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ABSTRACT 

 

Multi-Threshold Bidirectional MEMS Inertial Switches  

AlHammam Burhan Niyazi 

In this work, MEMS inertial switches intended to be triggered at multiple acceleration 

thresholds in two directions were implemented and proven effective. The switches 

consume virtually no power in their open switching state. Multiple acceleration thresholds 

can be beneficial in triggering different actions for different acceleration events. Low 

power consumption can aid in their use for portable applications such as in cycling helmets. 

The developed designs rely mainly on a suspended shuttle mass, which is used to 

implement one of two methods of actuation. The first relies on simple contact between the 

moving shuttle mass and a flexible electrode. In the second, the pull-in instability is 

induced by applying a voltage between a cantilever and an electrode, and then having the 

shuttle mass force the cantilever moving towards the electrode as it moves under the 

applied acceleration. Ten designs varying in their actuation method, suspension design, 

intended acceleration thresholds, and dimensions were modeled using a finite element 

model, fabricated, through the SOIMUMPs process, and then electrically and mechanically 

tested. Mechanical testing have been conducted using Drop-table tests and mechanical 

shakers.  

The simple contact devices were proven effective through shock test results showing 

triggering at two acceleration thresholds in two directions. Initial results also were 
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promising for the pull-in based devices showing switching by moving their shuttle mass 

with a probe while applying appropriate voltage and observing under a microscope. 
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1. Chapter 1: Introduction 

 

The term MEMS (Micro-Electro-Mechanical-Systems) refers to devices in the micrometer 

range. The importance of MEMS devices has been growing in modern society as they have 

made a large presence in our everyday lives, including gyroscopes and accelerometers in 

mobile phones and pressure sensors in cars. In this work, we are concerned with MEMS 

inertial switches, which are a class of MEMS devices that actuate a circuit in response to 

the application of an inertia load beyond a certain threshold of acceleration. This concept 

can be advantageous as to have the device triggering a direct action rather than having a 

more complex system of sensors, actuators, and microcontrollers (decision units). Inertial 

switches have been proven very reliable and cost-efficient devices in critical applications, 

such as airbag release systems and sensors for concussive brain impact. In this work, we 

design, model, and test MEMS inertial switches, which can trigger different circuits 

corresponding to multiple acceleration thresholds.   

 

1.1 Purpose of Research 

This research was carried out with the intention to develop and verify the effectiveness of 

designs for MEMS inertial switches with multiple acceleration thresholds that consume no 

power in their un-triggered state. This was done by first modeling several initial designs 

both analytically and using finite element using both ANSYS Mechanical APDL and 

COMSOL software packages. The designs consist mainly of a shuttle mass that is 

suspended in a way through which it gets displaced past a certain distance when actuated 
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by a sufficient acceleration. When the shuttle mass exceeds these threshold distances, it 

will trigger an actuation mechanism, a switch, that closes a circuit. These actuation 

methods include a method that takes advantage of the motion of the shuttle to push an 

electrostatically actuated cantilever into pull-in, which will result in a closed circuit. While 

the other method simply applies a potential difference between the shuttle mass and 

separate electrodes that the shuttle will come into contact with as it is displaced, closing a 

separate circuit as a result. The novelty of these designs is the fact that they can be triggered 

at multiple acceleration thresholds while still consuming zero power in the inactive state. 

Currently, existing multi-threshold inertia sensing systems have not delivered a single-

proof mass device that consumes no power while inactive. 

 

1.2 Motivation 

These designs can be implemented to develop devices for very critical applications, such 

as airbag release systems, early detection of concussive brain impact in sports and 

transportation, and monitoring conditions of critical machinery. However, this project is 

mainly concerned with the brain impact application. When trying to determine the 

likelihood of concussive brain impact, the literature indicates that there is not fixed, exact 

limit beyond which a concussion is inevitable [2]. Zhang et. al [3] estimated from their 

findings that the probabilities of a concussion at 50g, 80g and 100g are 25%, 50% and 80%, 

respectively based on their tested samples. Thus, having multiple triggering thresholds of 

acceleration in an inertial switch can make it much more valuable when using it to predict 

the occurrence of a concussion. It can provide an immediate alert for the user when an 
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inertial limit has been exceeded, with precise information on the range of shock, which can 

be very valuable to the medical treatment after.  The event in the switch resulting from the 

impact will allow the user to estimate the probability of a mild traumatic brain injury 

(mTBI), and hence can act accordingly based on the criticality of the case. The switch may 

for example trigger a different color light emitting diode (LED) at each level of acceleration 

that is exceeded. Having zero power consumption in the un-triggered state also makes such 

a device very suitable in such an application considering it will eliminate the need to carry 

a large battery that needs frequent replacement; allowing it to be more portable and hence 

easier to implement into a wearable device. The fact that this device triggers automatically 

when the threshold acceleration is applied makes it in a sense “mechanically intelligent” 

as there is no need for any signal monitoring, data storage, and processing/decision unit as 

in other more complex systems containing accelerometers. 

 

1.3 Thesis Outline 

The remainder of this document is divided as follows; Chapter 2 of this document lays out 

some background information regarding inertial switches, electrostatic pull-in and gives 

some examples of multi-threshold inertial switch designs from the literature. Chapter 3 

covers some of the literature related to inertial switches and their varieties. Chapter 4 lists 

the different design concepts that are implemented in the proposed devices and explains in 

detail how they function. Chapter 5 covers the techniques used to accurately model the 

proposed designs. Chapter 6 examines the experimental setups that were used to test the 

fabricated devices. Chapter 7 presents and compares the results from the mathematical 
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modeling, FEA and experiments. Chapter 8 provides  summary, conclusions, and some 

recommendations for future work. 

 

1.4 Statement of Collaboration 

There were multiple individuals who put in time and effort to support this project. Dr. 

Fahimullah Khan helped with modifying the designs to follow the design rules specified 

by the external fabricator. He performed the required gold sputtering, wire bonding, 

attachment of the chips to the PCBs, and microscopic imaging of the devices. He also 

helped with the testing of the induced pull-in devices using a probe station. Dr. Qiu Xu put 

many hours into helping with the shock table testing and data recording, as well as 

providing his expertise constantly in different matters considering he is one of the main 

contributors in this project. Yaser Alomrani and Tamer Shahin from the KAUST 

Prototyping Core helped with the 3-D printing of the fixtures to fix the chips to the testing 

setups.  
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2. Chapter 2: Background 

 

2.1 Inertial Switches 

An inertial switch (also known as a shock switch or acceleration switch) is a switch that is 

triggered upon application of a shock or an inertia load with magnitude that exceeds a 

certain threshold. A basic example of a MEMS inertial switch consist of a proof mass 

suspended by a deformable structure (or the proof mass in itself being deformable) placed 

at a certain distance away from a fixed electrode. When an acceleration is exerted onto the 

switch in the right direction, the proof mass will gain inertia in that direction, deforming 

the deformable structure to an extent proportional to its stiffness, allowing the proof mass 

to move closer to the fixed electrode. If an electrical potential difference is connected 

across the proof mass and fixed electrode and the applied load is sufficient, the proof mass 

will touch the fixed electrode, closing the circuit and resulting in actuation of the desired 

output [4]. This form of inertial switch can be simplified as a mass-spring system such as 

in figure 2-1. 
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Figure 2-1: Lumped-parameter model of a simple class of inertial switches 

 

2.2 Concussions 

Concussions fall under a category of brain injuries known as traumatic brain injuries (TBI), 

specifically known as mild traumatic brain injuries (mTBIs) considering that in most cases 

they are not considered to be life threatening [5]. They can occur as a result of direct 

trauma, sudden acceleration or deceleration of the head, or exposure to explosions or other 

sorts of blasts. Symptoms associated with concussions may range from mild ones, such as 

dizziness, headache and vertigo, to severe ones such as vomiting and loss of consciousness 

[6]. Concussions can cause permanent brain damage if they are severe enough or if they 

occur repetitively to a sufficient extent. They are most common in sports especially team 

contact sports, such as American football, or combat sports such as boxing. In some cases, 

immediate medical attention may be needed to avoid chronic brain damage despite the 
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patient maintaining consciousness, making the early diagnosis of concussions very critical. 

Early diagnosis can be challenging especially considering only about 10% of concussions 

result in loss of consciousness and many patients do not seek medical treatment in the 

absence of obvious symptoms [7]. Even when medical attention is given, neuroimaging of 

the brain with computed tomography (CT) and magnetic resonance imaging (MRI) scans 

provide limited evaluation in cases of mTBI because of their inability to detect microscopic 

axonal injury, which is damage in connective nerve fibers in the brain known as “axons” 

[8]. This makes the applied impact data important for better evaluation of such cases. 

Different studies differ in reporting the impacts that could result in a concussion, such as 

the 80-90 g threshold proposed by Gurdjian et al [9], or the 70-75 g threshold estimated by 

Pellman et al [10]. However, there are evidently large individual differences between cases, 

which lead Guskiewicz et al [2] to the conclusion that concussions are not associated with 

a fixed impact magnitude that would in all cases guarantee a definite concussion if it is 

exceeded, or guarantee no injury if it is not exceeded. Researchers, such as Zhang et al. [3], 

preferred to present probabilities for concussion in the case of various 

accelerations/decelerations based on a large sample of data to evaluate the likelihood of a 

concussion. They suggested that values of 50g, 80g and 100g have a likelihood of 25%, 

50% and 80%, respectively, to result in a concussion. 

 

2.3 Electrostatic Pull-In 

When there is an electric potential between two objects and they are placed within a certain 

distance, there will be an attractive force pulling them together known as an electrostatic 
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force. This electrostatic force has been utilized widely in MEMS for actuation, which is 

the most common method of actuation in MEMS. 

Under electrostatic actuation, a structure, like beam, undergoes an instability known as 

electrostatic pull-in if the electrostatic force exceeds that of the resisting spring force of the 

beam. The factors that affect electrostatic pull-in include voltage applied, distance between 

the electrodes, permittivity of the space between the electrodes, area of opposing surfaces, 

and stiffness of the suspension of the bodies [11]. 

The electrostatic force between two parallel plates can be found using the following 

equation: 

𝐹 =
휀𝐴𝑉2

2(𝑑 − 𝑥)2
(2.2) 

where 휀 is the dielectric constant of the gap medium, A is the area subjected to the force, V 

is the applied voltage, d is the electrode separation and x is the displacement [12]. 

Pull-in occurs at a certain voltage known as the pull-in voltage. If equation (2.2) is 

rearranged, the result is an equation to calculate the pull-in voltage between two parallel 

plates: 

𝑉 = √
8𝑘𝑑3

27휀𝐴
(2.3) 
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2.4 SOIMUMPs 

All the devices studied in this project were fabricated externally through MEMSCAP using 

SOIMUMPs process. SOIMUMPs, or Silicon-On-Insulator Multi-User MEMS Process is 

a micromachining process used to fabricate in-plane MEMS devices. The process starts 

with a Silicon-On-Insulator (SOI) wafer consisting of a handle wafer (substrate) of fixed 

400 µm thickness, under a 1 µm or 2 µm thick layer of oxide, on top of which lies the 

silicon layer of 10 µm or 25 µm thickness. Both sides of the SOI wafer can be patterned 

and etched according to the designer’s requirements using a photolithography step on each 

side of the wafer. A Pad Metal layer with 20nm of chrome and 500nm of gold is deposited 

and patterned in a liftoff process. Another Blanket Metal layer consisting of 50nm Cr and 

600nm Au, is deposited and patterned using a shadow mask technique [13]. Figure 2-3 

shows a cross section of the different layers of the SOIMUMPs process.  

 

Figure 2-2: Cross-section showing the different layers of the SOIMUMPs process [13]. 

