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Introduction

> Accelerometer is an electromechanical device that measures
change in velocity or force of acceleration caused by gravity or

movement over time.

A\

Most of them are Micro-Electro-Mechanical-Sensors (MEMS) devices.

A\

Most commonly used capacitive sensing accelerometers have an
edge over the piezoresistive accelerometers in terms of less power,

less temperature sensitivity and lower fundamental noise.

> This model performs an analysis of a hypothetical sensor design using

the electromechanical interface of COMSOL.
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MEMS

MEMS

»  Micro-electro-mechanical system (MEMS), simply can be understood
as a miniature device or an array of devices combining electrical and
mechanical components and fabricated with integrated circuit (IC) batch
processing techniques.

Eg: sensors, actuators, and micro electronics, that are made using
various methods of fabrication.

Micro
accuators

Micro Micro

MEMS

sensors structures

Micro
electronics
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Accelerometer Fundamentals

MATERIALS REQUIRED

»  The choice of good material is based on the mechanical aspect.

»  This design of MEMS capacitive accelerometer mainly uses silicon and

silicon compounds.

» It has no elasticity limit at room temperature.
» Silicon possesses some unique properties like Quartz crystal, glass,

polymers, metals etc.

There should not

be any large gaps-'\Si ~ 2000A "\

Metal Pad on

Width
~5pm
g ! /  p—
p
100pm thick A Min. Lateral

(100) Silicon

#7740 Pyrex Glass

7 Air Gap ~3um

Metal on Glass:
Au ~ 1000A

Recess Air
Gap ~2pm
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Accelerometer Fundamentals

Types of ACCELEROMETER

1. Piezoelectric Sensor
»  Acceleration applied on sensor
deforms the crystal.
» ltis directly proportional to the force.

2. Piezoresistive Sensor
» Change in mechanical stress results
in change of material resistivity.

2. Mass squeezes crystal

I_ 1. Mass | 3. Squeezed
presses crystal
against /) generates
crystal voltage

Spring

» i
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Accelerometer Fundamentals

3. Capacitive Sensor
» Senses the displacement of proof mass.
» Gives output voltage that is dependent on the distance between
the two capacitive plates.
» Accuracy and stability are the important feature.

Conductive plates

If/\ Iy

A

‘ Dielectric
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2-axis capacitive accelerometer

» It consists of a proof mass connected to a mechanical suspension system and to a
reference frame.

» When acceleration is applied, the proof mass moves accordingly which changes
the distance between the capacitive plates.

» The voltage sensed due to capacitance is used to sense the acceleration.

Sensing Axis Fixed Support

Proof mass
(includes fingers)
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2-axis capacitive accelerometer
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3-axis capacitive accelerometer

> It is constructed using surface Anchor  Y-axis
micromachining process. ! ‘E
= o _ Sensing
> Measurement of z-axis acceleration b
is using a differential teeter-totter [
frame
arrangement. |
il ' __y Xeaxis
[ flexure
SERPENTINE SPRING H |
PROOF MASS 1
et S \'
N Z-axis
flexure
FIXED PLATES
Z-Axis i
-Axis %
MOVABLE PLATES Mass of Z-axis
-Axis Mass of Y-axis accelaronter Mass of X-axis

accelerometer
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Implementation in COMSOL MULTIPHYSICS

» The system equipped with COMSOL Multiphysics version 5.2 is
used for the design.

» Software is based on advanced numerical methods for modeling and
simulation.

» The mechanical model is designed in COMSOL. By using required
materials The study is added with the feature of powerful meshing and the
model is tested for the applied force using plot annotations.

Create Capacitive Import the model Extrude the Apply frequency to
Accelerometer model [— in COMSOL ——» modelin3D [—® the serpentine springs
in AutoCAD Multiphysics

l

Graph is plotted Capacitance is
based on - generated
capacitance
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Implementation of the Model in OMSOL Multiphysics

Step:1 Design 2D or 3D geometry, by constructing geometrical shapes as
shown below.

