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=2 ol Z2(PEQ) Y #2 & A=, H]EA 3 (unbranched) 14
TEAE A FEHE stu Ao fAe AdE dS F
ATk FAEAT. A3 FHE=ERIY Edda FEolF
tlol Zgol Al E o] ¥ (polyethylene glycol diglycidyl ether, PEG-DE)Z
bl AlA HE-AE S @Ae AR A70],  E2 ok=2d™

o}n}o] = (polyacrylamide, PAA)E WA &
&

semi-IPN) SHE|Z ZA3}AA 22 T2 JAZS
o

otk §u, AEe A wEwle

2
B33l 3l Aa vHERQ somzA Fxo

g A AREZE T2 o] o

AT
AddstAY A3 gJH=EAY 22 Fxd TS
ps|

VB ]l AAse] gaE e AAA] T 7

2 Hasg

ih)
S

2.3. A="

agge =R ArReael Aol

30CoNA Z-A Hol(sol-gel transition)=
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Y7 (cooling) 2], Agtele] F29] I A EgEF-38 X (triple-helix)
FejEe] Wyl dHo® Fiyo FEHrL I} HEF (73]
b (A2 2, 37C)A = dAt W AEE AT v
ofgt 7IAIA AAdE dHedBR=E, Aost FopolA ALEH7] A=
Az &lE Fetr] g 3tetA <l Zhart A olv74]. 3
Agtel e g TR ZAER olFox 9 4 T ois
287 (group) S =94+ thekgk  shebA Wy Wyl

EASA75]. 7HE dades AgdS F4 vEr A E AHmethacrylic
anhydride) .= 7§ dste] s}8t# el 7tarp 7hsd ol ARIIE 7HR
Aetel el ¥ o] E(gelatin-methacrylate, GelMA)Z X &3} o]
oA Y(eosin V)& 2L AAAZS o]gs FrluES APd= 7

QtH23l. AW Ague setFom fdEA @nx  slug

HRP(horse radish peroxidase) %
BAaE ARESHY Adgdl Als WY Tyr 71E AREE AdS
E:

A7l AFelt A2 drR=Q-dagr sgtEd EEAdelAE

<
AbgEte] RAES Tyr V5SS Atk 2 3 9AA TtuE
O]FEE  dh= Hlele-YdAE AL AEZE QdTHTel ARY S
gEog Agegl e W s vHo] HE FREE JAA AEs wS
St Holt[74]. olol wel J1EA PEG, HA yH=R 5 g

it

Y

!
X
-+
M
ol
r2

. —H
N

[
2
o?.‘:,"
)

=l
x0
N
=
=~

A EEZZS 7HA AlE9
AoltH80l. oA H Az} = HE 2
S§stetol AbEEM A Am2AM we GTEA ol EHf i 9=

Aol

r,
flo
-
Jﬁ 4
o
t
k
I o
v
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24. JRIENZ o] &3 HolEo]2A 2 A

RN A A oA AAFOR EXste 848 =M,
330 T 470 nm Akelo] WS FstAl Fste] FtuE HAIR Qe
Edo)th[B81]. Azl Falg ALgART A FAd =EFHY EAE
7t g dthe AolA A LS ool A wH A<l FIRAIA o] T
Hluw 2 H|Eo|x oz wsS doz 4 9lo]  ZFgA(collagen),
A Y| o] E(alginate), 7]EAF (chltosan)ﬂr 3| &5 £ hyaluronic  acid),
PEG &9 7lus A38% d57F AvH19, 82-85]. 53] ZehllelA
AR =Y A E'E}Zﬂ AbE S e Tyr ®71E 0 o]83HY
tholeto]l 241 A3 (dityrosine bond)E FATFOZA wHSS I PA T}
Applegate, Matthew B., et al.o] ¢¢F & R ZZHH JjA]q <3t
A=A JEEQdS AMEE 49 BEE Stol=2AE JiEsty
tholefol =41 A A 712E ATe v7F A oH19]). Kato et al.[86]
of M= 33 o7](photoexcited) ® E]HZFEpRIxo] FEpAle] Tyr
71 2HE AAE AASH Tyr gozs AT A7 AA" 2
Mol Tyr grZoe] olojA w@d tolge] 24 EHFJA(Tyr-Tyr)=
slstx o= JtuwgE HASo. ole F2 HkEES  Figure 12
CAgsk T WA R EEHle] UV L ZFAFe] 9d of7]H o
HgAol Eo e AbstAlEA Agste A4S P(triplet)
Jlo] "tk (Figure 1A(1). 4% 3 7] € gHZFdHlo] &
oA Ax ZIEdy} wEstel Tyr #@HZs A =EE o=
0] Type I ¥kgolth(Figure 1A(2)). Type II HFEoAE= A

