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 

Abstract—We present an inertial switch with three 
threshold levels, which can provide quantitative 
acceleration measurements and detect the acceleration 
direction in the x-y plane. The designed device has four 
movable electrodes attached to the proof mass (one at 
every side of the square proof mass) and 12 flexible 
stationary electrodes (three on each side).  When the 
device is subjected to an acceleration input, the movable 
electrode can contact one or more of the 12 stationary 
electrodes based on the acceleration magnitude and 
direction. The acceleration direction can be determined by 
identifying the individual electrical switches that are 
activated. The designed switch is simulated using a finite 
element model under different acceleration signals of 
various magnitudes and directions. A device prototype has 
been fabricated using the SOIMUMPs process and has 
been tested by a drop-table system under various shock 
accelerations in different directions. The experimental and 
simulation results show good agreement indicating that 
the acceleration direction detection accuracy and 
resolution improve with the increase in the number of used 
electrical switches. 

 
Index Terms—Acceleration direction detection, inertia 

sensor, MEMS, multi-threshold  

 

I. INTRODUCTION 

ONSIDERABLE research has been directed recently for 

microelectromechanical systems (MEMS) inertial 

microswitches due to the rapid development of portable 

gadgets, handheld devices, and wearable technologies, 

combined with the emerging applications in sport, military, and 

automotive sectors. This is due to the attractive features of these 

switches, compared to the conventional mechanical inertial 

microswitches, which include zero power consumption at 

normal state, low cost, compact size, and large volume 

production [1-11]. These switches are increasingly proposed to 

be used in various civilian and military fields, transportation, 

automobiles safety, healthcare, and safety-and-arming systems. 
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With the emergence of the internet of things (IoT), MEMS 

inertial switches offer significant advantages due to their low  

power consumption that allow them to be deployed in remote  

areas and hard-to-be-powered applications.  

    An inertial switch is considered a passive device that 

consumes no power unless it is affected by an acceleration 

signal above certain threshold. It can provide substantial 

benefits in saving energy compared to accelerometers, which 

continuously consume power even if not affected by 

acceleration inputs. Therefore, the inertial switch is a suitable 

option to be used and integrated in systems where energy 

consumption is a critical concern [12-15]. 

  The majority of the reported inertial switches have a single 

acceleration threshold, so that they only provide ON-OFF 

information [16-22]. They produce ON signal if the 

acceleration is higher than the predesignated threshold level 

and OFF signal otherwise. However, for some applications, 

there is a need for quantitative information about the 

experienced acceleration, such as for brain impact injuries to 

classify the injury as mild, severe, etc. Niyazi et al. [23] 

presented a bidirectional inertial switch with two threshold 

levels. Reddy et al. [24] reported an inertial switch with 10 

threshold levels, which can sense the acceleration between 20g 

and 250g. However, these designs can only detect the 

magnitude of acceleration in one or two directions. Xu et al. 

[25] proposed a shock sensor that can detect the acceleration 

with a range from 800g to 2600g with three threshold levels in 

the ±x and ±y axes.  

   As discussed, the majority of research has been focused on 

classifying the magnitude of acceleration; however, few 

research has been directed toward identifying the acceleration 

direction despite its importance. In many applications, such as 

in military, automotive, healthcare, and industry, it is essential 

to detect the acceleration direction [26-29]. One common way 

of detecting the magnitude and direction of the applied 

acceleration is by using a combination of multiple (two or 

three) uniaxial accelerometers with orthogonal axes or 

multi-axis accelerometers like in Inertial Measuring Unit 

(IMU). However, using these units adds to the complexity, size, 

and cost of the total system [26, 30]. Thus, it is of great 

importance to design an inertial switch for detecting the 

acceleration direction. In a recent work, Xi et al. [26] reported 

an inertial switch with a single threshold level, which is capable 

of detecting impact direction in 3D space. It cannot however 

provide the direction of acceleration accurately, but rather can 

determine the approximate intervals between acceleration 

directions. In addition, these intervals may have an overlapping 

range. 
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   In this work, we propose a low-power multi-threshold MEMS 

inertia sensor with the capability of detecting acceleration 

direction at higher resolution. With the presented device, 

acceleration in all axes can be sensed, which can work 

bidirectionally for each axis. 

 

II. PHYSICAL MODEL AND WORKING PRINCIPLE 

A. Structure Design and Theoretical Analysis 

 

 
Fig.1 (a) A 3D sketch of the designed multi-threshold inertial micro-switch. (b) 

Top view of the designed switch with a schematic showing the switches.  