Settings  Properties Graphic
Geametry @ 9 A &
Sk

B Build &Il

e FewEERr B@EY =3

Labek Geometry 1

* Units

[ Seate vahars when changing unds
Length unit:

MOVABLE PLATES

um
Angular unit:
Degrees
v Advanced
Gecmetry representation:
CAD kernel
Drefault relatece repair iolerare
164
¥ Automatic rebuild

PROOF MASS

Messages Progress Log
%

COMSOL 5.2.0.220
Opened file final capacitive model.mph
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Implementation in COMSOL Multiphysics

Step:2 The material is selected for the model,

Home Definitions Geometry Materials Physics Mesh Study Results
A " Model Data Access ﬁ @ P; Parameters -==i = Import i [;:l fkg;;; u .s = Compute Nl Stress (solid) - [EWindows ~
® Record a New Method a= Variables ~ o Livelink ~ + 2k 2 = ~do Study 1 - @Add Plot Group - L='O|Reset Desktop -
Application P Component Add . Build Add Solid Add Build  Mesh e
Builder ~ » Test Application 1 (comp1) = Component - | flx)Functions ~ All Material | Mechanics (solid) - |Physics| | Mesh 1+ $Add Study
Application Model Definitions Geometry Materials Physics Mesh Study Results Layout
ODEeRHE > BN -
Model Builder Seftings  Properties = & Graphics Convergence Plot 1 Convergence Plot 2 Add Physics  Add Study  Add Material
— v t v @ Q Mq & Wlaow Try [yzo[m = = < Addto Compeonent v == Add to Selection
4 < arika_06_11_2017.mph (root) +  Material Overview BER B6EY o @ e
4 () Global Definiti
NDP_DPE ::I on " . . e B 1H2s Recent Matenals
L namELces Material Selection o Air
i Material s = a=
il cgm:o:rel:ts1 (comp 1) Eolyflllco?r;igﬂaptﬂ : gomafn 23_4 i# Corning 7740 (Pyrex) [solid,1.05mm thick]
Definitions orning (Pyrex) [soli... oma!ns H P.olys.ll.lcon . . .
Domain 1 ;= 5i - Silicon (single-crystal, isotropic)
2= Al - Aluminum / Aluminium

Geometry 1
2= Polysilicon {(mat1)
== Corning 7740 (Pyrex) [solid, 1.05mr
=5 Air (mat3)
=7 Solid Mechanics {solid)
és Electromechanics {emi)
4 /A5 Mesh 1
g_ﬁ Size
Free Tetrahedral 1
~db Study 1

@ Results

Air (mat3)

ibrary
% Built-In
® Ac/oC
41 Batteries and Fuel Cells
I Bicheat

Au Equilibrium Discharge
4 Liquids and Gases

K MEMS
s _2;'2'"" N Nonlinear Magnetic
Yol ox ¢ Optical
Messages Progress Log Table 1
\

+3

MNumber of degrees of freedom solved for: 184343,

Solution time (Selution 1 (sol1)): 240 s, (4 minutes, 0 seconds)
MNumber of degrees of freedom solved for: 430605

Solution time (Study 1): 1324 5. (22 minutes, 4 seconds)

438 MB | 1702 MB
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Implementation in COMSOL Multiphysics

Step:3  The physics for the model is selected.

Definitions

Home
=

Ad

Solid
Mechanics (solid) §|Physics -
Physics Domain
OEEHR >
Add Physics

Model Builde
- =

4 W harika_06_11_
4 () Global De.

1| =

d Domains | Boundaries  Pairs

N

Press F1 for more help.

Materials Physics Mesh Study

= w B =
Edges Points
Boundary Edge Point

B -

Open the Add Physics window to add physics
interfaces to the current model component.

Pi  Parameters
= Materials
4@ Component 1 (comp 1)
= Definitions
}‘\ Geometry 1
25 Materials
E=3 Solid Mechanics (solid)
r—i> Electromechanics {emi)
4 A Mesh 1
_;%E Size
Free Tetrahedral 1
~db Study 1

@ Results

Label: Geometry 1
¥ Units

[ Scale values when changing units
Length unit:
Hm
Angular unit:
Degrees
v Advanced

Geometry representation:

* CAD kemel

Default relative repair tolerance:
1E-6

Autormnatic rebuild

Results

Global

Global

Contextual Multiphysics

Add Physics  Add Study  Add Mate

Graphics ~ Convergence Plot 1 Convergence Plot 2

Add to Component Add to Selecti

Search

o - 5’.'-') Recently Used
2% Electromechanics (emi)
& Electrostatics (es)
E= Solid Mechanics (solid)
¥ AC/DC
) Acoustics
:.'.. Chemical Species Transport
U Electrochemistry
Fluid Flow
Heat Transfer
IIC‘[" Optics
&) Plasma
lf,l Radio Frequency
5‘% Semiconductor
@ Structural Mechanics
Au Mathematics

Messages Progress Log Table 1

A

Mumber of degrees of freedom solved for 184345,

Solution time (Solution 1 (sol1)): 240 s, (4 minutes, 0 seconds)
MNumber of degrees of freedom solved for: 430605,

Solution time (Study 1): 1324 5, (22 minutes, 4 seconds)

554 ME | 1719 MB
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Implementation in COMSOL Multiphysics

Step:4

Meshing is carried out and solution for the model is obtained.

Home Definitions Geometry Materials Physics Mesh Study Results
E
= R M | = fo sk & Er a N\
+ (@ Update Solution k] = o &
Compute Study | Add J | s Show Study Parametric Function Material Optimization Create Statistics Clear  Clear All
1= [ Study f-c Get Initial Value Default Solver | Steps - Sweep Sweep  Sweep Selution Copy Solutions Solutions
Study Solver Study Step Operations Evaluate Clear
bDedR > & -
Maodel Builder Settings ~ Properties ~ & Graphics Convergence Plot 1 Convergence Plat 2 Add Physics  Add Study  Add Material
- = v Beonate: ® Q M & Laow [ry [yzo[z Add Study
i Build Al R BER = Studies
y :
P 2 I:’l._aﬂrlka_ﬂﬁ_ﬂ_%ﬂ‘.l't".mph (root) Labek |Geometry 1 a 4 "o Preset Studies
4D E-IObal Definitions o |$ Linear Buckling
i Paramgters = V- Modal Reduced Order Model
_ s Materials I—_lh Prestressed Analysis, Eigenfrequency
4 \m C_DFBZEHIEI?H {comp 1) [ scale values when changing units [=== Prestressed Analysis, Frequency Domain
= initions = Stati
A G ety 1 Length unit: IL‘ stationary
eIy ET\me Dependent
Hl ME_tE”Eh ) Hm bt [ Time-Dependent Madal
B Salid Mechamc.s l'saim',.l Angular unit: ~ Custom Studies
r=\3 Electromechanics {emi) ~db Empty Study
4 B Mesh 1 Degrees =
_;%\j Size
Free Tetrahedral 1 v Advanced
~dd
& ;::3;: Geometry representation:
CAD kernel

Default relative repair tolerance:
1E-6
Automatic rebuild

Physics interfaces in study

Physics
=1/ Solid Mechanics (solid)

&\> Electromechanics (emi)

931 MB | 1752 MB

Sohve
™
™
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Implementation in COMSOL Multiphysics

Step:5 The displacement of proof mass is studied.

Home Definitions Geometry Materials Physics Mesh Study Results Stress (solid)

[E5 Data ~
%Image -

[ Animation + | Repor

Table Exisc:lt

freq(l0)=3323 Hz Surface: von Mises stress (MPa)

2% Electromechanics (emi)

TN MESh 1 Label:  Stress (solid)
£ Size A 0,03
Free Tetrahedral 1 ~ Data %107
4 "o Study 1
M Step 1: Frequency Domain Data set: Study 1/Selution 1 (so - |
4 [Tr Solver Configurations
i@ G Salution 1 (sol) Parameter value (freg): 3323 -
- :_‘:.; Compile Equations: Freq 5 2.5
4 (1) Information 1 Title
A Wamnings 1 ~ Plot Settings
uiw Dependent Variables 1
el Ig_i Stationary Solver 1 View: Automatic | |E 12
Direct L
é. Advanced [ Show hidden entities T‘:
:'}5 Parametric 1 Plot data set edges F
= Fully Coupled 1 15
4 Iterative 1 Color: Black -
Incomplete LU Frame: Material (XY, Z) =
a Y]
- @, Results |
Data Sets ~ Color Legend 1
T Study 1/Solution 1 (sol1
= [irived {’all:es e show legends
H Tables [ Show maximum and minimum values @e
‘ ii&a;;?:(h:i Position: Right -
4 N 3D Plot Group 2 Text color: | Black -
™ First Principal Strain Z
Export < ym, L,}{ 4]
B Reports Number Format o Yo

