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Abstract

:

An inertial micro-switch with multi-threshold acceleration detection capability has been proposed, taking advantage of electromechanical coupling behavior. A mathematical model of electromechanical coupling behavior was established to display the dependence of highly sensitivity on pull-in characteristic and show the ability to detect threshold acceleration by controlling the voltage applied to the inertial micro-switch. The capability of sensitivity and detection that was described in mathematical model was implemented to occur at the inertial switch and showed agreement with that of a simulation. Inertia switches that were comprised of various microstructures with dimensions ranging 3.5 µm from 180 µm were manufactured by means of the micro-electro-mechanical system (MEMS) manufacturing process, and their functions were evaluated by a dropping system. The control method related to the manufacturing of inertial switches was obtained by analyzing the effect of the structural parameters of the inertial switch on threshold voltage and threshold acceleration, resulting in a relatively small error between simulation and experiment. The inertial micro-switch showed high sensitivity to achieving the pull-in effect at 30 V, sense multi-threshold acceleration ranging from 500 g to 2000 g in 2.46 ms and provided enough time for outputting the acceleration signal. Furthermore, the multi-threshold acceleration can be adjusted by controlling the voltage applied to inertial micro-switches. In addition, other functions of inertial micro-switches, such as lower residual stress, high recoverability, and repeatability, have been displayed.






Keywords:


inertial micro-switch; multi-threshold acceleration; pull-in characteristic; manufacturing process; sensitivity












1. Introduction


In the process of miniaturizing and intelligentizing weapons, the attractive merit of the inertial micro-switch derives from high-performance with abundant functionalities [1,2,3,4,5,6,7,8,9,10,11]. The initial feature of the micro-switch allows for low energy consumption, sensing a single acceleration, and providing ON-OFF information in remote areas and hard-to-be-powered applications [7,12,13]. To upgrade the intrinsic performance in the case of conventional inertial micro-switches, the principal philosophy emphasizes quantitative information about the acceleration. In this case, an extraordinary combination of threshold vales and multiple acceleration has been adopted, thus obtaining a threshold-based inertial switch [14]. The threshold-based inertial switches offer several advantages, such as their extraordinary identification of the magnitude of acceleration, and their excellent expansion in the acceleration-detection range [12]. These advantages demonstrate the abundant functionalities of inertial switches for use in various applications [15,16,17,18,19], such as military, automotive, healthcare, and industry, showing more applicability than conventional inertial switches. To further upgrade these advantages, the level of thresholds has been developed for highlighting the advanced nature of inertial micro-switches [12]. Inertial micro-switches with multi-threshold level are promising for enhancing the capability to detect acceleration.



The key feature in the utilization of inertial micro-switches with multi-threshold level in many of the aforementioned applications is the available sensitivity to output signals and detect acceleration. One current method for outputting signals is to enable a lower sensitivity by the use of the flexible fixed electrode for prolonging the contact time and eliminating the rebound during the contact process [20]. However, its contact time of the switch, ranging from 60 μs to 80 μs, is still not enough for processing the signal in an integrated circuit. Although laterally-driven inertial micro-switches, with two L-shaped elastic cantilever beams as the movable electrode [21], have been proposed for prolonging the contact time to 150 μs, its high sensitivity in the contact time is still not conducive to the signal output for a long time. Therefore, a key impediment for inertial micro-switches with multi-threshold level is the challenge of prolonging enough contact time to process signal in an integrated circuit.



Accompanied by an effort to prolong the contact time, the deformation of the movable electrode is prone to occur and inertial switches are only suitable for detecting low acceleration values [22]. In combination with the reduction of the acceleration detection range from 1800 g [12] to 70 g [11], it elaborates that upon prolonging the contact time, the multi-threshold acceleration detection capability has to be weaker and the sensitivity to detect acceleration tends to decrease to a greater extent. Nevertheless, the researchers still tried hard to increase the contact time from 150 μs [21] to 200 μs [23]. The resulting maximum acceleration could not be avoided to decrease from 288 g to 38 g. Obviously, another challenge is to improve the capability of inertial micro-switches to detect threshold acceleration in the condition of prolonging the contact time.



