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U= zxb= 37 FollA vk "2 22 3l(van der Waals force)oll €34 A
2 H(agglomerate), 7 &4 (aggregate), 8% (coalescence)dtAl = o A=
Ak ixbEg o 2 4 2 5k dmalo] ST & jle w9y
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337171 (AzALE)

Nanoscan
Nanoparticle Sizer
(TSI, Model 3910)

717154
B JAES: 10~420 mm (13 AE)
W =322k 60% (i)
B 5= 10°~10° particle/cn
B 53 U5 - 075 L/min
9]%F - 0.25 L/min
9% g ojprrad gag

Aerodynamic Particle
Sizer Spectrometer
(TSI, Model 3321)

JE - 4.00 L/min

Ao FEAH EHS olgdol

H <

=
)
(@)
o
=
=h
g
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o
>
o
b

Optical particle sizer
spectrometer
(TSI, Model 3330)

W A9 0.3~10 im

W =="¢% 3,000 70/cr

B 3A4%85: 0.001 mg/m’

B 3 0~1.8 L/min

W 2 3 b o Yyl dej whaly
= ke wet JAe A7|E skl Alst
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e LM] B ¢A4HY: 1071,000 nm
J S e W EEH9: 0710000 mY/en
T 37 | 3L Eu
Nanoparticle Surface W == 71RA(TB)/ALA) A9
W Yz dAte dstaks olgste] ko] A

Area Monitor
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200meshell g (A7 2um)©] U+ QuantifoilF o] AlH-ES AR Al
8213 7] Mini particle sampler (MSP, INERIS, France) (°]& MPS)o]w,
Al e £ 03~15 I/min® 23 frEo=2 2y el wet 5~10%
2y A wet SAS AT 42 FydAdnd (TEM: Transmission
Electron Microscope, JEOL 2100) (o]3} TEM)el| #< 7]7]Q1 &371(EDS:

Energy Dispersive Spectrometer) (©]3} EDS)7} §-2H# AH] 2 319
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deflector pivot point A< 3 balance (tile&shift, HT Wobbler) =4 3
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o} 1 % CL & OL apertureE 7R3} camera length 20cm, =+ 4Ocm9‘r
BF Detectors 70*stt). #zu &2 1~29ka) o] o2 il wj&o] YHF

oy omxE A & 4 Qvt. 1 e CL & OL aperture= iéﬂjr
Detectorg 22 &, o|n|A& AAsi o] o A9t A7 %] #l& A9
F EZAYAY 22 F o] E EDS BHoR oot A}&s}b pmE

¢
["O

1101 = INCA(Ver 1.1, OXFORD Instrument)°]t}. WA EDS #HE7]2 4

% quant optimization®. % input rate®} output rate’} 1< btﬂ 2-3keps A%
7} E A probe currentt} spot sizes ZA S} acquire spectra®l A process
time 5, spectrum range 20 keV, number of channels 2kO. & A s} 4 A]
72 Live timel.2 10022 AA4sth 1 tf& site of interesto|A] Z=71% o]
RS 7RI a1, #AE BiEe B9 e Ho® dAste] o i A

=
BART B4 ARG 32 ARS BARGD, 3 2] AR BT

j=Ie)
= |

AZH davte = Y& FAste] Hat AEnE FAETh o o 1.0% 7
Tl YA+ <1.0%Z %7]8H9H
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<E 11-3> 21720 Alg & ZOMIX EAFHIL 58
Z74717] (AzAhEd) 7171574
B =7 7l ARSI 1 mm~1
W =7 11 cm
MPS B 4%4%% 03~15 L/min
B =% A% Cu ZH-TEM Al¥#H

s ® -

e ® = B A% 2 m

» @ M 200 mesh

- = IR

Cu-TEM Al "B

(PELLA, USA)
A W A Ay
AR S IR ESE P I EY
]
Ti- W 255 HEsls 35A
PAN | AR5 14A

e ()
ToT e g A 1008 ~450,0000

=.
(A& o W3}

- e ' mE mm @

TEM-EDS
(JEOL 2100, Japan)

ZAuf A 2+ Tanax TA FEE ALt Tanax TA FE+=
JrH o7 AFEEE FHolW, TAG Tube Conditioner(Markers, USA)Z A}
& A 300ColA dA 7FAE A AR SeA AlZeE & AL83ioh A1 F o]

ey oz 1~27) FEE TD-GC/MS=E #43to] bojed o &l &



I A= R

AREEIITE FHE HEZ(GSA 350, Germany)ol) H“‘O}C’i 0.025 L/ming =4
TEFoE AREE EHGNY HEe= A A, Fol FFRA7IDry cal,
Defender 520-L, Mesalabs, USA)Z 77} H A3 t}S ﬂiﬁv%ko AFE-3A

27 A, AR EE Y S B9

]
oA 77t siinh AR ¥ FHel o HE nplE wa, @ BARE

Tanax TA FH= o] AAE Aol gt FHE TD

& 5, TR 2HE f7IsHbES 1AE 22kl AAA
4 2 Al G2 30 m/min, £EE 150ColH, 5018 AAs
otk 22 &2 Al §-#8 50 ml/min, 2% 280T, split ratio= 50112 AR
at9ith TDolA FHER o] uUd 25 o2 GC-MS(Agilent, 5977B, USA)9]

Adow ¥E FU1skeEo] o] ste] £A6HA drh o &4 DB ZH
(Agilent, DB-624, 60 m x 250 m x 1.4 um, USA)S AHE3I 3L, 289 &%

T 40C, T8 WA o AN 402 ARSI FEAMNS 7]
shetEe] =5 SAEE W 5 AH dIEeR i, A 2445

L(25C, 1718 = ppb= &9 2Hitetsl
aga 7180 Ak WE TVOC 3RS votalr] Yeja 2=
21 22477191 MultiPro(RAE System, USA)E A}-g3to] =439t

4) 5% 34 4 &4
=% ANBAH7= DA A(Z G 37 mm, &= 08 mm cellulose ester

membrance) 9t 3 =(backup pad)7} &2 3¢ FHHEE AREstith Al S A F
€ HEZ(GSA 520, Germany)®] ZHFHS 20 L/minZE sttt Hze= 574
A, 9o FHEA7](Dry cal, Defender 520-L, MesalLabs, USA)Z Z}7F H A
& v Brde ARSI AlEAFHE 22 SE57I9A, A9 A
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whlE o
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LR A

o ¢k A

5 JHHE

oM 22t skt Als Al
Mo wiE

1~27)

AT

5

(GT)NA

=

—.AO

b

_,oT

1

=N

=0

3 H

—r

Ho

(o)

(Microwave) 3]3}7]|& A}-83}

B

REEETY

Ael=

d

%

sl

bl Abg

A1

3|3l Me 5% =g 3

, WA

<
T

ol

P

]

3t

ol-&

=0
o=

g 94

. WA AnA 2Ry v

(vessel)ol
s AA

N

e

ok

ol

FATE mhola 249 o]

)

%3}

F

)

bsack,

)

7] ICP-MS (DE/iCAP Qc, Thermo

i

fisher scientific, USA)

A Tune B

SERE

1Ho

solution®. = A}

E, YA, 7, ofd, A=Z3vs,

1

ol

i

)

=

2}

1
) -

(5) 71E}

7] e

(SO, <

,_mwo

10

g}

(NOv), ©l

<A

sH4

g

A

(NO), I

4
ny!

<A

g}

A

—_

FatraHS), °

Q17

8}

(CO), °l%

4
e

<A

8}

A

—_

&2:(CO),

[AQ-Calc(TSI, Model 7575, USA)

MultiRae

Argateict.

=
=

Pro(RAE Systems, USA)
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31

10

8l

}sich 3D =

S

27U AL

A

=3 SPSS(180)

3L

57 B4

&l
i

=
=
)

t71 4 (Paired samples t-test)

H]Iﬂ_

=
=

3}33 3L, Pearson

A

A0
=S

171 $aiA w3337 (simple correlation) &

2
T

X2

(Excel 2013)

AHgstgn,

Kol
=
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M. =333

1. 3D ZEIH e

1) 3D Z™E 2 HA}

A7) 196058 A ZE QAL A5 7]es AREste] Hx9] 3D EZHH
& whso] A&k wi= 1980d o], 2000 W WA 4z ARSIt
M W29 AF7|w9 58] a7l wEgwA 3D =Y 7]z i
A E7F EobAl

18924 JE. Blanther= &ol& sty oA A=s Al#shs 7lee
st9a, 2 % 1972 Matsubarat™ W 2=H]A] AgAbo] Sl Q1S GA
3342352 (Photopolymer) & AR&3ste] AlFS s 34 2= 7|&&
t} 1981'd Hideo Kodama (WilofA] dd+4)= HEE 3D ZHHE A
oz FASAt 1§ 194 #2 Z(Charles Hull)o] Farix}
(photopolymer) 9] A Z7]4S 7/|éta, 3D SystemsAtE A9 3kt 1 A
Al %9 SLA(stereo lithography apparatus) 219 3DZHE S 1937d<] =
sttt SLAYA2 7H3Ad 4ol UVdlelAE H|F 374 sA 7= Wi o]l
o} 19889 = 3D Systems®} Ciba-GeigyAts= &2Fe.2 SLA-3D X@Ho| &
o7t AAlE JEekith

190d = Hx= AT #d AEAU(Solid Freeform Fabrication
Symposium)®] "ol A AFF AT 191do = A RYAF] StratasysAkel A
FDM %2l AlA Hx= 7idsilal, FDM %49 & Bikstr] Al2st
Ath FDM %212 &AAlE d& FoA 33 A Fske Walolth 19924 3D
SystemsAtell A SLAHA 2] 3D ZHEE AA Hx2 LA =0 2239
1992 d DTMAol A= SLS(Selective laser sintering) ®A1e] 3D ZHEES A3

|
=)

.



an

m 2d0E ... q7

Mo

al7] AlzHgie) SLSHHA 9] 7] 1987 d el ATE Al 1992 el H %

Aa-atE el SIS WS SLA WA 3 v|S=elA| v dAE AAE ALES)
Zol ofel EE ARSIt HlolA AFelHol Stk 1994dell= Arcam
Aboll A1 EBM(e-beam melting) 71& WAooz E3E 93191, 17te] 24
T2 AFsted AFEEY 1998Wol= #H %= LENS(Laser engineered net
shaping) %219 3D ZHEI7} A=l o] LENS 7|&& 159 AoAE

o) g3l R mel T AAAE Agel AFL AL Yol 1999

2

HU

r\r

20001t o] Fol= 3D ZHEE o] &ate] oY AlFS AFsraL, FoR
U SLA, FDM5 9| 538]¢o] ®ta¥7] Al#stdr QEais &83ste] 3D =
dH o d5eE o] &53tt) 2002 d o= SiemensAte} PhonakAbt B 7] E
Azste 27] AbdlolH, 28 sfQl 2002 =ell= 2717 22 F3kA 79
g & A HATh 2005801+ Andrian Bowyer ¥HAb= 3D Z#E e v
o] @A S Gk, A2 Hlgor BE Aol 3D ZTHHE AR 5 S

.

O

& F dE ZEAHERepRap)E 7189 1 F 20080l 9, F&, 3,
7IEk #9125 3D ZHHE ol&sto] AL 2 5 Al HAH 2009d ==
S Adsto] S BAA G Sl F42 3]s AYste] A3t £
O]mﬂ XS

shedell dgleh Teln MR AG EdFacA 4

H OIN'
oy o::
J

dlo = o r“‘
N

o ﬁ

lﬂ

WS sk, 2010 ol = n] oA A=A BE 9
ST 20099l = Makerbotol Al Q&A% 3DEUHE A5}
=] AL 792e] xR AW shFolrh 2011d 79 st
s T e 3DZHHE e, AR-AFE it A= 3D

NS
i

Iz
BN

)
rr

Al
&l
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ZIHUHE AMESte] SHFE oite R 7 st <l Hgr|E wElT 1
#]a1 Kor EcologicAtollA 3D ZHE 2 ZA|Z AZek 252 UrbeeE THES
th gl AAH o o] AbsatE EAIsHA Hrkd 10,000~20,0009 8 HE=
s, A g 42~8 Kmes 73T 5 I+ Avjass 7+

+= IMaterialiseAtoll A 3DZHEE AFg3Fe] 14K 2 #AF
S Az F A= HAS AEEdnt. 9= Southamptonthdhol| A= 2 %9
T =85 3D =Y ZleR AlFsknh 20123 k0l vl A 3D Z
o] Azx7ss ATetr] A FHAZT7FE AT A (The National Additive
Manufacturing Innovation Institute)E A Hs}9l1, nFEF7]EATFANIST:
National Institute of Standards and Technology)dl A+ H4 3D ZHE 7%
CHAAAZ s FAaAES NHAL 014d 2ol = T A A AE
A3 Atol Al 3DEHEE o] &3] WE AZTEES 7FAa 200 mA7]Y H
10 A5 Ao 283 =290l = 3D ZHHRE A %3 Q1F WE o]
= AEer|e stk

<

i ;z

]o
E

HEE

2) 3D Zd¥H 7%

3D ZHHY 7le % AR e A AAASCE 1 EoE EefstiA
e 7EddE EFeta e 898 25 A97F dolA, £l THEHA
thoofell 20124 1€ v=AZA G A M= ASTM F2= A5 A<

ZrstE 7HH e, 8o T2 Fdstaal stavh 2Elal wAEE7]F(ISO:
International Organization for Standardization)®} 7|=AEA| S H3]e} HAs}
of ISO/ASTM 52000 #&S /NAstaich &l wo 77H4 E/% v,
w2alel wel A 5 & (material extrusion), A &3&-AHmaterial jetting), 7 ZHAl
B A} binder jetting), 97 A Z=(sheet lamination), F53H(Vat

R

photopolymerization), %472 (powder bed fusion), %% -&ZHdirected energy
deposition) &. & T E M-1>.