SOIMUMPs specifies a number of design rules and guidelines for submitted designs in 

order for the client to obtain satisfactory devices. These design rules as well as the 
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limitations of the process itself constrained the designs submitted for this project, creating 

the need for certain adaptations to be made. These constraints and the design adaptions 

made to cope with them are discussed in detail in Chapter 4. 
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3. Chapter 3: Literature Review 

 

An inertial switch serves both as a sensor and as an actuator to trigger integrated circuitry 

upon the application of acceleration above a certain threshold to the device. MEMS inertial 

switches specifically present advantages over their conventional counterparts by offering 

low power-consumption, small size and high acceleration threshold sensitivity [4]. They 

are typically used in health [14], automobiles[15] and safety applications [16]. In this 

section, the literature related to inertial switches will be surveyed. More emphasis will be 

put on inertial switches and inertial sensing systems relevant to the work presented in this 

thesis. 

 

3.1 Directional Sensitivity in MEMS Inertial Switches 

Inertial switches can be classified based on their operating direction into uniaxial, biaxial, 

triaxial, and omni-directional. This sub-section covers some examples of devices from the 

literature for each directional sensitivity class. 

W.D. Frobenius et al [17] first introduced a uniaxial MEMS inertial switch in 1972. This 

was made-up of an all-metal cantilever and a fixed electrode. Uniaxial cantilever-based 

switches had poor threshold sensitivity. Later on, other designs such as the one presented 

by Yang et al [18] in 2008 and Y Gerson et al [19] in 2014 addressed this issue by 

incorporating a proof mass suspended by multiple spring structures that are highly 

compliant in a single axis and highly stiff in all other axes. Figure 3-1 shows the uniaxial 

inertial switch design proposed by Yang et al [18]. 
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Figure 3-1: Uniaxial inertial switch design proposed by Yang et al [18]. 

Biaxial MEMS inertial switches operate in 2 axes, meaning they can detect threshold 

accelerations in any direction within their sensing plane. In 2007, Greywall et al [20] 

claimed patents for two biaxial inertial switch designs. Both designs have circular proof 

masses but vary in the fact that the first design is suspended by springs contained within 

the proof mass with an outer fixed electrode, while in the other design the proof mass is 

suspended by an outer spring with an inner fixed electrode. Another design was presented 

by Lin et al [21], which utilizes buffer springs connected to the part of the proof mass that 

comes into contact with the fixed electrode to reduce switch bouncing upon threshold-

exceeding impact and hence extend contact time. 

Triaxial acceleration switches can detect linear threshold-exceeding accelerations in all 3 

axes. Triaxial MEMS inertial switches usually accomplish this by surrounding the 

suspended proof mass with 3 pairs of fixed electrodes, allocating each pair to an orthogonal 
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sensing axis. Currano et al [22] used this method in their design proposed in 2013 (figure 

3-2).  

 

Figure 3-2: Triaxial inertial switch design proposed by Currano et al [22]. 

Omni-directional MEMS inertial switches are operable in directions within the devices 

sensing hemisphere. Designs such as that of Robinson [23] in 2004 (figure 3-3) and X. 

Zhanwen et al [24] in 2014 accomplish this by surrounding the proof mass with multiple 

fixed electrodes in the device plane to detect radial threshold-exceeding impacts, and 

another fixed electrode out of plane to axial threshold-exceeding impacts. 

 

Figure 3-3: Omni-directional MEMS inertial switch proposed by Robinson et al [23]. 
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 Omni-directional inertial switches tend to suffer from inconsistent acceleration threshold 

in the sensing hemisphere due to the non-uniform stiffness and limited number of fixed 

electrodes [4]. Designs such as the one proposed by Cao et al [25] in 2015 tried to address 

this issue by using 8 radial fixed electrodes. L. Du et al [26] alternatively tried using a 

unique arrangement for the radial fixed electrodes to increase the uniformity of the 

acceleration threshold, as shown in figure 3-4. 

 

Figure 3-4: Fixed electrode arrangement proposed by L. Du et al to increase uniformity 

of acceleration threshold [26]. 

 

3.2 Mechanical Latching in MEMS Inertial Switches 

Latching is highly desirable in MEMS inertial switches to achieve a stable ‘ON’ state in 

the switch, which is convenient when the integrated circuitry needs to be powered 

continuously after the acceleration event has occurred. There are two methods presented in 

the literature to achieve this by mechanical means, either using bistable structures or 

mechanical locking mechanisms. 

Bistable inertial switches take advantage of the buckling properties of certain structures 

known as ‘bistable structures’ in order to have two separate stable states in the switch. The 
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first implementation of a bistable structure in an inertial switch was by Zhao et al [15] in 

2007. In this work, they use a v-beam structure with a proof mas at its center. Upon 

application of a sufficient acceleration, the proof mass will force the v-beam to deform into 

its second stable position, or its ‘post-buckling state’ at which contact will occur and hence 

the switch will turn on (figure 3-5). 

 

Figure 3-5: Bistable MEMS inertial switch proposed by Zhao et al in (a) its original 

state, and (b) its post-buckled state [15]. 

They also demonstrate the bistable behavior of the structure by holding the structure at 

different displacements and measuring the reaction force of the structure, as shown in 

figure 3-6. 
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Figure 3-6: Testing and results for device proposed by Zhao et al (a) post-buckling 

beams testing device. (b) experimental and simulated results for elastic force versus 

transverse displacement [15]. 

 Frangi et al [27] presented another design for a biaxial, bistable device by surrounding a 

proof mass with four bistable structures(figure 3-7).  
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Figure 3-7: Bistable biaxial MEMS inertial switch design proposed by Frangi et al [27]. 

Liu et al [28] also addressed the need for a return mechanism in such devices for reusability 

by studying reverse unlocking of their proposed bistable acceleration switch by applying 

acceleration in the direction opposite to the original sensing direction. They found that 

while only a forward acceleration of 8 g is needed to force their device into the actuated 

state, a reverse acceleration of 105 g is required to reset the device. 

The implementation of a mechanical locking mechanism to achieve latching is also 

common in MEMS inertial switches. Most of these devices have similar structures to the 

device proposed by Z.Y. Guo et al [29], in which contacts are designed to allow the 

moveable electrode to smoothly slide against the fixed electrodes upon applying 

acceleration, but have the fixed electrodes block the moveable electrode from returning to 

its original position once it has passed them. This design is evident in figure 3-8. 
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Figure 3-8: MEMS inertial switch design proposed by Guo et al with mechanical 

latching mechanism [29]. 

 

M. Ramanathan et al [30] also presented a MEMS inertial switch with a mechanical 

latching mechanism that can be reset using U-beam thermal actuators (figure 3-9). 
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Figure 3-9: MEMS inertial switch with mechanical latching mechanism thermally 

actuated return mechanism proposed by Ramanathan et al[30]. 

 

3.2 Existing Multi-Threshold Inertia Sensing Devices 

Multiple-threshold devices can actuate separate circuits for different acceleration levels. 

This can be beneficial in applications where detection is required for multiple levels of 

acceleration, but it is favorable to avoid using a high power-consuming setup such as an 

accelerometer and monitoring system. 

In 2019, R. R. Reddy et al. [31] proposed a device in which a latching mechanism was used 

to hold the proof mass at the displaced position after an acceleration is applied. This 
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eliminates the requirement for data storage considering you can know the highest threshold 

that was exceeded since the device was set by observing the position of the proof mass or 

by translating its position into an analog signal. 

As shown in figure 3-10, the device uses a saw-tooth like structure attached to the proof 

mass. When acceleration is applied, the proof mass will move downwards towards a set of 

two laterally arranged spring-dampers that the saw-tooth structure will be sandwiched in 

between. After the applied acceleration is removed, the geometry of both the saw-tooth 

structure and the set of lateral spring-dampers will hold the proof mass at the position 

reached during the highest acceleration applied allowing for latching. 

 

Figure 3-10: Mechanism used in multi-threshold device proposed by Reddy et al [31]. 

The drawback of this device is that it is not actually a switch but rather a sensor. In the 

experiment the author used a microscope and camera to record the latching positions after 

applying acceleration. A comb-finger electrostatic method was also proposed to convert 
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the position into an analog signal. Analog signal processing would require powering, 

making it not truly zero-power. 

In 2016, V. Kumar et al. [1] proposed a switch that relies on a microcontroller in order to 

achieve multiple thresholds of acceleration. The device consisted of a proof mass as the 

moveable electrode, a fixed electrode and multiple electrostatic tuning electrodes (as 

shown in figure 3-11). 

 

The tuning electrodes can assist in pushing the moveable electrode towards the fixed 

electrode to close the circuit, allowing each tuning electrode to act as a bit. The 

microcontroller is used to apply a binary search algorithm in which it tries switching the 

different bits on and off and checking whether there is a signal indicating that the moveable 

Figure 3-11: Multi-threshold device proposed by 

Kumar et al [1]. 
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and fixed electrodes are touching. In this way, the entire process is digitized. The algorithm 

used to perform the binary search for 3 bits is shown in figure 3-12. 

The main issue with this design is that the microcontroller will require powering, meaning 

there will be power consumption even when the switch is not triggered. Another issue is 

that there will not be separate signals on the output, considering there is only one switch. 

A user cannot power different circuits and hence different actions with one device so that 

each acceleration threshold is associated with an action, unless of course the user uses the 

microprocessor to output signals to each action circuit. 

In 2013, Currano et al [22] reported multiple thresholds by fitting several separate devices 

into a single chip. Such a method adds complexity, bulky, and less reliable.  

Figure 3-12: Algorithm used to determine acceleration level in device proposed by 

Kumar et al [1]. 
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W. Nie et al [32] proposed a new design in 2017 with two thresholds, each with a 

mechanical latching mechanism. The device achieves this by latching the suspended proof 

mass itself after the first threshold is exceeded, then having the prof mass force a second 

suspended structure into a latched position to actuate the second threshold. An SEM image 

of the device is shown in figure 3-13, in which it can be observed that the first and second 

threshold structures are labeled M1and M2 respectively. 

 

Figure 3-13: SEM image of dual-threshold device proposed by Nie et al [32]. 

 

3.3 MEMS Inertial Switches Utilizing Electrostatic Pull-In  

A more recently discovered method of achieving stable ‘on’ state in inertial switches is to 

make use of electrostatic pull-in in MEMS due to the significance of electrostatic forces in 

structures of such scale. M.I. Younis et al [33] first reported the use of electrostatic pull-in 
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to achieve latching in inertial microswitches in 2006. The device that was tested consisted 

of a cantilever parallel to a fixed electrode, as shown in figure 3-14. 

 

Figure 3-14: Schematic showing principle used in pull-in-based MEMS inertial switch 

proposed by M.I. Younis et al [33]. 

 In their work they applied various voltages to the device combined with shock pulses of 

1.0 ms duration at different amplitudes and recorded the DC voltage at which the cantilever 

would pull-in at each applied shock amplitude. The result (figure 3-15) demonstrates the 

acceleration threshold tuning capability in such devices. 

 

Figure 3-15: Graph demonstrating the change in pull-in voltage with change in applied 

shock in device proposed by M.I. Younis et al [33]. 
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 In 2017, J. Li et al [34] presented an electrostatic pull-in based device of a more complex 

structure in which they introduced a method for return of the switch to its when switched 

off after pull-in has occurred. The design utilized an array of protruding fixed electrodes 

with small surface contact area contained within another pulling electrode of large area, 

both above a proof mass suspended by four serpentine spring structures (figure 3-16). 

 

Figure 3-16: MEMS inertial switch design proposed by Li et al for pull-in assisted 

switching [34]. 

 This way a large pulling area can be taken advantage of to attract the proof mass while 

also avoiding stiction due to the small contact area when the switch is on. Consequently, a 

stable ‘on’ state is achieved while also allowing the device to return to its original position 

when voltage is disconnected for the purpose of reusability (figure 3-17). 
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Figure 3-17: Schematic showing the triggering sequence in the device proposed by Li et 

al [34]. 

  In 2018, M. Pallay et al [35] introduced a normally closed acceleration switch taking 

advantage of pull-in to maintain the switch in a normally closed state. The design (figure 

3-18) apart from a fixed electrode and cantilever serving as the moveable electrode contains 

a third electrode, which has the function of pulling the beam out of its normal pulled-in 

state. This third electrode is energized by a triboelectric generator, which converts the 

energy from applied impacts into electrical energy, so that when the applied impact is high 

enough, the third electrode will have sufficient electricity to pull-out the moveable 

electrode and hence open the switch. 
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Figure 3-18: Pull-in-based MEMS inertial switch design proposed by Pallay et al [35]. 

