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Executive Summary 

A Basic Research for the Development and Evaluation of Novel MEMS 
Digital Accelerometers 

DTRA Grant: HDTRA 1-08-1-0026 

Period of Performance: 01 April2008 through 31 March 2011 

PI: Weinong Wayne Chen, Purdue University 

Co-Pis: Dimitrios Peroulis and Alina Alexeenko, Purdue University 

The goal of this research program is to develop fundamental understandings necessary for 
producing novel MEMS/NEMS accelerometers that will characterize impact motion with high­
precision, high-redundancy, high-frequency-response, high reliability, and high manufacturing 
repeatability. Such accelerometers consume a small fraction of power as compared to 
conventional accelerometers, which makes them ideal choices for applications where available 
power is limited. 

A novel high-g MEMS digital accelerometer has been designed, fabricated, packaged, and 
tested. Cantilever beams corresponding to the different acceleration levels are fabricated on low 
resistivity (<0.01 0-cm) silicon on insulator wafers (SOl) using standard micromachining 
techniques. Cantilevers created from SOl wafers have uniform single-crystal nature, negligible 
and repeatable residual stress. The cantilevers have spring constants in the order of 184 - 462 
N/m for a deflection of 2 J.lm corresponding to different acceleration levels of 20,000-40,000 g. 
This in turn corresponds to beams of length 533-630 J.lm and width 70-100 J.lm and thickness of 
20 J.lm. The beams are fabricated in a 0.3 em by 0.3 em die which is then packaged and wire 
bonded in a ceramic package, which is then placed in a tungsten carbide package and potted with 
STY CAST 1 090Sl for shock testing and evaluation. Laboratory controlled shock experiments 
evaluate and calibrate the novel accelerometers. The results from these experiments show that 
the devices turn on when the acceleration crossed the designed acceleration threshold and turns 
off once the acceleration falls below the threshold. The switching mechanism is modeled 
considering the damping effects from the gas in the 2 J.lm gap. The switching time, in the order 
of 0.1 J.lS, was found to be in close correspondence with the analytical calculations for a similar 
acceleration profile. Analysis is being conducted on the failure of the silicon beams as the size 
decreases and loading rate increases. 

Due to the feasibility demonstrated in this research program, the novel accelerometers 
developed have strong potentials to be adapted in applications in the near future . This report 
summarizes the technical achievements realized during the performance period of this research 
program. 
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1. Introduction 

1.1 Background 

With recent advances in high-g applications, there is an increased need to monitor acceleration 
fluctuations in the several 1 O,OOOs g range. Such acceleration levels are typical in impact and 
pyroshock phenomena and are commonly observed in multistage rocket launches and earth 
penetrating weapon detonations. Currently, high-g accelerometers have been of the conventional 
spring-mass type with piezoelectric and capacitive sensing and have their limitations under such 
loads. 

The most commercially used piezoelectric accelerometer of this type is the Endevco 7270 series 
which can be used to measure acceleration histories up to 200,000 g. However, a history of 
failure under lower-g shock loads has been seen in such accelerometers. For instance, 200,000-g 
accelerometers have failed under 10,000-g shock loads. Analysis on the failure modes of this 
accelerometer can be found in [I]. In about half of the devices that failed, failure was due to the 
damage to the proof mass. Given that no redundancy exists, failure in the proof mass leads to a 
total failure in the accelerometer. 

Another commercial accelerometer is the Silicon Design 1220, which is similar in design to the 
SDI 1210. Sensing in this accelerometer is ofthe capacitive type with a max detection of6,000 
g. These were found to suffer from a time shift in the output and fail under shock loads of about 
70,000 g due to damage to the sensing electrodes and proof mass [2]. 

The Analog Devices ADX 181-100 is another state-of-the-art capacitive accelerometer, which 
measures acceleration level up to 1,000 g via capacitive sensing. The unique feature of this 
accelerometer is that sensing is done via 40 individual sensing cells with each cell measuring 
acceleration independently, thus offering redundancy to the device. However the acceleration 
pulse width detected by this accelerometer was found to be less than the actual applied profile. In 
addition, there was a lag in detection (up to 260 11s) when subjected to shock loads [2]. 

Researchers from Sandia National Labs have also developed a capacitive high-g accelerometer. 
This has been shown to detect accelerations level up to 46,000 g. There is a significant latency in 
the detection from this accelerometer when compared to the applied acceleration profile [1]. 

Consequently, it can be seen that existing devices offer limited redundancy, high noise output 
and latency in detection [3] , [4] for typical high-g loads. In order to overcome these limitations, 
we propose a system consisting of an array of single-crystal silicon (SCS) micro-beams that 
respond to different acceleration levels by having multiple beams making solid-to-solid contacts 
for a given acceleration level This method has been shown to offer high redundancy and ensures 
an adequate confidence level in the measure data. This is critical when this sensor is used to 
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trigger events with potential severe consequences. Furthermore, laboratory controlled shock 
experiments have been developed to evaluate and calibrate the novel SCS accelerometers. In 
addition, analytical and numerical models are developed to predict the damping characteristics of 

the SCS micro-beams. The results from the validation shock experiments indicate that the 
performance of the novel accelerometers agree well with design goals and model predictions. 

2. Technical Approach 

2.1 Development of MEMS Accelerometer 

2.1.1 System Overview 

c: 
0 

II , JOOOOg 

·~ 3 
iii 

Qi 
v 
::i. } 

- A r It'! fi n Protil 

- Devt<c: Re~pon~ 

o----~------------~---------------0 100 15 lOO 150 3 
Time {ps) 

Figure 1: Overview of the proposed accelerometer design. 

The design concept for the proposed accelerometer that can be created using cantilevers is shown 
in Figure 1. In this design concept, a number of single-crystal silicon MEMS cantilevers are 
connected in parallel with the measuring circuit shown. This leads to a "piano approach" in 

acceleration detection with each set of beams responding to a designed acceleration level. The 
needed number of beams for each acceleration level depends on the desired confidence level 
needed for the measurement. When the system is subjected to the acceleration profile shown in 

Figure 1, a Pulse Width Modulated (PWM) circuit (described in Section 2.3) reads the raw 

response. The response from this circuit is then processed with a microprocessor acting as a 
digital filter in order to filter the noise spikes and contact bouncing due to impact vibrations. 

Previous research has provided some insight on the impact phenomena on typical MEMS DC 
switches, particularly on their failure such under such impact load conditions [5], [6]. However, 

little work on the dynamic behavior of silicon-to-silicon contact cantilevers has been completed. 
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In order to effectively design the accelerometer for high-g loads, we need to gain a fundamental 
understanding of the behavior of silicon MEMS cantilevers under high-g loading. This includes 
the following main characteristics 

1) Silicon as a fabrication material & silicon to silicon contacts 
2) High-g loading on MEMS structures 
3) Failure mechanism of micro-contacts. 

