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WATCHARAPON PUMMARA : FABRICATION OF CAPACITIVE
PRESSURE SENSORS USING DIRECT X-RAY LITHOGRAPHY OF
SU-8 PHOTORESIST. THESIS ADVISOR : NIMIT CHOMNAWANG,

Ph.D., 215 PP.

MEMS/CAPACITIVE PRESSURE SENSOR/X-RAY LITHOGRAPHY

This research aimed to design and fabrication of capacitive pressure sensors
which have two different types of diaphragm. Polymer capacitors fabricated by X-ray
lithography were coated by metallic films in order to be electrically conductive
material. The dimension of capacitors is 500 micron x 500 micron and gap between
electrodes was 60 micron. The diameter of diaphragms fabricated by polymer
materials was 1000 micron. The diaphragm made of Polyimide (PI) and
polydimethylsiloxane (PDMS) were 25 micron and 60 micron thick, respectively. Is
Polymeric capacitor was mounted on a pressure sensitive diaphragm so that its
capacitance varies with input pressure. The pressure sensors with PDMS diaphragm
(SUT-S) and that with PI diaphragm (SUT-I) were calibrated by MPX4250 for
0-100 kPa and MPX5700 for 0-500 kPa, respectively. Characterization of SUT-S
pressure sensor showed the maximum capacitance change of 38.23%, sensitivity of
4.714 fF/KkPa, error of + 9% full scale and rise time/fall time of 1s. On the other hand,
Characterization of SUT-I pressure sensor showed the maximum capacitance change
of 38.23%, sensitivity of 0.03343 fF/kPa, error of + 9% full scale, rise time of 7s and
fall time of 27s, respectively. Applications of the SUT-S and SUT-I sensors in

motorcycle tire pressure monitoring system (TPMS) were demonstrated. The system



could monitor the pressure inside a motorcycle tire in a range of 0 — 100 kPa for
SUT-S and 0 — 230 kPa for SUT-I sensor with maximum error of 8.27% and 3.9%

full- scale measurement error, respectively.

School of Electrical Engineering Student’s Signature

Academic Year 2013 Advisor’s Signature
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1987 | Hin-Leung Chau 6 pF - 9 0-4
1996 Carlos H. 0.8 pF 3.5pF 7.02 0-689
1997 M.Pedersen 0.135 pF 3.375 pF 0.49 0-100
2000 | ChuanChe Wang 0.073 pF 0.2 pF 0.0225 =70 - 70
2002 | Sung-Pil Chang 0.14 pF 11.35 pF 113.1 0-34
0.25 pF 11.35 pF 113.1 0-178
0.14 pF 11.35 pF 113.1 0-178
2005 | Min-Xin Zhu 6 pF 257.6 pF 2.25 80 — 105
2006 Sherif Saleh 0.8 pF 17.4 pF 1.03 0-482
2006 Jithendra 0.277 pF 1.08 pF 8.04 0-100
2011 Y.Zhang 0.22 pF - 2.544 0-2
0.9 pF - 3.141 0-35
2011 | Chia-Fang Chiang 0.481 pF - 0.246 0-100
2011 D.Brox 0.45 pF 19.85 pF 2.25 0-32
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Characteristic Min Type Max Unit
Pressure Range 0 100 110 kPa
Voltage Supply 4.5 5 18 A"
Supply Current - 80 - mA
Full scale span (C) - 0.51851 - pF
Full scale span (f) - 4800 - Hz
Effect of tempreture - 0.00672 - pF/°C
Hysteresis error - - +5.7 Yofigs
Accuracy - +9 - %
Sensitivity(C) - 0.004714 0.01714 pF/kPa
Sensitivity(f) 4.7 12.9 34.6 Hz/kPa
Rise time 3 1 - sec
Fall time - 1 - sec
Operating Temperature - 20 to 60 80 °C
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Characteristic Min Type Max Unit
Pressure Range 0 - 500 kPa
Voltage Supply 4 - 18 A"
Supply Current - 80 - mA
Full scale span (C) - 0.01337 - pF
Full scale span (f) - 2845 - Hz
Effect of tempreture - 0.00488 - pF/°C
Hysteresis error - - +16.67 Yofigs
Accuracy - +7.4 - %
Sensitivity(C) - 0.03343 0.04810 fF/kPa
Sensitivity(f) 2.08 2.83 4.67 Hz/kPa
Rise time . 7 - sec
Fall time - 27 - sec
Operating Temperature - 20 to 60 80 °C
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SUT-I = 163.59 kPa SUT-I = 23.72 Psi temp 27.37 C MPX5700 = 154.33kPa £
SUT-I = 163.59 kPa SUT-I = 23.72 Psi temp = 27.43 C MPX5700 = 154.33kPa
SUT-I = 163.59 kPa SUT-I = 23.72 Psi temp = 27.43 C MPX5700 = 154.33kPa
SUT-I = 163.59 kPa SUT-I = 23.72 Psi temp = 27.50 C MPX5700 = 154.33kPa
SUT-I = 1€3.59 kPa SUT-I = 23.72 Psi temp = 27.50 C MPX5700 = 154.33kPa
SUT-I = 163.59 kDa SUT-I = 23.72 Psi temp = 27.56 C MDXS700 = 154.33kPa
SUT-I = 163.59 kPa SUT-I = 23.72 Psi temp = 27.5¢ C MPX5700 = 154.33kPa
SUT-I = 163.53 kPa SUT-I = 23.72 Psi temp = 27.5¢ C MPX5700 = 154.33kPa
SUT-I = 1€3.59 kPa SUT-I = 23.72 Psi temp = 27.5¢ C MPX5700 = 154.33kPa
SUT-I = 163.59 kDa SUT-I = 23.72 Psi temp = 27.62 C MDXS5700 = 154.33kPa
SUT-I = 162.78 kPa SUT-I = 23.60 Psi temp = 27.62 C MPX5700 = 153.57kPa
SUT-I = 162.78 kPa SUT-I = 23.60 Psi temp = 27.68 C MPX5700 = 153.57kPa
SUT-I = 162.78 kDPa SUT-I = 23.60 Psi temp = 27.68 C MDXS5700 = 153.57kPa
SUT-I = 162.78 kPa SUT-I = 23.60 Psi temp = 27.68 C MPX5700 = 153.57kPa
SUT-I = 162.78 kPa SUT-I = 23.60 Psi temp = 27.6€8 C MPX5700 = 153.57kPa
SUT-I = 162.78 kPa SUT-I = 23.60 Psi temp = 27.75 C MPX5700 = 153.57kPa
SUT-I = 162.78 kDa SUT-I = 23.60 Psi temp = 27.75 C MPX5700 = 153.57kPa
SUT-I = 162.78 kPa SUT-I = 23.60 Psi temp = 27.81 C MPX5700 = 153.57kPa
SUT-I = 162.78 kPa SUT-I = 23.60 Psi temp = 27.81 C MPX5700 = 153.57kPa
SUT-I = 162.78 kDPa SUT-I = 23.60 Psi temp = 27.81 C MDXS700 = 153.57kPa
SUT-I = 162.78 kPa SUT-I = 23.60 Psi 7 C MPX5700 = 153.57kPa
SUT-I = 162.78 kPa SUT-I = 23.60 Psi 7 C MPX5700 = 153.57kPa
SUT-I = 162.78 kPa SUT-I = 23.60 Psi c MPX5700 = 153.57kPa
SUT-I = 162.78 kPa SUT-I = 23.60 Psi 27 C  MPXS700 = 153.57kPa
SUT-I = 162.78 kPa SUT-I = 23.60 Psi 2 c MPX5700 = 153.57kPa
SUT-I = 162.78 kPa SUT-I = 23.60 Psi 27 c MPX5700 = 153.57kPa
SUT-I = 162.78 kDPa SUT-I = 23.60 Psi temp = 28.00 C MDXS700 = 153.57kPa
SUT-I = 162.78 kPa SUT-I = 23.60 Psi temp = 28.00 C MPX5700 = 153.57kPa
| SUT-I = 162.78 kPa SUT-I = 23.60 Psi temp = 28.00 C MPX5700 = 153.57kPa :i:
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mswamsnageumsiamanag llihvesdmnsiadanuaunilaezusinily ppms

P(kPa) 0 10 20 30 40 50 60 70 80 90 100 110
100k 0 10.23 19.79 31.7 40.95 51.08 60.8 70.41 80.9 91.2 100.58 110.45
1 1.36015 1.36682 1.37642 1.39048 1.40523 1.42776 1.45575 1.49709 1.53852 1.60612 1.68435 1.86754

2 1.35998 1.3667 1.37658 1.39087 1.40562 1.42812 1.45549 1.49736 1.53919 1.6075 1.68714 1.8689

3 1.35987 1.36671 1.37642 1.39088 1.40568 1.42856 1.45531 1.49755 1.5398 1.60812 1.68849 1.87045

4 1.35981 1.36683 1.37654 1.39071 1.40572 1.42878 1.45565 1.49768 1.54021 1.60872 1.7115 1.8653

5 1.36011 1.36661 1.37647 1.39002 1.40621 1.4289 1.45587 1.49781 1.54094 1.60935 1.71142 1.85412

6 1.35997 1.36658 1.37649 1.39029 1.40631 1.42892 1.45619 1.49701 1.54148 1.60992 1.71168 1.85607

8 1.36001 1.36662 1.37658 1.39136 1.40641 1.42863 1.45613 1.4973 1.54218 1.61054 1.71182 1.85734

7 1.35994 1.36705 1.3765 1.39146 1.40624 1.42871 1.45649 1.49756 1.54273 1.61155 1.71203 1.85808

8 1.36006 1.36689 1.37639 1.39152 1.40632 1.4291 1.45668 1.49712 1.54315 1.61202 1.71249 1.86039

9 1.35989 1.36702 1.37652 1.39133 1.40661 1.42912 1.45649 1.4981 1.54372 1.61288 1.71998 1.86144

10 1.36003 1.36705 1.37649 1.39129 1.4066 1.42953 1.45663 1.49844 1.5445 1.61252 1.7134 1.86372

10k 1.83265 1.83975 1.84307 1.86577 1.88145 1.90463 1.93457 1.97761 2.02248 2.09573 2.19918 2.35987
50k 1.79045 1.79765 1.80768 1.82271 1.83906 1.86175 1.89077 1.93216 1.98321 2.053252 2.15307 2.31482
IM 1.3189 1.3259 1.33509 1.35021 1.36609 1.38771 1.42627 1.45708 1.50773 1.58773 1.68543 1.83925
max 1.36015 1.36705 1.37658 1.39152 1.40661 1.42953 1.45668 1.49844 1.5445 1.61288 1.71998 1.87045
min 1.35981 1.36658 1.37639 1.39002 1.40523 1.42776 1.45531 1.49701 1.53852 1.60612 1.68435 1.85412
average 1.359983 1.366807 1.376499 1.390922 1.406084 1.428731 1.456068 1.497547 1.541492 1.609930 1.705845 1.862122
max-ave 0.000166 0.000242 | 8.909E-05 0.000591 0.000523 0.000790 0.000618 0.000892 0.003007 0.002949 0.014134 0.008327
ave-min 0.0001736 | 0.0002273 | 0.0001009 | 0.0009082 | 0.0008564 | 0.0009791 | 0.0007518 | 0.0005373 | 0.0029727 | 0.0038109 | 0.0214955 | 0.0080027