 

3.4 Optimization of MEMS Inertial Switches 

There are several parameters to optimize inertia switches, among which are contact time, 

contact resistance, and durability. 

High contact time is required to increase the quality of an output signal from an inertial 

switch to ensure reliable signal processing when the switch is integrated into a circuit. Q. 

Xu et al [36] extend contact time through the use of flexible fixed electrodes, which deform 

upon contact with the proof mass, allowing it to slightly advance and maintain contact 

rather than bouncing back such as in the case of a rigid fixed electrode. This effect is 

demonstrated in figure 3-19. 
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Figure 3-19: Schematic demonstrating the advantage of flexible fixed electrodes over 

rigid ones in extending contact time [36]. 

Lee et al [37] also achieve this same effect by incorporating deformable carbon-nanotube 

contact pads between the proof mass and fixed electrodes, which also exploit the high 

conductivity in carbon nanotubes to improve switching performance. T. Matsunaga et al 

[38] also took advantage of a phenomenon that can occur in small air gaps in MEMS 

devices known as ‘squeeze film damping’ to increase contact time in their inertial 

microswitch design. 
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Minimization of contact resistance in MEMS inertial switches is important to improve 

signal quality. R. A. Coutu Jr et al [39] presents a method to select metal alloys for MEMS 

switches. 

Durability of MEMS devices under high shock loads has also been given attention in 

various works from the literature such as in [40, 41]. 
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4. Chapter 4: Designs 

 

In this chapter, the different concepts applied in designing the different inertial switches of 

this research will be discussed in detail. Both the method through which the proof mass is 

suspended to allow for desirable motion and the method by which the motion in the switch 

is manipulated to actuate circuits are discussed. 

 

4.1 General Design 

The general design concept in all the devices that were implemented in this research 

revolves around a suspended shuttle mass that moves in one direction (axis), actuating 

separate mechanisms at different displacements from the starting position as it moves. This 

allows for the actuation of multiple thresholds of acceleration with a single proof mass. 

Figure 4-1 demonstrates the general design concept applied in the devices proposed in this 

work graphically. 
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Figure 4-1: General design concept applicable to all designs proposed in this work. 

 

4.2 Actuation Method 

 

4.2.1 Direct Contact Switching Method 

In this actuation method, a potential difference is applied between the proof mass and the 

fixed electrodes, so that when the proof mass (which in this case is the moveable electrode) 

is displaced enough to come into contact with the first fixed electrode, the corresponding 

circuit is closed. When the proof mass displaced enough to touch the second fixed 

electrode, it will no longer be in contact with the first electrode and so on. The problem 

with this is that there will be no latching as there will only be a digital signal during the 

contact between the proof mass and the electrode.  The fixed electrode is designed to 

minimize its effect on the motion of the proof mass, especially in the axial direction to 
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maintain the motion of the proof mass in its intended transverse direction. This is achieved 

by orienting the fixed electrodes in the transverse direction, implementing them with a 

folded design to reduce their stiffness and having an incline angle contact between the fixed 

and moveable electrodes to allow for smooth sliding. In this actuation method, the contact 

area between the proof mass and fixed electrodes is small and the parts of the electrode not 

meant to contact the proof mass are placed at a large distance from the proof mass to 

minimize electrostatic attractive forces and avoid interfering with the motion of the proof 

mass. This method is further demonstrated in figure 4-2. 

 

Figure 4-2: Operation principle of direct contact actuation method. 

 

The electrical connection for this actuation method is shown in figure 4-3. 
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Figure 4-3: Electrical connection for direct contact actuation. 

The fixed electrodes are designed in a manner which makes them very compliant in the 

vertical y-direction to minimize their effect on the motion of the proof mass, especially to 

reduce radial deflection of the proof mass, which would require a second set of electrodes 

on the bottom to maintain radial centering of the proof mass. For these reasons, the fixed 

electrodes were designed in a folded manner to lower their stiffness. A microscopic image 

of this fixed electrode design after fabrication is shown in figure 4-4. 
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Figure 4-4: Microscopic image of the flexible fixed electrode design implemented in the 

direct contact designs. 

4.2.2 Induced Pull-In Method 

In this method, a separate moveable electrode is placed between the proof mass and the 

fixed electrode so that as the proof mass is displaced, after it has come into contact with 

the moveable electrode, it will push the moveable electrode upwards until electrostatic pull-

in occurs between the moveable and fixed electrode, causing them to stick and close a 

circuit. When the same occurs at the second acceleration threshold, the first threshold 

switch will stay closed (ON). The digital signal from triggering an acceleration threshold 

continues to be in the ON state as long as the corresponding electrode is connected; i.e., 

latching is achieved in this method. There will also be less contact and less normal force in 

this method, meaning less frictional effects and hence less wear in the device. There is also 

the capability to tune the threshold within a certain range considering the applied voltage 

can be varied and hence changing the contact force on the moveable electrode required to 

force it into electrostatic pull-in. In this case, transversely oriented cantilevers are used as 

the moveable electrodes to allow for electrostatic actuation. Pull-in has been implemented 

before in MEMS inertial switches, such as work by  M.I. Younis et al [42] in 2007 in which 

they used a cantilever as the moveable electrode. This design is unique in the fact that the 

pull-in does not occur between the proof mass and the fixed electrode, but rather the proof 
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mass forces a flexible electrode toward a third structure that will be the fixed electrode in 

this case. This method is graphically demonstrated in figure 4-5. 

 

Figure 4-5: Operation principle of induced pull-in actuation method. 

The electrical connection for this actuation method design to achieve induced pull-in at 

multiple thresholds is displayed in figure 4-6. 



49 

 

 

Figure 4-6: Electrical connection for induced pull-in actuation. 

Alternatively, this design can be connected in the manner shown in figure 4-7, so that it 

operates in the same way as the direct contact devices. 
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Figure 4-7: Alternative electrical connection for the pull-in designs to have direct contact 

actuation. 

For the flexible electrode design here, cantilevers were used to maximize the area between 

the flexible moveable electrodes and fixed electrodes, and hence increase the electrostatic 

force between them. There is also a small gap between these electrodes for the same 

purpose. This design is shown in a microscopic image in figure 4-8. 
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Figure 4-8: Microscopic image of the flexible moveable electrode design in the induced 

pull-in designs. 

 

4.2.3 Main Differences between Actuation Methods 

 There are several differences that distinguish the two different actuation designs 

presented. These differences are as follows: 

I) The switch is only active during contact for the direct contact method, while the 

switch will stay on after actuation in the induced pull-in design even after there is 

no longer contact until the power is disconnected. 

II) The direct contact method implements a folded flexible electrode design to 

minimize the effect of the flexible electrode on the motion of the proof mass, 

while the induced pull-in design implements a long single fold cantilever designs 

to do the same and increase the electrostatic area between it and the fixed 

electrode. 

III) The flexible electrodes will move out of the way towards the fixed electrodes in 

the first threshold for the induced pull-in design, allowing the proof mass to 

continue freely towards the second threshold without interference. However, in 

the direct contact design, the first threshold flexible electrodes will interfere more 

with the motion of the proof mass as it advances towards the second threshold, 
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maintaining contact until the designated protrusion from the proof mass has 

completely passed. 

 

4.3 Suspension Method 

In an inertial switch, there will be no external force acting on the proof mass but only its 

own body force from the applied acceleration. As a result, to achieve the desired motion of 

the proof mass when under an applied acceleration, it is required that both the proof mass 

be big enough, and its suspending structure be compliant enough. 

There was indeed a challenge in achieving this in light of the design rules and limitations 

of the SOIMUMPs process. Among the limitations is the fact that the SOIMUMPs process 

produces a monolithic in-plane device of fixed 10 µm or 25 µm thickness, meaning it is 

not possible to make the mass thicker and supporting beams thinner to achieve more 

displacement under applied acceleration. One of the design rules specified by SOIMUMPs 

is that the minimum feature size in the silicon device layer should be 2 µm for orthogonal 

features and 3 µm for non-orthogonal features. This required that the length of the 

supporting beams be increased in order to achieve more displacement under loading. 

However, another design rule specifies that for beams less than 6 µm in width, their length 

should not exceed 100 µm if anchored at one end, and 500 µm if anchored at two or more 

ends. Certain concepts were applied in the device design to adapt to these design rules and 

limitations in order to achieve the desired displacement of the proof mass under sufficient 

applied acceleration. These concepts are evident in the three different suspension methods 

that are explained in detail in the following sections.  
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4.3.1 Crab leg Suspension 

In this design, the proof mass is suspended by four springs in parallel, each spring 

consisting of a folded beam as shown in figure 4-9. This folding allows for the reduction 

of stiffness by arranging springs in series while also conserving device area. The anchor 

pads also act as safety pads to prevent the proof mass from exceeding allowable 

displacement and damaging the device, as well as electrical pads to supply power to the 

proof mass. This makes it unnecessary to occupy additional space in the device with 

separate safety pads and electrical pads. There is no possibility for pull-in between the 

safety and the proof mass here because they are shorted and hence would have the same 

electrical potential. 

 

Figure 4-9: Crab leg suspension design. 
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4.3.2 Folded Suspension 

The folded suspension is commonly used in MEMS devices thanks to its capability of 

allowing large displacement while maintaining compact size. In this project it was 

implemented as shown in figure 4-10. The anchor pads, which also act as electrical pads, 

are contained within the rectangular device area, however, they do not act as safety stops. 

This means separate safety stops will be required on both sides of the device occupying 

additional space.  

 

Figure 4-10: Folded suspension design. 

 

4.3.3 Hybrid Suspension 

This design is sort of a mix between the previously discussed two designs. The anchor pads 

here also act as electrical and safety stops, while being contained within the rectangular 

device area as well. This is the most compact of the 3 designs. However, it is more difficult 
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to determine appropriate dimensions for applications due to the non-rectangular shape of 

the proof mass. This design can be seen in figure 4-11. 

 

Figure 4-11: Hybrid suspension design. 

 

4.4 Final Designs Submitted to SOIMUMPs 

Ten designs were submitted to SOIMUMPs for fabrication. Six of these designs were 

successfully fabricated as intended. The remaining four designs of the hybrid suspension 

failed during fabrication. This failure was due to the collapse of the device considering the 

anchor pads were small and a large portion of them were overcut from the trenching, which 

made them incapable of supporting the device. The devices were designated based on their 

suspension design, actuation method, acceleration threshold levels, flexible electrode 

design, contact separation, contact overlap height and dielectric gap in the case of induced 

pull-in devices. All of these parameters were varied across the designs in order to increase 
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the likelihood of yielding more successful devices. Table 4-1 describes the designations 

used to name the devices. 

Table 4-1: Designation system used to name the different designs. 

Designation Description 

CL crab leg suspension design 

CLH crab leg suspension design with perforated 

proof mass 

FH folded suspension design with perforated 

proof mass 

H hybrid suspension design 

A direct contact actuation 

B induced pull-in actuation 

FE4 folded flexible electrode design 

A1 acceleration threshold 60~80 g/120~160 g 

A2 acceleration threshold 300~400 g 

/600~800 g 

A4 acceleration threshold 120~160 g 

/240~320 g 



57 

 

X20 contact separation of 20 µm at 1st 

threshold, 40µm at 2nd threshold 

CH# contact overlap height of # µm 

G# dielectric gap of # µm 

 

As shown in table 4-1, some designs had perforated proof mass in case the trench was not 

enough to release the proof mass. Contact overlap height was varied to change the frictional 

force upon contact, influence the contact resistance and change the tunability range in the 

induced pull-in designs. Dielectric gap was varied in the induced pull-in designs to change 

the pull-in voltage. Devices were designed with different intended acceleration thresholds 

to be able to test them with different apparatus.  