BEelA APH= wrgoR orjd grREHo] AT
(triplelet oxygen)°l] 2}&3to] @l dy A5 2835= 9-8A AF
GAdd A (singlet oxygen)E  EA(Figure 1A(3))3}al  Tyr
71 oS A (Figure 1A4)) 7FalE st 3Ho}H87].
grZEepilo] Tyr 2719l AFES JhAste] 7hugs FAdste As
Figure 1BZ eI

t

AL
T
o

oo b ofo
Q.

ot

o x of r& 2
b

S
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A Type |

(1) (2) SREF RF
RE ——— 3RF oo \ », ), o

Type ll
‘o, HO;

(3) *RE RF @ ) A Dor x\ 2 ) o
30,8210,

Crosslinking
2 x 0._, o o P

LV on
B

Dityrosine bond

OH
Tyrosine residue

Figure 1. (A) A detailed mechanism by which riboflavin initiates
crosslinking of tyrosine residues. (B) Reaction scheme of riboflavin in

the silk fibroin chain.
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A3F AE R A

O~
i

3.1. Ag F A%

311. 437 Jr=< HA L &3

Aa gB Rk fibroin)e A™sH7] fal WA A=A ol
X (Bombyx mori) 40 g & 3 g YEF &9 E(sodium oleate)2} 2
g Bt YEF(sodium carbonate)® 1 L F&dA 60 &+ &< =
A2 Al (sericin)e AAZH. o]& Ax & F=H A 9BEEAE 60C
93 M E&3} % (lithium bromide, LiBr)olA 60 ¥ %ot &3 A %},
SNS AMEZ Q2 olAMHOE WHHAMWCO 12-14 kDa)o= 3¢
T T8l A& AAS olE AXRHES AL TRE SAHIES

w6 6.79%(w/w)el A Wl gojo] ol Eelahgit.

3.1.2. A8 2 2R EFH L3

Agtel (porcine  skin, type A, Sigma - Aldrich, Seoul, Korea)<
10%(w/v)e=2 g3l %5 37](Ultra sonicator, SONICS Vibra cell,
130 W, 20 kHz, USA)E °l&sl XA (AF: 70%, 10 )8t
EEZ Y Xx(triple-helix) & @49 7lgo=z FE3 FAGY. o &
sAAZx ol 29A FHo &3 A" AgEs dojudth
2] B Z 21 (riboflavin 5" -phosphate sodium salt hydrate,
Sigma-Aldrich)< 100 mM =% §do=2 =o] 4 To H#ASHS
T Mgy = ZE AN HFE F57F 1 mMo] HES «]’34’6}04
AH-&-3F A
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—

3.2. B3 939 =Y U o2 Ae EA

3.2.1. 3D DLP =Zd® =3

LabVIEW (National Instruments, USA) AXZE o] & o]&3] stage
controlerS 2} A Zth. stage controler® & W%+ 0 7 70000 pm
(Fs HATS: 1 umRew, A3 AAdA= 0 7 15000 um™H ¢ =
st ste] FEekdt. " Al ARES L2 AEH(DLP  Projector,
Vivitek, DS23DAA, China)x= 25 cm Agol MAFS Ho]FAS o
300 T 800 nm Lol HAelA ¢F 180,000 Luxel ==& HIUT. #