€L1



mswamsnaaeumsiamanug ihvesdansredanuauniilaezusinilu p1

P(kPa) 0 50 100 150 200 250 300 350 400
real@100k 0 51.25 99.62 151.25 202.4 250.3 302.44 350.2 370.8
1 0.33985 0.34107 0.34262 0.34494 0.34718 0.34964 0.35188 0.35378 0.35386

2 0.33981 0.34116 0.34265 0.3448 0.34703 0.34968 0.35124 0.3539 0.35388

3 0.33992 0.34107 0.3425 0.34487 0.34704 0.34964 0.35144 0.35392 0.35391

4 0.33995 0.34111 0.34243 0.34493 0.34708 0.34961 0.35149 0.35382 0.35375

5 0.33997 0.34103 0.34248 0.34491 0.34701 0.34957 0.35163 0.35386 0.35362

6 0.33981 0.34106 0.34255 0.34485 0.34709 0.34952 0.35167 0.35387 0.35404

8 0.3395 0.341 0.34253 0.34494 0.34706 0.34951 0.35164 0.35361 0.35381

7 0.33985 0.34102 0.34241 0.34491 0.34703 0.3495 0.35178 0.35352 0.35392

8 0.33977 0.34116 0.34233 0.34509 0.3469 0.34937 0.35187 0.35345 0.35387

9 0.33999 0.34117 0.34246 0.34598 0.34695 0.34924 0.35178 0.35324 0.35398

10 0.33992 0.34125 0.34247 0.34597 0.34701 0.34928 0.35187 0.35311 0.35374

10k 0.77823 0.77928 0.78154 0.78356 0.78551 0.78821 0.7911 0.79214 0.79357
50k 0.75896 0.7601 0.76174 0.76352 0.76583 0.7682 0.77086 0.77111 0.77105
IM 0.31414 0.31532 0.31693 0.31848 0.3208 0.32288 0.32468 0.32592 0.3262
max 0.33999 0.34125 0.34265 0.34598 0.34718 0.34968 0.35188 0.35392 0.35404
min 0.3395 0.341 0.34233 0.3448 0.3469 0.34924 0.35124 0.35311 0.35362
average 0.33985 0.34110 0.34249 0.34511 0.34703 0.34951 0.35166 0.35364 0.35385
max-ave 0.00014 0.00015 0.00016 0.00087 0.00015 0.00017 0.00022 0.00028 0.00019
ave-min 0.00035 0.00010 0.00016 0.00031 0.00013 0.00027 0.00042 0.00053 0.00023

vLI



Nﬁﬂ]‘ﬂlﬂi;TE)‘iJ'Jﬂﬂ1ﬂ’31N‘i)"l‘i/‘l‘i/‘l1°Vlﬂ'J1Nﬂuﬂ1\1°‘|ﬁllf2)ﬁﬂ3ﬂ‘§?]i)iﬂ?]1ilﬂu PDMS h) ﬂ!?’i{]ﬁ

30 DAL ALY A

P(kPa) 0 10.55 19.06 33.8 42.78 50 60.07 70 83.6 90 100
1 2.70911 2.71403 2.71903 2.73466 2.74807 2.76342 2.79614 2.83724 2.8874 2.93234 3.06429
2 2.70868 2.71466 2.71891 2.73523 2.74792 2.76396 2.79569 2.83796 2.88867 2.93256 3.06432
3 2.70962 2.71452 2.71943 2.73569 2.74842 2.76439 2.79504 2.83698 2.88857 2.93312 3.06417
4 2.70983 2.71502 2.71982 2.73641 2.74857 2.76403 2.79515 2.8373 2.8886 2.93264 3.06426
5 2.70942 2.71512 2.71961 2.73596 2.74603 2.76445 2.79526 2.83754 2.88842 2.93297 3.06472
average 2.709332 2.71467 2.71936 2.73559 | 2.747802 2.76405 | 2.795456 | 2.837404 | 2.888332 | 2.932726 | 3.064352
WE’Iﬂ1‘§‘i’lﬂﬁ’@‘iJ’Jﬂﬂ1ﬂ'ZnN‘%Uh/‘l‘V‘l1Tlﬂ'31349114?]1\1‘]61]639]36153‘%5?131349]“ PDMS Tc’il ﬂ!‘ﬁ{]ﬁ 40 E)Qﬂ]!“lfﬁ!“?fﬂﬁ
P(kPa) 0 10 20 30 40 50 60 70 80 90 100
1 2.74307 2.7559 2.76826 2.78342 2.81729 2.84472 2.87197 2.91682 2.97462 3.05762 3.18926
2 2.74326 2.75562 2.76854 2.78325 2.81745 2.8446 2.87152 2.91672 2.97482 3.05785 3.18937
3 2.74283 2.75609 2.76804 2.78338 2.81712 2.84482 2.87124 2.91695 2.97474 3.05794 3.18942
4 2.74342 2.75517 2.76789 2.78368 2.81767 2.84497 2.87204 291714 2.97441 3.05752 3.18901
5 2.74362 2.7554 2.76801 2.78371 2.81701 2.84476 2.87221 2.91703 2.97475 3.05747 3.18894
average 2.74324 | 2.755636 | 2.768148 | 2.783488 | 2.817308 | 2.844774 | 2.871796 | 2.916932 | 2.974668 3.05768 3.1892

SL1



Nﬁﬂ]‘i“ﬂﬂi;TE)‘iJ'Jﬂﬂ1ﬂ’31N‘i)"l‘i/‘l‘i/‘l1°ﬂﬂ'J1Nﬂuﬂ1\1°‘|ﬁllﬂﬁﬂ3ﬂ‘§3<‘l)iﬂ313~lﬂu PDMS h) ﬂ!?’i{]ﬁ

50 DI NBALBY A

P(kPa) 0 10.55 19.06 33.8 42.78 50 60.07 70 83.6 90 100
1 2.80472 2.81672 2.82948 2.8469 2.86872 2.89217 2.92631 2.99976 3.05501 3.14329 3.25967

2 2.80465 2.81664 2.82934 2.84652 2.86901 2.89264 2.92676 3.00012 3.05546 3.14289 3.25924

3 2.80442 2.81667 2.82927 2.84704 2.86846 2.89272 2.9261 3.00007 3.05475 3.14354 3.25941

4 2.80483 2.81684 2.82952 2.84672 2.86834 2.89195 2.92655 2.99941 3.05492 3.14296 3.25997

5 2.80491 2.81705 2.82977 2.84724 2.86921 2.89242 2.92692 2.99957 3.0553 3.14342 3.25982
average 2.804706 | 2.816784 | 2.829476 | 2.846884 | 2.868748 | 2.89238 2.926528 | 2.999786 | 3.055088 | 3.14322 3.259622

Wﬁﬂ1‘§ﬂﬂﬁ®ﬂ’3ﬂﬂ1ﬂ'J1N‘%UI‘V‘I‘V‘l"mﬂ?]1Nﬂuﬂ1ﬁc]ﬁllﬂﬂﬂ’3ﬂ‘§3%§ﬂ31uﬂu PDMS TE’!'I ﬂ!‘i”i{]fl 60 E)Qﬂ““lfﬂ!“?fﬂﬁ

P(kPa) 0 10 20 30 40 50 60 70 80 90 100
1 2.85212 2.8612 2.87784 2.89344 2.91427 2.94642 2.9674 3.03972 3.11327 3.2276 3.43279

2 2.85256 2.86172 2.87742 2.89372 2.91477 2.94642 2.96743 3.03924 3.11292 3.22747 3.43262

3 2.85187 2.86087 2.87824 2.89384 2.91405 2.94642 2.96721 3.04022 3.11286 3.22704 3.43255

4 2.85196 2.86151 2.87732 2.89313 2.91397 2.94642 2.96773 3.03942 3.11362 3.22786 3.43243

5 2.85257 2.86102 2.87796 2.89307 2.91422 2.94642 2.967 3.03991 3.11341 3.22792 3.43292
average 2.852216 | 2.861264 | 2.877756 | 2.89344 2.914256 | 2.94642 2.967354 | 3.039702 | 3.113216 | 3.227578 | 3.432662

9L1



wamimaauﬁ’ﬂﬁmamig"lv\l%'\l1°?imm€fmi1@qmm€1’umn§mmé’u PINQYH 30 29 s AL
P(kPa) 0 50 100 150 200 250 300 350 400
1 0.70297 0.70624 0.70987 0.71232 0.7142 0.71674 0.71902 0.72021 0.72219
2 0.70271 0.70642 0.7096 0.71252 0.71432 0.71666 0.71889 0.72011 0.72236
3 0.70305 0.7064 0.71024 0.714243 | 0.71447 0.71651 0.71907 0.72024 0.72241
4 0.70312 0.7061 0.71004 0.7121 0.7141 0.71682 0.71921 0.72045 0.72212
5 0.70281 0.70606 0.70962 0.71204 0.71404 0.71694 0.71897 0.72003 0.72202
average 0702932 | 0.706244 | 0.709874 | 0.712644 | 0.714226 | 0.716734 | 0.719032 | 0.720208 | 0.72222
wamsmaau’iﬂd1mnmq"lvﬁ/’hﬁﬂmué’udnqmmﬁ’amnﬁmmﬁu PI ﬁqmﬁgﬁ 40 DA BT
P(kPa) 0 50 100 150 200 250 300 350 400
1 0.74797 0.75132 0.75474 0.75683 0.76012 0.76243 0.76629 0.77127 0.77882
2 0.74784 0.75146 0.75472 0.75671 0.76027 0.76254 0.76616 0.77134 0.77857
3 0.74812 0.75157 0.75462 0.75692 0.76031 0.76223 0.76645 0.77106 0.77899
4 0.74804 0.75104 0.75491 0.75689 0.75993 0.76242 0.76624 0.77155 0.77894
5 0.74791 0.75127 0.75452 0.75685 0.76004 0.76261 0.7665 0.77138 0.77878
average 0.747976 | 0751332 | 0.754702 | 0.75684 0.760134 | 0.762446 | 0.766328 | 0.77132 0.77882

LL1



v ! 4 c.; Y 1 % Y Y d'
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50 DI B ALHY A