2. 1.2 Silicon as a Fabrication Material 

In order to design and fabricate an effective MEMS accelerometer we needed to choose a 
suitable fabrication material. Single-crystal silicon is ideal for micromechanical moving 
structures due to its a) nearly defect-free nature, b) immunity to process-induced material­
property variations (properties of silicon wafers are extremely well controlled), c) creep-free 
structure, and d) the wide manufacturing basis of silicon electronics. For instance, research 
reported at [7] has shown silicon to be creep free as indicated in Figure 2. 

SeNO Voltage (V) 

~~ bh;:j[:0r~of;y::~ :· 
36 -···· .. ;· .. ·· ·~-;~ .. ;~-~~· ;· ·-L 

: : . : . : t!! 35 . . · · -~· · .... .... t"" --· .... . ! ... .. .. - ~-- --- .. ~· - ·-- -- ~ - ...... .. . 

34 

33 

32 

··· · ·- ~·· · · ~-· ····· l · ·· · ···~ · ··· · ··~·- · ·· ·· ~ · · · ·· · · 
: : \ : : . . . . 

··· · ·- ~· · ·-· ·- ~ ·-·· - · - : .... ..... .., .. . . . . 
i i i i 

0 5 1 0 15 20 25 30 35 
Elapsed Time (Hrs .) 

Figure 2: Long term needed bias to maintain a constant deflection for different cantilever 
materials in air [7]. 

Since the proposed MEMS device works by sensing a close-or-open contact, a suitable contact 
material need to be decided for ideal operation under high-g loads. The contact material for such 
conditions should exhibit low adhesion forces , high resistance to impact damage, and potential 
for repeatable low-cost fabrication particularly in a CMOS foundry. Silicon satisfies well these 
requirements and was chosen as a contact material as well. In addition, the formation of native 
oxide on this material during operation gives it the potential for self-healing. 

Silicon-to-silicon contacts have not been adequately characterized in the literature. To the best of 
our knowledge, this is the first application that utilizes silicon for electronic contacts . As a result, 
we investigated its suitability for this application in years 1 and 2. Test structures were fabricated 
on Silicon-on-Insulator (SOl) wafer with a device and handle layer resistivity of 0.01 n-cm and 
device layer thickness of 2 J.lm using the fabrication process shown in Figure 3. These test 
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structures included cantilever and fixed-fixed beams of varying lengths and widths and were 

electrostatically actuated to simulate contact forces during high-g loads. 

Bare SOl 

Silicon on Insulator 

• Silicon Handle 

;iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii • Buried oxide 
Bonding Pads 

Etch SOl & Deposit .. iiiiiiiiiiiiiiiiiiiiiiiiii 
& Pattern Contacts 

Pattern SOl 

Release Beams 

Figure 3: Fabrication process for silicon test structures 

The devices fabricated using the fabrication process are shown in Figure 4. 

Figure 4: Fabricated silicon test structures. 

These devices were electrostatically actuated and were found to have actuation voltages between 

20-30 V and contact resistances in the order of 3-4 kn (Figure 5). These results show that silicon 
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to silicon contacts are well-suited for measuring contact based events such as the one proposed in 
this project. Although repeatability was not formally characterized, no degradation was observed 
in our laboratory after many 1 OOs of cycles even in an open unpackaged environment. 
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Q) 
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c:: 
tl 3000 
"iii 
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C) 
I +
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Fixed-Fixed 

1000 ~--~~--~-----L-----L-----L----~ 
S1 S2 S3 S4 S5 

Sample No. 

Figure 5: Contact resistance of the silicon test structures 

2.1.3 High-g MEMS Design Fundamentals 

With the contact and the fabrication material chosen, the first functional high-g switches were 
designed in year 2. This design consisted of cantilevers of different spring constants 
corresponding to different acceleration levels of up to 46,000 g. A typical fabrication result of 
the "piano approach" is shown in Figure 6. The cantilever beams were initially designed using 
the dynamic equations of motion shown below [8] (more accurate modeling is included in 
Section 2.2) 

Figure 6: Typical fabrication results of the "piano 
approach " for the MEMS digital accelerometers. 
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where 

Face = Force due to acceleration 
x = deflection gap 
m = mass of the beam 
b =- damping factor { b '"' k/w0Q) 
Q =Quality factor 
Fe= Contact forces ( Van der Waals Forces and 
the repulsive contact fo.rces) 

Where k is the spring constant of the cantilever under a distributed load and is given by the 
following equation. 

where 
w = width of the beam 
h = thickness of the beam 
L = length of the beam 

2Ewh3 

k = 3----o- (2) 

Assuming a width of 100 f.lm, thickness of 20 f.!m, deflection of 2 f.!m and a contact force of 50 
f.lN, the spring constant and the length versus acceleration are plotted below. 

6 Spring Constant versus Acceleration 
10 ~~~-----.----.-----r----.-----, 

Length versus Acceleration 
106 ~----.------.-----.~----.-----~ 

104~--~-----L----~----L---~----~ 
0 100 200 300 400 500 600 

K (N/m) 

Figure 7a: Spring Constant versus acceleration 

500 600 
Length (urn) 

Figure 7b: Length versus acceleration 

From the above graphs we can see that the spring constants of the beams are in the ranges of 80-

400 N/m in order to measure accelerations of 5,000-40,000 g. The design process was repeated 

to explore beams design for a width of 70 f.lm. 

Using the above graphs and design equations, beams corresponding to three different 
accelerations levels were chosen. A summary of different parameters that were chosen are shown 
in Table I below. 
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Table 1: Summary of the design parameters 

Acceleration Level (t?:) Len2th (urn) Width (urn) Thickness (urn) 
20000 630 100 20 
30000 572 100 20 
40000 530 100 20 
20000 640 70 20 
30000 576 70 20 
40000 533 70 20 

2.1.4 Fabrication Process Flow 

Using the above designed values, a fabrication process for the actual MEMS accelerometers was 
developed. In year 1, cantilever beams corresponding to the different acceleration levels were 
fabricated on SOl wafers with handle and device resistivity of <0.01 n-cm using standard 
micromachining techniques as shown in Figure 3. The bare SOl wafer is patterned and etched to 
reach the handle layer. A metal layer of Cr/Au was then deposited and patterned to create the 
contacts. In the next step, the SOl layer is patterned and etched using Deep Reactive Ion Etching 
(DRIE) to create the cantilevers. The final step in the fabrication process is the release of the 
cantilevers using controlled etching of the oxide using a mixture of HF and water in the ratio of 
1 :4. The released structures are carefully transferred to water and then transferred to solutions of 
Acetone, Methanol and then Isopropyl Alcohol for duration of 5 minutes each. The samples are 
then dried using a Critical Point Drying (CPO) process. The entire fabrication process takes a 
total of three masks. 