Window Settings

1.05GB | 1.71 GB
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r. r. . i Q e @Cutp\ane ECut Line 2D = o 251 Point Evaluation E'_?_g
- @CutLine 3D [+]Cut Point 2D 25) Global Evaluation
Plot  Stress 3D Plet 2D Plot 1D Plot PolarPlot Smith Plot i Mare Evaluaste Clear and Mare Table
(solid) ~ Group Group Group  Group Group (& Cut Point 3D Data Sets - Al Evaluate All Derived Values ~
Plot Group Data Set Derived Values
Sibe -

Search
el ,".T') Recently Used
é._; Electromechanics (emi]
& Electrostatics (es)
E= Solid Mechanics (solid)
X AC/DC
1)) Acoustics
725 Chemical Species Transpor
H__ﬁ Electrochemistry
== Fluid Flow
Heat Transfer
It Optics
ﬁ) Plasma
Lﬁ" Radio Frequency
% Semiconductor
‘:;L-' Structural Mechanics
Au Mathematics

Physics interfaces in study

Studies Solve
Study 1 4]

Dependent Variables
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Implementation in COMSOL Multiphysics

Step:6 Proof mass designed for the displacement in X-Y direction

File » Hame Defimtsan Gearmetry
E = ot [T Block
3 [[Ewnsert Sequence | (= Cone
Build
Al [T= Export 1 Cylinder
Euild mport/Expor
e EE e
Model Builder
- = T O] -
# @ comsolmadel.mph froot)
4 21 Global Defanitions
2 Matesials
4 Ty Compenent 1 (tomp 1)
= Defnitions
4 Geometry 1
[= Irnpart 1 fimp 11
Form Uriign (fan)l
3a Matetials
£ Mesh 1
# [l Compenent 2 (comp2)
4 W Defanitions
A= Boundsny Sytern 2 ()
LA wiew 2
4 ' Geomietry 2

= Wark Pane 1 fvpT)
(£ Extrude 1 fext1)
Fanem Unicn (fan)
255 Matenals
£ Mesh 2
O, Results

Materisls Phiynics Mesh Sudy
o o | & W
= Torus ol o
R Bore Select Werk  Work
ErHelx  primitives « Plane = Flane

rirnit Work Plane
o E
Settings  Properties
H Build AN
Labek  Geormetry 2
*  Unifts
[ Scale values when changing units
Length unit:
m
.!un;ulu wnig:
Dhegrees
* Advanced

Gearmetry representation:
CAD kernel
Default relative repair tolerance:
1E-&
1 Autornatic rebuild

Retuhy

Extrude .

Rievobre
Sweep

SLokt

ﬂ o _h = U Selections -

Dt i 2 ;’. . = Measure
eaturing rtual arts  Programening

and Repair = Operations = - . = Delete Sequence

Other

=m0 &
Booleans and  Transforms Conversions
Partitions = = =

¢ Chamfer
#7 Fillet

0] Delete

S - &| Add 5t Add Ph..  add Ma..
Seudies
B a4 oo Preset Studies
;1-: Eigendrequency
b Eigervatue
|44 Frequency Domain
[ Stationary

[ Time Dependent
S Customn Studiies

= Empty Study

Messages  Progress Log  Table
'k'

COMSOL 520200

Opened fle without_springl.mgh

Opened e cormelmodel.mph

102 GB | 13 68
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Implementation in COMSOL Multiphysics

Step:7 Study of X-Y direction displacement.

m Home [efarutinns Geometry Adsterials Phryacs Mesh Shody Reults
= = | [ velume W Shce ~Line Er fuvow Line ‘
: p‘: i frvew Volume () hotuface O Cortiour 3 Particle Trajectecies S
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Model Builder Seftings  Properies
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4 B Component | foomp )
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L
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a il Meh 1
& Size
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& ol Results
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i Displacement (emi)
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4“3 10 Plot Growp 4
2 Ling Gesgh 1
E Espori
Ul Repoets