In this paper, the mathematical model of electromechanical coupling behavior is established to demonstrate the pull-in effect and indicate the relationship between the applied voltage and the threshold acceleration. Using the pull-in effect, the self-locking of the inertia switch is proposed to provide a sufficiently long contact time, which is dependent on the power-off time. Using the relationship between the applied voltage and the threshold acceleration, the threshold acceleration ranging from 500 g to 2000 g can be adjusted by altering the applied voltage. Silicon, with large stiffness coefficient, is selected as the material of the movable electrode to improve the recovery ability of deformation and achieve very short response time of inertia, realizing the high sensitivity to detect acceleration. The self-locking function, the adjustable threshold acceleration, and the silicon material of the movable electrode, enable a highly sensitive inertial micro-switch with multi-threshold acceleration detection capability.




2. Modeling and Design


2.1. Mathematical Model and Structural Design


The inertial micro-switch is shown in Figure 1 and consists of five parts as below: silicon-based movable electrode, dielectric layer, upper contact electrode, drive electrode, and bottom contact electrode. Upon applying voltage to the silicon-based movable electrode and the drive electrode, the electrostatic force between them tends to drive the movable electrode to move towards the drive electrode. By increasing the voltage to a critical value, the electrostatic force becomes large enough to overcome elastic force, make the movable electrode bend and deform, and achieve the self-locking function. Meanwhile, the pull-in effect that the upper contact electrode accompanied with movable electrode is quickly adsorbed on the surface of the bottom contact electrode, occurs in the motion process of the movable electrode. As the voltage applied to the movable electrode is below the critical value, the cantilever beam that consists of the silicon-based movable electrode, dielectric layer, and upper contact electrode, is bent to some extent and its upper contact electrode is not adsorbed on the bottom contact electrode. In this case, loading an acceleration onto the bent cantilever beam enables the pull-in effect and the self-locking function, achieving the electromechanical coupling behavior of inertial micro-switch. The threshold value of loading acceleration is adjustable by controlling the voltage to adjust the bending degree of the cantilever beam, which allows the multi-threshold acceleration detection capability of the inertial switch.



Using the calculation method in the MEMS switch integrating actuator and sensor [24], the stiffness coefficient of cantilever beam, which consists of the silicon-based movable electrode, dielectric layer, and upper contact electrode, can be obtained Equation (1) as follows:


  K =  1     b 3    2 E  x 3   h 3    +   4  a 3  + 6 b  a 2  + 3  b 2  a   E  (   x 1  −  x 2   )   h 3       



(1)




where K is stiffness coefficient, E is elastic modulus, h is the thickness of silicon-based movable electrode.



In combination with Equation (1), electrostatic force and elastic force of cantilever beam are respectively shown as below:


   {     F  e l e   =   ε A  V 2    2   (  g 0  − y )  2         F K  = K y      



(2)




where Felec is electrostatic force, m is the mass of cantilever beam, FK is elastic force of cantilever beam, ɛ is dielectric coefficient, A is the area where drive electrode is faced with movable electrode, V is a voltage, y is a displacement of drive electrode, g0 is the gap between dielectric layer and movable electrode.



The static analysis on the pull-in effect is implemented and shows that the condition for achieving the pull-in effect without loading acceleration is that the electrostatic force is equal to the elastic force. In this case, pull-in voltage VP can be calculated by Equation (2):
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(3)




where y1, y2 and y3 are, respectively, the displacement of movable electrode in the static analysis.



As the kinetic energy theorem and law of conservation of energy are taken into Equation (2), dynamic analysis on the pull-in effect without loading acceleration is performed. Threshold voltage Vthr that is used to achieve the pull-in effect without loading acceleration, can be obtained as follows:
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where y5 is the displacement of movable electrode in the dynamic analysis. The values of VP and Vthr, are calculated by the use of MATLAB software, and are optimized by altering the structural parameters of the inertial switch for reducing power consumption. The combination of a sufficiently large stiffness coefficient and a relatively low voltage for achieving high recovery and low power consumption of the inertial switch is used to determine structural parameters as shown in Table 1.



To obtain the threshold acceleration in the electromechanical coupling behavior of the inertial micro-switch, the relationship between Fele and FK is shown in Figure 2, by calculating Equations (1)–(4). The electrostatic force starts to be greater than the elastic force and increases sharply after the cantilever beam reaches y5 or y7, resulting in the self-locking of the inertial switch.