The thresholds were mainly varied by altering beam length and width to change their 

stiffness, as well as varying the proof mass to change the resulting force when an 

acceleration is applied. For perspective regarding the proof mass values for the proposed 

devices, the lightest proof mass came in at 1.16×10-8 kg (CL_A_FE4_A2_CH6 shown in 

table 4-2), while the heaviest proof mass was 9.65×10-8 kg (CLH_B_A1_X20_CH4_G4 

shown in table 4-4). Changing the separation between the proof mass protrusions and their 

designated flexible electrodes also varied the acceleration thresholds as well as altering the 

elastic restoration force pulling the proof mass back to its original position to avoid it 

getting blocked by the first threshold flexible electrode after passing it. 
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4.4.1 Direct Contact Switching Designs 

Seven design layouts for direct contact devices were submitted to MEMSCAP for 

fabrication. These are detailed in the following sections. 

4.4.1.1 Successfully Fabricated Direct Contact Switching Inertial Switches 

Table 4-2 displays microscopic images of the successfully fabricated direct contact 

switching devices as well as their static FE simulated thresholds. These images were taken 

in the KAUST Electronics Workshop with the support of Dr. Fahimullah Khan. 

Table 4-2: Microscopic images of successfully fabricated direct contact switching MEMS 

inertial switches 

Device Name 

Simulated 

1st/ 2nd 

Acceleration 

Thresholds 

Microscopic Device Image 

CLH_A_FE4_A1_

X20_CH8 

77g/ 154g 
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FH_A_FE4_A1_C

H6 

77g/ 154g 

 

CL_A_FE4_A2_C

H6 
383g/ 766g 

 

 

4.4.1.1 Failed Direct Contact Switching Inertial Switch Designs 

Four designs having the hybrid suspension design discussed in section 4.3.3 were sent to 

be fabricated in the SOIMUMPs process. All of these designs failed during fabrication due 
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to the trenching removing too much of the small anchor pads resulting in the collapse of 

the devices. The design layouts that were submitted are displayed in table 4-3 as well as 

their static FE simulated thresholds. 

Table 4-3: Design layouts for submitted direct contact switching designs which failed 

during fabrication. 

Device Name 

Simulated 1st/ 2nd 

Acceleration 

Thresholds 

Microscopic Device Image 

H_A_FE4_A1_CH4 76.5g/ 153g 
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H_A_FE4_A4_CH6 153g/ 306g 

 

H_A_FE4_A4_X20_CH5 153g/ 306g 
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H_A_FE4_A4_X20_CH7 153g/ 306g 

 

 

4.4.2 Induced Pull-In Designs 

All three induced pull-in designs were fabricated successfully by MEMSCAP in their 

SOIMUMPs process. Table 4-4 shows microscopic images of these devices as well the FE 

simulated acceleration level at which contact will occur at each threshold electrode pair 

considering that in these devices the actual acceleration threshold will be slightly tunable. 
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Table 4-4: Microscopic images of successfully fabricated induced pull-in switching 

MEMS inertial switches 

Device Name 

Simulated 1st/ 

2nd Contact 

Accelerations 

Microscopic Device Image 

CLH_B_A1_CH4

_G3P5 

66g/ 132g 

 

CLH_B_A1_X20

_CH4_G4 

61g/ 122g 
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CL_B_A2_CH6_

G6 
306g/ 612g 
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5. Chapter 5: Modeling 

 

5.1 Mathematical Modeling 

 

5.1.1 Displacement Model 

The static mathematical model for the system is very simple if we consider it as a spring-

mass system. Writing the force equilibrium, we get: 

𝑚𝑎 = 𝑘𝑥                                                                    (5.1) 

Where m is the proof mass, a is the applied acceleration, k is the stiffness of the beams 

suspending the proof mass, and x is the displacement. 

If we consider a1 and a2 to be the first and second acceleration thresholds, and x1 and x2 to 

be the contact separations of the first and second thresholds, then the following two 

equations can be used to determine the static theoretical values for the first and second 

acceleration thresholds: 

𝑎1 =
𝑘𝑥1

𝑚
(5.2) 

 

𝑎2 =
𝑘𝑥2

𝑚
(5.3) 
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5.1.3 Induced Pull-In Model 

This section derives a model for a cantilever with a distributed electrostatic force and a 

point force applied at its end used to model the actuation in the electrostatic pull-in-based 

designs. Figure 5-1 shows a diagram of the forces that the cantilever is subjected to. 

 

Figure 5-1: A schematic diagram of the studied cantilever 

 

(a) Static Problem 

The force equilibrium for the cantilever with a tip force and applied electrostatic force 

results in the following equation: 

𝑚�̈� + 𝑘𝑥 = 𝐹0 +
휀𝐴𝑉2

2(𝑑 − 𝑥)2
(5.4) 

where m is the mass, k is the stiffness of the cantilever, x is the displacement, F0 is the point 

force applied at the end of the cantilever, A is the area, d is the dielectric gap, V is the 
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applied voltage, ε is the dielectric constant, and �̈� is the second derivative of x with respect 

to time. Part of the equation is simplified to variable α, as shown in equation (5.5). 

𝛼 =
휀𝐴𝑉2

2
(5.5) 

Setting �̈� = 0,  then equation (5.6) is solved numerically to obtain the static deflection δ. 

𝑘𝛿 = 𝐹0 +
𝛼

2(𝑑 − 𝛿)2
 (5.6) 

(b) Dynamic Problem 

 The displacement x can be represented as  

𝑥 = 𝛿 + 𝑦 (5.7) 

where δ is the static part and y is the dynamic part. Substituting for x and applying Taylor 

expansion yeilds: 

𝑚�̈� + 𝑘(𝛿 + 𝑦) = 𝐹0 + 𝛼 [
1

(𝑑 − 𝛿)2
+

2𝑦

(𝑑 − 𝛿)3
+ ⋯ ] (5.8) 

The static terms are then eliminated to obtain equation (5.9). 

𝑚�̈� + 𝑘𝑦 = 𝐹0 +
2𝛼𝑦

(𝑑 − 𝛿)3
(5.9) 

 

where δ is the solution of equation (5.6). Rearranging equation (5.9), the result is: 

�̈� + [
𝑘

𝑚
−

2𝛼

𝑚(𝑑 − 𝛿)3
] = 0 (5.10) 
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So: 

𝜔𝑛
2 =

𝑘

𝑚
−

2𝛼

𝑚(𝑑 − 𝛿)3
 (5.11) 

where ωn is the natural frequency of the cantilever. At pull-in ωn = 0, resulting in 

equation (5.12) 

𝑘

𝑚
−

2𝛼

𝑚(𝑑 − 𝛿)3
= 0 (5.12) 

Rearranging equation (5.12) and cancelling out m yields: 

𝑘(𝑑 − 𝛿)3 = 2𝛼 (5.13) 

Returning to equation (5.6) and dividing it by m yields: 

𝑘𝛿

𝑚
=

𝐹0

𝑚
+

𝛼

𝑚(𝑑 − 𝛿)2
(5.14) 

Equation (5.14) is rearranged and m is cancelled out to obtain equation (5.15). 

𝛿 =
𝑑

3
+

2𝐹0

3𝑘
(5.15) 

Substituting equation (5.15) into equation (5.13) yields: 

𝑘 [𝑑 −
𝑑

3
−

2𝐹0

3𝑘
]

3

= 2𝛼 = 휀𝐴𝑉2 (5.16) 

Rearranging results in equation (5.17). 

𝑘

휀𝐴
[
2𝑑

3
−

2𝐹0

3𝑘
]

3

= 𝑉2 (5.17) 
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So  the pull-in voltage at a constant F0 becomes 

𝑉𝑃𝐼 = √
𝑘

휀𝐴
[
2𝑑

3
−

2𝐹0

3𝑘
]

3

(5.18) 

and the external force causing pull-in at a constant voltage is written as 

𝐹0 =
3𝑘

2
[
2𝑑

3
− √

휀𝐴𝑉2

𝑘

3

] (5.19) 

 

5.2 Finite Element Analysis 

Finite element analysis was performed for the purpose of estimating appropriate 

dimensions for the various designs so that the devices are actuated upon application of their 

threshold accelerations. Both ANSYS Mechanical APDL and COMSOL Multi-physics 

were used to simulate the applicable physics in the devices. In this chapter, the methods 

that were used to analyze the various designs using finite element tools are described. 

5.2.1 Natural Frequency 

It was necessary to check the natural frequencies for the formulated structures in order to 

verify the use of static FE models to simulate them accurately, as static FE models will 

significantly reduce the solving time when compared to transient ones. A static load can be 

assumed when the applied load has a period much larger than the natural period of the 

loaded structure. This is known as the quasi-static regime and is generally applicable when 

the loading period is more than about 5 times the natural period of the structure [12]. The 

impact period for concussive impacts typically ranges between 15 to 20 ms [43]. This 
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requires that the natural period of the structure be less than 3 ms for the static assumption 

to be valid. The natural frequencies for the submitted designs are shown below in table 5-

1. 

Table 5-1: Simulated natural frequencies and periods for devices 

Device Name Natural Frequency (Hz) Natural Period (ms) 

CL_A_A2_CH6 3122.20 0.320 

CLH_FE4_A1_X20_CH8 974.47 1.055 

CLH_B_A1_CH4_G3.5 1279.90 0.781 

CLH_B_A1_X20_CH4_G4 872.07 1.147 

CLH_B_A2_CH6_G6 2779.10 0.360 

FH_A_FE4_A1_CH6 1392.10 0.718 

H_A_FE4_A1_CH4 899.91 1.111 

H_A_FE4_A4_CH6 1332.00 0.751 

H_A_FE4_A4_X20_CH5 918.55 1.089 

H_A_FE4_A4_X20_CH7 918.61 1.089 

 

 It is apparent that all the devices have natural periods smaller than 3 ms, validating the 

use of a static FE model to simulate them. 
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5.2.2 Static Displacement and Stress Model 

The proof mass and its suspension were simulated in order to estimate the displacement of 

the proof mass under applied acceleration. Based on these simulation results, appropriate 

beam widths, lengths and proof mass dimensions were established, and suitable suspension 

designs were chosen.  

a)  Dimensions 

A 2-D model was used in order to significantly reduce the solution time. This problem 

reduction is valid in this case because the stiffness of the device in the z-direction (depth 

of the device) is very high compared to the direction of motion of the device. This is 

because the devices have a fixed thickness in the z-direction of 25 µm, which is standard 

in the SOIMUMPs process. Another option of 10 µm thickness is offered but we opted for 

the 25 µm option to have prevalent in-plane motion [13]. An example for a 2-D geometry 

for one of the devices is shown in figure 5-2. 
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Figure 5-2: Geometry used to simulate one of the direct contact devices in ANSYS. 

b) Assumptions 

Linear elastic material was assumed considering the device is designed with safety stops 

so that the stress does not exceed yield stress as a result of the proof mass displacing 

excessively. Static response is assumed and the reason for this is described in detail in 

5.2.1.  

c) Loads and Boundary Conditions 

A global acceleration is applied onto the model with a magnitude equal to the acceleration 

threshold level that is to be simulated in the sensing direction. The beams are fixed at the 
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parts that would be fixed to the anchor pads in the final device. Figure 5-3 shows the fixed 

boundary conditions as blue triangles and the applied acceleration (load) as a red arrow. 

 

Figure 5-3: Applied boundary conditions and loads in ANSYS. 

d)   Meshing 

The 2-D 8-Node Structural Solid Element “Plane82” is used in this model. This element is 

defined by 8 nodes; each having two degrees of freedom in the x and y directions. This 

element is accurate for automatic mixed (quadrilateral-triangular) meshes. The model is 

meshed using smart sizing triggered by the command “smrtsize” in ANSYS mechanical 

APDL. The element size in smart sizing can be varied at a scale of 1 (finest) to 10 (coarsest) 

relative to the model size [44]. 
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e)  Contact 

In order to properly simulate the physics in the device, it is necessary that the contact is 

simulated between the proof mass extension and the flexible electrode structure. In ANSYS 

mechanical APDL, it is required that a target surface and a contact surface be defined. 

ANSYS advises in their contact technology guide [45] that the stiffer surface be selected 

as the target surface, which in this case would be the surface of the extension from the 

proof mass. Consequently, the surface of the flexible fixed electrode that comes into 

contact with the proof mass extension would be the contact surface. 

