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Abstract: This research focuses on the design and development of a passive micromixer to enhance
fluid mixing efficiency at microliter and nanoliter scales. The study aims to optimize the microchannel
structure to accommodate a wide range of flow rates without compromising mixing performance. A
serpentine microchannel design with grooves was fabricated using experimental design methodologies
to identify the optimal parameters for achieving high-resolution patterns on photoresist. Key factors
affecting pattern clarity were investigated, including UV dose, stage Z height, and development time.
Results revealed that stage Z height had the most significant impact, with data reliability reaching
99.82%. The performance of the developed micromixer was then evaluated through physical
experiments and compared with conventional designs at flow rates up to 50 yL/min. Experimental
results demonstrated that the new micromixer achieved Maximum mixing efficiency of 99.80% at the
lowest flow rate (1 pyL/min). Consistently high efficiency (>80%) across higher flow rates (10, 25 and 50
uyL/min), though with a slight decline compared to lower flow rates. These findings confirm the device’s
versatility across a broad flow rate range while maintaining robust mixing performance. The study
highlights the potential for applications in chemical analysis and lab-on-a-chip systems requiring rapid

and precise fluid mixing.
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USannAL 1 a%1 esuesluananseanuuUAn
@‘i']qml,a:mqaqwuauwiazﬁaﬁ'ﬂlumswﬁ 1 ey
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M3197 1 T8N unanes ﬁ’](ﬁ’]ﬁ;@]l,l,ﬂzﬁﬂgdﬁ;ﬂ

Yauaazade
11298 (Factor) fyanuol ;sm‘u

GO

AWAIU (Dose) TunIaneue A 18 25

UV Lithography

FzzUFIdUAt UM B 1. 13.

FUINUUNL Stage Z TITUNH 47 18

nanlumsseanshiugs (Develop) c 35 50

M19199 2 NTBENLULNINAREILTILNNNeLIaa

BULLANTIUIN
No. Dose Time Stage Z Dev. Time
1 25 13.18 35
2 215 12.33 42.5
3 25 11.47 35
4 18 13.18 35
5 18 13.18 50
6 18 13.18 50
7 25 13.18 50
8 25 13.18 50
9 18 11.47 35
10 25 11.47 35
1 18 11.47 50
12 25 11.47 50
13 18 13.18 35
14 25 13.18 35
15 25 11.47 50
16 18 11.47 35
17 18 11.47 50
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3.2msasvadnsatdmsunsinanuunas
N1788NUULLAERIIITaINIINITINAIANIA
(Microfiuidic Channel Structure) lagiSaduannis
ganuuuaIaauanllsunsy Layout Editor kaziin
aamaaina R dulnlasnars (Photomask)
wWaltlunszuaunisadioniaaisdrouas
(Photolithography) 9 LLaﬂﬂugﬂﬁ 3 laveansted
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LuUAaLa e e lWiAMTHEN T HIZHINITN IS
{135 lasgaanafauianiig x 8173 winny 5,000 x
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103,500 lulasiuas n1sgalassainediinns
dsmeadia Soft Lithography Tasi3uannmrinainy
FEanaUHLT (@ITAeud 1) Mnsinmsiadow
T hussTRaau AZ P4620 @T’mmsmuﬁmmﬁ's
50UA37 1 500 rpm 151781 5 Fudt wazaus)
58UASIN 2 1000 rpm 30 FuNT (FIDTHABUA 2)
Ralwldsuigurmiszana 30 lulanuasannin
¥msansuss UV @a81e309 Mask Aligner twiaan
35 3ufl uazouR 95°C (@siuaand 3) nawinly
819628 AZ Development laglda15aza18 Boric
acid : KOH : DI water ls8@31&2% 2 : 4 : 200 1w
e 5 Wi el ldud RuRlassenetam @9
un0uA 4) @”auamlugﬂﬁ 4
nEwazdfiinnisvingruilassaiietes
ndnTtnadtiiunislasnisin PDMS
(Polydimethylsiloxane) 7itaSsaludasngan 10:1

RIUBUANUN (A9TUaaun 5) uazauf 70°C 1n
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Clean substrate

| | (1)

Spin coated AZP4620

R B UV-Lithography Ny B B X

Development

PDMS Mold

T ' ' ' )

|

\:] Glass slide AZP4620 . Mask g PDMS

317 4 nzuaumIdlnana@ (Lithography

Process) @sltlunsuaalassairolulasmuus

L3817 60 WA INHUABNTUINK PDMS 88nan
WRNUN (AITUABUN 6) uagaYNaA L ANNIL]
FATUNIT-000 LAIUTENaUWINUNTZANR bad

aausaaluzn 5

The Journal of Industrial Technology (2026) Volume 22, Issue 1

201

http://ojs.kmutnb.ac.th/index.php/joindtech



MseTIvmanalulaganavnssy (The Journal of Industrial Technology)

