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. Tympanic
Membrane

Figure 2.1 Schematic view of human ear
Image used with permission by Rémy Pujol

< image/anim by S. Blatrix, from the EDU website "durney into the World of Hearing"
http://Aww.cochlea.org by Rémy Puijol et al., NeurOeille, Montpellier>
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Figure 2.2 Cross sectional view of a cochlear striure

(a) view of a spiral cochlea containing: 1. Scalaedia 2. Scala vestibuli
3. Scala timpani 4. Spiral ganglion 5. Auditory erve fibers

Image used with permission by Rémy Pujol < http://www.cochlea.org>
(b) view of one section of cochlea with most impaant structures

Image used with permission by Fabio Mammano

< http://147.162.36.50/cochlea/cochleapages/anatdmgex.htm>
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Figure 2.3 Schematic of organ of Corti [12]

Image used with permission by Robert White
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Figure 2.4 Schematic of basilar membrane and travelg wave
(a) A human BM with varying geometry and respondingfrequency map (Unit in Hz)
(b) Sound generates traveling wave in cochlea
Image used with permission by Fabio Mammano

< http://147.162.36.50/cochlea/cochleapages/theondiax. htm>
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Table 2.1 Summary of studies in cochlear partitiomproperties

Use composite beam model calculajed
Allair human static and dynamic (due to the strain rate
[29] Stiffness Isotroic change) cochlear partition stiffnegs
1974 P Young's Modulus at 3.0cm from tle
base was dyn/cn.
By probing BM, a narrow, radiall
oriented strip was deflected, indicatipg
. . isotropi terial ties for freph
voldrich General Guinea anisotropic material properties for freg
. . decapitated cochlea. Same experiménts
[18] Mechanical Pig
1978 Properties on 24 hours post-mortem cochlpa
P showed circular deformation on BM,
indicating material properties wefe
homogenous for not fresh cochlea.
Stiffness was computed as a functior| of
Ehret . . . . o
. width and thickness in radical directign
[30] Stiffness Mouse : L
of the BM and as a function of BI
1978
length.
BM stiffness was measured in the
0.8-2.3mm region within 1hour popt
mortem. For small BM displacemeft
Gummer . .
[31] Stiffness Guinea | about 2-3um, the stiffness measujed
1981 Pig varied from 0.2 to 1.1 N/m for differeipt
animals. The flexural rigidity in thp
radial direction was estimated
Compliance of the BM in the excisr[;j
guinea pig cochlea is measured acipss
the width of the BM through statfc
point-load measurements. The
experimental results were in agreemgnt
Miller Guinea | with those in [31] with stiffness varied
[32] Compliance Pig from 0.4 to 2.0 N/m. It compute
1985 for BM filaments. Its

arched beam model indicated
longitudinal coupling of stiffness in tt
pectinate zone and strong coupling
the arcuate zone due to the arches
Corti.
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n
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Table 2.1 Summary of studies in cochlear partitioproperties-continued

Olson
[33]
1991

Stiffness

Gerbil

Stiffness was dynamically measured
the base of the gerbil cochlea. The f
plateau stiffness ranged between 0.2
1.2 N/m up to 12um BM displacemel
the second plateau from 1.4-2.0 N;
No stiffness differences observ
between pre-mortem and 1 Nhc
post-mortem cochlea samples.

| at
Ist
and

[:];
ad.
jur

Ishii
[34]
1995

Mechanical
Properties

Human

Measured 6-7 hours post mortem hun
cochlea properties. Tensile stre
elongation, strain and Young’'s modul
were reported at three locatio
corresponding to basal, middle a
apical turns of BM. The measur:
Young’'s moduli were

for
basal, middle and apical tu
respectively.

han
5S,
IS
NS
ihd
ed

n

Naidu

[7]
1998

Stiffness

Gerbil

Stiffness was measured at differe
longitudinal locations and data was fit
a logarithm function along the BI
length. Experimental results indicat
the changing stiffness of the partition
determined by multiple stiffnes
gradients exhibited by OC and B
cellular components.

[nt
to
bd
is

Naidu

[8]
2001

In-plane
Displaceme
nt

Gerbil

In-plane displacements of particu
points of interest induced by vertic
probation were analyzed. The rest
showed BM exhibited longituding
coupling and the coupling was greate!

ar
Al
ts

at

the apex than at the base. Study #lso

demonstrated that the cells of the ¢
increase the overall coupling exhibit
by BM.

bd




Table 2.1 Summary of studies in cochlear partitioproperties-continued

Stiffnress was measured multigjle
positions across the width of BM fipr
several longitudinal locations In
hemicochleas. Results indicejte
qualitative changes qf
stiffness-deflection curves as a functipn
of radial position. Study showeld
relatively little longitudinal coupling
within the pectinate zone of BIf
compared with result in [8]
Longitudinal stiffness gradients wefe
also reported.

Emadi
[9] Stiffness Gerbil
2004

A 3D uncoiled FEA was used Jo
investigate the effects of geomety,
boundary conditions and elastic matefial
properties on the compliance profiles|of
BM. The results showed the longitudirjal
stiffness gradient primarily depends pn
variation of the effective thickness pf
Fleischer . BM; the gradients in longitudinal ar|d

: Guinea . . :
[35] Compliance Pig radial coupling mainly depend on the
2010 width change of the BM; coiling hgd
most significant influence on the apidal
turn of the BM; Boundary conditiorjs
affect the coiling; and exponentigl
decrease of the radial component |of
Young's modulus from base to appx
causes widening of the compliange
profile.
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microscope

(a)

deflection areca X

D
LAM|  probe §.>>y LIG

deflection area

BM

(b)

Deflection

A
max |----

37% max rrrrrrrrrrrrr R

v
A

Xi X2

(c)

Figure 2.5 Schematic of BM stiffness measurement pcedure from Naidu and Mountain
([7, 8]) : (a) A circular probe is pushed into thecochlear partition, and the force vs.
deflection curve is measured; (b) a top-down viewfBM: the contours show the shape of
the lateral (x-direction) deflections (c) deflectin space constant is described as the
distance % — x; along x direction where the deflection decreasegmonentially from its
maximum value to 37% of maximum value. In this draving, BM is the basilar
membrane, LAM is the spiral lamina, and LIG is thespiral ligament. Drawing taken
from [41]
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Figure 2.6 Schematic of a beam model under load kit

one end simply supported and the other clamped
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Table 2.2 Initial estimate of radial elastic moduls as determined

from measured stiffness using a beam model

1.14 SS 79700
(Naidu & 150 15.8 60 4.04
Mountain) CS 40600
3.99 ss 54300
(Naidu & 194 17.3 78 1.67
Mountain) CS 27700
6.612 ss 15300
(Naidu & 232 23.7 87 0.741
Mountain) CS 8060
7.3 ss 11500
(Naidu & 242 25.3 91 0.599
Mountain) CS 6080
7.3 SS 601
, 242 25.3 91 0.08
(Emadiet al) cs 317
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Figure 2.7 Composite material with fibers and matrk
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Table 2.3 Volume fractions at different locations @ken from Schweitzer [28]
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S TVE +V,E
E, =V,E +V,E,

EE,

$II

?G0@3

P ##S | %!
Vi 0.192) 0.089| 0.05 | 0.041
Vm 0.808| 0.911| 0.95 | 0.95¢
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Figure 2.8 Comparison of vertical displacement compted with different fiber

Poisson’s ratios for two different locations and bundary conditions.

The Paisson ratio of the fiber has little impact orthe result
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Figure 2.9 Schematic of plate boundary conditionsral load area
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Figure 2.10 Deflection profile using linear model
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Figure 2.11 A meshed symmetric plate model (at a pition of 1.14 mm from the base)
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and the model is truncated to produce a square motie
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Table 2.4 Material properties computed using the aalytical linear model to match

experimental point stiffness and space constant repted by Naidu and Mountain [7, 8].

These results are based on the assumption of Naidnd Mountain, that the observed

transverse displacements are linearly proportionato the out-of-plane displacements, an

assumption we question in the next section
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&' | &(" &(' &+,
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1.14 13.2 SS 106 | 2150035.5|0.002§
(Naidu & 150 60 15.8 4.042
. 13.2 CSs 82.7 | 1310p27.6|0.002
Mountain
3.99 23.8 SS 150 | 810Q 50.0|0.008
(Naidu & 194 | 77.6 17.3 1.671
. 23.8 CSs 148 | 4430 49.0 | 0.01¢€
Mountain
6.612 33.5 SS 36.0| 1920 12.0{0.0094
(Naidu & 232 87 23.7 0.741
. 33.5 CSs 42.0| 100Q 14.0| 0.021
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Figure 2.13 Contour plot shows plate deflection at.14 mm from base. This is for an
applied load of 4 N distributed uniformly over the 5 m radius contact region.
(a) is the out-of-plane deflection irmm and (b) is the in-plane deflection immm
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Table 2.5 Results for material properties to matclstiffness andlateral space constant.
These are computed using the geometrically nonlinearthotropic plate FEA model
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Table 2.7 Composite plate flexural rigidity computel using plate material properties

!
# # #
1.14 Ss 778 1011 | 5044 109 | 8597 1011
(Naidu & | 150 15.8
Mountain) CS 138" 1010 | 22171079 |1526" 10710
3.99 SS 11331010 2727109 | 129 10710
(Naidu & | 194 17.3
Mountain) CS  |1.443 10191297 109 | 1628 1010
6.612 SS 854 1011 | 153 109 | 972 1011
(Naidu & | 232 23.7
Mountain) CS  |1014 1019 7611010 | 116710710
7.3 SS 651" 10 11| 143 109 | 74771012
(Naidu & | 242 25.3
Mountain) CS 764" 1011|7265 10719 867" 10711
7.3 Ss 403 1011 744" 1011|4313 1012
(Emadiet | 242 25.3
al) Cs 395 10 11| 4297 10711 398 1011
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Table 3.1 Scaled physical cochlear models in thedrature [12]

+)

Cannell
(53]
1969

Two

Isotropic

Duct and BM plate dimensio
varied longitudinally. The leng
of BM plate was 42cm. Ti
experiment results show
frequency posibn  mapping
over 25800 Hz band ar
maximum phase accumulatil
of 4p radians.

