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Abstract: In bone tissue engineering, polycaprolactone (PCL) is one of the most widely used biomaterials in the
manufacturing of scaffolds as a synthetic polymer having biodegradability and biocompatibility. The strut width in the
fabrication of scaffolds is an important part of tissue regeneration in in-vitro and in-vivo experiments, because it affects
not only the pore size but also the porosity. In this study, we used polymer deposition system (PDS) and design of
experiments (DOE) to explore the optimal process conditions to achieve a systematic and efficient scaffold
manufacturing process, using temperature, pressure, scan velocity, and nozzle tip height as the parameters for the
experiments. The aim of this research was to fabricate a 3D PCL scaffold having a uniform strut width of 150 um using
DOE; it was proved that the strut width was constant in all the experimental groups by fabricating the PCL scaffolds
according to various pore patterns as well as one pore pattern.
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Table 1 Design of each factor
Pareto Chart of the Standardized Effects
(resporse is Strut width, Alpha = 05)
.. T P SV NTH
Condition (oc) (kPa) (mm/mln) (mm) o A I Facr Name
Minimum | 80 400 100 0.065 - O =N
Maximum | 100 600 180 0.085 = T
Center 90 500 140 0.075 c o
Table 2 Run order and Strut width result for screening Pl
test ABC —
Run | T P SV NTH Sy -
order | ((C) | (kPa) | (mm/min) | (mm) (nm) 0 5 10 15 _ 0 25 3 35
1 80 | 600 100 0.085 189 SHammked et
2 100 | 600 180 0.085 175 (a) Pareto chart on strut width
3 80 600 100 0.065 208
4 100 | 600 100 0.065 271
5 100 400 100 0.065 190 Main Effects Plot (data means) for Strut width
TEWDEI’BCLJI’E Pressire Paint Type
6 80 | 400 180 0.085 96 o
7 80 | 600 180 0.085 123 - / /
8 80 | 400 100 0.065 152 £ .
9 90 | 500 140 0.075 149 s / : / ;
10 100 400 180 0.085 134 8 S - _ 100 e
‘s Scan velodif Mozzle tip heigt
11 100 400 180 0.065 146 5 =
12 | 80 | 400 180 0.065 | 151 £ \ ey,
13 100 | 400 100 0.085 190 ~—
14 | 100 | 600 180 0.065 210 - \ .
15 90 500 140 0.075 155 10 140 W 0055 0075 005
16 80 400 100 0.085 141
Main effect plot trut width
17 | 100 | 600 100 0.085 | 258 Fio 1 D ®) hamedec plo ;nsml W‘fd T
13 90 500 140 0.075 151 ig. 1 Pareto chart and main effects plot for strut widt
19 80 600 180 0.065 150
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Table 3 Run order and strut width result using the
response surface method

Run T P SV NTH Sw
order | (°C) |(kPa) | (mm/min) | (mm) (pm)

1 80 | 500 140 0.085 117

2 90 | 400 140 0.085 134

3 90 | 600 140 0.065 203

4 90 | 500 100 0.065 216

5 80 | 500 180 0.075 102

6 100 | 500 140 0.085 191

7 80 | 500 100 0.075 149

8 80 | 500 140 0.065 125

9 90 | 500 100 0.085 198

10 80 | 400 140 0.075 100

11 100 | 500 140 0.065 197

12 80 | 600 140 0.075 135

13 90 | 600 140 0.085 176

14 90 | 400 100 0.075 172

15 90 | 500 180 0.065 140

16 90 | 400 180 0.075 112

17 100 | 600 140 0.075 214

18 90 | 500 140 0.075 162

19 100 | 400 140 0.075 169

20 90 | 500 180 0.085 122

21 90 | 600 100 0.075 224

22 90 | 500 140 0.075 154

23 90 | 400 140 0.065 135

24 90 | 500 140 0.075 151

25 90 | 600 180 0.075 148

26 100 | 500 180 0.075 168

27 100 | 500 100 0.075 235
21& FAEE Aot A WMrEReE 2.
(80, 90, 100), &3 39=5(400, 500, 600), °]%
25 393(100, 140, 180), 2 == ¥ o] 3%
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Suface Plot of Strut widthvs Nozzle tip height, Scanvelocity
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(a) At 80°C and 400 kPa

Surface Plot of Strut width vs Nozzle tip height, Scanvelocity
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1

(b) At 90°C and 500 kPa

Surface Plot of Strut width vs Nozzle tip height, Scan velocity
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(c) At 100°C and 600 kPa

Fig. 2 Surface plot of strut width under temperature (80,
90, and 100°C) and pressure (400, 500, and 600