’

UNAMNITY

ISSN (online): 2697-5548
DOI: 10.14416/j.ind.tech.2026.04.013
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Mixing channels PDMS chip
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(V)
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(n) Ltamaoﬁﬂi:naumaaqﬂmmﬂlﬂmwgﬁﬁn ez () LLamqﬂﬂirﬁﬁ]’%alumimaaa

3.3 @nwn Reynolds Number I,La:‘wqanii&ln'li
Tnazasvasluanislutaslua

M3ANE1 Reynolds Number Lazwa@anssunis
lnavesvaslnantslutesina a1miunis
a3 UUIZANTAIWNIINEN A 1AW
winwinvadvasina Tasl¥Usunasvesin winy
1x10° Qﬂmﬁﬁmm (M) WazuIa (M) LYiNAY
0.001 Alan3y (kg) AILUEINITOEINI AN
wwwiuaasaslns ldanaumsn (6)

_ m (kg)
vV (m®)

6)

0.001 (kg)

== __1000 kg/m®
0.000001 (m°)

nEunIn 6 1ile v AannusGeansme
R %ognﬁmu@iﬁlﬂu 2 {adluasde
5wl (mmis) Tadmwrmandaniylnasasas
nadinatanay D Ao durugudnans
ANBUILANIZVBITBINI AR (Characteristic
Device Channel Diameter) Fefdvnniy 0.2
fafwas (mm) x4 fa Anunitavesvadina
(Fluid Viscosity) §¢11v111 0.00089 AilanIuda
AU (kg.m™s™) FavuAn Re lugunisd
(1) ugasleasdaluil Re= 8.9 x 10 tilasandn
Re <1 fsmaninldsundgiu mslnauvuady
dslwas (Creeping Flow Interface) 1@ na1nfavad

Inafianwaemswanuumduwnigannn Tagandy
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TUNANFA TauNITIANAIINANNANTALATIRINS
820878 31 90 837" (Aspect Ratio) wEAILALAY
o A ' o A X o
asgln 7 I@uwmﬂmmﬁmmmmmuagﬂu
diwadssnulunisarsuss UV, EELECRREVER
Il NN5I9BUIUUNY Stage Z, LA lunng
sanshuas lapwamnaseuusasliiAuaizui
8 LAY 9 LRAII1A Residuals 4N1INTZINLA7
a1udn@ Versus Fits 39NN IWANLIINTZINL A2
WUUFUTAUUNUUEYU (N Residuals) lan'laidl
gmmumwwz WRAIINAMNLYTUIIBEEILEN D
Histogram mnﬂswwﬁgﬂifﬂaﬂﬁﬁﬂﬁzm”\aﬂﬁﬂ LRAY
4161 Residuals #insnszanaadbnatdsslnd a1n
n37% Residual Plots N1%# 31 ¢1 Residuals #0173
n32uabnaLAsIUnd auudsusiuatinane
LLa:Vl&iﬁgﬂmeaww:lum Residuals A1N81AU
NNINARBILFAITIRUUITINDIN M IUAITIATIZR S
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31l 6 ugasnInaseulassasieges inadnuani
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Residual Plots for Resp
Normal Probability Plot Versus Fits
99 10
» L 4
90 05 hd
= & s ‘
H = - ]
g 50 =2 oo - . 8
] 3 * .
a L4 = .
10 = .
. L4
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Residual Fitted Value
Histogram Versus Order
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6 05
S 4 2 o
=3 7
g e
w o, -05
m B Bl = .
-03 -04 00 04 08 2 4 6 & 10 12 14 16
Residual Observation Order
5 v da ' &
Ell'ﬂ 8 ﬂiWWLLﬁﬂdﬂﬁﬁl HNUNIADNIINANDININANA
Analysis of Variance
Source DF  AdjS5 AdjMS F-Value P-Value
Moclel 8 130217 16277 54944 0.000
Linear 3 1233688 41123 138811 0.000
Dose time 1 21.39 21.29 72.20 0.000
Stage Z T 117478 117478 396549 0.000
Dev. time 1 37.52 37.52 126.64 0.000
2-Way Interactions 3 31.98 10.66 3599 0.000
Daose time*Stage Z 1 12.60 12.60 42,54 0.000
Dose time*Dev. time 1 0.02 0.0z 0.08 0.790
Stage Z*Dev. time 1 19.36 19.36 6535 0.000
3-Way Interactions 1 8.27 8.27 27.90 0.001
Dose time*Stage Z*Dev. time 1 8.27 8.27 27.90 0.001
Curvature 1 28.24 28.24 95.32 0.000
Error 8 2.37 0.20
Tatal 16 130454
Model Summary
5 F-sq R-sgladj]) R-sqipred)
0544289 99.82% 99.64% *
P o Aa '
Ell‘ﬂ 9 NﬂLLﬁ@GﬁﬁJﬂqiﬂ(ﬂﬂﬂﬂ‘ﬂﬂdﬂ?ﬂ?ﬂﬂ‘ﬂ&ma@]ﬂﬂﬂiﬂ(ﬂaaﬂ
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Tasviiiuadensnasasiasy B (FeUEANNES
ARSI 2) ﬁwamzwuga&;m&i A
ANTAVBINIAAY (p < 0.05) LEAIBNTWAFIFAGD
ANNAUTAVDIRINNE Lﬁa\‘imnﬂauqmzmuMﬁa
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nszuwmsinladlsna@d msdsudunisuny z
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SUAUFDI (p < 0.05) TLHIAINITANTLANIZEN
RN NNANTALREanMIANA1IT8IES Tas A
Ewasnulumansuas UV) dnansenudusua
814 (p < 0.05) WRI91% UV gamaﬁﬂﬁmmmﬂ
Taaudn udanansznuosniniasy B uas C
Waad LA Lﬁu@?’agﬂ‘ﬁ' 9) U aunusznineauds A
(Dose time) W&z C (Dev. time) 1#@1 p-value > 0.05
Famnpanuinlfauiust lifivddynsia
FaNaENT (ANUANTATEIRIANY) 132ALAIN
\asit 95%