P(kPa) 0 50 100 150 200 250 300 350 400

1 0.78997 0.79411 0.80021 0.80569 0.81123 0.81763 0.82404 0.83205 0.84203
2 0.78984 0.79425 0.80007 0.80549 0.81132 0.81747 0.82407 0.83219 0.84207
3 0.78992 0.79432 0.80024 0.80557 0.81121 0.81762 0.82415 0.83201 0.84189
4 0.79012 0.79397 0.80028 0.80573 0.81137 0.81754 0.82396 0.83197 0.84215
5 0.790013 | 0.79401 0.80032 0.80584 0.81141 0.81771 0.82378 0.83211 0.84219
average 0789972 | 0.794132 | 0.800224 | 0.805664 | 0.811308 | 0.817594 | 0.824 0.832066 | 0.842066

wam‘mﬂaaufiﬂﬂ'1mm@"lvﬁfhﬁﬂ’nuﬁuﬁinqmmé’fms’mﬁmmﬁu PI ﬁqamgﬁ 60 DIANAIFEIA

P(kPa) 0 50 100 150 200 250 300 350 400

1 0.83309 0.83438 0.83651 0.83934 0.84416 0.84946 0.85501 0.86424 0.87528
2 0.83311 0.83421 0.83649 0.83942 0.84411 0.84937 0.85521 0.86427 0.87534
3 0.83302 0.83442 0.83637 0.83937 0.84403 0.84978 0.85487 0.86415 0.87517
4 0.83321 0.83432 0.83664 0.83921 0.84424 0.8492 0.85513 0.86436 0.87542
5 0.8331 0.83451 0.83659 0.8393 0.84427 0.84955 0.85494 0.86441 0.87537
average 0.833106 | 0.834368 | 0.83652 0.839328 | 0.844162 | 0.849472 | 0.855032 | 0.864286 | 0.875316

8L1
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1

#include <FreqCounter.h> imua luwesdmiueuainua
#include <LCDHC595.h> imualueydnsuseuaana
LCD

I LCD

#define SIN_PIN 11 /M ruANeIAIFeURe LCD

#define STR_PIN 10
#define CLK_PIN 9

LCDHC595 led = LCDHC595(SIN_PIN, STR_PIN, CLK_PIN);

int swi1=8; /AvuaneiaaIngounn

int sw2=7;

int sw3=6;

int sw4=4;

int vi=12; Jmnuanesadmsuidla-ta 189
int v2=13;

int analog0=0; /RUANDS ABIUTYRIUDUIADNYBIAINTIN]
int analog1=1; ANMUTFINAFIazAIAT I3 gl

int analog2=2;

int stat1=0;
int stat2=0;
o o I 1 a
float temp; //ﬂTﬁuﬂG]’JLLﬂiLﬂUﬂTQﬂ!ﬂQN
o < 1 o A o o
float P_initial; //G]'JLHJﬁlﬂUﬂTﬂ'ﬂNﬂu!’ﬁJﬁgf‘Hﬁ1ﬁﬁﬂ MPX4250

float analog=0;

float Vin=0; imuadaulsifumus s maneuden
long int frq; //ﬁWWuﬂﬁ%LLﬂﬁLfdm?’hﬂ’NiJé

int n=0;

int i;

void setup() /lsgmafansudmsumsmvuan Tasunsy

{
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Serial.begin(115200);
led.Initial();
lcd.Backlight(1);
lcd.ClearScreen();
pinMode(sw1, INPUT);
pinMode(sw2, INPUT);
pinMode(sw3, INPUT);
pinMode(sw4, INPUT);
analog=analogRead(analog1);
Vin=(analog/1023)*5;
P_initial=(Vin+0.04*5)/(0.004*5);
}
void loop()
{
lcd.ClearScreen();
float analog=0;
float Vin=0;
float P=0;

char vin[10],pre[10];

n=0;
led.SetCursor(0x00);
led.Print(" SW 3 to start ");

if(digitalRead(sw3)==0){

led.Print("Start");

while(1){

o 1 A
JiFenlanFuAISuAY LCD

Jd v a
// 5enanF¥uila back light

J v o @
// Baplanyudmsumsdaniinee

° d a
AMAUATDTIUSNOITADUNN Lé)'W!‘VI

/MUAMANNAUE AU TIAIATI195 MPX4250

I v [ o Jd .
/A)5EMININFUMTINNUNENHID WINFU main

= Jdo o o Y Y
/l NN FUT T UMTA N0

o < 1 o
/lszmaaualsinuais ey

@ < 1 Y
//1J5$ﬂWﬁﬁﬂLlﬂﬁLﬂUﬂ’lﬂTﬁJﬂu

FreqCounter::f comp= 8§;
FreqCounter::start(1000);

while (FreqCounter::f ready == 0)

/MAUAMFINTUNTOIUAINIIND
fmmuanarlumsiudyyiu

¢ 2
//iaamumm"l‘nmnm
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frq=FreqCounter::f freq; //Lﬁuﬁwﬂawuﬁiuﬁ’aagﬂi frq
delay(50);
digitalWrite(v2,HIGH);
ifln>=2)
Serial.println(frq); JUAAIAIN MDY RS232
led.SetCursor(0x00); /EAINAfIANLE LCD

led.Print("f=");
led.Print(frq);
led.Print(" Hz ");
analog=0;
for(i=0;i<100;i++){ /01U “muaunmamﬁaﬂmﬁﬂ 100 A1
analog=analog+analogRead(analog2);

}
analog=analog/100;

Vin=(analog/1023)*5; /fUINLTIAUINMBIIADN
temp=Vin*100; /AU
led.SetCursor(0x40); /AR QU N
dtostrf(temp,4,2,vin);

lcd.Print(vin);

led.Print("C");
analog=0;
for(i=0;i<100;i++){ /01U ”ﬂujﬂpmamﬁaﬂmﬁﬂ 100 A1
analog=analog+analogRead(analog1);
H
analog=analog/100;
Vin=(analog/1023)*5
led.SetCursor(0x47);
P=(Vin+0.04*5)/(0.004*5)-P_initial; ; JATUIUAIANNAUTINT U
MPX4250

// P=((Vin/5-0.04)/0.0012858)+1.46; JAUIUAANUAUTINT U
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MPX5700
dtostrf(P,4,2,pre);
led.Print(pre);
lcd.Print("kPa");
led Print("  ");
//delay(100);

nt+;

B

//LLﬁﬂ\'i?'hﬂ’J']iJﬁJuﬂNﬁf!}W’f) LCD

@ ° [ 1o
JamlsEmsuAUAITIUIUTOU
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a a J o @ !
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/1

#include <FreqCounter.h>

#include <LCDHC595.h>

LCD

1 LCD

#define SIN_PIN 11
#define STR_PIN 10
#define CLK_PIN 9

LCDHC595 led = LCDHC595(SIN_PIN, STR_PIN, CLK PIN);

int sw4=4;

int sw3=7;

int sw2=6;

int swl=8;

int vi=12;

int v2=13;

int analog0=0;
int analogl=1;
int analog2=2;
int stat1=0;
int stat2=0;
float temp;
float P_initial;
float analog=0;
float Vin=0;
long int frq;
int n=0;

int i;

void setup()

'
A o @ J '

Jivua luesdmsueuaInud

/imvualuesdmsussuaaina

JMAUANDSAFOUAD LCD

o 4 a I
TMAUANDIATIAEOUNN

o 4 o [ a a 4
Jmvuaneiad sula-la 1ad

° v \! @ < @
//ﬂ'l'ﬁ‘Llﬂ‘Wf]i@]ﬂ?Uﬁ@i\ﬁﬂi@H?ﬁ@ﬂﬂlﬂﬂ@’)@i’)ﬂi

a

[ a J @
//ﬂ:mmuL%wam%uazmmniquﬂn

U

a

o o < 1
//ﬂ']ﬁ‘l!ﬂ@')klﬂilﬂﬂﬂ']’qmﬁﬂﬂ

QU

S SR umANNAUE AU E U MPX4250

o o 3 1 [ {1 <3
//ﬂTWuﬂG]’JLL’IJiLﬂ‘UﬂTLLiQﬂuﬁ@TuﬂTﬂ@uTﬁﬂﬂ

I3 (J <] 1 =
/mviuaalsinunanug

/Alszmatansudimsumsmruaa 1Usunsy
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{
Serial.begin(115200); //fi’muﬂmmﬁamidﬁaya RS232
led. Initial(); Jdenlansumisudu LCD
led.Backlight(1); /7 Fonlansuila back light
led.ClearScreen(); / Benansudmsumsdraniiiee
pinMode(sw1, INPUT); /AruaIIIUENDI AB NN 181N

pinMode(sw2, INPUT);

pinMode(sw3, INPUT);

pinMode(sw4, INPUT);

pinMode(vl, OUTPUT);

pinMode(v2, OUTPUT);
analog=analogRead(analog1); //Eim?hmmﬁ’uﬁuﬁ’uém%’uﬁ’mnﬁ MPX4250
Vin=(analog/1023)*5;

P_initial=(Vin+0.04*5)/(0.004*5);

}

J v o v Jd v .
void loop() /AlsgmsieanFunsiaunanyse WeaNFU main
{

= J o o (% 9 9
lcd.ClearScreen(); // 5 WINFUT T UNTANNH U190

led.Print("Start");
digitalWrite(v2,HIGH);
float analog=0;
. Y < 1 @
float Vin=0; /lsemaaansinuaseau
float P=0; /lszmada s umanuau

char vin[10],pre[10];

n=0;

led.SetCursor(0x00);

led.Print(" SW 3 to start ");

while(1){ iqudmsuswmaiadiioda-Ta 1)

if(digitalRead(sw1)==0){
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delay(250);

if(stat]==0) /idou luan1uzan

statl=1;
else
stat1=0;

}

if(digitalRead(sw3)==0){ /aeuluila-ta 1147

delay(250);
if(stat2==0)
stat2=1;
else
stat2=0;
}
analog=0;

for(i=0;1<100;i++){

analog=analog+analogRead(analog?);

}

analog=analog/100;
Vin=(analog/1023)*5;
temp=Vin*100;
led.SetCursor(0x40);
dtostrf(temp,4,2,vin);
led.Print(vin);
led.Print("C");

analog=0;

for(i=0;1<100;i++) {

analog=analog+analogRead(analog1);

H

analog=analog/100;

Vin=(analog/1023)*5;