AFol M AHEF DLP ZddY 4w 7% opie] djels Agd
=]
T

%

2]
DLP¢} & "o sz=zAe FYo] ZE AgHo| A9 S
ol Z=HE ol 2y W2 (bottom-—up)S AFE3FFUTHE FHolt} o=
R EZEH o] Jkgo HQa3k A4 FES 8ol

e AyolA 3 T 200 yum 2 150 =28 FHo] F 2
AZeAY. = 9, 5mm X 5 mm X 5 mm ¢ ASZ4E ¥
slol=2 A MES AZe7] el E 5 mm X 5 mm ZAFGE Rk
WS ZAFEIH LabVIEW AXEOE o83 200 pm F
stol=mAS 260 AFshdch 4 Fo ¥ 2AF A2 150 2E

sdeth Be A Aol Trdds olgs dae 2 3TCE
[0}
o

off
s
o
™
AN
BN
Al

o] 9] RE AFA At o] JIFES glstr] g WEEA HA
T 2, 4, 6%(v/w)el da ARG 7 AHA

ol tis 0, 50, 100%9] Fw=7F HEHE g 97HA] FF

ST 2z digk WS Table 122 eI

AAsAT. ZHUE B4y g

o| A = Figure 2A ¢ Figure 2Bol eI}

(™ o0 & ®
[z |z

3

[-'O

2

1o,

OE'F

o W
ol e
i)
r]I
Lo
off
=8
rlr
—_

5
=
!
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Table 1. Nomenclature of used ink composition. Column indicates the

concentration of silk, and row indicates the percentage content of

gelatin versus silk.

Gelatim SkTibron |5 94 (w/v) 4 %(w/v) 6 %(w/v)
0 % $2G0 $4G0 $6G0
50 % S2G1 54G2 S6G3
100 % 52G2 54G4 S6G6
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=2 Wash and
store
in 37" CPBS
to reach
equilibrium
state

Figure 2. (A) Process of stacking silk fibroin based hydrogel with
digital light processing(DLP). (B) Examples of fabricated multi-layer

structures.
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3.2.2. Toleto] 22 HFe F4 &
S/Gel %A wZ tlolglolm= Al AT

1o,
o
o,
2
ki

& Hush7] £l

34 4
& &2 H (fluorescence  spectra)S  ©]&3tAth 9 7HA S/GEA 9
MEESS 96 well plates] 217t 30 1 9 F vidhe] w27 HAA RS
sttt Z2AHE Sl @7tasE JBA 7=, o] # well plate H 9]
TR 4FE F 5 U222 E well plated] off WA HS
HojFdrh WS £ F YREIFENS AAS 7] 8 7 wellol
PBSE 200 pl® ¥olFi 9= % 5 1243 vitp PBSE Zot5H
]

43X ZF FF AU o] & wlo|aAZ & olE 2l (Synergy H1 Hybrid
Multi-Mode Microplate Reader, BioTek, Winooski, VT)& Z3a] 3d4<&
=43+

323 ol zd B WIE =3 AR 9l

S4G0 Y25 T 25 cm X 1 cm X 05 cm® A& E glojl=zAd S
Jrale] xH9] ¥ UV-Vis AH|(UV/VIS Spectrophotometer, Optizen
21200V, Korea)E& Al&3] A A7F vt} 335 SAH3A . o] o,
AFdolHE S 37CE FAH 10 & vtrp FF =5 S35

33, B3 stol=2de] Wy AF 24

3.3.1. 74 HukAlL FFowg ARG 4

A ARAL FElowE A et d 4 (attenuated total reflection
fourier transform intrared, ATR-FTIR, FTIR Nicolet 6700 with ATR
accessory, Thermo Scientific, US.A.)S o] &3] ¥ g S/G
Ao stol=2Ad fiste] wE F (0 AlghHeF 37T PBSe 72
AlZE B3s o] HE-AE S AT sAAx ARl S/G
stel==2 A skl 1600 T 1700  cm "W ofmfol= 1 FF

_18_



>

aY g

He dojwleon Z+ SAH dia) 4 o Fsow 128 3|9
= Tt dojzl ofmtol= 1 ~HER LS Origin AZE A&
F&3te] 16003 1700 em ' Abelo] AHMHo=m 7]Ed HAS St
S ¥ E8(peak deconvolution)S 3] A3 FH=ZQlo] zk= o]x}
T2E59  FgHFES  AEFstdr. WE-AE & (Content  of
B-sheet, %)= T2 4 (3)= F3l AAslS

mlo [m

S~
o oif)

