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i Lecture Outline
" UC Berkeley

* Reading: Senturia, Chpt. 5

* Lecture Topics:
% Lumped Mass
% Lumped Stiffness
% Lumped Damping
% Lumped Mechanical Equivalent Circuits
% Electromechanical Analogies
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!]'“"»U[} Berkeley
Lumped Parameter Mechanical
Equivalent Circuit
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) Equivalent Dynamic Mass
" UC Berkeley

* Once the mode shape is
known, the lumped
parameter equivalent
circuit can then be
specified L i

* Determine the equivalent : i | 1T Location x
mass at a specific location : '
x using knowledge of
kinetic energy and velocity

Density
Maximum Kinetic Energy 9

'3
N A [Vi(x) ax
Equivalent Mass = M, = . RN
Y7 A
Maximum Velocity @ location x Maximum Velocity Function
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i Equivalent Dynamic Mass
UC Berkeley,

* For the folded-beam structure, we've already determined
the maximum kinetic energy

* And in our resonance frequency analysis, we've already
determined expressions for velocity
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 Equivalent Dynamic Stiffness & Damping

1|1
uc Berkelmr

* Stiffness then follows directly from knowledge of mass and
resonance frequency

= Javgs equiv. wikss &
() > w M ' b} .
W j%@ { Keli) 3 eqz«)] S P

hawl-in-hord

* And damping also follows readily from knowledge of Q or
other loss measurands

& Wo g(‘kj —s c () Uo”(’g(ﬂ Kq(’)(”‘_‘&lﬁ)[
ea,_(‘K) Q Q

t ofampl 'l?‘

* With mass, stiffness, and damping = lumped parameter
equivalent circuit
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["UC Berkeley

ot Get Potential Energy & Frequency

Folded-beam
uspension&d/ -
"

l R~ 100k

=l Shuttle w/
mass M,

| A’«‘:[{’me

truss w/
mass M;\2

h = thickness =2um

Keq(‘l’russ) = 19.2 N/m
Meq(‘rruss) = 8.64x10-11 kg

TR

Ceq(?r-uss) 4.08x10-10 kg/s
ke{*ﬂ% ’Cet‘ e

Kegshuttiey = 4.8 N/m

M. q(shuttiey = 2.16x10-11 kg

%\\
F—

Ceq(shu‘l’ﬂe) = 1.02x10-10 kg/S
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i Electromechanical Analogies
o UC Berkeley,

| k cuwevrf dwye

% eq f—(fj > lx Cy D

M |,
— x ?
ceq Ve \ID”‘&@{ =

FEt)* Feos (wt] = xf): Xeoret
Equalion of Motion:
Moy & + Gy% + e = FUY
= Using phasor Cocepir:
£ \}Qme{h- %&+ Geyx
= b\/ analegy: |

W) Veosest — A(#)s Teoswst
Tmpedane |°0Y;"g )

F—=nN me,L—-) Q,x
x =4 ke

Pacameler Relbonships
Ce, —»J { in o Current A-n‘kxyy]
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o Electromechanical Analogies (cont)
"UC Berkeley

R, Cy L,
m, (I O—AAA II_m_O

* Mechanical-to-electrical correspondence in the current

analogy:
Mechanical Variable Electrical Variable
Damping, ¢ Resistance, R
Stiffness™, k! Capacitance, C
Mass, m Inductance, L
I?orce, f Voltage, V'
Velocity, v Current, 1
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o Bandpass Biquad Transfer Function
" UC Berkeley
y keq Xra| 1t
% Fi&) [ |F (l“")\ € y: QF
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eq '
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Fr (W GoX)mg, + % (o) +Cey (jw¥) 5
X (w\: e, NN 2 L))
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F kei kEQ kei /‘ kei (."’0) mo
key 2 o Meve, Ka ke
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EE €245: Introduction to MEMS Design LecM 11 C. Nguyen 11/6/08 10
10

Copyright @ 2020 Regents of the University of California 5



EE 247B/ME 218: Introduction to MEMS

Module 11: Equivalent Circuits I

%  3CC 3)\/4 Bridged pMechanical Filter
"UC Berkeley
Performance:
f,=9MHz, BW=20kHz, PBW=0.2%
I.L.=2.79dB, Stop. Rej.=51dB
20dB S.F.=1.95, 40dB S.F.=6.45
. X
-
-10 -
)
g =20 - P,,=-20dBm Sharper
? 30 - roll-off Design:
g f—:* L,=40pm
Py | W=t Sum
[ h=2pm
F 50 - L.=3.5um
S.-S.Li, N FCS'05 L,=1-6um
60 [S--S. Li, Nguyen, ] V,=10.47V
P=-5dBm
57 8.9Fre uenc [Mngi1 RaRac12k02
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5 Micromechanical Filter Circuit
" UC Berkeley