In combination with the law of conservation of energy, the following conditions for realizing the self-locking of a curved cantilever under the action of acceleration, need to be satisfied in Equation (5):
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where gthr-1 and gthr-2 are respectively the minimum acceleration at V = 0.9 Vp and V = 0.4 Vp, t0 is loading time of acceleration, and area α and area β are shown in Figure 2.



By substituting the structural parameters of the inertial switch in Table 1 into Equation (5), those threshold acceleration are obtained and are analyzed, showing that the low voltage allows the detection of high acceleration. Further, these pull-in points, such as y5 and y7 in Figure 2, are utilized to achieve fast self-locking of the inertial switch, demonstrating high sensitivity.




2.2. Simulation and Inertial Stress


It has already been reported that the system level analysis is faster than the method of the finite element analysis, which results in shortening the design cycle and promoting the further development. Schematic-based system-level modeling is essential to simulate the coupling behavior of inertial micro-switch to the surrounding relevant electronic parts. The main geometric parameters of inertial micro-switch in Table 1 are used to define structural model of inertial micro-switch in system-level modeling, and are substituted into the system-level behavioral model in ConvenorWare. A system-level behavioral model of inertial micro-switch in Figure 3 is established by utilizing the architect platform integrated in CoventorWare, meshing in Figure 4, and setting boundary conditions.



The main geometric parameters in Table 1 are substituted into the above system-level behavioral model in CoventorWare, resulting in the relationship between terminal displacement of micro-switch and driving voltage as shown in Figure 5. As the voltage applied to movable electrode increases from 32 V to 35 V in Figure 5, the displacement of the inertial micro-switch rapidly reaches 3.5 μm and remains constant at 3.5 µm, showing pull-in voltage of 32 V, high sensitivity, and self-locking of the inertial micro-switch. Furthermore, the pull-in voltage and threshold voltages in the mathematical model are calculated by substituting structural parameters into Equations (3) and (4). This comparison based on mathematical model and simulation is carried out in Table 2.



As shown in Table 2, +0.91% is much less than −8.83%, and −26.88% is also smaller than +33.14%, which indicates that Equation (3) is more suitable for static analysis than Equation (4). However, −8.83% shows that the threshold voltage is less than the pull-in voltage, which corresponds to the actual situation. Considering the difference between the pull-in voltage and the threshold voltage in Table 2, Equation (4) is chosen as the control equation for preventing cantilever beam from self-locking in the absence of loading acceleration.



Various voltages lower than the threshold voltage in Equation (4) are respectively applied to the inertial switch, making the cantilever beam bend at different degrees. Using CoventorWare software, electromechanical coupling behavior of inertial switch as is initiated by loading inertial acceleration in Figure 6 onto the bent cantilever beam and shown in Figure 7. The relationship between loading acceleration gthr and voltage in Figure 7 corresponds to the electromechanical coupling behavior of inertial switch, showing the ability to obtain multi-threshold acceleration ranging from 500 g to 2500 g by adjusting voltage. Moreover, accelerating movement in the process of reducing displacement to 3.5 µm in Figure 7, demonstrates the pull-in effect and the high sensitivity. Upon reaching the 3.5 µm position, there is no further change in the movement displacement, which realizes the self-locking of inertial micro-switch.



The reliability required for detecting acceleration needs to be taken into account. Using Coventor software, the stress distribution in Figure 8 can be displayed under half-sine acceleration of 800 μs and 10,000× g. Then the allowable stress of material is equal to


  [ σ ] =    σ P   n   



(6)







In this equation, the value of n ranges from 4 to 5. The value of σp in Equation (6) is


   σ P  =  E  100    



(7)







In Equations (6) and (7), [σ] is the allowable stress of the material, n is the security coefficient, and σp is the limit strength.



By substituting Equation (7) into Equation (6), the value of [σ] is obtained and ranges from 334 MPa to 417.5 MPa. The maximum inertial stress seen from Figure 8 is 150 MPa and is less than the value of [σ], which enables that plastic deformation and fracture will not occur.