Helle
[54]
1974

Two

Isotropic

BM plate was 20cm long. TIj
duct and plate dimensions var
longitudinally. The frequenc
position mapping We
212-848Hz and maximum phal
accumulation of 10 radians.

Chadwick
[59]
1975

Two

Isotropic

The model was a 68cm lor
20cm high and 8cm wide b(
with a thin beam 63cm lon
The beam represented BM ¢
had uniform width. Experimen
were carried out with differe
beam materials and fluj
viscosities. The steadstate
beam envelopes were meast
and results were in agreemt
with theoretical predictions.

A1

Cancelli
[56]
1985

Three

Orthotropic

50 times scaled cochlear mo
with three channels and t
membranes. Upper membreé
was a 0.1mm thick nylon fili
representing Reissne
membrane. The low
membrane was a Compos
structure consisting of anmim
thick rubber membrane, a rubl
and some silicone wax. T
measured frequency positif
mapping was 2850Hz anc
phase accumulation was up
14p radians.

++



Table 3.1 Scaled physical cochlear models in theédrature [12]--continued

+)

A 14 times scaled humgn
cochlea model with rubbe
membrane representing Bl
The membrane varied In
width  longitudinally.  The
experiment results showse
frequency position mappin
over 40-400Hz band ar
phase accumulation up to[d.
radians. PVDF transduce
were used active feedbafk
control and sharper tunings
were observed with th
feedback.

-éﬁ

Lechner
[57] One Isotropic
1993

6w el o

D

The duct was 100mm long Ky
25mm wide by 38mm dee
Different metal or graphit
composite plate representiig
Dodson orthotropic BM and differen
[32] One Orthotropic | BM widths were investigate(.

1999 The results showed [a

frequency position mapping
B

b

A

14

over 15-6KHz band an
phase accumulation up t@:
radians.

3 times scaled human cochlga
model with both straight an
coiled duct were tested at g0,
500 and 5000 Hz. A travelin
Tam wave was observed at ll
[58] One Isotropic three frequencies for bojh
2011 models. No standing wavegs
and backward traveling wavis
were seen in the straigpt
model but were observed |n
the coiled model.
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Figure 3.2 Cochlear membrane and its superstruct@ dimensions
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Figure 3.3 Cochlear model and shaker set up
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Table 3.2 Parameters of cochlear model

/ +
E, 2.5 10Pa Membrane modulus
m 20/50@St Fluid viscosity
d, 0.01 Hysteretic damping
ry 1384g /nt Membrane density
Iy 95Ckg /nt Fluid density
u 0.35 Poisson's ratio
I 0.256m Membrane length
h 76x10°m Membrane thickness
b(0) =0.00Im Membrane width at the base
x is longitudinal direction of the
b(x) b(O)eTxm %) m Membrane
Membrane width varies witk
b(0) = 0.008n Membrane width at the apex
L,(0)=0.03n Duct width at the base
4 Duct width at a quarter length fron
L (<) =0.0145n
L(x) ' the base

L,(1) =0.0082n

Duct width at the apex
L (x) Linearly varying withx

between these three points




Table 3.2 Parameters of cochlear model—continued

L,(0)=0.01In

Duct height at the base

LZ(If) =0.0056n

Duct height at a quarter length fror

—

L,(x) the base
Duct height at the apex
L,(1) =0.0082n L,(x) Linearly varying withx
between these three points
Ay 5.518 10 B Stapes area
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Table 3.3 Parameters calculated from scaling law

0
/ 3 456 3 456
T T
(1.14mm) 1.22x10* 1.41x10%
(3.99mm) 8.37x10* 9.66x10*
(6.612nm) 3.79x10* 4.37x10%
(7.3nm) 5.47x10" 6.31x10"
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Figure 3.4 Setup for cochlear model experiment
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Figure 4.5 Schematic top view of capacitive floatmnelement.

The inset shows 3D floating element [86]
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Figure 4.7 Optical shear stress sensor by [90] (&chematic top-view of floating
element (b) Schematic side-view of the floatingahent shows sensing principle
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Figure 4.8 Optical shear stress by [92] (a) Schertiatop-view

(b) Schematic cross-section-view of the floatingeshent shows sensing principle
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(A) Schematic top-view of the sensor (B ) Graphicallustration of Moire effect
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Figure 4.10 Photographs of the fiber configuratiorat the sensor plug

and drawing of the optical fiber bundle [93]
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Figure 4.11 A shear sensor using WGM optical sengirtechnology [94]



Table 4.1 Summery of direct shear stress measuremeMEMS sensors

1
. 5 .
Schmidt [85] Capacitive 00rmim” 500/m 504 /Pa
1988 -
Floating element
Pan ,
100/7m”~ 100/
[64, 65] Capacitive 102/ /Pa
1999 Floating element
Zhe ,
500/~ 200/
[86] Capacitive 337V / Pa
2005 Floating element
Ng ,
120mm” 140mn
[87] Piezoresistive 13.7nv N - kPa
1991 Floating element
Barllan | | 500/m’ 500mm
[88] Piezoresistive 0.052+ 0.01inV /Pa
2007 Floating element
Li .
150/mm” 150/
[89] Piezoresistive 4.24W [Pa
2008 Floating element
Padmanabha ,
500//im” 500/m
[90, 91] Optical 0.3V /Pa
1996, 1997 Floating element
Tseng .
200mm”~ 200/Mm
[92] Optical 0.65Pa /nm
2003 Floating element
Chen 1000rm”~ 1500/m
[93] Optical Floating element 59nm/ Pa
2003 with 9.9 mand
10 min pitch
mixing ratio 40:1
15pm/ Pa
Ayaz . 700 min diameter P
[94] Optical . .
2011 Sphere mixing ratio 60:1

231pm/ Pa
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(a) top-view (b) side-view [97]



' H # %8 ?CB3CC@ "" 'l 2" " $
I (! 6" 5E5 | "% &
2 $ st # #

5E5 ( 3 3 %
& ( #o %

(# #$1! 3 "# ( (

12 3 " E= >
" %
E i %
Ot 7 2 $
10m 2 $ " 12 "%
D# G%O0 ( o2 "8
( # 8" 1 2% & " (
(" HE%e " 2"
! "H %" ""6& 3
$ 1# 100mv /Pa (" 10%%

& 'vo2m ot $ ( #

SN (L ( # 8" (

) ( " %" (
#" # %e& 'Lt $( #
" # o ("%D



, g " #" "

("(# #S$ # 1$ oo

$%
Figure 4.13 Photograph of flexible skin shear stressensor array
wrapped around a semi-cylindrical block [99]
" 2 @ "oy "
"% & " " 6mm” 4mm 0.5mr
#! ( 1.5mm” 1.5mm 0.03mr ! " (
"3 300/mm”~ 60/ 30 mv 3(
%& $ 15 $ " "
$"# 1$ 3 , v
"% &( " # # % "
( : i :
# % & ( #l



# # %4( ( #
#
#% 4 #' " 6# (
: ( " (
# (
## " ot o#
10Hz 10kHz% & (
## " #lH#"1# $ S
40m/s ( %
2 ? @ e 1
"% &

2000m~ 4m 0.15m  "# "o""

015m 2 " "% # $(
10rmm
& # !
$ "I
3 ( 3
1 # # $
$ "%
& " "Mt Y =66>
1 # #, ! #

P(

# %& (
#"S$
200/mm
%
"3
# 1/f " 3
“H#

# $%



# 3 C#(
A 0.0%a " " " (
( E 1.7Pa%& ' #
$( 11mV/Pa " %& " #
$( # 1" 1%& $ "
B # 7kHz% 4 o i
! 9nPa/Hz3 # " " " "
100dB %
: " (

# " ?AAG3 3 0@%» & " " 'l
, " O# $, $

=475>% & # o # #S$ "

(""D # G%G%

& $ $ . 3



% & ! N { " u”

% o ( "1o# #

#0"$( $ " #
# " ! ! ##
# # $ #i"1# $ $%

& " % "