19

-,

_l|_
|
ok

(1) A 59 (Material extrusion)

=9

M 2AE

)

Aol et o

=N
¢

=E9 2%+ 180~230T

=

=
=170

Al Fej = ofele] ol

Ho

ol
_EO

7

o

A = 40~100C

[

9

22 (slurry)

2=
=

gf~E Bulk olye} Aol gAY

il

F Ak,

b Al AFES

)

= A

(support structures)’} 2

T2 AR

°] 3D

dE s} H
bat, AREAZE A dAskaL, A

5]

A

8241 3D
H

] =9

Al o= 7hA o] A

-
R

T

!

StratasysAkel™ 1991 ol A7) = S}

= 1.
T

%9 A

(2) A &FAH(Material jetting)

il
%
Lo

& ARef A3

dE7F #}¢]

o] 3D =

R

L) A (UV) .2 A A171H, BE A=A

ko3
T

At

TZ27F Baskd A

%=

=z 47 AAg ok 29

Eolut &

o}J
HH

1)
=
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(3) H=2A EAHBinder jetting)
YA oA W] HAAE ’ﬂE—Vioi 1"5:*}3} ' Aok Agtet
|

o |r
>~
>,
oo
ol
v
Y
.
2
M
>~
>
o
>
rl
=
Al
M
>~
>,
o
1>
i) r
o
>~
o
ofr
ol
X
0%
H
Y
o
[
i
>~
o)

o] AMzve WAFEAM 2T R U(MIT)NA 7Este] 3DPe+ o]Fo2 &8
Ak o] HzAA EAF 714 ExOnerlet 3D SystemsAtoll A 2ho] A~

(lincesees) S H-f3Fa 9

(4) A1 A Z(Sheet lamination)

AAA S WAL Fol, a53s HolA Fo' A= HFskaL, A
& W 3§ ghopdith, Ago® AEstE Ve AFHAAN ARgse 1]
£ Ae ABZEA(kraft paper)E Eo Tl Folof I W FviE =
gl 239t U 7tgE E2E ARgete] dE4]] S e F 9
o|AF o]&ate] AEh ofdWE FARQ] Mceor HAEZEA= #AAL} o

s Us Bo] 9l
ki Age] wgo] ol AEy] Wil 2 ®AZF A et o
9] Iris, ARKe 292 27 E%Ei =35le] T Ay 3D ZUEHE W=
abrisonic®] &3} H& Aot} o] &3 A
=

AR FHe B4 HolZE Rolr] #E H ONC 7178 ol §stel A

O
it
[‘_E,
i
ol
N
)
flo r
=)
Hl
1o,
w
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(7) A5 -8AHDED: Directed energy deposition)
AR GAF B2 FE doUA & Algste] AlRE Fo] et oln o
1715 AHEet 5% ojL} gfolojE AAE

=
U
=
At AR e BAL GAE ARE & Aol 42T 4+ ov, 4784} A

<
N,
k>
W
il
=
o
2
o
rlr
r)i
N

[¢]

sE EE 2Y B2 g dSH0E 438 £
o)

AN
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<H lI-1> NZgEH=E

3D Z8% JIE ER

A ZTH 49 2 #4 V)&
HHo A 2 gH ol d=dd AAE
Vst A S5k WA
152012 2T Gt FAI7E giFRelH, HA
NEd=
) A, £ FHY AAE ALE
(material ] .
Aletd], 5348, 34 & e
extrustion)
ARg-o] ZHHSEaL A HEskA Rk AE A o]
Gojz2l= @40 A
71« : FDM
YAA ZUE =5 f2lojHA HAS
A 224 Aoz FAa =

(material jetting)

EERES)

(binder jetting)

71% : CJP(color jetting printing, Inkjet)

A A =

(sheet lamination)

Fol, whael AFAE whE ¥ A5ore
PR
aAE Fol, F4 5 A%

7% : LOM(laminated object

manufacturing)
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A %

o
it

g 2 34 U=

B A A sk UVHol AR 373} sl=
Fsd (Vat g
photopolymerization) W 272+ EEZTH ALE
B 7<= : SLA, DLP
B 359 A5 1, 320= Ao]A
AAsE WA
. B A= Y, 55 5 AR
B 71& : SLS, LS(laser sintering),

(Powder bed fusion)

SLM(selective laser melting),
DMLS(direct metal laser sintering),
EBM (electron beam melting)

B A5E F9lstal dolA9 devAz &F
ZIAYAEIR=NREI Y|
27 84 Q2A 7= WA
B aAds 55 228 AR
(Direct energy N o
N B 7|= : EBAM(electron beam additive
deposition) , _
manufacturing), RPD(rapid plasma
deposition)
3) &2A
37 AMEEE Al 3 EeW e 550 E v i vhgst
ERAEE AREHI Qlar, Ak, Aul(Alebes 559 2ow FAE &



dAH o e Agiel M ALgEE thre Weje) ARSo] ALgH M, of
g A E )

FA Gitol] HI7solA ®ol AR Stk H Sl
EHe AN o A Ax A ASA, fEldo]%(glass transition

2
temperature: H|d SAZF weloh 22 FE AHCAM HA el e HHE
Hskele 2k 499 T4, &2 HAH

= X))ol FAste] e o
(sterilization), W3Hd, 171 2 =4 54 W& 5% LA “E‘JS}Eﬂ] 7]7':9-
2 2hggit Eeve w2 dol i Al wet 7 A agoE i
t}. €744 4A](thermoplastics)<
s}/d FA(thermoset)= ¥ FA ¥ 1 Y

ow  IEZYME  GAMN FACH VAR A FRlE
ABS(acrylonitrile butadiene styrene), PC(polycarbonate), PC/ABS &3, 44
E(nylon), PLA(polylactic acid)”} 9Ath. v]=r9] Stratasys} =] Rokite A}
$-tjolebn]ole] SABICo|A #|&38F= Polyetherimide(PED$! ULTEM 9085(+
AMe uAMT A7 A, =2 AE, WS, ASTM J15)E 7Heske 3D
THY AAE AFsta ek 20123704 ABS, PLA 24l =dts]o] gltirh
Taulman3DE YL =(F7 1.75~3mm) 2AS AEstd. Agsid A7k
A AEEa Qa, ARSRE a7 E EEd g, PC, PET(polyethylene
terephthalate, PVA(polyvmyl alcohol), Y& &, F=8% 315 A4, soft PLA,
TPU(thermoplastic polyurethane) 2 NinjaFlex(Z7% %= ©A58A) 55 A9
Ao & 4 ek

~
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(2) 5%
FHtoll kst S5 AFA 2HAA AFRE L QITE AMEEE w4 A
MZ= T2 tool steels), Z~HClB]A~~E = E|Elg, ElElg 33, &F1|
v &=, UA 7|dke] 23w, IYE-IF 2

51
H
=, B3 (palladium), ¥ (tantalum) S°] At o] ¥t ofjg} wd
2AlEo] s gl

N
S
Ir
il
AC)
S

Fodo J

ya

o

m L

™ o

o B

o m

RO =)
X

=
o
X
2
_{
s

o 1

arkfored= EAIEE %%}% Zﬂiolé‘%“ﬂiﬂ 3D
Hkst At 01 3DEZAE = 2719 F=rt

2 3o e Bad, vﬂ G

TETE T Hou AeseF ARy mAA, Hg%xﬂ =

t}. Solvay= ©A24-5743} PEEK(polyetheretherketone) 2~

[kl
e
v
TR

Ml
o
=)

) Ak 2 7TE AR

o8 3]AHLithoz, 3DCeram &)oA FF Aol Aghals &3taho]
I Qith Al e 544 AZAe] e B HlEiA 15~30% H=
o} Xjett= A 23FYoHzrconia)ot MetE ke &3to] 7hsslAaL, A2
AL FEste] 999%° F¥Eo HWEE At A A
(biocompatible materials)= A% wokollA T Wofolth. HERE #ad
Ti-6A1-4VE  AR&ste] JIZFEZF Zhesiiivh. 22la PEEK 2449t
PEKK (polyetherketoneketone) AA 2% AZTET}L 7}53sicta sk Mceore

)
ol
-1

oX
Rl

B & A of
§ o)

=

of

)
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198356 2017970 AAAM O R 3D ZAE AbEAel AZ Aneg
T4 vt F H5u7) 37.7%, o] 282%, obAlol/ el o] 29.7%, 1wl
44%°] Hl&= ZAgith YR B f)ao] 3H9%E UM wa,
10.6%, 9 93%, =Y 84%°|H, dt=r2 37% Fo|vH1Hm-11.

2{AlO} 1.49% Z|E} 13.3% -

OfSF 1.5% |

Oj= 35.9%
=2 10.6%
o= 3.7%
e o3 H7 13%

AF| 01 1.2% i e

o1 Z2|0F 3.3% S g%
e L ‘ THE

~oc 1.1% =8 3%
% Wohlers Report 2018 #Har
[O& 1i=1] MMA 3D TaIg AKo| JJ1E HIF
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19881355 2017704 3D Z-H Atdo] 7550zl A& A=
E etk Ew7h 377%E Pg Be Hl&S AXEa thgol
(282%), oMo} BT F(20.7%) o= dEh vits vwe® s
HEol 359%% 7P B2 HlTs AXESlA, (106%), 2+(9.3%),
(84%) w=olth. Tx& 2016d%oE 103% FAR 2017d%E 10.3%
03%2 AT 15 2016F o= 368%AAT 2017 == 359%
= 09%= stEsit<i M-3>.
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3D Printer 29 dAToltt. £ A AMEH® 3D Z¥E= FDM-,

o) el  #UA SLA-, SLS-3D Z#HE Hrlslkdar, dA 2 #7]

Z371 U 4 §gES kst SLA-3D E%%‘ AL A

/ olm < FEEE 5,738 M/enol®, TVOC 1,130 ppb 4%l
]
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Z(IPA)S s=7F 266 ppmoZ =E7]E<d 200
ppme 33 %E x¥st= oAtk FDM-3D i
A8 Al dAsEREE 500000 7l/arolH,
TVOC 1511 ppb FFelflth SLS-3D Zd® 2}
AA dATFEE TVOC w28 44 &9%a,
TR A7]= 06~2 m o)Ak 7
el YJeritt SEMOE A& FA4% 43, 739

AR E BREA.

particulate
Material
Emission

3D Printing

AW A4Z FDM-3D Z ol Ab&sl= thesh
2A(ABS, PLA, PVC, laywppd, High impact
polystyrene(HIPS), nylon)ol] gt d4x 2 {713}
e FEFESs WK dAtolrh ABSI &A9 #
& T TSt dATEEE 119,545 /e, ABS2
2= 101,064 70/en, PLA AA= 40,387 7H/cm,
PVA &A= 52,366 78/c, Laywood ZAA+=
434,517 M/en oIk AAAM A OR YAE &
Mg A3 yxixte SAUE dHE #EES

0 gRe gas aw TAse] ol

3D  printer®l A]

A3} hagEd

A=A

AW AdF=2 FDM-3D Z o] dubdo=z A&
dtv= AZ(PLA, ABS)ell digh 942 2 #F7]31g&
RS Hridgolth ABS AAe AE F ihAs)
= A EE 500,000 /e, PLA &A1 A9
FYAR] 2717F 100 nm ootk 12l ABS 4

_
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PubMed(www.nchi.nlm.nih.gov)

print; 2 ANAS A5

AFOIE(2018.10.17. 7134 3D
dE B3 & 47790190tk o] F AES 3D

print; , 'charact; &+ 3D print; , 'exposure; & 74 7|9==
A ] At
<E II-7> 52| 2% 11&
A &/ A &} T2U&
AW 2 A A" dFolH, FDM-3D
Aerosol Emissions HE Wde= i, AREst &A= ABS,
from  Fuse-Deposition PLA ZAo|t}. o] Ao A= ZF AAle] F=UAF

Modeling 3D Printers
in a Chamber and in
Real

ents / Marina

Indoor Environm

waE dojzEe] 38
Abetdch At A3 PLAY Y42+ 51 m,
ABS+ 13-22 nm, 470 mmo|%lth. ABS 4A]¢]
TVOC #%+ 0.83+0.01 ppm, LAit3}Eihse
= 0.6910.01 ppmo. = YERY