 

   Fig.1 (a) illustrates the designed inertial switch with three 

threshold levels. The designed device is mainly composed of 

three parts: the proof mass suspended by four springs, four 

movable electrodes (one at every side of the square proof 

mass), and twelve stationary electrodes (one group of three at 

each side). The designed inertial switch is bidirectional that can 

detect acceleration in all axes. Fig. 1(b) depicts the movable 

electrode and stationary electrodes 1, 2, and 3 that corresponds 

to the first, second, and third acceleration thresholds. In 

addition, the gaps separating the flexible and stationary 

electrodes x1, x2, x3 are 5μm, 12μm, and 20μm, respectively. 

   Next, we assume that the inertial switch undergoes a 

half-sinusoidal wave acceleration a(t) with amplitude a0 and 

pulse width t0 in an arbitrary direction (θ) in the x-y plane, Fig. 

2. Ignoring damping for simplicity, the equations of motion can 

be expressed as:                                                                        

( )cos( )xmx k x ma t            (1) 

        ( )sin( )ymy k y ma t            (2) 

where m is the equivalent mass of the proof mass,  x, y are the 

relative displacement of the proof mass and substrate in the x 

and y axis, respectively, and kx and ky are the spring constants in 

x and y axis, respectively.  

      When any acceleration component in x and/or y directions 

applied to the device exceeds the predesignated threshold levels 

ath1, ath2, and ath3, the movable electrode will contact the 

corresponding stationary electrode 1, 2, and 3 in x and/or y 

directions, forming an electrical path and generating a trigger 

signal.   

    Solving Eqs. (1) and (2) yields [31]:                 
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Fig. 2. Applied acceleration: (a) direction, and (b) profile over time. 

 

The dynamic response of the switch is suppressed when the 

ratio t0/Tnat is smaller than 0.5 according to the shock-response 

spectrum (SRS) [25]. Here, t0 and Tnat represent the pulse width 

of the shock pulse and the natural period of the system, 

respectively. When t0/Tnat is within the interval of 0.5< t0/Tnat 

<4.0, the response experiences large amplification. It is worth 

noting that the peak amplification factor (the dynamic 

amplitude Adyn normalized to the static amplitude Asta) is 1.76 

when t0/Tnat ≈ 0.8. For t0/Tnat > 4, the response becomes less 

sensitive to the pulse width (quasi-static regime). Here the 

amplification factor becomes close to unity. 

B. Measurement of Acceleration Direction  

1. Working principle of the inertial switch with one threshold  

 

  For simplicity, we first study the operation principle of the 

biaxial inertial switch assuming a single threshold value. As 

shown in Fig. 3, there is a total of 8 contact-electrodes in two 

states when the acceleration in different directions applied to 

the device. Electrode 1(x) and electrode 1(y) represent the first 

stationary electrodes in the +x and +y directions. When 

subjected to an acceleration signal, there are two possible 

scenarios: the proof mass can contact a single electrode (e.g., 

electrode 1(x)) or the proof mass can contact two adjacent 

electrodes simultaneously (e.g., electrode 1(x) and electrode 

1(y)). It is obvious that each contact-electrode indicates a 

certain interval of the acceleration direction. Therefore, the 

acceleration direction interval can be detected depending on the 

switches that make contact. 

   Note that the critical angle values of interval limits (θ1, θ2, and 

θ3) change with the amplitude of the acceleration. For 

simplicity, here we only discuss a case study of acceleration 

magnitude (1.5ath1), where ath1 is the first threshold acceleration 

in switch 1(x) and switch 1(y). The first quadrant of the x-y 

plane can be divided into three intervals.  

(a) When the inertial switch is subjected to a(t) at θ=0, the 

proof mass only contacts electrode 1(x) as illustrated 
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in Fig. 3(a).  

(b) Applying a(t) at θ=θ1 as shown in Fig. 3(b) makes the 

proof mass start to contact electrode 1(y) while 

keeping contact with electrode 1(x). It can be 

concluded that when the proof mass only contacts 

electrode 1(x), the acceleration direction θ is in the 

interval of 0≤θ<θ1.  

(c) Under a(t) at θ=θ2, Fig. 3(c), the proof mass is no 

longer in contact with electrode 1(x), but it keeps 

contact with electrode 1(y). When the proof mass 

contacts the two electrodes adjacently (electrode 1(x) 

and electrode 1(y)) simultaneously, it indicates that 

a(t)direction θ is in the interval of θ1≤θ≤ θ2, Fig. 3(b), 

Fig. 3(c). 

(d)  Fig. 3(d) shows that the proof mass only contacts the 

single electrode 1(y) under a(t) at θ=90°. 