' ' o [ { '
//@1UM mm’lm@u’]aﬂﬂlﬁaﬂ 100 M

o (% 1 <
/AUIULLTIAUITNAIDUIADN

a

R TR LIS

QU

/MEAAIHAYUH NN LCD

1 1w <] : 1
//BIUMN ﬂJuﬂJ']ﬂl’EJUTa’E)ﬂmaﬂ 100 A1
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lcd.SetCursor(0x47);
P=(Vin+0.04*5)/(0.004*5)-P_initial;
// P=((Vin/5-0.04)/0.0012858)+1.46;
dtostrf(P,4,2,pre);
lcd.Print(pre);
led.Print("kPa");
");
if(digitalRead(sw2)==0){

led.Print("

while(1){
FreqCounter::f comp= 8;
FreqCounter::start(1000);
while (FreqCounter::f ready == 0)
frq=FreqCounter::f freq;
delay(50);
if(n >=2)
Serial.println(frq);
ifln<=12)digitalWrite(v1,LOW); /]
else if(n>12&&n<=22)digital Write(v1,HIGH)
else if(n>22&&n<=32)digital Write(v1,LOW);
else if(n>32&&n<=42)digital Write(v1,HIGH)
else if(n>42&&n<=52)digitalWrite(v1,LOW);
led.SetCursor(0x00);
led.Print("f=");
led. Print(frq);
led.Print(" Hz ");
analog=0;
for(i=0;1<100;i++){ /!

analog=analog+analogRead(analog2);

}

//LLﬁﬂQNﬁﬂ’)ﬁJ?‘I%N RS232

J/FUIUMANUAUFINTT MPX4250
/AUIUMANNAUFINTU MPX5700

//LLﬁﬂ\'i?'hﬂ’J']iJﬁJuﬂNﬁﬁ}']%@ LCD

/A UAMAINTUMITDIUAINND
Jmvuanarlumsiudya
4 4
/seanuzved Inies

IS 1 a Y
/AAUMANND Iuamls fiq

doulunFouReunardmsuaig
. dyaniuiule

b

/MAAIHANNDNN 99 LCD

1 1w < { 1
DIUA tgtgwmama@ﬂmaﬂ 100 M
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analog=analog/100;
Vin=(analog/1023)*5;
temp=Vin*100;
led.SetCursor(0x40);
dtostrf(temp,4,2,vin);
led.Print(vin);
led. Print("C");
analog=0;

for(i=0;1<100;i++) {

analog=analog+analogRead(analogl);

}
analog=analog/100;
Vin=(analog/1023)*5
lcd.SetCursor(0x47);
P=(Vin+0.04*5)/(0.004*5)-P_initial;
/I P=((Vin/5-0.04)/0.0012858)-+1.46;
dtostrf(P,4,2,pre);
led.Print(pre);
lcd.Print("kPa");
led.Print(" ");
n++;
if(n==62){
Serial.println("finish");
goto a;
H
138

° @ 1 <
A/MUIULLTIAUIINAIDUIADN

a

/ARUIUAQUT AL

U

a

[MAPINDYUNYUNI LCD

1 1w <] : 1
//BIUM ﬂJuiLnﬂl’f)“Iﬂa’f)ﬂmafJ 100 A1

° @ ' <
/ANUIAMLITIAUIINAIOUTIADN

J/MUIUAANUAUTINTU MPX4250
JFUAUAANNUAUAIHSU MPX5700

/AMAAINAANNAUNI LCD

@ 0 v 1o
Sl sEmsuAUAITINIUT O U

/Mo lyngansiau
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Tsunsudmsudedoyamanuifienndinsndanudu uasannuaunndIng 9]
ANUTIFINAFER U T sdayanal NRF24L01
/*********************************************************************

** SPI-compatible

** CS - to digital pin 8

** CSN - to digital pin 9 (SS pin)
** MOSI - to digital pin 11 (MOSI pin) *k
** MISO - to digital pin 12 (MISO pin) *k
** CLK - to digital pin 13 (SCK pin)

*********************************************************************/

#include <FreqCounter.h>

int analog=0;
float val;

int i;

float Vin;

float frq2;

float MPX5700;
float pressure;
long int Zero;
long int frq;
float Frq;
#include <SPL.h>

#include "APLh"

#include "nRF24L01.h"
ﬁ***************************************************
#define TX_ADR WIDTH 5

#define TX_PLOAD WIDTH 16

long int datal;
long int data2;

intk=0;

/1 fmuaanunevesdunialumssu-dedoya

ok
%k

k%

kk

Jimua luesdmsusumanud
) % < [ v A <
Jmvuaaualsinuaswune U INeUIan

@ < 1 o [ o
//!Lfl$§]'3llﬂﬂﬂﬂﬂ’lﬁ1ﬂiﬂﬂ?iﬂ?uqﬂfl

Jimua luesdmsumsanaeae a1l SPI
/amua lues AP

/amua lues d1msy nRE24L01

/I fvuasuau Byte lumsdedoya
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unsigned char TX_ADDRESS[TX ADR WIDTH] =
{
0x34,0x43,0x10,0x10,0x01
b / fvuaddaniiteanud lumsdadoya
unsigned char rx_buf[TX PLOAD WIDTH] = {0}; // S UAMIS U
unsigned char tx_buf{TX PLOAD WIDTH] = {0};
//***************************************************
void setup()
{
Serial.begin(9600);
pinMode(CE, OUTPUT);
pinMode(CSN, OUTPUT);
pinMode(IRQ, INPUT);
SPIL.begin();
delay(50);
init_io(); // ﬁ1wuﬂﬁ1wa§@§uww-mmmm SPI
unsigned char sstatus=SPI_Read(STATUS); //DIUATD UL YD nRF24L01
Serial.println("*******************TX_MOde Start****************************")
Serial.print("status =");
Serial.println(sstatus, HEX);  // HAAIATI VAABS AIUL E
TX_Mode(); /1 suaiiiu Tnuadadoya
H
void loop()
{
val=0;

pressure=0;

v
2 [ 1

FreqCounter::f comp= 8; / FAMTITHTVDIUAININD
FreqCounter::start(1000); // Start counting with gatetime of 1000ms
while (FreqCounter::f ready == 0) // wait until counter ready

frq=FreqCounter::f freq; // read result

El
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Frq=fiq;
frq2=Frq/1000;
for(i=0:i<10;i++){ VGRITGR ”mutymamﬁaﬂmﬁﬂ 10A1
val=val+analogRead(analog);
h
val=val/10;
Vin=(val*5/1023);
MPX5700=((Vin/5-0.04)/0.0012858)+1.46;
pressure=(118072*frq2)-(703.42*frq2*frq2)-4954712+90; /MUIUMANUAUTINS

datal=val; //IMPX5700
data2=Frq;
sent_data(); /iFonlandudatoya
}
. J o o o T 9
void sent_data(){ /landmsumsvamsuazaavoya
tx_buf[0]=datal/10000000; /gamasdnfumsuenduauiyluduls

tx_buf[1]=(datal%10000000)/1000000; Jrosdiitedat RIS
tx_buf[2]=(data1%1000000)/100000;
tx_buf[3]=(data1%100000)/10000;
tx_bufl4]=(data1%10000)/1000;
tx_buf[5]=(datal%1000)/100;
tx_buf[6]=(datal%100)/10;
tx_buf[7]=datal%10;
tx_buf[8]=data2/10000000;
tx_buf[9]=(data2%10000000)/1000000;
tx_buf[10]=(data2%1000000)/100000;
tx_bufl11]=(data2%100000)/10000;
tx_bufl12]=(data2%10000)/1000;
tx_bufl13]=(data2%1000)/100;
tx_bufl14]=(data2%100)/10;

tx_buf[15]=data2%10;
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unsigned char sstatus = SPI_Read(STATUS); /[OIUAETD NS nRF24L01
if(sstatus&TX_DS) /MTRABVTDIUZANUNT B
{

SPI RW_Reg(FLUSH_TX,0); MipudmidGiames dmiumsdatoya

SPI_Write BuftWR_TX_PLOAD,tx_buf,TX _PLOAD WIDTH); /dstoya 1§
nRF24L01
}
if(sstatus& MAX RT)
{
SPI RW_Reg(FLUSH_TX,0);

SPI_Write BufftWR_TX_PLOAD,tx_buf,TX PLOAD WIDTH);

}
SPI RW_Reg(WRITE REG+STATUS sstatus);
}
void init_io(void) slsnFudmSusmuaaisudu SeI
{
digitalWrite(IRQ, 0);
digitalWrite(CE, 0); // chip enable
digitalWrite(CSN, 1); // Spi disable
H
unsigned char SPI_RW (unsigned char Byte) /fandudms e ﬂgj’agja SPI
{
return SPI.transfer(Byte);
H

unsigned char SPI_ RW_Reg(unsigned char reg, unsigned char value) /anTud MU ey
{ VeI H

unsigned char status;

digitalWrite(CSN, 0); // CSN low, init SPI transaction

SPI_ RW(reg); // select register

SPI_RW(value); // ..and write value to it..
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digitalWrite(CSN, 1); // CSN high again
return(status); // return nRF24L01 status unsigned char
}
unsigned char SPI_Read(unsigned char reg) /fansud MM AN SPI
{
unsigned char reg_val;
digitalWrite(CSN, 0); // CSN low, initialize SPI communication...
SPI_ RW(reg); // Select register to read from..
reg_val = SPI RW(0); // ..then read register value
digitalWrite(CSN, 1); // CSN high, terminate SPI communication
return(reg_val); // return register value
}
unsigned char SPI_Read Buf(unsigned char reg, unsigned char *pBuf, unsigned char bytes)
{ //‘171@ﬁﬂ?u’c’?m%“umﬁémﬂ]”ayjm1ﬂﬂ’1/\|m|a%'eum
nRF24101

unsigned char sstatus,i;
digitalWrite(CSN, 0); // Set CSN low, init SPI tranaction
sstatus = SPI_ RW(reg); // Select register to write to and read status unsigned char

for(i=0;i<bytes;i++)

{
pBufli] = SPI_ RW(0); // Perform SPI_RW to read unsigned char from
nRF24L01
H
digitalWrite(CSN, 1); // Set CSN high again
return(sstatus); // return nRF24L01 status unsigned char
H

unsigned char SPI_Write Buf(unsigned char reg, unsigned char *pBuf, unsigned char bytes)
{ iasFudmfumsdaeyallduilles
unsigned char sstatus,i;

digitalWrite(CSN, 0); // Set CSN low, init SPI tranaction
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sstatus = SPI_RW(reg);

for(i=0;i<bytes; i++)

{

SPI_RW(*pBuf++);

}

digitalWrite(CSN, 1);

return(sstatus);
}
void TX Mode(void)

{
digitalWrite(CE, 0);

/1 Select register to write to and read status unsigned char

// then write all unsigned char in buffer(*pBuf)

// Set CSN high again

// return nRF24L01 status unsigned char

& o o 1A d o [ T 9
//ﬁﬁﬂﬂ)'uﬂ11"iuﬂﬂ1ﬁ%ﬁlﬂﬁ]iﬁ1ﬁiﬂiﬁuﬂﬁﬂﬂlﬂyja

SPI_Write BuftWRITE_REG + TX_ADDR, TX_ADDRESS, TX ADR_WIDTH);

SPI_Write BuftWRITE_REG + RX_ADDR_P0, TX_ADDRESS, TX_ADR_WIDTH);