Airborne particle

emission of a

commercial 3D printer:

the
effect  of

and printing

filament
material

temperature / L.Stabile

Au] Aol FDM-3D ZHEE tjyo= 3}
il ARE3E &A= PLA, WOOD, COFFER,
BAMBOO, FLEX PLA, CP, CP-CARBON,
NYLON, NINJAFLEXo|t}. o] dToAs =
Z9 2xxAd uE A E A E 9

7bg Arelth. wZe] £EWSE 180~240T
FEolw 10~20T9 &8 20& w7 A
A 1 Ad =29 2R w24 E ¢
Arsis S7HAA, dATEEe 2UAE
e AR Holv, dF vhEv APHE K




olA gokth i FdAke] EE= 10~30 mm
ol
AA

Characterization and

Control of Nanoparticle

A A7olw, FDM 3D Zdg9 e &
AM(ABS, PLA, PVA, Laywood, HIPS,
Nylon)& wde= ddsiolal, ez ue
GAsEENES Selsgr. agn Y

o - AL olgste] AALEES AMNow T8
Emission during 3D )
Aok AzzAf A dFEE =R 1 ol
Printing .
o] 2z ZHE A4S sdS A, ™
/[ AFE
= YATEFEE BT 18a1 HEPA ZH
E AT AF, HedAE 99.95% T Al
AgS HS
A Aol FDM-3D ZaH 9] AHedhs &
Characterization of A(ABS, PLA)E Al&stsiod, #7183E <
chemical contaminants A o2 A7EAL AEE F713FELS oM E
A

generated by a desktop
fused deposition modeling
3-dimensional Printer

/ Aleksandr B.
Stefaniak

ol 5}o

15, dgrE, oRHEYEH, ofAE, o
TR YUF

njﬂlﬂ, ZRRE WA EFd 9

=, Ty 11,
g, A ~"E H-gRdlo] HEH A
oFo] WAse] Ba-thi oFAFoT A

carbonyl compounds’} A H+& ASE Hi

Characterization of
Emissions from a
Desktop 3D Printer / Luis
Mendes

AW g AdA A" Atelw, FDM-3D =¥
Blo] Algale 2A(ABS, PLA)E A& L
W, =53 AFHe] 2ERst & A
3] 2ol A ﬁ;éz% AAFFES} THYFEE
A 248 ABS 2419 QA4
= gAde® =9l ABS,

E
ﬁ
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Characterization of
emissions from a desktop
3D printer and indoor air
measurements in  office
settings

/ Patrick Steinle

4=(FDM) W24 3D 2xdyolH, AA(ABS,
PLA)E AHEE o At vhekek AL
#718t8=, PAHs, 5%, 03, CO, O 5)& =
A4 H@rreah AR PLA(89,000 71/
cr’) A2A7F ABS(10,600 70/cm) AAETE =9k
. TEM #4723 =§iake] 54 ojnA|&
T, EDS #4123 g FA o,
e, 3 Ao AEoE FAEH AT ABS
249 frlskstES 2"l 49%, ol€wlAl 9%,
Aol E 2 2 = 8%, methylmethacrylate
(MMA) 3%, n-48h& 2%, 7]Eb 29%°]n,
PLA 2&A19] f7]8kt=2 MMA 37%, n-H-&
= 13%, A2 = 9%, 7IEF 41% AT AE
A A" AN JARTFEES 7S EE

MMA®] 5% gjedo] AaA#AAR>=0.71)7F 22

o

Characterization of
particle emissions from

consumer fused deposition

3 AAl= ABSolth. Akl W= 20~40




modeling 3D printers /

‘ ZANT wol AGHUA MEEH g
Qian Zhang =4l ofglogo] 44 =&F sFsdel grkw
)
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Characterization of
particulate matters and
total VOC emissions
from a binder jetting
3D printer

/ Nima Afshar—
Mohajer

jetting) W 3D ZHE Hrigdlon ALgsH
2AlE FREIR CFA FA)E ARSI
=

SEM-EDS #41 Az} A

&, Ak & ZAgoldnh F9dAk
205~407 nm, FAFE w= 352~407 nmol L, =
2 WAS(0.5 ng/min)S Hok 18] PMIO,
PM25 &% &2 "= AUe7|d duAE

el FEoldn. o A4 H42E =

Emission of
particulate matter from
a desktop
three-dimensional (3D)

printer / Jinghai Yi
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N
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Emissions
Nanoparticles
Gaseous Material from
3D Printer Operation /
FAR-RE!

S Vi

ABS(1,731,578 7N/cnt) 2A7F ABS(52,252 71/

Cma) iXHE_E]' }i'i;g}:q %7]§]—6‘]—U_/] }O.;E\L_: %E‘
FFOR Ui, 58 Tedudls 5 g4

dtol =72 =40l AEH U

of
Ultrafine Particles and
Volatile

Emissions

Organic

A Aol AEF7|e2 AEUE(FEDM) W
21 3D ZHEfojn Ao] Tl kst Aa(PLA,
ABS, HIPS, nylon, laywood)& AF&ste] 7}




Compounds from
Commercially Available
Desktop Three-Desktop
Three-Dimensional
Printers with Multiple
Filaments / Parham

Azimi

itk dAAOR PAsE

s

rLM—ﬂ, PLA /\ZH7]*

Fine Particulate and
Emissions

3D
printers / Aika Davis

Chemical

from  Consumer

A Aol HZ7]EL As5YE(FEDM) H
21 3D XZZEfolw AMo] thE tYd
ABS, nylon)& ARg&3le] #7131

RE AdoA Zu AP EAE A, 70%
A=

50 BT AL A2 A AAT
ABS ZAo M= g oeulAlo] £ =
%3, nylon 24+ caprolactam, PLA A7)
= MMA7l A=5H3Ao =59 25 uwet
A 9L VOC A Eo] wet F7F akqlth. A9 4
FEEE 10°~10° M/em7tA FAEH

Z7VTE Alzbo] Al wet 7hadc

Jin

o7 O’Ix],/\b:t_‘b

Fume emissions from
a low-cost 3-D printer

with various filaments

AW AFoln, AF7|&e AESGE(FDM) W
2l 3D EZHHeo|H, v tde LA(PLA,
ABS, PVA, HIPS, PCABS, Nylon,
Bronze-PLA, PET)& AH&-3t] H7bstdict A
FHog AT E =Y FSHAS 93
= A(F 2@l T4 T/t TEM
oAl ME tE YAt AR SAUE °l
nAE #Egtt d2doz A7 FDM-3D
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of
Particle
Emissions of Desktop
3D Printers the
Clean Room / Yu Zhou

Investigation

Ultrafine

n

K| e
n)
il

AR Aoy, AF7sS
(FDM) 4] 3D Zdgoln AA(PLA)E A}
oto] Hrpsiih. Sl AREE AAhl= 19
OPC ¥)(Grimm 1109)% 250 nm~32 m9
PA= Zujoltt.  Aqte] AR
PMIO(I0 /m #& 470 B 2 937} e

1‘>

243E

£ AcR AW T ¥ Z3aA 2t
. . AP M"Y AR, o] ATE T HE B
Predicting . }
, He BEAsh7] 93 Aotk A7 AR
Concentations of ] B
i i 4=(FDM) %4 3D =ZeHo|H, Az (Nylon
Ultrafine Particles and )
) ~ PCTPE, Laybrick, Laywood, TGlase,
Volatile Organic .
‘ Polycarbonate, ABS, HIPS, PLA)E A}-&3}4
Compounds  Resulting = i
F7retath A A o2 JAsEEE ABS &A
from Desktop 3D
7b 7V =9kal, PLA &A17F skekth o kel

Printer Operation and
the Impact of Potential
Control  Strategies /

Parham Azimi

A+ ABS, nylon, PLA &A1& AF&E w A3

st= F friskEe A7 2"dE
caprolactam, lactide $th o] <AFtolAl e
Wes AASL e, TS AX




T A 4 ke AlA ZEE 5 oA
A} = 28R AR ASEskaL Atk o
E S dAe fr1stgEY vk ave o
g & v 2u
The impact of
manufacturing M8 Aoy, HZF7£S A5AE=EFEDM)
parameters on 2] 3D ZHEo|W, AA(PLA, ABS)E AM&3}
submicron particle ¢ H7}eAt QqAEHE =Z9 2wV S7HE
emissions from a = YAFFEE A F7hskgdth AR &
desktop 3D printer in A} £E&5 S7HgH] wel YAFEEE S7FSHA

the  perspective  of &3, 60 mn/sece &L= FAMSE wjrp 71+
emission reduction / =< YATEEE HATH
Yelin Deng
A Ao, AF7Ee AsGE=FEDM) W
21 3D ZdgolH, AA(PLA, ABS)E AH&-st
Ultrafine particle ¢ #7}sk9itt. FDM-3D Z#-E(2 PLA £2A)

emissions from desktop

9} FDM-3D(2 PLA+3 ABS)¢ #¢ = <z}

3D printers / Brent FEEE HAEHTL ABS AAE AREE T
Stephens WAFsert 24 Frbekdth A i
o] 93S Fi= 24 ABS 247 PLA %

A B =2 A o 7 sl
A Ao, drk 78 oA SA s A
VOC and particle 3712 ARGE(FDM) B4 3D ZdE oW,
emissions from home ZA(PLA, ABS)E Al&3ste] H7bsioh 9k
and hobby 3D printers F&=% 43x10" 7l/ewol™, ABS xAle] F
/ Samuel Hartikainen F7138 5 "oy, Fx F£FE2 20~70
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4) 2P AR AARE $4717]) 449

AR Adll Exshs A A71E B dAERER FAR aYEolt
24 (d) SA, FHA E3xEE 133~17.8 m(27226 /)= 7HE 2§
A BEE B AY T TR Fxe 316~422 m(21,234 N/en’)olH,
WAsEe FUA BEG62~75 ) Bob 2 Yz EXE B aEa
200 nm ©]’}e] YAFEEE 100 /e PIRbo® wESkHH 1R V-4
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Iv. 25 ... 51

<H [V-4> AIFT A SXi+Txe BHNFT

T §E %

TE
() A 5=
143,510+46,806
AM=SD 109,727+3,939
e (187,127+84.685)
(7/cur) 138,908(1.29)
GM(GSD) 109,657(1.04)
(169,955(1.56))
51+8
AM=+SD 52+2
EHARE (59+10)
(pm?/cr) 51(1.14)
GM(GSD) 52(1.03)
(58(1.18))

AM: 2b=93t, SD: AbsRFH2 GM: 718k, GSD: 7|8t =4}

143510 7H/cmol™, o] = d<d T JATEEE 187,127 /ol At 2y
FEE WAFEE109727 Ma)Eth & FEoldith aEa A4 F Aed
i EAAEEE 51 mi/aiolw, o] T dd F BWAEEE 59 m/enol ek
A9 F FEE MATREG2 w9t e FEoldn
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=
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2 8%, del7 9%0lH,

)
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ZYE
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|

A}
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HEF 1%"RE o] A<
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<H IV-7> AIE% A2 EDS 241 &1t (FFHI, %)

=Z]
° C O Si Mg S K Ca Cr Fe Zr Na Al Total
A=A
2 79 9 10 <1 <1 <1 <1 <1 <1 <1 - — 100
A 8 8 9 - <1 <1 <1 - <1 <1 <1 <1 100
2o 60 18 17 - 1 - <1 - <1 <1 <1 1 100

* W5 ol 29] Al 3D ZEE S

Cu ¥ A#Ho|n® Cud 4&2 A9, 1% wwke: <1%=



S5/M4, AR IR U
=9 ¥%=7F 262 ppb= 7t

= 0.7 ppb= =EF7ES ZH3HA
rgttt A GAFAME o]Axed dFL9] FErt 843 ppbzE 7 =A o
ERtth 12]al ofAlE 7.1 ppb, &F 4 31.0 ppb, o€ @A 0.9 ppb, p-, m-2
Ad 1.2 ppb, oA 18 ppbE =E7|FS Z2FeHA] EoUth APFA A=
ol Xz dFLo] HEHJEY TEE 39 ppb Tl 2Ela 54
3.0 ppb, olE€ H#lA 04 ppb, p-m-Z23 0.6 ppb, o-=2 3 0.6 pph= 7]

F& 2R FUT<E V-8>.

ko
e

<H [V-8> AT A2 {IIAuE EMEL

FEALUET Gy Ade Awam SEHTW
ofA| = N.D. 7.1 N.D. 200
ojAZaY dIAE 26.2 84.3+24.8 39.0 200
=7l 3.5 31.0£47.2 3.0 50
ol WA 0.7 0.9£1.0 0.4 100
p-, m—-=223 - 1.2+1.1 0.6 100
o-4 % - 1.8+1.7 0.6 100
Al F 2 A= N.D. N.D. N.D. 25

N.D. (not detected) : #&3A w7t

AEFA 0 EE 016, oOMAE 050, o]AZRR 7S 037, n-AAF 067, Lo}
Al E 058 WAl 0.83, FEk 043, EFZF R g 031, HLo] ik
g% 062, EFa 098, olE WA 1.07, p-, m-=2A 075, o~ A
0.75, =2 079, NEFZ2A= 071 pg/sample



