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PITTAYA DEEKLA : DEVELOPMENT OF MINIATURIZED THERMO
CYCLING SYSTEM FOR MICROLITER LIQUID. THESIS ADVISOR :

NIMIT CHOMNAWANG, Ph.D., 187 PP.

MICROHEATER/TEMPERATURE SENSOR/THERMO CYCLE/ PCR/MEMS

This research aims to develop a miniaturized thermo cycling system using
liquid in amount of microliters for a prototype of PCR machine which is used to
amplify a single or a few copies of a piece of DNA. To gain size reduction, fast
operation and portable of the system, pattern of thermal set is designed with a
microheater and sensor fabricated by evaporating metal through hard-mask which is
constructed by X-ray lithography. There are errors of £7.50 % from patterning design.
To reduce costs, times, chemicals and machines in fabrication process, the fabrication
of thermal set is based on glass slide with 1 mm-thick and 0.15 mm-thick. From the
experiment and testing, the thermal set characteristics on both glasses, sensor of the
thermal set on the thick glass has the accuracy of +2.4 % at full-scale of 110 °C and
sensitivity of 0.396 Q/°C while microheater has the time constant for 8.2 s, rise-time
for 32.5 s and fall-time for 38 s using power at 392 W. On the other hand, sensor of
the thermal set on the thin glass has the accuracy of +1.8 % at the full-scale of 110 °C
same as above and sensitivity of 0.479 Q/°C while microheater has the time constant
for 3.7 s, rise-time for 13 s and fall-time for 14 s using power at 206 W. Obviously,
the thermal set on the thin glass is better than the thermal set on the thick glass
considering as time constant reduction at 54.8 %, rise-time reduction at 60.0 %, fall-

time reduction at 57.3 % and power reduction at 50.97 %. Next, testing thermo cycler



by PCR technique in condition of 30 cycles times with liquid of 10 microliter in
chamber which is fabricated by PDMS to be investigated in four cases for operating
time. For the first case (SUT1), the thermal set on the thick glass with no cooling uses
operating time for 30 minutes. For the second case (SUT2), the thermal set on the
thick glass with N2-0.5 bar cooling uses operating time for 23 minutes. For the third
case (SUT3), the thermal set on the thin glass with no cooling uses operating time for
23 minutes. For the fourth case (SUT4), the thermal set on the thin glass with N»-0.5
bar cooling uses operating time for 15 minutes. The comparisons of the first case with
the second and third cases which have the reduction in operating time at 1.3 times and

the fourth case has the reduction in operating time at 2 times.
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Academic Year 2014 Advisor’s Signature
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2005 | Wang 6 1 i - Pt-pt Glass Si

Cr/Au- .
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— ‘> - -+

Y N A N
9 v W a
(n) NITWIANUIDUVUYNUIAVUASUDUTITUY N
Velocity
variation
of air L
>T
Air T
flow emp.erellture
variation
of air
QCOHV
A
/ I

‘ Hot Blck

(v) mimmm%’@umﬂﬁ’mmmiumm%’au

~ o a Y
5UN 4.3 andUTNITNANITNIANINIDU

G



34

Y] 1 9 9 I @ ~ =) 1 o
@ﬁiWﬂWiﬂWIﬂuﬂ’NﬂJiﬂu%1ﬂﬂ15W1ﬂ’)13JiE)u Wuasaunsn 4.7 13NN NITNI

< A o : 3w
Glﬁllﬂu‘ll’f)\iu’lﬁu (Newton’s Law ofcooling) “?Qul@%ﬂ‘ﬂ?ﬂﬂ']iv\l']ﬂﬂ'm%}ﬂu%%Lﬂuﬁﬂﬁﬂuiﬂﬂ@ﬁﬂ
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fTﬁJﬂ’J'IﬂJL!GIﬂGI'NGUfNQﬂ!WﬂM

U

qconv = hA(Ts _Too) (47)
A A 7 a £ 9 . . 20 42‘ '
19 h fio duaszansmsnianusou (Convection heat coefficient W/m™-°c) Y0¥