3. Micro-Fabrication of Inertial Micro-Switch


Inertial micro-switches are fabricated in accordance with the fabrication flow in Figure 9 in the super clean room. In the manufacturing process, the etching is performed, and the materials of inertial micro-switches in Table 1 and the packaging step in Figure 9, are displayed as follows:



(a) Substrate. Pyrex and borofloat glass are ideally suited as substrate owing to high resistivity (the order of 1010 Ωcm), high inertness to most acids and other chemicals, and small thermal coefficient of expansion (TCE) [25]. By bonding with metals, they are selected to package MEMS devices, achieving the integration of mechanical and electrical components. Deep reactive ionic etch is processed by the use of a patterned SU-8 photoresist layer, resulting in the structures in Figure 9a,b.



(b) Contact electrode. Gold offers several advantages such as, high conductivity and chemically inertness, allowing to reduce the losses and to prevent contamination and corrosion [26].



(c) Movable electrode. Properties such as yield, creep and thermal relaxation need to be taken into account for accommodating the bending of the movable electrode and its recovery from deformation. In addition to the excellence in these properties, polysilicon also exhibits non-homogeneities in the stress distribution. In combination with the dependence of the MEMS manufacturing process on polysilicon, polysilicon is chosen as the material of movable electrodes.



(d) Dielectric layer. Before actuation (E < 1 MV/cm), the current through the dielectric Si3N4 layer increases approximately linearly with field [27], which offers the possibility to improve the uniformity of the electrostatic field between movable electrode and contact electrode. In the combination of lower conductivity, Si3N4 is often chosen as the material of the dielectric layer to avoid short circuits. The SU-8 photoresist layer in Figure 9b is removed by the use of developer, and Si3N4 is deposited at the side in Figure 9c by using a low-pressure chemical vapor deposition, ultimately forming dielectric layer-Si3N4 layer.



(e) Packaging. The interference derived from electromagnetic wave in the process of detecting acceleration need to be shielded for outputting the acceleration signal. To avoid the interference, the inertial micro-switch including movable electrode, drive electrode, upper contact electrode, dielectric layer and bottom contact electrode, is encapsulated by the use of tubular metal case. SU-8 photoresist layers in Figure 9d,e are removed by the use of developer, and then an aligned anodic bonding between structures in Figure 9d,e is implemented at a temperature of 300 °C, chamber pressure of 1 Pa, and bonding voltage of 900 V. The resulting structure of the inertial micro-switch is obtained and shown in Figure 9f.




4. Testing and Discussion


4.1. Threshold Voltage of Inertial Micro-Switch


Based on the above MEMS manufacturing process, the inertial switch shown in Figure 10 is obtained. Structural parameters in inertial switch are measured by optical microscope, and are shown as below: a = 180.2 µm, b = 160.68 µm, x1 = 72 µm, x2 = 49.38 µm, x3 = 104.3 µm, h = 6.896 µm, and g0 = 3.084 µm. Power supply is connected with the movable electrode and the drive electrode in the inertial micro-switch for supplying voltage. Meanwhile, metatable Keithley (2036B) is selected to measure the output signal that derives from the current between upper contact electrode and bottom contact electrode. By controlling power supply, the voltage between the movable electrode and the drive electrode gradually increases from 0 V to 35 V. The current–voltage curve obtained by metatable Keithley (2036B) is shown in Figure 11 when the voltage is equal to or much more than 30 V. The resistance of 9.6 Ω between upper contact electrode and bottom contact electrode is calculated based on the slope of the current–voltage curve in Figure 11. Relative error of 16.7% between the measurement value and the design value of resistance is obtained, showing that the current-voltage curve derives from the contacting between upper contact electrode and bottom contact electrode. The dependence of the current–voltage curve on threshold voltage demonstrates 30 V is the threshold voltage of inertial micro-switch.



To show the effect of the mathematical model on the experimental threshold voltage, structural parameters measured in Figure 10 are respectively substituted into Equations (3) and (4), and the relative errors between those voltages and experimental value (30 V) can be easily obtained in Table 3. 13.6% and +7.63% in Table 3 are greater than 4.37%, demonstrating that the actuation voltage of 30 V is threshold voltage but not pull-in voltage. In addition, 1.1% means the progressiveness and superiority of mathematical model and manufacturing technology.