When the inertial switch is subjected to a(t) at θ=0, the proof 

mass only contacts electrode 1(x) as illustrated in Fig. 3(a). 

Applying a(t) at θ=θ1 as shown in Fig. 3(b) makes the proof 

mass start to contact electrode 1(y) while keeping contact with 

electrode 1(x). It can be concluded that when the proof mass 

only contacts electrode 1(x), the acceleration direction θ is in 

the interval of 0≤θ<θ1. Under a(t) at θ=θ2, Fig. 3(c), the proof 

mass is no longer in contact with electrode 1(x), but it keeps the 

contact with electrode 1(y). When the proof mass is contact 

with the two electrodes adjacently (electrode 1(x) and electrode 

1(y)) simultaneously, it indicates that a(t)direction θ is in the 

interval of θ1≤θ≤ θ2, Fig. 3(b), Fig. 3(c). Fig. 3(d) shows that the 

proof mass only contacts the single electrode 1(y) under a(t) at 

θ=90°. Therefore, when the proof mass touches electrode 1(y) 

only, θ is in the interval of θ2<θ≤90°. The same principle 

applies for an acceleration input in the direction in the second, 

third, and fourth quadrants of the x-y plane. Table I summarizes 

the corresponding relationship between contact-electrodes and 

the acceleration direction interval for the four quadrants. 

 

 
 

Fig. 3. Working principle of the inertial switch with a single threshold value: 

(a) The proof mass only contacts a single electrode 1(x) at θ=0. (b) The proof 

mass still touches electrode 1(x) and just begins to contact electrode 1(y) at 
θ=θ1. (c) The proof mass just loses contact with electrode 1(x) at θ=θ2. (d) The 

proof mass touches electrode 1(y) at θ=90°. The green squares and the red 
circles are the original locations, while the dashed squares and the dashed 

circles are the new locations.  

  
 

TABLE I 
CONTACT-ELECTRODES AND THE CORRESPONDING ACCELERATION 

DIRECTION INTERVALS WHEN THE DEVICE IS SUBJECTED TO AN 

ACCELERATION INPUT IN THE X-Y PLANE, FIG. 3.   

Number Contact-electrodes Acceleration direction interval θ 

1 1(x) θ8<θ< θ1 

2 1(x), 1(y) θ1≤θ≤ θ2 

3 1(y) θ2<θ< θ3 
4 1(y),1(-x) θ3≤θ≤ θ4 

5 1(-x) θ4<θ< θ5 

6 1(-x), 1(-y) θ5≤θ≤ θ6 
7 1(-y) θ6<θ<θ7 

8 1(-y),1(x) θ7≤θ≤ θ8 

 

2. Working principle of the inertial switch with two thresholds  

 

   For brevity, we will focus here in the interval of 0°≤θ≤90°. As 

shown in Fig. 4, when subjecting the device to acceleration 

inputs with different directions in the first quadrant, there are a 

total of five contact-electrodes in five states. Electrode 2(x) and 

electrode 2(y) represent the second stationary electrodes in the 

+x and +y direction, respectively.  

    (a) Fig. 4(a) shows that the proof mass passes through 

electrode 1(x) and contacts electrode 2(x) under a(t) at θ=0.  

    (b) As shown in Fig. 4(b), the proof mass just starts to contact 

electrode 1(y) when the acceleration at θ=θ9 is applied to the 

inertial switch. Therefore, the acceleration direction θ is in the 

interval of 0≤θ<θ9 when the proof mass passes by electrode 

1(x) and contacts electrode 2(x).  

   (c) Applying a(t) at θ=θ10 in Fig. 4(c), the proof mass just 

begins to contact electrode 2(y). Therefore, when the proof 

mass touches electrode 1(x), electrode 2(x), and electrode 1(y) 

instead of electrode 2(y), θ must be in the interval of θ9≤θ<θ10.  

(d) Fig. 4(d) illustrates that the proof mass just loses contact 

with electrode 2(x) under a(t) at θ=θ11. Therefore, when the 

four electrodes are contacted by the proof mass, the 

acceleration direction θ belongs to the interval of θ10≤θ<θ11.  

(e) When the switch is subjected to a(t) at θ=θ12 as shown in 

Fig. 4(e), the proof mass just loses contact with electrode 1(x). 

The acceleration direction θ must be in the range of θ11≤θ< θ12 

when the proof mass touches electrode 1(x), electrode 1(y), and 

electrode 2(y).  

(f) Fig. 4(f) shows that the proof mass only contacts electrode 

1(y) and electrode 2(y) under a(t) at θ=90°. It indicates that θ is 

in the interval of θ12≤θ≤90°.  

