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Abstract

The survival characteristics of bioaerosols needed to be considered because they
influenced the effectiveness of infection. The survivability of bioaerosols was found to
depend on a number of interacting factors, and was not easy to predict. Although there
have been many publications on the effect of environmental factors on the survivability
of airborne infectious organisms, the results were difficult to compare. Therefore, this
work aimed to establish a robust approach to characterizing the survivability of
bioaerosols.

In the present study, an inkjet system was employed to generate monodisperse
aerosols. Potassium sodium tartrate solution and suspensions of polystyrene latex and
yeast were used as test agent. An appropriate driving signal, i.e., a square wave with
voltage 14 -18 V and pulse width 14 - 20 us under frequency 3000 Hz, was used to
squeeze the suspension out of a 50-um nozzle. A high resolution camera was used to
monitor and assure that the droplets were uniform in size. Dispersion air was required to
reduce droplet coagulation, especially under high generation frequency. The droplets
were introduced into a 3-m vertical chamber (diameter 20 cm) to investigate the effect
of relative humidity and airborne time on yeast survivability. An aerodynamic particle
sizer was used to monitor the size distribution and number concentration of aerosol
particles coming out the inkjet generator. A Marple cascade impactor, a SKC
bio-sampler, and gelatin filters were used to sample the challenging yeast particles.

The results showed that using inkjet printing method to generate bioaerosols was
feasible. The generated droplets were ideally 50 um with a GSD of 1.06. The optimal
concentration of suspension to form droplets was about 4.6x106 #/ml. The fractions of
droplets with particle to total droplets, and droplets with one particle to all droplets with
particles were about 0.26 and 0.86, respectively. Viability test results showed no
significant difference between low humidity (20%) and high humidity (86%). Airborne
time up to 39 min under the dried condition of RH 20% did not affect the yeast viability,
showing that yeast is resistant to low humidity environmental. However, the viability
data from different sampling methods were significantly different: impactor 10%,
gelatin filter 15%, and impinger 65%. Accordingly, the bioaerosol sampling methods

were more influential on the viability of microorganisms.

Keywords: piezoelectric inkjet, aerosol generator, bioaerosol.
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f2% > G (Calvert, 2001; Singh ef al., 2010) * 7§ & FH 4B 1 7 4 5 5 =+
% > 13 4§ A (Continuous)fr & 3 3] (Drop on demand) ; & § 3] 2 & JF i &+
it (Orifice)? #1 /i 1 > B F v SR RIFFRE 2 d BEBRFER
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R4 R BYEREE g & 0 AT ARF Ak & SRR T R R R A ]

DA e FRHMAENE > d R LSRR o TR SR ¢
g E o BRETH o RS AT SRR G A RF o B SRR S R
|30tk i JF (Satellite droplets)e fimh i if hA 4 5 7 % TliE B R T2
by X P A P A GRS X R FL PR 2514 o (8

HRFAALEE 0 A A A SRR NG RRAL - RREDLRF 0 &
w5k 4 )R E R R R R F (Jo et al., 2009; Kwon, 2010) ©
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SRR ROF A 2 X AR A 0 L H T A BT
TRk RGBT F & F (Liou et al, 2010; Shin et al., 2011; Liu et al.,
2013)> 2 & 5 4-® 2 #71 (1)Single pulse(2)Double pulse (3)Bipolar waveform
(4)W-shape waveform 484 ) = 1+ iz 7 single pulse 4 *F el s g 4)
EERTREZFETRDFEANET - LR F R RN ARDE
Ao R EEIRIFSA S o B bipolar AR R > W LR ] TR
i fﬁfj‘*&iﬂ BALF R AR D RF AL AR R T A K¢
& * bipolar j& 25 5 ﬁa?] ey R A o
Dougherty % % (2007)i * #§ 34 < ] 30um 7p ®WR T vF & & SRR
% e el 3Bk o 10 T 1um 0 PSL(Polystyrene latex) e & $ ¥ i
B R BE S B IE R R e PSL Mk R R AR M 5 A% St vg e E BRI
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%% 1 Bacillus globigii 32 + % 5% t » FHIFEE - 3R ER 5 6.5x10°
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Bl e g BLopd S BE (B 3)e AL & * B L S0um + o) 2
# & A (Squeeze mode) & T *f & Ff (MJ-AT-50, MicroFab Inc., Plano,
Texas)([®] 4)> 3F * 2 ¥f BF 2 7% 7% edbiF B 20 -] 37 20cP> & & 58 4 /1 %+ 20~70

dyne/cm o *f & i SLET ¥ pE L MR v?*"ﬁaal FIE R TR R R ER

ﬁ',]-lﬁ—]*""/\\zﬁdl‘bhr’ ,3@« m_ﬁ@g'ﬁ/p”iz FY:'J /n »1 é@"
x gf’e‘“ﬁ&%‘: PR R o BUR G R UL LR
» it & CCD s AR IF A 2 hfiin o

3.1.1  ¢f B ELERE

WELIPHIAEN B e p £ X 1 LR EATRIS T kP % ¥ 0 LabVIEW
ATIE R AR B i O BLEE B~ (Data acquisition card )€ % mﬁ%l d gL
BF 5L SRd DAQ F iz B x MR E 2 5 £10V > & F XU SRH R TR
ERiEH 5 TN F B Aok F o BB 10 B 2100V e Z g P ArH
Il DAQ —+ (NI PCI-6251, National Instruments Corporation, Austin, Texas)
3 p e ﬂis?] I BB RS 1.25MS/s; @ # &3+ B (HA-400, PINTEK
Co., Ltd., New Taipei City, Taiwan) s ﬁr;'] 3T R § FE200V 0 5 K
80mA - #f % 600kHz -