For controlling threshold voltage, the analysis of errors needs to be taken into consideration. As structural parameters measured in Figure 10 are respectively taken into Equation (4), the errors between the corresponding threshold voltage and 31.31 V can be obtained in Table 4.



Processing errors ranging from −10.62 µm to +6.4 µm in Table 4 are relatively small, which reflects the excellence of the MEMS machining process. For the same processing errors, errors of h and g0 are as shown in Table 4, easily affect the magnitude of threshold voltage, and need to be strictly controlled. The combination of positive deviation in h and negative deviation in x2, explains the reason that 31.31 V is greater than 29.67 V. By analyzing the effect of processing errors on threshold voltage in Table 4, the compensation method for controlling threshold voltage has been proposed by decreasing the values of x1, x2 and g0, and increasing the value of h for achieving smaller relative error between the experimental value and design value of threshold voltage.



A stress gradient in the normal direction of fixed–fixed beams or cantilever beams often occur in their multi-layer structures owing to the stress difference in the components of multi-layer structures (Si3N4/Au) [27]. In the case of an inertial micro-switch, the stress difference between movable electrode and dielectric layer can be calculated as follows:


  Δ σ =  σ 1  −  σ 2  =   4 ( h +  t 1  )  E e  Δ z   3  L 2   [  1 −      (  h −  t 1   )   2      ( h +  t 1  )  2     ]     



(8)




with    E e  =    E 1  h +  E 2   t 1    h +  t 1     .



Where σ1 and σ2 are respectively the residual stresses of movable electrode and dielectric layer, h and t1 are respectively the thicknesses of movable electrode and dielectric layer, Δz is a deflection at the tip of two-layer beam, Ee is equivalent to Young’ modulus of inertial micro-switch, E1 and E2 are respectively the Young’ modulus of movable electrode and dielectric layer.



By substituting threshold voltage of 34 V and 30 V into Equation (3), Δz = 0.19 µm can easily be obtained. In combination with structural parameters of the Si–Si3N4 cantilever beam, such as, h = 6.896 µm, t1 = 0.728 µm, L = 393.98 µm, Ee = 172.3 GPa, the value of Δσ in Equation (8) is calculated out and is equal to 6.2 MPa, which is acceptable in the stress difference of less than 5 MPa for designing MEMS switch [28]. The residual stress of the cantilever beam in the inertial micro-switch is evaluated by prolonging the time in the process of applying threshold voltage, as shown in Figure 12. Most of the threshold voltages are concentrated around 32 V at the loading time from 1 h to 74 h, demonstrating the relative errors—+8.59% and −4.18%, and the low residual stress of the inertial switch.




4.2. Multi-Threshold Acceleration of Inertial Micro-Switch


To detect multi-threshold acceleration, a dropping system is established in Figure 13, and consists of a dropping hammer, metatable measurement device (Keithley 2036B), standard accelerometer (DL112), oscilloscope (Tektronix MSO2024B), et al. A standard accelerometer is used to test threshold acceleration gthr that is applied to inertial micro-switch by dropping system. Oscilloscope is selected to collect the output signal of inertial micro-switch. The packaged switch and the standard accelerometer are both fixed at the top of a steel dropping platform. As the dropping hammer moves to hit the waveform generator, the inertial micro-switch is dropped freely from a pre-set height, generating half-sine wave acceleration under the action of damper and air spring.



Using the dropping system in Figure 13, the preset value of 4900 m/s2 inertial acceleration at time of 1.82 ms in Figure 14, is loaded to the inertial micro-switch that the voltage of 25 V has been applied to. In the loading process, the actual value of inertial acceleration (5228.7 m/s2) in Figure 14 is tested by the standard accelerometer. The step (2.6 V) of the amplitude signal in oscilloscope in Figure 15 exhibits the generation of the signal, indicating the pull-in effect between cantilever beam and bottom contact electrode in the inertial micro-switch. The relatively small fluctuations exhibited after a step of 2.6 V in the amplitude signal show the ability to resist electromagnetic interference. In electromechanical coupling behavior, the acceleration detected in experiments have a deviation of +6.71% from that in simulation, as shown in Table 5. The error of +6.71%, that is less than 10%, can be achieved by increasing the loading time from 0.4 ms to 1.82 ms and reducing the voltage from 33 V to 25 V, thus making a high detection capability.