Regarding the contact friction, no friction coefficient for surfaces is provided by 

MEMSCAP for their SOIMUMPs process, so smooth contact was assumed in the 

simulations. 

f) Output 

The outputs from this static simulation are the displacement and stress of the moving 

components of the device as a result of the applied acceleration. The displacement allows 

for the estimation of the device threshold, while the stress helps in the prediction of failure 

of the device under the applied acceleration. An example of a simulated displacement result 

for an applied acceleration is shown in figure 5-4. 
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Figure 5-4: Example of a displacement result obtained from ANSYS static simulation. 

It can be observed that the proof mass is red because it is the most displaced part of the 

structure as seen in the color bar in figure 5-4. 

 

5.2.3 Model for Pull-In of Cantilevers with Assist of Point Force at End 

This model was required to estimate the voltage required for actuation in the induced pull-

in designs. The input was the applied voltage and point force applied at the end of the 

cantilever. This simulation was performed using COMSOL multi-physics. 

a) Problem Representation 
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The problem was simplified to only include the air gap (dielectric space) and the cantilever 

to reduce the number of elements to be meshed and hence simplify the problem. Figure 5-

5 shows the geometry used, where the volume shaded in blue is the cantilever, and the 

volume shaded in white is the air gap. 

 

Figure 5-5: Geometry used to represent the simulated cantilever pull-in problem with 

assisting tip force. 

b) Boundary Conditions and Loads 

The cantilever is fixed in the area shaded blue in figure 5-6.  

 

Figure 5-6: Fixed constraint applied at anchored part of cantilever. 

A voltage is applied between the top surface of the air gap (shaded blue in figure 5-7), and 

the meeting area between the air gap and the cantilever (shaded blue in figure 5-8). 
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Figure 5-7: Top surface of air gap. 

 

Figure 5-8: Shared surface between cantilever and air gap. 

The point force is then applied at the tip of the cantilever, specifically at the red dot 

shown in figure 5-9. 

 

Figure 5-9: Point force applied at tip of cantilever. 

 

c) Result 
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The result from this simulation is the displacement of the cantilever upwards when the 

input point force and voltage are applied. Figure 5-10 shows an example of a displacement 

result obtained in one of the simulations. 

 

Figure 5-10: Example of a displacement result obtained from a COMSOL simulation of 

cantilever with applied electrostatic force and assisting tip force. 

 

d) Assessing Pull-in Voltage 

In this simulation, the force is kept constant, while the voltage is applied in steps to capture 

the instability that occurs at the pull-in point. When the applied voltage is larger than the 

simulated pull-in voltage at that constant force, the solver will fail to solve. This way it can 

be concluded that the simulated pull-in voltage is between the last solved voltage and the 

voltage at which the solver failed. If more resolution is need in the pull-in voltage value is 

required, the steps are made smaller to better capture the pull-in voltage value. 
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6. Chapter 6: Experimental Setup 

 

6.1 Shock Table Testing 

The shock table is simply used to drop the tested device from a specified height and 

abruptly stop it to inflict a shock. Testing with the shock table was performed in 

collaboration with Dr. Qiu Xu. 

 

6.1.1 Setup Components 

The setup consists of the actual acceleration switch to be tested, the shock table, a reference 

accelerometer, a data acquisition system (DAQ) (specifically the Lansmont Test Partner 3) 

to collect and filter the accelerometer output, a computer to display and save the 

accelerometer output, a 3-D printed fixture to fix the device to the shock table, and an 

oscilloscope to capture the output signal from the acceleration switch. 

 

6.1.2 Testing Machine Principle of Operation 

The shock table machine consists of a table, a hoist, and a hydraulic base. In order to apply 

a shock to the table, the hoist lifts the table to a given height, the table is then released 

allowing it to accelerate until it is abruptly halted by the hydraulic base at the bottom, hence 

generating the shock. The height is varied in order to control the magnitude of the shock 

impact. Figure 6-1 shows an image of the shock table testing machine. 
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Figure 6-1: Image of the shock table testing machine. 

 

6.1.3 Apparatus Setup 

The switch is fixed to a printed circuit board (PCB), which is mounted to a 3D printed 

fixture that is tightly secured to the shock table and orients the device vertically so that the 

load is applied onto the device in-plane. One terminal of a power supply is connected to 

the pads of the shuttle mass (or the fixed upper electrode in the pull-in devices), while the 

other terminal is connected to the pads of the flexible fixed electrode. A resistor is 

connected in series on either side of the device to protect the device from high currents. 

The oscilloscope is connected in parallel to the resistor to read the voltage across it when 

the shock is applied. Whenever there is connection between the moveable and fixed 

electrodes there should be a voltage across the resistor, which is measured by the 

oscilloscope. If multiple thresholds are to be connected, separate flexible fixed electrode 



81 

 

pads are connected in parallel with their resistors and the voltage across each resistor is 

measured by a separate channel on the oscilloscope. Figure 6-2 shows a schematic 

demonstrating how the setup is arranged and wired, while figures 6-3 and 6-4 display 

images of the actual setup used. 

 

Figure 6-2: Schematic of arrangement and wiring in shock table setup 
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Figure 6-3: Image of the shock table setup. 
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Figure 6-4: Close-up of the tested device and its mounting to the shock table. 

 

6.2 Electrodynamic Shaker Testing 

The electrodynamic shaker is used to move the tested device linearly at a specified 

intensity, hence inflicting an acceleration/ deceleration. 

 

6.1.1 Setup Components 

This setup consists of the tested acceleration switch itself, the electrodynamic shaker, a 

waveform generator, an amplifier, a reference accelerometer, a DAQ to acquire the data 

from the accelerometer and switch simultaneously, and a computer to collect the data from 

the DAQ and save it. 
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6.1.2 Testing Machine Principle of Operation 

The electrodynamic shaker consists of a linear motor and a base that is suspended to the 

motor. A waveform generator is used to generate an electrical signal, which is transferred 

to an amplifier, which amplifies it and sends it to the linear motor in the electrodynamic 

shaker, causing linear motion of the base. 

 

6.1.3 Apparatus Setup 

Both the accelerometer and the tested MEMS inertial switch are mounted to the 

electrodynamic shaker moving base. The signals from both the accelerometer and the 

switch are read with a National Instruments USB-6361 DAQ from which they are sent to 

the laptop that acquires and processes the data using LabVIEW. The result is a live plot on 

the computer screen displaying both the measured acceleration and the digital reading from 

the switch simultaneously. This plot can then be saved either as a photo or as point-by point 

data. A graphical representation of the setup is shown in figure 6-5. 

 

Figure 6-5: Schematic of the arrangement and wiring in the shaker testing setup. 

Figures 6-6 and 6-7 show images of the electrodynamic shaker testing setup. 
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Figure 6-6: Image of the shaker testing setup. 
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Figure 6-7: Close-up of the electrodynamic shaker and the mounting of the tested device 

to it. 
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7. Chapter 7: Results 

 

7.1 Direct Contact Devices Testing Results 

The direct contact devices were tested using the shock table setup. Both the applied shock 

pulse data and the tested inertial switch output were collected using a DAQ and an 

oscilloscope respectively, which is why the two signals could not be synchronized; 

although synchronized data would have been beneficial in finding the response time for the 

tested devices. The shock table used to test the devices generates a half-sine shock pulse 

with a pulse duration typically ranging between 0.5-4ms, such as the one shown in figure 

7-1. The magnitude of the shock is varied by changing the drop height of the shock table. 

The shock duration can also be slightly varied by adding sheets of cushioning sponge over 

the hydraulic base. 

 

Figure 7-1: Example of a shock pulse applied using the shock table. 
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7.1.1 Experimental Results of Devices as Fabricated by SOIMUMPs 

The results of the fabricated devices were not as intended due to the poor contact 

conductivity that was occurring at the silicon-to silicon contacts despite it being doped 

silicon. Only three devices showed electrical signals when acceleration was applied and 

none of them gave signals at their 2nd thresholds. Thus, it was determined that there was a 

need to add metal to the contacts to improve the contact conductivity of the devices. The 

results after sputtering metal onto the devices is discussed in the following sub-section 

7.1.2. 

 

7.1.2 Experimental Results of Devices after Sputtering 

It was not possible to obtain satisfactory switching performance from the devices as 

fabricated due to the high contact resistance, so gold was sputtered over the devices to 

improve the contact conductivity. All gold sputtering was performed by Dr. Fahimullah 

Khan in the KAUST Nanofabrication Core Labs. A device with gold sputtered all over can 

be seen in figure 7-2: 
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Figure 7-2: Microscopic image showing one of the direct contact devices after it was 

sputtered with gold. 

Although the gold is sputtered all over, the separated parts of the device do not become 

shorted considering there is an insulated silicon dioxide layer between the silicon (device 

layer) and substrate layers. This oxide layer is undercut, isolating the silicon and oxide 

layers and hence preventing them from becoming shorted. The trenching also prevents 

shorting between suspended components considering it is µm deep, while the gold layer is 

only 200 nm. 

 

7.1.2.1 Results for Gold Sputtered FH_A_FE4_A1_CH6 Device: 
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The device with designation FH_A_FE4_A1_CH6 (figure 7-3) was sputtered with gold 

all over and tested using the shock table. 

 

Figure 7-3: Microscopic image of tested MEMS inertial switch with designation FH_A_ 

FE4_A1_CH6. 

In the static simulation, this device was estimated to have first and second acceleration 

threshold values of 77g and 154g, respectively. The DAQ that was specific to the shock 

table had a drawback of a minimum trigger level of 100g. This prevented the acquisition 

of applied acceleration data for shocks below 100g. This is why the lowest applied shock 

in this experiment was 100g. Figure 7-3 shows the switch state of the tested device at each 

applied acceleration for both the 1st and 2nd threshold. 
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Figure 7-4: FH_A_FE4_A1_CH6 switch state at each applied acceleration for 1st and 

2nd thresholds. 

From figure 7-4, it is evident that the first threshold for this device is below 100G, while 

the second threshold should be somewhere around 160g. This is very close to the 77g and 

154g estimations simulated using FE for the first and second thresholds. Table 7-1 shows 

the output signals obtained from the tested switch “FH_A_FE4_A1_CH6” when applying 

the displayed shock pulses and connecting 10.4 V across the switch contacts. 

Table 7-1: FH_A_FE4_A1_CH6 output signals for various applied accelerations. 

1st Threshold Results 

Shock 

Magnitude 

(g) 

Shock 

Duration 

(ms) 

Resulting Switch Output 
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100 2.92 

 

124 2.66 

 

2nd Threshold Results 

Shock 

Magnitude 

(g) 

Shock 

Duration 

(ms) 

Resulting Switch Output 

167 2.24 
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191 2.66 

 

 

It was noted during testing that at shock magnitudes closer to the simulated threshold, the 

obtained switch output had a shorter duration, which makes sense considering there be a 

longer contact typically due to the flexibility of the fixed electrode. This flexibility will 

allow the proof mass to continue advancing while staying in contact with the flexible 

electrode rather than bouncing back immediately, hence increasing the contact time [36]. 

Looking at table 7-1 starting with the switch outputs obtained for the first threshold at 100 

g and 124 g, it looks like these two accelerations are somewhat above the actual first 

threshold for the device, considering there was a long output signal and hence a long 

contact time. For the 2nd threshold on the other hand, the difference in signal duration is 

significantly longer for the 191 g pulse compared to the 167 g pulse. This is because 167 g 

is much closer to the expected threshold. 

7.1.2.2 Results for Gold Sputtered CL_A_FE4_A2_CH6 Device: 

The device with designation CL_A_FE4_A2_CH6 (figure 7-5) was also sputtered with 

gold all over and tested using the shock table. 
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Figure 7-5: Microscopic image of tested MEMS inertial switch with designation 

CL_A_FE4_A2_CH6. 

The values for the FE simulated first and second thresholds for this device were 383 g and 

766 g. Figure 7-6 shows the switch state of this device at each applied acceleration for both 

the first and second thresholds. 
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Figure 7-6: CL_A_FE4_A2_CH6 switch state at each applied acceleration for 1st and 

2nd thresholds. 

