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Abstract: Extensional flow occurs in channels with decreasing diameters and in biological systems, playing a key role
in spraying, printing, and fiber spinning. To understand these processes, studying low-viscosity fluids such as polymer
solutions and biofluids is essential. The steady-state extensional viscosity and finite extensionable nonlinear elastic
(FENE) constant of aqueous PEO solutions measured using a differential pressure extensional rheometer (DPER) made
of PDMS were influenced by the temporary extension of polymer chains due to hydrogen bonding between terminal
groups in semi-dilute solutions. In this study, the extensional viscosity and finite extensionable nonlinear elastic (FENE)
constant were measured for dilute and semi-dilute solutions using a nonpolar polymer and solvent system, where such
transient extension effects were absent. To handle organic solvents like toluene, a chemically resistant thermosetting resin
microfluidic device was fabricated, overcoming the limitations of PDMS channels. The steady-state extensional viscosity
of the PS/toluene solution was successfully measured. This method enables future micro viscosity measurements for var-
ious chemicals and advances the study of extensional flow.

Keywords: extensional viscosity, differential pressure extensional rheometer, Giesekus-Leonov model, finite exten-
sionable nonlinear elastic, microchannel.
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Figure 1. PDMS microchannel fabrication using ultraviolet lithog-
raphy process.
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Figure 2. Fabrication of embossed microchannel.
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Figure 3. Microchannels made of epoxy.
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Table 1. Dimensions of Converging Channels Used in This Study
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Figure 4. (a) Measured extensional viscosity, 7", with respect to &
in the DPERs. Poly(ehtylene oxide) (PEO) 2M 0.5 wt%; (b) The cor-
rected extensional stress, (ow)s» B, with respect to £ in the DPERSs.
Poly(ehtylene oxide) (PEO) 2M 0.5 wt%,; (c) Steady-State extensional
Stress, {ow)sp B'Rs", with respect to & in the DPERs. Poly(ehty-
lene oxide) (PEO) 2M 0.5 wt%; (d) Steady-state extensional vis-
cosity of solution PEO 2M 0.5 wt% solution.
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Figure 5. Shear Viscosity by Concentration of PS/toluene Measured
with Cone & Plate and Carreau Equation.
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Table 2. Zero Shear Viscosity and Apparent Shear Relaxation Time of PS/Toluene Solution by Concentration

0.1 wt% 0.4 wt% 0.5 wt% 1.0 wt% 1.2 wt% 2.0 wt%
o 0.00203 0.00519 0.00898 0.03132 0.05507 0.4034
Mint 0.00056 0.00056 0.00056 0.00056 0.00056 0.00056
A 0.001 0.003 0.004 0.006 0.01 0.29
n 0.95 0.83 0.78 0.55 0.51 0.33
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Figure 6. Extensional pressure drop in the converging channel, APy,
1 wt% PS/toluene solution.
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Figure 7. (a) Measured extensional viscosity, 775, with respect to &
in the DPERs. 1 wt.% PS/toluene solution; (b) The corrected exten-
sional stress, (owysp B!, with respect to & in the DPERs. 1 wt% PS/
toluene solution; (c) Steady-state extended viscosity calculation using
SMGL model. SD versus «. 1 wt% PS/toluene solution; (d) Steady-
State extensional Stress, (ow)sy B'Rs", with respect to & in the DPERs.
1 wt% PS/toluene solution.

77E= (owsp _ APy
£ &%

(13)

Figure 7(a)2 'dollX] =4 % PS/toluene 1 wt% §-°12]
NFAE(yE YR Zlolth SA4E S ((onep 1
ANde] 715k a3 (geometric effecty] ol <llAH ) =A|
SA =] 2] (9)F AME-ste] BA ST Figure 7(by S5 At
L3t] A o1g-eHo |t}

Fd. e 7AF 28 =X 2 Y(SMGL, Single mode
Giesekus-Leonov model) U &43IA| 7S 2 8-31th > Lee
9] =0 MEW SAHE I ((owe 1= S5 ARER B
DA A 98] AFAIRE A ste] RE BAs ok 4

Zan, 4504 A25, 2026\

/S*%}EH?J ?l’é}@‘i% ?z T Ut SMGL B o % <l
AR 2= Q). Q1A 7H
7\]7 L(zs),} Hléﬁﬂur 7T}, Figure 7(c)ot 2+
o] Rse 4 3}7] A3l 27KA] AN S AERe
EZHx}¢] standard deviation’} LAt} F43) WH3le=
e THE o= AA3IATE Y PSltoluene 1 wit% 8242
a - 0.0065%2 A} o] 2 Figure 7(d)2} 7o) &

AFEY e e JeRE 4 gtk BAE AAAEY] o)
A-32S 53l Figure 83 o] G de]e] JAAHEE e}
W = 97 SMGL 23 Adgro] 2 gx|3e geld 4=
ATt

IR} A1) #3F Q1A Q] finite extensibility A
S5, overlapEl= AE B AR 7H] 93] 534 #Ho] 91—%
= on;]_3 1:]—/\ u]t }\J_a 1:1%_4 FENE )\]-/\ b= N 7H94
M= zmgon TR A ALwel 4AE epd 5
T} FENE-P 222 A9 b=[(N2)(bs+3)-3] & by=
HQZFKTOIEE 2 e714] Hi 22553 450l 3L Q= & Alole]
71 & A4 WEo|th B2 FENE 44 b= G-L 29 o9}
o] kP2 p=1/g-30% HAFPS W G-L 2
A A= AT R g2 QoA PS/
toluene £ 1 wt% 8-82] 7|A|F2 parameter oS -3}
th TS Eelsl] fl8l F5S 8l 0.4 wt%et
Fo g2 0.1 wt%E F7H=2 ARSI 04, 0.1 wi% &
Aol agre 0.00652 A =T} Figure 89 PS/toluene &
4 04, 0.1 wi%2] 5783 A7 SMGL 2do] 2 dX]
S ERATE A oA /\]J?_ﬁ]. HE Qolo] =45 HAAF
Be] Sl Egle] ol B4kt & ANFL B & k. Py
toluene -8-242] ‘== FENE “J<F b% Table 31| UrE‘r}z‘iE}. o]
B e = 7 g g}l

[e X |

Sk 5 #«lt*é °l %’iu SENE E}. FENE "3} Lo/R.,
102
A g,=159
100 | O ©=195
—— SMGL (1.0 wt.%)
—— SMGL (0.4 wt.%)
— 10° | —— SMGL (0.1 wt.%) e
w
©
e
o 10
[
102
10-3 I 1 1 1
101 10° 101 102 10° 104

£(s™)
Figure 8. Steady-State extensional viscosity of 0.1, 0.4 and 1 wt%
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