" # " % "
$( 0.07% & $" ! "(
I$ " s : " # 2 0Q%
( e 4753
$ |
! $% " (#
" %
& ! # (
$ ! $
E " #" " " "%
5 # #
( $" #
#" 13 (" # " g #H# "%

&t#" # " ( "# " ), N 4



( $ 2AG@% T# “# " " "3

w0 oL %
( 3 # " , " ")# (
1 g (, (
W H T (%& ( I#
! ( ( " ( %

Figure 4.14 Images of micro-pillar shear sensors b@rosseet al [72]

(a) Single hair (b) Hair array
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Figure 4.15 Photos of hair-like force sensor arraj105]

(a) on glass substrate (b) on flexible polyimide fstrate
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Table 4.2 Summery of MEMS Sensors for Indirect Shadvieasurements

1
Ho [95-97] 200mm”~ 200/m
1997-1999 Thermal . 15mV / Pa
Diaphragm
Jiang 200/m” 200/m
[98, 99] Thermal 100mV / Pa
2000, 1997 Diaphragm
Power spectra df
L5mm’ 1.5mrr wall shear stresp
. fluctuations of the
Kalvesten Membrane with |
[38] Thermal ) ] turbulent boundar
1996 300/mm”~ 60/m 30 mv Iayer.a'lt free streain
Heated chip velocities of 0 anc
40m/s were
reported.
200 mdiameter
Sheplak diaphragm
[39] Thermal , . 1lmV / Pa
2002 200mm” 4m 0.15m
Heating element
The wall shea
Grosse stress distributionf
[72-74, Micro-pillar 260 mtall, 22 min | in both streamwisg
102, 103] diameter hair array | and spanwisi
2008-2009 directions were
reported.

Liu . on-axis sensitivity|
[104-106] Micro-pillar 0 rgi;?:’etsgro 590 vim and
2005-2007 . off-axis sensitivity

Hair array

115 V/ m
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Figure 5.1 Schematic of hair-like sensor

(a) Structure of hair-like shear sensor (b) Paralleplates act as a capacitor
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(c) Deflection of op plate of the sensor due to theending of the hair posts
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Figure 5.3 Schematic of a clamped circular plate fject to point force P at A
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Figure 5.4 Comparison of plate deflection

(a) Analytical result computed using Matlal® (b) FEA result computed using Comsdl
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Figure 5.5 Investigation of hair post locations
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Figure 5.6 Optimization of hair post locations andhe effect of post diameter
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Figure 5.7 Single hair-like sensor layout (a) Topiew (b) Side view
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Figure 5.8 Hair-like sensor array layout

(a) Whole array (b) Close-up two rows of sensors




Table 5.1 Geometry and structure parameters of sepsand array

/ +
R, 300 m Capacitor top plate radius
R, 290 m Capacitor electrode outer radius
50 m Capacitor electrode inner radius
230 m Outer ring of hair posts position
Rs 180 m Inner ring of hair posts position
D 40 m Hair post diameter
80 Fan-shaped electrode angle
t 35 m Thickness of top plate
te 0.5 m Thickness of electrodes
th 80 m Hair post height
Initial air gap between
Jo 2 m
top plate and electrode
X 1120 m X direction pitch of sensor array
y 1204 m Y direction pitch of sensor array
a 10.Imm The size of sensor chip
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Figure 5.11 Assembled flow cell
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Figure 5.12 FEA model of fluid domain
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Table 5.2 Fluid mechanics FEA model boundaries

2 /
2
Front Inlet u Q6 z z
| a a a
Back Outlet pressure 0
Rectangulg 2
Q 6 160 m 160 m
box Top Inlet Uigp | 3 3 -
Bottom Wall U, O
Left Symmetric -
Right Symmetric -
Hair post | Right half  Wall Treated as rigid body

Table 5.3 Parameters used in fluid mechanics FEA rdel

/ +
X 80 m Fluid domain dimension ir direction
y 160 m Fluid domain dimension in direction
z 160 m Fluid domain dimension indirection
a 305 m Flow chamber height
b 2.0xm Flow chamber width
Q 395 10°m’/s Flow rate

1.846 10°kg/(m s’

Dynamic viscosity of air

1.17%g / nf

Density of air
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Figure 5.13 FEA mesh for the fluid mechanics model
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Figure 5.14 Velocity distribution in the fluid domain for 42717 elements model
(a) Isometric view (b) Side view
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Figure 5.15 Velocity distribution in the fluid domain for 32689 elements model

Figure 5.16 Shear stress distribution on the hair pst for 42717 elements model
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Table 5.4 Properties used in Mindlin plate model

bt

/ +
E oy 158 10Pa Young’s modulus of polysilicon
poly 0.22 Poisson’s ratio of polysilicon
Loy 35 m Thickness of polysilicon plate
E post 4 10Pa Young's modulus of SU8 photoresist
post 0.22 Poisson’s ratio of SU8 photoresist
toa 835 m Thickness of polysilicon plate and hair po
F, 0.2369 N Applied couple force
d 40 m Arm of the couple
(""D# +%A& 75" "
( AC* " & A*C*  "#
"% & ( %

Figure 5.17 The mesh of 2D Mindlin plate model witl27696 elements
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Figure 5.18 Top plate deflection (a) 2D view (3) 3Riew
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Figure 5.20 MS3110 functional block diagram and camection with hair-like sensor [110]
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Figure 5.21 EEPROM permanent write mode timing diagam [110]
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Figure 5.22 Labview program interface

(a) Temporary programming (b) Permanent programming
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Figure 5.23 Programming board prototype
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Figure 5.24 Electrical board for hair-like sensor esting

(a) Back side of the board (b) Front side of the kerd
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Table 6.1 PolyMUMPS™ process layers, material properties and requiremes

(Positive stress is tensile stress)

3
+ + 2
Silicon
0.6 m — —
Nitride 90MPa
Poly O 0.5 m 25MPa POLYO 2m
- DIMPLE 3m
olrz 2m o
xide ANCHOR1 3m
POLY1 2 'm
Poly 1 2m 10MPa
HOLE1 3m
Second POLY1 POLY2_VIA 3m
gc.gn 0.75 m _
xide ANCHOR?2 3m
POLY?2 2 m
Poly 2 15 m 10MPa
HOLE2 3 m
Metal 0.5 m 50MPa METAL 3m
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Figure 6.2 Chips layout on silicon wafer

Figure 6.3 SEM of hair-like shear sensor

Figure 6.4 Microscope imagine of hair-like sensorhip
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Figure 6.5 Hair-like shear sensor fabrication flonchart
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Figure 6.8 Microscope images of single sensor withiohair

(a) Before release (b) After release
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Table 6.2 Sensor packaging process

Clean a new package surface with isopropanol tmvenany
particles and dust (Figure 6.11 (a)).

Fill the package cavity with Chipcoat G8345-6. Tégoxy
should not overflow to cover the finger pad on tfackage
(Figure 6.11 (b)).

Cure the epoxy at 1 hour atd) followed by another hour .
160°C.

pt

After cure, the epoxy is milled using a computemeucally
controlled (CNC) milling machine to the desiredckmess
(Figure 6.11 (c)).

Place small amount of Chipcoat G8345-6 on the thiédpoxy
in the cavity of package. Center the sensor chiptapn of
Chipcoat G8345-6. An &Dforce is applied on the center of t
chip through a capillary tip using a wirebond maehio make
sure the chip is flush with the package. The episxgured
under the same condition as in step 3. The epaxgtifins as ¢
glue, secure the sensor chip in place (Figure @)1

he

Another epoxy Chipcoat G8345D is painted on theseafgthe
sensor chip near the bonding pads on the chip. st of
Chipcoat G8345D can prevent wirebonds from toucttimey
edge of the chip and thus short the sensors. Tine saring
procedure is applied to Chipcoat G8345D.

Wirebonding through ultrasonic transduction using
diameter gold wire between metal pads on sensqr ahd
finger pads on the package (Figure 6.11 (e)).