[ % 9 J 1 a a zﬂl d'
nuvateals ulﬂl!ﬂ g‘ﬂﬁNGUfJ\‘]N’J ﬁﬁimmmﬁmaumewaﬂwa

wa <
ﬂmﬁllﬂ@sll'ﬂﬁsll@\illﬁﬂ !,Lazmmwammﬁ}au%waﬂﬂa
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Y

A = d‘a 1 9 2
4 Ao WunAINM A1 TounNoU (m)
A ada o
T, 9 Quuinm (°c)
A a A } a o
T»  fio guugived lvafieglnasinii (°c)
A @ ' Y
Qo 710 BATINIONG TOULLIWIANUTOU (W)

T Ao Y i A U 9 A A
3) MIUAFIAANINTOU (Heat radiation) A® N15918T0UANNITBUNIAAIINNT
' @ 4 T <3
Vaatldesndenuesnainaas (Matter) Tugvesnauuiman 1 (Electromagnetic wave)
A Ty A Y < @ A =~ @
#3530 1WABY (Photon) MILHTITH1 18910N V04 Stefan-Boltzmann 1Iuaag1lil 4.4 Taumsaa

AuNISN (4.8)
Qg = EO-A(TS4 _Tsﬁrr) (48)

A L YA= e a A 1 1
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Surrounding surface at Tsur

V\__\/J

= Surrounding surface at Tsur
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Oag = €(TA(TS4 _Tsﬁrr)
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U a 1Y 9 ] a
ﬂWiﬂ'IEJIE]‘LJﬂ?TN%@H@W%%%Lﬂ@%1ﬂﬂ1i‘Viﬁ183‘]JLL‘]J“LIN’dllﬂullﬂ U NANTININITY

Y} . o T A = A A ' 9 o A
5@ui’)uﬂﬂﬂTiLlWﬁ\iﬁiumﬂquaG]f\‘llﬂa’f]u‘ﬂ ﬂ’liﬂqﬂiauﬂj’luiauuﬂﬂLlWi\iaGluthuiUu’]ﬂ']ﬁ

4 19 Y% 1 o v W 3
Lﬁ’ﬁ]\‘li]'lﬂulhﬁﬂﬁﬂ'lﬁﬂﬁﬂﬂﬁ'lﬂ ﬁ"Juﬂ15‘L!1Ll,ﬁ$W'lﬂ'J'lll%}flu&}ﬂﬂ’ﬁl'lﬁﬂﬁﬁﬂﬁ'l\ﬂlﬁ]ﬂ?ﬁﬂ

42  aumIhanuiou

a o 9 T @ = 9 I [ A v A
‘Hmwfﬂﬁmmﬁumi}miaumuW‘IN!,l,iJuﬁ‘]JiJIﬂNﬁiNLﬂum;iﬂ% 4.5 FUIUAIY

Y 9
= U

Y H
#1380 U ) 1IN AX UANUHRUUUUYDIITAUNINY py uazmﬁummmmumﬁmwmmﬁw

9
mm%’aumm‘u A Tunaaedu 4Ny At

A ° Y o ' v o '
gﬂﬂ 4.5 MNULFAINTITUIAINIDUIINAULHUN X UI,‘]JEJ\W]'ILH’THQ x+AX



36

INNITAUAANAIIU (Conservation of energy) Tugtluesdasimsihanuiouss1d

I o 4
Tuasil
Rete of heat Rete of heat Rete of heat Rete of change of
conduction |—| conduction |+| generation in =| the energycontent
at x at Xx+Ax side the element of the element

[ 3 [ {
nseansaeuIndlddlusiaunsn 4.9)

A
0,6 40 - (4.9)

4 .
D Aqthermal,system = mC(Tt+At _Tt) = vaAAX(THAt _Tt) > qG = qGV = qG AAX
m Ao W (ko)
c=c,  foaNNFousuME (J/ke=°C)

. A9 ANUUUIUUVDITEY (kg/m”)

)

@

0. e oanmahanudoudsiSung wWm'

9 9T IMIaNudouNd MU x

o
)N

9 9M31N131NANVTBUNAN UL x+AX

o

T

AN
=)

v

H Y
[ 9 A o A
Qe B BATMAIIUANNTOUNAUTAVY
= P~
t Av 1AM t

A d'
t.4, A9 IAIN t+At

saauns vty

qx_qx+Ax+q.G AAXZW (4.10)
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11 AAx Hisnaeaaz 1y