   The corresponding relationship between the contact 

electrodes and the acceleration direction intervals in the first 

quadrant can be summarized in Table II. Comparing Table I 

with Table II, it is concluded that for the inertial switch with a 

single threshold level the acceleration direction in the first 

quadrant is divided into three regimes (I, II, III). On the other 

hand, for the inertial switch with two threshold levels, the 

acceleration direction in the first quadrant is divided into five 

regimes (I, II, III, IV, V). With the increase of the threshold 

levels, the number of the contact-electrodes increases, and thus 

the resolution of the acceleration direction detection improves. 

The operation principle of the biaxial inertial switch with three 

thresholds is similar, and hence, for brevity, it will not be 

discussed here. 
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Fig. 4. Working principle of the inertial switch with two thresholds. The proof 

mass contacts different electrodes when subjected to a constant acceleration at 
various directions. 

 

TABLE  II 
CONTACT-ELECTRODES THAT CORRESPONDS TO THE ACCELERATION 

DIRECTION INTERVALS IN THE FIRST QUADRANT FOR A TWO-THRESHOLD 

INERTIA SENSOR，FIG. 4.  

Number Contact-electrodes Acceleration direction interval θ 

1 1(x), 2(x) 0≤θ<θ9 

2 1(x), 2(x), 1(y) θ9 ≤θ<θ10 
3 1(x), 2(x), 1(y), 2(y) θ10 ≤θ<θ11 

4 1(x), 1(y), 2(y) θ11≤θ<θ12 

5 1(y), 2(y) θ12≤θ<90° 

 

III. SIMULATION 

The ANSYS software [32] is employed to conduct modal 

and dynamic finite-element (FE) analysis, including contact， 

for the designed inertial switch with three threshold levels as 

shown in Fig. 5. The element type of SOLID 186 was chosen to 

mesh the mass-spring model utilizing the SWEEP method, 

where the end sections of three stationary electrodes 

(corresponding to the first, second, and third threshold 

acceleration) and the suspended springs far away from the 

proof mass are set to a fixed constraint. The contact element 

types are TARGE170 and CONTA174. Here the contact pairs 

are defined by the lateral surface of the moveable electrode and 

the three stationary electrodes. The properties of silicon [16] 

are the below: Young's modulus, Poisson's ratio and density are 

130GPa, 0.23, and 2.33 g·cm-3, respectively. 

 

 
Fig. 5. The ANSYS finite-element model of the inertial switch with three 

thresholds and the corresponding contact pairs. 

 

A. Modal Analysis 

      A finite element modal analysis is conducted to calculate 

the structure’s natural frequencies. It can be seen from Fig. 6 

that the first, second, third, and fourth natural frequencies are 

4991Hz, 7048Hz, 7048Hz, and 10987 Hz, respectively. The 

first mode is in the z-direction as shown in Fig. 6(a). The 

second and third modes (Fig. 6b and Fig. 6c) have the same 

frequencies due to the symmetry in the design of the structure in 

the x and y directions. The fourth mode (Fig. 6d) rotates along 

the direction of the diagonal line of the proof mass. 

 

 

 
Fig. 6. First four mode shapes of the designed biaxial inertial switch. (a) First 
mode. (b) Second mode. (c) Third mode. (d) Fourth mode. 

   

B. Simulation of the Dynamic Response  

   Fig.7 shows the simulated curves of the x-axis and y-axis 

displacement over time of the movable electrode under an 

acceleration of 1350g-0.5ms at different directions in the x-y 

plane. As shown in Fig. 7(a-b), only the maximum x-axis 

displacement is greater than the electrode 1(x) gap x1 under the 

acceleration at 0 and 30°, and the proof mass only contacts 

electrode 1(x). Generally, the acceleration that makes the proof 

mass just touching the stationary electrode is defined as the 

threshold acceleration. It can be seen from Fig. 7(c) that the 

y-axis displacement is just equal to the electrode 1(y) gap y1 

under the acceleration 1350g-0.5ms at 40.81°. It indicates that 

the threshold acceleration component in the y-axis is 845g, but 

the designed switch 1(y) most probably will not be triggered 

because the contact time is not enough for switching. When the 
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proof mass touches electrode 1(x) only, this means that the 

acceleration direction θ belongs to the interval of 0°≤θ≤40.81°. 