Fill the gap between the chip and the package ceinfath
Chipcoat G8345-6. Make the epoxy as flat to thdaser as
possible. Cure the epoxy as indicated in step 8. [@bt filled
epoxy protects wirebonds as well as makes thehtlipackag
surface flush to the sensor chip surface (Figute @)).
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Figure 6.13 ZIF socket pin connection with breakouboard layout (back-view)
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Table 6.3 Measured capacitance and resistance ofetsensors

3
1 58.752pF 12.8M 3 3.46nF 964
5 60.029pF 455M 7 9.00pF 1.7G
10 60.167pF 441IM 12 | 64.152pF 422M
15 7.201pF 2G 17 | 62.971pF 444M
20 8.152pF 1.8G 22 1.336nF 228
25 60.512pF 44IM 27 65.065F 410M
29 61.1980F 442M 31 1.142nF 278
33 60.9980F 449M 35 | 65.788F 406M
40 60.239pF 457M 38 | 64.362pF 428M
44 60.126pF 448M 42 64.549pF 417M
48 60.055F 455M 46 | 64.176pF 431M
53 58.931pF 464M 51 | 63.892pF 425M
58 13.206pF 113m 56 | 63.872pF 407M
63 60.247pF 435M 61 | 65.146pF 407M
68 63.390pF 392M 66 | 134.39%F 198M
72 1.762nF 256 70 23.1pF 1.2k
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Figure 6.14 Sensor membrane vibration under a stefmput captured on oscilloscope
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Mebrane response (nm/V 2)

Mebrane response (nm/V 2)

1 1 1 1
0.8] 1 0.8 0.8r 0.8 q
0.6 1 0.6 0.6r 0.6 4
0.4] 1 0.4 0.4r 0.4 1
0.2] 1 0.2 0.2r 0.2 1
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
X :LO5 X :I.O5 X :LO5 X :LO5
Fregency (Hz)
- > n nn n +O Y +
1 1 1 1
0.8] 1 0.8 0.8r 0.8 q
0.6 1 0.6 0.6 0.6 q
0.4 1 0.4 0.4t 0.4 4
0.2] 1 0.2 0.2r 0.2 q
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
X :LO5 X :I.O5 X :LO5 X :LO5
Fregency (Hz)
=> 1] un n *O Y *
Figure 6.16 Frequency response of different sensgroups
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Figure 6.17 Comparison of shear stress computed

from flow rate and from pressure gradient

Table 6.4 List of shear stress computed from flowate and from pressure gradient

24 2 4 4
25' '
& & &' &'

+ 3.93 10° %0 B %ABO
7.87 10° G%* * 0%A *
15.73 10° C%O0C AYo+**

0 23.6 10° 0%BGAC %A+ B

G 31.46 10° B%G*0B A% *GO

CB
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Figure 6.18 Breakout board for LCR capacitance test
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Figure 6.19 Deformation shape of the sensor whenlgject to flow
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Figure 6.20 Top electrodes capacitance change

for sensors with hairs at different flow rates (3Zensors in parallel)

Figure 6.21 Bottom electrodes capacitance change

for sensors with hairs at different flow rates (3Zensors in parallel)




Figure 6.22 Top electrodes capacitance change

for sensors without hairs at different flow rates 24 sensors in parallel)

Figure 6.23 Bottom electrodes capacitance change
for sensors with hairs at different flow rates (20sensors in parallel)
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Table 6.5 Comparison of Sensitivity for sensors withairs and without hairs using LCR

4 5 4 5
Average
sensitivity 2.56 10" 1.54 10" 0.54 10" 0.46 10"
(Farad/P3
Number of 32 32 24 20
sensors
Sensitivity
per sensor 8 10" 5 10" 2.3 10" 23 10Y
(Farad/P3
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Figure 6.24 Hypothesis of shear sensor deformatiamder flow
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Figure 6.25 Experiment setup for hair sensor flow €ll test using electronic board
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Figure 6.26 Measured MS3110 sensitivity when CF=QL9pF
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Figure 6.27 Differential capacitance change for sesors
with hairs at different flow rate (32 sensors in paallel)
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Figure 6.28 Differential capacitance change for seors

without hairs at different flow rate (28 sensors inparallel)
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Figure 6.29 Sensor noise at different flow rates
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Figure 6.30 Sensor drift measurement at XOFH
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Table 6.6 Sensor performances comparison chart

1 4 3 &' 3 &'
CURRENT
WORK 26mv [ Pa 420kHz 0.33 to >17 >34
2011
Li [89]
424 |Pa
2008 6.7kHz 0.0114 to >2 >45
Schmidt
[85] 52mv | Pa 10kHz 0.01-1 20
1988
Pan [64, 65]
1999 1.02V /Pa 16kHz 0.5-3.8 18
Zhe [86]
2005 337mV / Pa 0.5%kHz 0.04-0.2 14
Barlian [88] | 0.052mV /P4
2007 19kHz - -
Padmanabh
an[90,91]| 0.3V /Pa 4kHz 0.0014-10 77
1996, 1997
Grosse
[72-74, 102, i i
103] 2kHz 0.01-0.85 38
2008-2009
Liu
[104-106] 590 V/ m DC 50nN-25N 54
2005-2007
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Figure 7.1 New design layout

Table 7.1 New design process parameters

+
Electrodes Layer Chrome/Gold 0.3 m Sputter + Lift off
Sacrificial Layer| Titanium/Coppgr 2 m Sputter + Lift off
Structural Layer Nickel 3 m Plating
Hairpost Layer Nickel 20 m Plating
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Figure 7.2 Aluminum flow cell

(a) Exploded view of flow cell assembly (b) Bottoraiew of flow cell top plate
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%This file implements a WKB solution to the thremdnsional fluid filled

%duct problem, as described in Steele and Taba&psrgComparison of WKEH

%calculations and experimental results for a thdemensional cochlear
%model" for clamped boundary.
clearlambda w x Disp Mag Phase xi phi dF zeta Aj h bi¢ta
globalRho visc fluidmodes omega Ajlocal mode_sq_int_incal Rhop z
globalh Cap_Gamma_coeff D L1 L2
%Add the functions subdirectory to the matlab path:
path(pathZ:\sliu\ASME 2008\cochlea mode\WKB\SteeleWKB\fuions);
%Number of fluid cross-modes to use
fluidmodes=15;
%Create vector of excitation frequencies to sotve a
numfreqs=200;
startfreq=100%Hertz
endfreq=20000%Hertz
%Number of x positions to solve at
numlocs=300;
z=1;
%Number of transverse positions to compute strattmaode shape for
%numerical integration
widthmesh=100;
%Maximum allowable tolerance in lambda (local wavaber)
lambda_tol=0.01;
%Set up model geometric properties (unit in mks)
[=0.256; %total length of the BM
x1=1/4; %Location of change in linear taper (fraction)
%Width of the duct
L10=2.954e-2; %width at base
L1m=1.448e-2; %Width at 1/4 of base
L1f=0.8255e-2; %width at apex
%Varying width along the duct
L1_vary=interp1([0 x1 1],[L10 L1m L1f],linspace(Qriumlocs)]inear);
%Effective height of the duct. The duct is treaésdectangular but has
%the same cross area as the original guinea pig duc
L20=11e-3; %Fluid height at base (m)




20
21

22

23
24

25
26
27

28

29
30
31
32
33
34
35

36

37
38

39
40
41
42

43

44
45

L2m=5.6e-3;  %Fluid height at 1/4 of base (m)
L2f=3.25e-3;  %Fluid height at apex (m)

%Varying height along the duct
L2_vary=interp1([0 x1 1],[L20 L2m L2f],linspace(Qriumlocs)]inear);

%Membrane dimensions
bO=1e-3; %membrane width at base x=0 (m)
bfinal=8e-3; %membrane width at apes x=I (m)

%Membrane width varies along the duct
b_vary=b0*exp(linspace(0,1,numlocs)*log(bfinal/b0))
c_vary=(L1_vary-b_vary)/2;
h=0.076E-3; %membrane thickness

%Stapes area [m"2]

Ast=pi*(0.33*0.0254/2)"2;  %drive screw has diameter 0.33 inches

% Material properties

Rho=950*2; %density of fluid and times 2 to consider as tweatdu
Rhop=1384; %density of plate

de=0.01; %hysteretic damping from material

pois=0.35; %Poisson's ratio for the membrane

orth=1; %orthotropy of the membrane material

visc=0.48; %viscosity of the fluid

E=2.5€9; %Young's modulus of the membrane

%To do with membrane stiffness, including hysterdamping:
D=((h.~3)/12)*(E*(1+i*de)/(1-(pois"2)));

%Set up position and Circular frequency vectors:
w=logspace(logl0(startireq),log10(endfreq),numfj&zipi;
x=linspace(0,l,numlocs);

%Produce Aj at each location by integrating strradtnode shapes with

%fluid mode shapes.
eta=zeros(numlocs,widthmesh);
xi=zeros(size(eta));
for i_x=1:numlocs,
blocal=b_vary(i_x);

%Coordinate of the membrane varying from 0 to b
Xi(i_x,:)=linspace(0,blocal,widthmesh);

%Shpae function of membrane at cross section &ngéd boundary
eta(i_x,:)=(sin(pi*xi(i_x,:)/blocal)).”2;
end

%Get the inverse of the integral of the mode slsapred at each location

%x, which appears in Heq, and also the Fourierfimoerfits Aj for each

%location. For hinged and clamped boundary conatibere is an

%analytical expression, otherwise integrate nuraéyic

A
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48
49
50
51
52
53
54
55
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58
59
60
61
62

63
64
65
66
67
68
69
70
71
72
73

74
75
76

for i_x=1:numlocs,

L1=L1 vary(i_x);
%Aj and mode_sqg_int_inv are different for eachdlaross-mode,
%different at each location

for |_m=0:fluidmodes-1,

if j_m==0,

Aj(i_x,1)=b_vary(i_x)/2;

else

if (pi*(_m*(-_m"2*b_vary(i_x)"2+4*L1"2)))==0

Aj(i_x,j_m+1)=Inf;

else

Aj(i_x,j_m+21)=((2*L1"3)/(pi*(j_m*(-|_m"2*b_vary(i_X)

