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Course Project: Design of a Micro Accelerometer

Due Wednesday 12 December 2001

In this project, you will have an opportunity to design a miniaturized acceleration sensor. This device, called an accelerometer, has an overall size of a few hundred microns to a few millimeters, and is fabricated using micromachining technology. Micromachining is based on techniques that are originally developed to fabricate integrated circuits. You are encouraged to read the Web pages at http://www.memsnet.org/mems/what-is.html as well as at http://www.memsnet.org/mems/beginner/ for a good brief introduction to micromachining. Micromachined accelerometers are typically monolithic and do not require manual assembly. Thus, these devices are reliable, robust and inexpensive, and have received wide applications. For example, deployment of automotive air bags is now almost exclusively enabled by micro accelerometers. The following section will provide a simplified discussion of acceleration sensing principles.

Principle of Acceleration Sensing

As shown in Figure 1, the simplest model of an accelerometer is a mass-spring-damper system that is attached to an enclosing casing. The applied acceleration of the casing causes the mass to move, and this motion can be used to determine the magnitude of the acceleration.
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Figure 1. Accelerometer sensing principle.

Let x be the displacement of the mass m relative to the casing. When the casing has acceleration a, the equation of motion for the mass is
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where ( and k are the damping coefficient and spring constant, respectively. Thus, the acceleration can be determined by measuring x, i.e., the net stretch or compression of the spring.

As has been discussed in class, the behavior of this dynamic system is determined by two parameters: the natural frequency 
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. Using these parameters, the equation of motion becomes
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The solution to this equation consists of a transient response which depends on the specific initial conditions, and a steady-state response, which is independent of initial conditions. If the response of the system is sufficiently fast, it is reasonable to ignore the transient response. Focusing on the steady state response, we introduce two important performance parameters as follows.

1. Minimum detectable acceleration. Let the applied acceleration be a constant. The steady state response is then 
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 In other words, the steady-state net stretch or compression of the spring is directly proportional to the applied acceleration. Suppose that the minimum measurable spring deflection is xmin, then the minimum detectable acceleration of the accelerometer is given by
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2. Bandwidth. Let the applied acceleration be a sinusoid with circular frequency (, i.e., 
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 The steady-state deflection of the spring is of the form  
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 The deflection magnitude x0 is related to the magnitude of the applied acceleration a0 by
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As indicated by the notation, x0 depends on the driving frequency (. In particular, x0 becomes diminishingly small when ( is sufficiently large, and the accelerometer will cease to be useful for accelerations at such a frequency. In practice, the bandwith within which the accelerometer is useful is given by the cutoff frequency (c. This frequency is defined by the equation 
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 and is given by
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where 
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In this project, you will be designing a micro accelerometer with a desired minimum detectable acceleration and bandwidth.

Micro Accelerometer Structure

The accelerometer has a configuration shown in Figure 2 (top and cross-sectional views). Using micromachining technology, the silicon mass is shaped like a truncated pyramid, as shown in Figure 3.  Note that the mass is shown upside down for convenience in visualization. By the nature of the micromachining process used, the edge lengths of the two horizontal surfaces of the silicon mass are a1 and 
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where t is the thickness of the mass. The mass can be calculated from the formula 
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 where (=2300 kg/m3 is the density of silicon. As shown in Figure 2, the mass is suspended by eight beams, which are also fabricated from silicon. Integrated strain gauges are fabricated on the surface of each beam (at the end of the beam where strain due to bending achieves a maximum), and are used to measure the deflection of the beam. The damping in the sensor mainly arises from squeeze-film effects in the air gap between the silicon mass and the bottom encapsulation (discussed below).
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Figure 2. Schematic of a micromachined accelerometer (top and cross-sectional views).
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Figure 3. Three-dimensional view of the silicon mass in the micro accelerometer.

Micro Accelerometer Performance Specifications

The accelerometer is to be designed to satisfy the following specifications.

1. The minimum detectable acceleration should be smaller than 0.02g, where g is gravitational acceleration. Assume that the minimum measurable strain of the silicon beams allowed by the strain gauges is (min=5(10-7.

2. The bandwidth, given by the cutoff frequency for sinusoidal accelerations, should be greater than 4 kHz.

3. The damping ratio should be in the range 
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 so that the transient response of the accelerometer has desired characteristics.

Micro Accelerometer Design Parameters

The design of the accelerometer involves the selection of the following parameters. The dimensions of the silicon mass (a1), the dimensions of the silicon beams (l, b, and h), and the depth (d) of the air gap between the silicon mass and the bottom encapsulation. These design parameters are to be chosen from the following practical ranges allowed by micromachining technology:
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Note that the thickness t of the silicon mass is given by that of the silicon wafer (525 (m) from which the accelerometer is fabricated.

Calculation of Damping

The damping force arises from the squeeze-film effect, i.e., the interaction of the silicon mass and the air film trapped in the gap between the mass and the bottom encapsulation. Provided that the “squeeze number” 
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within the bandwidth of the accelerometer, the damping coefficient can be calculated from
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Here ( = 1.85(10-5 N/m2(s is the dynamic viscosity of air, and p = 1.013(105 Pa is the atmospheric pressure, 
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 is the area of the air film, and ( is the driving frequency of a sinusoidal excitation. 

Design Procedure

The micro accelerometer design is to be accomplished by exploring the design parameter space using appropriate design equations. The following procedure is suggested.

1. Obtain the necessary design equations. Some of these equations have been given above, while the remaining equations need to be derived. These equations need to allow the calculation of the following: the silicon mass, the damping coefficient within the bandwidth, the spring constant from beam theory (Young’s modulus for silicon is E = 190(109 N/m2), the minimum detectable acceleration in terms of the minimum measurable strain (also from beam theory), and the cutoff frequency that gives the bandwidth.

2. Make an initial selection of the design parameters.

3. Predict the accelerometer performance using the design equations. In particular, compute the damping ratio, minimum detectable acceleration and the bandwidth.

4. If the calculated damping ratio, minimum detectable acceleration and bandwidth are in range of the specified performance specifications, the design is completed. Otherwise update the design parameter selection and go back to step 3.

Project Teaming, Report, and Schedule

The design project is team based. Each team will consist of three students. You are encouraged to form your own teams. If you opt to do so, you should notify the teaching assistants of your teaming arrangements no later than Friday, November 30 at 12 pm (Email both TAs at anain@andrew.cmu.edu and sshojaei@andrew.cmu.edu). If the teaching assistants do not hear from you by that time, they will assign you to a team.

Each team is required to submit a project report. The report should contain the necessary design equations, including their derivations when appropriate, and should (of course) present your selection of the design parameters and evaluation of the appropriate physical parameters in each design iteration. The report should be typeset and is due Wednesday, December 12, at 5 pm with the teaching assistants (SH 311).
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