3.1.2  RFF BRI

IR fLE Rt CCD &EEBRARF A2 FiR 0 P T BRI LG
PR3 g 4 oy P i * ch CCD 4 g (Superlris-360-CA, New Image Co.,
Ltd., Taipei City, Taiwan)z_ f#47 R fr & & L #7F & % 5 5 1280x960

pixels ~ 30fps o o T ELP| & S F L dp B B g e 0 A CCD 0B~
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AL EFREP R FRE > REFT L ARHR R R R RS

B PP niT 5 o LED BenP i 2k 4kd 3.1.1 & cfe sl i) B d
*h

-\\

A Pt B > VERIRIF A R EE A A o
3.1.3 RS gl
BRI RFORET G FEDFHEOTR RHE- 86T 4§
REAPE P AEIRD > TR - TARRSE R R R R B
BRI e R AARFR A AT EFE Y nd 2 S o B ROl AR
TV o AR WFIRAIAF RS G FH LGRS ERERF B
R R E R R E L o P AT R B fREEANBREF A
ﬁ%ﬂzﬁﬁwfﬁ@’T”—@Wip@%mwﬁ = RA 4 e
Bk Seend R fE > P g A e R %J*‘m@*‘ <o AFTYE
AR R AR BERRAE TS F R BRORS B
3.4 FiE ks prd) ik

Bl 5 5 A7 LIRS rlig D enR RMELA A, > VB A T R
ST RYEE 0 fie oty W] N F T RAFLRA T F DR > @ tawel
A AE N TR EDPFR o AT T 6 bige T L FF R 9 -] >0 100080 27 1 Lawenr
PFER P & BL ARl B (pulse width) > ¥ ¢ & F5 & 4 % e 5 i)
A& 2 # 5 (frequency) & 7 §F i &5 % S-Bcfr i 5La B 5 ¢ V(voltage) /B
B~ -] ~ Py(pulse width)*% & % & ~ F(frequency) & 2 #7 5 o Hrkdr % % 3t
Yo 6 5 0 i A0 E — B e e 4 Y T 5
LA T8 R Mok € (T Am-241 TP fe ik A F o
Mok Ao B 2 § R &P Mol drke ¢ ZFEF o BRI T
> o B od g BRs A 47 R (APS, Aerodynamic Particle Sizer, TSI Inc. St. Paul,
MN)$x & & 47 7 d¢ i o
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321 BlFEEA R

#7 # * PST (Potassium sodium tartrate)  #7:% /& % 1 f2ef & % St A

¥
‘Jr

4 RiFens ] o PST £ % £ 2821~ % A 1.79g/em’ thv 3 (845 > ¥ 8

/

)

TAfER L 0.63 g/ml v >t PST 3Rk 2 R iE 4 ] feis okt o) 2

B enhf 27 A% T 5583 38 {7 4% 3 (Hinds, 1999) :

d,=d,(F)" (3.1)

da * FF T 2R F R
Fot i FHAA % -
HY LV Rk 5t F,=C+1 (3.2)
C:ARBHEIUPFL I -
[ Hiw TR S ;frmgﬁ,fi/,,\ * oo

xR Ine pl* 2 ¥ 3 e PSL (Polystyrene latex)$g = fr /& 5 4
(PMMA)Sf k- Rk Hgtpic 2 47 o PSL 3k 5 #UE 3um e % 5-(4203A, Duke
Scientific, Palo Alto, California) » % & % ;5 ;% ¥ ",ért 7 1% =+ e PSL g
o Bin 3 R R<05%A m E AR 2 F R 3um 9 PMMA $E4(MX-300,
Soken Chemical Co., Ltd., Tokyo, Japan.)f| 8 % = % 3 35 -KAe ] o B 503
AR R L RERFRABRT 2, EK ,;J MR 0 FE R F R T 0N
Pt o &% e 2t fciF (Hemocytometer) k22 Hclic Pk B 0 B f8 * jik
B AR S AT FER SR IER 0 AT ¢ AR ek F
Bir a4 20

\\\?’;r

322 RIS A7

ROLRMA S G F o v 202G ¢ 7 Bk f (Empties) 0 »
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¥ it ¢ 7 7 - 3g(Singlets) ~ % %g(Doublets) ~ = ¥§(Triplets) > & ;Fk‘ 1%
FIRA R 2 0 B LA RRF T oY g AEF T 2533
#- Singlets ~ Doublets % % ) i fichcrmp o m F o Ay o 2 g 2R g
HECAN R S L S A F - R o E
LR A 7)o F BACR R AT I HEFEAG L F T S

fp Lo defrS P HRE Loy B 5B KL T

2
| ~(Ind, ~Indg)
= dlnd 33

\/27r1n0'g exp[ 2(ln0'g)2 J Hp ( )

Ad N AHEFAEALSTT O B TER T d, E3H Y 2T CMD > #71

AT AT SN

2
1 —(In dp —InCMD)
df = dInd 34
f \/27rlno-g exp[ 2(lnag)2 J n p ( )

33 maRl#z Az

=7 E# R F(Saccharomyces cerevisiae) v & PIE F AR 0 ¥
Ehid R EEE PRI RAE RS A P e A I R AT B
Bobe P AFE R BB FHFTPN TR KA R 2R
BROE FORE R FE TR R e
331 Risrpd

P~T YPD(Yeast Extract Peptone Dextrose) & ik 32 % & + 11 S. cerevisiae
BY4741 F% > BAAFE L 10ml 0 YPD # %% » ¥ £+ 4 § 1%yeast
extract ~ 2%peptone fr 2%dextrose o ¥ & ;&> 30°C T2 & 18~24 | pFi¢ H
EFA LR ACREFEF -

7

B 3R AL -3 H 4F 0y %% e 1400RCF T gt 10 4480 2 f

=

= P
B EE L b kYA ﬁﬁ$’ﬁﬁj&ﬁ%%%ﬁ4ﬁﬁﬁ’%
FARRR G fﬁa% ) e E BRI S e B EER Rk
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Bofruffrgiai® ki -
332 # ¢ FPEAHT