Labek  Siress (selid)
* Dala

Dt set: Study I Sclation 1 (soll)

Parsmeter value frege | 0
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= Pot Settings
Viewe | Jadomatic

} Sk hidden eraities

[wf] Plot dats set edges
Celer Black
Framee: | Matersal (XY, I)

* Color Legend
[ Show legemds
| Shiw masmum snd missmum vahie

Pastion: | Right

Stress {solid

Attribukes
=| [

-
=| (¥

Ew_ﬂggw. = Cut Line Directaon | (@30 mege
Famt Peant for Cut Ling % Gt Ling Surface Momal 4 EDAnimaten -
* Second Peing for Cut Line 1) Farst Point for Cut Plane Normal 1,
Select Espaort
a0 . = & AddSt. add PR Add Ma...
aamlE L-itEHEA0 Mo &8 st
freqlll=d Surface: von Mises stress (Nm®) »
Search
g
*10 4 [0 Retently Used
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3 & Flectromec hanict Cemni
2 Soled Mechanics (polid)
25 ¥ AUDC
104F | Aroustics
[ z o Chemical Species Transporst
if Electiechemistey
15 Flund Flrvs
5007 Hieat Transfer
i [ ¥ Oiptacs
Plasma
03 £ Redio Frequency

z .
:!"_L,x o

Maessages  Progress Log  Evaluation 3D
b
COMSOL 520220
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50 MB | 1051 ME
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Results

» The 2-axis and 3-axis capacitive accelerometer using COMSOL
Multiphysics.

» Itis observed that acceleration is linearly proportional to the displacement.

Line Graph: Displacement of Proof Mass (um)

T T T T T T T T T
0.011 — 0 Hz -
—— 13 Hz
— 30Kz

0.01

0.009

0.008

0.007

0.006

0.003

0.004

Displacement of Proof Mass (pm)

0.003

0.002

0.001

0 | 1 1 1 I
0 0.5 1 15 2 2.5 3 35 %107
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Results

Displacement vs. Acceleration in Z direction

Home

Definitions Geometry IMaterials Physics Mesh Study Results
Wy . :I/L
EE b b -.\_/J' JEzE] 1h [’/ rT\‘\ W] \ ilnth @
Plot  Plot Line  Peint Global Table Histogram Particle Ray Myquist Far Octave  Mesh
In~ Graph Graph Graph Plot Field Band Plot
Plot Add Plot
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= =~ & & Line Graph
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_&j Size 1
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Fl @ Results
Data Sets
Selection
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BE Tables Selection: | Manual |
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[~ Displacement (emi) [More) | | 12 =
i Potential (emi) 13 BB B
4 w10 Plot Group 4 Active | 14 [a]
I}g Line Graph 1 15 Fel
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~ y-Axis Data v N~

10 Plot Group 4
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10 Animation
Image =
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Line Graph: Total displacement (m)
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Applications

O Automotive Application

Airbags control
Crash detection

Navigation

GPS with E-Compass ’ I

MEMS nﬂcmnordwict O ;

PN S MEMS headset
. display

O Consumer Electronics =T >

Freefall detection
Image stabilization

Screen rotation

O Biological Application

Pacemaker

e ety
— Vins dnfalap =wieh dd noad L
il o by mem
— TRy e E L P e |
“rghommeplm o gy w At b s
ST SRS P S

ey e Gl A

gt @ wpniee e e i
e Bl Ry e

Biventricular
pacemaker l

Pulse
generator

Heart

Y is negative
when this edge
Is “up”
Z is negative
when this edge

X is positive

when this edge X is negative

when this edge
Is “up”

2 is positive

when this edge
Is “up” Y is positive
when this edge
Is “up”
Air Bag
Inflator
Crash ..
Sensor «.,  Nitrogen

* l‘___/" Gas
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Conclusion

The various types of accelerometers and the various materials required in its
designing are studied thoroughly. A 3-axis MEMS capacitive accelerometer is
implemented in COMSOL Multiphysics where we are applying the force in the
positive z-direction. The results can be used to calculate the change in distance
between the capacitive plates w.r.t change in capacitance which is linear in
nature. This has its applications especially in the bio-medical industry where we
can use this in pacemakers, eye surgery, kidney dialysis and much more other
life-saving operations.
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