lauiaa Factorial Regression ‘lel Wl mifu e
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99.75%) UazHIWNINTIVFAUFNNAFIUNIFRE 39
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311 10 mwannndasantiavadlulasineses

WULTRINNATNBATIANT IAAN (1 pl/min) Seay
MINFUNANULNIGNNY: (a) 0.5 mm, (b) 5.0 mm

ILae (c) 20.0 mm

311 11 mwmﬂnﬁaagamiﬂﬁmau"l,ﬂﬂiﬁmsna%
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WRAITBINIINIT MRV TN TTHINIRIING 2 T2AUMS
A . kg Aa
NRUAIANNEND 0.5 mm (b) UEAITINHAALALINE
TOIETUFRTUNFNRNT 2 81T ITAUMITHIRNNANY
817 5 mm (C) WEAITBINNNUIBNVBIRNT ILAUMT
A & X A A
NENNAMNLT 103.5 mm NIRUTZRNTAMNAITHEN
(Mixing Efficiency) aniaf 8ATINTIARATS G N
lagvinnimaseufidainisinafidfigada 1
uL/min aauaadluztf 11 uazdanslnagigad
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@ . A A X ' o
U39 WA IUTBIN TN LY FINA 1A LATIRIS b
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IWiAensslnanolu faidudadnandranle
v a 6 t;/ ::' A a ::'
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wilazsulng %dﬂﬂﬁuﬁﬁm‘hﬁ'ﬂgaqmm PDMS-
Glass bonding 7k Oxygen Plasma azn1381
(Baking) 8H19FNY TAIZNULTIAU L1l 3za 04 300-
500 kPa (W381/32010s 43-72 psi) F9lassairon e
Annseenuuuidaausunielugasuini
2116 kPa (M50 307 psi) LazLd 839U NA91N
Grooves LLAs Serpentine %dLﬁmm’l&lﬁﬁuﬂ’m Ry
fnUszunm 1,52 111 vinlwussauassaelugday
w;aguﬁo 317-423 kPa Samisnmmaussaunnsl
(Fluid Mechanics) sansadiwimsldanaunisi (7)

uaz (8 ) a3t [13]
AP=R,-Q )

lasfi P @8 6a37n13na (Flow Rate) = 50
uL/min (X8.33 x 10"°m¥s)

R, fa arud 1unulaasadn (Hydraulic
Resistance)

FNIUTIRYYIURARLY (w > h)

12l (8)

R, = h
wh?(1-0.63—)
w

1705

, =——— =188.3 kPa
0.9055
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a A P
NNFNATA (8) 1 Aaanuniiavedvadlnag
(Fluid Viscosity) §i@11¥inA1 0.00089 Ailan3uda
a a R A '