P Fe A 4 R4 Sami (1994): 5 H % 59 AERMA S
oo RFRACF B 1 opER* ARMOE > ¥ 1 & 7 A& ¥ (Methylene blue) %
¢ o TgEFL BB T BRI R o FIER F - et £F R
HErmep L ? AELMARLS AR T ERERK S > ¥R
FIRI? A d BIRBEP - 7Y Re R L " AEAAERE ¢ B
AR A ENEG E DRI RAFER > B A RS

X hd YT E DRI
2 R e
g _1_ Number of blue cell (3.5)
Total cell

333 2% 5 A2

AFRHARAETG CBAL F AP HES B BT 0 R
FERER 5 4.6x10° 3E/ml 0 =R hGC B
atomizer) - R F A F B+ 2 HEFV R Iji\:?,";'_%l I SRR ST

%%%ﬁ*m¥i’%%ﬁ»*“%i45w@wﬁﬁ e it B R

— Sslide (36)

S .
nebulization ~ g )
suspension

S - SRS i a3
Ssuspension : %/3‘/1’? 4 Jﬁf'sh E]I v °

sllde Jj‘ 5 L ﬁ“ﬂ%—% MT# /—\—E' ‘3“ °
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3.4 He2 FER %

TR B 60 A - P AT 20 24 0 F R 300 24 chE 2 R4 FE
TEIRERE S L M E S P v kB P %5 HEPA
ﬁﬁﬂ%i74%°§mi? TR AILEBRETE T F LA R

.
AEPMRET SRR F R RE o AT 2R ET 6L/min fr

2L/min & &6 & > F PR A S5 032 40 0.11cm)s -

>.

|
¥
R
=
N
pant
*‘m’&

HEEEE RS AN Uf{_“‘ ’ 2 )3 A Jrerk /}$ g £ \zé‘g""

N

ﬂﬂi%%’%ﬁgﬁﬁiﬁi4m%i&ﬁ§mﬁﬁ&i%w,%%i
PER TR D F B R 0 TR € AEESTE IR 30 ~ 100 ~ 200 ~ 300 2 A4

Bomsu 75k 263 FHRKEML P g s -

342 7P AorEa

PP Aok 878 & & 2 5 (Hinds, 1999) 5w de 8 8 3 < o] Hok 3
iZ 30 ~ 100 ~ 200 ~ 300 = A o FfR v pE Ry > N e T
y, =Py ECe (3.7)
Ls 187

Pp - MOELR R o

grE A A R oo

Nt & BALF Tl o

dp * B AT o

C. : 1 it F]#c (Cunningham correction factor ) °

RE 3um <o) s R lg/lemP Aok s b 0 £4 it AR S 0.027cm/s 0 @
ST v 2L/min B T 20 R i & 0.1lcm/s o F)pt BB VRN TR iR B R

0.137cm/s » Pl BaRth v cpFF A B 5 3.6~ 122243365 ~ 43 ©
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343 Hok itk

F o ¢ kR FAcki? * Marple Cascade Impactor 3 [ =% % ~gelatin
filter P? %% g s 12 2 SKC Biosampler ;% %8 78 #3272 & » RN E 4 4
5225125 L/min> 5 @ p* FEp| & 2 2 0 RRER R EFR
ERPIAWBE 30615448

Marple Cascade Impactor # tk B 42 & 3 15 P e mylar film Jjg * > A3

BIlR Y A FACRT T RS BARSRE Y BT ATES

Qe
pe
a
"lh

M4 37 o Gelatin filter %538 % 25mm = -] Gy A ™ 424 5 F 4 >
HFERZ2Z A3 > ImlhmF kB2 5RE vvortex AT ERYT
30 ) FE TR A REIR IR RIS IS PR BRSO HEK

Biosampler 2 % i# F /i BF 8 R 0 ST ok @ Bk B AR g
BeinF 12.5 L/min + 03437 2L/min 073 § i & 0 Flt R B4o ] 8 A7o7
7 5 BT R IR R gk R > B A A EE ) 2L min § % #
T 10.5 L/min 0§ ii g # %k w %k > & Biosampler i% #X 4 12.5 L/min 0§ it
BT B R R R AT 45484 B 21 /min o R BT ALY 2 B
4R % 1540 1400RCF © 4. 10 A 48> 4745+ R 2 4~ Iml & Frkw
BoRAERBRWY SRBER QLY ATR 2N ERETRR

”

UE VR BRSO R CAR R A S B
S
_ " filter Sextract
Schamber - ] or S ] (3.8)
nebulizer nebulizer

Sevuter © T 1 1 PER AR E B AT -

)

Sﬁlter . ,}E,}’”X_P _3‘—:—5' E-‘]‘ F /—Fé, _‘$ o

-L,»:L
o

Sextract Lo B"/;Q ﬁj_ 53] ’;c VL
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411 BREF EFLIEHER

R RS S LS IR SR & Sl R I
EAEFRT M Tl Y P rUORRARMFER R > LA G RS odbiF
B @ #cfo-k(70dyn/cm, 1cP)# € 4p £ = & > 97 k@ % 3 g3 k3 g
¥ha TRl BERGRR A DEE  FRF BRERS i &
-1.8kPa r1 T P R M AL E 4 s e it B g HEF D R
M- L AZiE-3.4kPa R x F]E RS X R AAR T w o FpLaE F R (TR A B3
-1.8kPa~-3.4kPa 2 FF « BRT L aAp b Rk FA T > F T RER
FREXRRERRFFED D TR § AL FEIRF S F L P