As shown in Fig. 7(d), the x-axis and y-axis displacements are 

on top of each reaching beyond the electrode 1 gap x1 or y1, 

which indicates that the proof mass contacts electrode 1(x) and 

electrode 1(y) simultaneously. Fig. 7(e) shows that the proof 

mass contacts electrode 1(y) and just starts to lose contact with 

electrode 1(x). Based on Fig. 7s (c-e), the acceleration direction 

θ belongs to 40.81°<θ<49.19° when both switch 1(x) and 

switch 1(y) are activated. Fig. 7(f) shows that only switch 1(y) 

is activated. So, the acceleration direction θ belongs to 

49.19°≤θ≤90° when the proof mass only contacts electrode 

1(y). Table III lists the simulation results of the switch state, 

acceleration digital output, and acceleration direction interval 

in the first quadrant in the x-y plane. 

 

 

 

 
Fig. 7.  Dynamic response of the multi-threshold inertial switch under the 

applied acceleration with the amplitude of 1350g and pulse width of 0.5ms at 
different directions in the x-y plane: (a) θ=0°, (b) θ=30°, (c) θ=40.81°, (d) 

θ=45°, (e) θ=49.19°, (f) θ=75°. 
 

TABLE III 

 SIMULATED CONTACT-ELECTRODES CORRESPONDING TO THE INTERVAL OF 

THE ACCELERATION DIRECTION WHEN THE DEVICE IS SUBJECTED TO THE 

ACCELERATION WITH THE AMPLITUDE OF 1350G AND DURATION OF 0.5MS.  

Number Contact-electrodes Acceleration direction θ (°) 

1 1(x)              0≤θ≤40.81° 
2 1(x), 1(y) 40.81°<θ<49.19° 

3 1(y)              49.19°≤θ≤90° 

 
   As the applied acceleration increases, the proof mass contacts 

not only electrode 1 but also electrode 2. Fig. 8 demonstrates 

the simulated displacement of the proof mass as a function of 

time for the case of applying an acceleration of 3000g 

amplitude at directions of 0, 17.9°, 30°, 43.89°, 46.11°, 55°, 

72.1° and 90°. Table IV provides the acceleration direction 

interval in the first quadrant in the x-y plane. For the inertial 

switch with a single threshold acceleration, the acceleration 

direction is divided into three intervals as shown in Table III. 

However, for the switch with two thresholds, the acceleration 

direction is divided into five intervals as shown in Table IV. It 

indicates that the acceleration direction of the latter is more 

accurate than the former. As the threshold levels increase (i.e., 

three-threshold inertial switch), the accuracy of acceleration 

direction increases. 

 
TABLE IV 

SIMULATED CONTACT-ELECTRODES CORRESPONDING TO THE INTERVAL OF 

THE ACCELERATION DIRECTIONS WHEN THE ACCELERATION AMPLITUDE IS 

3000G-0.5MS APPLIED ON THE DESIGNED INERTIAL SWITCH.  

Number Contact-electrodes Acceleration direction interval θ (°) 

1 1(x), 2(x)                 0≤θ< 17.9° 
2 1(x), 2(x), 1(y) 17.9°≤θ<43.89° 

3 1(x), 2(x), 1(y), 2(y)   43.89°≤θ<46.11° 

4 1(x), 1(y), 2(y) 46.11°≤θ<72.1° 
5 1(y), 2(y)                 72.1°≤θ≤90° 

 

 

 

 

 
Fig. 8. Simulated movable electrode displacement in the time domain under the 
input acceleration with the amplitude of 3000g and pulse width of 0.5ms at 

different acceleration directions: (a) θ=0°, (b) θ=17.9°, (c) θ=30°, (d) θ=43.89°, 

(e) θ=46.11°, (f) θ=55°, (g) θ=72.1°, (f) θ=90°.  
 

IV. CHARACTERIZATION 

Fig. 9 shows the inertial switch fabricated by MEMSCAP 

based on Silicon-On-Insulator Multi-User MEMS process 

(SOIMUMPs). The high contact resistance is due to the poor 

conductivity of silicon material. Therefore, it is essential to  
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Fig. 9. SEM images of the prototype devices. (a) The fabricated inertial switch 

with three threshold levels. (b) Three-dimensional view of the stationary 
electrodes and the movable electrode. 

 

sputter a Cr/Cu layer with appropriate thickness (about 200 nm) 

on these fabricated devices to enhance the electric conductivity 

and improve the quality of the trigger signal. The appropriate 

thickness of the Cr/Cu layer does not cause short circuit 

between adjacent pads, nor between the substrate and device 

layers due to undercuts in the oxide layer, which make them 

electrically isolated from each other. 

A. Latching Circuit for Detecting the Acceleration 
Direction  

 

  
 

Fig. 10. (a) The drop table test system setup. (b) A close-up of the shock table 

and PCB module. 