<HE |V-9> A% AQ| 2S£ =Mz}

EANSAHNRAN B EF - =75 (TWA)
w9 pg/m’ 7N1(1) 2] 4 (6) el me/m
UEE 1.72 1.8£0.5 -
AR e
047 05+0.1 10
(A3}t v 4)
dF
) 5 1.24 0.620.4 10
(Ak3} SFrHE)
Z g5 1.09 1.1+04 -
g - 0.3 -
a5
(32 0.13 0.1£0.02 0.5
Dé“l
o 3.63 1.4+1.2 5
(Ats}4)
A& YEF 02, vl2vls 02, 51w 03, Z% 0.3, Z4 0.3, EE
w 03, A& 004, &3 02, 2 02, ZTE 004, YA 01, T2
0.1, o} 02, A= 0.06, =&)X 0.1, & 0.1, 7l=& 0.1, 4

02, & 0.1 pg/sample



58 ---- 3D HEIE| ALSXIO CHEH ZOIMYUK LSBTt

a9

AEAZA7)7 (Ml Pro)E AHEste] 718 fa1ael B84aLS), o

f R4 =
]

3tek2(CO), LdAFsE2(NO), o8 2 (NOy), o4bekH(S0y), &9 8477

L

A(TVOO)E FA4stAth<it IV-10>. TVOCS Hits%=7} 557 pphE

<E IV-10> AIZ® A2 J|EIX}

71Ek i 1At Bt (Hg)

HoS (ppm) -
CO (ppm) -
NO (ppm) -
NO, (ppm) 0.13 (0.2)
SO (ppm) -
TVOC (ppb) 5.57 (130)

=] =
* — L BHE



FDM-3D ZeE 4414 Metal-3D | 2Hel
(08 1V-6] Al BO| HAUFZY A

Metal-3D Z&H 9| ¥4 7he A o] zol& A&7 A wF= 24
W AA(EFE Bk AdES wolv] A dartaE Felske] A
2FEE 01% olstz vl dolA XS stEth 1Y veol AEe A
Abetar, Aol €= HEPA ZE7F A3d Ha7]E ARgsto] Alfel o
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=
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ol
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sith, Metal-3D ZHE AL Au] =2

Z0/AMl

t

(<
—

A A

<H [V-11> AIE%¥ B2 FDM &9 x A

3D mEIE| AMSXtol

60 ----

0.2 mm

o
HH
Zo
&I

0.8 mm

0.2 mm

100%
30 mm/sec

uke/9l )

240C

100C

1
o}
N
H

1
ol

=
No

N

ABS

1.75 mm

s
Mo

W]
=

B

=
U




V=-12> AIZE® B2 FDM Z8EH AIY

3
)

ol

MyD S160

MyD S140

FDM

FDM

400x320x495, 23kg

400x300x445, 19kg

0.12-0.24

0.12-0.24

30—150

30—150

0.4

240

0—-120

$0.2

160x160x180

140x140x160

AC 100—240V,
50—60Hz, 1.5A

AC 100—240V,
50—60Hz, 1.5A




62 3D Z2IE| ALSXIOI CHEH ZOIMURL =EHBI}

<H IV-13> AIEE B2 Metal-3D ZEE AlY

A& M200 M135
e ALA
3 SLM SLM
B 1100x1180x1880, 860x1180x1880,
Z-E Alo]Z(mm)
850kg 700kg
227 (mm) 0.02—0.06 0.02—0.06

oA By yb—fiber laser 200w yb—fiber laser 200w
2745 % (m/sec) 7 7
Focus 274 (ym) 50 45

7}~ A4, of=t A4, of2t

2H| Qg 2" 2HQlg| 2~ ~"
=5 I ' '
(71} Co—Cr, Al Ti) (7]ek Co—Cr, Al, Ti)

IYHE
200x200x135 135x135x100
A2 271 (nm)
A AC 220V, 35A AC 220V, 25A




5
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YA

Metal-3D
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= el

™

Am =2

TUE A

F3 ek Metal-3D
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53¢

<E IV-14> AIZ% B2 XHHAIZ 7|5

™

vzl

Ho

Al
=
Al
=

HEd

U
U

A
A
A
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- o] S
3) SAA
o — —
A B A7 FDM-3D Zd® 24783 Metal-3D ZHE 240
H = = = o
= 5 g4k (2" V713 2ol A% HolA SA4skelar, Szl A
= 5 AN = O = =] o] =] =] = = ==
steted 55 =E3s FA5] fstel IR AHTIE FFste] <]
3 B9 2459,
SR R
soaen G b
e [l e
R fas e
AR A e[ e eaa e
e ] e R
2 ®
e e
perss e >4
=
- s
i Iy = 4T
[] B | g a3+ H
L]
o [ —
D s E.;:gﬁ [Metal-3D = 21 &l =47 .
. |:| Kb=
1o
[FDM-3D 2l 2] % njEs
8] A

Al
=

[O8 IV=-7] ST¥AUX 22T




i~

oy

B A}

A% Bo] FDM-3D %

o
H]

(1) FDM-3D

100~133.4 nmo] %

} 1013 7W/ert, 735 7W/cn, 1061 7H/

100 7H/cnm] et o] ATH 1™ IV-8].

=

O~ T
TEEE

cnr©] ATk 200 nm ©]e] A=

W/ fle 15z A

XZ:nm

=X

[38 Iv-8] FDM-3D Z=&E{2] Xt 37|

10 nm~20 gmo]™,

5,029 7H/ewolaL, w785 3,988 7H/cuol

T= 121 m/ento] i,

v
g

SRR

4d

E IV-15>. w4 =ol

W AEE= 85 m?/aro] k<
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<HE IV-15> AIZY B, FDMY &Xi+Tet HEHXFTT

739 5E 47
e TE
2 WA FE
. AM=SD 5.029+1,374 3.088+576
TEE
Oh/ed)  aviGsD) 4,832(1.3) 3.961(1.2)
guawe  AMESD 121498.4 85:10.2
(pm2/em) — N(GSD) 90(1.1) 85(1.1)

AM: Aot SD: A= g A4, GM: 7)8HE 1, GSD: 7]8hEe=d A}

w6000 T
§ i )
= - <
~ » )
f !
> ]
3 =

o

3

05241521 20180324 1550  2018-D5-2416:19  2D18-05-24 16:48 -2018-05-22 17:16 201B-05-24 17:45 Elii-:f-:-'-l?.l‘-
— UMD - - -HHEELD XZE: A7

[d8 Iv-9] AIZ%E B, FDM EIF2 AIZHE eUXi+Tet BEHNTT



27 FHl= NSAM, APS dvle] T2z =2 o] Aaa4(0.708,
0.634)E HATKIV-16>. 18] APS AH]¢ NSAM AH|¢% =0 okl
233 A4(0.811) 8 Bk

—
—~~

<E IV-16> AIET B =3J17121 o

24 7]7] Ve 27 APS NSAM
At 1

APS 0.634" 1
NSAM 0.708"* 0.811" 1

Aerodynamic Particle Sizer: APS, NanoScan SMPS: ux=27
Nanoparticle Surface Area Monitor: NSAM
* P-value < 0.05, ** P-value < 0.01

(2) Metal-3D ZHH

A4 BYl Metal-3D Z#E iAo Bxae A4 2718 AA5EE
= Rde agzoviad V-8 FYAY #x+ EF 100~1334 mmel ¥
o, A 2 A FY T X }?iE*‘:— 747y 236 JW/cnt, 749 7/cn, 98
MN/emol St Metal-3D Z#E 2474 AdF] dHE F2F57171
Az e AT 2 Foll= oi*éﬂlﬂ 7hsE e YRk Ar]elA
T5%=7F 100 7H/enE H@A FRreH2d V-10].
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<H IV-17> AIE¥ B, Metal ZEEQ 2Xi+TTd HHXNTFET

2~
TAH T £F

2497 78
7% A4
. AM=+SD 3.734+1,107 5934432
O/ cni) GM(GSD) 3,595(4.69) 365(2.43)
AT AM=SD 16+£8.94 4+1.66
(m2/em) N 1GSD) 14(1.60) 4(1.38)

AM: b1 SD: Ak sHxE, GM: 7138t 1, GSD: 7|3t x+HA}

k1
o,
=5
(g
2
off’
k1
i
i
uj
=
I
=
(&l
o,
£
I
o
?

gl { i
g o | p 4
= oo i b
g l i M AL ‘I‘ 0 C
R T I 2
E pi b \1"‘ o
el x"-."( ll'-"wl' 1
e [N A7) T g
WA ol 1
i o i N AT e CACIHIALS B TG e
T el X A2t

[O8 IV=-11] AIZE® B, Metal Z2ITY EHY AIZHE UXIF+TT H
HAEEST




70 ---- 3D Z2IE AMEXtof| cist E0IMYX =5t

5) FpAAEn A A A 1)
(1) FDM-3D Z&¥ Ak

A WA AEe s T 2uAdA SAA NN SR, o] AR
A AR bE 32719 2rAgAEe] AR SANE ovAE #HEd
EDSEA A3} 82 62%, 24 6%, A&7} 7%, 3 15%0|H, & 4%, 47+ 1%,
A2AYE 2%, ST, & HelE, 28 1%9 W o]tk F WA AlEE 5
gl 2 244 7 9aE 7Hﬂ<}6}ﬂ A wf 2FGA; A A SA A
T ES AR bE 3719 2uAgAEe] AR FAHUE olﬂl%l—% SR !
t}. EDS #4243 &4 54%, A 15%, AE7t 2%, 2 21%°
b 2%, YEF 4%, ZF 1%7% o]t Al WAl Alss 24 vt %E | A4
43k, 3D ZHE 7)7]19ke] AgE AmAESTE o] AR
719 ZuAdAEe] ME FAHE omAE BEE L, 3D ZAH #
g o gk ojn] =] 9} TrA}o} 1tk EDS B A= €4 40%, A2 16%,
27} 3%, H 22%o|m, & 6%, Wit 7%, AEFAUL 6%0]|AT<E IV-18
19>.

ZF

=)
Ho
X
ol

¢

fu 4
PN'

offt
A\
ol

2



(3D ZHE<} 4m

7))
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<H IV-19> AIZ% B, FDM2| EDS 241 &t (FFHI, %)

=" C O Si Fe Au Al S Ti C Mn 7Zr Na K Total

yE 63 6 7 15 4 <1 <1 <1 <1 1 2 - — 100
A4 54 15 2 21 - - 1 - — 2 — 4 <1 100
5% 40 16 3 22 6 - - - — 7 6 - — 100

U5 o E 2] Al 3D ZHE U
Cu ZH A|Ho|R=E Cuf AES A9, 1% 7| <1%= st

<H |V-20> AIE% B, Metal?] EDS 241 &t (FFHI, %)

=3 C O Si Fe Ca Cr Al Zr Total

Wy 60 18 5 16 <1 <1 - - 100
A4 53 11 1 - <1 - 33 2 100
L

R g A9 A 3D ZHUE W

Cu ¥ AHo|m = Cuol AE2 A9, 1% 1vhe <1%= 3t



_I_4

(2) Metal-3D ZHE

RN A e 2%
Mo AeE vE 2719 2rAgatEe] A2 s4UdE omAE BEsisith
EDS#A1 A3 §hA 60%, A2 18%, A2l7) 5%elm, & 16% Z+#, A& 1%M
gk ool RA Alae Y 2 AH F QS P AdE o xv
AJAE SZARANA S8R o] AR E3 A= & A7) ZuAYAE
o] M= FA3Ue oA E #HAEATE EDS EA AT ghA 54%, A 11%,
Ael7b 1%01H, dFrl5 33%, A=23Yw 2%, 24 1%1 R o|Ark Al MA
AN 24 8 B A S48, 3D ZHE 7]7]9ke] AdlE A=A
ok o] ARAME AME HE A7]e ZrAYAE] AE FAUE oFAE
A Fetdv<iE IV-20, 21>
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<H |V-21> AIE% B, Metal ZEEQ| TEM O|O|X]|

249 AR 1 AR 2 A1 3
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E
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|2k, ol D ofAl o]

n- 3
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o €& 99 pph, ©]
2.1 ppb, o-AA & 6.3 ppbel™, oFAHE, n-4t o dolAH o]

T
v

il

o ¥7] T AlsolAE HEHA FUTH



76 ---- 3D Z2IE| AtEXtoll et EOIMYUK = EFHI}

<H IV-22> Al B, FDM2| 27| E SAM3i
FAGEUIET  qam) Agqe)  SRETWA

o ek 12.0 9.9 1,000

olAExZY d4FE - 154.9+130.1 200

=574 17.8 27.3+24.6 50

g Al N.D. 2.1 100

o-Add - 6.315.3 100

A FZ A= N.D. N.D. 25

N.D. (not detected) : =34 wjqk

AZEHA ¢ oekE 016, oFHE 050, olAZEE 43S 037, n-At 067, ol Eo}
A E 058 WAl 0.83, gk 043, EFSF R 031, HLo] Ak
g% 062, EFa 098, olE WA 1.07, p-, m-=ZA 075, o~
0.75, =2 079, NEFZ2A= 071 pg/sample

