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ABSTRACT

In this study, we developed a novel laser sintering deposition system (LSDS) based on solid free-form
fabrication (SFF) technology as it has the potential to fabricate complex geometries with controllable
architecture for bone tissue engineering applications. The 3D biphasic calcium phosphate (BCP) scaffolds were
fabricated with a pore size of 800um, a line width and height of 1000um, and an overall size of 8.2x8.2x8.0
mm3 according to the design of experiment (DOE) results. Additionally, an optimized manufacturing process
using response surface analysis was established to fabricate 3D BCP scaffolds. The fabricated 3D BCP
scaffolds were sintered at 950°C, 1050°C, 1150°C, and 1250°C according to sintering processes with a
furnace. As the sintering temperature increased, the porosity increased. Through the compressive strength test,
the 3D BCP scaffolds sintered at 1050°C presented good results of about 0.76 MPa. These results suggest
that fabrication methods for 3D bioceramic scaffolds using LSDS may meet the basic requirements for bone
tissue engineering.
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Fig. 1 Schematic diagram of developed LSDS

Fig. 2 Actual image of developed LSDS
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golA JEE CO, #OIA(CO, laser, C-30A,
Coherent Co., Ltd, USA), ¥ <=3 (Beam
expander, I[-IV  Incorporated, USA), YA}
(Reflection mirror, 1I-IV Incorporated, USA), ¥ X7
) #MZ(Focusing lens, -V Incorporated, USA)Z
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I8y 7z &2 A E 23/ (Ball screw, Samick
THK, Japan)E ©]-&3td 3 ¥ FHLFo] 715
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Table 1> A|ZFF7Gol A HZ3} Azold FaFS
FE T8 JAE Uit F8 A= HYE,
FHag, T8 FHEE Ze #ZlelA IS, 10,
15), ©l4 £5(100, 250, 400), ZAA AZ(130,
135, 140)2 AA3}ATE Table 2= 232 Ao
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AEole SAMS vehdth A8 FYHANAY
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(Olympus CX31, Japan)& ©|83td AEF3 dEol
= A3
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o W& Y E XE ZF(Pareto chart plot)= E}
U™, Fig. 3 (b)= F &3 Z5(Main effects plot)=

o]
=z 5

Table 1 Each factor for experiment

Laser power | Feed rate Focusing
(W) (mm/min) |distance (mm)
Max. 5 100 130
Min. 15 400 140
Center 10 250 135

Table 2 Experimental steps and fabrication result for
screening test

Run Laser Feed |Focusing| Line Line
order POVEr rate distance | Width | Height
(W) |(mm/min)| (mm) | (um) | (um)
1 5 100 140 1360 925
2 5 100 130 745 830
3 15 100 140 1585 | 1155
4 10 250 135 1145 | 1180
5 10 250 135 1220 | 1170
6 15 400 130 960 785
7 10 250 135 1255 | 1120
8 5 400 130 750 570
9 15 400 140 1395 710
10 15 100 130 1565 | 1640
11 5 400 140 1210 365
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Table 3 Experimental steps and fabrication result for
response surface method

Surface Plot of Line width VS
Focusing distance, Feed rate

Surface Plot of Line height VS
Focusing distance, Feed rate

Run Laser Feed | Focusing | Line Line
order POVer rate distance | Width | Height
(W) |(mm/min)|  (mm) | (um) | (um)
1 15 250 140 1505 985
2 5 250 130 835 745
3 5 250 140 1275 455
4 10 400 130 915 690
5 10 250 135 1140 | 1060
6 10 250 135 1175 | 1095
7 15 100 135 1610 | 1700
8 10 250 135 1240 | 1110
9 5 400 135 755 420
10 15 400 135 1205 870
11 10 100 130 820 1505
12 10 400 140 1385 600
13 15 250 130 1020 | 1170
14 10 100 140 1520 965
15 5 100 135 1065 865

Line width = -6101.5 + 3525P - 0.629167Fr +
52.3750Fd (1)

Line height = -89920.2 + 177699P - 21.0125Fr +
1401.18Fd - 4.48077P* - 5.43077Fd?
- 0.128333PFr + 0.15FrFd ®)

3|24 P #olA T, Frd o]$%5E, Fd
x4 A"E ofn|git)