S, = -272.958+3.71667(T) + 0.719167(P)-2.23167(S)
+2600(N)+0.00497917(S XS)-6.5(P XN) (1)
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Fig. 3 Result of response optimization tool
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Fig. 4 Optical microscope image of PCL deposition test
using optimal process conditions
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(b)

Fig. 5 2D CAD pattern and optical microscope image
for fabrication of square-type PCL scaffold
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Fig.7 2D CAD pattern and optical microscope image
for fabrication of stagger-type PCL scaffold
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Fig. 9 2D CAD pattern and optical microscope image
for fabrication of triangle-type PCL scaffold
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Fig. 10 SEM images of triangle-type PCL scaffold
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Fig. 11 2D CAD pattern and optical microscope image
for fabrication of curved-type PCL scaffold
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Fig. 12 SEM images of curved-type PCL scaffold
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Fig. 13 2D CAD pattern and optical microscope image
for fabrication of hexagon-type PCL scaffold
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Fig. 14 SEM images of hexagon-type PCL scaffold




652 AR ARG - ol A% - AFS
45 2t EFY ASX| XA A5 2. (NRF-2016R1D1A3B03933081)
Fig. 132 S24% g9 ATAAAE Al#st] ) )
98l AAE CAD Y B A ANS wejF [SEla
I Qi A3 v Holul $1x| ek wE g (References)
Z’]—E% Fw vk =i _q'%j’} el sun (1) The National Health Information Portal
(2RY TR L2 S4F B deAAAE (http://health.mw.go kr/) (Accessed 13 February 2017)
A = dv 5, AS Asz d8 85749 (2) Vats, A., Tolley, N. S., Polak, J. M., et al., 2006,
TZ7F 7 $HAE o) $ 43 A FEE A "Tissue Engineering and Developmental Biology:
Uz gubs Byl g3 9ok g3 o]ax Going Biomimetic,” Tissue Engineering, Vol. 12, No.
24 B9l AZAAATL o] g 12 P 32653283

= O

(3) Sa, M. W. and Kim, J. Y., 2015, "Comparison

=3 ) o
; Analysis and Fabrication of Hollow Shaft Scaffolds
Fig. 145 %7218 B9 Ad3AAA SEM Az Y
o

B using Polymer Deposition System," Tissue Engin-
olth. ¢ <tell 04mm FALE 0/60/120° HE = eering and Regenerative Medicine, Vol. 12, No. 1, pp.
ol S4Y RS olF e AeS UEdY & 46~52.
7+ EFY] AFAAA Q] A F2 6.1 mmO] AL, 0] (4) Jung, B. O., 2007, "The Development of Bioceramics
= 297mm=z =AY} for Biomedical Applications," Biomaterials Research,

Vol. 11, No. 1, pp.12~19.
5.4 = (5) Iwan, Z., Hutmacher, D. W., Kim, C. T. and Swee,

H. T., 2002, "Fused Deposition Modeling of Novel
Scaffold Architectures for Tissue Engineering

H o = 28 FAF Z H}AlO] = L.
= ; Lf:ﬂ j 2 ‘jhﬂ_ﬁ ; Z 7<ﬂ j@_;z_‘ 2 Of_?ﬂ Applications," Biomaterials, Vol. 23, pp. 1169~1185.
9% A=g APAHHES olEste] tdd © (6) Rezwan, K., Chen, Q. Z., Blaker, J. J. and Boccaccini,
= €l wE PCL dsA A AL Azl ot A. R., 2006, "Biodegradable and Bioactive Porous
A5 TS Polymer/Inorganic Composite Scaffolds for Bone
Zn A A2ES o]83to] 150 ume] A A Tissue Engineering," Biomaterials, Vol. 27, pp. 3413~
o %5 7FA= PCL RJISAAAE AZat7] 913 3431,
e oty o] x W = ¥ ol o F (7) Lindo, W., Dianying, J. and Jiandong, D., 2006, "A
4 270 QTHYTE FHAL wEE Ay “Roorp-Temperature” Injecqon. Moldlng/Partlculate
_ } - _ Leaching Approach for Fabrication of Biodegradable
AR Fo A7) AxEel A Fol e ) oo B
H o = © Three-dimensional Porous Scaffolds," Biomaterials,
25 As FRIskaL, v EHEA Y] vl Vol. 27, pp. 185~191.
He ol&sted HAY ¥A & BT (8) Langer, R. and Vacanti, J. P, 1993, "Tissue
I A¥, EE 81.9°C, ¥ 400kPa, °olF & Engineering," Science, Vol. 260, No. 5110, pp. 920~
TE 100 mm/min, 183 =Z ¥ FoliE 0.065 926.
mmel HAZS 3ol 4= 9tk (9) Hollister, SJ, 2005, "Porous Scaffold Design for
22 wEle] W QT A= A7E, 2~ Tissue Engineering," Nat. Mater, Vol. 7, pp. 518~524.