Bridging Beam
Coupling Beam
Resonator

| L :
1/k,! T /k, S
-1/k,,'|'
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= Micromechanical Filter Circuit
"UC Betkeley

Bridging Beam
Coupling Beam

77 Resonator
4’ﬁltput

v0
= o |v;
T
®
e 7.:1
iy, m, Uk, ¢, 2 m, Uk ¢, p.1
] o ° o
I/ I/ Co
1:77, | 77:1
® @ l/k,, II' l/k,, ® @
-k,
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i Micromechanical Filter Circuit
["UC Berkeley
R Input Bridging Beam
" A O 3A/4 / Coupling Beam
() A4 &) 4,//Resonator
V. ® ) Output
i o8& P
L 8
PT
®
VK, ¢, X 1/k 1 m, Vk, ¢ ¢ pal
000 ® O
| 1 '.
1k, T 1/k, S 2V
1/k,,'|'
hd S
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- UG Berkeley,

.,.:. Micromechanical Filter Circuit

RQ Inpg

/

Al

3M4 /

Bridging Beam

Coupling Beam

Resonator

Output
Ve y

0
R,

by CAD layout

All circuit element
values determined

L@\

\/\/

Amenable to

— automated circuit

generation

-l/k -l/k m, 1k, ¢, -1/k -l/k m, Nk, c, .1

ngE{mw}ng 1.

l/k,, l/k,,
1/k,,'|'
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1176708
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@ 3CC 3)\/4 Bridged uMechanical Filter
* UC Berkeley,
Performance:
f,=9MHz, BW=20kHz, PBW=0.2%
I.L.=2.79dB, Stop. Rej.=51dB
20dB S.F.=1.95, 40dB S.F.=6.45
. ~ \
—
_ 10 1
3
g =20 - P,,=-20dBm Sharper
® 30 - roll-off Design:
2 = L,=40pm
E r u'
8 .40 - W,=6.5um
@ h=2pm
F 50 - L.=3.5um
S.-S. Li, N FCS'05 L,=1.6um
-60 [S.-S. Li, Nguyen, ] V,=10.47V
P=-5dBm
8.7 8.9F [MH9i1 Ro=Rq,=12kQ
; ) requency z
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iy

" UC Berkeley

Beam Resonator Equivalent Circuits
(Pretty Much the Same Stuff)
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i Equivalent Dynamic Mass

UG Betkeley

* Once the mode shape is known, the lumped parameter
equivalent circuit can then be specified

* Determine the equivalent mass at a specific location x using
knowledge of kinetic energy and velocity

puz Location x
™~ a - = W =
>~ .4 — —— ——
———)—i:r.__ ° ""'ur’ A Th
Y e ” = — > Y
N — =
Density
Maximum Kinetic Energy "
\x' o A [Vix)ax
Equivalent Mass = M, = —— = IR
oqgx _&VZ * V2
x x
Maximum Velocity @ location x A Maximum Velocity Function
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i Equivalent Dynamic Mass
UG Berkeley,
Auwz Location x
\\.. P L_——‘ - re— W —>
S o R

e —
¥4
* We know the mode shape, so we can write expressions for
displacement and velocity at resonance

Displacement= 4y . g [S'a'o.rh ke  Coskec) + (sinh l:w—:iwk,x)] ’ q=%
{ 2z, ,
[Vex) = e Me KE menx zf‘pA Sa Wl Lux'1] oy
U T L

Mey(x) = ML ¢[7(CDJ‘L\'<X tcoske') 4+ (sinhla + inkx TN’
! 1S lcash bx s cos k) + (cinh knc + sink )T
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w Equivalent Dynamic Stiffness & Damping

uc !mrkelml
Auz Location x
re— \\/ —>
- — -
— — A Th

o s

I‘f = ¢ “'*;,I

* Stiffness then follows directly from knowledge of mass and
resonance frequency

(o ’_"31_ = wiM (T
Meqfx) (keq_('x') eq 'K)

* And damping also follows readily

Q: wong_,‘( HE“M («)on&eg(?ﬂ J g(g@(x){
ceq®
Z\—a(a mping
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i Equivalent Lumped Mechanical Circuit

Location x

UC Betrkeley.

AN Z

szt L
-t e e

te— \\/ —>
-
— ,‘4
~— - A
— ~

eq(x)
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U[} Betkeley,

Equivalent Lumped Mechanical Circuit

Anz

Example: Polysilicon w/ ¢=14.9pm,
W=6um, h=2um — 70 MHz

1.03x10-

13 kg

Ry

T/
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Ke,(¢/2) = 53,938 N/m
M.(¢/2) = 2.78x1013 kg

/
C.(/2) = 1.53x108 kg/s
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Keq(node) = e
M. (node) = <
C.((node) = o
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