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INTRODUCTION 

Earths Gravity 1g 

Standing on the moon 0.16g 

Passenger Car in a Turn 2g 

Indy Car in a Turn 3g 

Bobsled in a Turn 5g 

Human 
Unconsciousness 

7g 

Human Death 50g 

Car Crash Survival 100g 

Mechanical Watch 5,000g 

Electronics in Artillery 15,000g 

Haldron Collider 1.9E8g 

Acceleration 
Acceleration (a) is the term given to 
the condition where and object 
experiences a change in velocity (v).   
Objects of mass (m) experience a 
force (F) equal to m times a. (F = ma)  
Earths gravity exerts an acceleration 
on objects creating a force.  The 
acceleration due to gravity (g) has 
been found to be 9.8m/s2 .  
Acceleration, velocity and position (x) 
of objects are related by the following 
equation:    
 
 a = dv/dt = d2x/dt2 

 
  



 © March 24, 2014    Dr. Lynn Fuller 

Accelerometer Lab 

Page 4 

Rochester Institute of Technology 

Microelectronic Engineering 

INTRODUCTION 

An accelerometer is a sensor that can be used to measure 
acceleration.  These sensors are used in systems for car air bag 
deployment, tilt sensing, and motion control.  Most accelerometers 
are sensors that measure the force on a known mass (proof mass). 
The proof mass is supported by a spring, of spring constant (k), that 
will  create a force equal and opposite to the force due to 
acceleration.  The position is measured in response to changes in 
acceleration.  There is also a friction or damping force.   

m 
0 

F = ma 

F = kx 

x 

k 
m d2x/dt2  =  kx 

anchor 
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INTRODUCTION 

One type of accelerometer is based on a cantilever beam (spring) 
with a mass (m) at the free end and integrated resistors (R) 
positioned to measure strain as the cantilever bends in response to 
acceleration. 

R 

F = ma 

ymax 

L 

h 
b 

L = length of beam 
b = width of beam 
h = thickness of beam 
ymax = maximum deflection 

m 

x 

anchor 
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EQUATIONS FOR CANTILEVER BEAM 

The maximum deflection is at the free end of the cantilever  

   Ymax = F L3/3EI 

 where E = Youngs Modulus 

 and I = bh3/12, moment of inertia 

 Mechanics of Materials, by Ferdinand P. Beer,  

E. Russell Johnston, Jr., McGraw-Hill Book Co.1981 

The maximum stress (x=0) is at the top surface of the 

cantilever beam at the anchor where x=0 

   x=0 = F Lh/2I 

The resonant frequency (f0) of the cantilever beam is 

  f0 = 1/2p {3EI / (L3(m+0.236mB))}0.5 

 where mB is the beam mass and m is end mass 

 and E is Young’s Modulus for beam material 



 © March 24, 2014    Dr. Lynn Fuller 

Accelerometer Lab 

Page 7 

Rochester Institute of Technology 

Microelectronic Engineering 

FINITE ELEMENT ANALYSIS (FEA) OF CANTILEVER 

F = 1 N 
Ymax = 10 um 
Stress = 3.8E5 N/m2 

F = 1 N 
Ymax = 1.6 um 
Stress = 7.2E3 N/m2 

Burak Baylav 

Length = 1500 µm 
Width = 600 µm 
Thickness = 20 µm 
Window ~ 300 x 300 µm 

SolidWorks 
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RIT ACCELEROMETERS 
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ADI ACCELEROMETERS 

ADXL202 

ADXL311 

ADXL78 
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ANALOG DEVICES INC. (ADI) ACCELEROMETERS 

ADXL203 Dual Axis  
Analog Output 

15 years ago, Analog Devices revolutionized 
automotive airbag systems with its unique 
iMEMS® (integrated Micro Electro 
Mechanical System) technology. iMEMS 
accelerometers were the first products in an 
array of MEMS inertial sensor solutions to use 
innovative design techniques to integrate small, 
robust sensors with advanced signal 
conditioning circuitry on a single chip. Today, 
ADI offers the industry's broadest 
accelerometer portfolio, with products 
addressing a range of user needs including high 
performance, low power consumption, 
integrated functionality, and small size. 
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ANALOG DEVICES INC. (ADI) ACCELEROMETERS 

http://www.analog.com 

Evaluation Board 

ADXL278 

http://www.analog.com/
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CAPACITIVE POSITION SENSING ACCELEROMETERS 