In year 3, the fabrication process was optimized to create a more robust one shown in Figure 8. 
The bare SOl wafer is first patterned and etched using DRIE to create the cantilevers. Then 
Photoresist (PR) is deposited and patterned to create a lift off mask. The same mask is used to 
etch the oxide to reach the handle layer. A metal layer of Cr/ Au is then deposited and lifted off to 
create the contacts on the handle and device layers. The next step involves the patterning of the 
cantilevers using DRIE. The final step in the fabrication process is the release which is then 
preformed as mentioned above. 

Innovative MEMS Accelerometers 7 
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Figure 8: Optimize fabrication process 

This fabrication process utilizes only 2 masks. It resulted in substantial higher fabrication yield 
(nearly all devices on a wafer were successful) and measurement repeatability. 

Figure 9: Fabricated g-switches using the optimized fabrication process. 

Beams were fabricated for three different acceleration levels from 20,000 g up to 40,000 g for 
different widths of 70 f.lm and I 00 f.lm. Figure 9 shows devices fabricated using this process . 
These then tested under high-g loads as explained in the experimental evaluation section. 
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2.2 Modeling and Simulation of Accelerometer Operation 

2.2.1 Problem Definition 

The main goals of the modeling and simulation effort for the high-g accelerometer were the 
following. 

• To develop predictive modeling for dynamics of accelerometer beam under all relevant 
forces, including the fluidic damping and external acceleration. 

• To evaluate the modeling by comparison with direct experimental measurements of 
accelerometer operation under various load levels. 

• To determine physical phenomena and parameter ranges critical for design of reliable 
accelerometer structures. 

For microscale devices such as the MEMS accelerometer, inaccuracies arise from 
straightforward downscaling of conventional macroscale models . For example, because of the 
small physical scale of the device, the fluid-structure coupling is expected to play an increasingly 
important role in the dynamic response of the MEMS accelerometer beams. This is because the 
damping force is a surface phenomenon, whereas inertia is a volume force. -As the size of the 
device is scaled down, the surface-to-volume ratio of a structure increases and thus fluidic 
damping acquires a larger role in the dynamic response than in large-scale structures. Moreover, 
the fluidic damping is expected to deviate from the conventional macroscale gas damping 
because of the extremely small air gap encountered during the approach to contact. Since contact 
behavior determines the accelerometer performance, this near-contact damping needs to be 
modeled with high fidelity. 

In this regard, the dynamics problem was formulated as follows: for a set of given geometric 
and mechanical properties, to determine the unsteady response of accelerometer beam 
under a specified high-g dynamic load. The dynamic response of beam is governed by 
coupling between the inertia, bending and gas damping under the external acceleration from 0 to 
1 O,OOOs of g. Additionally, short-range forces manifested by repeated contacts, i.e. bouncing, 
can potentially play a significant role in the accelerometer response after initial closing. 

Insulator 

sc Silicon 

L--···~~~~~~--~~~~!!IJ.III!~IIIIII---. ..----- Micro beam 

Figure I 0: Schematic of accelerometer beam motion in x-y plane. 

A schematic of beam response due to external acceleration is shown schematically in Figure 10. 
Here we will use the following notations: the direction along the length of beam will correspond 
to x-axis, while the direction normal to the beam is y-axis. A cross-sectional view of the beam 
with typical dimensions is shown in Figure 11. Note that the air gap, even at its maximum of 
about 2 J.Lm, is much smaller than the typical minimum dimension of the beam of about 20 J.Lm. 
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Moreover, the gap is comparable to the mean free path of air molecules, especially when the 
beam approaches contact. 

At standard atmospheric conditions the mean free path of air is about 60 nm. At contact the air 
gap is effectively equal to just a few nanometers, that is the characteristic size of the surface 
roughness. 

-.J 

!Thickness 
(20 ~m) 

~~-:. a"" 

Figure II: Schematic of accelerometer beam in y-z plane (not to scale). 

Because of the small physical scale for the gas damping problem, the standard continuum models 
of the fluidic damping of such micro beams are expected to break down. This is illustrated by the 
map of aerodynamic damping regimes for microbeams as shown in Figure 12. The applicability 
of different fluidic models can be characterized by the Knudsen number, Kn, the ratio of the 
molecular mean free path, A, to the characteristic physical scale of the flow. In the case of 
accelerometer beam motion, the characteristic scale for the gas damping problem is the size of 
the air gap, g, between the moving beam and the SOl substrate. 

For very small values of the Knudsen number, Kn<O.Ol , i.e. when the gap is much larger than 
the mean free path, the flow is in the continuum regime. The continuum fluid damping models 
are usually based on the Reynolds equation, which is a form of Navier-Stokes equations for a 
case of small bulk flow velocities. 

Kn=A/g 0.01 0.1 10 
I I I 
I I I 

/ o~ I I 
RE+ slip I Boltzmann ~~ 

I I 
Gap, g 0.5 J.Jm 50nm 

Figure I2: Rarefaction regimes and governing equations for aerodynamic damping 
in high-h MEMS Accelerometer in air at I atmosphere and room temperature. 
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It can be seen that for a typical beam in the MEMS accelerometer, the initial gap of about 2 !lm 
corresponds to a Knudsen number of about 0.02 which is outside of the continuum flow regime. 
Typically for 0.01 <Kn<0.1 the continuum model augmented by a velocity slip boundary 
conditions can give accurate results. However, as the gap between the beam and substrate is 
further reduced below about 0.5 j.lm, the slip approximation becomes invalid. The modeling for 
very small gaps has to be based on the non-continuum Boltzmann kinetic equation for gas 
molecules. 

Note that for MEMS accelerometer the squeeze-film aerodynamic damping occurs in several 
regimes due to gap size varying from microns to tens of nanometers. Since the Boltzmann 
equation is valid for arbitrary Knudsen numbers it has been the principal governing equation for 
gas damping applied in the analysis presented below. The results based on the Boltzmann 
equation have also been compared with predictions using earlier models based on Reynolds 
equation with the first-order velocity slip. 

2.2.2 Analytical Modeling 

The beam dynamics modeling is based on Euler-Beroulli beam theory applied to calculate the 
beam deflection: 

(3) 

where pis the material density (kglm\ A is the beam cross-sectional area (m2
), w is the beam 

deflection in Z-direction (m), E is the Young's modulus of the material (Pa), I is the moment of 
inertia (m4

), CJ is the gas damping coefficient (N·s/m) andfex1 is the external acceleration pulse 
(m/s2

). 

