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TP G – SILICON CAPACITIF ACCELEROMETRES 
Goal :

This TP aims to familiarize oneself with two capacitive accelerometers based on silicon technology and to identify the main static and dynamic characteristics. It will be necessary to interpret and validate the results obtained during the different measures by having a critical view on the methods that led to these results.

Preparation:
Part I (Sensor characterization) should be done as preparation before the beginning of the first session. All calculations must be detailed and explained

The answers to the questions and the results of each experiment and their interpretation will be recorded in a scientific report no later than two weeks after the second session of the TP. Please indicate your names and the number of your group on the first page of this report!
I. THEORETICAL ASPECTS OF ACCELEROMETERS
1. Dynamic behaviour of the sensor (to be done before the TP)
Consider the diagram of Figure 1 which represents a simplified model of the accelerometer. The accelerometer is composed of a mass m attached to a spring k and a viscous damper c to the system S. It has only one degree of freedom: the translation along the x-axis. It therefore only measures one acceleration direction.
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Figure 1 : Scheme of the microsystem
The system S undergoes a drive acceleration a(t) in the direction opposite to the x axis. Notice the difference between the acceleration of the system S and the acceleration of the mass m relative to the microsystem.
(a) Give the differential equation establishing the relation between the acceleration a(t) of the system S and the acceleration 𝑥̈(t) of the mass m in the referential of the microsystem S. We take x(t) = 0 at rest.
(b) The equation obtained in (a) is an inhomogeneous differential equation. Its solution is therefore the sum of the general solution of the corresponding homogeneous differential equation and of a particular solution of the inhomogeneous equation. The homogeneous equation is given by:
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With:
 [image: image3.png]


 

   [image: image4.png]


     
Solve the homogeneous differential equation using the Ansatz x (t) = keλt. for the three different damping cases: subcritical, critical and supercritical (according to the values of m, c, k). 
Plot x(t) in each case with arbitrary values of ω0 and σ.
Then give the pulsation and the natural frequency of the system fro the subcritical damping. 
(c)     Draw the solution x(t) in the time domain to a Dirac pulse for the three damping cases.
(d) The reaction of the mass under the effect of an acceleration of the microsystem can be described by a transfer function h(t) (Figure 2).
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Figure 2 : Modélisation du système par une fonction de transfert h(t)
Let  [image: image7.png]f(w)



 be the Fourier transform of f(x), calculate the transfer function H(ω) for a Dirac impulse as input of the system. Draw the bode plot for each of the three damping cases and draw a conclusion on which damping case is favorable in the case of an accelerometer. 
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2.
Scaling laws (to be done before the TP)
The MEMS accelerometer is composed of a suspended mass serving as a sensitive structure interposed between two fixed plates (Fig. 3). We want to know the effect of a homothetic downscaling on the static behavior of the system. The spring is a beam of length l, of width b and thickness s, which become respectively
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  where α << 1 is the scaling factor.
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Figure 3: Schematic representation of accelerometer geometry 
(a) Determine f = x'/x giving the effect of scale reduction on the displacement of the suspended mass. What do you conclude?
hint : The deflection x of a beam subjected to a force F is given by [image: image14.png]



where L, b and s are length, width and height of the beam and E its Young's modulus.
(b) What is the effect of the homothetic reduction on the relative sensitivity 
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of a capacitor? What is β in the relation 
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Hint : The capacitance of a capacitor is given by the formula [image: image17.png]


 where A is the surface of the plates, d the distance between them, and ( the permittivity. In our case, the distance between the plates is given by the sum of the distance d0 between the plates at rest and the deflection x.

(c) What is the effect of downscaling on the relative sensitivity in a differential capacitive accelerometer where the measured variable is the difference Cdiff = C1 - C2 (see   Figure 3)?
(d) How does dynamic vibratory behavior change?
What is  in the relation 
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in the case of a critically damped system? How does it affect the bandwidth of the system? 
(e) In view of the results (a) to (d) and assuming that the displacement x(t) is the output of the accelerometer, what do you conclude about the criteria for dimensioning an accelerometer? What does the miniaturization of these do?
II. MEASUREMENTS AND CHARACTERIZATION OF ACCELEROMETERS


We propose here to determine some of the characteristic parameters of an accelerometer (see appendix 1 for a comprehensive list).