It can be concluded from figure 7-6 that this device’s first threshold is about 300 g, while 

the second threshold should be in the range of 550-600g. These results are reasonably close 

to the FE simulated values of 383 g and 766 g. Table 7-2 shows the output signals obtained 

from the tested switch “CL_A_FE4_A2_CH6” when applying the displayed shock pulses 

and connecting 10.4 V across the switch contacts. 

Table 7-2: CL_A_FE4_A2_CH6 output signals for various applied accelerations. 

1st Threshold Results 

Shock 

Magnitude 

(g) 

Shock 

Duration 

(ms) 

Resulting Switch Output 
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301 1.52 

 

456 1.18 

 

2nd Threshold Results 

Shock 

Magnitude 

(g) 

Shock 

Duration 

(ms) 

Resulting Switch Output 

597 0.92 
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709 0.86 

 

 

Table 7-2 also shows how output signal duration is typically shorter when closer to the 

threshold, as observed from the difference between the 301 g and 455 g shock pulse outputs 

for the first threshold. The result for the 597 g shock shows multiple square pulses, which 

is likely to some sort of bouncing in the switch. The voltage is also low, which means most 

of the resistance is at the contact. This probably means there is no good contact between 

the electrodes and hence there is a high contact resistance. The 709 g result shows a much 

better contact occurring. 

 

7.2 Induced Pull-In Testing Results 

 

7.2.1 Determining Optimal Voltage 

Before testing the induced pull-in devices with applied acceleration, it was necessary to 

use a power supply, microscope and probes to apply voltage to the device and see what 

voltages are appropriate for it to pull-in when the intended threshold voltage was applied. 
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This involved two steps; finding the pull-in voltage under no external force and finding the 

minimum pull-in voltage when the contact protrusion from the shuttle mass completely 

passes across the contact surface from the cantilever. The method to perform this is detailed 

in the following steps (a) and (b): 

a) Finding Zero-Force Pull-In Voltage: 

The device is put under a microscope and a potential difference is applied across both 

electrodes, then this voltage is increased until electrostatic pull-in is observed. 

b) Finding Voltage for Pull-In Under Deflection from Shuttle Mass 

The device is also observed under a microscope, and a probe is used to move the shuttle 

mass so that the protruding contact corresponding to the focused cantilever pushes the 

cantilever upwards toward the other electrode. A voltage below the zero-force pull-in is 

applied, then the shuttle mass is moved so that the protruding contact passes the contacting 

part of the cantilever, if the cantilever does not pull-in, the experiment is repeated with a 

higher voltage until the cantilever pulls in. 

7.1.1 Optimal Voltage Experimental Results for Device CL_B_A2_CH6_G6: 
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Figure 7-7: Microscopic image of induced pull-in device under study 

“CL_B_A2_CH6_G6” 

For this device, it was found that the zero-force pull-in voltage was 51.2V. The minimum 

voltage for pull-in under deflection from shuttle mass was found to be 43.2V. The 

obtained results suggest that we can apply various voltages within the range between 

43.2-51.2V to obtain slightly varying acceleration thresholds considering at different 

voltages within this range different displacements of the cantilever will be required to 

induce pull-in. 

7.1.2 Simulation and Mathematical Modeling Results for Device CL_B_A2_CH6_G6 

This device was simulated both analytically and using COMSOL finite element software. 

Pull-in voltage was computed at various applied forces. The results for this study are 

shown in figure 7-8. 
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Figure 7-8: Comparison between mathematical model and COMSOL FE model results 

We can see some variations between the 2 models. This can be because the analytical 

mathematical model assumes fixed value of the electrostatic gap for the entire cantilever, 

while the COMSOL model captures the deflection of the cantilever beam and adjust the 

electrode gap accordingly. Variation between the actual results and the COMSOL model 

might be due to fabrication imperfections or need for a finer mesh. 

 

7.3 Discussion of Results 

The results for the direct contact MEMS inertial switches tested in this work show that 

silicon-silicon contact is insufficient for a satisfactory signal output in such devices, 

making metal at the contacts a necessity. The results for the device designated 

“FH_A_FE4_A1_CH6” prove that its first threshold can trigger at a threshold lower than 

100 g. It is expected to be around 80 g, while its second threshold seemed to be somewhere 

around 160 g. These values are close and somewhat overlap the range of acceleration 
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thresholds likely to cause a concussion suggested in the literature, which ranged between 

50-100 g [3, 9, 10]. This is proof that such devices can be implemented as MEMS inertial 

switches for the early prediction of mTBIs for activities such as contact sports to indicate 

roughly the level of impact that was received in order to act upon the criticality of the 

situation. Such a solution can substitute the use of power-hungry systems involving 

accelerometers, which require monitoring and data storage while also maintaining the 

ability to have an idea of the range of magnitude of the shock that was applied to the user. 

The triggering of multiple thresholds was also proven in the device designated 

“CL_A_FE4_A2_CH6”, providing a different range of acceleration thresholds for other 

applications, which might require different events be triggered at various acceleration 

levels. 

The induced pull-in device testing results also showed that latching is achievable in these 

devices, while also being able to trigger multiple thresholds. It also evident that the 

acceleration threshold is slightly tunable in these devices. 

 

7.3.1 Limitations 

One of the limitations shown was that the 1st threshold was able to partially disturb the 

motion of the proof mass on its way to the second threshold, as demonstrated in the 597g 

signal in table 7-1, where bouncing can be seen in the switch. It is also notable that there 

will be individual variations in fabrication between devices which will result in devices 

fabricated with the exact same processes and dimensions triggering at different acceleration 

thresholds. 
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In figure 7-6, we see the device’s first threshold not triggering at 298 g, but also triggering 

at 298 g. This could be attributed to noise, plastic deformation after applying shock or wear 

after repetitive contact. 

  

7.3.2 Possible Modes of Failure 

There are multiple circumstances that can result in the failure of the presented devices. 

Some examples of such circumstances are presented in the following text. 

 

a) Application of an Overly Excessive Acceleration in the Motion Axis 

Applying an excessive acceleration in the intended direction of motion for these devices 

can result in the damage of the flexible electrodes, as shown in figure 7-9. 

 

Figure 7-9: Microscopic image showing broken flexible electrodes. 

It can be observed from figure 7-9 that both the right flexible electrodes are completely 

gone. Here a shock of 1500 g was applied even though the second threshold for the shown 

device was experimentally found to be around 600 g. 
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b) Overly Excessive Accelerations Applied Out-of-Plane 

Overly excessive accelerations out of plane can cause the proof mass to completely detach 

from the devices such as in figure 7-10. 

 

Figure 7-10: Microscopic image showing empty trench due to ejection of proof mass 

under applied load. 

For this case the acceleration wasn’t captured, however the out-of-plane motion was due 

to large tilt of the device during the application of shock. 

 

c) First Threshold Flexible Electrode Blocking Device Reset 

Particularly for the device designated FH_A_FE4_A1_CH6, there is an issue that in many 

cases where if an acceleration that is high enough for the proof mass to completely pass 
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the flexible electrode for the first threshold, the flexible electrode will block the proof mass 

from returning to its original position after the applied acceleration is removed. This is 

displayed in figure 7-11. 

 

Figure 7-11: Microscopic image showing the flexible electrode blocking the return of the 

proof mass to its initial position. 

  

This can be fixed by applying a shock in the opposite direction to force the proof mass back 

to its original position. 

 

d) Peeling of Sputtered Gold Film Under Repeated Loading 

For the devices that were sputtered with gold to enhance their conductivity, repetitive 

application of shock would sometimes result in the peeling of the thin film of gold that was 

applied, as can be seen in figure 7-12. 
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Figure 7-12: Microscopic image showing peeling of gold film after repetitive shock 

application. 

 

e) Stiction of Flexible Electrode to Fixed Electrode in the Induced Pull-In Designs  

For the induced pull-in devices, stiction would occur in many cases after pull-in occurs, 

making them unusable again unless they are somehow moved back, such as by moving 

them with a probe or applying a shock in a direction that would move it away from the 

fixed electrode. This stiction can be seen in figure 7-13. 
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Figure 7-13: Microscopic image showing stiction of cantilever to fixed electrode. 
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8. Chapter 8: Conclusions and Recommendations 

 

8.1 Conclusions 

The aim of this research was to develop MEMS inertial switches with multiple acceleration 

thresholds in two directions, which consume no power in their inactive state. Designs for 

such devices were formulated and fabricated through the SOIMUMPs process. These 

inertial switches were tested using a shock table for direct contact designs and a probe 

station for the induced pull-in designs. Results that were obtained showed that switch 

signals were evident at different levels of impact for separate threshold contacts, 

demonstrating the triggering of the multiple acceleration thresholds for these devices, 

which proves the ability of these devices in carrying out their intended function. 

The fabricated inertial switches had unsatisfactory results as delivered considering the 

silicon-silicon contact had a high contact resistance despite being doped. As a solution, a 

200 nm layer of gold was sputtered all over the device. This significantly increased the 

contact conductivity and greatly improving the switching performance as a result. 

However, this thin layer would sometimes peel off after applying high accelerations 

repetitively. 

The induced pull-in devices on the other hand did not need gold sputtering as the large 

contact area compensated for the poor contact conductivity. However, in many cases when 

pull-in occurred, the cantilever would get stuck to the upper electrode, making that contact 

pair unusable again unless it is somehow released by methods such as moving it back with 

a probe or applying a large acceleration in the radial direction. This stiction could be due 
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to the underlying oxide layer, which has adhesive traits, or it could be due to capillary or 

Van der Waals that can be of high effect in MEMS devices due to their high surface-area-

to-volume ratios [12]. 

 

8.2 Recommendations 

One recommendation would be to implement similar designs but with a different 

fabrication process or fabricating them in-house. The SOIMUMPs process is a high quality 

process but there are many limitations such as the minimum dimension of 2 µm, the 

maximum beam length of 100 µm for beams with width under 6 µm and the fact that the 

process produces a monolithic device [13]. The use of a different process allows for 

improvements, such as an increased number of acceleration thresholds while decreasing 

the device size, actuation at much lower accelerations considering you can significantly 

lower the beam stiffness, and the ability to produce devices with out-of-plane motion that 

allows for the measurement of displacement during testing using a laser vibrometer. 

Another important improvement that can be made by using a different process would be 

applying a conductive metal only at the point of contact, allowing for good contact 

conductivity while also avoiding peeling (such as in our case of sputtering all over) and 

reducing wear at the same time. Finally, using a process that can produce smaller features 

would also allow for lower pull-in voltages in the induced pull-in designs, allowing for the 

use of smaller batteries in such systems. 

There is also a need for similar devices that respond to rotational acceleration; considering 

that subjecting the brain to rotational accelerations can also lead to a concussion [46]. If 
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somehow one can have multiple thresholds, linear acceleration switching, and rotational in 

acceleration in the same device that would be a huge advancement in the field. 

It is also recommended that during testing, the devices are perfectly aligned in the 

acceleration direction so that the applied acceleration is perfectly applied as intended to the 

switches. We were attaching the devices to PCBs manually, which increases the possibility 

of error when aligning these devices to the direction in which acceleration will be applied. 

