established by moving the mass to the gap intended for the 

sensor beams, and this sensor is capable of withstanding high 

accelerations up to about 30000g according to the simulation 

results. These results are shown in the two sections of stress 

and displacement in Figures 5 to 8. It should be noted that 

this stress will occur if the locking mechanism is not 

included in the simulation. Although the maximum amount 

of silicon stress is in the same range, in the case where the 

amount of movement is limited by the built-in lock, the 

resulting stress will be much less. This amount of 

displacement seems very high, despite the motion lock 

mechanism, such displacement will never occur, just as the 

simulation stress is not created by this lock. 

 

 
Figure 5. Stress distribution at 70g acceleration - Maximum stress 

value: 10 MPa 
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Figure 6. Displacement at 70g acceleration - Maximum amount of 

displacement: 2.6 microns 

 

 
Figure 7. Stress distribution at of 30000g acceleration - Maximum 

amount of stress generated: 4000 MPa 

 

 
Figure 8. Degree of displacement at 70g acceleration - Maximum 

amount of displacement: 1.2 mm 

4. Electrical Circuit Design 

In this section, an electrical circuit is designed to use the 

G-switch function. By applying the desired acceleration to 

the design and displacement of the sensor beams to the extent 

of the gap between them, the circuit is established and 

stimulates the desired operator. This operator, which 

depending on the need can be any mechanism, is specified in 

the circuit as a Device. 

 
Figure 9. Circuit designed to operate the sensor and show how the 

components are connected 

 

Due to the connection between the components, by 

making contact between the sensor beams, the circuit is 

established and then the Device will achieve its function. It 

is worth noting that this G-switch can be used with the help 

of gap changes between the sensor beams for accelerations 

up to 150g. But what was simulated in the initial design of 

this report was an acceleration of 70g. 

 

5. Conclusion 

In this study, we designed a high-acceleration G-switch 

that is capable of delivering low-acceleration responses in 

the range of 0 to 100g and withstanding high-acceleration 

shocks of up to 30,000g without failure. Finite element 

simulation has been used to validate the design. The 

production process of this device is based on the use of SOI 

wafers. It is suggested that in future research, the causes of 

failure of this family of switches be investigated and their 

structure be studied in order to improve their tolerance level 

up to 100,000g acceleration ranges. It was found that several 

factors influence the design and dimensioning of the G-

switch or accelerometers, including the following: 

• The manufacturing methods of this equipment, as well 

as the maximum depth of the whole system, limit the 

amount of minimum dimensions (width, thickness, etc.). 

• Both static and dynamic stresses must be below the 

failure threshold of the material used in construction. 

• In addition, a minimum contact force must be created in 

order to measure the contact between the sensor beams. 

This force must prevent contact separation. 
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