(2) Metal-3D ZHH

MAA R 77138 Tt odle-E 6267 ppb, o= 4.3 ppb, O]AZZ
g &3-& 398 ppb, & 7.0 ppb, =74 33.0 pph, IE2HA 16.0 ppbol™, n-
AL o EolAH o E, WAl EFzadude A3k mvlo|gla, wEo)
afgAE, 249, 289 2S00 AGARY #Y|3d=E e o
EFS- 538 ppb, oFAlE 3.2 pph, olAx 2 432 372 ppb, & 29 ppb, EF
ol 181 ppb, ol2wlAl 84 ppbolw, n-3it odolAEHC|E, WAl EERE
oeale AEA vvto]u, wWEHo|AREAE Addl g A|FZIA}
= =H=Eo|AT



<H [V-23> AIE%B, Metal ZEE2| SI|AE EME

A1
b AR AG@) TR RLWA)
o gh& 626.7+1.1 583.2+3.2 1,000
SRS 43+1.6 3.2+£1.0 500
olArad dIL 398.3£28.3 372.6+30.9 200
ek 7.0£4.8 29+2.0 400
EEZZogd N.D. N.D. 10
=574 33.0£17.8 18.1+4.2 50
od A 16.0+£9.9 84+1.9 100
N.D. (not detected) : &3¢ vt

AESHA ¢ g 016, oFAE 050, olaZ2d 43 037, n-34k 067, o Lo}
Alelo]E 058, WAl 0.83, g 043, EgJE == ezl 031, #lEo]AH
SAE 062, EF4 098, oE BM_ 1.07, p-, m-24# 075, o-22 %
0.75, =€ 0.79, A|FZ3AF= (.71 pg/sample



78 ---- 3D ZZIE| AFSXiofl CHet E0IMYUX =S HIt

<E |V-24> 3= SMZIAKFDM)

f

EANSAREF) =Z7)Z2(TWA
Ael(1) 2% (3) EJ.( A
o9 pg/m H9): mg/m
UEE 3.3 1.9+0.2 -
I AE| e
05 0.5+0.1 10
(Absbul 1] %)
T F
5 0.3 10
(AF3} T )
nE 2.7 1.2+0.3 -
4 0.3 04 -
a5 0.2 0.2+0.01 -
A
T 0.3+0.04 5
(Ats}4)
A& YEF 02, vl2vls 02, &5Fv)F 03, 2% 03, 2% 0.3, gE
w 03, & 004, 97 02, 2 02, ZYEE 004, YA 0.1, T
0.1, o} 02, AZ2 006, Z21Bd 01, < 0.1, 7F=% 0.1, F4

02, & 0.1 pg/sample

(2) Metal-3D ZHFE

FE&E AU AGoR ARE AARAL. FEE ARE BT 23
GEF, P, BF, B4, 28, 97, T vges PEHw, 3, ¢
thr, PE, U, ok, A2E, BeEd, 2 A=, 74, 3 42
vio|gieh, AFEE BUS 2AR AEE] el AAAE F AF0)H
S} 2002 pg/m o EA e



EAEAH (N EF ==7|(TWA)
N A1) 2 ¢3(4)
49l pg/m' 9 mg/m'
HES 31 1.8+0.9 -
Rl aAtiEs
“ 1.0 0.4+0.2 10
(AFs}ul v +)
SE
j ~ 299.2 6.147.2 10
(AbstetFu)H)
7% 19 1.3+0.8 -
74 0.4 0.3 -
& 0.4 0.2+0.01 -
uo]—zl—
1.1 - 1
(W 2 HEr38shE)
T
] 0.2 - 1
(T2 (F)
AZeA  UEE 02, bl 02, 0% 03, 28 03, 24 03, £
= 03 22 004 W 02, A 02, IUE 004 UA 01, 7
0.1, o}l 02, A== 006, Zjud 01, © 01, FI=F 01, 24

0.2, ¥ 0.1 pg/sample



80 ---- 3D HZIE| ALSXtol tht EOIMUX =ET

PERESY ﬂﬂWMUPmF A}g-5}o] W}vﬂ“ﬂﬂi&ﬂ A(HS), 9

- 1 A
LS ERA(CO), DAFSHE 2 (NO), o] AHsE 2 (NOy), ©]AFsFsHSOy), 234 f7)
31 A (TVOC)E SA3IIH<E V-26>. TVOCTHE FDM, Metal A4+
o] Z+z} 1381 ppb, 137.1ppb F==olH, o|xtad A% FulstA A& S AT

<H [V-26> AIZY B2 J|EIRIX}

AFEE (Hig)
71e fralels

FDM~-3D Metal—3D w745
HoS (ppm) - - -

CO (ppm) - - -

NO (ppm) - - -
NO; (ppm) 0.1(0.4) 0.1(0.2) 0.4(0.8)
SO, (ppm) - - -
TVOC (ppb) 138.1(3740) 137.1(3180) 571.9(3940)

R =] =
¥ — L BHE



3. A% C

DA e 94 34
AFd A CE Metal-3D ZE 9} FDM-3D ZIHE 7sts o
9lomn 3D ZHH izHL:_ 7 Adsta gk gl FAbe Ak ojst
D

9 3D Printing Labg %93t AAHIH V-12]. A Ed=4H S 3D =
JdEHE detsE 9949 3D Printing Labg ZHzF AA)etgdtt,. Ao
Metal-3D Z&E 1dl¢} FDM-3D =g 2ot d93, ZAgdd=

FDM-3D ZHE((F24-PLA ZZE, digdssh) 199t 7Fssksla, 3D
Printing Labell+= FDM-3D ZHE|(3&A-PLA & E, Rokit) 8t 5 2oyt
7FeEa gt A7y AAFALe BEEEe] A =4 gd &

A EH AT
=)
)

A
=™

SEN) 3D Printing Lab
[ 1Vv—12] Al C AR



L
. I

£

[}

2

=47t
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=

A %
65C =
<H IV-27> AIg® C, 21742| FDM

3D ZRIE| AFEXfof Cf

10%=

82 ...

T

7| e

12 A

)

e
N
go
o

0.1 mm

O

Hel
ZO
&I

1.0 mm

e

N
)

0.6 mm

we/s) A

10%
50 mm/sec

H
an

230C
65C

o}
N

1
o}y

b

ket (20159)

PLA

o
Mo

H O )

1.75 mm

<E IV-28> AIE® C2 HEPAIZt 7T

=

rvze)

Mo

|

H

=z
RN
/=

A

<l

a
Al

R

09:40709:57
09:57710:07
10:07717:50
08:00709:20

8/7
8/8




<H IV-29> FDM—-3D ZHE AIQ(2114)
ndr MOMENT
ndl AR
o35 FDM
T UE A}o) = (mm) 300x360x348
A5 () 0.02~0.3
EZ=25% (m/sec) 30~150
=ZXE (mm) 0.4
Ay H52% (7) 230
I e (70) 110
o 7] -
THH=
145x145x160
A2 A7) (mm)
g (V) 100—240V50/60Hz




3D Printing Lab

[O8 IV-13] AR C EYIPEY ALK



o
HE 1—“
P\ T
& %
=<
/ <
Z5H °
Elo| 2
(=]

Ry

[O8 V-14] AIET C 2742 ZAT

(2) 3D Printing Lab

3D Printing Lab®] 3D ZTHHE $9F1L AF Eol+= 02 m, F

° Uﬂ, 15+ 100 %= A4ty 28 $55= 50 m/sec, =5 &
A

el 5= 0CE AAs
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3D ZRIE| AFEXfof il
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<¥ |IV-31> FDM-3D Z=2E| AlY(3D Printing Lab)
w2y 3D EDISON
2 AR
a3 FDM
SZAE Ao]=(mm) 467x324x380
A5 () 0.05~0.3
EZE%E (mm/sec) 40~200
=ZAE () 0.4
Ho A= () 200~350
o L% (0) 90
%+ F7] -
EREE
-, ijimm) 295x145x150
A9 (V) 190—220V, 50/60Hz, 3.0A
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<H IV-32> EZA|Zt J|

d AT =3
88 080070920 HIAEE |
09:30710:00 &9 A
10:00710:30 A= 949 iy
10:10716:00 3D =g #9
@
ZHFE
® =

.ﬂ:-’i
el
@

2
B

..
)
3

o
oot
e

[O3 Iv=15] AIZ% C2 3D Printing Lab 2T




(D A7

=7 M = A=) B ¥ 133~17.8 molaL, 967

5

g

oz

A

V-16].

5 75~100 nm

3T
X

A7)+

[e))]
H

=0
s 2 W

olaL, 797 7N/cuo] ATt

13.3~17.8 me]az, 3816 7H/enol At 2 =

13.3~17.8 mmo] 1L, 1,084 7W/cro] ATt 200 nm ©]+e] 4AF = 7)ol A

PR EE
100 70/cot =]

o YArEE B

ks

1
T

[y o
I
LI |
=
I |
.
[

WO/l szA

350

300

150

100

XZ=:nm

=K

[O& 1v-16] AIET C, 21722 X3
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<E V-33> AlF%¥ C, 829 X+t BT

34 BE £F
5394 T Richad
Zel A 2 (o)
6,447+4126
e AM+SD  3815+306 3,892+73
S (20,844+6,228)
: 5,316(1.80)
(71/cn) GM(GSD)  3803(1.08) 3,892(1.02)
(19,744(1.45))
AM=SD 22+1.14 20831 17+0.36
FTUAEE - o (49+7.35) o
0 19(1.45)
(/) GM(GSD)  22(1.05) 17(1.02)
(49(1.18))

D: Al A, GM: 7)8kE+, GSD: 7)8kEe=H A}

AM: b=, S
A Aol sy YAgEEE 3815 Ao, A4 T dATEES
7(1—?;

6,447 7§/cio]al, ©
Aol At FHATEE
o)

Al
AATE A T FHAFEE 49 m'/en o2 Wi AEEH T Eokth

LI L.

Z odzole A ELEE 20,844 l/emoldtt A
22 It

m'/ento] ™, 24} EHAFEE 20 /ool



=
BN 8 OB g
SUD /N TEA T

2615-05-07- 936 2018-03-07- 120 2018-08-07- 172 2013-05-08- 200 2018-08-08- 918

XZE AZH

ddztdol AztE = AFAAM FA38] Ak

deEe 4 AHFAA SAsa, A
23910tk Pearson YA d#AS EajA Au|ke] AnaA S e}
SATE. SMPS AHli= NSAM AHle] s=ala =2 ko 4aa(0.894) &
HATHE V-34>.

<H IV-34> AIF® C, 7L F3FI17|2e A BN

54717 SMPS NSAM OpPC
SMPS 1
NSAM 0.894 5 1
OPC —0.123%x* 0.216%: 1

NanoScan SMPS: SMPS, Nanoparticle Surface Area Monitor: NSAM
* P-value < 0.05, ** P-value < 0.01



Bl AFEXiofl st E0IMYX =EFIt

92----3D gl

(2) 3D Printing Lab
A1 C9] 3D Printing Labol 4

1
FA g zolviad V-18]. WiF sk
133~178 mm®] ¥A FEx7F 7P E=8ka Fe JATEEEE 2,805 JH/aro

S APYS
53] d4d A4 F 3 YATFTET MAdsEY 22 ¢
S ul, 2 AolE HATHE9 vs 15535 7H/em). 200 nm ©]7d
= 100 7N/cmm]REe] Hit JATEFEE H AT

Lol

FO [warm-up) PO [printing)

Tets - = —Bakpround —==--

[O8 Vv-18] Al C, Labl EXTIIEE




3449 5% 52
L N
494 A
16,623+19.853
AMSD 6271271 3802473
s (57.502+31,180)
(/) 10,463(2.40)
GM(GSD)  6.266(1.01) 3.892(1.02)
(47.850(1.96))
47436
B AM=SD 29+1 17+0.4
EHATE (101+42)
(pm*/cr) 40(1.72)
a GM(GSD)  29(1.02) 17(1.02)
(91(1.64))

T AT 6271 Meiolm, A} F s

|=] R
16,623 7H/emolar, o] T oB2}ie] dAbagla= 57,502 7H/eme] ATt

D: Ah=iE=dal GM: 71skdd, GSD: 7]k At

WAFEE 20 mifael, 2 F EUAFEE 47 /ol

-1 0 -1

HAET= 0] mi/are2 b
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--------
Q ‘ 3
200000
2000 . .
9 | 4 H
E il
9 150000 ~<
= l ’ 1
d C
TP |
iﬂ’-r SN '1'|]1].I'I‘ |I| 1 1 ?z"
ol 1 a
b, 3
5 " A
. 5
_=f e L AN i
201 & 7:12201 8 1 3801 10:4801 12:0001 § 1371201 B 142401 15:380115-08-08 16:48
— oW IEEeD %Z=: A ZE

A =50 3D ZHH s 217 Aol dE A Tt
el PARFEY] AfolE HATE Pearson THEAHAAE F3

A ke AEEAE FR18k3i SMPS 3= NSAM %

= 4o AAAA089)E HATE V-36>.

jus)
S
off
k1
)
)