U

_i(qurAx _qx) + : — va(THAI _Tt) (4.1 1)
A AX At
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THa1R Ax, At=> 0 Jim Jeac =% _ 99 jjag i Tea =T 3T G lniluaumadowiuse 16
Ax—0 AX dx At—>0 At dt
L NN L
Adx e TP gt
1d dT . dT dT
B N e e i
Adx[ dxj e = P0G =

o 1 [ I ] { 1 ) o
Ysuuasaunis vy 1§ udaaunisn 4.12) e Naunisiiianudeuuuuii

Y [ d' . o .
AMU3oULUULTUAeu (Variable conductivity)

3T g = T (4.12)
a2 e PR '
- dZT A [ o Y a .
Iﬂfﬂ/l k A0 NI INITUIANUIDUTAND (Net rate of heat conductlon)
X2 “
X

.
v

0. 0 8asIMInIlanasuaeTans (Rate of energy generate per unit

volume)

dT o o A
pVCE Ao oA IMTINNNaIUMely (Rate of increase internal energy)

o 1 < @ ! J °
10 (4.13) 1A k K1580000 %zulﬁjgﬂumﬁmmiﬁ (4.13) Gﬂmmumimmm%}au

AN (Constant conductivity)

2% _1ab (4.13)
o

k .
1o a=—— A9 AMUMIUNIANVTOU (Thermal diffusion) (mz/s)
P.C

o v A 4 ] A . . = !
dmsudasizrinnuieunuy 1unaN (transient heat conduction) AdINAINUNEIVEA

9 1

= o Y 9y 9 S
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43  mahanusauluanizam

A Y @ Y a 1 o o Y
WS UULNIFANIITANAD (Steady state) 817 qmﬁﬂ"u”lmgﬂiwummam‘wﬂwwamm

' o a 1 dT Qy
na1lignifa (Kreith et al,, 2011) dana i waid — vouauns (4.13) vrgnaznali

= " Y 3 o = ' o . .
aansameulny gl uaa (4.14) 13N NAUNITNIEDN (Poisson’s equation)

2 L]
?jTIJrq?G:o (4.14)

[ 1A o (% I @
Ysvaums lwiesiimsudymanngasia I udsauns

T q
> = Yo (4.15)
dx k
uAguMIAIeMIoUNIansan 1 a2'ldidlu
dT (x )
( )=_Q_Gx+cl (4.16)
dx k
HAFUMIAIUMTOUNINTAATIN 2 a2 Iaiilu
T(x)——q—Gx2+Cx+C (4.17)
- 2k 1 2 °

a9

4 I~ J { J 3
e €, nag C,iluaned Insuduiuuesszuune Txeg=T1, Te)=T2

way T(x=0) > T, = —2—‘;(0)+c:1(0)+c2 wldm e, =1,

war T(x=L) - T, =—% 12+CL+C, : T,=C,
LN
2k

Tz 'Tl +

wldm C, =
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A Y o
waunu C, une C, Glu?mmi 4.17) ﬂgllﬂﬂ\‘]ﬁllfni

T(X)Z—q—GX2+ﬂX+q—GLX+T1 (418)
2k L 2k

Y
a U

a aa 9 = Y ~ % o Y AaA o ]
W'IﬂWi]'lm1Qﬂ!‘ﬂ{]3J‘V]W’J‘I/Nﬁ’i]ﬂﬂl'lﬂlliﬂiﬂﬁiﬁ‘ﬂE‘TllllW]iﬂLl mﬂwqmwgumnmm

T,=T,=T, A431l9 4.6

A

AX

Tm ,X:L/Z

T1 To=T1=Ts

[

d' o [ a a o 9 d' = Y [
g‘ﬂ‘ﬂ 4.6 g‘ﬂfﬁ?ii‘]_lﬂﬁWiﬂiilﬂ@ﬂ!‘lri{]llfl]Tﬂﬂﬁlﬂﬂ’NiJi@uﬂ’)ﬁﬂuiﬂiﬁﬁﬁNﬁMﬂW@ﬁﬂu