A2+4*L172))))*(sin(pi*]_m*(b_vary(i_x)+c_vary(i_x)JL1)-sin(pi*|_m*c_vary

(i_x)/L1));

end

end
mode_sq_int_inv(i_x)=8/(3*b_vary(i_x));
end %End j_m loop

end %End i_x loop
%A small fix to deal with numerical errors produdsgthe formulas for
%hinged and clamped mode shapes for certain conditi

inf_Aj=find (isinf(A}));

num_inf=length(inf_Aj);

i_xlist=rem(inf_Aj,numlocs);

i_xlist=i_xlist+numlocs*(i_xlist==0);

J_mlist=floor(inf_Aj/numlocs)-(i_xlist==numlocs);

for cntl=1:num_inf,

i_x=i_xlist(cntl);

J_m=j_mlist(cntl);

Aj(i_x,j_m+1)=trapz(xi(i_x,:),eta(i_x,:).*cos(_m*p(xi(i_x,:)+c(i_x))./

L1_vary (i_x)));

end
%Loop through frequencies and x locations and deter the local
% wavenumbers, lambda, which will be complex. Thidone using the
% Eikonal egn. given in equation 48A, derived frblamiltons principle and
%the averaged Lagrangian. F depends on both Helpglapand Cap_Gammd
% (lambda). So, these will have to be in the fiomctised in the Newton
% Raphson procedure, equation 48. See file eqn48éx.the function
% definition

for i_w=1:numfreqs%frequency counter

omega=w(i_w)%driving frequency

for i_x=1:numlocs%location counter
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%Some properties at this location

X=x(i_x); %current X location
blocal=b_vary(i_x); %local membrane width
L1=L1 vary(i_x); %local duct width
L2=L2_vary(i_x); %local duct height
Ajlocal=Aj(i_x,:); %local Aj

mode_sqg_int_inv_local=mode_sq_int_inv(i_x);

%Now from this we can get the local wavenumberbday from the

%Eikonal equation
ifi_x==1 %first guess near Stapes

%Use a 1-D simplification (Steele eqn. 15¢ and 2&ajl assume

%Cap_Gamma can be approximated by its constang term
G=1.3333*(pi*4)/(blocal*4);

%Try different first guess
guess=sqrt(((4*Rho*blocal*omega’2)/(L2*pi*2))*(D*G-25
*Rhop*h*omega”2)”-1);

%Initial guess of lambda from 1-D approximation msi@pes
lambda(i_w,i_X)=guess;
else

%If this isn't the first time through, use lastdtions

%lambda for the initial guess for root finding
guess=lambda(i_w,i_x-1);
end

%If the root finder failed last time don't bothemtinuing
if isnan(guess)
lambda(i_w,i_x)=NaN;
dF(i_w,i_x)=NaN;
else
Cap_Gamma_coeff=[0.25*orth 0 +(2*pi*2/(3*blocal*®)jth 0 4*pi*4/
(3*blocal™4)];

%Error at current guess:

ERR=eqn48A_single([],guess); %ERR=F
numiters=0;

%lIf the while loop is bigger than 100, assumenttisonverging, break

%out the loop, and set lambda to NaN. Usuallykésaonly 3 or 4 iterations t(

%converge on the things tried so far
while(norm(ERR)>norm(lambda_tol) && numiters<100),
numiters=numiters+1,;

%First, we need to compute the Jacobian matrixiatorrent

%guess It's much faster not to use the numerigajaroutine:
R=(eqn48A_single([],guess+real(guess)/1000)-ERR)BUreal(guess));
I=(eqn48A_single([],guess+imag(guess)/1000*)-ERRPOO/imag(guess));
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J=[real(R) real(l);imag(R) imag(l)]; %This is the Jacobian matrix
%This Jacobian tells us how we expect the compertexd to change if we
%vary the real and imaginary parts of lambda. &betad towards zero, we
%want to solve J*delta=-E where delta is needeaighan [real(guess)
%imag(guess)] to send E to zero

delta=J\(-[real(ERR); imag(ERR)]);

%Now change our guess by this amount
guess=guess+delta(l)+delta(2)%;

rec(numiters,i_w,i_X)=guess;

%And re-compute error with backtracking:

ERR_old=ERR,;

ERR=eqn48A_single([],guess);

end
%If it was not converging(i.e. the number of itevats exceeded 100) then
%set lambda to NaN

if numiters>=100

guess=NaN;

end
%Lambda for this membrane position

lambda(i_w,i_X)=guess;

dF(i_w,i_x)=(eqn48A_single([],guess+real(guess)PBRR)*(1000/real

(guess));

end

end %End the location index loop

end %End the driving frequency index loop

%Initialize phi and zeta
phi=zeros(size(lambda));
zeta=zeros(size(lambda));
for i_w=1:numfregs,
omega=w(i_w);

%Just integrating real part now use eqn. 54 fa zet
phi(i_w,:)=pi/2-cumtrapz(x,real(lambda(i_w,:)));

%Just integrating imaginary part
zeta(i_w,:)=-cumtrapz(x,imag(lambda(i_w,:)));

%The membrane displacement relative to stapesadispient
Disp(i_w,:)=(Ast)*(lambda(i_w,1)/Aj(1,1)).*(((b_vax1)*dF(i_w,1))./(b_vary.
*dF(i_w,:))).~0.5).*exp(*phi(i_w,:)-zeta(i_w,:));

%The membrane velocity relative to stapes displargm
v(i_w,:)=j*omega*Disp(i_w,:);
end

%Unwrap the phase of velocity in radians, relatové&tapes velocity
for cnt=1:numfreqgs,
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Phase(cnt,:)=unwrap(angle(v(cnt,:)));
end

%Define frequency for plotting purpose
freq=w/(2*pi);

%Plot the results:
figure;

%This figure plots magnitude of velocity at 2cm,5dficm and 15¢cm
semilogx(freq,[20*log10(abs(v(:,25))),20*log10(atas(60))),20*log10(abs(v(:,
118))),20*log10(abs(v(:,177)))])
title("WKB Results)
xlabel(Frequency (Hz)'
ylabel(Magnitude of Membrane Velocity (dB re Stapes Viig9
axis([startfreq endfreq -100 80])
legend2cm; '5¢cm; '10cm;'15¢cm)
figure;

%This figure plots phase of velocity at 2cm,5cmgrhCand 15cm
semilogx(freq,[unwrap(angle(v(:,25))),unwrap(ang(e60))),unwrap(angle(v(:
118))),unwrap(angle(v(:,177)))]);
title("WKB Results)
xlabel(Frequency (Hz)'
ylabel(Phase of Membrane Velocity (rads re Stapes Vefocit
axis([startfreq endfreq -100 80])
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%This file shows explicit definition of Eikonal depdence on
%complex lambda for use in Newton-Raphson metho&dm. 48A in
%Steele and Taber, "Comparison of WKB calculatiamg
%experimental results for a three-dimensional ceshinodel”,
functionF=eqn48A_single(Params,lambda)

globalRho visc fluidmodes omega Ajlocal mode_sqg_int_incal Rhop z
globalh Cap_Gamma_coeff D L1 L2 orth

%From equation 8, due to separation of variablesaptace’s equation:
mj=sqrt(((O:fluidmodes-1).*pi./L1).”2 + lambda"2);

%The equivalent fluid height including viscous etfein Eqn. 23
Heg=mode_sq_int_inv_local*(sum((((z*Ajlocal.~2)./{ri.1)).*(1./((tanh
(mj*L2)-(mj.*sgrt(visc./(i*omega*Rho+(mj.”2)*visc))))).*(ones(fluidmodes,1)
+[0; ones(fluidmodes-1,1)])");

%Compute Cap_Gamma from its coeffs:
Cap_Gamma=Cap_Gamma_coeff(1)*lambda™4 + Cap_Ganued()
*lambda”2 +Cap_Gamma_coeff(5);

%Compute F(lambda)
F=(omega”"2)*(Rho*Heq+0.5*Rhop*z*h)-2*z*D*Cap_Gamma;
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% Optimization of hair post location for hair-lisbear sensor

%This file computes the deflection of a clampedudar plate under

%two coupled forces, representing the moment caligéair posts. These
%two coupled forces are symmetric about the cexftthre plate,
%representing two hairs stand on the two sideseténter of the

%plate symmetrically. The coupled forces are appiiea way to form a
%counter-clockwise moment.