To demonstrate electromechanical coupling behavior, correspondence between acceleration and voltage in the pull-in effect is obtained in Figure 16. Upon applying the voltage ranging from 19 V to 27 V to inertial micro-switch, the corresponding acceleration that varies from 500 g (5000 m/s2) to 2000 g (20,000 m/s2) needs to be loaded for achieving the pull-in effect and is only one at the specified time, showing the ability to detect multi-threshold acceleration. Further investigation into the effect of threshold acceleration on voltage reveals a decreasing linear trend of threshold acceleration versus voltage as shown in Figure 16, which coincides with that in simulation. In the case of constant threshold acceleration, the higher loading time in Figure 16 ensures the pull-in effect of the inertial micro-switch at a low voltage, explaining the reason for having a relatively low error of 6.71% in Table 5. The inertial switch is able to respond to acceleration and output a voltage signal within the loading time varied from 1.34 ms to 2.46 ms, showing high sensitivity of the inertial micro-switch.



Inertial switches with various characteristic dimensions and materials are fabricated for investigating their characteristics, as shown in Table 6. The lower threshold voltage of 30 V and the lowest functional consumption of 1.087N·µm in Table 6 demonstrate the superiority of inertial switches as electronic devices. The recovery time of 1 min in the coupling behaviors shows the ability to resist the deformation of inertial micro-switch, demonstrating higher recoverability. The coupling behavior can be repeated up to 260 times, showing high repeatability. These excellent features demonstrate the advancement for selecting the materials of movable electrode and dielectric layer, and designing the structures of inertial switch in this paper. It is believed that highly sensitive inertial micro-switch with multi-threshold acceleration detection capability is able to overcome the severely damage derived from a mechanical impact and/or an electrical arcing in the solid–solid contact in typical micro-switches [29,30]. Moreover, the detection range of threshold acceleration from 500 g to 2000 g in 2.46 ms almost exceeds that of existing switches [2,11,20,21,31,32,33], demonstrating the high sensitivity of the inertial switches in this paper.





5. Conclusions


A mathematical model of electromechanical coupling behavior is developed to clarify that it is feasible to assign multi-threshold acceleration to an inertial switch by regulating the bending degree of its cantilever beam, which can be controlled by voltage between movable electrode and drive electrode. Simulation of electromechanical coupling behavior is implemented to show that the analysis of the mathematical model is reasonable. Inertial micro-switches are fabricated by means of MEMS manufacturing process and are tested with the use of a dropping system. The compensation method for controlling threshold voltage has been proposed to achieve smaller relative error between the experimental value and design value of threshold voltage. The inertial micro-switch shows high sensitivity to detect multi-threshold acceleration and provides more than enough time for the output signal. Lower residual stress, high recoverability, and repeatability, present the advanced nature of inertial switches.
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Figure 1. Inertial Micro-switch. (a) Switch model with loading acceleration and test circuits. (b) Two dimensional structure. 
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Figure 2. Relationship between electrostatic force and elastic force. 
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Figure 3. System-level behavioral model in the Architect. 
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Figure 4. Meshing model. 
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Figure 5. Relationship between displacement and voltage. 
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Figure 6. Half-sine acceleration curve. 
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Figure 7. Electromechanical coupling of inertial switch. 
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Figure 8. Variation of inertial stress. 
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Figure 9. Fabrication flow. (a) Spin-coasting, patterning-exposure and etching silicon. (b) Removing of photoresist and etching silicon. (c) low-pressure chemical vapor deposition. (d) Patterning-exposure and sputtering gold. (e) Spin-coasting, patterning-exposure and sputtering gold. (f) Anodic bonding. 
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Figure 10. Inertial micro-switch. 
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Figure 11. Current–voltage curve. 
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Figure 12. Relationship between threshold voltage and measurement time. 
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Figure 13. Dropping system of multi-threshold acceleration. 
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Figure 14. Loading acceleration of dropping system. 
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Figure 15. Output signal of oscilloscope. 
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Figure 16. Correspondence between acceleration and voltage in the pull-in effect. 
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Table 1. Main geometric parameters and specifications of micro-switch.
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Component