% a 1 I @ {
w2 Idamnsndaaumsnszaneguugil ln laidudsaunsi 4.19)

T(x):g—i(Lx—x2)+Ts .19)

1 Y a da! ~ 9 ° dT(X) 9
ANTUNITAINIITOHIANANNUIDUISINAVUHNINNTAAIINITN q =0 %zhlﬂ x=L/2
X

A = v o o A
HIDYATNNANUDIAIUN WuasaunIsn (4.20)

2
Toax = %ﬂs (4.20)
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[

w2 ld8nmseie Touvesssun iy
q(x) =kA %(ZX—L) (4.21)

a ° A (% a 9 1 1 a 3 é =
MINDITUL g, AD BATINISIAAANINTOUADYUIBYTUIAT (W/MP) Haviuieda
f ) v
NAIUANUToUNNAINA181HI19ATAToNIT Internal heat generation 15U ANFBUNNA
aan =\ A 9 A a Y 1 v 9
MNTeunl u3o ANNTPUNNANMIUUNTZHARIUAIAIUNIY (Hyang and Lee, 1999;

Incropera and de Witt, 1990) L“ﬂuﬁmumsﬁ 4.22)

. VAR YA
2
o2 RAL
o a 4
e p Ae duilszansanudiumu i (Q-m)
[ { J o
v,  foussaunilouglulasdames
A = 4
L Ao Anwenvedlulassanes
A Y ~ 14
R Ao anudmumuved lulnsaames
A dal A Y o v 9
A fAn Auinthdavesdadumu
* A (% a 9 1 1 =3 3
g, Ao oasnimsmaanuiouaeniaelines (W/md)

o d
4.4  msnassanudeulululassanes
dmsurnanissaeaziimnimesn lannvuinalaarsainmsadgluunn 5 1

@ I a I [ .
aailuezgliiioy (A vulaseadenszanuuinaz Inssadwiudsgl 4.7 (n) Jvura

q QU

wxtxL (M0 150 um x 192 A x 8700 um 10U UNTLINTANUNU | mm HaZIINTUNIINIG

[

° 9 A I AN 1A ] Aav A I v & 9 A
UIANUTOUN (4.19) Lﬂuﬁuﬂ1§W1NN§TU§@Q Ll@][‘luﬂ']u’J fJ?Ji’]lﬁf’)\?“JHﬂﬁ%ﬁ]ﬂ ANUUADIUNY

druveegusouin ldae FeegadrondanuaIuIteves Hyang and Lee (1999) tagiiio 1v41e

aomanasaiimsoa lassadwveslulassames Iuanvaztuduainldnesdngesdn

G G

4.7 (v) way 4.7 (M)
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T

Tmasz(sz/Z)

Heater \
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' A o o ' J o o J
(M 31519 luTasamesmihmndrasana @) 31519 luTasBame snaihmstasiosn

hc

hg

o oA
m mahanudouveslulasdamesniigiusesnszan

511 4.7 TaseadavesluInseames

A ~ = Y v A 9 1a
HINNATUITUNITN (4.10) DNATI ﬂ’)ﬂﬂWilWNﬁjHﬂ]@Qﬂ’]uﬁ@Qﬂﬁgfﬂﬂlellflﬂllﬁgl’l’“ﬂﬂ

I
HAVB4LIAT (steady state) 92 Ialilu

(qc,x - qc,x+Ax) + (qg,x _qg,x+Ax) = _qG AAX (423)
11 AAx Wisaaenve laidlu

i (qc,x+Ax _qc,x)+ (qg,x+Ax _qg,x) _ * (424)

