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Abstract

Paper is composed of cellulosic fibers forming the planar net work structure where the positions,
orientations of the fibers are random. Recently, paper based detection platforms (e.g., microflui-
dics, lateral flow assays) have found widespread applications in diagnosis and monitoring of dis-
eases, environment pollution, food safety, etc. How to explain the detecting results in paper-based
diagnose and how to improve the sensitivity of the detecting are all related to an insight into the
liquid penetration in the paper. This paper presents the state-of-art advances in the theory for
both macroscopical and pore-scale liquid penetration in paper. The flow control methods of liquid
flow in paper integrated into LFAs and microfluidic chips are also introduced, along with their ef-
fects on the efficiency of paper-based diagnosis.
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Figure 1. Scanning electron microscope image of a paper surface [1]
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Figure 2. The hollow structure of a single cellulosic fiber [2]
E 2. BIRAYE P2
2. BMEMER
2.1 BENER
TR AR P 1 B RS UL E = A S TR AL B B4 703850y, B0 0 K KIS B 38 o 07 07 R o

AP, = 20 cosé )
r‘ef'f
Hrb o NBIRRIRETK 71, 0 RERA, rea AZ LN RIS,
TOFNRARTE AR P FRDRG 3 20 SR i Jed ok e s A U 5

AP, = %‘vL @)
Hodr, u RBARRBJTREE : e F1 K 20l AFLBREANSE R, PEHZEZANTUNENSE, v hiRshE
FE, LN IRAR AR IR o K00 5 RSB AR A VAR P A FEE 0] B 1] () (B B AR 2K (2) T 45



BV ARSI AR A B TR AR B Bl | AT 5 a0k e

_audh
K dt
MR\ A (1) 94 20 328 JEE AR AE AR AR5 ¥R s B A (K T4 B ELAT S [ 3], SR s sk J52 5 e 5t v 7

WA 52 B0 70 5 R 7 Pl
Zacose_ﬂd_LL

ARy ®)

= 4

[ K dt )

e 12— 4o cos@ﬁt (®)
sl r‘ef'f

(B B A A R A AE 22 AL A B rh B 4B A2 1 Washburn 7572, 25 H1 Washburn 25 fE /A 7E B 4
BN TR HE AR RI[4]. K (E)RMBNBIKEZ SR 0.5 K7 FRIEEL .

Washburn 75 #25E I 40 KT TCE T R Re, MR BRE MIE R 25 B E M, 5EE
A RETEFTS BT TR R T REN(5]

= | L 6
<t +p9 (6)

WA AR BT+ R 2 IR THI 280, 78 KT B P MR PR I S (R ) B K, B et 2 7 A= i
KPR BN 7, X5 BEINRE ) vl R A P e it I, H By KitEJ). HJ). R Ry
FEN[5]:

3%55522?%%L+ng+§%ﬁime @)
RO HJG— TN R FEGRARLEL RS0 A IR E RS TR B, P OMARAIEIE A K, A AREERIAR . m,
NI ARTH 1) 28 R e —— A T A SR I (R Z8 R T &, BUe &, RV BE AR A7 B A () ey, A
BORFRARZE, B, DA AU EE[5] [6].

Washburn 75 5 K e posh i R A5 g Wit Fir 223 0 70 R LB P VB 58 4 TR, L BSE P VR A Pl R 2 A I
N BTG BAFTEBRRAR AL, (HSRI WS R IAE IR A b T 31— 5 1 B WA v AN AR RN I 25 A7 S s
FEARAR, @ISR AE Richard 77 F2 25 AR ANRARTE 2 FLA 5T B4Aw R FE 0T 2225 S0 (7]

2.2. BEER

PG FEAE 2 AL T 0420 Ro I DXIRASSZ BRI B0, WBUARTE B 40T KBl T AEZ FLA N 1
Ry oS RE . HERIAY B SRR R, BATIIE T E HEH A

K oP
3_BE ©
M OR
Hrp Q MARBURE, A (=2rRH) BRI, H ONARIKEE. K@) 32
_P(R)-P(R)=_ % |, R
AP, =P(R,)-P(R) 27tHKlnR0 )
AP B, RONIREZ FLA I AR . SRR R () 5 RS A A2 0T I 1] 121 5
dR
Q=vAz V="t (10)

ER, Q0) LRI v AZ L FLET 3 . K3 Q0)RA () AT 75



BV ARG AR A B TR AR B Bl i AT 5 a0k e

ap = Réty, [Ejd—R (11)
K (R, dt
RADB A BHIEZE AP, = 2005 (0) /v ANIREBF-A2 5 7] I E T 5< & (8] [9]:
(2] (w212 oo, w2
R, R, 2) 2 r,euRl

2.3. WHER

AL FE BB A I AE N AR 22 SR FR ARV S B AR 3B, B RTA SR E 2 fLA N BB R
PIEIRHT SR D, F R SLIRHE T . SR 45 R IO R I AR AR LS B AR T A AN B [10]: A
IR N AR I RN 5 e i B AR . RO AE AR B HOT ) AR BE R H] 9% 58 [10]:

R2 =K (Ej vt (13)
7]

Horp VNIRRT, K NERSE, BETFEES n 8 0.3 Afi, WRRBHREN T n=1/ 3£, Danini
A1 Marmur [1113E47 T @01 3 pros B PR G LAV KRS, () ACFERAHEBR: (b) OB (c) TRt
WAAERBR: (d) ZREER SR . HAE 3(d) 5 52 BR AR 2K 1] 3(c) st 5 402 [AE B 1 B4
FRIE— BT 5 R, DAZRLLIE 3(b) B b Z R BT . 45 REM, BRIy BOEE
iz msmg, 52 RARAR RBR s /15T, HIkER TSR AR Sy SO E g 0 R
(Rl FH T 52 PR AR T FR AR B S 20 .