PSRt TR GE SRR A e E 2 I R SRR R S

T

SRR RF R EEAL FRET L MR 9 T ha (TR -

ilﬁ%@@%%%ﬁﬁ?@T%ﬁﬁwﬁﬁﬁmi%&’P%ﬂﬁﬁ
SRt TR R R A B 5 114V, 18us~ 16V, 16us ~ 18V, 14us = e if it 4
F7eR RIF R 0 BIER R A A FER 0.0216% 0 PST A% o B %
B (R 10)fct s # 22 GSD 5 1,06 s 24 8 - > ptoh = F ¢ i ¥
& 3um 40 B AR9ES 3 end B 0 @RI I RASRGF 2 0] 5 S0um > 4
ENHEE I DA ) o BB P REE S 2 BOFTERR T RA
2.2kPa~ 7R 14~18V ~ "% F 14~18us cif i T 24 & » L AF P HiE T o

s SR U ’ﬁﬂi%]ﬂ:— BT RIREELE E D - RF
2 1000Hz 5 & » % & & #5 & 2 1000 3F S0um * -] e i » & 44850 42 59
AuL e 8 o R m b SR iE 1% GE S AEE 9000Hz PF > d 3t A R fiRT R
AR AT R AT TR 63 RFE IR LNFIRE L

ATl A K SLEY - en g 44 F P15 9000Hz o
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412 AECF R
BTG EFE ARG G F A N AR LR RE RS )
100 #F1 benBAESF A 2GR T o o 0ef 3RS T ok R R BT RS
BN HOR R D g e B ARG EF A AR B
Flepiok B P R RARKAX G AIT A E (R 1) 57 fRA LR AT A

R AT AATHF AR (B 12) 0 F F R Pt ek § R R GE
REC ) RS R A FE A o Bl 13 IR A KA AT ke 0 A R

BB RER DR A HF on OL/min kR T™ o d 3G F n ok
WA AT ERET kR BN o EFALCH R BB 0 Mok 1T 4%
TR RE s RRY BITEARE > LB DF T R F G R Ak
Ferdf & > FR AR %k Sdoil A EgF it £ 5 0.4L/min o

Yo 14 507 0 F & A A 4 45 500 ~ 1000 ~ 3000 ~ 7000Hz T ¥
WA Mok > FEAF h 6L/min £ 2T > A R REITIEAER 51030
T0#/cm’ > T FFAE TR R N2 B PF o A RTF ek T o ok g
© 3 9recd o 2 J000Hz BEARER v LASERF A RS A A4S
3000Hz 12 F chif (2 > BEI G 3 AT kY cndf & e b BB

A B 94%hpck o

413 BiRER RS

A& % 0.0008% > 0.0216%F- 0.1%= f8 % I 884 4~ 5 )k B 51 PST -k
AR FREE S 4Ll e RO I 2 R F RS & S0um & % 0 F
N3 B AL e MR 2 CMD A S A 13 Sum > 7 EE B 15
5 5% K G 0 0.0008%k A k% o) & 112 pm vt lpm B % o B R TH
B o EATH AN 32488 0 LA FARE KBRS ii}“’“ j
3.1ppm eEREFEF 0 i G (S PR RS S NIERE E & A A2
RF LI XPFERRRRIE > A 50um -
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4.1.4 RFRER DR 22:3

F B ER PSL RER S A F S k4B 16 ¥r7 0 F ."I‘f] ol A
A B s RS A ha E B 3um ¢ PSL R 0 RS ) s i Bl E
REFRALH 8 TR R A= i o S F R IFIR Uk B M 4e 0 PSL AR AR
ERA HA o RASRRERARRFREFS S MO FRERIEY R Y
e 2l o R TR R FIRAR RS o 50 RRURILEC] P
SR d BRRARE ST AR S G ] RRRRREE 022um 6
& 5N i g B (Millex-GV, Millipore, Billerica, MA) » i g #- 3um 7 PSL 3§
FiS EATE A o AR M (B 17)EF dol Ui rg £ 3R v

%ﬁﬁﬁéiﬁ’@%é§im%’éaﬁ?%“mk§4w%mf
1 fﬁﬁﬁﬁ%wm¢,ﬁ'+%d‘\31? Dt A R kR

H.023% & & Fwp 2 alciE o

4.1.5 R led s

d 414 Hagg DauRF g A s B F - WAERF e §F]
Mot ez % if (Empty droplets) » ¥ — 384 e R € & b ke 5 Hod

RFALT e BRI -AEHOEEFRFRERM A E-RFTRES R
I3~ 4 3F ook o 1R 322 h3 E > FIE 18 AR % 0 U
¢k R 5 7.1x10%/ml e PMMA &% 5 &) > #73 ¢ 7 3] PMMA F485k
o iF Y 0 K7 782%¢ F - MEACK. ~ 19.6% 3 3 ~ 2.2%= 3F 0 AT 4
SR et 51<0.1% 0 W B 3 L BER N T0X107H/ml BF o B G - RE el B
TEF]5.5% 0 5 BeAuRiE ¢ F 3~5 3 k(B 19)

7 hisd L467 bikRaniES E D = 3R (H 20,21,22) c G cff &
B THLEI EF O RFD T FORMMR R RBRY > B B

R R G Mo X T Ed T A0S e E O (Hinds, 1999)
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3
X=F dq —Cr XV 4.1

X Average number of particles per droplets

F, * Volume fraction of solid particles
daq - Droplet size
d, * Particle size
Cv * Number concentration of particles in suspension
Va © Volume of a droplet
TR R R A HRE S Y L F L (Poisson
distribution) > Fm 5 & 4o T
P(n) = (x) (%) (4.2)
P(n) = Probability of n particles occurring in a droplets
TG PR a0t b < RCIEG EAP & 0 R FIR R R AR
(X EARS ) A2 ZRFAGIFI 0 L8 & F - SFHOR2IRF BTG @
BACE R A0t Bl § T TN G R G R he RACRIRF L E A
W E SRR R F T - BT R ARG O RFERREREN
4.6x10%/ml enifm™ > £ B & erdk (TR vﬁ HERE S 26%¢ § oMk
B et 260% Y 2§ 86% K ¢ 7 — Aok % 14 3000HZ #E 5 A 4 o
=+ §7487 #5 1) 3000 % F 0 3000 FEALG 5 780 REURF ¢ 7 Aok 0 671 %
5 ¢ § - 3 PR Aok 0 singlets » & 20/min iR F BT 0 EAR A B G