A final recommendation would be to experiment more with the tunability in the induced 

pull-in design. This could be done by using a wider contact protrusion in the shuttle mass 

to make the slope more gradual as the shuttle mass progresses so a large difference in 

acceleration only makes a small difference in cantilever deflection, this way we have a 

large range for tunability of the acceleration threshold by manipulating the applied voltage. 
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APPENDICES 

 

Appendix A: ANSYS Static Analysis Script Sample 

 

! Ansys command file for MultiThreshold Inertial Switch with Cantilevers 

! ******************************************* 

 

finish 

/clear 

 

/title, MulstiThreshold Inertial Switch with Cantilevers 

/PREP7    ! preprocessor phase 

 

! ===== Define Parameters 

! ============================= 

E=130e9                 !Young's Modulus 

p=2329                  !Density 

b=25e-6                 !Depth 

v=0.28                  !Poisson's Ratio 

 

hm=320e-6               !Proof Mass Height 

wm=1970e-6  ! Proof mass width 

 

L1=500e-6 

L2=940e-6 
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d1=200e-6 

w1=6e-6 

w2=5*w1 

w3=w1 

 

wsc=6e-6                ! Cantilever Width 

lc=300e-6               ! Cantilever Length 

he=5e-6                 ! Cantilever Offset 

bsc=10e-6                ! Cantilever Base Width 

hbc=10e-6               ! Cantilever Base Height 

 

 

ch=6e-6                 ! Contact Height 

wc=6e-6                 ! Contact Width 

 

hs=10e-6                 ! stop height 

ws=wc                   ! stop width 

dst=450e-6              ! distance between stops 

dsc=400e-6              ! distance from stops to center 

 

gx=100e-6                ! Horizontal Gap between Holes 

gy=100e-6                ! Vertical Gap between Holes 

wh=10e-6                ! Hole Height 

lh=10e-6                ! Hole Width 

row=17                   ! Number of Hole Rows 

col=2                   ! Number of Hole Columns 
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x1=10e-6                ! Displacement Corresponding to 1st Threshold 

x2=20e-6                ! Displacement Corresponding to 2nd Threshold 

 

a=-100                   ! Acceleration Applied in G's 

 

num=100                 ! Number of Load Steps 

 

 

 

 

! ===== Define Element Type 

! ============================= 

ET,1,PLANE82                ! Beam 2-D 8-Node Structural Solid 

KEYOPT,1,3,3                ! Plane stress with thickness  

R,1,b                       ! Thickness 

 

! ===== Define Material Properties 

! ============================= 

!   silicon 

mp,EX,1,E   ! Young modulus, Pa 

mp,PRXY,1,v   ! Poisson's ratio 

mp,DENS,1,p                     ! Density  

 

!******************************************************* 

!***                   Modeling                      *** 

!******************************************************* 

! ===== Define Keypoints 
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! ============================= 

k,1,-wm/2,-(hm/2)-L2-w2,, 

k,2,-wm/2,(hm/2)+L2+w2,, 

k,3,wm/2,(hm/2)+L2+w2,, 

k,4,wm/2,-(hm/2)-L2-w2,, 

 

k,5,-(wm/2)+w3,(hm/2),, 

 

k,6,-dsc-ws-dst-((hs+ch)*wc/ch),(hm/2),, 

k,7,-dsc-ws-dst,(hm/2)+hs+ch,,  

k,8,-dsc-ws-dst+((hs+ch)*wc/ch),(hm/2),, 

 

k,9,-dsc-((hs+ch)*wc/ch),(hm/2),, 

k,10,-dsc,(hm/2)+hs+ch,,  

k,11,-dsc+((hs+ch)*wc/ch),(hm/2),, 

 

k,12,dsc-((hs+ch)*wc/ch),(hm/2),,  

k,13,dsc,(hm/2)+hs+ch,, 

k,14,dsc+((hs+ch)*wc/ch),(hm/2),, 

 

k,15,dsc+ws+dst-((hs+ch)*wc/ch),(hm/2),,  

k,16,dsc+ws+dst,(hm/2)+hs+ch,, 

k,17,dsc+ws+dst+((hs+ch)*wc/ch),(hm/2),,  

     

k,18,(wm/2)-w3,(hm/2),, 

 

k,19,(wm/2)-w3,(hm/2)+L2,, 
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k,20,(d1/2)+w1,(hm/2)+L2,, 

k,21,(d1/2)+w1,(hm/2)+L2-L1,, 

k,22,(d1/2),(hm/2)+L2-L1,, 

k,23,(d1/2),(hm/2)+L2,, 

k,24,-(d1/2),(hm/2)+L2,, 

k,25,-(d1/2),(hm/2)+L2-L1,, 

k,26,-(d1/2)-w1,(hm/2)+L2-L1,, 

k,27,-(d1/2)-w1,(hm/2)+L2,, 

k,28,-(wm/2)+w3,(hm/2)+L2,, 

 

k,29,(wm/2)-w3,-(hm/2),, 

k,30,-(wm/2)+w3,-(hm/2),, 

 

k,31,-(wm/2)+w3,-(hm/2)-L2,, 

k,32,-(d1/2)-w1,-(hm/2)-L2,, 

k,33,-(d1/2)-w1,-(hm/2)-L2+L1,, 

k,34,-(d1/2),-(hm/2)-L2+L1,, 

k,35,-(d1/2),-(hm/2)-L2,, 

k,36,(d1/2),-(hm/2)-L2,, 

k,37,(d1/2),-(hm/2)-L2+L1,, 

k,38,(d1/2)+w1,-(hm/2)-L2+L1,, 

k,39,(d1/2)+w1,-(hm/2)-L2,, 

k,40,(wm/2)-w3,-(hm/2)-L2,, 

 

*do,i,1,3 

l,i,i+1 

*enddo 
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l,4,1 

 

*do,i,5,27 

l,i,i+1 

*enddo 

l,28,5 

 

*do,i,29,39 

l,i,i+1 

*enddo 

l,40,29 

 

al,all 

 

k,41,-dsc-x1,(hm/2)+hs+ch,, 

k,42,-dsc-x1-wc,(hm/2)+hs,, 

k,43,-dsc-x1-2*wc,(hm/2)+hs+ch,, 

k,44,-dsc-x1-2*wc,(hm/2)+hs+ch+he+wsc,, 

k,45,-dsc-x1+lc,(hm/2)+hs+ch+he+wsc,,  

k,46,-dsc-x1+lc,(hm/2)+hs+ch+he+wsc+hbc,, 

k,47,-dsc-x1-bsc,(hm/2)+hs+ch+he+wsc+hbc,, 

k,48,-dsc-x1-bsc,(hm/2)+hs+ch+he+3*wsc+2*hbc,, 

k,49,-dsc-x1+lc,(hm/2)+hs+ch+he+3*wsc+2*hbc,, 

k,50,-dsc-x1+lc,(hm/2)+hs+ch+he+3*wsc+3*hbc,, 

k,51,-dsc-x1+lc+bsc,(hm/2)+hs+ch+he+3*wsc+3*hbc,, 

k,52,-dsc-x1+lc+bsc,(hm/2)+hs+ch+he+2*wsc+2*hbc,, 

k,53,-dsc-x1,(hm/2)+hs+ch+he+2*wsc+2*hbc,, 
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k,54,-dsc-x1,(hm/2)+hs+ch+he+2*wsc+hbc,, 

k,55,-dsc-x1+lc+bsc,(hm/2)+hs+ch+he+2*wsc+hbc,, 

k,56,-dsc-x1+lc+bsc,(hm/2)+hs+ch+he,, 

k,57,-dsc-x1,(hm/2)+hs+ch+he,, 

  

A,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57 

 

k,58,-dsc-ws-dst-x2,(hm/2)+hs+ch,, 

k,59,-dsc-ws-dst-x2-wc,(hm/2)+hs,, 

k,60,-dsc-ws-dst-x2-2*wc,(hm/2)+hs+ch,, 

k,61,-dsc-ws-dst-x2-2*wc,(hm/2)+hs+ch+he+wsc,, 

k,62,-dsc-ws-dst-x2+lc,(hm/2)+hs+ch+he+wsc,,  

k,63,-dsc-ws-dst-x2+lc,(hm/2)+hs+ch+he+wsc+hbc,, 

k,64,-dsc-ws-dst-x2-bsc,(hm/2)+hs+ch+he+wsc+hbc,, 

k,65,-dsc-ws-dst-x2-bsc,(hm/2)+hs+ch+he+3*wsc+2*hbc,, 

k,66,-dsc-ws-dst-x2+lc,(hm/2)+hs+ch+he+3*wsc+2*hbc,, 

k,67,-dsc-ws-dst-x2+lc,(hm/2)+hs+ch+he+3*wsc+3*hbc,, 

k,68,-dsc-ws-dst-x2+lc+bsc,(hm/2)+hs+ch+he+3*wsc+3*hbc,, 

k,69,-dsc-ws-dst-x2+lc+bsc,(hm/2)+hs+ch+he+2*wsc+2*hbc,, 

k,70,-dsc-ws-dst-x2,(hm/2)+hs+ch+he+2*wsc+2*hbc,, 

k,71,-dsc-ws-dst-x2,(hm/2)+hs+ch+he+2*wsc+hbc,, 

k,72,-dsc-ws-dst-x2+lc+bsc,(hm/2)+hs+ch+he+2*wsc+hbc,, 

k,73,-dsc-ws-dst-x2+lc+bsc,(hm/2)+hs+ch+he,, 

k,74,-dsc-ws-dst-x2,(hm/2)+hs+ch+he,, 

 

A,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74 
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k,75,dsc+x1,(hm/2)+hs+ch,, 

k,76,dsc+x1+wc,(hm/2)+hs,, 

k,77,dsc+x1+2*wc,(hm/2)+hs+ch,, 

k,78,dsc+x1+2*wc,(hm/2)+hs+ch+he+wsc,, 

k,79,dsc+x1-lc,(hm/2)+hs+ch+he+wsc,,  

k,80,dsc+x1-lc,(hm/2)+hs+ch+he+wsc+hbc,, 

k,81,dsc+x1+bsc,(hm/2)+hs+ch+he+wsc+hbc,, 

k,82,dsc+x1+bsc,(hm/2)+hs+ch+he+3*wsc+2*hbc,, 

k,83,dsc+x1-lc,(hm/2)+hs+ch+he+3*wsc+2*hbc,, 

k,84,dsc+x1-lc,(hm/2)+hs+ch+he+3*wsc+3*hbc,, 

k,85,dsc+x1-lc-bsc,(hm/2)+hs+ch+he+3*wsc+3*hbc,, 

k,86,dsc+x1-lc-bsc,(hm/2)+hs+ch+he+2*wsc+2*hbc,, 

k,87,dsc+x1,(hm/2)+hs+ch+he+2*wsc+2*hbc,, 

k,88,dsc+x1,(hm/2)+hs+ch+he+2*wsc+hbc,, 

k,89,dsc+x1-lc-bsc,(hm/2)+hs+ch+he+2*wsc+hbc,, 

k,90,dsc+x1-lc-bsc,(hm/2)+hs+ch+he,, 

k,91,dsc+x1,(hm/2)+hs+ch+he,, 

 

A,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91 

 

k,92,dsc+ws+dst+x2,(hm/2)+hs+ch,, 

k,93,dsc+ws+dst+x2+wc,(hm/2)+hs,, 

k,94,dsc+ws+dst+x2+2*wc,(hm/2)+hs+ch,, 

k,95,dsc+ws+dst+x2+2*wc,(hm/2)+hs+ch+he+wsc,, 

k,96,dsc+ws+dst+x2-lc,(hm/2)+hs+ch+he+wsc,,  

k,97,dsc+ws+dst+x2-lc,(hm/2)+hs+ch+he+wsc+hbc,, 

k,98,dsc+ws+dst+x2+bsc,(hm/2)+hs+ch+he+wsc+hbc,, 
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k,99,dsc+ws+dst+x2+bsc,(hm/2)+hs+ch+he+3*wsc+2*hbc,, 

k,100,dsc+ws+dst+x2-lc,(hm/2)+hs+ch+he+3*wsc+2*hbc,, 

k,101,dsc+ws+dst+x2-lc,(hm/2)+hs+ch+he+3*wsc+3*hbc,, 

k,102,dsc+ws+dst+x2-lc-bsc,(hm/2)+hs+ch+he+3*wsc+3*hbc,, 

k,103,dsc+ws+dst+x2-lc-bsc,(hm/2)+hs+ch+he+2*wsc+2*hbc,, 

k,104,dsc+ws+dst+x2,(hm/2)+hs+ch+he+2*wsc+2*hbc,, 

k,105,dsc+ws+dst+x2,(hm/2)+hs+ch+he+2*wsc+hbc,, 

k,106,dsc+ws+dst+x2-lc-bsc,(hm/2)+hs+ch+he+2*wsc+hbc,, 

k,107,dsc+ws+dst+x2-lc-bsc,(hm/2)+hs+ch+he,, 

k,108,dsc+ws+dst+x2,(hm/2)+hs+ch+he,, 

 