%The deflection of the plate under a concentrateckfis in the form:
%w(r,theta)=R0+Sum(Rm*cos(m*theta);where m=1..riité RO and Rm are
%the coefficient of the solution which are funcsaof (r,theta) and
%defined in the following sections The electrodéedtion and the
%change of the capacitance are computed as well

clearall

%% The geometry and material properties of theeglanit in MKS)

a=300e-6; %the radius of the polysilicon plate

h=3.5e-6; %thickness of the plate (polyl:2um + poly2:1.5um)

electrode_in=50e-6; %the inner radius of electrode, which is a toruspgh
electrode_out=290e-6; %the outer radius of electrode, which is a torugpsh
electrode_angle=40; %the half angle of the electrode, in degree
E=158e9; %Young's modulus of Polysilicon

v=0.22; %Poison's ratio of Polysilicon
D=E*h"3/(12*(1-v*2)); %Stiffness of the plate

%distance between bl and b2; i.e. the moment atimrecfoupled force
c=[10e-6 20e-6 40e-6 60e-6 80e-6];

interval=5e-6; %intervals distance between every calculation
g0=2e-6; %initial gap between top and bottom electrodes
ep0=8.854e-12; %F/m, permittivity of the air

%% Circular plate deflection under the first cowuplerces

for j=1:5

clearvarsexcept c |

%parameters

Pl=1e-6; %N, applied force on bl

P2=-1e-6; %N, applied force on b2;

d=0; % Force P1 and P2 are applied at angle d withrdista apart;
e=d+2*pi; %e is the full angle of the plate

%The location of one of the applied concentratedefd’1;
%It changes along the line of angle d, so that the

%effect of the location of the coupled force cooddobserved
b1=[c(j)+5e-6:interval:a];

%The location of the other applied concentrateddd?2;

00




41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

%it keeps distance ¢ from b1l

b2=b1-c());

%computation starts

N=50; %grid number

n=500%grid number

for i=1:ceil((a-c(j))/interval)

%This part computes the deflection of the plateenmhe of

%the concerntrated forces P1 of the first couptedd; P1 is

%applied on location bl

%The grid between force P1 and the outer(clampege ef the plate
Routl=linspace(b1(i),a,N);

%The grid between the center of the plate and fB&e

%It does not start from zero because this valueappear as the
%denominator. Zero will make the computation invalnstead, a very
%small value is chosen to make the computationl valhis defect is
%fixed by the reshape and remesh command later
Rinl=linspace(1e-8,b1(i),N);

Thetal=linspace(d,e,NJithe angle grid of the plate
[routl,thetal]=meshgrid(Routl, Theta¥)make the grid to 2D meshgrid
[rin1,thetal]=meshgrid(Rin1,Theta®ymake the grid to 2D meshgrid
%coefficient RO for outer part of the plate
RO_out1=P1/(8*pi*D)*((routl.”2+b1(i)"2).*log(routla)+(a”2+b1(i)*2)*
(an2-routl.”2)./(2*a"2));

%coefficient RO for inner part of the plate
RO_in1=P1/(8*p*D)*((rin1.72+b1(i)"2)*log(b1(i)/a)ta”2+rin1./2)*(a"2-b1
()"2)./(2*a"2));

%coefficient R1 for outer part of the plate
R1_outl=-P1*b1(i)"3/(16*pi*D)*(1./routl+2*(a”2-b1t2)*routl/(a”2*b1
()"2)-(2*a2-b1(i)*2)*routl.”3/(a™4*b1(i)"2)-4*rotl./b1(i)"2.*log(a./routl));
%coefficient R1 for inner part of the plate
R1_in1=-P1*b1(i)*3/(16*pi*D)*(2*(a"2-b1(i)*2)*rinl(a”2*b1(i)"2)+(a"2-
b1(i)*2)"2*rin1./3/(a™4*b1(i)"4)-4*rinl1./b1(i)"2*lg(a/b1(i)));

%initialize coefficient Rm

Rm_out1=0;Rm_in1=0;

%This part computes the coefficient Rm for botheoaind inner part of
%the plate

for m=2:30
Rm_outl=Rm_outl+P1*b1(i)*m/(8*m*(m-1)*pi*D)*(rout®m./a”(2*m).
*(m-1)*b1(i)"2-m*a”2+(m-1)*routl.A2-m*(m-1)/(m+1)61(i)*2*routl."2/a"2)
+1./routl.”m.*(routl.*2-(m-1)/(m+1)*b1(i)*2)).*cos(*thetal);
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Rm_in1=Rm_in1+P1*b1(i)*m/(8*m*(m-1)*pi*D)*(rin1. ma™(2*m).*
((m-1)*b1 (i) 2-m*a”2+a™(2*m)/b1(i))N(2*m-2))+(m-1)iInl.A(m+2)./a”(2*m).*
(2-m/(m+1)*b1(i)*2/a”2-1/(m+1)*(a/bl1(i))(2*m)))."os(m*thetal);
end

%The deflection of the outer part of the plate
w_outl=R0O_outl+R1_outl.*cos(thetal)+Rm_outl;

%The deflection of the inner part of the plate
w_in1=R0_in1+R1_inl.*cos(thetal)+Rm_in1;

%Combine the outer part with the inner part Caategrid; this is a
%N*2N matrix

r1=[rin1 routl];

thl=[thetal thetal];

wl=[w_inl w_outl];

%Make the N*2N matrix to a row vector in order ®eugriddata
%command to get uniform grid

R1=reshape(rl,1,N*2*N);

Thl=reshape(thl,1,N*2*N);

Wl=reshape(wl,1,N*2*N);

%make uniform grid
[RI1,Thi1l]=meshgrid([linspace(1e-8,a,n)],[linspa@&*pi,n)]);
WIil=griddata(R1,Thl1,W1,RI1,Thil); %deflection at uniform grid
WI1(isnan(WI1))=0;

%This part computes the deflection of the plateeurtbde other
%concentrated force P2 of the first coupled foR2js applied on location b2

% The grid between the applied force P2 and ther(alamped) edge of the plat¢

Rout2=linspace(b2(i),a,N);

%The grid between the center of the plate and ppéeal force P2

%It does not start from zero because this valukeappear as the
%denominator. Zero will make the computation indalnstead, a small
%value is chosen to make the grid between the eghfidirce and the

%outer edge of the plate

Rin2=linspace(1e-8,b2(i),N);

Theta2=linspace(d,e,N); %the angle grid of the plate
[rout2,theta2]=meshgrid(Rout2,Theta2); %make the grid to 2D meshgrid
[rin2,theta2]=meshgrid(Rin2,Theta2); %make the grid to 2D meshgrid
%Coefficient RO for outer part of the plate
RO_out2=P2/(8*pi*D)*((rout2.”2+b2(i)"2).*log(rout?a)+(a"2+b2(i)*2)*
(an2-rout2.72)./(2*a"2));

%Coefficient RO for inner part of the plate
RO_in2=P2/(8*pi*D)*((rin2.72+b2(i)"2)*log(b2(i)/a)ta”2+rin2./2)*(a"2-b2
()"2)./(2*a"2));
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%Coefficient R1 for outer part of the plate
R1_out2=-P2*b2(i)"3/(16*pi*D)*(1./rout2+2*(a”2-b2(t2)*rout2/(a"2*b2
()"2)-(2*a2-b2(i)*2)*rout2.”3/(a™4*b2(i)"2)-4*rot2./b2(i)"2.*log(a./rout2));
%Coefficient R1 for inner part of the plate
R1_in2=-P2*b2(i)*3/(16*pi*D)*(2*(a"2-b2(i)*2)*rin2(a"2*b2(i)"2)+(a"2-
b2(i)*2)"2*rin2./3/(a”4*b2(i)"4)-4*rin2./b2 ()" 2*lg(a/b2(i)));

%Initialize coefficient Rm

Rm_out2=0;Rm_in2=0;

%This part computes the coefficient Rm for botheoaind inner part of the plate
for m=2:30
Rm_out2=Rm_out2+P2*b2(i)*m/(8*m*(m-1)*pi*D)*(rout2m./a”(2*m).
*(m-1)*b2(i)"2-m*a”2+(m-1)*rout2.A2-m*(m-1)/(m+1)62(i)*2*rout2./2/a"2)
+1./rout2.”"m.*(rout2.~2-(m-1)/(m+1)*b2(i)*2)).*cos(*theta2);
Rm_in2=Rm_in2+P2*b2(i)*m/(8*m*(m-1)*pi*D)*(rin2. ma"(2*m).*
((m-1)*b2(i)*2-m*a”2+a™(2*m)/b2(i))N2*m-2))+(m-1)iIn2.A(m+2)./a”(2*m).*
((m-1)*b2(i)*2-m*a”2+a™(2*m)/b2(i))N2*m-2))+(m-1)iIn2.A(m+2)./a”(2*m).*
(2-m/(m+1)*b2(i)*2/a”2-1/(m+1)*(a/b2(i))(2*m)))."as(m*theta2);

end

%The deflection of the outer part of the plate
w_out2=R0_out2+R1_out2.*cos(theta2)+Rm_out2;

%The deflection of the inner part of the plate
w_in2=R0_in2+R1_in2.*cos(theta2)+Rm_in2;

%Combine the outer part with the inner part Caategrid; this is a N*2N matrix
r2=[rin2 rout2];

th2=[theta2 theta2];

w2=[w_in2 w_out2];

%Make the N*2N matrix to a row vector in order &eugriddata

%command to get uniform grid

R2=reshape(r2,1,N*2*N);

Th2=reshape(th2,1,N*2*N);

W2=reshape(w2,1,N*2*N);

%Make uniform grid
[RI2,ThI2]=meshgrid([linspace(1e-8,a,n)],[linspad&(n)]);
WI2=griddata(R2,Th2,W2,RI2,Thi2); %deflection at uniform grid
WI2(isnan(WI2))=0;

%% Circular plate deflection under the second cedifbrces parameters

P3=-1e-6; %N, applied force on b3
P4=1e-6; %N, applied force on b4
%P3 and P4 are applied at the same angle of doaaie angle f.