3. WIFLBRESHIE R

F T Ao AR A AR, ASBE S M FL R 45 MR Bh I B2 o 4R 0 T8 7 FL IR 45 M FLBR R
BB A R AR IR, NI AT R BUE A BT A BE R I R o BN, 2 IR e RN
AT SIERE, (EIXGRERME J 5 2SI o, B0 G S, WNFTZ 2R g8, BEAR
BISIHEE BITTZ, W] 4 25 B AR TR N S8 K BT B B 48 IR N T2 [12] « Horvath 11 Stanley [13]) 55
6 45 S R BK T T v P S TR ) R AR & L ~ 10.38, 1% 5 Washburn J7 FETRIISE 5 L ~ 10.5 A4,
YR BIEFR G AR MR LI R . Z R N BT 20 J5 R BT A LB N A 52 4
PR, AHSERR B LR ATV 7 B — N R L R R AR IR . BhAh, 2B — e 5 ACFL R 5
FRISE, PIUnBIER . BYH S 2 50 7 B0l oM R Bl S8 16 77 V2K 1 5

ARALBREE M BT D ER, B O R BRI AR AN M LAY, SRS 7E ) LA A5 2
(R b SR AR AN 77 FE o AR BLARAE S ) 1) 7 V2 R AR A RS ARLE i i A8 rh 2R 4 DT 30 ) 5 AR i B
BUERGE . =4E B, SRS BIAAE . a7 72 00K MF 7572 mT LAy R A BR e 8RB AR
A ET SRR TR SN BB UL R TR0 NS 52, PARAR T3URZE 8 A WA 5. Rl
TR AR TAE AT /4

Koponen 25 [ 1473 st AR UL 4% ] £ i 2 o £ 4 7 40 R BE 7 1) R0 st P2 A p T 4R s A AR L (1] 5(a) s
TR S 25 B8 T AR 452 )1 R B S AR T o SR ARG TR 282 07 R, T VR ARIZ L 7 Il sl s & %,
B B)2IE R 5 LB AR Z 2 R (14 5(0)) o HEE T EUE RN LG H T TEIE R 5 LB 4 4
B2 IAMER KRN,

Becker Fl Wiegmann %5[15] [1612R FHBENL LA B T B A AR s # (1] 6), AT AR I AL 2
SEBRARIITR AR A YEAEACT AT R AT, (EJRFETT IR E S . 4R EARAIFLRR 30 1 S5 i SEM ]



BV ARSI AR A B TR AR B Bl | AT 5 a0k e

(b)

(d)

Figure 3. Schematic representation of the experiments: (a) Unidirectional horizontal penetration from an unlimited liquid
reservoir; (b) Drop penetration; (c) Radial penetration from an unlimited liquid reservoir; (d) Radial penetration from a fi-
nite liquid reservoir [11]

Bl 3. MMERKRKIRE: () KFREEZR; (b) BEER; (¢) ZREREEER; (d) ZREREEER[11]

—

@

(b)

Figure 4. Zigzag front of black ink sucked into a paper towel [12]
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Figure 5. (a) Microstructure representation of paper with the 3D fiber deposition model; (b) Simulated permeability as a
function of porosity [14]
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Figure 6. Reconstructed microstructures with random fibers for: (a) Toray090 paper;
(b) SGL10BA paper [15]
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Figure 7. 3D realization of the micro-structure of paper based on scanning electron microscope (SEM) images [17]
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Figure 8. The process of droplet penetration into paper simulated with Lattice Boltzmann method [9]
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Figure 9. Imbibition of liquid into random porous media; gray: solid, black: liquid, white: gas [18]
[l 9. #&F Boltzmann 75 AEMISEIRATE RN LA RPMRANIERE; BhkeaRrEX, BRAKME, A

A5 HE[18]

@



BV ARG AR A B TR AR B Bl i AT 5 a0k e

Figure 10. Pore network model of porous medium; black: gas, grey: liquid [21]
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Figure 11. Lateral flow dipstick (LFD): (a) A schematic view of a
LFD [38]; (b) Antigen detection [14]; (c) Nucleic acid detection [40]
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Figure 12. Physical fluidic control techniques: (a) Razor-crafted open-channel; (b) Metal ion determination [34]
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Figure 13. Chemical fluidic control techniques: (a) Dried-sugar delay channels; (b) Malaria detection [44]
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Figure 14. Valving techniques: (a) Push button valves; (b) Diagnosis of urinalysis [33]
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