<H IV-36> 7|7|2t0] oM 2M

=47]7) Upie 27 OPC NSAM
U2 1

OPC 0.384™ 1
NSAM 0.881° 0.356™ 1

NanoScan SMPS: Yx2~4  Nanoparticle Surface Area Monitor:
NSAM, Optical particle sizer: OPC
* P-value < 0.05, ** P-value < 0.01
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Iv. 21 ... 97

<H |V-38> AIE® C, 217492 EDS 2A1 ZAKNFTHHI, %)

=4 C O Si Fe Na Mg Cl Ca Zn Zr Cr S Total
WH 87 4 2 3 3 <1 <1 <1 <1 <1 - — 100
d9 8 8 7 - - - - - - 2 - = 100
(1311;5) o o b= b= = <= 7=l
5% 8% 5 2 - - - - - - 4 <1 - 100
« 7 oD A Al ZUY U5

(€]
Cu 38 AHo|B& Cuf A& A9, 1% " <1%= 9

<E IV-39> A% C, 3D Printing Lab®l EDS 2A1 ZiAKFFH|, %)

=4 C O Si Zr Na S Cl Ca Cr Fe Co Total
Wy 79 3 1 17 - - - - = = = 100
Ay 93 3 2 2 <1 - - - - - - 100
2 9% 2 1 1 <1 <1 <1 <1 <1 <1 <1 100
« U ol A4 Al 3D Zd" W
Cu 3® AlHolBnRE Cuf 42 A9, 1% Wvhe <1%= 3

(2) 3D Printing Lab
A WA AgE dd A9 Ao 3D ZAE WRelA ZA3 Aolth Az
}\1 /Hi E]'% i7]9] iU]/\ﬂO]X]-EO] /K“IE -SZ%O‘I‘:. o]u]x]% =5 2~ ol

s

calg eI, 5 €
Ao, o] ABANNE AR 0 279 ZEAARE] NE $AYE o
AE BRAGT, D A s w5 2Pl ojuAgrt EDSEA At



98 -+ 3D ZEIE| ALEXtol ChEt ZoIMYUK = ETTL

BR 93%, Ah 3%, A7} 2%, AZ:UR 2%elH, HEE 1%0% olgin,
A WA AEE 4G4 3 RN S99, 3D ZAY s7lste] A
o o] ARelME M2 g A7) 2rAfAEe] N2 SAH%ME

& Wi, 3D ZY e u SA o9k FAsIIth EDS
BT A 9%, Ak 2%, Audl, Azmug, UER, 3, 98 24,
A%, W, TUE 19%7)% o ATE V-39, 40>,

<E V-40> TEM O|0O|X]

21 G

494 v
ERP LS

=3912)




il

(D A7

AE 6.7 ppb, EF< 36.0 ppb, olE A 74 pph, o-F A

i=]
e

ppb, ™€ o]

WA,

ol g+ 96 ppb, ©]

% 99.7 ppb, WEo|AREAE 69 pph, EF4 350 pph, o1& wlA 75 ppb,
p-, m~22 ¥ 34 ppb, o-FA# 290 ppholH, EFZ 2 A€

28

T
i

=
=

l

A

¢

1,

of &5 259 pph, ©|

ppb, p—, m~=ZA 91 ppbelH, o}HE, HE o]

=54 okt

A wRkelQa, ERER2ddd, ~dde 4

s



100 ---- 3D Z2IE| ALEXt0 3 ZOIMYUXL = EHI}

<H IV-41> AIZ% C, 8729 JIIuE EME

EANSAHREF) Aol A ARG »Z7]F(TWA)
=41 ppb @9 ppm

of B 75 9.6+5 259.4+358 1,000
LM & N.D. 0.7 N.D. 500
olAxed 4FE 1386  99.7+67 845.7+1063 200
Heo] ARYAE 6.7 6.9+0.1 N.D. 50
=5l 36.0 35.0£4 26.0 50
of e Al 7.4 75+0.3 5.0 100
p-, m-=A# - 3.4 9.1 100
o-Add 28.1 29.0 N.D. 100
A E2 A= - - N.D. 25

N.D. (not detected) : HZ3gHA Wt

AESA 1 oleE 016, oMAE 050, o]AZ2d L3e 037, n-3At 067, oo}
AHOIE 058 WAl 0.83 ek 043, EjE=2 2o €@ 031, HEol Al
dAE 062, =74 098 AE wWAl 1.07, p-, m-ZAE 0.75, o~
0.75, =gl 0.79, A|FZ3A= 071 pg/sample



(2) 3D Printing Lab

MAANES] F7184E FrE ojaxad dxg 303 ppb,olH, A &=
oS 6.6 pph, o|AX 2 4FE 1139 ppb, HEHO|AFEAE 27 pph, EF

ol 4.8 ppb,o] ATt

<H IV-42> AIFE C, LabQl 7|2

1]
f| [
Iz
m
1=

=A\SANEF

7H1(1) A4 (6)

91 ppb 9 ppm
o gk - 6.6+4.2 1,000
olAZEd d4FE 30.3 113.9+185.0 200
Hedo| AR EAE N.D. 2.7+0.2 50
=57a N.D. 4.8+0.2 50

N.D. (not detected) : AZ=3HA wIRk

HAZET)  dEE 016, oFAIE 050, o] AXE
AHOIE 058, WAl 0.83, ek 043, EjE==2og 031, HEolAs
A= 062, =74 098 A€ wWAl 1.07, p-, m-ZA 0.75, o~

g 43E 037, n-F4F 067, "o}

0.75, 229 0.79, A ZZ2 A= 071 pg/sample



<H IV-43> = M2

EANSAHAREF) o +=Z7]F(TWA)
] o] LA
E’r-‘?’] ﬂg/Hls 7H 1_(1) \_:rL (6) Lab(5) “:l__c‘q mg/ms
UEF 1.31 25+1.4 2.1+0.9 ~
ATy
(AFghal 1)) 0.31 0.5+0.2 0.6+0.1 10
dFrH _
(AF3horEn) ) 03 03 10
5 0.32 1615 1.3+0.3 -
Zg - 0.3£0.1 0.4+0.2 -
aE 0.11 0.1x0.01  0.1x0.02 -
T2 - -
(72)(F) 0-75 1
=]

HAEM U EF 02, viadls 02, &5vs 03, 2% 03, 2% 03, HEels
0.3, 2w 0.04, &<+ 02, 2 02, ZLE 0.04, YA 0.1, 72 0.1, o}
A 02, A2F 006, =81Ed 01, & 01, 7l=% 01, 74 02, 9

0.1 pg/sample



8) 7IEFQIA
252 Z4717](Multi Pro)& AR&ate] 718 frailakdl st a(HS), 9
AR (CO), DATsHE 4(NO), o] 4 4(NOy), ©14FstEHS0,), &3S 771
32 A(TVOO) & SA3HA
<H IV-44> AIG® CY J|E 21Xt T
71eF e 14t e 3D Printing Lab
H,S (ppm) - -
NO (ppm) - -
NO; (ppm) 0.1 -
SO, (ppm) - -
TVOC (ppb) 30(660) 50(550)
CO; (ppm) 961 —
CO (ppm) - -
RH(%) 54.6 -
=% (1) 22.4 -

R =] =
* — L BHE



104 ---- 3D Z2IE| ALEX}ol| CHEt Z0|MYUXt = EHTL

4. A4 D

) 2+ 1 (DLP, ¢ =2A4-3D ZHH)
DLP+= Digital light processing® 3% $(Vat photopolymerization)®] &+
Holth o] 7leE dAA R A3 UVelel A= Fd et Aot JAA
3D ZdE= HAA A o Jasl F=olA A HAAE LAt

=

o] Bt Aol Agsls Wolth. DLP-3D ZHd ¢l 3dAZ 2P
A2AE Foshe aA FUTA, 29 34, $AHE TAHLE vtk $AHY
RS ZEEo] Bolgle ZYES WA AASy, dIL(IEE T ok
ZaAdF)o] gHAM BLd BES AAS oy 2 "Wojxx] ¢k I
& AE T Fruoe &5 ol&st AAG o= Aol wolA
Astels HHE Aok 2AE FYske IS T oo, Adddls SAm1EA
7F foiA AgAte] o] S Enh YAA-3D Z-HEE 49AE AgEm,
= geHE EXs ARES gRlshe EX 34, 2834, 39y &
=Hes FUY FoR &4 Agste FAY ¢4, BE =X F dxss
Az FAolth $A4Y 4L ZTUZAA 9 E AASY F9ES F4
wFoR &7 ¥ FZHXE ol&ste TeuE AA Feurt AAE =
HEd E2EE Exgh § Azt o u $AF 42 "iE Tl 2
YAk, 2] SAAN FEE Aol Z W 39y FellA FHES



BR

o

0
Y

ABS Like
(3DK-A83B)
399

27

. MasterEV

¢ 200x112x200 mm
© 1920x1080 (16.9)
. Projet660pro

o 254x381x203 mm

7 el wt

41133
7]

1=
=

Al Z=AL 1 3BDSYSTEMS

3D ZE ARF
A ZA}

Hl ©

=

Zv

W= g7

<HE |IV-45> Alg%E D2l DLP,¥33'-3D =K
=]

3D ZE
(2) 244 2 (FDM-3D Z3H)

Mo

5 AAS

E

aL
[e]

AYA
-

A



106 ---- 3D Z2IE| ALSXtol| CHgt =O|MYX = EHTL

<H |V-46> AIZ%¥ D2l €8 FDM-3D Z&H

3D =ZHH 3D ZH-E] ALY )

A ZA} © Stratasys
249 Fortus 900me ABS-110
=37 @ 914x609x914 mm (MEXE 25 SR-30)

Az T 0254 mn

(3) 2% 3 (SLA-3D Z#E)
SLA+ Stereolithography apparatus® =¢9%= DLP-3D Z@E<9} 72 o
A0 FFg Ao w APFAL sdsth $AHY WAL WA FIEE o

o=

FLHU ofo

ol

bl AUl BHES AAR F AH) ek AREATPMEDS

4A% ez A% ALY, 2 T, AAAAA ARA AH AL

=2 AAZY. FaA el wol AeAAT

:‘—I'

o
=

<H IV-47> A% D2 SLA-3D =EH

3D ZHH 3D ZH-E] ALY )

AZAL : SDSYSTEMS
55 ProXso0 PP Like %7845

M=) GR0xTR0XE0 m eeura 25)

AZ= F7 000127 mn




(4) A4 4 (Polyjet-3D ZHE])

TAL (A FEHE o] &ste] HUlg AXEE A AT & Waterjets ©]
goto] MEXEE AAS. ojuf AAHA g2 FE Ao g H ¢ A
akia=y

<H |V-48> A% D2 Polyjet—3D ZEE]

3D ZdH 3D ZHE ALY 2 A

A A} ¢ Stratasys
EAiYg 1 Objetd00 Connex3  o}z214 ABS
H=37] 0 490x390x200 mm (MEE A= sup70d)

AZ F7 1 003 mm
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3D ZZIE ALEXtol|l it E=0/MX =5t

<H IV-49> AIE¥ D2 HEAIZt JIF

2 PECE 3
R T O Aga
SEP RIS
104071310 %2 24
160271415 $42) (DLP %9%) g4
141571702 $AHY F w292
p 131871400 207 B= 21 2
140071420 4] o<
142071540 %
15:40716:00 8 5 Z] open
, 14 3
y 171071801 2 .
821 182171910 AEA 24l 4
191072040 AXE A= HZ
822 204070700 %
« A9 5 A9le] gl BAR 4B 24 34 e
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o] ® E
[ o 1] [FEE 2]
@
[ =329 ] [=HE ] [ =#zH ]
[ 5] . [E== | . [_;--._'4-'3|I2

ol
2
e

[O8 1v-20] AIE® D 374 ZAX



A9 19 F2 Fxete 97 2715 UEhd a2zl JA HiEsEk
7b 7V e YAA|REE 562~75 molal, 134 A/ewolSith. 98 FUA
o i Est 7MY =2 JAAVIEEE 562~75 moliL, 256 /o]l
A9 F AoreEst M e AR EE 5~100 o, 124 A/are]
Atk 133 nm ©]3e] dAF A7llA= 100 h/envlwbe] ek XS HOAL

JoHIE IV-211.

2 = 2 A715 vERd agzelviay V-221 3
TFeE7t 714 =2 dxar|Bxs= 562~75 mo| Ak tiF-Ee] xtar)d
[e) =

[¢)

1o 5T
lo
RS
L
4 @
off
ki

0 il
f
2

oin- Hu
LI}

=3

L

=
o
=
i
L1

200 250 300

X=:nm

[O& v-21] AKE% D,

13
e
o}

12 EXFINI=2E



2l fem?