 

 
Fig. 11.  Example of the generated half-sine acceleration signal from a 

drop-table test with a peak acceleration of 1141g and a pulse width of 0.78ms. 

 

     Fig. 10(a) shows that he fabricated prototype devices were 

tested by a drop-table system. The accelerometer ADXL-193 

with a sensitivity of 8mV/g was used as a reference. In this 

experiment, a power source (8V) was connected to the latching 

circuit on the PCB module in Fig. 10(b), where the latching 

circuit was used to observe if the LED lights up or not. Thus, 

the direction of acceleration can be determined by which LED 

lights up. 

      The shock table was lifted to pre-determined heights H by 

the hoist. It generates half-sine wave acceleration signals with 

different magnitudes when the shock table freely dropped onto 

the base platform from various pre-set heights H. The 

amplitude of acceleration increases with the height H. For 

example, Fig. 11 demonstrates that a shock pulse of magnitude 

1141g and duration 0.78ms is generated by the shock table 

system when the drop table was released freely from the 

pre-determined height of 20cm. 

Here, we firstly demonstrate an approach to capture the 

switching action based on a latching circuit. The latching 

circuit is attached to a PCB module with eight LEDs lights, as 

shown in Fig. 12(a), which can lead to higher resolution results. 

The latching circuit mainly consists of eight  LEDs, a control 

reset, and eight resistances. The working principle of the 

latching circuit is as follows: It can be seen from Fig. 12(b) that 

two terminals of the inertial switch are connected to a 5V power 

supply and the control line (C) of the latching circuit. The data 

line (D) of the latch is high and the control line (C) is low on 

standby. When the switch is triggered, a pulse signal with 

microseconds duration is generated and then acquired by the 

control input (C). The output (Q) indicated by LED 1 is then 

latched to high state (lights up). When the PCB is subjected to a 

sufficient acceleration, the movable electrode moves toward the 

stationary electrode and touches it. Therefore, the 

corresponding inertial switch (e.g. switch 1(x)) is triggered and 

the corresponding LED turns on. Note that the LED is still in 

the ON state even if the movable electrode loses contact with 

the stationary electrode, which is very similar to the trigger 

signal captured by the multi-channel oscilloscope.  

 

 

               
 

      (a)                                                        (b) 

Fig. 12 (a) An image of the latching circuit. (b) A schematic outline of the 
latching circuit. 

 

 
Fig. 13. The testing PCB platform with the fabricated MEMS multi-threshold 
inertial microswitch showing its orientation for inducing acceleration at 

different directions under 3000g. 
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   The PCB with fabricated inertial microswitch is used to 

monitor acceleration direction. Testing has been done for the 

PCB module with the fabricated inertial microswitch 

undergoing different acceleration directions. As shown in Fig. 

13, the fabricated device was applied by the acceleration of 

3000g at θ=0°,15°,30°,45°,60°,75° in the x-y plane, 

respectively.  LED 1, LED 2, LED 3, LED 4, LED 5 and LED 6 

represent the trigger signal of switch 3(x), switch 2(x), switch 

1(x), switch 1(y), switch 2(y), and switch 3(y), respectively. It 

can be seen from Figs. 13(a-c) that only LED 2 and LED 3 turn 

on at θ<30° in the x-y plane, i.e., only switch 2(x) and switch 

1(x) are triggered. When the acceleration direction belongs to 

the interval 15°<θ<45°, LED 2, LED 3 and LED 4 are in the 

ON state. LED 2, LED 3, LED 4 and LED 5 light up under the 

acceleration at θ=45° in the x-y plane. LED 2 turns off at θ=60° 

in the x-y plane. LED 3 also turns off at θ=75° in the x-y plane. 

The relationship between the acceleration direction and LED 

state (ON/OFF) in the x-y planed is provided in Table V.   

 
TABLE V 

LED STATE CORRESPONDING TO THE MEASURED ACCELERATION DIRECTION 

INTERVALS UNDER THE ACCELERATION OF 3000G. LED STATE REPRESENT 

WHICH SWITCH IS TRIGGERED. 

Number LED 2 

state 

LED 3 

state 

LED 4 

state 

LED 5 

state 

Acceleration direction 

interval θ(°) 

1 ON ON OFF OFF 0°<θ< 30° 

2 ON ON ON OFF 15°<θ<45° 

3 ON ON ON ON 30°<θ<60° 
4 OFF ON ON ON 45°<θ<75° 

5 OFF OFF ON ON 60°<θ<90° 

 

     Fig. 14 demonstrates LED state under the acceleration of 

4200g at θ=0°,15°,30°,45°,60°,75° and 90° in the x-y plane. 