Thus it was assumed that the majority of the load is applied perpendicular to the beam's length, 
and consequently there is no axial deflection . The beam was assumed to be fixed on one end and 
allow free movement on the other end as shown in Figure 10. The beam is assumed initially at 

rest, 8w(x, O) = 0. 
at 

Using contact with the surface as another boundary condition and an experimentally observed 
acceleration profile, the beam deflection as a function of time was generated. Contact was chosen 
to be when the beam tip deflected to within 50 nm of the surface, giving a theoretical system 
response for a given acceleration profile. 

The dynamic model given by Eq. (3) requires definition of the gas damping coefficient, CJ, which 
is equal to the gas damping force per unit length, Fdamp ', divided by local beam cross-section 

. 8w(x,t). 
veloctty, 1. e at 

~am/x)' 
C1 (x,t) = 8w(x,t) . (4) 

at 
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The gas damping is in principle dependent on the instantaneous air gap size and can be either in 
continuum or rarefied regime, As the beam velocity is much smaller than the speed of sound as 
will be shown later, the non-linear velocity effects in damping have been neglected. 

In order to find the damping force on the beam, the following two-dimensional form of the 
Boltzmann equation is solved: 

aj(x,y,u, v) 8f(x,y,u, v) fo(x,y,u, v,n,T,uo, Vo) - f(x,y,u, v) 
u + v = :....::..._'-----'-----=-------"--'------'----

& cy T 
(5) 

where (u,v) are gas molecule velocities in the (x,y) directions, v=l/r is the gas molecule collision 
relaxation frequency, f is the molecular velocity distribution function, and fo - equilibrium 
distribution function given by the ellipsoidal-statistical Bhatnagar-Gross-Krook (ESBGK) model 
as 

r ( ) n(x,y) ( siJ LI,/0\ r ') 
10 x,y,u, v = I exp --u 161 u 

'/(27r)3 det(AiJ) 2 

where n is the local gas number density, (u0, v0) are local bulk gas velocity components. The 
tensor A iJ is defined as 

1 Pu 
AiJ=RT8iJ+(1--p )­

r p 

where R is the specific gas constant (J/kg/K), T is the local gas temperature, Pr is the Prandtl 
number which was assumed to be equal to 0.75 for air, piJ is the non-isotropic local pressure 

tensor and Pu is the local gas mass density. 

Once the solution ofthe Boltzmann-ESBGK equation, Eq. (5) is obtained, the gas damping force 
can be found as follows. First, the velocity distribution function is integrated over the velocity 
space to find the spatial distribution of the normal pressure on the top and bottom of the beams 
well as shear stress on the sides of the beam. Then the obtained stress distribution is integrated 
across the width of the beam on the top and bottom surfaces and across the thickness on the side 
surfaces to obtain the damping force per unit length (N/m): 

b/2 Zt 

~amp'= J (Pzz(y,zb)-p=z(y,zJ)dy+2 fpy:-(b/2,z)dz (6) 
-b /2 Zb 

The procedures implemented for obtaining the numerical solutions ofEq. (3) for beam dynamics 
and Eqns. (5)-(6) for gas damping are described in the following section. 
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2.2.3 Numerical Simulation 

The partial differential Eq. (3) for accelerometer beam dynamics was discretized using the finite 
difference method in time and space. A backward difference in time and central difference in 
space are employed. The discretized partial differential equations are: 

n 2 n-1 n-2 w.- w. +w. 
I I I 

!1t2 
n 4n 6n4n n w.2- w.l+ w.- w.l+w.2 1- 1- I I+ I+ 

Llx-4 

The final system of equations for each time step is solved using LAPACK' s "dgbsv" subroutine. 
The numerical method described above has been implemented in FORTRAN 90. 

The beam dynamics solver has been verified by comparison with analytical solution obtained for 
the harmonic excitation of a cantilever beam. Figure 13 shows a comparison of the analytical 
solution for a cantilever tip displacement as a function of time with the numerical solution. The 
agreement between the analytical solution and the numerical simulations is within the first seven 
significant digits, which verifies the correct implementation of the numerical solver for beam 
dynamics, Eq. (3). 
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Figure 13: Verification of numerical solution for harmonic excitation of a 
cantilever beam. 

Innovative MEMS Accelerometers 13 



The Boltzmann-ESBGK Eq. (5) was solved using the 2D quasi-steady finite-volume discrete­
ordinate solver developed by Alexeenko and co-authors [13, 14]. The solver employs the finite 
volume method in the physical coordinate space and the discrete-ordinate method in the velocity 
space. A second-order quadrant splitting scheme is applied in the physical space and a 16-th 
order Gauss-Hermite quadrature is applied for the velocity magnitude. Verification of the 
numerical approach and solver has been published earlier. 

The numerical simulations were performed for typical accelerometer beam geometries at 
variable beam to substrate air gap heights. Due to the symmetry of the beam, only the right half 
of the beam cross-section was included in gas damping simulations. A symmetric boundary 
condition was applied on the left boundary of the domain. A diffuse-reflection wall boundary 
condition was used for beam and the substrate surfaces. A relative bulk velocity was applied for 
the top, bottom and side surfaces of the beam to represent the accelerometer beam motion under 
the external acceleration. The pressure inlet conditions were applied for the far-field top and 
right boundaries of the domain. The computational domain extent was chosen to be three times 
larger than the size of the beam in both dimensions to mitigate the effect of the finite flow 
velocity at the pressure inlet boundaries. A non-uniform spatial mesh of the size 140x 140 grid 
nodes were used based on grid convergence studies and is shown in Figure 14. 

Pressure Inlet Conditions 

HfulRe~ 
with R elatlve 
Bulk :Velocity 

, 
i -• r:: 
i 

Figure 14: Schematic of boundary conditions and a sample meshfor 2D 
ESBGK gas damping simulations. 

Gas damping simulations were performed at various beam-to-substrate gap heights to capture the 
variation of the damping force during the accelerometer beam actuation. Although there are 
published models of gas damping at the microscale, they deal predominantly with small­
amplitude motion away from contact. Therefore, a new damping model was developed based on 
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2D gas damping simulations using the Boltzmann-ESBGK solver specifically for geometries and 
dynamic conditions encountered in the MEMS accelerometer. 

Typical ESBGK simulation results for the gas flow around the moving accelerometer beam are 
shown in Figures 15 and 16. Figure 15 shows the pressure flow fields around the beam for two 
air gap values, 0.1 and 1 micron. The corresponding air velocity magnitudes are shown in Figure 
16. Note that the beam in both cases is moving downward with a velocity of 0.1 m/s. The 
flowfields are typical for a squeeze film damping when the gas is being pushed out from a 
narrow gap between parallel surfaces in relative out-of-plane motion. 
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Figure 15: Pressure fields and streamlines for 0.1 Jl.m gap (left) and 1 Jl.m gap (right). 
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Figure 16: Air speedfields and streamlines for 0.1 Jl.m gap (left) and 1 Jl.m gap (right). 