A,92,93,94,95,96,97,98,99,100,101,102,103,104,105,106,107,108 

 

BLC4,-(wm/2)+gx,(hm/2)-gy-lh,wh,lh  

 

FLST,3,1,5,ORDE,1    

FITEM,3,6    

AGEN,row,P51X, , ,gx+wh,0, , ,0 

 

FLST,3,row,5,ORDE,2    

FITEM,3,6    

FITEM,3,-(5+row) 

AGEN,col,P51X, , ,0,-gy-lh, , ,0  

 

FLST,3,row*col,5,ORDE,2   

FITEM,3,6    

FITEM,3,-(5+(row*col))  
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ASBA,       1,P51X   

 

! ===== Meshing 

! ============================= 

 

SMRTSIZE,4 

amesh,all 

 

!******************************************************* 

!***                      Loads                      *** 

!******************************************************* 

! === Fixed 

! ============================= 

SELTOL, 1e-8  !selection tolerance 

LSEL,S,LINE,,21 

LSEL,A,LINE,,25 

LSEL,A,LINE,,33 

LSEL,A,LINE,,37 

LSEL,A,LINE,,50 

LSEL,A,LINE,,67 

LSEL,A,LINE,,84 

LSEL,A,LINE,,101 

NSLL,S,1 

d,all,ux,0 

d,all,uy,0 

 

ACEL,a*9.81,0,0                 ! applied acceleration 



124 

 

 

 

!******************************************************* 

!***                      Contacts                   *** 

!******************************************************* 

 

! ===== Primary Contacts 

! ============================= 

! === Contact 1 

/COM, CONTACT PAIR CREATION - START  

CM,_NODECM,NODE  

CM,_ELEMCM,ELEM  

CM,_KPCM,KP  

CM,_LINECM,LINE  

CM,_AREACM,AREA  

CM,_VOLUCM,VOLU  

/GSAV,cwz,gsav,,temp 

MP,MU,1,0                             !Specify Coefficient of friction after last comma in this line 

MAT,1    

R,3  

REAL,3   

ET,2,169 

ET,3,172 

KEYOPT,3,9,0 

KEYOPT,3,10,2    

R,3, 

RMORE,   
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RMORE,,0 

RMORE,0  

! Generate the target surface    

LSEL,S,,,9   

CM,_TARGET,LINE  

TYPE,2   

NSLL,S,1 

ESLN,S,0 

ESURF    

CMSEL,S,_ELEMCM  

! Generate the contact surface   

LSEL,S,,,41  

CM,_CONTACT,LINE 

TYPE,3   

NSLL,S,1 

ESLN,S,0 

ESURF    

ALLSEL   

ESEL,ALL 

ESEL,S,TYPE,,2   

ESEL,A,TYPE,,3   

ESEL,R,REAL,,3   

/PSYMB,ESYS,1    

/PNUM,TYPE,1 

/NUM,1   

EPLOT    

APLOT    
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ESEL,ALL 

ESEL,S,TYPE,,2   

ESEL,A,TYPE,,3   

ESEL,R,REAL,,3   

CMSEL,A,_NODECM  

CMDEL,_NODECM    

CMSEL,A,_ELEMCM  

CMDEL,_ELEMCM    

CMSEL,S,_KPCM    

CMDEL,_KPCM  

CMSEL,S,_LINECM  

CMDEL,_LINECM    

CMSEL,S,_AREACM  

CMDEL,_AREACM    

CMSEL,S,_VOLUCM  

CMDEL,_VOLUCM    

/GRES,cwz,gsav   

CMDEL,_TARGET    

CMDEL,_CONTACT   

/COM, CONTACT PAIR CREATION - END 

 

! === Contact 2 

/COM, CONTACT PAIR CREATION - START  

CM,_NODECM,NODE  

CM,_ELEMCM,ELEM  

CM,_KPCM,KP  

CM,_LINECM,LINE  
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CM,_AREACM,AREA  

CM,_VOLUCM,VOLU  

/GSAV,cwz,gsav,,temp 

MP,MU,1,0                             !Specify Coefficient of friction after last comma in this line 

MAT,1    

R,4  

REAL,4   

ET,4,169 

ET,5,172 

KEYOPT,5,9,0 

KEYOPT,5,10,2   

R,4, 

RMORE,   

RMORE,,0 

RMORE,0  

! Generate the target surface    

LSEL,S,,,6   

CM,_TARGET,LINE  

TYPE,4   

NSLL,S,1 

ESLN,S,0 

ESURF    

CMSEL,S,_ELEMCM  

! Generate the contact surface   

LSEL,S,,,58 

CM,_CONTACT,LINE 

TYPE,5   
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NSLL,S,1 

ESLN,S,0 

ESURF    

ALLSEL   

ESEL,ALL 

ESEL,S,TYPE,,4   

ESEL,A,TYPE,,5   

ESEL,R,REAL,,4   

/PSYMB,ESYS,1    

/PNUM,TYPE,1 

/NUM,1   

EPLOT    

ESEL,ALL 

ESEL,S,TYPE,,4   

ESEL,A,TYPE,,5   

ESEL,R,REAL,,4   

CMSEL,A,_NODECM  

CMDEL,_NODECM    

CMSEL,A,_ELEMCM  

CMDEL,_ELEMCM    

CMSEL,S,_KPCM    

CMDEL,_KPCM  

CMSEL,S,_LINECM  

CMDEL,_LINECM    

CMSEL,S,_AREACM  

CMDEL,_AREACM    

CMSEL,S,_VOLUCM  
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CMDEL,_VOLUCM    

/GRES,cwz,gsav   

CMDEL,_TARGET    

CMDEL,_CONTACT   

/COM, CONTACT PAIR CREATION - END  

 

! === Contact 3 

/COM, CONTACT PAIR CREATION - START  

CM,_NODECM,NODE  

CM,_ELEMCM,ELEM  

CM,_KPCM,KP  

CM,_LINECM,LINE  

CM,_AREACM,AREA  

CM,_VOLUCM,VOLU  

/GSAV,cwz,gsav,,temp 

MP,MU,1,0                         !Specify Coefficient of friction after last comma in this line 

MAT,1    

R,5  

REAL,5   

ET,6,169 

ET,7,172 

KEYOPT,7,9,0 

KEYOPT,7,10,2    

R,5, 

RMORE,   

RMORE,,0 

RMORE,0  
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! Generate the target surface    

LSEL,S,,,13 

CM,_TARGET,LINE  

TYPE,6   

NSLL,S,1 

ESLN,S,0 

ESURF    

CMSEL,S,_ELEMCM  

! Generate the contact surface   

LSEL,S,,,75 

CM,_CONTACT,LINE 

TYPE,7   

NSLL,S,1 

ESLN,S,0 

ESURF    

ALLSEL   

ESEL,ALL 

ESEL,S,TYPE,,6   

ESEL,A,TYPE,,7   

ESEL,R,REAL,,5   

/PSYMB,ESYS,1    

/PNUM,TYPE,1 

/NUM,1   

EPLOT    

ESEL,ALL 

ESEL,S,TYPE,,6   

ESEL,A,TYPE,,7   
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ESEL,R,REAL,,5   

CMSEL,A,_NODECM  

CMDEL,_NODECM    

CMSEL,A,_ELEMCM  

CMDEL,_ELEMCM    

CMSEL,S,_KPCM    

CMDEL,_KPCM  

CMSEL,S,_LINECM  

CMDEL,_LINECM    

CMSEL,S,_AREACM  

CMDEL,_AREACM    

CMSEL,S,_VOLUCM  

CMDEL,_VOLUCM    

/GRES,cwz,gsav   

CMDEL,_TARGET    

CMDEL,_CONTACT   

/COM, CONTACT PAIR CREATION - END    

 

! === Contact 4 

/COM, CONTACT PAIR CREATION - START  

CM,_NODECM,NODE  

CM,_ELEMCM,ELEM  

CM,_KPCM,KP  

CM,_LINECM,LINE  

CM,_AREACM,AREA  

CM,_VOLUCM,VOLU  

/GSAV,cwz,gsav,,temp 
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MP,MU,1,0                         !Specify Coefficient of friction after last comma in this line 

MAT,1    

R,6  

REAL,6   

ET,8,169 

ET,9,172 

KEYOPT,9,9,0 

KEYOPT,9,10,2    

R,6, 

RMORE,   

RMORE,,0 

RMORE,0  

! Generate the target surface    

LSEL,S,,,16 

CM,_TARGET,LINE  

TYPE,8   

NSLL,S,1 

ESLN,S,0 

ESURF    

CMSEL,S,_ELEMCM  

! Generate the contact surface   

LSEL,S,,,92 

CM,_CONTACT,LINE 

TYPE,9   

NSLL,S,1 

ESLN,S,0 

ESURF    
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ALLSEL   

ESEL,ALL 

ESEL,S,TYPE,,8   

ESEL,A,TYPE,,9   

ESEL,R,REAL,,6   

/PSYMB,ESYS,1    

/PNUM,TYPE,1 

/NUM,1   

EPLOT    

ESEL,ALL 

ESEL,S,TYPE,,8   

ESEL,A,TYPE,,9   

ESEL,R,REAL,,6   

CMSEL,A,_NODECM  

CMDEL,_NODECM    

CMSEL,A,_ELEMCM  

CMDEL,_ELEMCM    

CMSEL,S,_KPCM    

CMDEL,_KPCM  

CMSEL,S,_LINECM  

CMDEL,_LINECM    

CMSEL,S,_AREACM  

CMDEL,_AREACM    

CMSEL,S,_VOLUCM  

CMDEL,_VOLUCM    

/GRES,cwz,gsav   

CMDEL,_TARGET    
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CMDEL,_CONTACT   

/COM, CONTACT PAIR CREATION - END  

 

!******************************************************* 

!***                     Solution                    *** 

!******************************************************* 

 

FINISH 

 

/SOLU 

ANTYPE,0! ,RESTART    

!here we allow ANSYS to control the step size 

AUTOTS,0 

!set the option so that this analysis is for large deformation 

NLGEOM,1 

!set number of substep to 100 

NSUBST,100 

OUTRES,ALL,1 

allsel 

solve  

 

FINISH   

/POST1   

PLNSOL, U,X, 2,1.0 
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Appendix B: Matlab Script for Mathematical Forced Pull-In Model 

 

%Calculation of Pull-In Force and Pull-In Voltage for an 

Electrostatically 
%Actuated Cantilever Beam with an Additional Applied External Force 

using 
%a Lumped-Parameter Model 

  
clear all 

  

L=500e-6;        %Length of Cantilever 
w=25e-6;         %Width of Cantilever 
t=6e-6;          %Thickness of Cantilever 
E=130e9;         %Young's Modulus of Cantilever 

  
d=6e-6;          %Initial Gap 
eps=8.85e-12;    %Permittivity 

  
A=L*w;           %Area Subject to Electrostatic Force 
I=w*t^3/12;      %Moment of Inertia 
k=8*E*I/L^3;     %Stiffness of Cantilever 

  

  
Vmax=sqrt(8*k*d^3/(27*eps*A)); %Pull-in voltage under no external force 
F0max=k*d;                     %Force to move the cantilever tip to end 

point under no applied voltage 
n=100;                         %Number of Solution steps 

  
for i=1:1:n 
    F0(i)=(F0max/n)*(i-1);                            %Applied Force 
Vpi(i)=sqrt((k/(eps*A))*((2*d/3)-(2*F0(i)/(3*k)))^3); %Corresponding 

Pull-In Voltage 
end 

  
figure(1) 
plot(F0,Vpi) 
title('Pull-In Voltage Versus Applied Force') 
xlabel('F0 (N)') 
ylabel('Vpi (V)') 

  
for i=1:1:n 
    V(i)=(Vmax/n)*(i-1);                           %Applied Voltage 
F0pi(i)=(3*k/2)*((2*d/3)-(eps*A*V(i)^2/k)^(1/3));  %Corresponding 

External Force Resulting in Pull-In 
end 

  
figure(2) 
plot(V,F0pi) 
title('Pull-In Force Versus Applied Voltage') 
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xlabel('V (V)') 
ylabel('F0,pi (N)') 