90#/cm? ~ 23.4#/cm® fv 20.1#/cm’ »
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42 A HELD %
421 %4 kR

Bk A u " 0.01%0.05%~0.1% = fEk & ord; v KA ELH - HA

)\4_

Hitwm it ARFFARES E 053085 10454 fry 204

E

BT ARMBRATRERRLI Y AR S B2 2 AERE L T A
GRS IABPNGEF TR A LR MA% Lt REFAI P
B BIRAL T AE DS LT EARE 0 E 20 2 4R 0.01%:5
AHER AT F S 2% mF 0 kR 0.1%50% H 5 E AT 30%
Ll o BRAAE ATHE B RLWLRERNL Y ATHAES
BRAEA P 28R ER 001% L AEFLE -

LA EFEEET > A2 ER FRE DI
B RHELFE ARET ORIFFER o BRFREFFEA o 527

BTG AR LR EFE TS A 100% 2L 0 a2l AR ET S

BT AR 30 4B e E S S D 96% Rt L &G BS T
WEAEY 0 Flimve 7 MRS RN @A - AR Fehs o RF G

BARET G AS TS P LA AR B B AL g R

%@%%?oPﬁﬁ&éi%ﬁﬁﬁﬁﬁﬁﬁﬁﬁkT%’@4O¢ﬁ$

S

PR AF LN  ETEAL AT HEA BT
423 G~ BARZF BEPRF ORI

B 0T B %R (RH=86%)4r 1% & (RH= 20%)% ik & % # i#
BT A b SRR AER F T R RS A R
5 29um(R 25) P E NPELREC PR UAFER o FREEY
L "ﬁﬁl WEMERAMBERDEET > BHFESFIRG P EOL
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2o ZAEEHEHC 2T IRFRDOSH(F 20) 0 tpet 2t EFICE R
4 4Bk £ T 39 448 FE RIOARET A SRR T B T VR 2 ARE e e
WRAFRFDLE > L5 RPEFF MBI F 7 R AR
REBCAPERA R MR PR pHRPITR AR R Rk s E
B R L e e im i Weh e & T LR R e ok A 0 A DAt
PeAg Z AT Ao FdF B o
424 FHFES F P

PA RO E - B E(30em) A ¥ E 5 SE R 2 07
}F’%Qw%ﬁﬁwﬁm%i8%«%%&%%3%@2®0é*%9¢%&@§
BT A PO o TR € ¥ 433 2 3F § (Stewart et al., 1995) -
F1#F L3R Marple  [4 58 B2 5B F T (<10%) SR F] 0 o0
B F R R G S PG R Ak A LER
B 2P T B Ok i 5 240cm/s o A i h R M il ek oo bR
(6.8cm/s) it (7 T B B2 2R3 E F (10~20%)4p o dr i 3t 2 % % 0
dp i R AR T RALG L AP O BPAT h o wg H R g
FE* R an®l g o B F R R M AU R Rl 0 2 2 T
AR TR S X MR D] 60~70% 5 &2 B iR ARt 0 2 o B R

bt FAck TR L PIRGE R G TR 0 Aeid TR A AT

-

e j2 A4~

I
,/

PP F A i F OV ek G R F oA R A T
BaopE Fic g - EORIFIRE 0 e U@ WEF A @ I hf TR R
7 iE 160m/s o Arit B id chf T GrF R G iR 4 R AT T
B FOH G ERAAEFESFEL 70% o I or 7 30em Auh
04 TF A S vE B T 100em 2 18 end (TR Bl T A AR FAckth K o
KAFRARRFEI 50 - REBLE o R IEREE HECRL e o



A DD 2N 2¥
$5% BBk

AT ORTE S AN S T ) GSD=1.06 hH s A F R
BRRRIB R A ﬁ"m KR PRERT 0 A A2 F T E T000HZ(= § -

Reif) fed 3t €3 4 coagulation (IR % > % & dispersion air #-2_ ¢XEg

S
oy

A % %22 0.4L/min < dispersion air ¥ if | & i eRATA R 10 E B F E U

A e

&k ke *#eh 0 PSL ~ PMMA ~ p¥2 Renfd iR iF 0 22 (8 i
P oA F e s ak R NE T ABRTERT M RARBIFRER
g5 AR R R s Bk ARIFIERIIT B3 iR T > B mat
PlARfe S AP B RE TR A PR B M AT %A
B HAEY pER ];r]_%f—— B A A3 A AR 0 F i 4.6x10%/ml iz
Bk B o i o o iR F 6 26% ¢ F RS B o @ B P 26%% F
PR 86%F ¢ 7 - dEamte o

ST ALY AT 6 E e R G 0 -

g
®
3\

%7%3%“’,
TR VREET TR VL PR SRR et
Renc o e BER Yok 7 i Sk
AR RAR Mok RERBETRESFTERAS ¥ BRIk
BRRBE > w- G BA 4 d R T # (Polydisperse) » 2 5 4p
PAERZEE BRI EYRIFE IRAZEPTAT
(Monodisperse ) fick B340 AR L R e % o
R E A AA AP F AR B FSFELE A
AR PUNF R 0 P v LEFRF Ok & 5% 0 £ % & 2 (Rotating

drum)at £ jic? AR BF 2 4 ¢ OE R RE- HEHREFEFZF 2B

o

Wikd a2 B N ek HE PR & ) 2 Bl #
T kT 7% Si(Electrodynamics balance) g { iF » T § o
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1. # A2 Frmk
Inkjet Collison Pneumatic
nebulizer air jet
Particle Monodisperse Polydisperse Polydisperse
distribution
Air flow None High High
Cell damage No Impaction Shear force
Generation Electric signals Air flow, Air flow,
control drop on demand pressure pressure
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Parameter Symbol Unit Range
Inkjet driving