LED 1, LED 2, LED 3, LED 4, LED 5 and LED 6 stands for the 

contact signal of switch 3(x), switch 2(x), switch 1(x), switch 

1(y), switch 2(y), and switch 3(y), respectively.  As shown in 

Fig. 14(a), LED1, LED 2 and LED 3 turn on at θ=0°, i.e., switch 

1(x), switch 2(x) and switch 3(x) are activated. When the 

device is subjected to an acceleration of 4200g at θ=15°, LED 4 

starts to turn on, which is illustrated in Fig. 14(b).  Therefore, 

the acceleration direction belongs to the interval 0°<θ<15° 

when only LED 1, LED 2 and LED 3 are in the ON state. The 

other experimental results are summarized in Table VI. 

 

 
Fig. 14. The testing PCB with LEDs showing the switch’s direction when 

subjected to an acceleration of 4200g at different directions. 

 

 

 
TABLE VI 

LED STATE CORRESPONDING TO THE EXPERIMENTAL ACCELERATION 

DIRECTION INTERVALS WHEN SUBJECTED THE ACCELERATION OF 4200G. 
LEDS STATE CAN BE DETERMINED BY WHICH CONTACT SWITCH TOUCHES. 

Number LED  
1 

state 

LED 
2 

state 

LED 
3 

state 

LED 
4 

state 

LED 
5 

state 

LED 
6 

state 

Acceleration 
direction 

interval θ(°) 

1 ON ON ON OFF OFF OFF 0°≤θ< 15° 

2 ON ON ON ON OFF OFF 0°<θ<30° 
3 ON ON ON ON ON OFF 15°<θ<45° 

4 OFF ON ON ON ON OFF 30°<θ<60° 

5 OFF ON ON ON ON ON 45°<θ<75° 
6 OFF OFF ON ON ON ON 60°<θ<90° 

7 OFF OFF OFF ON ON ON  75°<θ≤90° 

 

B. Acceleration Direction Detection Based on the 
Multi-channel Oscilloscope 

       As shown in Fig. 15, the fabricated prototype devices were 

tested by a drop-table system in order to detect the acceleration 

direction based on the multi-channel oscilloscope, where the 

oscilloscope (Agilent 6000 MSO6034A) was used to capture 

the trigger signals. In this test, the inertial switch was associated 

with a power source (8V) and four voltage divider resistances 

(R1x, R2x, R1y, and R2y) of 330Ω. If the acceleration applied to 

the inertial microswitch was greater than the first, second, third 

threshold level, the corresponding trigger signals (e.g. switch 

1(x), 2(x), 3(x)) can be caught by the multi-channel 

oscilloscope simultaneously. Four color signals achieved by a 

multichannel oscilloscope are shown in the test results: the 

yellow signal and the green signal stands for the trigger signals 

of switch 1(x) and switch 1(y), respectively; the contact signals 

in switch 2(x) and switch 2(y) are represented by the blue and 

the red signals, respectively. 

 

 
Fig. 15. The schematic diagram of testing circuit and the different testing 

directions.  

 

1. Direction intervals of an inertial switch with a single 

threshold level 

     Here, the applied acceleration a is less than the second 

threshold acceleration ath2 but beyond the first threshold 

acceleration ath1. Although the fabricated device is a 

multi-threshold inertial switch, the test is similar to testing the 

inertial switch with a single threshold level. By utilizing the 

method illustrated in Fig. 13, an acceleration signal of 

amplitude 1350 g was applied to the fabricated inertial switch at 

θ=0°, 15°, 30°, 45°, 75°, 90°. As shown in Fig.16(a-c), only the 

yellow trigger signal is visible under the acceleration with the 
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amplitude of 1350g at θ=0°,15°,30°. It indicates that only 

switch 1(x) is switched on. Fig. 16 (d) shows both the green and 

yellow signals. Therefore, both switch 1(x) and switch 1(y) are 

activated. Figs. 16(e-f) show only the green signal indicating 

the activation of switch 1(y) only.   

 
    TABLE VII 

TEST RESULTS OF THE INERTIAL SWITCH: CONTACT-ELECTRODES 

CORRESPONDING TO THE DIRECTION RANGES OF ACCELERATION UNDER THE 

MEASURED ACCELERATION OF 1350G. 1(X) REPRESENTS THAT SWITCH 1(X) 
IS ON STATE. 

Number Contact-electrodes Acceleration direction interval θ(°) 

1 1(x) 0°<θ< 45° 

2 1(x), 1(y) 30°<θ<75° 

3 1(y) 45°<θ< 90° 

 

 
Fig. 16. Test results of the fabricated multi-threshold switch: the trigger signals 

under the acceleration of 1350g at different directions at 

θ=0°,15°,30°,45°,75°,90° in the x-y plane. 