Because of the limited speed with which the air molecules can escape from the gap the air 
pressure builds up on the bottom of the beam. This is clearly seen in Figure 15 . The air velocity 
field has a vortical structure around the edge of the beam. This is generated by a jet of air that 
emanates from the beam-to-substrate gap. Note that the jet velocity is higher than that of the 
beam for the small gaps of the accelerometer beams. The contours in Figure 16 show a gas jet 
emanating from the gap with speeds that are ~50% higher than the beam velocity itself. 
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The pressure difference between the bottom and top of the beam leads to the air damping force 
that opposes the beam motion. The origin and magnitude of such force is illustrated by the 
distribution of the normal pressure component on the bottom of the beam which is shown in 
Figure 17. It can be seen that the pressure at the bottom of the beam is about 10% above the 
atmospheric for 0.1 Jlm, whereas it is about 2% above for 1 11m gap. The increase in the 
maximum pressure of about 5 times higher for the 0.1 11m gap as compared to that at 1 11m points 
to a slower than linear dependence of the damping coefficient on the gap size as it approaches 
zero. Though the beam velocity itself remains the same for the two cases, the smaller gap leads 
to a much higher pressure at the bottom surface of the beam leading to a much higher damping. 
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Figure 17: Normal component of pressure profile along bottom of the 
accelerometer microbeam at 0.1 and 1 !J-m gap. 

The ESBGK simulations were performed for various gap sizes ranging from about 50 nm to 2 
11m. The upper limit of 2 11m is selected because it is the typical gap for initially stationary 
accelerometer beams. The 50 nm lower limit is the estimated effective gap when the beam 
bottom surface contacts the substrate due to a finite number asperities on both surfaces. Note that 
the gap between two atomically rough surfaces never goes to zero due to a finite surface 
roughness. 

The computed variation of the gas damping coefficient as a function of gap size obtained using 
the ES-BGK simulations is shown in Figure 18. Also shown are earlier models from literature. In 
particular, the thin-beam model [15] is also based on ESBGK simulations but for beam 
geometries that have width-to-beam ratio of 10 and higher. The model of Gal lis and Torcynzski 
model [16] is obtained also for relatively thin beams and using a Reynolds equation with 
modified boundary conditions. While the agreement between the Gallis-Torcynzski model and 
the simulations performed in this work agree well for the larger gap sizes, there is significant 
discrepancy for the smaller gaps. This is largely due to the fact that the Gallis-Torcynzski model 
was developed based on simulations performed for a certain range of gap sizes and is not valid 
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for very small gaps in the near-contact regime. The thin-beam model leads to significant over­
prediction of the damping coefficient for all gap sizes because it assumes a linear dependence on 
the beam thickness. It can be clearly seen that the Gall is-Torcynzski model leads to infinite 
damping at very small gaps as opposed to simulations performed in this work which predict a 
finite damping even for a gap size of 50 nm. The previously published models were developed 
mostly for non-contacting beam oscillation dynamics and the comparison underlines the 
importance of correctly accounting for the conditions specific to near-contact damping occurring 
in the MEMS accelerometer. 

The computed variation of the damping coefficient as a function of gap size was parametrized 
and applied in the beam dynamics simulations governed by Eq. (3). Note that a solution of 2D 
gas damping problem using the Boltzmann-ESBGK model takes from several hours to a few 
days. This is because of the large phase space that includes the two physical coordinates and two 
velocity coordinates, making the problem essentially four-dimensional. However, the resulting 
parametrized model that is formulated based on such simulations is semi-analytical and does not 
require any overhead in computational time when included in the beam dynamics simulations. 
The typical accelerometer beam dynamics simulations governed by Eq. (3) take only a few 
seconds of CPU time to be completed even for nanosecond-level resolution in time and 
submicron-level resolution in space. 

The results of these simulations with the coupled inertia, bending and gas damping response 
have been compared with measurements of MEMS accelerometer beam closing and opening 
response done at various acceleration pulse profiles. The section below describes the comparison 
of modeling and experiments . 
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Figure 18: Comparison of gas damping coefficient obtained using ES-BGK simulations 
performed in this work with existing models. 
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2.2.4 Validated Predictions 

In order to predict the opening and closing times of MEMS accelerometers for given dimensions 
and acceleration profiles, beam dynamics simulations were performed under a wide range of 
conditions. The predicted opening and closing times were then compared with those obtained 
from the experiments under different acceleration ramp rates and durations. 

A typical acceleration profile used in experiments is shown in Figure 19 along with the measured 
voltage response. The contact was detected using the response voltage, which drops from about 5 
V to nearly 0 V when a contact between the silicon beam and the SOT substrate occurs. For the 
acceleration profile shown in Figure 19, the first contact occurs at about 36 J.LS. One can notice 
that the contact is being discontinued and reestablished several times during the acceleration 
pulse. This is due to the beam bouncing from the hard SOl surface. 

The beam dimensions used to compare the dynamic simulation predictions with measured 
closing and opening times were as follows: the length of L = 530 J.Lm, the width of b = 68 J.Lm, 
and the thickness of h = 20 J.Lm. Here, the width (b) is an effective width of the beam which is 
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Figure 19: Acceleration profile and measured response for a typical experiment performed 
to characterize the MEMS accelerometers. Conditions correspond to experiment #12. 

used to account for the holes in the beam. The diameter of these holes is about 8 J.Lm with four 
holes along the width of the beam. The holes are needed for the wider beams ' release during the 
fabrication process but they also result in a reduced gas damping. The total width of the beam 
corresponding to the experiments with which the simulations are compared is about 100 J.Lm and 
subtracting the width occupied by the holes leads to an effective width of 68 J.Lm used in the 
simulations. 
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Results of beam dynamics simulations with the new near-contact damping model are shown in 
Figure 20. The conditions of these simulations correspond to the acceleration profile used in 
experiment #12 presented in Figure 19. The beam displacement profile and velocity variation 
along the length of the beam at four different instants of time before contact are plotted in Figure 
20. The beam displacement profile at 20 !lS shows that the beam is not altered from its initial 
position due to the low levels of acceleration. Most of the beam displacement over the 2 llm gap 
occurs between 20 !lS and 36 !lS (the instant at which the beam makes contact). 

