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* Free-free beam umechanical resonator with non-intrusive
supports = reduce anchor dissipation = higher Q
substrate = anchor

d h Drive Support Flexural-Mode
radiation into the Beams Beam
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substrate = lower Q Electrades " Anchor
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Solution: support at
| Q = 300 at 70MHz | motionless nodal points

= isolate resonator

from anchors = less
energy loss = higher Q Ground Plane and
| { Sense Electrode
Design/Performance:
L=13.1um, W,=6um

h=2um, d=1000A
Vp=28-76V, W, =2.8um

Fixed-Fixed Beam Resonator Elastic Wave Problem: direct
Radiation anchoring to the
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Higher Order Modes for Higher Freq.
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Flexural-Mode Beam Wave Equation
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* Derive the wave equation for transverse vibration: ;ffn”g”
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& Example: Free-Free Beam & Free-Free Beam Frequency
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Au z

* Substitute u = u;ei*t into the wave equation:

w
P~z - > v S (w’ﬂ)u )
e === D e
le” ~ ‘ B ' . . . .
| ¢ sl * This is a 4™ order differential equation with solution:
* Determine the resonance frequency of the beam u(x) = & cosh kx + Hsinh kx + €coskx + Dsinkx  (2)
* Specify the lumped parameter mechanical equivalent circuit T Giver Ya mole Shape during resmance vibafim.
. . . * Boundary Conditions:
Transform to a lumped parameter electrical equivalent
circuit Atx =0 Atx=/¢
* Start with the flexural-mode beam equation: 2 Pu
Z8.0 —=0 M = ( (Bending moment)
o*u ( EI\0*u dx? ax
2 4 Pu_y Fu_y g—}'—f--O(Shearin force)
at pA 6x axs axs ox g
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& Free-Free Beam Frequency (cont) &%  Higher Order Free-Free Beam Modes
@CLEHIERTE G B
* Applying B.C.’s, get A=C and B=D, and Nodal
] ) o Mode n Points ke L
(c_OSh ké— cos ké)  (sinh k¢ = sin k¢) =0 (3) Fundamental ( f,) 1 2 4730 1.000
(sinh k¢+ sin k¢)  (cosh k¢— coské) || B 1st Harmonic 2 3 7.853 257
2nd Harmonic 3 4 10.996 5.404
* Setting the determinant = O yields 3rd Harmonic 4 5 14.137 8.932
4th Harmonic 5 6 17.219 13.344 «<— More than
ke 1 10x increase
COSKE= Cosh ke
* Which has roots at Fundamental Mode (n=1)
k= 4730 kol =7.853 ki = 10.996
~— Tlore Voo a(l:..t cwerfw/ s i =
* Substituting (2) into (1) finally yields: b“-ha dfoont modes of ~ " Harmonic (n=2)
- vibrition! (b)
(k (}z El Free-Free Beam
k* = o4 2 N - (_".__ —_ h
EI® j 4 2ad? pA Frequency Equation N 1 2nd Harmonic (n=3)
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B Mode Shape Expression
" UG Berkeley

* The mode shape expression can be obtained by using the
fact that A=C and B=D into (2), yielding

u,-y[(%)(coshkx +eos(cx) + (sinh kx +sinkx)]

* Get the amplitude ratio by expanding (3) [the matrix] and
solving, which yields
o - sin k¢ — sinh k¢
@2 coshk?— coskl

* Then just substitute the roots for each mode to get the
expression for mode shape

Fundamental Mode (n=1)
[Substitute k= 4.730 ]
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