(10) Yoon, S. N., Jun, J. Y. and Park, G. T., 2000, "A

?’ fjdo’ = j‘ doo’q S E}i:{gi _%;‘27}X] Novel Fabrication Method of Macroporous Bio-
o TRz EEAT. AR deAAA S A degradable Polymer Scaffolds using Gas Foaming Slat
A F= 3t duld R OSEM ARIS FE 2 as a Progen Additive," Journal of Biomedical Materials
Aatglar, Al#fe] & o] Folzl As A% 4 3l Research, Vol. 53, No. 1, pp. 1~7.
A} A% 2 AAANSE o] 83 AIAIHES (11) Deville, S., Saiz, E. and Tomsia, A. P., 2006, "Freeze
Fastal, = %2 ¥ HL&S 98 HrE 5 Casting of Hydroxyapatite Scaffolds for Bone Tissue
o= JAA Aw W AE =2 EA I AT Isizgg(i)nze;r;r;g,” Biomaterials, Vol. 27, No. 32, pp.
S AL AR (12) Oh, S. H,, Kang, S. G, Kim, E. S., Cho, S. H. and
—?— 7| Lee, J. H., 2003, "Fabrication and Characterization of

HYDROPHILIC Poly(Lactic-coglycolic Acid)/Poly
(Vinyl Alcohol) Blend Cell Scaffolds by Melt-molding

“o] =& 2016 %= wSH-o] APdow F=ud Particulate-leaching Method," Biomaterials, Vol. 22,
FAge] ol gst A ZATANAIC] €5t pp. 4011-4021,



S AT A" AAA RS o] &3 vk = el mE PCL A=A AA e Az AT 653

(13) Son, S. K., 2014, "Study on Adhesion of
Preosteoblast in Three Dimensional Polycaprolactone
Scaffolds of Notch Type," in MD Theory, Department
of Dental Science Graduate School of Chosun
University.

(14) Luong, N. D., Moon, I. S. and Nam, J. D., 2009, "A
Solvent-assisted Compression Molded of Poly(L-
lactide)/Hydroxyapatite Electrospun Fibers for Robust
Engineered Scaffold Systems," Macromolecular
Materials and Engineering, Vol. 294, No. 10, pp. 699~
704.

(15) Sa, M. W. and Kim, J. Y., 2013, "Effect of Various
Blending Ratios on the Cell Characteristics of PCL
and PLGA Scaffolds Fabricated by Polymer Deposition
System," [nternational Journal of Precision Engin-
eering and Manufacturing, Vol. 14, No. 4, pp. 649~
655.

(16) Kim, J. Y., Yoon, J. J,, Park, E. K., Kim, S. Y. and
Cho, D. W., 2009, "Fabrication of 3D PCL/PLGA/
TCP Bio-scaffold using Multi-head Deposition System
and Design of Experiment," Journal of the Korean
Society for Precision Engineering, Vol. 26, No. 1, pp.
146~154.

(17) Sa, M. W. and Kim, J. Y., 2014, "Fabrication and
Characteristic Evaluation of Three-Dimensional

Blended PCL (60 wt %) /TCP (40 wt %) Scaffold,"
Trans. Korean Soc. Mech. Eng. A, Vol. 38, No. 4, pp.
371~377.

(18) Park, S. A., Lee, S. H. and Kim, W. D., 2011, "Fabri-
cation of Porous Polycaprolactone/Hydroxyapatite
(PCL/HA) Blend Scaffolds using a 3D Plotting
System for Bone Tissue Engineering," Bioprocess and
Biosystems Engineering, Vol. 34, pp. 505~513.

(19) Lee, J. S., Cha, H. D., Shim, J. H., Jung, J. W., Kim,
J. Y. and Cho, D. W., 2012, "Effect of Pore
Architecture and Stacking Direction on Mechanical
Properties of Solid Freeform Fabrication-based Scaffold
for Bone Tissue Engineering, Journal of Biomedical
Materials Research Part A, Vol. 100A, pp. 1846~
1853.

(20) Bauer, J., Hengsbach, S., Tesari, 1., Schwaiger, R.
and Kraft, O., 2013, "High-strength Cellular Ceramic
Composite with 3D Microarchitecture," Proceedings
of the National Academy of Science, Vol. 111, No. 7,
pp. 2453~2458.

(21) Roohani-Esfahani, S. 1., Newman, P. and Zreiqat,
H., 2016, "Design and Fabrication of 3D Printed
Scaffolds with a Mechanical Strength Comparable to
Cortical Bone to Repair Large Bone Defects,"
Scientific Reports, Vol. 6, No. 19468.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