Proof Mass 

Each  of ~100 Fingers 
Forms a Capacitor 
Length ~125µm 
Thickness ~2µm 
Space ~1.3µm 

anchor 

anchor 

anchor 

anchor 

C1 C2 

C = eoer Area / space 

    = ~0.2pF total 

DC = ~ +/- 0.1pF 

Spring 
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ADXL203 ANALOG OUTPUT ACCELEROMETER 
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ADXL330 THREE AXIS ANALOG OUTPUT 

Price ~ $5.50 ea 
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ADXL213 PULSE WIDTH OUTPUT ACCELEROMETER 

Functional block diagram of the ADXL213 accelerometer and PINs 
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TILT SENSING WITH ADXL213 

0 ° 

 

 

   22.5° 

 

 

              45° 

 

 

                   67.5° 

 

                             90° 

Output waveforms for 

various tilt angles 

no acceleration 

1g acceleration 

due to gravity 
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PULSE WIDTH ACCELEROMETER MOVIE 
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RIT MEMS TOP HOLE BULK PROCESS 

1 P+ Diffused Layer (90 Ohm/sq) 
1 Poly layer (40 Ohm/sq) 
2 metal layers (Al 1µm thick) 
10-40 µm Si diaphragm 
Top hole 

30µm 
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MASKS 
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TOP HOLE BULK MEMS PROCESS FLOW 

3-15-07 

1. Obtain qty 10, 4” n-type wafers 
2. CMP back side 
3. CMP Clean 
4. RCA Clean 
5. Grow masking oxide 5000 Å, Recipe 350 
6. Photo 1: P++ diffusion 
7. Etch Oxide, 12 min. Rinse, SRD 
8. Strip Resist 
9. Spin-on Glass, Borofilm 100, include dummy 
10. Dopant Diffusion Recipe 110 
11. Etch SOG and Masking Oxide, 20min BOE 
12. Four Point Probe Dummy Wafer 
13. RCA Clean 
14. Grow 500 Å pad oxide, Recipe 250 
15. Deposit 1500 Å Nitride 
16. Photo 2: for backside diaphragm 
17. Spin coat Resist on front side of wafer 
18. Etch oxynitride, 1 min. dip in BOE, Rinse, SRD 
19. Plasma Etch Nitride on back of wafer, Lam-490 
20. Wet etch of pad oxide, Rinse, SRD 
21. Strip Resist both sides 

43. Deposit Aluminum, 10,000Å 
44. Photo 5, Metal 
45. Etch Aluminum, Wet Etch 
46. Strip Resist 
47. Deposit 1µm LTO 
48. Photo 6, Via 
49. Etch Oxide in BOE, Rinse, SRD 
50. Strip Resist  
51. Deposit Aluminum, 10,000Å 
52. Photo 7, Metal 
53. Etch Aluminum, Wet Etch 
54. Strip Resist 
55. Deposit 1µm LTO 
56. Deposit Aluminum, 10,000Å 
57. Photo 8, Top Hole 
58. Top hole aluminum etch 
59. Diaphragm thinning option 
60. Top hole Silicon etch 
61. Test 
 
62. Package and add solder ball 

22. Etch Diaphragm in KOH, ~8 hours 
23. Decontamination Clean 
24. RCA Clean 
25. Hot Phosphoric Acid Etch of Nitride 
26. BOE etch of pad oxide 
27. Grow 5000Å oxide 
28. Deposit 6000 Å poly LPCVD 
29. Spin on Glass, N-250 
30. Poly Diffusion, Recipe 120 
31. Etch SOG 
32. 4 pt Probe 
33. Photo 3, Poly 
34. Etch poly, LAM490 
35. Strip resist 
36. RCA Clean 
37. Oxidize Poly Recipe 250 
38. Deposit 1µm LTO 
39. Photo 4, Contact Cut 
40. Etch in BOE, Rinse, SRD 
41. Strip Resist  
42. RCA Clean, include extra HF 
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TEST FIXTURE MOVIE 

See Test Fixture Movie 
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STRAIN GAGE – POSITION SENSOR 

A strain gage is used to measure 
position.  It is a foil resistor glued on 
the cantilever beam near the anchor.  
If the tip of the cantilever is moved 
up or down the strain well cause a 
small change in the resistance of the 
gage and a change in Vout. 