	
Material

	
Geometric Parameter

	
Value (μm)






	
Movable electrode

	
Si

	
a

	
180




	
b

	
160




	
c

	
20




	
d

	
30




	
h

	
6




	
g0

	
3.5




	
x1

	
80




	
x2

	
60




	
x3

	
100




	
x4

	
60




	
x5

	
40




	
x6

	
100




	
Dielectric layer

	
Si3N4

	
Thickness

	
0.15




	
Upper contact electrode

	
Gold

	
Thickness

	
0.25




	
Drive electrode

	
Gold

	
Thickness

	
0.5




	
Bottom contact electrode

	
Gold

	
Thickness

	
0.5




	
x7

	
60
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Table 2. Comparison between pull-in voltage and threshold voltage.
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	Parameter
	Corresponding Value
	Corresponding Displacement





	Pull-in voltage in Equation (3)
	32.29 V
	1.17 µm



	Pull-in voltage in simulation
	32 V
	1.60 µm



	Relative error
	+0.91%
	−26.88%



	Threshold voltage in Equation (4)
	29.67 V
	1.75 µm



	Relative error
	−8.83%
	+33.14%
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Table 3. Variation of threshold voltage and pull-in voltage.
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	Parameter
	Measurement
	Design





	Threshold voltage
	31.31 V
	29.67 V



	Relative error
	+4.37%
	−1.1%



	Pull-in voltage
	34.085 V
	32.29 V



	Relative error
	+13.6%
	+7.63%
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Table 4. Variation of threshold voltage.
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	Structure Parameter
	a
	b
	x1
	x2
	x3
	h
	g0





	Design

value
	180 µm
	160 µm
	80 µm
	60 µm
	100 µm
	6 µm
	3.5 µm



	Measure

value
	180.2 µm
	160.68 µm
	72 µm
	49.38 µm
	104.3 µm
	6.896 µm
	3.084 µm



	Change
	↑ 0.2 µm
	↑ 0.68 µm
	↓ 8 µm
	↓ 10.62 µm
	↑ 4.3 µm
	↑ 0.896 µm
	↓ 0.416 µm



	Threshold voltage
	29.63 V
	29.54 V
	26.55 V
	36.64 V
	29.05 V
	36.54 V
	24.53 V



	Relative

error
	−0.13%
	−0.44%
	−10.52%
	23.49%
	−2.09%
	23.15%
	−17.32%
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Table 5. Comparison between simulation and experiment.
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	Parameter
	Applied Voltage (V)
	gthr (m/s2)
	Loading Time (ms)





	Simulation
	33
	4900
	0.4



	Experiment
	25
	5228.7
	1.82



	Relative error
	−24.24%
	+6.71%
	+355%
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Table 6. Characteristics of inertial micro-switch with multi-threshold acceleration.
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	Micro Switch Structure
	Characteristic Dimensions:

Length × Width × Thickness

(µm)
	Materials of Movable Electrode and Dielectric Layer
	Stiffness Coefficient

(N/m)
	Threshold Voltage

(V)
	Power

(N·µm)
	Recovery and Repeatability of Coupling Behaviors

(Time/Number)





	[image: Actuators 12 00053 i001]
	Movable electrode: 550 × 80 × 6

Drive electrode: 400 × 120 × 0.5

g0 = 4
	Si/SiO2
	1.48
	27.9
	6.286
	5 min/180



	[image: Actuators 12 00053 i002]
	a = 80, b = 150, c = 10, d = 10, x2 = 65, g0 = 4
	Gold/Si3N4
	13.72
	75
	15.174
	24 h/60



	[image: Actuators 12 00053 i003]
	a = 180, b = 160, c = 20, d = 30, g0 = 3.5
	Si/Si3N4
	10.51
	30
	1.087
	1 min/260
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
5800 —— Preset value
Actual value

n
N

T1.1) N—

'
3
=
S
I
1
1
1
1
1
1
1

-
g

3100

Acceleration ( m/s?)

2200

0 0.91 1.82
Loading time ( ms )





media/file8.jpg
Displacement (jum)

(32V, 1.6 pm)

15 25
Voltage (V)






media/file27.png
Acceleration ( m/s?)