The beam bends because of the high external acceleration, reaching a maximum velocity at the 
tip at about 30 !lS. Beyond this moment of time, the increase in gas damping due at the extremely 
small gap size leads to an overall deceleration of the beam tip . This can be observed by 
comparing the beam velocity at 30 !lS and 35 !lS. Figure 20 also shows the bending stress 
contours in the beam at different times. It can be seen that although the bending stress at the 
accelerometer beam anchor increases with increasing displacement, it remains quite low ( < 30 
MPa) even under this high g-load pulse. 
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Figure 20: Beam displacement profiles (left) and velocity variation along length of the beam 
(right) at various instants of time before contact. Conditions correspond to experiment # 12. 
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The opening and closing times predicted from the dynamics simulations using various damping 
models are compared with the measured contact times. Figure 21 compares the closing times and 
Figure 22 compares the opening times with the percentage errors for each damping model 
indicated next to each data point. The new model determined based on ES-BGK simulations 
performed in this work leads to very good agreement with the measured closing times. 

The previous models of squeeze-film damping lead to over-prediction of the closing time due to 
over-prediction of the damping coefficient. The agreement for the opening times is good but 
there is some discrepancy for few of the experiments with the new model leading to an under­
prediction by about 10%. However, the agreement in general is good when using the new 
damping model in the beam dynamics simulations. This comparison for contacting beam 
dynamics predicted by modeling with that measured by experiments under high-g accelerations 
present one of the first direct validation of physics-based modeling of contacting behavior of 
microscale structures. 
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Figure 21: Comparison of measured and predicted (using various damping models) closing 
times for various experiments. 
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Figure 22: Comparison of measured and predicted (using various damping models) 
opening times for various experiments. 

2.3 Experimental Evaluation 

The experimental evaluation of the MEMS devices consists ofthe following steps 1) Packaging 
Process 2) Electrical Setup 3) Acceleration evaluation setup. 

2.3.1 Packaging Process 

In year 2, a suitable packaging process was developed to facilitate testing of the MEMS 
devices under shock loads. During packaging the fabricated die is placed in a ceramic leadless 
chip carrier (LCC) package and wirebonded. This is then hermetically sealed using a gold­
indium bonding ring on a glass lid. This package was then soldered onto a PCB with the 
electrical wire in place as shown in Figure 11. The soldered package was then placed in a 
tungsten package and potted with an encapsulating material. The encapsulating material consists 
of Stycast 1090 Sl cured with catalyst 11 in the ratios and temperatures indicated in the technical 
data sheet. This potting material helps to fix the positions of the components inside the tungsten 
package and thus reduces any unstable vibration on the device during impact testing as shown in 
Huang et. al [9]. 
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2.3.2 Experimental Setup 

Figure 23 shows the block diagram schematic of the electrical setup used for the 
measurement in the tests during years 2 & 3. In all experiments, five cantilevers of the same 
acceleration level are connected in parallel together and their combination is then connected 
through a resistor (Rs) to 5V power supply. The resistance (Rc) was then measured across the 
beam and the contact event. 

Rs 

Figure 23: Schematic of the electrical setup 

The packaged sample is connected to the electrical setup and subjected to impact accelerations 
using a modified Hopkinson bar setup (Figure 24). This acceleration setup uses the incident bar 
of a Hopkinson bar device. The acceleration levels are controlled by pulse-shaping techniques 
such that the packages attached to the end of the incident bar are subjected to accelerations with 
both amplitudes and durations actively controlled. The details of using a Hopkinson bars in 
impact experiments are described by a book by the PI [1 0]. 

2.3.3 Experimental Results 

The fabricated devices were then loaded with the modified Hopkinson bar, which supplies 
constant levels of acceleration. The mechanical impact histories and the electric functions of the 
MEMS accelerometer were monitored in real time with high-speed digital oscilloscopes. The 
average resistance (Rc) measured during the acceleration events was then found to be -3 .23 k.Q. 
Figure 25 shows a characteristic response of an array of 40,000-g cantilevers with Rs = 510 n, 
which triggered at 44,960 g for a 140 !lS applied acceleration profile with peak of 62,800 g. As 
evident from Figures 25 and 26, the device is shown to exhibit short duration responses after the 
acceleration has been turned off. These occur at regular intervals of 40 !lS and can be attributed 
to contact bouncing resulted from impact-induced vibrations. 
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Cantilever g switches dies 

Figure 24: Packaging process and Hopkinson bar experimental setup 
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Figure 25: Parallel combination of five 40,000-g (530-p.m long 100-p.m wide) cantilevers triggering at 
44,960 g for peak applied profile of 62,800 g 
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Figure 26: Parallel Combination of five 40,000-g (530-f.J-m long 100-f.J-m wide) cantilevers 
under lower acceleration conditions of 33,420 g 

Figure 27 shows the parallel combination of 20,000-g (630-llm long 100-llm wide) cantilevers 
triggering at 15,000 g for a peak applied profile of 24,000 g. The substrate resistivity was 

increased in this test to alleviate signal coupling effects. As evident in the results, there is an 

indication of bouncing and some adhesions issues when contact occurs. Additional tests results 

are also available in Appendix A. In all the applied tests, we can see that devices successfully 

detect the acceleration within 1,000-5,000 g of their designed level. The variations between the 

designed and measured acceleration levels can be attributed to the approximations used in the 

design equations and the fabrication non-idealities especially at the anchor. In order to improve 
on the accelerometer design, a new prediction model was designed using gas flow dynamics, 

which is explained in section 2.2. 
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Figure 27: Parallel Combination of five 20,000-g (630um long 100-um wide) 
cantilevers triggering at 15,000 gfor peak applied profile of 24,000 g 
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In order to evaluate redundancy performance, tests were conducted with different dies containing 

ten cantilevers, five cantilevers, and a single cantilever of the same acceleration level are 

connected in parallel subjected to acceleration loads . Figure 28 shows a parallel combination of 

ten 40,000-g triggering at 37,273 g. These results show that increasing the number of devices 

significantly increases the contact bouncing experienced, but significantly decreases the 

measured contact resistance when compared to dies containing five cantilever connected in 

parallel. In addition, a high degree of failure was also seen in dies containing single beams of a 

particular acceleration level caused due to fabrication and packaging. As a result of this no 

acceleration measurement were available to present from single devices, but this in turn confirms 

the need for redundancy. The observations reveal that in order to optimally detect and reliably 

measure acceleration, i.e. less contact bouncing in the response, five cantilevers were found to be 

the most suitable number needed for each level. Additional research and testing is needed in this 

area to better quantify these results . 
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Figure 28: Parallel Combination often 40,000-g (530-pm long 100-pm wide) cantilevers 
triggering at 37,273 g 

2.4 Real-time Contact Monitoring with Ultra-low-power Electronics 

2.4.1 Experimentally IdentifYing Bouncing Behavior: Single Crystal Silicon Switch 

As evident from the previous results, there is a clear presence of bouncing in these devices. 