Frequency F Hz 10~7000
Pulse width W, Ms 6~23
Voltage " Vv 12~55
Pressure P kPa ~=-2.2
Aerosol generation

Dispersion air Q, cc/min 0~1000
Dilution air Q L/min 1~6

Total air flow Qr L/min 1~6
Suspension concentration Gy #/ml 4.6x10°~7.1x107
Volume fraction F. vV 0.0008%,

0.0216%,0.1%
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Inkjet Technology

|
Continuous Drop on demand
| |
Binary Multiple ,
Deflection Deflection Hertz Microdot
| |
. . Electro- .
Thermal Piczoelectric tatic Acoustic
]
|
Roof Side
Shooter Shooter
| | | ]
Squeeze Bend Push Shear
moce mode mode mode

Bl 1. *f & (Le,1998)
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Voltage

[ IF 1P
Pulse width i_l- : _I_
Lises tfall<100ns
"""" 77 A il
A ton Time
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Bioaerosol
sampler

| APS

Am 241
| ~IHEPA Conditioned air

30cm
100cm
200cm
300cm

>
Exhaust

Bl 6. 3% 45
33

Dispersion air



1 b2
df = exp ; dind,
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Particle conoentr ation of
PMMA suspension = 7.1x10°

| ‘ == ommon
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=
=
@
2
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[&] Swe e ym
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32 i § o
3 - -2 o8 Cropets _
4 . A% wenparsaes Fraction, % CMD, um GSD
Pap; 5 - of ;gc‘q 1 883% 302 108
Ticke . 8 —~ o 2 93% 338 108
7 byt
e"‘m’ 0‘& 3 23% 400 108
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m 241

| - HEPA| EConditioned air

10.5Lpm €— B>
2tom
2Lpm HEPA & T
\> Flow control 12.5Lpm
mzz Pump
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Nl
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Voltage, V
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Single droplet

RH =16%, 27°C,
Back pressure = -2.2kPa
Water,1cP, 70dyn/cm

Single with Satellite

Pulse witdth, us
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CMD, pm

3.3 T

3.2 A

3.1 A

3.0 ~

2.9 -

2.8 A

I

RH =16%, 27°C,
P=-2.2kPa, F= 500Hz
Q= 0.4Lpm, Q =5.6Lpm
PST solution, F =0.0216%

- 1.16

- 1.14

- 1.12

- 1.10

- 1.08

- 1.06

1.04

27

14ps, 18V

16us, 16V

18ps, 14V

Driving conditions

#72 GSD~CMD
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I
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g
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Concentration, #lcm®

10

"~ Qy=0.4 L/min

s _,(}
e
.'/.
.‘/ .
/--/ Qp=0 L/min
T
| | | | | | | | | |
100 200 300 400 500 600 700 800 900 1000

Frequency, Hz
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Concentration, #/cm®

10

——— Predicted value QT= 6L/min

TypeA 1000Hz

TypeB 1000Hz

TypeA 500Hz

| ] | | | |

0.0 0.2 0.4 0.6 0.8 1.0

Dispersion air, L/min
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Concentration, #cm?

80

70

30

20

10

PST solution, F,=0.0216%, W _=16us, V=16V, P=-2.2kPa
Q= 0.4Lpm, Q= 5.6Lpm
7000Hz, 63.9%/cm’, 91.3%

3000Hz, 28.2#/cm’, 94.1%
—r—’f——l— _—

|

20 40 60 80 100 120 140 160

Time, minutes
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Concentration, dN/dlogDp

120

100

80

€0

40

20

Volume fraction

CMD, um GSD Conc., #/cm® Droplet size, um

=0 0.0008% 112
~—0 - 0.0216% 3.02
—<—  0.1000% 5.03

Predicted size: 1, 3, Sum
Conc. of impurity= 3.08x1 06

Q

1.07
1.06
1.06

4.57
4.44
4.48

Particle size, um

Bl 15. = fBk R PST AR 2 A2 R EAF
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Concentration, dN/dlogDp

50

40

RH =18%, 27°C

A
=v
[|

3um PSL Suspension
F=500Hz, Q;= 6Lpm

7.1x107
= =~ 4.6x107
7.1x106 \(&
4.6x106 S
71x105
4.6x105 @0

OO

\

B] 16. PSL f& /5% 0k & $Hpis o # F2 58

B
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|
i Concentration| Ratio
i High 7.1x107 | 154
4.6x10° 100
W 7.1x10° 15.4
I 4.6x10° 10
o 71x10° | 1.54
| 0 5
L Low 46x10 1



Concentration, dN/dlogDp

Concentration, dN/dlogDp

140
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140

120 A
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80

7 )
il Concentration of
PSL removed H original suspension, #m|
| ! — 0 46x10°
? | <}> — =& — 46x108
! ! —— o —— 46107

Concentration = 4.6x10°#/ml

o PSL removed
—O— With PSL

Particle size, um

—— With PSL
-0+ PSL removed

Concentration = 4.6x10°#/ml

—o— With PSL
-0+ PSL removed

o

Concentration = 4.6x107#/ml

s

Particle size, um
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e T
I Particle concentration of ‘
12 PMMA suspension = 7.1x10%/ml
12
o 10 Superposition
% 10 4 : —— Experimental
i) g -
= B g &
Z 2
_D Z- G -
C' &
o B I
g B 4
42 8
o 4 2
O
g oL G0 e
O 2 2 3 A 3 B
Superposition ROeSRE i)
0
2
Droplets
with particles Fraction, % CMD, pm GSD
1 78.2% 3.03 1.06
2 19.6% 3.36 1.06
3 22% 4.03 1.06