%If f=pi, then after rotation, P3 and P4 generatenter clock moment
%which is same as that generated by P1 and P2e R&and P4 are
% applied at angle f with distance c apart; g ésfthil angle of the plate
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f=pi; g=f+2*pi;

%The location of one of the applied concentrateded3;
%It changes along the line of angle f, so that the

%effect of the location of the coupled force cooddobserved
b3=[c(j)+5e-6:interval:a];

%The location of the other applied concentrateded?2

%It keeps same distance c to b3

b4=b3-c());

%Computation starts

N=50; %grid number
n=500; %grid number

%This part computes the deflection of the plateenmmhe of the
%concentrated forces P1 of the first coupled folRSeis applied on location b3
%The grid between the applied force P3 and ther @age of the plate
Rout3=linspace(b3(i),a,N);

%The grid between the center of the plate and pipéeal force P3
Rin3=linspace(1e-8,b3(i),N);

%It does not start from zero because this valueappear as the
%denominator. Zero will make the computation indalnstead, a small
%value is chosen to make the computation valids @eifect is fixed by the
%reshape and remesh command

%The angle grid of the plate; it rotates the fd?Geand P4 by angle f
Theta3=linspace(f,g,N);

%Make the grid to 2D meshgrid
[rout3,theta3]=meshgrid(Rout3, Theta3);
[rin3,theta3]=meshgrid(Rin3, Theta3);

%Coefficient RO for outer part of the plate
RO_out3=P3/(8*pi*D)*((rout3.”2+b3(i)*2).*log(routB)+(a"2+b3(i)*2)*
(an2-rout3.72)./(2*a"2));

%Coefficient RO for inner part of the plate
RO_in3=P3/(8*pi*D)*((rin3.72+b3(i)"2)*log(b3(i)/a)ta”2+rin3./2)*(a"2-b3
()"2)./(2*a"2));

%Coefficient R1 for outer part of the plate
R1_out3=-P3*b3(i)"3/(16*pi*D)*(1./rout3+2*(a"2-b3(t2)*rout3/(a"2*b3
()"2)-(2*a"2-b3(i)*2)*rout3.”3/(a™4*b3(i)"2)-4*rotB./b3(i)"2.*log(a./rout3));
%Coefficient R1 for inner part of the plate
R1_in3=-P3*b3(i)*3/(16*pi*D)*(2*(a"2-b3(i)*2)*rin3(a"2*b3(i)"2)+(a"2-
b3(i)*2)"2*rin3.73/(a”4*b3(i)"4)-4*rin3./b3(i)"2*lg(a/b3(i)));

%Initialize coefficient

Rm_out3=0;Rm_in3=0;
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%This part computes the coefficient Rm for botheoaind inner part of the plate
for m=2:30
Rm_out3=Rm_out3+P3*b3(i)*m/(8*m*(m-1)*pi*D)*(rout3m./a”(2*m).*
((m-1)*b3(i)*2-m*a”2+(m-1)*rout3.”2-m*(m-1)/(m+1)*B(i)*2*rout3."2/a"2)
+1./rout3.”m.*(rout3.A2-(m-1)/(m+1)*b3(i)"2)).*cos(*theta3);
Rm_in3=Rm_in3+P3*b3(i)*m/(8*m*(m-1)*pi*D)*(rin3. m@™(2*m).*((m-1)
*b3(i)"2-m*a’2+a™(2*m)/b3(i)*(2*m-2))+(m-1)*rin3./Mn+2)./a(2*m).*(1-m/
(m+1)*b3(i)*2/a”2-1/(m+1)*(a/b3(i))*(2*m))).*cos(mthetal);

end

%The deflection of the outer part of the plate
w_out3=R0_out3+R1_out3.*cos(theta3)+Rm_out3;

%The deflection of the inner part of the plate
w_in3=R0_in3+R1_in3.*cos(theta3)+Rm_in3;

%Combine the outer part with the inner part Caategrid; this is a N*2N matrix
r3=[rin3 rout3];

th3=[theta3 theta3];

w3=[w_in3 w_out3];

%Make the N*2N matrix to a row vector in order ®ewgriddata command to
%get uniform grid

R3=reshape(r3,1,N*2*N);

Th3=reshape(th3,1,N*2*N);

W3=reshape(w3,1,N*2*N);

%Make uniform grid
[RI3,ThI3]=meshgrid([linspace(1e-8,a,n)],[linspaicgn)]);
WI3=griddata(R3,Th3,W3,RI3,ThI3); %deflection at uniform grid
WI3(isnan(WI3))=0;

%This part computes the deflection of the plateeurtbde other
%concentrated force P4 of the second coupled f&¥es applied on location b4
%The grid between the applied force P4 and ther@laenped) edge of the plate)
Rout4=linspace(b4(i),a,N);

%The grid between the center of the plate and pipéeal force P4
Rind=linspace(1e-8,b4(i),N);

%The angle grid of the plate; it rotates the fdP8eand P4 by angle f
Thetad=linspace(f,g,N);

[rout4,theta4]=meshgrid(Rout4,Theta4); %make the grid to 2D meshgrid
[rin4,thetad]=meshgrid(Rin4,Thetad); %make the grid to 2D meshgrid
%Coefficient RO for outer part of the plate
RO_out4=P4/(8*pi*D)*((routd.”2+b4(i)"2).*log(routda)+(a”2+b4(i)*2)*
(an2-routd.~2)./(2*a"2));

%Coefficient RO for inner part of the plate
RO_in4=P4/(8*pi*D)*((rin4.”2+b4(i)"2)*log(b4(i)/a)ta”2+rin4."2)*(a"2-b4
()"2)./(2*a"2));
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%Coefficient R1 for outer part of the plate
R1_out4=-P4*b4(i)"3/(16*pi*D)*(1./routd+2*(a"2-b4{12)*routd/(a"2*b4
()"2)-(2*a"2-b4(i)*2)*routd.”3/(a™4*b4(i)"2)-4*roté./b4(1)"2.*log(a./routd));
%Coefficient R1 for inner part of the plate
R1_in4=-P4*b4(i)*3/(16*pi*D)*(2*(a"2-b4(i)*2)*rin4(a"2*b4(i)"2)+(a"2-
b4(i)"2)"2*rin4.~3/(a™4*b4(i)"4)-4*rin4./b4 (1) 2*lg(a/b4(i)));

%Initialize coefficient Rm

Rm_out4=0;Rm_in4=0;

%This part computes the coefficient Rm for botheoaind inner part of the plate
for m=2:30
Rm_out4=Rm_out4+P4*b4 (i) m/(8*m*(m-1)*pi*D)*(routdm./a”(2*m).
*((m-1)*b4(i)"2-m*a”2+(m-1)*routd.~2-m*(m-1)/(m+1)b4 (i) 2*routd."2/a"2)
+1./rout4.”m.*(rout4.”2-(m-1)/(m+1)*b4(i)*2)).*cos(*thetad);
Rm_ind=Rm_in4+P4*b4(i)*m/(8*m*(m-1)*pi*D)*(rin4.*ma™(2*m).*
((m-1)*b4 (i) 2-m*a”2+a”™(2*m)/b4(i))N2*m-2))+(m-1)iInd . A(m+2)./a™(2*m).*
((m-1)*b4 (i) 2-m*a”2+a”(2*m)/b4(i))N2*m-2))+(m-1)iInd .A(m+2)./a™(2*m).*
(2-m/(m+1)*b4 (i) 2/a”2-1/(m+1)*(a/b4(i))(2*m)))."as(m*thetad);

end

%The deflection of the outer part of the plate
w_out4=R0_out4+R1_out4.*cos(thetad)+Rm_out4;

%The deflection of the inner part of the plate
w_in4=R0_in4+R1_in4.*cos(theta4)+Rm_in4;

%combine the outer part with the inner part Caategrid; this is a N*2N matrix
r4=[rin4 rout4];

th4=[theta4 theta4];

w4=[w_in4 w_out4];

%make the N*2N matrix to a row vector in order gelgriddata command to
%get uniform grid

R4=reshape(r4,1,N*2*N);

Th4=reshape(th4,1,N*2*N);

W4=reshape(w4,1,N*2*N);

%make uniform grid
[RI4,Thl4]=meshgrid([linspace(1e-8,a,n)],[linspaicgn)]);
Wi4=griddata(R4,Th4,W4,RI4,Thl4Yysdeflection at uniform grid
WI4(isnan(W14))=0;

%% Capacitance change calculation

%This part computes the capacitance change undetezbforce
%Superposition of deflection for under both coupteates
WI=WI1+WI2+WI3+WI4;