— sheet peak

Content of B -sheet (%) =% of x 100 (3)

total peak area

3.3.2. sle|l=24d AH AF

Al ] haFe] & S/G stol=24de] BE AsS dotry] fstd
ZF S/G 24 "sted 5 mm X 5 mm X 5 mm 9 A573 Y H <
stojl=z2d AES AFsAT. TEozl HF PBSo| ©@rF ks
SAs AAGE T HA AEES ol&d %7 dEFE FAHst By
AW 2E o] R 7MRZ-AHZ-Eo]F =A3 Hu= Axsdd. 37CY
PBSe| 96 AIF ®E¥stH 24 Az mit}h whESte] ARk o] ¥stE
ZAbsE Tt AIRE o)AMY F9 (Vo] ®stE 747 A (1),
2l wgk x7] AEM0, V0) WiH] A=/ Bl & (mass/volume
change to initial state, %)% A4St W3E FolE PR
e AT

Mass change to initial state (%) = % % 100 (1)
Volume change to initial state (%) = % % 100 (2)
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Gel fraction (%) = M2+ 100 6)
Mec

35.4. FEEA &4

AA BEd Ax3v A (Field emission scanning electron microscope,
FE-SEM, SIGMA, UK)& o] &3t Alztel slol== Ao gk w9
TZE . S4G0, S4G2 YAE AFH 5 mm X 5 mm X
5 mme Z&52E P slo|=2 AL AL AZ uiste]
220 AlZHeF 37T PBSOl 72 Az B o] Al o] H7to| wE
FE-SEM o]m A& do] ©@d F-x9] Xfo]& Hluls

=
T

355 AX vl 2 Live/Dead ¥4
S/G d=a2E FH Aol E(mouse fibroblast cell line, NIH-3T3)&

AT mpole-JarAM ARG AlFtE stol==A ol e AR
A4S A7) Yste] Live/Dead ¥4 (Bio Vision)S 33
AEE TAT 2 249 YAE 35 n petri dishel 200 ul Eojxdd &
ZRAHE o] &3] 150 = &<t HE HojF= A4S F W nhEd
259 stel==A x5 AFstt mRkS Y25 PBSE wE7
do]  F F 10%(v/v) FBS(Fetal bovine serum)7} #7F #

DMEM (Dulbecco’s modified Eagle’s minimal essential medium) 2 ml&
FolgFol 37 T, 5% colitsters 7oA wikstdch 1, 79 &<t
= Hjokst Slol=2 S AM(calcein-AM)¥} 2|
2 9 =38} (propidium iodide, PDE &gt lee/Dead golo] T
d=olA 1 AR Fob uwkste] A st 43 m 4 (Digital
Microscope, CELENA™S  Korea)S %3 &% J?ﬂr%f—% =3 5} 44 o}

—
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A4 2 H o

41. BF stol=zde T2 54

4.1.1. toleto] 2 Al A3l &<l (fluorescence spectra)

93 BAUe B Aetue] EAHA 2E wWe A2 muzale
7kl mE tolgel®Al ARte AR, A yH=ERY FLRE
TASGS W AeEle] HU} v Lo WE tlolglo] 2 AF] HEE
w ek e, holetol 24l AL 310 nm HEe Loz AR U
400 7 410 nm IEANA ZFsE FFES HRoh o] w, FHEFNH o]
stol==2d e} FwWol ol gl= 4§ 350 nmoellA 450 nm
Abolel Al W FFES dOo7|HA] TiolEtol 24l AT ¥ WE
Mg A7l witel R EFENIY Al BA o] Aot

Matthew B. Applegate et al. [19]o] ¢3std E#o =4 HHS
R ZHNS SFFol 48 A7 Bste] eHd3s] Al Aok 3

B Ao A3 FA H slol=2Ad e 400 nm THF9
H3 grol 71719 Az Ay 7ed F1E 23 ZEI folHE
AS 4 QAh o)# 3 JAIH 2FHo wWEo] procedureE Yo =
WS EE welle] Ao HEZHW L9495 ¢ T A
Yo r Hrlsle] AZE FTAddA =JFAu. wEA Aoz AxnE
FAAAE A R ZEH S vug 4 glom, AdiEd eA T
o = Je ot}

Figure 3AdlA A= B =Rl F=rt F7bghd wel tolgeo]l =4l
=400 T 410 nm 57t ZolxeE AL ey, A=
B s uAstL AGEY H&S HA9FAS wolx= 400
o Fo|7} Frltete As FUd P (Figure 3B, C, D).