SPI RW_Reg(WRITE REG + EN_AA, 0x01); // Enable Auto.Ack:Pipe0
SPI RW_Reg(WRITE REG + EN_RXADDR, 0x01); // Enable Pipe0
SPI RW_Reg(WRITE REG + SETUP RETR, 0x1a); // 500us + 86us, 10 retrans...
SPI RW_Reg(WRITE REG + RF CH, 40); /1 Select RF channel 40

SPI RW_Reg(WRITE_REG + RF_SETUP, 0x07);

SPI RW_Reg(WRITE_REG + CONFIG, 0x0¢);

SPI Write BuftWR_TX PLOAD.,tx buf,TX PLOAD WIDTH);

digitalWrite(CE, 1);
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1 o 1

TilsunsudmsSudoyamanudndenndls udoyadins193A1uAY tazAIAIUAY

(% v A a J v 1w
ﬂmmmaﬁmmﬂumwmwmummmgﬂym NRF24L01

/*********************************************************************

** SPI-compatible ok

** CS - to digital pin 8 Hk

**  CSN - to digital pin 9 (SS pin) *k

** MOSI - to digital pin 11 (MOSI pin) *k
**  MISO - to digital pin 12 (MISO pin) *k
** CLK - to digital pin 13 (SCK pin) ok

*********************************************************************/

#include <LCDHC595.h> imua luwesdmiuseuaana LCD
#define SIN PIN 2 JfnuanesaFeuRe LCD

#define STR PIN 3

#define CLK PIN 4

LCDHC595 led = LCDHC595(SIN_PIN, STR.PIN, CLK_PIN);

#include <SPL.h> simua luwesdmiumsaadedeaisi
SPI

#include "APLL" e ey APT

#include "nRF24L01.h" /imualues d11$0 nRE24L01
int swi=5; JfmuanaaaIingounn

int sw2=6;

int sw3=7;

float val; simuaglsdmsudua
float Vin;

float frq2;

float MPX5700;

float pressure;
long int Zero;
long int frq;

float Frq;
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char text[10];
#define TX_ ADR_ WIDTH 5 // fmuaanuninesdwmislumsiu-dedoya
#define TX_PLOAD_WIDTH 16 // fvuas1uiu Byte lumsdedoya
long int datal;
long int data2;
unsigned char TX ADDRESS[TX ADR WIDTH] =
{
0x34,0x43,0x10,0x10,0x01
5 J// fmuadurianiiteanud lunmsdedoya
long int rx[TX PLOAD WIDTH];
unsigned char rx_buf[TX PLOAD WIDTH] = {0};  / fmuasmisudu

unsigned char tx_buf[TX PLOAD WIDTH] = {0};

//***************************************************

void setup() Jifandudmsumimuaaauzveaneia
{

Serial.begin(9600); imuannuilumsdadoya
RS232

pinMode(CE, OUTPUT);
pinMode(CSN, OUTPUT);
pinMode(IRQ, INPUT);
pinMode(sw1, OUTPUT);
pinMode(sw2, OUTPUT);

pinMode(sw3, OUTPUT);

led.Initial(); Jdenianauasudu LCD

. =) o A .
led.Backlight(1); /fizanlanguila back light
led.ClearScreen(); //Fmﬂﬁqﬁsﬁ’uﬁﬁwﬁ'm LCD

led.Print("WirelessPressure");
SPLbegin(); /iFenilansuaisudY SPI
delay(50);

° ' I a
init_io(); [/ MAUAMNOTADUNN-1DINNVDI SPI
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unsigned char sstatus=SPI_Read(STATUS);

Serial_println("*******************RX MOde Start****************************")

Serial.print("status = ");
Serial.println(sstatus,HEX);
RX Mode();
}
void loop()
{
for(;;)
{
reseive_data();
val=datal;
Vin=(val*5/1023);
Frgq=data2;

frq2=Frq/1000;

//DUMADIULYDI nRF24L01

b

[ I'4
// HEAANATIITABDT ADIUL

° I [
/1 smuailu Tnuasudoya

$udo1a91n nRF24101

U

=1 Y
/5NN

Y
/[AAMFITIMTVAIUIUAINNUAY

MPX5700=((Vin/5-0.04)/0.0012858)+1.46;

pressure=(((118072*frq2)-(703.42*frq2*frq2)-4954712)+10);

datal=val;

data2=Frq;
Serial.print(MPX5700);
Serial.print(" ");
Serial.print(frq2);
Serial.print(" ");
Serial.print(pressure);
Serial.println(" ");
led.SetCursor(0x40);
led.Print("P1 =");
dtostrf(MPX5700,4,2,text);
lcd.Print(text);

led. Print("  ");

e

/agasdad s Duaaewaruniiee LCD
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led.SetCursor(0x10);

led. Print("P2 = ");
dtostrf(pressure, 4,2 text);
led.Print(text);

led.Print(" ");

delay(1000); /MUNnAIAAIRaLaz U Toa afsaz 15
H
H
void reseive_data(){ // Mandudmsusudoyauazeudeyanin nRF24L01
unsigned char status = SPI Read(STATUS); // read register STATUS's value
if(status&RX_DR) // if receive data ready (TX_DS)
interrupt
{
SPI Read BufiRD RX PLOAD, rx_buf, TX PLOAD WIDTH); // read playload to
rx_buf
SPI RW_Reg(FLUSH_RX,0); // clear RX_FIFO

for(int i=0; i<16; i++)  {
rx[i]=rx_bufli];
}

datal=rx[0]*10000000+rx[1]*1000000+rx[2]*100000+rx[3]*10000+rx[4]*1000+rx[5]* 100+rx[6]* 1 0+rx[7];

data2=rx[8]*10000000+rx[9]*1000000+rx[10]*100000+rx[11]*10000+rx[12]*1000+rx[13]*100+rx[14]*10+rx[15];
o R A < J
} //ﬂ’]u'Jmﬂ’]@:]l;aeumllﬂﬂu’]lﬂu@'”jﬂ

SPI RW_Reg(WRITE REG+STATUS,status );  //1idlusunudiu
}

void init_io(void) slsndudmSusmuaaisudy SpI
{

digitalWrite(IRQ, 0);

digitalWrite(CE, 0); // chip enable

digitalWrite(CSN, 1); // Spi disable
H

unsigned char SPI_RW (unsigned char Byte) /fandudms e 51911'83;1’@ SPI
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{
return SPI.transfer(Byte);
}
unsigned char SPI RW_Reg(unsigned char reg, unsigned char value) /ansud MU ey
{ VR GEH

unsigned char status;

digitalWrite(CSN, 0); // CSN low, init SPI transaction
SPI_ RW(reg); // select register
SPI_RW(value); // ..and write value to it..
digitalWrite(CSN, 1); // CSN high again
return(status); // return nRF24L.01 status unsigned char
}
unsigned char SPI Read(unsigned char reg) /fanFudmumseIuaAInn SPI
{
unsigned char reg_val;
digitalWrite(CSN, 0); // CSN low, initialize SPT communication...
SPI RW(reg); // Select register to read from..
reg_val = SPI RW(0); // ..then read register value
digitalWrite(CSN, 1); // CSN high, terminate SPI communication
return(reg_val); // return register value
H

unsigned char SPI_Read Buf(unsigned char reg, unsigned char *pBuf, unsigned char bytes){
unsigned char sstatus,i;
digitalWrite(CSN, 0); // Set CSN low, init SPI tranaction
sstatus = SPI_RW(reg); // Select register to write to and read status unsigned char
for(i=0;i<bytes;i++)
{
pBufli] = SPI_ RW(0); // Perform SPT_RW to read unsigned char from nRF241.01

}
digitalWrite(CSN, 1); // Set CSN high again
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return(sstatus); // return nRF24L.01 status unsigned char

}

unsigned char SPI Write Buf(unsigned char reg, unsigned char *pBuf, unsigned char bytes)
d o o % 1 9 o I'4
{ /andudvsumssuvoyaantivinesued nRF24L01

unsigned char sstatus,i;

digitalWrite(CSN, 0); // Set CSN low, init SPI tranaction
sstatus = SPI RW(reg); // Select register to write to and read status unsigned char
for(i=0;i<bytes; i++) // then write all unsigned char in buffer(*pBuf)
{
SPI_ RW(*pBuf++);
}
digitalWrite(CSN, 1); // Set CSN high again
return(sstatus); // return nRF24L.01 status unsigned char
}

void RX_Mode(void){
digitalWrite(CE, 0);
SPI Write BuftWRITE_REG + RX_ADDR_P0, TX_ADDRESS, TX ADR_WIDTH); //

Use the same address on the RX device as the TX device

SPI RW_Reg(WRITE REG + EN_AA, 0x01); // Enable Auto.Ack:Pipe0
SPI RW_Reg(WRITE REG + EN. RXADDR, 0x01); // Enable Pipe0
SPI RW_Reg(WRITE REG + RF _CH, 40); // Select RF channel 40

SPI RW Reg(WRITE REG + RX PW_P0, TX PLOAD WIDTH);

SPI RW Reg(WRITE REG + RF_SETUP, 0x07); // TX_PWR:0dBm,
Datarate:2Mbps, LNA:HCURR

SPI RW Reg(WRITE REG + CONFIG, 0x0f);

digitalWrite(CE, 1); // Set CE pin high to enable RX

device

}
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Reproduction of Microparts based on Standard X-ray
LIGA Processes for Mass Production

R. Phatthanakun®, C. Pantong™, C. Sriphung®, W. Pummara™ and N. Chomnawang**
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Abstract- This paper presents a rapid reproduction method of
microparts based on the standard X-ray LIGA processes. The
SU-8 master mold of microparts is fabricated by X-ray
lithography which offers the high aspect ratio microstrucutre
with vertical sidewall for high precision microparts. A 10:1
mixture of pre-polymer PDMS is cast onto the master mold and
peeled off to create the replicated PDMS. It is pressed on the
substrate coated with chromium seed layer, resulting in the
temporary bonding between them. Nickel is then grown inside
the replicated PDMS to create another metallic micropart by
electroplating. After the replicated PDMS is removed from the
sample, the over-electroplated microparts are covered with
unexposed SU-8 photoresist and planarized to achieve the final
thickness, followed by photoresist removal. The metallic
microparts are finally released from the substrate by the
mechanical force, resulting in the massive reproduced metallic
microparts. The key g ric di ional changes throughout
the process were less than 1% which obviously confirmed the
reliability of the reproduction using X-ray LIGA technology. The
proposed method offers the rapid replication of micromolds and
microparts in low-cost mass production without further X-ray
lithography process.