Consequently, it is necessary to carefully monitor in real time the dynamic behavior of the device 

under testing. In order to do so we designed a contact monitoring circuit (described in more 
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detail below) and tested its performance on an electrostatically actuated switch built with a 

similar fabrication process and materials [11]. The switch consists of a 2-l..lm thick single-crystal 

silicon cantilever beam and a 2-l..lm thick gold biasing electrode. The contact areas are suspended 

approximately 2.5 !lm above the silicon cantilever beam. The switch is fabricated in the normally 

open (off state). The fabrication process is summarized in Figure 29 and is outlined as follows: 

Beginning with a bare SOl wafer (A) and using standard positive photolithography techniques, 

the device layer is patterned and reactive ion etched using SF 6 plasma. This is followed by 

depositing and patterning the RF contact on the device (B). Using positive resist, the sacrificial 

layer is patterned and baked (C) and the signal lines and biasing structure is deposited and 

anchored to isolated islands of the device layer (D). A hot positive resist stripper release (E) is 

followed by a HF dip to etch the buried oxide layer and release the device layer (F) before 

drying. The process requires 5 masks in total. A representative device is shown in Figure 30. 

A.) 

B.) 

C.) ----.... F.) 

-Silicon On Insulator (DeVIce Layer) 

Burted Oxide - Sacrificial layw 

- Silicon Handle - Contact MetaiJLinea 

Figure 29: Fabrication of electrostatically actuated single crystal silicon switch 

Figure 30: SEM image of a representative single crystal MEMS switch under study 
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2.4.2 Capacitive Dynamic Measurement: 

The system diagram for the capacitive measurement circuit is shown in Figure 31 . The semi­
digital readout circuit acts as capacitance to pulse-width-modulated signal (PWM) block (Figure 
31) [12]. The pulse width varies as a function ofthe RC time constant. The resistance is a fixed 
and known value, and the capacitance increases as the switch closes . As a result, the circuit is 
inherently linear. Due to the digital nature of the circuit, the output can be directly connected to a 
microprocessor to collect data in real-time. Low power self-tuning comparators are used to 
compare the input voltage with the supply voltage, Vm/2. As long as the voltage across the 
capacitance is less than this value, the output of the sensor interface circuit is high. The voltage 
across the capacitor (Va) can be determined as shown in Eq. (7) [12]. 

v: _ V e-t/RC 
c- DD (7) 

The timeT required for Vc to reach Vm/ 2, [10] can be found from Eq. (8) [12] and is shown to 
be 

T = RC ln(2) (8) 

It can be seen that timing differences as measured by the circuit are linearly dependent on the 
measured capacitance changes. As such, the circuit's readout is independent of parasitic or 
reference capacitances. In order to eliminate any DC offset due to charge buildup over time, the 
transistor connected in parallel with the sensed capacitance is used to reset the voltage across the 
capacitor [13]. 

The maximum capacitance that can be read is limited by the clock high time (THIGH) and clock 
low time (Tww) [12]. Mathematically, this is represented in Eqns. 9 and 10 [12]. 

THIGH 
CMAX = R ln(2) 

Tww 
CMIN = -~.:...._ 

S(roNIIR) 

(9) 

(10) 

Where ron is the transistor's on resistance. The factor 5 in Eq. 10 is a result of requiring 5 time 
constants for the capacitor to be assumed to be completely discharged. The minimum of these 
two factors set the bottleneck for the maximum capacitance that can be measured. The minimum 
detectable capacitance is determined primarily by the jitter at the output [12]. The measured 
capacitances in this experiment are much greater than the circuit's threshold for minimum 
detectable capacitance. 

Innovative MEMS Accelerometers 27 



Power consumption in the circuit was measured to be 60 ll W with a reference resistance of 2. 7 

MO. and a reference capacitance of 1 pF at an operating frequency of 32.768 kHz [ 12]. The 
operating frequency is determined by a clock input. A crystal oscillator is commonly used to 

reduce jitter, though for experimental purposes a function generator was used in this work. While 
the power consumption of the clock source in non-negligible, in a system implementation it is 
often amortized across the entire system. 

2.4.3 Measurement Results: Capacitance Sensing 

To obtain the electronic measurements, the silicon switch is connected to the circuit as shown in 
Figure 31. Figure 32 shows the raw output ofthe circuit and a biasing waveform synchronized in 

time. While the bias is at zero potential, the gap is at its maximum value and thus the capacitance 
at the contact in the off state is at its minimum value of approximately 1 fF. The resulting output 

pulse width is approximately 50% duty cycle. Upon actuation, the beam moves toward the 

contact and the capacitance increases, resulting in an increase in the duty cycle until contact. 
This transition between low and high duty cycles occurs several times during a switching event 

as the beam bounces up repeatedly. When the beam settles in the closed state and remains in 

contact the duty cycle is constant at 80%. These values are a product of the crystal oscillator. The 

approximately 50% minimum duty cycle is due to the reading of parasitics of the circuit and 
setup. 80% duty cycle is the duty cycle of the clock and cannot be exceeded. The measurement 

shows landings of finite duration in the IJ.S range 

MEMS 
Switch 

Sensed · 1..- , 
Capacitance ' 6.C7J 

Capacitive 
Sensor Interface 

PWM jScoQej 
Output CH 2 

Figure 31 : Block Diagram schematic of the measurement circuit 
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Figure 32: Raw output of the measurement circuit with respect to the biasing waveform 

2. 4. 4 Resistive Dynamic Measurement 

In order to examine the potential degradation of the contact, the capacitive measurement circuit 
was modified. The output duty cycle now varies with change in RC time constant and is now 
based on a reference capacitor (CreD and the target resistance. Due to the inherently linear and 
digital output, the circuit is well suited for real-time data monitoring via a direct feedthrough to a 
microprocessor. 

The experimental setup and a simplified circuit diagram are shown in Figure 21. The maximum 
measureable resistance is limited by the high time (THIGH) of the clock and the low time {Ttow) of 
the clock [12] which can be derived from equations 3 & 4. 

For the purposes of this experiment, a crystal oscillator and battery were used to reduce jitter at 
the output. Here, the resolution was limited by (a) the jitter and (b) the series resistances shown 
in Figure 33 . These resistances are necessary for current limiting and improving RF isolation of 
the circuit. With these limitations, the minimum detectable resistance is approximately 100 0. 
This also defines the measurement resolution. On the other hand, the maximum measurable 
resistance was approximately 2.6 kO. While the minimum detectable resistance may seem large 
compared to a typical on-state resistance of~ 1 n, we are still able to accurately detect the closed 
and open positions of the switch due to the relatively large dynamic range of the circuit. Further 
improvements of the measurement technique may enable the accurate calculation of the on-state 
contact resistance. However, for the purposes of this study, the on/ off resistance contrast is 
sufficiently high. 
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Figure 33: Setup of the resistive monitoring circuit 
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Power consumption has been measured as low as 60 f.!W operating at 32 kHz [14]. For this 

experiment, it was operated at 4 MHz and simulations indicate the power draw is approximately 

180 f.! W at this frequency. 