A AX ¢




Taiia Ax—0 WoulnilugdaumsiFeeyiusay 1ailu o2 18iF

1 dqc dqg — :
dx j_qe

d dT | dq, . a7
[&{ KA dx} dx{ KAy D O + & _kA&
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[_c 2 gAg dxj U
2-|— A\g .
—| k. +k, — |=—0¢
(c+ gﬂj q
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e L Ll

o
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d’T -
- % y (4.25)
X
k. +k, —
a { Y { Y @ 1 < o X
WITANMSN (4.25) AUauMSN (4.15) 1o (4.19) W%@Nﬂﬂﬂi‘ﬂ!mqﬁiJﬂWﬁ‘ﬂullﬁ}L‘]Ju@ﬂﬁ
1
T(x):%G(Lx—xz) iaca bk (4.26)
k. +K, K
A = 0 Y &g v o .. .
19 k, Ao @n1nnN15nNuTouNluai (thermal conductivity of nonconductive)
0 { ..
k, Ao ?fanﬂ”l'i‘Ll”lﬂ?l1N%}ﬂuﬁlﬂu§1uiﬂﬂﬁ§6ﬂiz%ﬂ (thermal conductivity of
substrate)
¥ { v A g () .
A, Ao Wunnihdanduai (Area of conductive Ac = w.h,)
Y i
4 flo NunviAAYe49114304 (Area of substrate A, = w,h,)

A Y o A 9 a Y A o @
Ll!i’)\‘]iﬂﬂ@]’t’)\iﬂ”lﬁ]Ta@QWﬁﬂWiLWﬂ@jLLHJIHNﬂIBQQﬂ!ﬁ{]N llﬂlWiJ@]’J‘]Ji”]Jﬂﬂ! (factor : C)

o wAIrEAIA1N 9 15U MImuImtazaniala o1zlaumaanuianainnInmsiavue

1 4 1 1 (%] g’/ H 1
1Aun AurUT ANNATUMU HAIAFNABTENI1NNITAVANUAIUNIU DNTIANHUIN Taj
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auauennmsaie luaiuaueny esomariilinanegangiua liawisatasenunlan
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- : o v < - 1°: TS o <
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(4.27)

T(x) :%(Lx—xz) i 427)

kC+kgi
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ueﬂmﬂum”lmmmsmamwamsﬂ@uuﬁmumq"lﬂﬂiammsmmmﬁmumq 9

A = 9 a 9 vq ¥ A 7 o ) A ]
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30 100 92.11 92.11 98.6 94.27 5.73
A1root mean square error (rmse) 4.98
wnannun e sUEe s 95.69 4.31
yannunivedlulnsdames 144.0 6.00
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13190 5.6 wamsTavtanimniuSadend
AMUKUS | PRAUDY vinamhmasussdiend (um) AaIAIATDY
(Hm) XM1 XM?2 XM3 Aunde %

1 100 95.61 93.93 97.38 95.64 4.36
2 100 110.53 103.52 103.51 105.85 -5.85
3 100 95.63 102.65 104.39 100.89 -0.89
4 100 104.39 100.89 100.88 102.05 -2.05
9) 150 140.36 145.61 147.37 144.45 5.55
6 150 154.4 150.88 149.13 151.47 -1.47
7 150 143.86 154.4 157.9 152.05 -2.05
8 150 159.66 156.14 152.63 156.14 -6.14
9 150 147.41 149.22 145.66 147.43 2.57
10 150 152.64 150.88 154.39 152.64 -2.64
11 150 151.75 151.76 148.26 150.59 -0.59
12 100 106.15 106.14 104.39 105.56 -5.56
13 100 93.86 92.11 106.15 97.37 2.63
14 100 106.14 102.65 93.86 100.88 -0.88
15 100 95.61 99.12 93.86 96.20 3.80
16 100 95.61 99.12 102.65 99.13 0.87
17 100 108.77 105.26 103.51 105.85 -5.85
18 100 95.61 99.61 102.63 99.28 0.72
19 100 106.14 100.89 109.13 105.39 -5.39
20 150 142.12 149.12 149.12 146.79 3.21
21 150 145.62 150.89 157.89 151.47 -1.47
22 150 145.61 154.4 150.89 150.30 -0.30
23 150 156.15 150.89 152.64 153.23 -3.23
24 150 147.38 147.38 150.89 148.55 1.45
25 150 149.13 150.89 139.48 146.50 3.50
26 150 150.01 144,75 107.89 134.22 15.78
27 100 102.63 104.4 106.14 104.39 -4.39
28 100 92.12 93.88 90.35 92.12 7.88
29 100 104.39 100.89 106.14 103.81 -3.81
30 100 92.11 95.61 97.37 95.03 4.97
71root mean square error (rmse) 4.73