Fig. 5& #@olA 37l 5 wde w, Fig. 62 10
W o, 281 Fig 7& 15 WY of AZ3 Mizo]

rr

Surface Plot of Line width VS
Focusing distance, Feed rate

Hold Values
Power 5

Surface Plot of Line height VS
Focusing distance, Feed rate

Hold Values
Power 5§

Line

¥,
o ey
JRassegas ol
N e
Saagen ey et el
P :'.".....'.'."". w0 ) &
Rece b
a0 7y 4
W oy e Focusing Do Eg = Focusing
20 N
Feed rate distance

o= .
Foed rits distance

Fig. 5 Line width and height under laser power of
5W

Hold Values
Power 10

Hold Values
Power 10

e /m = Focusing
distance

Focusing
distance

Feed rate Feed rate

Fig. 6 Line width and height under laser power of
10 W

Surface Plot of Line width VS
Focusing distance, Feed rate

Hold Values
Power 15

Surface Plot of Line height VS
Focusing distance, Feed rate

Hold Values
Power 15

34
=L ey
G Hr . X
Li ST Line X
wiath . | [EAEEAH height = .
- .":'.'.a.."h..'.*.!".". & R
- .‘.'.'?:'.'.AV w ) 7 10
m \m = . mSFocusing L =l F?cusing
Feed rate distance Feed rate distance
Fig. 7 Line width and height under laser power of
15 W
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Fig. 8 The experiment result of response
optimization

Table 4 The optimal condition of BCP scaffold

fabrication
Condition
Laser power (W) 12.6
Feed rate (mm/min) 323.9
Focusing distance (mm) 131
Line width (um) 1000
Line height (um) 1000

4.1 3XH Ho|2 A2} ASZXIX[H H=f
MU e o]§% AF AYME Fahe] 3
e dAstgon, 43 AxE EdE =
1 mme A&, 1 mmo MEeo], 281 A
8.2x8.2x8 mm’& 7HA= 324 BCP AF
1 Azstder. dolA o= 126 W, ©
= 323.9 mm/min, 18] EAA A=
Table 5 Shrinkage and porosity of the fabricated
BCP scaffolds

LSDS | 950°C | 1050°C | 1150°C | 1250°C

Shrinkage

%) 9.61 | 1534 | 2453 | 31.8

P"(Y;S)“y 4825 | 50.02 | 5243 | 55.18 | 58.03

131 mmE AAstgon, 2ZAFAZS ugste] 7t
Zol 1 mmEole ARE FFsIATE #HelA &
A AZ AN2EE o83t 220x30 mm’e] Y
Froll A FAHo] o]FolFHom, o 25°Co| A
A AZAELTE 3D CAD A4S GEE(G-code)E
W3 T 0°, 90°Alo1 & 03}@] g+ S#(Layer by
layer) A 53t 3x3 FHFOE AFstH o, Al
ZkE JAFAAA L] F= 7] °F 800 um, ¥
48.25%%2 ZAHATY. wEks, HA
Ao o5t A48 ALPs T3 A
Al AN Jo] A &2 AF A" &3 oy
AA SR 32k mpe] o Alghe] AFA A A A2
e &9 sttt

2o ®, &g Mgy AFAAAE 471 9
3 A~ Z(Furnace, MF-12H, JEIO TECH, Korea)E
o] &3t 950°C, 1050°C, 1150°C, —L¥]3l 1250°C
2 AZs9th. 22 =04 22 950°C, 1050°C,
1150°C, 18]I 1250°CE 22" AFAA A &
=& (Shrinkage) 3 3= & (Porosity)= Table 5°4]

b3 Qlth

3L
¢}

rlo

al =

sHAl Al
Ly

_qirﬂ

3)
5
il

4.2 ASX| XA & X 45 HIt
74 e=melA 28 AFAX

.

& 1] 7d(Scanning electron microscope, SEM, VEGA

Fig. 9 (A) 3D view, (B) pore view, (C) surface
view SEM images and EDS analysis of
fabricated 3D BCP scaffolds on sintered (D)
950°C, (E) 1050°C, (F) 1150°C, and (G)
1250°C

— 64 —



dold 27 A%

Nees AE AP ol 4@ 349 wlole MgE AFAAA ) Azt

s =) AZFEESE A A18dE, A12E

I LMU, Tescan, Czech)2 ©|&3l e &x &
e BEHeH, XA duA % v‘f—@'
(Energy dispersive X-ray spectrometer, EDS)E &3}
o JAFAAAZ 7k AEES 43T Fig
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4= dole AT lleﬂ A Eol ] 45% F, 3.6
B AyoME 27 3709
= A4stTh. Fig. 100
A 2-2-¥H3 E(Stress-strain)

TS e ok ZE JAFAAA L Hd
‘?}%— 7JE(Compressive strength)= A =019 15%
=

%, 1.2 mmo|WollA vERdS 1T 4 AT
EE?ﬂ-, 1050°CE 4&Z2H AFAAA ] 4= Z=7}
°F 0.76 MPaZ 7} =A YeRGS g1 4= A
o} o|d AFAT | AE 1050~1100°CAA = F4k3}
2138)4 9] W=(Density)”} 7Fd I 1150~1250°C

Stress-strain curves of 3D BCP scaffolds
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%m?“'

Q‘ "\ \4 L
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Strain (%)

Fig. 10 Stress-strain curves of 3D BCP scaffolds
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