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* Reading: Senturia, Chpt. 5
* Lecture Topics:
% Lumped Mass
% Lumped Stiffness
% Lumped Damping
% Lumped Mechanical Equivalent Circuits
% Electromechanical Analogies
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Lumped Parameter Mechanical
Equivalent Circuit
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* 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 :
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Equivalent Dynamic Mass
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Location x

M v e e o v s s s,

Density
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Equivalent Mass = M,
15

Maximum Velocity @ location x —
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Maximum Velocity Function
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Equivalent Dynamic Mass
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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
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Stiffness then follows directly from knowledge of mass and

resonance frequency
= lavgs equiv. miass 4‘
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* And damping also follows readily from knowledge of Q or

other loss measurands
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* With mass, stiffness, and damping = lumped parameter
equivalent circuit
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uspension &/
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i~ Shuttle w/
i mass M,

truss w/
mass M,\2

h = thickness =2um
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& Get Potential Energy & Frequency

Keq(fr'uss) = 19.2 N/m
Meq(fr‘uss) = 8.64x10-11 kg

_ rseen~

Ceqtiruss) = 4.08x10-10 kg/s

kq = Hﬂq 4 Cez = L)
Keq(shuﬁle) = 4.8 N/m

Meq(shuﬂ'le) = 2.16x10-1! kg
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1.02x10-1° kg/s
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Ceq(shuﬂ’le)
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& Electromechanical Analogies
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P Electromechanical Analogies (cont)
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* Mechanical-to-electrical correspondence in the current
analogy:
Mechanical Variable Electrical Variable
Damping, ¢ Resistance, R
Stiffness™, k! Capacitance, C
Mass, m Inductance, L
Force, f Voltage, V
Velocity, v Current, 1
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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

0 _ —
|
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g
E 20 1 Pin=-20dBm Sharper
@ .30 - roll-off Design:
2 _‘k S L,=40um
a0 T W 2 Sur
© - h,=2pm
" 50 - L.=3.5pm
[S.-S. Li, Nguyen, FCS'05] L,=1.6um
-60 > 2, Tguyen. Vp=10.47V
P=-5dB
8.7 8.9 9.1 R R 219k
- , Frequency [MHz] Q@ Qo
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Micromechanical Filter Circuit

Bridging Beam

Coupling Beam
Resonator
Output
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5 Micromechanical Filter Circuit
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Ro Inp% 7 Bridging Beam
3

Coupling Beam
Resonator

All circuit element

Vv values determined

o by CAD layout

Amenable to
automated circuit
generation
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Performance:
fO:9MHz, BW=20kHz, PBW=0.2%
I.L.=2.79dB, Stop. Rej.=51dB
20dB S.F.=1.95, 40dB S.F.=6.45

Sharper
roll-off
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[S.-S. Li, Nguyen, FCS’05]

Transmission [dB]
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%  3CC 3)\/4 Bridged pMechanical Filter
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Design:
L,=40pm
W,=6.5um
h,=2pm
L.=3.5um
L,=1.6um

8.7 8.9
[Li, et al., UFF_C}S’O4] ia
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Frequency [MHz]
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Vp=10.47V
P=-5dBm
Roi=Rge=12kQ
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Beam Resonator Equivalent Circuits
(Pretty Much the Same Stuff)
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i Equivalent Dynamic Mass
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* 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

kw2 Location x

Maximum Kinetic Energy K
Y
K.E. 0 N\

Equivalent Mass = M, = -
e 14

Maximum Velocity @ location x — Maximum Velocity Function
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* We know the mode shape, so we can write expressions for
displacement and velocity at resonance

Displacement: 1 . gls(co.rh ke + Coskc) + (sivh k«u—sv'nlax)] ,4‘%
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KT?(Ca.rl\ kx 1 cos k) & (cinh lox + sinkx)]
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m Equivalent Dynamic Stiffness & Damping
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* Stiffness then follows directly from knowledge of mass and
resonance frequency
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* And damping also follows readily
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w  Equivalent Lumped Mechanical Circuit
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kwz Example: Polysilicon w/ ¢=14.9um,
W=6pm, h=2um — 70 MHz
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\ql-/Keq(node) = o
Keq(O) = 19,927 N/m Meq(node) = o
M,,(0) = 1.03x10-13 kg C.,(node) = o
D ~_, K.,(¢/2) = 53,938 N/m
7 S M (¢/2) = 2.78x1013 kg
/

C.(0) = 5.66x10-° kg/s

Pl
C.(¢/2) = 1.53x10-8 kg/s
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