AU ve UBUIED T 96.69 331
yuanunivesluInsdanes 146.80 3.20
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AU RIS MM (um) [1141 215 um] AaARAEY
(um) HM1 HM2 HM3 Aunag %
1 100 88.33 88.6 86.91 87.95 12.05
2 100 108.77 110.54 112.29 110.53 -10.53
3 100 95.62 92.11 104.4 97.38 2.62
4 100 113.16 111.43 106.14 110.24 -10.24
5 150 133.33 135.09 140.38 136.27 9.16
6 150 159.66 164.91 159.65 161.41 -7.60
7 150 142.11 147.38 150.88 146.79 2.14
8 150 168.2 161.41 156.15 161.92 -7.95
9 150 136.89 138.6 142.12 139.20 7.20
10 150 161.41 161.41 161.4 161.41 -7.60
11 150 147.37 150.9 149.13 149.13 0.58
12 100 107.02 111.4 106.14 108.19 -8.19
13 100 89.49 88.61 92.12 90.07 9.93
14 100 107.02 112.28 110.58 109.96 -9.96
15 100 85.6 90.36 99.12 91.69 8.31
16 100 85.11 85.11 92.11 87.44 12.56
17 100 108.79 112.34 108.78 109.97 -9.97
18 100 93.88 95.61 99.14 96.21 3.79
19 100 106.15 109.71 106.15 107.34 -7.34
20 150 135.1 138.61 142.11 138.61 7.60
21 150 156.18 159.65 157.9 157.91 -5.27
22 150 142.12 147.37 145.62 145.04 3.31
23 150 164.91 157.9 156.15 159.65 -6.44
24 150 136.84 138.6 138.6 138.01 7.99
25 150 163.16 161.4 164.91 163.16 -8.77
26 150 149.12 150.89 147.38 149.13 0.58
27 100 104.99 107.89 109.65 107.51 -7.51
28 100 92.98 91.23 90.35 91.52 8.48
29 100 112.29 112.28 114.04 112.87 -12.87
30 100 86.84 86.84 90.35 88.01 11.99
a1 root mean square error (rmse) .68
yuaanunevesges 91.28 8.72
yuaanunieveslulasdanes 88.01 7.23
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AU RIS adaagr UMY (um) AaANADY
(um) P1 P2 P3 Aunan %
1 100 85.09 86.84 88.6 86.84 13.16
2 100 106.15 | 107.91 | 109.66 | 107.91 -7.91
3 100 106.15 | 109.66 | 104.39 | 106.73 -6.73
4 100 102.63 | 109.66 | 107.91 | 106.73 -6.73
5 150 14396 | 14566 | 138.64 | 142.75 4.83
6 150 156.14 | 156.14 157.9 156.73 -4.48
7 150 147.38 | 152.64 | 152.63 | 150.88 -0.59
8 150 159.66 | 157.89 | 156.18 | 157.91 -5.27
9 150 145.74 | 14217 | 136.91 | 14161 5.60
10 150 154.4 159.65 | 157.93 | 157.33 -4.88
11 150 152.67 154.4 150.89 | 152.65 -1.77
12 100 107.02 | 107.03 117.6 110.55 -10.55
13 100 90.37 92.11 86.88 89.79 10.21
14 100 104.39 | 107.95 111.4 107.91 -7.91
15 100 102.65 99.12 92.12 97.96 2.04
16 100 88.6 92.17 88.61 89.79 10.21
17 100 109.65 | 107.91 | 113.18 | 110.25 -10.25
18 100 104.4 106.15 | 102.69 | 104.41 -4.41
19 100 104.39 | 106.15 | 106.27 | 105.60 -5.60
20 150 143.97 | 14562 142.2 143.93 4.05
21 150 154.4 156.14 | 157.89 | 156.14 -4.10
22 150 14561 | 152.64 | 150.97 | 149.74 0.17
23 150 157.9 156.14 | 159.65 | 157.90 -5.26
24 150 143.87 | 142.11 138.7 141.56 5.63
25 150 156.14 | 156.15 | 163.16 | 158.48 -5.66
26 150 150.89 | 152.63 | 149.12 | 150.88 -0.59
27 100 10351 | 108.77 | 11229 | 108.19 -8.19
28 100 90.37 90.35 90.42 90.38 9.62
29 100 104.39 107.9 111.41 | 107.90 -7.90
30 100 97.37 97.38 90.35 95.03 4.97
a1 root mean square error (rmse) 750
YLIAANUN VB LIDT 95.0 5.0
yuaanunieveslulasdanes 146.75 3.25
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AU RIS adnanedeuasans 1 lomn (um) AaARAEY
(um) UVl uv2 Uv3 Aunde %