&)

RE 2FEYA Z}2F 405 nmell A Hd €3 g 7HETh



A-: 150000 B»—, 150000
3 — S26G0 3 Before fabrication(S2)
A — s460 s Before fabrication(G2)
oy o 2 — 52G0
I3 11— ] 1 — s2G1
g 100000 ; 100000 52G2
£ E
Q Q
g 2
n 7]
e 2
E! 3 [
w 0 L] L] T L] w 0 1 1 T T
360 390 420 450 430 360 390 420 450 480
Wavelength (nm) Wavelength (nm)
C D
— 150000 — 150000 —
3 —— Before fabrication(S4) S —— Before fabrication(S6)
s Before fabrication(G4) s —— Before fabricaticn(G8)
> — 54G0 > — SBGO
‘@ ‘B — S6G3
2 1000001 52 2 100000 — S2ce
L 2
£ £
] [+H]
2 2
& 50000+ S 50000
W (7]
2 o
S & 5
=2 =
w 0 L] L] T 1 w c L] L] L]
360 390 420 450 480 360 390 420 450 480
Wavelength (nm) Wavelength (nm)

Figure 3. Comparison of the degree of formation of dityrosine bond by
fluorescence spectra. (A) Relative difference with silk fibroin
concentration. Relative difference according to gelatin concentration 0, 50,
10096 to silk concentration (B) 2, (C) 4, (D) 6%.
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=2 vas] mgth vneely
Aekele] o] wolwol met tholeelZA ] AF FFel Frbete
AL Bt EY, wRAL FEe] o g HolHES wid
Het& w, S4G0, S6G0° Hdl Fdgkol zH7h S2G2, S4G2e H
BRgut B UEd o Hol A3 yugdlel Blol2al 27]9
Age] Aetuiel wolzA vt AF B4 et we AL
Solg 4 otk AehE wd enEebel od Wrhu Al
FolshAwt A= FuRdd | R aEg 4d Aolgh: AvE
£2d 5 QAT ot Mel A7 AselA wi }—% o] i o At
A9 AA FF F A3 nee Holwal vl Fel of
a)

5%°lH([17], Azt-le]l Eol=Al Z7] ¢ %‘%’ﬁol 1%
il

A A=A yB Rl sloj=g2A 37 T PBS(pH 7.4)°] H &l

TE X (turbidity)e] ®WstE AHE Ay, oF 40 Fo] AW FHH
8=t 43 S7ksk7l Al th(Figure 5B). A3 3B 231 7]uke)
TFEANA ARSI AAHE EFPEZE FUEebAl ®UH88]l. S4G0
dAZ AFg slel=2 Aol 37TCoA e WIE ##EsH  Figure
BACIA ol& AFH T F U o= HEHA 7% oA =2

exs 2o BAQ AFon 4R WE-AET 254 HEAEL

Z3 wWE-AE FRo HHEI I (packing)o gt AR strt
AbE o g dojibry] wolth, o]y d =24 Jtule TR wWEke)
A NAA =234 548 T A5 T 59 29E Fukdn
T3 12 AF Fole dRte A4S g FE R SR Kol
A&A o2 A7 FaAdS Rl A3 9HEAS o=
7has)  slol=2AS A A Fol Alglo] sFo] wel HE-AE
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150000-

100000+ //‘
50000- ,/',.

RFU

T T T T T ¥ T T T
52G0 52G1 52G2 54G0 54G2 54G4 56G0 56G3 56G6

Figure 4. A comparison of the degree of formation of dityrosine bond

fluorescence at 405 nm.
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A Storage at 37°CPBS for 72h

Transparent = Opaque

B ©
E
=
(=]
uy
e
[
0 /’/
n T I T I L] I L) I L I L] I L] I 1 l
0 100 200 300 400 500 600 700 800

Figure 5 (A) Silk fibroin hydrogel polymerized by riboflavin, which
becomes opaque according to 72 h storage at 37 °C in PBS. (B) The
turbidity change of the hydrogel observed at 37 C for 12 h with

UV-visible spectrometer.
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A Only silk

Prevent B-sheet formation
Prevent volume reduction
/water extraction

7~ :5ilk fibroin 7 Gelatin

: Crosslinking site : S5F f-sheet

After37°C After 37°C

Right after

0.7 cm 0.95 cm
30% 5% 4

1cm

Figure 6 Schematics and examples showing the effect of adding
gelatin as a spacer. (A) Decreasing B-sheet formation and their

interaction. (B) Examples showing shrinkage of hydrogel.
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A Only silk With gelatin