% Define the area of the ipsilateral electrode faorgle zero to

% electrode_angle/2 with the applied coupled fdinceugh radius

% and angle; find the deflection of the correspogdirea
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r_ips1=RI1(RI1>=electrode_in & Rll<=electrode_ ou{®hll<=
(electrode_angle/180*pi)));

th_ips1=Thi1(RI1>=electrode_in & Rl1<=electrode_&ufThll<=
(electrode_angle/180*pi)));

w_ips1=WI(RI1>=electrode_in & Rl1<=electrode_ou(&hll<=
(electrode_angle/180*pi)));

THING=(RI1>=electrode_in & RI1l<=electrode_out & (Tk=
(electrode_angle/180*pi)));

TEST=find(THING==1);
MyM=sum(THING(:,ceil(min(TEST)/size(THING,2))));
MyN=sum(THING(mod(min(TEST),size(THING,1)),:));
RR1=reshape(r_ipsl,[MyM MyN]);

TH1=reshape(th_ips1,[MyM MyN]);

WW1=reshape(w_ipsl,[MyM MyN]);

% Capacitance change of ipsilateral capacitor thighapplied

% coupled force from angle zero to electrode_aBgle/
delta_C_ipsi(i)=epO*trapz(RR1(1,:),RR1(1,:).*trapk (:,1),1./(g0+WW1)
-1./90)) ;

% Define the area of the ipsilateral electrode framus

% electrode_angle/2 to angle zero with the appleapled force

% through radius and angle; find the deflectiothefcorresponding area
r_ips2=RI1(RI1>=electrode_in & RI1<=electrode_ou{®&hl1>=((360-
electrode_angle)/180*pi)));

th_ips2=Thl1(RI1>=electrode_in & RI1<=electrode_&u(Thl1>=((360-
electrode_angle)/180*pi)));

w_ips2=WI(RI1>=electrode_in & RI1l<=electrode_ou{&hl1>=((360-
electrode_angle)/180*pi)));

THING=(RI1>=electrode_in & RIl<=electrode_out & (Tk=((360-
electrode_angle)/180*pi)));

TEST=find(THING==1);
MyM=sum(THING(:,ceil(min(TEST)/size(THING,2))));
MyN=sum(THING(mod(min(TEST),size(THING,1)),:));
RR2=reshape(r_ips2,[MyM MyN]);

TH2=reshape(th_ips2,[MyM MyN]);

WW2=reshape(w_ips2,[MyM MyN]);

% Capacitance change of ipsilateral capacitor thighapplied

% coupled force from angle zero to electrode_aBgle/
delta_C_ips2(i)=epO*trapz(RR2(1,:),RR2(1,:).*trap&@(:,1),1./(g0+WW2)
-1./90)) ;

delta_C_ips(i)=delta_C_ipsl(i)+delta_C ips2(i);
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337
338
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% Define the area of the contralateral electrodh thie applied

% coupled force through radius and angle; finddé#ection of

% the corresponding area

r_con=RI1(RI1>=electrode_in & RI1<=electrode_ou{®hl1>=((180-
electrode_angle)/180*pi)

& Thl1l<=((180+electrode_angle)/180*pi)));
th_con=Thi1(RI1>=electrode_in & RI1<=electrode_&ufThl1>=((180-
electrode_angle)/180*pi)

& Thll<=((180+electrode_angle)/180*pi)));
w_con=WI(RI1>=electrode_in & RI1<=electrode_out &{1>=((180-
electrode_angle)/180*pi)

& Thll<=((180+electrode_angle)/180*pi)));
THING=(RI1>=electrode_in & Rl1<=electrode_out & (Tk=((180-
electrode_angle)/180*pi)
&Thl1l<=((180+electrode_angle)/180*pi)));

TEST=find(THING==1);
MyM=sum(THING(:,ceil(min(TEST)/size(THING,2))));
MyN=sum(THING(mod(min(TEST),size(THING,1)),:));
R_con=reshape(r_con,[MyM MyN]);
TH_con=reshape(th_con,[MyM MyN]);
W_con=reshape(w_con,[MyM MyN]);

% Capacitance change of contralateral capacitdr thé applied coupled force
delta_C_con(i)=ep0*trapz(R_con(1,:),R_con(1,:) pzélrH_con(:,1),1./
(g0+W_con)-1./g0)) ;

%Total delta_ C

delta_C_plus(i)=delta_C_ips(i)+delta_C_con(i);
delta_C_minus(i)=delta_C_ips(i)-delta_C_con(i);

end
plot(b2+(b1-b2)/2,abs(delta_C_minus);', ' linewidth,2, markersizg6);holdon
title('Optimization of Location for Differential Capaaitee Change of
Polymumps Sensgfontsize;20)

xlabel(Location of Hair Post (m)ontsize,16)

ylabel(Capacitance Change (Fardthtsize,16)

legend{delta__C for diameter pokt’

end




Figure B.1 Labview® block diagram for temporary programming of MS3110chip
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Figure C.1 Hair-like shear sensors masks

GG




=>4<52

=I>754E

52

=>6 52

=>4<5




=> ES52 =>4 <X4 <XR

52

=>4<52 => 4

Figure C.2 Individual sensor different layer layout

G*

&5 2




*53(/53 *): 1 i(/+

=I>/

Figure C.3 CAD drawing of aluminum flow cell (Dimersion in inch)

GA



1. Examine chip

Take out one
polysilicon chip anc
Microscope examine undef

microscope to see |f
there is any defect

2. Strip of
photoresist

o7

Soak the chip in one beaker |oAcetone dissolve
acetone for 10min and transfephotoresist on the chi

to another beaker of acetone fdhat comes fronr
10 min. The chip is thepPolyMumMPs™
submerged in IPA for 2min andoroduct. IPA clean$
lastly rinsed in DI water forand removes residufl
2min. Take out the chip and leacetone and DI water

3. Photoresist
coating on
wafer

it dry in the hood. removes IPA.
Load a 4" silicon wafer on a HMDS improves
photoresist spinner. Spin adhesion between SFR

Hexamethyldisilazane (HMDS) photoresist and wafe}.
At 4000rpm for 30sec. ThenSPR will be used t
spin  SPR3.0 photoresist [abond chips and silico
500rpm for 30sec. wafer.

_—

4. Align chips

Before photoresist dries, use
tweezers to place the
polysilicon sensor chip in the
middle of the wafer; then plage
8 same size dump chips arounthis process is t
the polysilicon chip. Carefullyenable featur:
move chips around to make suralignment for haiif
there is no gap between chif posts.
Bake the wafer on 1f6
hotplate for 90sec. Use tweezers

to check if the chips are secured

on the wafer.

GB



5. Clean
polysilicon chip

Soak the wafer along with the chi
on it in HF:HCI (4:1) solution fo

30sec. Then rinse the wafer in typolysilicon

consecutive baths of DI water 2m
each to remove residual solutid
Quickly dry the wafer with air gu
and load the wafer on the spinn
Minimize the chance of polysilico
chips being oxided.

pFhis step is to stri|I
roff the oxided

on
isensor chips, which
ns essential
nimprove the
eadhesion betweeh
nsensor and half
posts.

6. SU8 2025
coating and
baking

Pour SU8 2025 on the wafe

covering the polysilicon chip and

dummy chips. Spread SUS8

500rpm for 30sec. and spin |a

1000rpm for 30sec. Spin the wat
at 300rpm, and use acetone sV

carefully remove the edge of coated .

SuU8 film. Soft bake SU8 at 66
for 4min and then at 986 for
10min.

"The dummy chips
move edge beaf
ffect away from
olysilicon  chip.
he thick edge o
8 is removec
using aceton«[
swap, making th
SU8 film uniform.

V

7. Alignment
and expose

Place HAIRPOST mask on mak
holder in OAI aligner. Place the
wafer on wafer holder and align the

features. Bring the wafer close
mask. Then place UV filter on td
of mask. Expose SUS8 for 16sec.

It is important to
bring the mask an
wafer close enoug
0 ensure Qoo
Dexposed feature bi

= ==

)

t

it can not to be to

WJ

close in case SU
CS)'[UCk on mask. U\
ilter eliminate
T-toping effect anc
prevent SUE
absorb low
wavelength light.

=P no

8. Post exposure
bake

Bake the exposed wafer at°65for
2min and then at 9& for 8min.

GC



9. Develop

Submerge the wafer in SU
developer for 20min. Use tweeze
to take out the wafer and spray |
on the edge of wafer.

undeveloped SU-8 remains, it W
turn the IPA milky. Then put th
wafer back to developer for long
develop time until SU8 is fully

8

rBeveloping  time
Pfor SU8 is  not
fsame for even
ilexperiment. 1PA is
ea good indicato

efor fully developed
y SUS.

developed.
After SU8 is fully developed,
examine  the  wafer undeiSometimes the chi
microscope. Then soak the wafer|iis really hard to b
10. Separate acetone to dissolve the SRReparated fron
' photoresist so that the polysilicomvafer. A  sharg

chip from wafer

chip can be separated from {
wafer. Then rinse the chip in IR
for 2min and DI water for 2min. Le
the chip dry in the hood.

hielade can be use
Ao lift the chip from
tthe wafer

I

11. Examine the
chip

Examine the chip unde
microscope. Use Dekt&K
profilometer to measure the po
heights and use Qcaptfireto

o

5tS

measure post diameters.
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