1 100 102.63 102.65 95.63 100.30 -0.30
2 100 98.25 103.51 100.89 100.88 -0.88
3 100 102.69 102.65 106.15 103.83 -3.83
4 100 99.14 95.63 100.89 98.55 1.45
5 150 156.14 152.64 150.89 153.22 -2.15
6 150 147.37 154.39 143.86 148.54 0.97
7 150 154.39 152.64 152.64 153.22 -2.15
8 150 159.89 149.12 150.89 153.30 -2.20
9 150 154.41 156.14 145.64 152.06 -1.38
10 150 140.35 154.4 150.89 148.55 0.97
11 150 152.63 147.38 156.14 152.05 -1.37
12 100 101.75 100.88 105.28 102.64 -2.64
13 100 106.14 102.63 95.63 101.47 -1.47
14 100 92.12 99.12 102.63 97.96 2.04
15 100 104.44 107.91 102.65 105.00 -5.00
16 100 99.14 106.14 95.61 100.30 -0.30
17 100 95.6 101.74 104.49 100.61 -0.61
18 100 99.12 104.4 100.89 101.47 -1.47
19 100 100.89 99.14 104.4 101.48 -1.48
20 150 157.93 154.4 154.4 155.58 -3.72
21 150 143.87 152.64 147.47 147.99 1.34
22 150 150.92 154.43 152.72 152.69 -1.79
23 150 154.4 149.13 150.89 151.47 -0.98
24 150 154.39 154.39 149.13 152.64 -1.76
25 150 145.61 156.15 154.39 152.05 -1.37
26 150 154.4 149.13 150.88 151.47 -0.98
27 100 101.77 101.77 103.51 102.35 -2.35
28 100 104.39 100.89 93.88 99.72 0.28
29 100 93.86 99.16 93.13 95.38 4,62
30 100 104.39 104.4 100.89 103.23 -3.23
1 root mean square error (rmse) 258

YAANUN VB LIRS 101.91 1.91
yuannunhavedluInsdames 152.87 2.87
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Sensor TCR=(R-R )(T-T )R, Sensitivity Accuracy Hysteresis Error
(o) Q) (%FSD) (%FSD)
Sensor 1 2.79x10° 0.404 +1.6 +3.0
Sensor 2 2.63x10° 0.383 +0.8 +3.2
Sensor 3 2.68x10° 0.393 +4.8 +2.9
Average 2.70x10° 0.396 2.4 +3.0
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sensor TCR=(R-R)/(T-T )R, Sensitivity Accuracy Hysteresis error
(o) (Q/C) (%FSD) (%FSD)
Sensor 1 3.75x10° 0.518 +1.8 +4.7
Sensor 2 3.28x10° 0.464 +1.2 +4.6
Sensor 3 3.26x10° 0.470 +2.3 +4.8
Average 3.430x10° 0.479 +1.77 +4.7
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Characteristic Number of Setl : Thick glass Set2 : Thin glass
sensor (1 mm) (0.15 mm)
Accuracy Sensor#1 +1.6 +1.8
(%FSD) Sensor#2 +0.8 +1.2
Sensor#3 +4.8 +2.3
Average 2.4 +1.8
Hysteresis error Sensor#1 +3.0 +4.7
(%FSD) Sensor#2 +3.2 +4.6
Sensor#3 +2.9 +4.8
Average +3.0 +4.7
Sensitivity (S) Sensor#1 0.404 0.518
Qr0) Sensor#2 0.383 0.464
Sensor#3 0.393 0.470
Average 0.396 0.479
Sensitivity (S) Sensor#1 0.028 0.036
(V/°0) Sensor#2 0.027 0.033
Sensor#3 0.027 0.033
Average 0.027 0.034
Thermal coefficient of Sensor#1 2.79x10° 3.75%10°
resistance (TCR) Sensor#2 2.63x10° 3.28x10°
(') Sensor#3 2.68x10° 3.26x10°
Average 2.70x10° 3.43x10°
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QuUUAN (°C) | nIzud (mA) | usIdu (V) | Masmw) | anwsunusames Q)
50 41.30 3.260 134.64 78.93
60 47.18 3.873 182.73 82.09
70 53.10 4.468 237.25 84.14
80 58.10 4.999 290.44 86.04
90 60.50 5.528 334.44 91.37
100 64.70 6.058 391.95 93.63
AT=50 Al=23 AV=2.798 | AP=257.31 AR=14.7
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QLB a3 (mW) HAAN (%)
0O ﬂgﬂ‘ﬁ 1 NILINUUN ﬂgﬂ‘ﬁ 2 NFLINVN
(1 mm) (0.15 mm)