2.4.5 Measurement Results: Resistance Sensing 

Figure 34 shows a sample of the raw pulse width modulated output of the sensing circuit with a. 

bias waveform overlayed and synchronized in time. For validation, the measurement was 

compared to bounces that could be detected by an oscilloscope with a low voltage applied to the 

switch output (Figure 35). The small variations (on the order of a few hundreds of nanoseconds) 

between the measurements are attributed to slight variations in the switch cycling trials as well as 

the sampling of the sensing circuit occurring every 250 ns. The results were further validated by 

the state-of the-art measurement technique for unpackaged devices, the laser doppler vibrometer 

(LDV). The monitoring technique presented is capable of operating at the same frequency with 

the LDV with synchronized triggering. By acquiring simultaneous measurements it will be 

possible to assess any sources of error in the electronic measurement to refine the technique. An 

additional capability of the circuit is the ability to observe the impact of cold switching and 

minute amounts of current on bounce behavior. 
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Figure 34: Raw output of the measurement circuit showing switch bouncing 
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Figure 35: Comparison of switch landing as measured by resistive PWM readout circuit and 
voltage divider connected to an oscilloscope 

As can be seen in Figure 36 it is possible to extract height information from the PWM data 
output by the capacitive sensing circuit, even with only 10% resolution when as much as 40% 
can be achieved. With external validation, it will be possible to correlate the circuits readout to 

Innovative MEMS Accelerometers 31 



actual bounce height. Figure 37 shows that the electronic technique shows excellent 

correspondence with simultaneous measurements from the LDV. 
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Figure 36: PWM duty cycle during bouncing events 
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Figure 37: Time synchronized plot of LDV signal and PWM output from capacitive sensing circuit 
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Thus from the above results we can see the contact monitoring circuit has been successfully 

validated. 

2.4.6 Measured Results for the MEMS Accelerometers 

With the successful validation of the contact monitoring, the packaged MEMS device was then 
connected to the capacitive bounce measurement circuit via the system diagram shown in Figure 
38. This is then subjected to the acceleration test using the Hopkinson bar. 

105 
Capacitance 
Measurement 
Circu it 

_[ 

Current 
Limit ing 
Resistor 

CLK 

Figure 38: Schematic of the accelerometer connected to the capacitive measurement circuit 

Figure 39 shows a raw response of the MEMS device for a peak applied profile of 55,000 g. The 
inset in Figure 39 shows the presence of bouncing in the device response indicated by the partial 
pulse width response. Using the aforementioned equations in the capacitive measurement 
section, the capacitance change in the device is extracted and plotted versus acceleration below. 
This capacitance change as mentioned above corresponds to the change in gap of the device. 
This is shown in Figure 40. This graph shows a set of 40,000 g beams triggering at 40,780 g for a 
peak applied profile of 55,000 g. We can see the capacitance varying from 0.15 nF to 1 nF, 
which in tum corresponds to an approximate gap change of 0.5 11m to 10 nm. However, as 
mentioned in the above section, the low level gap measurement is limited by the parasitic in the 
cables used in the measurement which leads to an a baseline measurement of 0.15nF in the 
capacitance. 
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Figure 40: Capacitive response data of 40000-g beams for an applied acceleration profile of 
55,000 g 
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Figure 41: Capacitive response data of 40000-g beams for an applied acceleration profile 
of66,000 g 

Figure 41 shows the response of similar devices for a higher applied profile of 66,000 g 
triggering at 43,000 g. This figure indicates a clear reduction in the bouncing phenomena as the 
acceleration level increases. These results show a clear evidence of detection of acceleration and 
the presence of bouncing thus validating the previous experimental results. Further work needs 
to be conducted by varying the reference resistor and the frequency of the clock signal, in order 
to increase the dynamic detection range of the circuit for the MEMS devices. 

2.5 Concluding Remarks 

In this study we have successfully demonstrated the first proof-of-concept devices for detecting 
high-g events using digital MEMS accelerometers based on electronic detection of silicon-silicon 
contacts. These contacts are explored for the first time. Our measurements indicate that they can 
reliably result in on-resistance values of ~3 kn. Our designs have successfully detected three 
different acceleration levels in a single direction up to 45,000 g. Redundancy of the device was 
also explored, with the conclusion being at least 5 sensors per acceleration level are needed for 
reliable detection. In addition, a first low-power sensor interface for in-situ monitoring of MEMS 
device was developed. Successful electronic monitoring of contact and bouncing events were 
demonstrated and validated using a characteristic silicon switch. These results were successfully 
validated using a laser doppler vibrometer (LDV). This enables a real time monitoring of 
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dynamic and contact behavior of packaged MEMS devices. The capacitive monitoring circuit 

was successfully interfaced with the MEMS g-switches. Preliminary results have shown the 

presence of bouncing and dynamic movement of the cantilevers under high-g loads using the 

monitoring circuit. 

2.6 Possible Future Directions 

• The detection range of the bounce measurement circuit is limited by the presence of parasitic 

and hence further monitoring experiments under high-g loads need to be preformed. 

• Future work on contact degradation both theoretically and experimentally under high-g loads 

needs to be performed in order to successfully model the contact behavior of the devices. 

• Theoretical exploration of contact and structural degradation can be accomplished by 

researching the impact of stress-induced waves on the structure during high-g loads. 

• Contact degradation can be explored experimentally by integrating the MEMS device with 

the resistive monitoring circuit via the schematic shown in Figure 42. 

• Further work needs to be performed to create a full-fledged measurement system for 

detection of multiple levels simultaneously. 
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Figure 42: Schematic of the accelerometer connected to the capacitive measurement circuit 
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5. Appendix A 
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Figure 1: Parallel combination of ten 40, 000-g (530-pm long 1 00-pm wide) cantilevers triggering at 
37,386 g 
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Figure 2: Parallel combination often 40,000-g (530-pm long 100-pm wide) cantilevers triggering at 
38,443 g 
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Figure 3: Parallel combination often 40,000-g (530-pm long 100-pm wide) cantilevers triggering at 
38,443 g 
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Figure 4: Parallel combination often 40,000-g (530-pm long 100-pm wide) cantilevers triggering at 
38,624 g 
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Figure 5: Parallel combination of five 20,000-g (640-ftm long 70-flm wide) cantilevers triggering at 
16,379 g 
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Figure 6: Parallel combination of five 20,000-g (640-flm long 70-flm wide) cantilevers triggering at 
15,337 g 
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Figure 9: Capacitive response data of 40,000-g beams triggering at 43630 gfor a applied 
acceleration profile of 63, 000 g 
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Figure 9: Capacitive response data of 40000-g beams triggering at 41910 gfor an applied 
acceleration profile of 63, 000 g 
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