WAT- 37 (kg.m™.s") L fannuenivadtadnig
fdvinnu 103,500 lulasiuas (um) Q fesa
a a A A a
mslnatedsunas defian 50 lulasaasmwnn
(UL/min) ®381¥iNNU 8.33 x 107" m¥s Aanuning
28478941149 200 JulATINAT (um) LAZTURINAU
dszanm 30 lulasiuas (um) a9nual R, 1w
FUANIN (8) TAUTIAUN 188.3 kPa LAU A7
LIIAWH > 300 kPa N3l uvestudadu
Y@ agIga" (Limit) 389013 Bonding 12%H319
PDMS uaz Glass lasuaadaninailsouifioy

Qs dl 1 Qs o d’
LI9AUN Flow Rate @n9ntk @4a13197 3
PNRANTAUATIZR MINFUA UV DITININANT
1 v a ¥
lnaandraNN Ty Grayscale lasld
lUsunsy Imaged asuaaslugdf 12 1l ann
& & . i AN o
wasiwud Mixing Efficiency lagdnf bauaadlu
@131990 4 andasifud Mixing Efficiency 18031
ATina 1 pL/min, 10 yL/min, 25 yL/min WLae 50
A ' ' = ' P
uL/min G9wuinluagi9usn (0-5 mm) iugr9iinnsg
a &/ ] =3 4 v 1 a
nrufinduataTiaTiilasnnlasiainseasu
LAZTaINIAALALIEILEIN1ALAA chaotic advection
' P a a
atsTuuTIzasnaiinmsenzuazilfouiianis
Hapatd AalAian1TNENLL Y Forced Mixing

@15719% 3 N NNYIBUEURIIaRINaINTURE% Flow Rate

Flow Rate HIIARNING ) wsIawasslaalszanm A0 VDI
(ML/min) (kPa) (993 Grooves/Mixer) Bonding
10 423 63-85 naany
30 127.0 190-254 Sudanung
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Fesganaldtszansnwianduadnefidodayan
mItuTzosmaisasnias lagisasnislne
1 pL/min UsznEawiRuduanndszunn 45%
Wunin 94% naelugi9aa1ue1q 5 mm i
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szpzae 15 mm uaasliiiuiiniseanuuy
01aRIINaAANNEIaT T IRATLIR B TE MR
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srauiponsuld wazifoiinndaaniwuaas
ANMNFUNWEIL®INIA Mixing Efficiency Laz Chip
Length @Tauamiugﬂﬁ 13 WuIuuwa kv asdn
Efficiency [ANI#AUANMNENVEITLAZ 8NN
8aIM3 asgelinodang naade YszEninw
mwauﬁ 99.80%, 95.80%, 93.20% ez 92.00%
awaay Nusmdunis 20 mm lwlulasfin
lTasLUUAA Lﬁﬂ 15309 (Serpentine Channel
Micromixer) ATNDAIINIT LN 1, 10, 25 LLae 50
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Tasinmefirasuuuaaiaendsasnaasnuansy
LLa:a:ﬁﬂizﬁﬂ%mwmwaugaq@ﬁi 99.80%
Lﬁﬂ“ﬁuﬁé‘/ﬂi’mﬁﬂﬂaﬁ’]qﬂ 1 ul/min WatRusas
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ﬂi:ﬁﬂfimwsl,m:ﬁuﬁganiﬂ 80%

ISSN (online): 2697-5548
DOI: 10.14416/j.ind.tech.2026.04.013

(mﬁ'mﬁ 4 61 Mixing Efficiency (%) ﬁ‘ 1 pL/min,
10 pL/min, 25 pL/min g 50 pyL/min

Chip Length 1 10 25 50

(mm) pL/min  pL/min  pL/min puL/min
0 45.33 32.85 26.51 22.69
2.5 61.24 56.03 54.69 47.30
5 94.27 86.37 83.87 81.24
7.5 96.99 85.68 84.82 82.34
10 96.54 85.12 85.31 82.91
12.5 98.91 89.23 86.72 86.55
15 98.97 92.64 88.97 88.85
17.5 98.98 95.03 89.52 89.32
20 99.80 95.80 93.20 92.00
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50 uL/min dasdntiuniadda Ui wazgﬂﬁnvlﬂ"ﬁ
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1. Chemical Modification (APTES) n 1 3% 1

Surface Treatment @ 28§13 Silane (+3 % APTES)
flawn13 Bonding azgaRaussdangldunnia
Plasma Un@fi4 2-3 1111 i ldnuussauldde 600-
800 kPa

2. Mechanical Clamping System: aanilyu )
Usznudy (Holder) laeld CNC %38 3D Printing
nAauHwozasanlauLssenunin-nas sy 554
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28NNNNIZAN
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