Keywords-X-ray lithography; synchrotron light; microparts;
replicated PDMS; micromolding; mass production

I. INTRODUCTION

Nowadays, smart clectronic devices comprise of various
mechanical function which is a result of miniature microparts
assembled together in a unit. The dimensional microstructures
have been decreased to correspond with complex mechanical
system. They have to be quickly fabricated with high precision
in low-cost mass production which can be both plastic and
metal. For the polymeric microstructures, the effective
techniques which have been directly used for mass production
are hot embossing or injection molding. In these techniques,
microstructures metallic molding tools or mold inserts are
required to be the template [1]-[2]. Because of extremely high
resolution of structures containing specific small sidewall
roughness and high aspect ratios, these molds are typically
fabricated by lithography procedures followed by
electroplating. The most suitable technique which provides
these requirements is X-ray lithography generated by
synchrotron light source. This technique is also used to
fabricate the metallic microparts which are utilized in
complicated mechanism system such as micromotor and
watch. However, X-ray lithography is not appropriate for low

978-1-4673-2025-2/12/$31.00 ©2012 IEEE

cost mass production because it is limited by synchrotron
radiation source. To overcome this limitation, a process of
rapid replication using metallic micromold fabricated by X-ray
lithography combine with electroplating has been proposed in
LIGA process [3].

LIGA is the German acronym for the replication process
which consists of X-ray lithography (X-ray lithograpie),
electroplating (galvanoformung). and molding (abformung).
Figure 1 demonstrates the basic LIGA process which starts by
X-ray exposure onto thick photoresist film as shown in Fig.
I(a). After development to arrive at three-dimensional
photoresist structure as shown in Fig. 1(b), the metal is
subsequently filled by electroplating as shown in Fig. 1(c).
Photoresist is then removed, resulting in freestanding metallic
microstructures as shown in Fig. 1(d). Output of this step can
be both microparts and micromold insert which are employed
as a master mold in rapid replication process of hot
embossing, injection molding [4]. and polymer casting.

X-ray exposure

Development

Electroplating
©

|
i

Micropart
(d)

Figure 1. X-ray LIGA fabrication process.
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In this research, the reproduced metallic microparts using the
replicated PDMS are demonstrated based on the standard X-ray
LIGA process. A 725 pum-thick SU-8 photoresist is formed as
microgears by using deep X-ray lithography. They are used as
the master mold in replication of PDMS which is mixed with
10:1 weight ratio. After casting to create a solid polymer. it is
peeled off from the master mold and softly pressed on the
substrate coated with chromium seed layer. Metal is then filled
inside the replicated PDMS by electroplating. After obtaining the
sufficient thickness, the replicated PDMS is removed and
unexposed SU-8 photoresist is covered to hold the metallic
microstrucutres. The over-electroplated metallic structures are
planarized to achieve the final thickness. followed by photoresist
removal. The metallic microparts are finally released from the
substrate by mechanical force. resulting in the reproduced
metallic microparts. The key geometric dimensions are
investigated throughout the process to find the dimensional error
of the replicated PDMS and the reproduced metallic microparts
from the SU-8 master mold. The rapid massive reproduction of
microstructures can be fabricated in low-cost mass production
without further using X-ray lithography.

II. MICROMOLD BY X-RAY LIGA PROCESS

The standard X-ray LIGA process was performed by using
synchrotron radiation source at the Synchrotron Light
Research Institute (Public Organization), Thailand. Beamline
6a: Deep X-ray Lithography (DXL) provides synchrotron light
in low energy X-ray range to users who use X-ray in
lithography of ultrathick photoresists to fabricate high-aspect-
ratio microstructures. Both micromold and micropart can be
directly fabricated by electroplating. Figure 2(a) shows the
microgears which were released from conductive substrate
after lapping. However, the direct micropart fabrication by X-
ray LIGA is not as significant as the micromold which can be
used to replicate other microstructures. Figure 2(b) shows a
simple micromold made from 725 pm-thick SU-8 photoresist
which is used for PDMS casting.

Figure 2. (a) Metallic microgears fabricated by X-ray LIGA and (b)
Micromolds of thick film photoresist for PDMS casting.

The SU-8 master mold is measured the key geometric
dimensions for 5 positions by using the Olympus Stream
Digital Image Solutions as shown in Fig. 3(a). Table I displays
the measured values of the SU-8 master mold which are the
standard dimension used to investigate errors of the replicated
PDMS and the reproduced metallic microgears.

(4) Max (Digmeter) 2079T gm0
y 43) Max (Diameter) 2
.o

Substrate 8 s =

Crastion Time. 201172012 15.28.01
Gojece Lons: UMPLFL 80P o) 0.15

Substrate

(5) Length 408.64 um

Max (Diar

Figure. 3. Photomicrographs of key geometric dimensions (a) master
mold (b) replicated PDMS and (c) reproduced metallic microgear.

III. MICROPARTS REPRODUCTION USING REPLICATED PDMS

Reproduced metallic microparts can be duplicated from the
master mold using commercial PDMS (polydimethoxysilane).
Fabrication sequence used in the reproduced metallic
microparts is shown in Fig. 4. A set of pre-polymer was mixed
with 10:1 weight ratio. After vacuuming to remove gas
pebbles entrapped during mixing, it was slowly poured onto
the master mold and baked on a hotplate at 90°C for 15
minutes to create a solid polymer. The replicated PDMS was
then peeled off from the master mold as shown in Fig. 4(a).
Dimensional changes of the replicated PDMS were observed
as shown in Fig. 3(b) and compared to the master mold in
Table I. The percentages of error from the master mold are
displayed in brackets. There are no significant changes
because the volume shrinkage of PDMS after curing is less
than 1%.
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TABLEI COMPARISION OF REPRODUCED MICROGEAR AND MASTER MICROMOLD

SIZES

o . Key g ric dii
” 1) pm (2) pm (3) pm (4) pm (5) pm
"l::'s]'j’ 19397 | 19477 | 20846 | 20837 | 40978
Replicated | 19252 | 19305 | 20757 | 20791 | 40838
PDMS 0.75%) | (0.88%) | (0.43%) | (0.22%) | (0.34%)
Rf:r_:’;’l‘l'i?d 19221 19321 | 20720 | 20712 | 408.64
;cars 0.91%) | (0.80%) | (0.60%) | (0.60%) | (0.23%)
‘l,“*‘:ad 18403 | 18411 | 21775 | 21563 | 37027
s | G122 | (5.47%) | (@de%) | (3.48%) | (9.64%)

‘t,wﬂ.i, g w "ﬂm"?“

SIS LSS IS SIS SIS

Bsubstrate [l SU-8 master mold DPI)MS BEchromium
.Repmduced parts

SU-8 photoresist
Figure 4. The fabrication sequence for the microparts replication.

The replicated PDMS was suddenly placed on a chromium
seed layer coated on a glass slide substrate as shown in Fig.

4(b). Temporary bonding between them was formed for the
reproduced mold by gently pressing them together. Metals,
such as copper and nickel, were electrodeposited on the
chromium seed layer to form microparts inside the replicated
PDMS as shown in Fig. 4(c). The electroplated metal which
was slowly grown could fit into the mold until its thickness
reached to the same level of the PDMS mold. After the
clectroplating, the PDMS mold was removed and left only the
reproduced metallic microparts on the substrate as shown in
Fig. 4(d).

To achieve the final microparts thickness. SU-8 photoresist
or resin was covered over the metallic microstructures and the
over-clectroplated microstrucutres was planarized to obtain
the final thickness as shown in Fig. 4(e). Finally, the metallic
microparts were removed from the substrate by mechanical
force. Wet chemical etching of the metallic seed layer is not
necessary because the electroplated metal cannot create
permanent bond between them. By using tweezers, the
metallic microparts can be released easily from the chromium
layer as shown in Fig. 4(f). Dimensional changes of the
metallic microparts were investigated for 5 positions as
illustrated in Fig. 3(c) and compared to the master mold and
the replicated PDMS in Table I. Figure 5 shows the
reproduced metallic microparts fabricated by the standard X-
ray LIGA process. Rapid metallic microparts reproduction
using this method can be realized to deliver the low-cost mass
production without further using X-ray lithography process.

N
'\\\\\\\\\\
b

P

Figure 5. The reproduced metallic microparts released from the chromium
layer.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The reproduced metallic microparts could be successfully
fabricated by the standard X-ray LIGA process. The sidewalls
of metallic parts are vertical as shown in Fig. 6 which is very
important for high precision microstructures. The key
geometric dimensional changes of the replicated PDMS and
the reproduced metallic microparts as reported in Table I are
less than 1% which obviously confirm the reliability of the
rapid reproduction using X-ray LIGA technology. The
fabrication process of this method does not complicate and is
simply complemented in a non-clean room environment.

Although the reproduced metallic microparts can be realized
by using the replicated PDMS, it cannot confirm for the
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second reproduced metallic microparts by using the same
replicated PDMS. After the replicated PDMS is used in
clectroforming process and released from the substrate, the
key geometric dimensions are changed more than 4% as
reported in Table 1. This phenomenon also happens to the old
replicated PDMS which was cast for a long time as shown in
Fig. 7. To maintain these dimensions, the replicated PDMS
has to be attached on a planar surface. such as glass and
silicon, and kept in humidity control unit.

Creation Time: 201112012 140539 o
Objective Lens. UMPLFLBO® 5¢/0.15. I

d PDMS.

Figure 7. Key geometric di I changes of the used repli

V. CONCLUSION

The reproduced metallic microparts using the replicated
PDMS were demonstrated based on the standard X-ray LIGA
process for mass production. The SU-8 master mold was
constructed by X-ray lithography providing high aspect ratio
microstructures with vertical sidewall for high precision
microparts. A 10:1 mixture of pre-polymer PDMS was cast
onto the SU-8 master mold and peeled off to create the
clectoforming mold. It was gently pressed on the chromium

seed layer to create the temporary bonding. After filling the
metal inside the PDMS mold. the over electroplating metallic
microparts were planarized as needed. Finally, the reproduced
metallic microparts were simply released from the substrate by
mechanical force. The key geometric dimensional changes
throughout the process were less than 1% which obviously
confirms the reliability of the rapid reproduction using X-ray
LIGA technology for low-cost mass production.
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Abstract

This paper presents pulse electroplating
technique for electro-deposition of X-ray mask absorber
patterns which has been conventionally fabricated by
direct current electroplating. Surface roughness and
morphology of deposited metal film are reported based
on the duty cycle with a constant frequency and an
average current density. Five values of duty cycles are
experimented and their results are analyzed by
concentrating on electroplated metal distribution
profile. Uniform thickness and smooth surface of
absorber film can be achieved by pulse electroplating
with the duty cycle lower than 60%. This technique can
be simply used to control the absorber thickness of X-
ray mask which is very important for X-ray lithography
process in synchrotron light application.

Keywords— X-ray mask, pulse electroplating, duty cycle,
synchrotron light.