[O8 Iv-22] X =Ho| UXTIIEET

<E |V-50> AIZY D, HET 1

.|2
14
R
T
o
H
©
=1}
rg
b
of
H

=492} T A=
ARF Fa A

. AM=SD  1,730+340 7204186 850+399
To =
(H/cni) GM=GSD  1,700+1.21 701+1.26 78541 .45
gy AMESD  12+1.42 7+1.21 7+2.95
(ym2/cm')

GM+GSD  12+1.13 6=1.21 6+1.34

AM: A=+, SD: A= H A}, GM: 7188+, GSD: 7]eki=HA}

AA ARt GRS 850 AamelH, 97 F9 Al s EE 1,730
Mfemolar, =) Aol AAFEEE 720 7H/cm°l At dA ke gWAE
EE 7 g/eno]v, A% FY Al FHAEEE12 mr/omo] L 2]Ae] A

EE= /e o2 eI



112 ---- 3D Z2IE| AL2Xt0 8t ZOIMYUXL = EHI}

<E IV-51> AIE¥® D, HET 12 TXY Al YXi+5Tel

HBXST
AW FE 57
R4 T AR5 E
A9 2 FAY FRYF
P AM+SD  873+34  1,430+328 968+118  1,208+353
T6

GM(GSD) 872(1.04) 1,396(1.24) 962(1.12) 1,163(1.31)

A AM#SD 32405 35+1.6 33+0.7 34+1.8

(m2/cr) GM(GSD) 32(1.01)  35(1.05)  33(1.02)  34(1.05)

7}

ol

g FiE AREEE 1,430 Aarold, )7 A - T AaprErs 7
873, 968 7l/cmo)al, AA UAFEEE 1,208 JjanolQet. A7 HHE &
Aeke 35 mrjemeln], $A2 A - § AT 247 32, 33 /ool

AA TAAEEE 34 m/aro] T},

e N



A yEs: umem?

[y == Y

2018-08-21 1200

2018:08-21 1048

[0 1v-23] AIE® D, ST 12 AIZE Y+ HHYTT

A EAqoz $AT I HAE R o W Yol wH

317} At} Pearson

=
S

SMPS, OPC, NSAM “4H]

<E IV-52> AIZ® D, HET 1Y

OPC

NSAM

vael

X
‘ZTI

0.969™

NSAM

0.984™

0.988™

OPC

Nanoparticle Surface Area Monitor:

ISP}
NSAM, Optical particle sizer: OPC

NanoScan SMPS:

* P-value < 0.05, ** P-value < 0.01
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o

4ol 2014 F2 BEas QA 2% 5100 mold. oY 49 %
ARt GRS FkE gov, AFT W 133~178 mA71e] QA
= 54 BT AAHOE 200 el YAFEE B

ke

M/
%
)

%,
-,
——

[O8 1v-24] AIZ® D, HHET 22 UXTIIEE

<HE IV-53> AIE¥ D, HEY 22| giXi=5et BHAHTT

=70z} T8 AA &=
29 A 2 (oA )
1,214+67
. AM=SD  943+28 1,144+146
TEE (1,056253)
1,210(1.04)
OWed) G GSD) 942(1.03) 1,134(1.14)
(1,055(1.05))
AM+SD 7+0.11 8029 8+0.40
ETUAEE - o (7£0.13) o
Gm/em) — GNGSD) 7(1.02) 8(1.05)
(7(1.02))

Z9}, GM: 718b 3, GSD: 7)at% 7%}

=
=
[~
)
o,
Ml
wm
|
[
)
=5




Iv. 9421 .... 115

Newelw, =9} & YA-sle= 1,214 7l

3
H
o] T AP YATEEE 1,056 /el ek 2 o] Hit F

szo];ﬂ., ey = H T
L 2 3 =z N7 L 2 3 = 37
HAEES 7 /o)™, 24 FUAEES 8 /oo, A2 T &
L 2 3
HAEEE 7 ur/enoZ e
141
HC
= P )j
= s 4
r‘_'-. e
i 3
> g
=
1
20180801 1257 20180821 1326 201808211355 2018:0801 1424 2018.0801 1550 201808211520 2018:0821 1550 2018-08-21 1610
sz EREEE XZ: A7

[O8 1v-25] A% D, =T 22| AIZE XTI BHHFTT

r

FAo| W AatgE e Wal= I Holx %t} Pearson WA
= £ sttt SMPS AHl= NSAM ]9

X
|
of
:cé
R
o
=)
)
1o
o
r d)
r d)
L
i

Al

<H IV-54> AIZ%® D, ST 22 SFI17|2 A E4

Z=27]7] B Rt OPC NSAM
B 1
OPC 0.026 1
NSAM 0.917" -0.008 1

NanoScan SMPS: Y27 Nanoparticle Surface Area Monitor:

NSAM, Optical particle sizer: OPC
* P-value < 0.05, ** P-value < 0.01
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AR = 75~100 mmolt}. thF-E dAA7)
A2 F2YS o 100 /arm] 9] ek $3XE BITHa" V-26].

800 nm

[O& v-26] AIE®E D, HET 32 LXTFIIEE

<H |V-55> AlE¥® D, HPY 39 X+t HENET

2217 T Z+<d
FR AM=SD 728+62
(70/cni) GM(GSD) 735(1.09)

THAEE AM=SD 9+0.21

(ym*/cmt) GM(GSD) 9(1.02)

AM: A=+t SD: Ak=E+HA)E, GM: 7|8+, GSD: 7]etk=Ax}

A9 o] Bt YAEEE 728 AMaroln, FHAEREE 9 mr/eno] itk

-



Iv. g2 ... 117

=]
(LD £ SiEA T

¥a2: 7| fermn?

2018-08-21 17:0915-08-21 173618-08-21 17:2818-08-21 17.3018-08-21 172613-08-21 172518-08-21 173P18-08-21 18:00
xZ=: A2t

[O& 1v-27] A% D, M 32| AI2HE UXLFELY BHIHSE

Ao W AAFEFEEe] WMileE A4 HolA &l Pearson YreA@H
AE EsliA ARzte] ZaaAE Elssith. SMPS dHl= OPC vl e &
T3 =2 4 AHaA0829)F EAT<IV-56>.

<H |V-56> AIZ¥ D, &P 32 FFII12Y vaTA 2N

=47]7] U271 oPC NSAM
U271 1

OPC 0.829" 1
NSAM 0.020 -0.134 1

NanoScan SMPS: Yx27  Nanoparticle Surface Area Monitor:

NSAM, Optical particle sizer: OPC
* P-value < 0.05, ** P-value < 0.01
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t

AT O T2 EIE Ao Dl B0 el e 94
Mz PEAS © 200 Aamlte] FEE RS wdviig Vo8l 4904
5 Aqle] glolM 94 e A gt

Miem?

[O8 v-28] AIE® D, HE®

49| ¥XIFI|I2E
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<H IV-57> AlE¥® D, {PY 42 UXi=5et HENST

ol

O~ Z
Ad B FF

o=
=7 elA} T NZE ] A A s =
A=A ) i
=9 =g
. AM+SD 702435  1902+681  1,774+378  1,712+489
o -
(70/cm’)
GM(GSD) 702(1.05) 1,758(1.53) 1,735(1.23) 1,633(1.38)
FHA AM+SD 1502 16+1.0 - —
=
(/i)  GM(GSD)  15(1.01)  16(1.06) - -
# THAETZA 0 18:05~19:40 (HoJg A ¢F= 3t 9

, SD: A=A}, GM: 71813, GSD: 716};{%57‘4

c ATE AL
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Y& 2 fem
~
t
'3
¥
¢
F
¥
4
g
p
W3 f UM S A 3 7

2018- B 21 1648 2018-08-21 1912 2018-08-21 21:36 2018-08-22 000 2018-08-22 224 2018-08-22 448 2018-08-22 712 2018-08-22 936
= K3 A2

* FUAEEZT 0 18:05~19:40 (7]7] 72 19:407H47F A44)

[J& 1v-29] AlZIof M2 UXISEEL} BHXGT B

WH3l= 37 Holx| ¢Ftt} Pearson weAMdA

ZHe] AHBAE Foledrh. SMPS AHlE NSAM gnje

TR =S o ABIA098E HY, SMPS-OPC  #]
OPC-NSAM H]9] F=gke =& 39 Aa8A(-0.782, -0.632)5 Eiith

<H IV-58> 7|7|2t0] M =M

227]7] BEREN OPC NSAM
[RREll 1

OPC -0.728" 1
NSAM 0.981™ -0.632" 1

NanoScan SMPS: Yx27#  Nanoparticle Surface Area Monitor:
NSAM, Optical particle sizer: OPC
* P-value < 0.05, ** P-value < 0.01
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<H |V-59> TEM O|0|X|

%7491 A4 1 A 2 A7 3

a1
A

)
> e

£

(3D Z®E9} 2m

(3D =&E % 4m
=)




<H IV-60> AIY%Y DO EDS 241 TiaKFTFHI, %)

C O Si 7r Ca Na S Total

89 4 6 1 - 100
90 4 3 3 <1 100
87 5} 2 ) - 100

85 6 3 3 <1 1 <1 100

36 7 4 3 - - - 100

g AdHolBE Cud & A9, 1% Hvke <1%= g



Az f718 e TR olehE 674 ppb, oFAlE 1.5 ppb, olAEEd

q
222.3ppb, °FAHI= 0.4ppb, °©]4
9 ppb, o2 WAl 20.1 ppb, o-Z A4 166
ppbth A 29 F718gE sEE olehe 1192 pph, olATZEE dFS
5 ppb, o€ HlA 20.1 ppb, p-, m-ZA 166 ppbAth.
e TET ofeE 1483 ppb, oMAIE 114 ppb, o]4AZ=d
& 11198 pph, &F4 317 ppb, o€ #HA 162 ppb, p-, m-ZA & 130
ppb, o~ 133 ppbAth. A4 4] fr7lstetE =& olEE 829.7 ppb,
o}M|E 54 ppb, o]AZEH AFE 3254 ppb, =54 26.1 pph, g wlAl 182
ppb, p-, m-=A= 108 ppblth. 9 59 #F7|8ehe Tk olee 1344
ppb, °FH= 1.7 ppb, &5 276 ppb, “1EwWlAl 159 ppbth AL 7]

ko]

332w o ee 2002 ppb, SHE 1.0 ppb, ©|AZEW 2T E 27.7 pph,
£l 315 ppb, E WAl 189 ppbol itk n-s2Y, ol HobAlelol=, WA, &

d,
=3 wvkel it A el e SRAE

==
=
Fo R BAR=EYLE Ao AR AR 1 3 ¢ 5 Atk



<H IV-61> AIZ¥ DY {II1%UuE EM2i

e | A=
=3 91 2 (A 2.2 MY #1 #2 #3 #4 #5 N =EE
=70 T =
(2) (2) (2) (1) 2 @ (TWA)
@9 ppb (1)
674+ 222+ 119+ 829+
of| F-& 1483 1344 2002 1,000
5900 06 0.7 928
15+ 04+ 5.4+
opA| = 11.4 1.7 1.0 500
1.4 0.1 3.3
o|Ax 7 216+ 124+ 132+ 325+
1119 - 27.7 200
oG8 102 47 566 105
Heo] ARd 1.0+
0.1 N.D. - - - N.D. 50
A= 0.1
66.8+ 33.0+ 325+ 26.1+
=Fa 31.7 276 315 50
47 1.1 1.0 15.3
40.1+ 201+ 20.1+ 18.2+
ole Al 16.2 159 189 100
29 001 03 6.9
33.6+ 10.8+
p-, m-=2A4@ - 169 13.0 - - 100
24 14.9
o-=2 166 16.6 - 13.3 - - - 100
A ER A= N.D. ND. - ND. 43 - N.D. 25
* wZ7]=(TWA)S] @9 ppm
N.D. (not detected) : 7334 m|vt
HE

A o ERE (.16, oMHE 050, o]A~ZZH AdF:E 037, n-3F 067, o Lo}
A EI°]E 058, Hﬂ%ﬂ 0.83, #ek 043, EFZ2=ZoEd 031, WEo|Ax
FEAE 062, =74 098 od wWAl 1.07, p-, m-3AA 075, o-=
A 075, =g 0.79, NZF23A= 071 pg/sample
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Foae A9dE Ajor ARE AFFAY. FEE AR B4 A3
UEE, vl Ry, 74, 244, 28 o] vFos ASHYT, €l
¥, e Uz 78, ofel, A2F, Zelnd, & g R4, B A%
A wgkolgict,

<E V-62> A% DO 2= =M1}

- 7 ?_,é
\%’4743 11 JNRI2 #1 # 2 # 3 # 4 #5 e
©g/m me /i

Na 1.68 1.98 0.47 1.86 1.74 2.03 1.88 -
Mg 0.45 0.62 - 0.51 0.49 0.50 0.52 10
Al - 0.32 - - - - - 10
K 0.68 0.69 0.29 0.98 0.95 1.25 1.05 -
Ca 0.29 - - 0.30 0.26 0.26 0.28 -
Cr 0.12 0.12 0.13 0.14 0.17 0.12 0.13 -
Fe 0.19 0.40 0.24 0.21 0.26 - -
# 1~5: xLoq;d- 1~5
* WwZ7| Abshel s, Abstd R, AbshE
A= YEF 0.2 U}JH]H 02, &¢Fv+H 03, Z+ 0.3, Z+ 0.3, HEH
0.3, 2% 0.04, &7+ 0.2, 2 02, ZLE 0.04, 1473;_ 0.1, 72 0.1, o}
=5 0.