B 18. 7.1x10%)E B ™ ¢ 7 PMMA 3.2 2= & 47
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Concentration, dN/dlogDp
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B 19.7.1x10" kR ™

Concentration, dNfdiagDp
=
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2,
=3

% PMMA 33

46

Particle concentration of
PMMA suspension = 7.1x10#/ml

Superposition

—— Experimental

1. Particle size, wm
Superposition
6

Droplets
with particles Fraction, % CMD, um G8D

1 5.5% 3.04 1.06
2 11.6% 3.36 1.06
3 21.4% 403 1.06
4 19.3% 438 1.06
5 18.2% 483 1.06
6 16.6% 9.10 1.06
7 7.5% 534 1.06

SIES R




0.8 -

0.6 -

Fraction

0.4 1

0.2 A

O PMMA
O PSL

Theoretical

Droplets with particles

Fraction =
Total droplets

0 1 2 3 4 5

Average particles per droplets, X
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Fraction

1.0

Droplets with one particles

Fraction = . _
All droplets with particles
0.8
0.6
04 -
Theoretical

0.2

O PSL

o PMMA

| o
0.0 +— . . . . —~
0.0 03 1.0 2.0 3.0 4.0 5.0

Average particles per droplets, X
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Fraction
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O PSL
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Droplets with one particles
Total droplets

Fraction =

fe] 22.
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Relative survival rate, %
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i . ——— ©°————————00.01%
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~
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~
~
~
- ~
D 0.1%
I Concentration of methylene blue
1 1 1 1
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Stain duration, min
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Relative survival rate, %
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Working time of generator, min
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Concentration, dN/dlogDp

25

20 ~

RH =17%, 26°C,
P= -2.3kPa, F= 500Hz
Q.= 6Lpm

—O— Yeast size distribution

Aerodynamic diameter, um

B 25. fE2 Fpe A
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Relative survival rate, %

100¢ Sampling time,min  Flow rate, L/min  Velocity, cm/s | RH = 20%, 86%

Biosampler 15 125 16000 0
Gelatin filter 6 2 6.8 T=26"C, QT =2Lpm
90
Marple cascade 3 2 240 P = -2.4kPa, F= 3000Hz
80
70
—%— 86%, Biosampler
60 —#— 20%, Biosampler
50
40
30
20
—O— 86%, Gelatin filter
10 —v— 20%, Gelatin filter
—/— 86%, Marple cascade
0 —O— 20%, Marple cascade
0 30 100 150 200 250 300

Settling distance, cm

0.0 6.6 13.1 19.7 26.2 32.8 39.3
Predicted flying time, min

Bl 26. it BEYLE S S O
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(2)CCD Camera

CCD Camera * *"BLE & IF p v eprf L enfim > = ki sig * CCD 2 &+ §
P L F 305k m2 ARG F R G Fl P4 LED B g e
740§ R % eds 1 o 1AF S 1000Hz ~ # = & lps (7 LED %2 5 6] E 2t 4p s =
PR B - 1000 =% > & X R EPERF lus o

W 6. F*#F LED % it 58 R4

Q)M ¢
7 %% DAQ —{‘ﬁ;f]ﬂ:ﬁ B A W * N LED % frE@ﬁv@ﬂdv?,};vg ;
Channel 22 ~ 55 5 - % > ¥ & &4 LED 2 (VL & % /¢ w ) @ Channel 21 ~ 54

3} %55@,?,5\:? L& > & DAQ —#ﬁﬂ DX ?}&r 4 10V i 7 ,i_ug;,ﬁscﬁ&gﬁ‘ v 7]
PR RS A B BT R FIEI00V o

} LED light

}14 $ AT & $

d SCB-B8A
/\ GAUTION: SEE MANUAL FOR E
[ CAUTION: INSTALL COVER PF

Bl 7. ERE

(D)7 i B B
o Bfere <~ B(B 8)3]54 w5 GWINSTEK GDS-1052U 4= PINTEK
HA-400 » 3% mff 1T 23 75 TR A TP o

55



B 8.7 ik B(2)frix B(+)
(5)Labview 5. & 2 4% 3¢

WELA A A2 A 5 BIRA > PWM LED £ 4P #8 LED “& e % > Printhead
f7 o B EDSRE S o LED Fiowy & 5 SR s 5L AR 7‘5%} e 4] LED
BB > VOUBRER G PR REL R o

PWM LED ¥ #7+#| FF 847 5 (pulse in 1ms) ~ LED 7 /& ~ -|- (voltage) ~ P* ‘1t
Y& pF [ (delay time) ~ & = & copF F & “&(delay width) - T /& = -] 22 LED 7% & F
B> & A R pER LR EEF AR DR F o e 9 Sl R
gBRREN T

Printhead 47+ ﬁ"] N NT RA A BIFPER - AR \%J 41 square wave &
A5eng BRI EL > Drop number in Ims & % & ms & 24 fok#ic® T 4 2 45 5 > Point
number in Ist~2st A WFr#] 3 A 2 L H{of TP enaIFpEFRF > PRE =
us ° Voltage amplitude at 1st ~ 2nd B & %] 4541 DAQ—*‘%JJ L fef & ii-:ﬂFrﬂ
TR PETHEIOV > 58T RE G ek B 10 3 2100V 0

] 10 BTk B YRR DAQ—F%J teELEL > d BV eSRE R R 5 O30V
Lipdp aFPFR 15us ~ #4835 1000Hz » *+ % monitoring channel &% j§ vt &) 2
100:1 » F]pt 7 o B & GBI F] 300mV F %+ ik %'\»ﬁi;?]:". 30V o