1. Introduction

The X-ray mask is fundamental component of X-ray
lithography which has been utilized to create high-aspect-
ratio-microstructure by synchrotron light application. X-ray
lithography is a process which employs X-ray photon from
synchrotron light for patterning microstrucutre similar to
the use of UV light. The key component of high-resolution
X-ray microstructural fabrication is photoresist which is a
X-ray-scnsitive material. It can be affected by X-ray
irradiation filtered from synchrotron light. High collimation
and direct penetration of this light are the most capable
technology to construct thick photoresist microstrucutres
with vertical sidewalls. Consequently. high resolution
microparts can be realized due to these properties of the X-
rays. Figure 1(a) illustrates schematic of an X-ray beamline
attached to an clectron ring and Figure 1(b) shows
Beamline 6a: Deep X-ray Lithography (DXL) at the
Synchrotron Light Research Institute (Public Organization),
SLRI, Nakorn Ratchasima, Thailand, where has been
utilized to fabricate high-aspect-ratio microstructure for
LIGA applications. The X-ray mask is placed on substrate
coated with photoresist. Both are periodically scanned
across the synchrotron light, resulting in the mask patterns
into the sensitive X-ray photoresist.

Micropart production which has millimeter or
micrometer scale can be simply fabricated by defining
high-resolution structures through absorber patterns on the
X-ray mask. The components of the X-ray mask arc shown
in Fig. 2. Three main parts which consist of absorber
pattern, pattern carrier and handle ring arc assembled for
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the X-ray mask. The pattern carrier must be transparent to
X-ray irradiation, and it should have dimension stability
and mechanical strength for handling. Material with low
atomic number and low densities such as silicon (Si).
silicon nitride (SiN), silicon carbide (SiC). titanium (Ti).
beryllium (Be), polyamine (PI), graphite (C), and Mylar
(PET) are frequently used to make X-ray mask membrane.
For the absorber pattern, the material must efficiently
absorb X-ray irradiation to provide image contrast on the
photoresist. Materials with high atomic number and high
density such as gold (Au). silver (Ag). tantalum (Ta).
tungsten (W), and lead (Pb) are employed in this role [1].

X-ray mask
Substrate

Bending
magnet 6

Shutter
Be window

(@

()
Fig. 1 (a) Schematic of an X-ray beamline attached to an electron
ring and (b) BL6a: DXL at SLRI

Pattern carrier

Absorber pattern Handle ring

Fig. 2 Components of an X-ray mask.
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Generally, X-ray mask has been fabricated by using
UV lithography which is fundamental process for
photoresist patterning. This process is used to create the X-
ray absorber patterns photoresist mold on the pattern
carrier. Conventional method which has been presented to
form the absorber material is direct current (DC)
clectroplating as shown in Fig. 3.

Power supply

=1
Cathode v
(plating sample) * €

Fig. 3 Schematic setup of an direct current electroplating

Electroplating is basically electrochemical reaction
which is induced by the current applied between two
electrodes, anode and cathode. Positive ions flow through
the electroplating solution or electrolyte while electrons
transfer in opposite direction. After the metal ions in the
electrolyte obtain electron from the cathode. they are
reduced to nano-sized particles and deposited on the surface
of metal film of cathode |2]. Although DC electroplating is
simply method for deposition of metal. non-uniform and
rough surface usually form on seed layer, resulting from a
negative charge layer formed around the cathode as the
process continues [3]. Non-uniform surface also creates
high residual stress. resulting in peeling of electroplated
metal layer from the seed layer as shown in Fig. 4(a).
Moreover, over-current density during electroplating
generates the rough surface of an electroplated layer as
shown in Fig. 4(b).

@) )
Fig. 4 Effect of non-appropriate DC electroplating process

As the absorber thickness is a very important factor
for X-ray lithography to absorb X-ray irradiation before
exposing of photoresist. non-uniform and rough surface of
X-ray mask absorber can cause to undesired contrast
microstrucutres. Consequently, the X-ray mask must be
remade. It causes high operating cost and time
consumption. To reduce these problems. another
clectroplating technique has been invented by focusing on
clectroplated uniform deposition. In 1972, Permaloy
Corporation studied pulses current (PC) for anodizing
aluminum and its alloys [4]. Another material which can be
formed by electrochemical deposition then has gradually
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utilized this technique to improve uniform deposition and
crystal structure.

This paper presents the utilizing of the pulse
electroplating for the absorber material formed on the X-
ray mask. By controlling of duty cycle with the constant
frequency and the average current density. the absorber
thickness profiles can be investigated and considered for
the optimum duty cycle. Uniform and smooth surface of
absorber film can be achieved by pulse electroplating with
the duty cycle lower than 60%. This technique can be
simply used to control the absorber thickness of X-ray
mask which is very important for X-ray lithography
process in synchrotron light application.

2. Concept of Pulse Electroplating Technique

The waveform of current shown in Fig. 5 is applied
between two electrodes based on pulse electroplating. It is
a series of pulses of equal amplitude, duration and polarity
separated by zero current. Film thickness and deposition
rate can be controlled by the pulse amplitude and width
regulating.

ON-time OFF-time

Time-period
| ] ] } |

Current density (Adm?)
v

Time (ms)

Fig. 5 Typical pulse current waveform

For the conventional DC electroplating, the current
density (/) is only one parameter which has to be
considered. But in the pulse electroplating, three variables
comprise ON-time (7y). OFF-time (7r) and peak current
(Ip) have to be regarded. The duty cycle (y) which is the
percentage of ON-time of a time-period (7) is given by [5]:

Ton
y=r————=Tonf (1)
Tox +Topr

where /'is frequency of pulse waveform defined by:

L1 @

Ton +Torr T

The ON-time can be varied in range of ps to ms to
change the duty cycle. The rate of metal deposition of PC
will be same as DC by considering the average pulse
current density (/) equals the current density (/).

Iy=yxIp 3)
By fixing of /p, increasing of the duty cycle will

result in higher /, and metal deposition rate. To observe
the optimum duty cycle for the uniform deposited metal,
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the negative charge layer which is formed around the
cathode in ON-time will be discharged by OFF-time
adjustment, resulting in uniform ions distribution on the
cathode area. Uniform thickness with smooth surface of
metal layer can be achieved under suitable condition.

3. Experimental Setup

X-ray mask which provides photoresist mold for the
absorber forming is prepared by UV lithography process.
By transferring through UV mask, micro-patterns with 10
nm-thick photoresist on seed layer as shown in Fig. 6 can
be investigated for PC electroplating results. In this
experiment. silver which is one of the X-ray absorber is
selected to be the tested material. Electroplating area is 1.45
cm’ and the average pulse current density fixed at 20 mA is
estimated by DC clectroplating results that give the
smoothest surface and fair thickness.

Fig. 6 Micro-pattems fabricated by UV lithography for PC
electroplating experiment

Figure 7 illustrates the PC electroplating setup at
Micromachining Laboratory of SLRI. The system
comprises of 3 parts. silver electrolyte. pulse current supply
and electrodes. The duty cycles are adjusted for five values,
20% 40% 60% 80% and 100%. with a frequency of 160 Hz
or 6.25 ms of the time period. Based on equation (3). low
duty cycle requires higher peak current to constrain the
average pulse current density. Uniform thickness and
smooth surface of absorber layer will be observed by mean
of average cross section profile of metal film.

- 2

Silver electrolyte

Fig. 7 Pulse electroplating set of silver absorber

4. Experimental Results and Discussion

While the pulse electroplating was performing, the
thickness of electroplated metal layer was always measured
by Veeco Optical Profiler. The target thickness of the
absorber film is 10 pm by considering on the lowest
thickness. especially at the center of large area where has
minimum thickness resulting from non-uniform current
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distribution, the geometric factor, and throwing power of
the plating solution [2]. The pulse electroplating
characteristics of this practice are displayed in Table I.

TABLEI
PULSE ELECTROPLATING CHARACTERISTICS
DUTY CYCLE () Ix (mA) Ip (MA) TIME (min)
100% 20 40
80% 25 40
60% 20 33.33 45
40% 50 45
20% 100 50

The observation scction of thickness profile is
shown at the upper figure of Fig. 8, while the 3D image of
electroplated absorber patterns is shown at the lower
figure. The average width of x-axis line for thickness
observation is 130 pm. The thickness profile results of
cach duty cycles are illustrate in Fig. 9 which the
thicknesses slope up to the edge of the pattern. The target
of absorber thickness is 10 um for the lowest area where is
the center of the pattern.

mm y-axis

0.92
0.75 7 Observable section
0.60
0.45
0.30

X-axis

0.15
0.00

mm

00 02 04 06 08 10 12

Thickness (1tm)

0 114.62 22924 343.86 45848 573.099
Distance (um)

Fig. 9 Thickness profiles of the absorber layers




210

The experimental results are obviously proved that
the absorber slopes are decreased when the duty cycles are
lower than 60%. especially at the edge of the clectroplated
patterns. Figure 9(a) shows the clectroplated metal layer
with 100% of duty cycle (DC electroplating) which creates
thick-metal film at the edge of patterns. But this effect can
be reduced by using pulse electroplating that provides the
uniform current distribution across the seed layer as shown
in Fig. 10(b). The uniform current density can be achieved
by discharging of the negative charge layer between OFF-
time periods. resulting in easier passage of the ions onto the
deposited part.

(b)
Fig. 10 Electroplated metal layer (a) y = 100% and (b) y = 20%

The other of factors that should be included in
experimental consideration is electroplating time as shown
in Table I. Although the smooth surface with uniform
thickness can be obtained at the low duty cycle. it has to
pay for more electroplating time to achieve the sufficient
absorber thickness. However, the high-aspect-ratio
microstructures of 300 pm are simply constructed by using
18 pm-thick X-ray absorber patterns [6]. The pulse
clectroplating technique with 60% of duty cycle which is
the optimal value in this practice can be sped up the
deposited process by increasing of the average pulse current
density. The acceptable X-ray mask can be attained and
also reduce number of damaged X-ray masks during
absorber electroplating process.

5. Conclusion

Based on the thickness of X-rays microstructures, a
good X-ray mask with sufficient absorber thickness can be
achieved by optimization of pulse eclectroplating
parameters. The negative charge layer which is a barrier for
the ions reaching onto deposited area is discharged in OFF-
time period. resulting in the uniform current distribution.
By studying the duty cycle, uniform thickness and smooth
surface of X-ray absorber film can be achieved by pulse
electroplating with the duty cycle lower than 60%. This

mstszainmamaiaanssy il asai 34 (EBECON-34) 30 waaimou - 2 Sunaw 2554 wniinerdoaey

value can be used to improve X-ray electroplating process
and reduced the number of damaged X-ray mask during X-
ray absorber clectroplating process.
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Abstract— This paper presents development of a thin film
aluminum microheater and a nickel temperature sensor for low
temperature applications by using Micro-Electro-Mechanical
Systems. Both of them are fabricated onto a glass substrate and
protected by thin PDMS membrane. The microheater is
energized to find sensor characteristic. As linearity and accuracy
of nickel sensor give a wide temperature range, its electrical
resistance variations are calibrated directly by temperatures of
energized microheater. Variations of resistance signal are
transformed and fed back to control temperature of microheater
in PI closed-loop feedback control. K, and K; values are adjusted
to obtain the optimal time response. Experimental testing of
controlled temperature ranges from 40°C to 140°C is presented
for their integration in stability system.