Higher turbidity
- Higher scattering

Projected image Printed hydrogel

Figure 7 Schematics and examples showing the effect of adding

gelatin as a spacer. (A) pictures showing the addition of gelatin

increases light scattering. (B) Schematic illustrating the resolution

degradation that occurs during printing.
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Figure 8 FRIR spectra according to silk concentration (A) 2%, (B)
495, (C) 6% and gelatin content.
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Figure 9 The difference in [-sheet content for various
compositions of ink. (A) Calculated B-sheet content of hydrogel
fabricated with S2G0, S4G0, S6G0. (B) Calculated B-sheet content
according to gelatin concentration at 2, 4, 6%(w/v) silk fibroin

concentration.

_33_



Table 2. Percentage of B-sheet peaks area relative to random coils

52G0 52G1 52G2
20.69 15.77 13.09
S4G0 S4G2 S4G4
28.07 22.03 16.74
S6G0 S6G3 S6G6
29.03 22.34 17.08
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Figure 10 Graphs of volume change in 37 °C PBS of (A) 2
(B) 4 (C) 6%(w/v) silk fibroin concentration. Each value is

expressed as a percentage of the mass for the initial state
(0 h). (n = 4)
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Figure 11 Graphs of mass change in 37 °C PBS of (A) 2
(B) 4 (C) 6%(w/v) silk fibroin concentration. Each value is

expressed as a percentage of the mass for the initial state
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$2G0 52G1 52G2

Figure 12. Pictures showing that the addition of gelatin increases the

scattering of laser irradiated to ink.
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Figure 13. (A) Pictures that showing the difference in hydrogel
formed in different gelatin concentration when a line of varying
thickness is applied. (B, C, D) Graphs comparing intentional line

thickness and measured value of formed hydrogel thickness.
(n = 4)
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Figure 14. (A) Compressive modulus at 20% strain of initial state

hydrogel. (B) Tangent modulus at 20% strain of the hydrogel after
72 h storage in 37 °C PBS and (C) its enlarged version. (n = 4)
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Figure 15. Pictures showing the recovery property of the hydrogel
prepared. (A) Hydrogel in initial state. (B) Hydrogel in which water
extraction is prevented by gelatin spacer. (C) Hydrogel without added

gelatin that lost recovery property due to formation of beta sheet.
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Figure 16. (A) Equilibrium water content of hydrogels. (B)

Equilibrium mass swelling ratio of hydrogels. (n = 4)
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Initial state

After storage at 37 °C

Figure 18. FE-SEM images of cross—sectional images of initial state
of (A) S4G0, (B) S4G2 and B-sheet induced state of (C) S4GO, (D)
S4G2. (Scale bar : 100 ym)
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Initial state

After storage at 37 °C

Figure 19. FE-SEM 1images of cross—sectional images of initial state
of (A) S4G0O, (B) S4G2 and B-sheet induced state of (C) S4GO, (D)
S4G2. (Scale bar : 4 pm)
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composition of hydrogel. (n = 3)
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Abstract
Silk fibroin/gelatin composite
ink for 3D printing 1n visible

light and its printability

Hyunji Lee
Biomaterials Engineering

The Graduate School

Seoul National University

It describes a silk based ink material for digital light processing
(DLP) 3D printing. Silk fibroin (SF) and gelatin were chosen due to
their biocompatibility to cell viability. Riboflavin, a natural enzyme,
initiated the crosslinking of SF molecules in the irradiation of visible
range of light and formed an SF hydrogel through dityrosine bonding.
However, the SF hydrogels were shrunk in phosphate buffered saline
solution at 37°C due to the rapid formation of B-sheet structure.
Effectively, the shrinkage of the SF hydrogel was prevented by the
addition of gelatin to SF ink. As the ratio of gelatin in the composite
ink increased, the density of [B-sheet structures was reduced and the
structural deformation of the 3D SF-gelatin hydrogel was decreased.
However, the addition of gelatin increased the turbidity of the
SF-gelatin composite ink and reduced the printing accuracy due to

the development of light scattering in the DLP printing. The physical
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properties of the printed hydrogels and the detailed printing process

were discussed.
keywords : 3D DLP printing, silk fibroin, gelatin, riboflavin,

hydrogel, dimensional stability, printing accuracy
Student Number : 2017-29451
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