5800

5228.7
4900

4000

3100

2200

—_— Preset value

Actual value

0.91 1.82
Loading time ( ms )





media/file13.png
Displacement (um)

0.5

——— 500g - 33V
15k ——— 1000g - 31V
——— 1500g - 30V
i —— 2000g - 29V
2.5 ——— 2500g - 28V
35
4 | | ]
0 100 200 300 400

Time (ps)





media/file31.png
e (M/s?)

20,000

15,000

10,000

5,000

0 I | l
19 21 23 25 7
Voltage (V)






media/file12.jpg
Displacement (um)

—— 500g - 33V
—— 1000g - 31V
—— 1500g - 30V

—— 2000g - 29V
——— 2500g- 28V

100

200 300
Time (ps)

400





media/file18.jpg





media/file9.png
Displacement (um)

(32V,1.6 pm)

S 15 25
Voltage (V)

35





media/file14.jpg
T O .
Ng_»  MisesStress: 0 38 7 120 150
MR 5X108 sec COVENTOR





media/file35.png
i





media/file20.jpg
Voltage (V)

150

—

>

=
]

6.4
Current (A)

9.6

12.8





media/file23.png
Threshold voltage (V)

65

32.5

40

27.5

15

O Threshold voltage

15

30 45 60
Time ( Hour )

[





media/file5.png
output end

input end driver electrode contact electrode





media/file15.png
¥

Ng_x  Mises Stress: 0 38 77 120 150
i 5105 sec COVENTOR





media/file19.png





media/file28.jpg
e m

o - =

(A) [eusys opnydwry

1.82

0.91
Loading time (ms)





media/file2.jpg
Force (uN)

e
o

ke
v

—— Fa(V=Vp)
= Fy(V=0.9V})
FodV=0.4Vy)

Displacement (pm )






nav.xhtml


  actuators-12-00053


  
    		
      actuators-12-00053
    


  




  





media/file11.png
gﬂll‘

(zS/w1) UORIIIIIY

200 300 400

Time (ps)

100





media/file6.jpg





media/file24.jpg
Oscilloscope
MS02024B) Charge amplifer  Control circuit

Waveform generator

Damper

Air spring






media/file29.png
<)
e

(

A

1
1
1
1
1
1
1
1
1
I
1
| |
o
o

“?

- o)

) [eusis spnyjdwry

1.82

0.91
Loading time ( ms )





media/file1.png
il Loading acceleration

ll i A —_—
N N
l Test part N
7/

Upper contact

I

1

1

l

l

1

1

1

I

K

NANNN

|
i
|
|
<
&
Py
!
&
2!
|
o

electrode

Movable silicon

I
|
I
Bottom contact :
I
I
I

electrode ower <
supply S electrode a b
e
Dielectric layer Power supply

Drive electrode

(a) (b)






media/file10.jpg
2
%

(£8/u1) UONRIINIIIY

200 300 400

Time (ps)

100





media/file7.png





media/file33.png





media/file16.jpg
[silicon [ su-8 photoresist [ SN, [_]Gold [[]Glass

= =1

@ (b) ()

s | ==

(d) (e )






media/file3.png
Force ( pN)

0.6

0.2

_— F ele(V=VP)
= Fau(V=0.9Vp)
m— Feae(V=0.4V,)

Displacement ( pm )






media/file22.jpg
Threshold voltage (V)

© Threshold voltage

30 45 60
Time ( Hour)

75





media/file17.png
- Silicon - SU-8 photoresist - Si;N,4 -Gold |:] Glass






media/file4.jpg
v ¥ I=
il x -
"z =
N -—
= =4
=]

environment variable

f

driver electrode

contact electrode

output end






media/file30.jpg
8 (M/s?)

20,000

15,000

-
S
=
8

5,000

19

21

23
Voltage (V)

25

27





media/file25.png
Dropping
hammer

1 @
= O

Accerelation
direction Metatable
Keithley (2036
V 6V
Test circuit
Computer
&= I control system
Standard
Oscilloscope accelerometer o
(MS02024B) Charge amplifer Control circuit

Waveform generator

Damper

Air spring






media/file0.jpg
==






media/file34.png





media/file21.png
Voltage (V)

150

100

50

0 3.2 6.4 9.6

Current (A)

12.8