50 134.64 60.59 54.99
60 182.72 87.26 52.24
70 237.25 112.65 52.51
80 290.44 140.65 51.57
90 334.44 175.73 47.45
100 391.95 206.14 47.06
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Characteristic Setl : Thick glass Set2 : Thin glass
(1 mm) (0.15 mm)
Time constant (s) 8.2 3.7
Rise Time (s) 32.5 13
Setting Time (s) 80 23
Fall Time (s) 38 14
Power (mW) 391 206
Voltage (V) 6.1 4.5
Current (mA) 64.70 44.37
Sensitivity ("C/W) 194.31 343.35
Sensitivity (€2/W) 57.130 128.41
Sensitivity (€2/°C) 0.294 0.373
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N2-PDMS-Water [1mm of glass]
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TuTasiou
Rise time T,,(s) | Fall time T;(s) | Rise time T, (s)
Load N, (bar)
[72-95°C] [95-55°C] [55-72°C]

No load - 3 15 2
0.5 3 5 2

1 3 4 2

2 3 3.5 2

3 3 3 2

4 3 2.8 2

PDMS - 3 16 2
0.5 3 6 2

1 3 4.8 2

2 3 4 2

3 3 3.8 2

4 3 3.5 2

- 3 15 2

PDMS+Water

0.5 3 5.5 2

1 3 4.5 2

2 3 3.7 2

3 3 33 2

4 3 3.2 2
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TemperatureC)

N2-Noload [0.15 mm of glass]
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Temperature®C)

N2-PDMS [0.15 mm of glass]

100

_____ = T

PR clotiotiodiondl nliulietiotiond]

100

-7 80 90 100
Time(s)

d

4 <
U 7.9 msnyuiounanuFoudl Tvaailuness990UHAIVDIFIUTOINTZINUN

149



d

Temperature®C) TemperatureC)

TemperatureC)

N2-PDMS-Water [0.15 mm of glass]
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TuTasiou
Rise time T, (s) | Falltime T;(s) | Risetime T, (s)
Load N, (bar)
[72-95°C] [95-55°C] [55-72°C]
No load - 1 5 0.7
0.5 1 1.2 0.7
1 1 0.9 0.7
2 1 0.75 0.7
3 1 0.7 0.7
4 1 0.65 0.7
PDMS - 0.8 9 0.7
0.5 0.8 3 0.7
1 0.8 2.8 0.7
2 0.8 1.5 0.7
3 0.8 0.9 0.7
4 0.8 0.8 0.7
PDMS-Water - 0.8 6 2
0.5 0.8 3 2
1 0.8 2.5 2
2 0.8 1.3 2
3 0.8 1 2
4 0.8 0.7 2
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Thermocycle (No-gas) [1mm of glass]
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Thermocycle (No-gas) [0.15mm of glass]
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Program

Definitions

Kp=conts,Ki=conts, T=conts;

r=setpoint;

Ui_1=0,err_1=0;

while (1) { y=output;
err=r-y;
Up=Kp*err ;
Ui=(Ki*T/2)*(err+err_1)+Ui_1
Upi=Up—+Ui;
SentToDriver(Upi);
// Save variable
Ui_1=Ui;
err_1 =err;

}
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