File Edit View Project Operate Tool: Window Help

oy = OIEI | 12pt Application Font | ||E;.v ||7|;|Ev ||$v | |@bv |

X RUN

PWM LED Printhead @ Fraguency Linit

IU KHz

) Dropr mumher i Tmrs 9 1
pulse in 1ms ’5} 1 )
Point namiber in 15t part ’rj 10

Volai 10 v )

Co v Poirnd mumeher i 2 prart U 10 Lhange
Delay time a 150 us Votage ampituie at 1si ’;‘i 1
Detay width §° us Votage smpitude st 25t ) | sToP

B 9. AZNIEITAG

56



GYINSTEK vy =15 20us  TrigHp M

i R

0~ 200mU D 16us @CHI EDGE JfAC
8 = SemU R 6999, 961Hz

B 10. 7 B4 o
(6)F BiF1H ~
%7 13-:}3?\#; Ll p P RMERRT B REFREZAFFD EL
TR P A ) r;]u,r'& l__“r;@gﬁjl’gt SR F REHIE & o /Mﬁﬁgéaﬁzﬂ 11 42
ém“’#”ﬁ CERR ez v 2 R ::‘”:'*F‘gf‘*ﬁ@i%l~)@i-@mr5
BEFERIREFRDEZR - B I PEZROASHFIEERED]R
B x B4 5-03kPa> 2 & f247 & 5 0.1kPa -

/_,i%#%iﬁﬁﬁ%

el

57



R Y
(1) B g & B BUBIAR;Y > T pc3d CCD camera cHi> 3 R H o ¢ > k&
LT B R e B P & gcds LED % o

Bl Bt Ywe Dot Opear Dok Hedow Belp
& W@

B 12. BEPIES A G
(2)#7 B dispersion air { dilution air- dispersion air 32 1§ = [f] &_400ccm~600ccm
Vo RBE X R o

Q) E =R A g T 4] holder + » FRARBH A 27V G T F
o R F Mg B FAI B R R ST D
R LBGR i Mrf BRI L g P chg F AN K -

(AF Fcpump 3 § A RS B BERS pB- FRRFgE RO FE RS
Bl4F S dF Arp 3t R AR 17 o 3 AW rf Epef RS AP EFRG
-1.8kPa~ -3.6kPa » #7 7 & {7 P& F] 2B 4 & &-2.2kPa -

=X

B 17. B4 @R

B 15 ARK Bl 16. &4 =

58



O)F fu LA 4 ﬁii\‘ﬁﬂ'—! TRME L éx&v% 4{\:%"9}) 5 - «ﬁ- kLR *]%-E‘h;j‘-‘
oA RESRFPASERFRRZS R GAT ZEERF  HFLFLARFDEL -
E?}’Egﬁspﬁéﬁﬁm ‘_—-%}i lyﬁ%@ﬁ;’g ,B% 7 Ig?}ﬁi}\a{"iﬁljy\?} y 7R iﬁ%#";ﬁ,"lj\?‘;&
S e -

B 18. H AR F B 19. 7k ik if W 20. *f 5 5be T &XE*T B R

R R S

FART AL qpﬁz_c? BRipiedeE | LRk 35:}1{-,95?}55%55 mg o g
4‘"‘§¢”?’ﬁ°ﬁ/‘? AL F RS RS F R RES
(1);}‘;‘{7% PLIRE I P%@F!gp%ﬁ’rflj -50kPa T m@i |g| s ;I.Z_p? Bf 2 ks &B—JF d fﬂf?; g:”,%%@z,
“"f%‘/i °

()& * ik D hoR 21 A1 0 R “ﬁ‘T FoES o PRI U R S g0
R ’ﬁﬁz"“’& ik L ﬁm? & ﬁ‘;"u ) A MR AR /ﬁ FiERE A 0.22pum
¢ syringe filter #B/Ric i > L mF AP RIERE T LI|B 22 p rf 3 ef D enimfic
ke

B)F Fi R * mPVCHF R ARFL dog v > UF o g iRy RS
e FILI S s 0 pAKEHE 0 BRI ERR Y R S

Bl 21. i Bl 22. #f denimoR4n B 23. F Fik

(4)i¢ *  Acetone ~ IPA 73 # 7 e(Gg = £ 301 b AP 4k 17) 0 iR PRef 5 ik ¥ AR
FooE 35 AGeR] 24 PR R A FRZFEF L D0 B
Acetone & IPA A #| » & B BA R 5 =X ’F He BIRBA L pLFY P

£ 591? Lk ke 3o

59



Bl 24. & %3 P~ acetone ¥ & ¥f EF

(O) & F R foad o g Ar e it % SR ¥ kAR L iRICE o B

IR SR AR URRE SRR

m~}ﬁ%§ﬁﬁﬂ

(1)4 TR kAT kA fedr i R R DB IRE 0 R R
FiTE Fis L {HFHLIFHRY TR

(2)7 %= 7 ¥ dispersion air fv dilution air 7/ £ > & f & * 57 L BAEiu DAQ

—#ﬁ%:".h’!;%%ﬁ,u&ﬂ A Btk B EcE e

G)riA BRI G FERRERPE -

I~% ,&‘L‘%@é

=di-Rral ¥ oA R F] Je 2 > 3N
WMELAR A iR B
MELA S w4 BEHER
TR A woL R
RIF A D — T
FRA PER Y.
2 SRR dv & SRd TR
BRERETF FE L I
S TR 5 ol B TR
9}5 f%‘:_)%t /|7§ /% L -
WA R R L& Hpew BRI E R
LED 7 /& % i« 43 RR
TGRS LED PP 2 5/ % & S E P RPEER
LED i~ % X ¥
LED T & * 3 TR
Lk LR ~ o =
LED PP 2 pFfF x & R R PR
&R g #2.5% bug % run &=t
£ T R R
e AR A B

60