120 ohm 

Gnd 

+5 Volts 

-5 Volts 

Vin 
+ 

- 

Vin near Zero so that 
it can be amplified 

R1 

R2 

Strain gage ~ 120 ohms 

  +/- 0.1ohm 

+ 

- 

Rf Ri 

Vout 
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VELOCITY SENSOR 

A coil in a changing magnetic field 
will generate a voltage. 

Faraday’s Law of  

Electromagnetic Induction 

 

EMF = - D F/D t = - N Area D F/D t  

 

 

http://micro.magnet.fsu.edu/electromag/java/faraday2/  

gnd 

motion S 

N 

http://micro.magnet.fsu.edu/electromag/java/faraday2/
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EDDY CURRENT DAMPER 

The copper pipe is a coil (one turn) 
and if placed in a moving magnetic 
field will generate a voltage and 
since the coil is a closed loop there 
will be an electrical current (eddy 
current).  The current moving in a 
loop will create a magnetic field and 
the field will oppose the magnetic 
field that created it.  The opposing 
force dampens the oscillations of the 
vibrating beam. 

motion 

N 

S 

Copper Pipe 
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PICTURES OF RIT ACCELEROMETERS 

RIT made Accelerometers Pictures 

5mm x 5mm chip One accelerometer with solder 
ball proof mass. 

500µm 
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PACKAGED RIT ACCELEROMETERS 

5 mm 
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 THE TEST FIXTURE 
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EXAMPLE CALCULATIONS FOR TEST FIXTURE 

The resonant frequency (f0) of the test fixture 

   f0 = 1/2p {3EI / (L3(m+0.236mB))}0.5 

 where mB is the beam mass and m is end mass 
 and E is Young’s Modulus for the beam material 

Then we write an expression for the position of the end of the beam 
on the test fixture after deflecting the beam by Ao and releasing. 

Taking the second derivative we write an expression for the 
acceleration experienced at the end of the beam on the test fixture. 

X(t) = - Ao cos (2 p f0 t) 

a = d2X(t)/dt2 = Ao (2 p f0)
2 cos (2 p f0 t) 

I = b h3 /12 , moment of inertia 
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EXAMPLE CALCULATIONS FOR RIT ACCELEROMETER 

The RIT accelerometer will experience a force at the end of 
the sensor cantilever beam equal to mass times acceleration. 

Using the maximum force we calculate the maximum stress 

Next we calculate the maximum strain using Hooke's Law. 

F = ma = 4/3 p r3 d Ao (2 p f0)
2 cos (2 p f0 t)

  

x=0 = F Lh/2I 

where E is Young’s modulus for silicon  = x=0 / E 
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EXAMPLE CALCULATIONS FOR RIT ACCELEROMETER 

The nominal resistance value is found to be: 

The resistance value at maximum strain, R’, is approximately: 

The accelerometer circuit output voltage is : 

R = rhos L/W = 60 ohms 1000 µm/50µmm = 1200 ohms 

R’ = rhos L(1+  )/W 

Gnd 

+6 Volts 

-6 Volts 

Vout 
+ 

 

- 

Vout near Zero so that 
it can be amplified 

R 

R’ 

Vout = [12 R’/(R+R’)] -6 
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SPREAD SHEET FOR ACCELEROMETER CALCULATIONS 
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SPREAD SHEET FOR ACCELEROMETER CALCULATIONS 
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CALCULATED PLOT OF VOUT VS. TIME 

Vout vs. Time

-0.00000015

-0.0000001

-0.00000005

0

0.00000005

0.0000001

0.00000015

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
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20 G   ACCELEROMETER TEST SET UP 
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TESTING OF PRISM PROJECT ACCELEROMETERS  