Keywords-microheater; sensor; MEMS; PI controller

L. INTRODUCTION

Microheater and temperature sensor have been widely used
in many applications such as micro explosive boiling,
micropump, pressure sensor, flow rate sensor and microvalve
[1-3]. Advance in Micro-Electro-Mechanical Systems
(MEMS) made it possible for thin-film microheater to be
applied for smart devices because of their extensive
applications. Generally, materials which provide wide
temperature range, accuracy, and stability are selected to
fabricate as microheater such as platinum and gold. In low
temperature system, however, aluminum has been chosen to
work as actuators instead because it offers good properties
with lower price. To control these microheaters in integrated
systems, thin-film sensors have been used as resistance
temperature detectors (RTDs) which give a linear positive
change in resistance with respect to temperature. Platinum still
supports this requirement with expensive cost and operates
from -200°C to +800°C. Like as many applications in low
temperature system, nickel can be chosen to be sensor to
operate from -100°C to +260°C with low cost and the best
sensitivity.

In this paper, a thin-film aluminum microheater and nickel
temperature sensor are developed by MEMS technology for
actuator and sensor applications. They are constructed on a
glass substrate because of its low thermal conductivity and
high electrical resistance. Thin film PDMS membrane is then
coated to protect them from environmental hazards. Nickel
resistance is calibrated directly by temperature of microheater

978-1-4673-1124-3/12/$31.00 ©2012 IEEE
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to estimate its characteristic using FLIR infrared camera.
These resistance signals are transformed and fed back to
control microheater temperatures through PI closed-loop
feedback control. The variations of the microheater
temperature with time and a linear function of metal sensor are
investigated. Controlled temperature ranges from 40°C to
140°C are displayed to show the capability in application of
low temperature electronic device.

II. DESIGN AND FABRICATION

Aluminum and nickel are selected to use as the metal of
microheater and temperature sensor, respectively, because of
its good linearity, low cost, and chemical stability. The pattern
of microheater is designed to encompass sensor as shown in
Fig. 1, resulting in fast response of RTDs material.

Microheater

Temperature sensor

Fig. 1. Schematic of microheater and temperature sensor.

By applying a voltage (¥) across the two end of a resister
with a resistance (R), the heating power (P) of a microheater
can be generated. Equation (1) is a heating power calculation
which implies that the smaller resistance results in the larger
heating power with the fast temperature rise.

P=V/R (1)

A resistance of thin-film microheater appeared in (1) can be
calculated by (2).

r=PL @)
wi

where p is the resistivity of material, L is the length, w and ¢
are the width and the thickness of thin-film, respectively.
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For a RTDs thin-film sensor, the relationship between the
resistance and temperature (> 0°C) can be calculated over its
operating temperature range by (3) [4].

R(t) = R,(1+ s + B*) 3)

where R(#) is resistance at temperature #, R, is base resistance
at 0°C, 4 and B are constant coeflicient of equation resulting
from experimental results.

To achieve a large heating power with small voltage source,
the microheater is designed to obtain a small resistance about
100 €, while nickel temperature sensor is considered a
resistance around 1000 Q. The characteristics of them are
displayed in Table I. After fabrication, their resistances (R..)
are measured and compared with the required resistances
(R,q) which are calculated by (2).

TABLEI. CHARACTERISTICS OF MICROHEATER AND SENSOR

L w ¢ P Ry RE Err
wm | e@m | A | ©@Qm | @ | ©@ | (e
Al 8703 50 450 26210° 100 94.5 LE
Ni 7030 30 163.8 69210° 1000 | 1195 19.5

Materials

Microheater and sensor are fabricated on a microscope glass
slide by using UV lithography and lift-off process as
illustrated in Fig. 2. The glass slide is first deposited with
aluminum thin film using thermal evaporation and coated by
AZ 1512 photoresist to create protective layer by UV exposure
as shown in Fig. 2(a) and (b), respectively. Aluminum
microheater is left on the substrate by etching in HF solution,
followed by photoresist removal as shown in Fig. 2(c). The
layer of AZ photoresist is coated again to cover all patterns
and exposed to create the sensor mold as shown in Fig. 2(d)
and (e), respectively. Nickel is filled into the resist mold by
evaporation as shown in Fig. 2(f) and acetone is used to lift-
off photoresist as shown in Fig. 2(g). Finally, thin-film PDMS
is spin-coated to perform as a protective layer as shown in Fig.
2(h). A complete microheater and temperature sensor are

displayed in Fig. 3.
[ | |

(a) ®)
[ | |

(b) (0}

(c) @)
ﬁ [r=—nrooracar—or—o |
I |

(d) (h)

[ Glass [ Atuminum ] Az 1512 ¥ Nickel PDMS

Fig. 2. Fabrication sequence of microheater and temperature sensor.
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Senso

Fig. 3. Aluminum microheater with nickel temperature sensor on a glass
substrate covered by thin PDMS membrane.

III.  ELECTRICAL CHARACTERIZATION OF SENSOR

The DC voltage source is applied across the two ends of the
microheater. Its temperature is detected to find the temperature
relationship as a function of the applied power presented in
Fig. 4. The temperature is measured by a FLIR infrared
camera as shown in Fig. 5.
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140 b »
S120
5100
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Temperatu:

0 200 400 600 8OO
Power (mW)

Fig. 4. Temperature of microheater as a function of the applied power.

Fig. 5. Temperature distribution measured by a FLIR infrared camera.

Nickel sensor is characterized as a function of the
resistance-temperature (R-T) curve as shown in Fig. 6. Its
resistance is checked by applying of DC voltage to
microheater and adjusted its temperature. The R-T result is
then fitted by a second order regression curve and arranged to
form the relationship of R-T as in (4). The 0°C resistance of
nickel sensor is 11332 Q) with constant coefficients of 4 and B
are 1,2.091x10° and 2294x10°®, respectively.

R(#) =11332(1+2.091x10 71 +2.294x10 °¢*)  (4)
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Fig. 6. Resistance of RTD nickel sensor as a function of temperature.

IV. TEMPERATURE CONTROL

To control the process or the parameter (temperature, flow,
or speed), the principle of control is similar. Signals of input
and output have to be appropriate to the application. The
simplest and cheapest control system is closed-loop feedback
control with  On/Off function. However, controlled
temperatures using this method have output oscillations as
shown in Fig. 7. Although it provides fast responses, the
stability systems that require high accuracy temperature output
cannot utilizes this method.

160
140
120 -
100 -
80 —
60
40
20 Sl e
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0 2 4 6 8 10 02 14 16 18 20
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Temperature (°C)

Fig. 7. Time responses of closed-loop feedback control with On/Off function.

Another of control function which can be used to avoid
oscillation output problem is PI function. Microheater is
controlled by PI closed-loop feedback control which observes
real-time temperatures via the sensor [5]. The block diagram is
illustrated in Fig. 8 and a picture of the completed temperature
control kit with PI controller is illustrated in Fig. 9.

Microheater
and sensor

/

Microheater drive circuit

Sensor signal conditioner |

Microcontroller

Fig. 9. The completed temperature control kit for microheater.

Figure 10 shows a comparison of time response between
On/Off and PI closed-loop feed back control. The On/Off
control offers a rise time of 1.5 sec faster than PI control that
requires 7.6 sec. Temperature oscillation of On/Off control,
however, is about 8°C while the PI control gives the slow
temperature rise when approaching set-point. The On/Off
control energizes the microheater at maximum energy to
increase the temperature when the output lower than the set-
point, and stops current flow when the output higher than the
set-point, resulting in temperature oscillation in dead band.
Meanwhile, variation of PI control is more smoothly because
it calculates an error value as the difference between a target
temperature set-point and a measured temperature from
Sensor.

120

On/Off control

100

§ 30 - PI control
2
Z 60 L e e
g
£
3 40

20

7.y | b S — ———

0 2 4 6 81012 14 16 18 20 22 24 26 28 30

Time (sec)

Fig. 10. A comparison between On/Off and PI function at 100°C.

Microheater

PI controller [

. temperature
Microheater P

drive circuit

—» Microheater

Math model [5]

A/D
Converter

1
1
1
1
1'__ Sensor signal
i

Sensor

conditioner

Fig. 8. Block diagram of PI closed-loop feedback control for microheater.
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V.  EXPERIMENTAL RESULTS

A PI controller which has been widely used in control
system is selected to be a control loop feedback mechanism.
It calculates an error value as the difference between a target
temperature set-point and a measured temperature from
sensor. K, and K; values are adjusted by considering
overshoot and rise time of step response. The K, value is
first adjusted to get rid of overshoot with minimum rise time
(t,). Then, the K; value is tuned to obtain the minimum
steady stale error (ess) of 6 degree temperatures for 40 60 80
100 120 and 140°C, respectively. The rise times of each
temperature which are defined as the time to go from 10%
to 90% of its final value are observed and presented in Fig.
1 1. Furthermore, the temperature variations between 40°C
to 120°C are varied to estimate the performance of the
temperature control kit as shown in Fig. 12. It can be
observed that the temperature quickly responded when the
system was actuating to high temperature. In the other hand,
the responses of cool down states do not provide suitable
variations, especially a change of temperature from 60°C to
40°C. To solve these problems, the PI controller has to be
adjusted for both step-up and step-down procedures to
achieve the optimum values.

160

K,=8,K =051 =128 sec
i
=K =5K=09,1=108 sec

140

120

100

K, = 5,K,=2,1=64sec
K, =4,K=4,1=28 sec
KP =4, K,=4,1=2.4sec

80
60

Temperature (°C)

40

20 o

0 20 40 60 80
Time (second)

100

Fig. 11. Step response of microhrater by adjusting Pl controller.
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Thin-film aluminum microheater and nickel temperature
sensor were designed and fabricated by MEMS technology.
Aluminum which is low cost material and linear response
was selected to be microheater. Nickel which provides the
best sensitivity and linear resistance was chosen to act as
temperature sensor, and placed inside microheater pattern to
attain fast temperature variation. The characteristics of
microheater and sensor were characterized and applied to
the PI closed-loop feedback temperature control kit. The PI
controller was adjusted to achieve the optimum time
response of temperature between 40°C to 140°C. The
impressive results can obtain for step up, but the PI values
have to be adjusted for step down. However, the thin-film
microheater which can be controlled its temperature is

CONCLUSIONS
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suitable to apply in many low temperature electronic device
applications.
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Fig. 12. The temperature variation based on 5 target temperatures.
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