 

From the single threshold results we can conclude the 

following: (1) switch 1(x) is triggered only at θ≤30° in the x-y 

plane; (2) both switch 1(x) and switch 1(y) are triggered at 

θ=45°; (3) only switch 1(y) is activated at θ≥75° in the x-y 

plane. These results are summarized in Table VII. These results 

are in agreement with the relationship between contact 

electrodes corresponding to the acceleration direction intervals 

in Table I from the working principle of inertial switch with one 

threshold level. Also, they match well with those in Table III 

from simulations. The only difference between them is 

attributed to the fact that the tested acceleration direction can be 

only changed every 15° and is not continuous due to the 

experimental limitation in the current setup of the maximum 

possible number of holes on the circular plate as shown in Fig. 

15. 

 

2. Direction intervals of the inertial switch with two threshold 

levels 

Here we test the inertial switch utilizing up to two 

threshold levels. Figs. 17(a-b) show the yellow trigger signal 

and the blue trigger signal. This implies that switch 1(x) and 

switch 2(x) are triggered. Fig. 17(c) shows the green trigger 

signal, which indicates that switch 1(y) is triggered as well. Fig. 

17(d) shows all the four different colors indicating the 

activation of the four switches, switch 1(x), switch 2(x), switch 

1(y), and switch 2(y). Fig. 17(e) shows that the blue signal 

disappeared indicating that switch 2(x) is OFF state. It can be 

seen from Fig. 17(f) that the yellow trigger signal also 

disappeared, which indicates that switch 1(x) is also OFF state. 

The test results are summarized in Table VIII. Comparing 

Table VII and Table VIII, the resolution of the detected 

acceleration direction interval improves with the increase of the 

threshold levels of the inertial switch. However, the 

demonstrated approach relying on a multi-channel oscilloscope 

is not practical for portable and compact systems and is limited 

by the number of channels/colors that the oscilloscope can offer 

(in our case four). Comparing Table V with Table. VIII, the 

method based on latching circuit is in good agreement. These 

experimental results in Table. VIII are basically in agreement 

with those in Table. II from working principle of the switch 

with two thresholds. Both of them can make the acceleration 

direction in the first quadrant divide into five regimes (1, 2, 3, 4, 

and 5). 

 

 
Fig. 17. Measurement results of the fabricated device utilizing two thresholds 

under a shock signal of amplitude 3000g at different directions 
θ=0°,15°,30°,45°,60°,75° in the x-y plane. The first testing threshold 

acceleration and the second testing threshold acceleration in switch 1(x) and 

switch 2(x) are 870g and 1982g, respectively. 
 

In summary, comparing to the acceleration direction tested 

method based on the trigger signals captured by a multi-channel 

oscilloscope, the main advantage of the latching circuit is that 

we can design many LEDs, which can detect many trigger 

signals. And it provides a simpler output that can be read and 
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understood easily and without any external read-out 

mechanisms. Therefore, this method provides the ability to 

have higher number of bits compared to the oscilloscope that 

limits the number of bits due to the number of channels. 
 

TABLE VIII  
EXPERIMENTAL RESULTS OF THE FABRICATED INERTIAL SWITCH: 
CONTACT-ELECTRODES CORRESPONDING TO THE TESTED ACCELERATION 

DIRECTION INTERVALS. 1(X), 2(X) REPRESENT THAT SWITCH 1(X) AND 

SWITCH 2(X) ARE ACTIVATED. 

Number Contact-electrodes Acceleration direction 

interval θ(° ) 

1 1(x), 2(x)              0<θ<30° 
2 1(x), 2(x),1(y) 15°<θ< 45° 

3 1(x), 2(x),1(y), 2(y) 30°<θ<60° 

4 1(x), 1(y), 2(y) 45°<θ<75° 
5 1(y), 2(y) 60°<θ<90° 

 

5. Conclusion 

An inertial micro-switch with three threshold values has 

been successfully designed, simulated, fabricated, and tested. 

The device consists of twelve stationary electrodes with a proof 

mass that holds four movable electrodes. The acceleration 

direction interval is determined by Contact-electrodes. The 

resolution and accuracy of the acceleration magnitude and 

direction increases with the number of threshold levels. 

Correspondingly for a higher number of bits, it can provide 

more precise acceleration direction information. A drop table 

system was used to test the fabricated inertial switch. The test 

results are consistent with the simulated ones. In conclusion, 

the designed switch is capable of detecting the acceleration 

thresholds as well as acceleration direction intervals.  
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