Movie 

PRISM Project  

Accelerometers 
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RIT 100X DIFFERENTIAL VOLTAGE AMPLIFIER 

1” X 1.5” 

Vo1 
- 
+ 

Rin 

Rf 

Vb - 
+ 

Va 

- 
+ 

Rf 

Gnd 

Rin 

Vo2 - 
+ 

Rin 

Rf 

Gnd 

Va 

Vb 

Rf = 100K 

Rin = 10K 
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INSTURMENTATION AMPLIFIER 

Vo 
- 

+ 

R3 

R4 

Vo2 - 
+ 

Vo1 

- 

+ 

R4 

Gnd 

R3 

V1 

V2 

R2 

R1 

R2 

Vo = (V2-V1) 
R4 

R3 

2R2 

 R1 
1 + 



 © March 24, 2014    Dr. Lynn Fuller 

Accelerometer Lab 

Page 38 

Rochester Institute of Technology 

Microelectronic Engineering 

CONFIRMATION OF TEST FIXTURE RESONANT FREQUENCY 

Gnd 

+5 Volts 

-5 Volts 

Vout 
+ 

- 

Vout near Zero so that 
it can be amplified 

R1 

R2 

Strain gage ~ 120 ohms 

  +/- 0.1ohm 

+ 

- 

Rf Ri 

Strain gage output signal 

Period ~ 70msec 

Thus frequency ~14.3 Hz 
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ADI ACCELEROMETER ON PCB WITH R,C AND PINS 

ADXL202 

ADLX311 

ADLX78 
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ANALOG OUTPUT TYPE ACCELEROMETERS 

Measured Output 

No Damping 

Measured Output 

With eddy current 

Damping 

ADXL78 

We can describe the envelope of the 

oscillations with the following eqn. 

         Vout=Vmax e
-at   

where a is the damping coefficient 
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OUTPUT OF PULSE WIDTH TYPE ACCELEROMETER 

no acceleration 

1g acceleration 

due to gravity 

0.707g 

ADXL202 
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TEST RESULTS FOR RIT ACCELEROMETER 

500µm 
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50 G ACCELEROMETER TESTER 
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SHAKER FOR TESTING SHOCK AND VIBRATION 

Electro-Dynamic Shakers 
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RIT VIBRATIONS LAB – DR. MARCA LAM 

Power Amplifier 2707 

Bruel & Kjaer Instruments Inc. 

Big Table Head Type 4813 

& Exciter Body Type 4801 
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LOW MASS ELECTRO-DYNAMIC SHAKER 

2p f 
2
D

D 

f = 20 Hz 

Signal Generator = 2 Vpp 

Gain = 40 

D = 8/32” 
A = 
A = 10.23 g 
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LOW MASS ELECTRODYNAMIC SHAKER 
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HOMEWORK – ACCELEROMETER LAB 

1. Determine the damping coefficient for the test fixture with no 
eddy current damping and with eddy current damping. 

2. If the test fixture has an initial displacement of 3 cm, what is 
the maximum acceleration generated? 

3. How can the test fixture cantilever beam resonant frequency 
be changed? 

4. Under what conditions will the electrodynamic shaker 
generate 50 g’s of acceleration? 

5. What are the advantages of the pulse width output type of 
accelerometer compared to the analog output type of 
accelerometer? 

6. Look up the price for some of Analog Devices accelerometers. 
7. Describe the difference between the ADI Analog, digital, and 

PWM output accelerometers. 
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HW ACCEROMETER LAB: DAMPING 

Measured Output 

No Damping 

We can describe the 

envelope of the 

oscillations with the 

following eqn.  

Vout=Vmax e
-at   

where a is the damping 

coefficient 
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LABLES FOR TEST FIXTURE 

Strain Gauge 
Position Sensor 

Solenoid 
Velocity Sensor 

Accelerometer 

Eddy Current 
Damper 

Starting 
Position 
Limiter 

Signal Conditioning 

Rochester Institute of Technology 

Microelectronic Engineering 

Dr. Lynn Fuller 
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Test Fixture 
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