1. Static measurements

Use the CSEM chip accelerometer packaged on PCB with the ASIC CSEM2003.

(a) Using Figure 3, give the relationship between the position of the moving mass and the gravitational force.
How can this result be related to the effect of unidirectional acceleration? Describe a set-up you would use for measuring the acceleration going from -1g to + 1g with an accelerometer as the one drawn in Figure 3.

(b)  In the Static_measurements_raw_data.xlsx file there are the measuremets of the capacitances C1 and C2 of the accelerometer going from -1g to +1 obtained using the "Capacitance Meter" instrument (Booton Electronics) with and without an applied bias of 2 V. Plot and analyze the data.

Give the electrical sensitivity (pF /g) from the measurements and calculate the mechanical sensitivity (μm / g) of the sensor at zero g (distance d = 2 μm, see figure 3, assume a parallel parasitic capacitance Cp = 24 pF).

Finally, calculate the electrostatic force resulting from the 2V bias.

(c) Describe briefly the principle of detection used by showing that 
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and then explain the electronic measurement technique (from the annex: An ASIC For High Resolution Capacitive Accelerometers).

(d) Practical application: Measurement of acceleration of an elevator

Download the application "SensorLog" for iOS platform or "Physics Toolbox Accelerometer" for Android. This will allow you to precisely measure the acceleration of the lift and export the result in .csv or .txt format. Take the data from the data set  obtained by measuring the acceleration during the lift trip from the accelerometer built into a smartphone. Save the resulting curve and export it for analysis of the values. Determine the height of the elevator shaft.



2. Transfer function (dynamic characteristics)

We will use the Analog Devices ADXL 327 accelerometer, which is less sensitive than the CSEM chip used for static measurement but that can withstand larger acceleration. We will characterize the frequency response, or transfer function, of this accelerometer.
(a) Quickly go through the data sheet: what can you say about this accelerometer? What transfer function can you expect?
(b) What instrument would you use to measure the frequency response of this accelerometer?

(c) Propose a setup and an experimental protocol

(d) Measure the experimental response for a set of frequencies logarithmically distributed  up to 30kHz

(e) Given the dataset, draw the bode blot

(f) Explain the shape of the graph

(g) What is the bandwidth of the system?

(h) What is the damping regime of this accelerometer?

(i) Propose an experiment to confirm the origin of the peaks
(j) Propose an alternative way to obtain the frequency response characteristics

(k) Analyze the time and frequency domain responses to a dirac impulse and compare it with what you previously obtained

(l) What can you say about the quality factor of the peaks and the time response/number of oscillations to an impulse?
ANNEX: overview of static and dynamic parameters characterizing an accelerometer

1.
Static Measurement Criteria
(1) Measuring range
{Set of values of the input signal that can be measured correctly by the sensor}
- Acceleration max.
- Min.

(2) Sensitivity
{Value of the output variable obtained for one unit of the input variable}
- Sensitivity

(3) Resolution
{Minimum increase of the input variable causing a variation of the output variable}
- Resolution

(4) Linearity
{Maximum deviation of the sensor output from a perfect line}
-Linearity

(5) Bias
{Value of the input signal to which the zero of the output variable corresponds}
-Biais

(6) Transverse sensitivity
{Part of the transverse signal which appears on the output signal}
- Transverse sensitivity

(7) Temperature sensitivity
{Part of the signal caused by the temperature which appears on the output signal}
- Thermal sensitivity
- Thermal Offset
2.
 Dynamic Measurement Criteria
(1) Bandwidth

{Frequency range for which the module of the transfer function is between 0dB and -3dB}
- Cutoff frequency
- Bode diagrams of the frequency response

(2) Output noise
{Noise reduced to bandwidth}
- Sound

(3)  Start-up time
{Time from which the measurement is reliable}
- Start-up time
(4)  Zero drift
{Variation of the value of the input signal to which the zero of the output variable corresponds in the course of time}
- Dynamic Bias
(5)  Response to shocks
{Signal obtained at the output of the sensor when a Dirac pulse is applied to the input}
- Output signal
(6)  Response to a step
{Signal obtained at the output of the sensor when a step is applied to the input}
- Output signal
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