A 02, A=EZ 006, =829 01, & 01, 7=
0.1 pg/sample



+ 238 ppb,

<H IV-63> Al

A(HS), Latstera
2| 01* 3FHS0y),
5—7@3}91 2419 TVOCY] s
pb 7—%‘?3”3~ 550 ppb,

§4 =13

o
&
T

2k 74+ 300 ppb A
3 IV-63>.

¥ D9 J|E} QIXt B

S
e} A EE (Hdigh)
FAAF gepg1 g FAPA A9E3 A9
NOo

0.4(1.4) - - - -
(ppm)
TVOC
(o0b) 210(2020)  238(920) 566(4870)  550(1250)  300(630)
pp
COy

- 949(1020) 982(1314) 1057(1161) 766(1061)
(ppm)
CO

5(20) - 16(44) 12(16) 0.4(6)
(ppm)
RH

- 52.4(54.2) 58.6(74.8) 54.5(57.9) 49.4(59.2)
(%)
25
(C) - 26.2(27.3) 26.8(28.1) 24.3(25.3) 23.7(24.1)
*— 1 EHE
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i

AR 143510 /e,

+ 31.6~42.2 molH, ¢

A2
O

Ao

o

a3 g YAzt A= FAY

9]

[¢]

=7

N~

%y

4,881 7/cm,

A

[e))]
H

100~133.4 nme]™,

o 917

3
s ol

Felae] 2

AT

A

R

115 m*/cno)

T -
-

Ho

X

a

Z}
A

99 1949

As e 523 /e,

22tk Metal-3D

100~133.4 nmo]™,

W

A7) A =2

o)
H

=
i

Fael B

AT

0]
H

AT,

EEE 4 m¥/eno)

19
+ 31.6~422 molH, YAFEEs 143,510 7i/cr,

o
_:Lj_
%/cno)

=]
-
=]
RS

|

FH

9]

o 997

A

i
o

e
2
A

2}
2]
™

o] AE% gl 3D Printing Lab¥]

31.6~42.2 nmmo|™, JArEsEs 16,623 7/ cm,
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A7 /e o) A

YAt Nz FAYE oMAE B
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O -
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X3 75~100 nmo]

Aol

7 m*/ o)

A
o

)
H

% o
B
2!

720 7W/cr,
A

ATmﬂ

75~100 mmel™, YATsE+= 1,214 e, &

)
T
FEE 8 mYenoldek ¢

iz
X

Aol £

5~

Ry A
s

Ad T TUAY &
FEE 9 m¥/crol 3tk o] Al
T AT ARG 49 A F

2}
S,

3% 39

Z_]]_
100 nmolH, PAFFEE 728 7N/ e,

=
ar

-
|

EER

o

1,774 7W/cn,

Ay

0]
H

75~100 nmo]™,

i =
o i

Aol &

HloJE1 A

7

7

3
33

0
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file)
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= Metal-3D

%l
o

3

[e)

3D ZRIE| AFEXtofl CH
o &

9J4-9)

1

A Aol w7 s ol wlE)

=
Polyjet-3D 2

]

o] 311 A]
B}

o
T

o}

|

i

H
L
-

o)
A=
Ak} =71

S

dE 9

]

A

st 18

HE o] AR5

o =0
T, T

Qate] =7)7F YRRt 7]

3

Ay

7

A7}

A7)e] ABS 2o, T

HE o
75~100 nme]$itl. Marina E. Vance, 2017

=

ABS 44 €]

1

T

AYA

Atk FDM-3D

13~75 m=Z Y= 2100 nmo]

dE ol ALg-5

7F 100~133.4 nm= PLA AAR T} )

t}. Metal-3D

1

T

3t

R
6

BATh A7FE FDM-3D

-

T

L

-

YA

dHol AHE = 2A)

75~100 nm, YZA-3D ZHE] A}

Folzte] =7]= 75~100 nm, Polyjet-3D

dEl ARSE =
g ABSolH, FdAe] A7)

100~133 mZzZ Yx=dA A7]Ho

A

A

t}. ¥kd FDM-3D

T
T

o
X

1

PLA &7 4%, 94 271

DLP-, SLA-3D

=}
2}
7]
A7]
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Ao w2 PLA A9 YA A7]= 2242 mm, 13~15 nm, 28+3 mm
ol ABS &A= 5146 nm, 514 mm, 45~79 mm= PLA 27} ABS 44
Hoth o A2 daE HAskeE As o 7 Ak

ol At A =4 AdFe] TE FHE BY FDM-3D ZE7} 5
N2, Metal-3D Z#E7} 1704, YA = DLP, 9 =4l SLA, Polyjet z+2
a9, AHgste 2Al2+= PLA 2A47F 3704, ABS &A7F 4704, PP

A7 1A, SF0E 29y uEd AFE ARgshE o] 47 17hA%
o A T AT EEF P = e AN AL, o] AR of
Z1021¢] FDM-3D ZHdHE AR&stal AL, A= &AlE PLAOIH,
54 % 7bs =YY die 12dE 7P ggkth a8a AREE &A= PLA
A2 PLA 2AE AHEE g2 24 gE A w8 =2 ARE
5 Bk AMEshE 3D ZHE ] FH, Al AMSshE ZHE UlFet A

A, 2015 A9, ASE, 2017 A, Luis Mendes, 2017 7, Qian
Zhang, 2017 7+, Parham Azimi 2015 17, Evan L. Floyd, 2017 1
BT ABS 248 AM-S FDM-3D Z#Ee] ixF%7F PLA AA R}
=7 Yehytth. A9k Patrick Steinle, 2016 Aol AE PLA AA S ALg
gk FDM-3D ZHH fJArsEr7l ABS &AlET =4 YEyth o <
TollAE PLA 2415 AHSe FDM-3D Z#| 2jolA] Jasw=rt 7H

=g},
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of

ororth A% A(PLA 2A), B(ABS 2

o] =X

A9 s E BRY =

o

¥+ 316~

Aol 2

Apo] By 133~17.8 molx, 2

]

o

N

o
B
T

~

1x]_

o

b B2y 2

)

7} 100~133 mm= HY=JAH100 nm ©]

by
-

o ¥

A4 Cel FDM-3D

—

3D Printing Lab®] ¢

o] 3D Printing LabX.t} &Skt #

S
pud
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o oF



<E V-1> AIEYE T T T2 &

A AN o

=

(7}/cr) (gm’/cmr)

) 12 PLA 143,510 51
234 (FDM) 2 ABS 5,029 121
A B 2 2
1 Al Bt 523 4
(Metal)
o7-4 (FDM) 1 PLA 6,447 20
A7 C 3D Printing Lab
2 PLA 16,623 17
(FDM)
241 ABS,
74 720 7
(DLP, ¢J=A) A Eak
243 1,
- 1,430 35
S ’
Fol =}
AgE D HEE 2 1 ABS 1214 8
(2418 FDM) ’
zZrl 4 3 (SLA) 1 PP 728 9
A% 4
, 1 ABS 1,774 16
(Polyjet)
* %Xq

gAl, 7hsd 3D 29" 717] g
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o WAEE 8 /Rt E9kth Metal-3D ZHE 2iAe] #q] Fof
UAFEE= 523 W/ero = wiAFEel 3734 N/ enBE ot wEekar
4 pYaio® wASE 16 m/arRth Wk o zgiae Am
FEHE o] oM FxAAFY o A T PATEES

7b Wi sERY U AR TFE = dEe] Bt ARG
FDM-3D Z#E 2o 2] 59 Hit dATsEs 6447 TN/ = vl
% 3815 JNenBtt =g, TAASEE 20 mi/arC®E WiASE 22 m/en
Hop ko, dd FAYA FUAFEE 49 m/aE WA FERL Eok)
o] Ao wiAdEEE o ARFACNA SA AL, AFFA o] AT ey
of glou} A4 F AHFAY 2 & T E Sl 4R ASFE vt
B 2ol A HAE PRI} AR
2 #od} 3D Printing Lab9] 24
6,623 M/canroZ wj7s % 3892 /BTt 4vf =3k
17 pm’/erBeh 3v) =okoh AR A

et
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re

DA N A >}
off i off
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19] 24 F H JAFTFEE 720 Mem, LE5F] 1,730 7N/emo] L,
Arre AY T 7 m/en, 95FY 12 m/enZ YEFY Aol JAF%
=7} 2@tk DLP-3D ZHE 9 888 s &g
A A A, A, A T AT YAFERE 42 873 Aer, 1430 Hen
968 /errol™, WA w27 32 m/en, 35 m/er, 33 pm/en O.E FA g
A9 F QATFES EAAEE} SebE A2 ¢ & Ak AYF 29 4
A A, A F B YAFEEE A7 9B A, 1214 A/arel, EHA
T 22 7 mi/en, 8 m/enolga, A 39 2 = FJdE YA
728 Alen, BRAEEE 9 m¥/aiol 9tk £4 24 o 4ol 3D T
FeE A QoA A A v dMER S5 Atk 4% 49 2
HEE F9, s F e 247 02 Aor, 1902 Aen,
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HI7E A7) AAA 2 Fe g
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<H V-2> FDM-3D Z8H AME JIIUE FEEE
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o &l Al A&
SRk A=
»ga AE TVOCe 30-80% +
Aol S22 A= A5 A=
A= F AE TVOCY °F 33% 4+
n-5-g-& A A&
g = Az TVOC?] 50-75% ==
e wefeladyelE A& HE PLA, TVOCY & 37% %
Z2 0 &9l AE AE
S A& AE
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* Ministry of Environment and Food of Denmark, Risk Assessment
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Abstract
Title

Ultrafine particle, chemical and metal concentration from 3D printers in

real 3D printing sites

Objective

Three dimensional (3D) printers are currently available and popular to users.
3D printing technology is from additive manufacturing (AM) and it has been
under development for over the 30 years. One of most available 3D printer
is fused deposition modeling (FDM). During a heated extrusion nozzle,
melting, and depositing filaments, ultrafine particles (UFPs), volatile organic
compounds (VOCs), and metals are emitted in indoor environment. The
purpose of study is that we measure emitted UFPs, VOCs, and metal from
inexpensive FDM-3D printers (filament: PLA, ABS) in sites and compare
those hazardous substances with other 3D-printers among a stereo
lithography apparaturs (SLA), digital light processing (DLP), selective laser
sintering (SLS), and material jetting (M]).

Methods

We measured particle number concentration (PNC), and particle surface area
concentration (PSAC) of UFPs using real time samplers in main area and
before or after UFPs sampling, measure background concentration for
comparing with emitted UFPs during working process. Particle shape and
composition were sampled using Mini Particle Sampler (MPS) and analyzed
by a transmission electron microscopy with energy dispersive spectroscopy
(TEM-EDS). VOCs were sampled by Tanax TA and were analyzed by
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thermal desorption-gas chromatography/mass spectrometry (TD-GC/MS).
Metals were sampled by MCE filter and were analyzed by inductively
coupled plasma-mass spectrometry (ICP-MS). Both of them were collected
at a personal breathing zone and area samples. Additionally, TVOC, CO,

CO», temperature, relative hymdity were measured with a real time monitors.

Results

Size distribution from low—cost FDM-3D printers was 13.3~17.8nm, 31.6~
422m (PLA filament), 100~133.4mm (ABS filament) and size distribution
from other 3D printers was 75~100nm (SLA, DLP, M]J), 100~133.4nm (SLS).
PNC from low-cost FDM-3D printers was from 5.0x10° to 1.4x10° ea/cn’ and
NPC from other 3D printers was from 5.0x10° to 1.7x10° ea/cii. PSAC from
low-cost FDM-3D printers was from 19 to 8 /e and NPC from other
3D printers was from 4 to 16 gm‘/en. During a warm-up process from
low-cost FDM-3D printers, PNC was higher than working process and
background concentration (1.8x10° vs 1.4x10° vs 1.0x10° ea/cr) in a site A.
During a warm-up process from low-cost FDM-3D printers, PNC was
higher than working process and background concentration (2.0x10" vs
6.4x10° vs 3.8x10° ea/cr) in a center of site C. During a warm-up process
from low-cost FDM-3D printers, PNC was higher than working process and
background concentration (5.7x10* vs 1.6x10* vs 3.8x10° ea/cn) in a lab of
site C. Chemical (ethanol, acetone, IPA, MIBK, toluene, ethylbenzene, xylene,
cyclohexanone) and metal(Na, Mg, Al, K, Ca, Cr, Fe, etc) were detected at
a low concentration. Concentration for NO,, CO, CO2 were lowly detected,
but NO was not detected.
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Conclusions

Main size distribution was under 100 nm emitted from low-cost FDM-3D
printers. Main size distribution of PLA filament was much lower than ABS
filaments. PNC and PSAC concentrations were highly correlation for every
sampling results (P<0.01). employees were no detectable concentration of
VOCs and metals during working hours. All of VOCs and metal
concentration were below occupational exposure limits (OEL) in Korea.
Almost emitted UFPs were regular shape, and carbon containing
agglomerate. During warm-up process of low-cost FDM-3D printers, PNC
was shapely increased, we suggest to install local exhaust ventilation
system or to replace encapsulated type 3D printers. If difficult all we
suggested, employers should provide employees with personal respiratory

equipment.

Key words : FDM-3D Printer, UFPs, VOCs, metals, real 3D printing sites
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