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ABSTRACT

The rate of bone replacement material needs to increase more and more every
year. From the past research, it was found that calcium phosphate; in particular, hydroxyapatite
(HA) is suited to bring the materials to use in a living body, since it is the component similar to
the mineral component of human bones. The aim of this work was to produce bone scaffolds
using HA and tricalcium phosphate (TCP), supplemented with calcium silicate (CS) as scaffold
cores. The ceramic cores were coated by ceramic-polycaprolactone mixture. Luffa was used as an
inner template. The suspensions of HA, TCP and CS with varying weight ratios were prepared
using 6% polyvinyl alcohol (PVA) as a suspending solution. To obtain ceramic cores, the luffa
was dipped into the suspension and then heated at high temperatures to remove luffa fibers, while
simultaneonoly sintering the coated ceramic. The mixed ceramic-PCL slurry was used to cover
surfaces of ceramic cores. Morphology, mechanical properties, and bioactivity of the scaffolds
were evaluated based on differing CS content, sintering temperature and %PCL in the coated
suspension. The higher sintering temperature gave less porosity due to the formation of glassy
composite. However, the higher amounts of CS increased the degree of porosity. The compressive
strength of the coated scaffolds increased proportionally to %PCL. Bioactive property was
observed from apatite layer that formed on scaffolds after soaked in PBS. The more CS amounts

they contained, the more apatite layer formed on them.
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1.2.4.2 WoaesUazWaaAn (Polymers and Plastics) [16]
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MBIIN 1300°C 5 h [26]

D-

517 2.2 wa SEM vealasudoasasd 70%HA-30%TCP (A) FUMoIaf 1000°C 5 h, (B) Fu

19399 1300°C 5 h [26]
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1.4 1938u1n59@8a1¥aA 283 N159UIAAY (Dipping Method)
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MIFUMBTIN 1250 °C tiaz 1150 °C w1 YSusnstnanan apatite 1 lausunaves

upalFendananazszezal lunisusaisazats PBS 911n31UN 4.3-4.6 dawnmsinanan

a 1

y PP A A ! = 2 4 =
Y0415 UASUFAGNFUINOTINQUNYNFINI19LNAN apatite WINNIINTFUINOTINQUNYI]

E] Q Kl

[

5 A = o A
A1 101pIAUTENOVVBIFTIMUDUNY
1w . @ < Y ] o 1
MIABAIVOINAN apatite @150 FUNATIU IADEIFARUABTEINITUY AT
dy J o @ 4 A @ Jd =2 . a '
@earad luasaza1s PBS Wunan 2 dan wazileriu'ly 4 §1/a1v wan apatite tAan15ne
o s A a 4 ¢ & A o Y a 7Y A
auaznaguiniuilves Insudeusas Feansodudulannnisinsiznalumailn
4 a J
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Element %
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HTC1 HTC2 HTC3 HTC4
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1. ANMAMIazAAIeA U Tae [37]

1.1 NVDIFN

A o 9 ' ) < A =
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Y
5. mﬁwﬂgﬂuuuﬁwqu (Elastic deformation) NaYU1U%I9 0a FENTAINYDA
I 1 dy' A 1 .« .
chlmmum an ngarigl (Elasticity)
a a a dgl ] [ d'
6. mﬁwﬂgﬂuuuwmmﬂ (Plastic deformation) 1NAY 1% bd mqfazgﬂaﬂu

7198190173

1.2 usafinl¥ngfagy
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i n2 useiii i aghag)

(M) 13909 (V) 115999 (A) UTAUNDU

=2 . = A o 1 o Y o Y o IS
1) 115999 (Tensile forces) ﬂmwwniwmmmquamﬂm@qummt’m
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o . A = o 1 Y _ o Yo
2) 115999 (Compression forces) foussNinizimoingudiliinglinnuen
anad
{ o 1w Y o Yo 4 o
3) U5UNOU (Shear forces) ABLTINNTZIAD IAguUAIT IR Tngou T nTerh

Y " v a 1 a ' a .
Gl,mmq’mqmgﬂiwhhlmﬂmmmuman (38171 1591a (Forces of torsion)
Y =
1.3 ANAUUATAINAIEN
Y =3 [ 1 d.:ll v A 1 dy d'
ANWAY (Stress, o) AD DAITITIUVDILIINAININAUNY (F) ADWUN

NAAAVIN (A)

o =F/A
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k4
%

= . A o ! < A v A v &4
ANNAUAY (Tensile stress) AD DATITIUVDILITIAINAIRINAUNI (F) ADNWUN

o = o Yo dgl o A
MAGAYIN (A) Ut I Tngonuuaagli n.3

Y v
51U 1.3 ANUAUAY

U

v Y
ANUAUDIA (Compressive stress) AB BATIAIUVDULTIOANAININAVEL (F)

' g A @ = o Yo [ A
ARNUNNIAAAYIN (A) BHai 1 Ingraasaaglin n4
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F
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5UN 0.4 ANUAUDA

U

ANMAIEAMINEI (Longitudinal strain, £ ) A9 8ATIAIUVOIANNEIIN

wasulil (AL) deanwe A (L)
¢ = AL/L,

v v Y
ANMATLAAI (Tensile strain) AO DATIAIUVDIANVEINANYY (AL) #1D

ANVEAAN (L)

AUA3LADA (Compressive strain) Ao 9A31AIUVRIANNEIINAAAS (AL)

ABANVIAAN (L)
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1.4 Nﬂﬂﬁﬁﬂl@ﬁﬁﬂ (Young’s modulus)
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U o da . .
z.mnmsmammmné’mqamsﬂumﬁnmeu (Scanning Electron Microscope, SEM)
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& 2 d o o ¢
3. MAATIZHIATARSATAANIMNANANTNIZVIINAIIHVDI5 30100 (Energy Dispersive

X-ray analysis; EDX) [39]
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KHamATZHaIENATin SEM
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3. TnssaframegamaveslnsuasarsadsuluBumesan 1150 °C unan 2 Falus ndams
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5. Tnssaamegamavesinssasasasruludune3an 1150 °C 1fluaan 2 2119 naams
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(A) HTCI, 1150 °C

I =4
1 I 1 1 L L ]

(B) HTC2, 1150 °C

Element Element %
C 2.479
0] 14.388
Si 0.299
P 22.029
Ca 59.146
éuq 1.659
34 100
Element Element %
C 3.108
0] 16.63
Si 8.569
P 17.581
Ca 50.95
éuq 3.162
U 100
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(C) HTC3, 1150 °C
= Element Element %
B C 2918
o] 6 0 18.898
Si 13.58
] P 14.443
Ca 47.49
éuq 2.671
| 33U 100
(D) HTC4, 1150 °C
= Element Element %
E C 3.678
o] 0 17.616
] Si 14.69
] P 11.87
Ca 44.083
éuq 8.063
| 33U 100

U

<3

HTC3 uag (D) §A3 HTC4 muaIaL

Wunan 4 et Fumesaiigaingll 1150 °C) (A) gas HTCI, (B) gas HTC2, (C) gAs
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(A) HTCI, 1250 °C

Element Element %
C 2.988
0] 13.168
Si 0
P 18.815
Ca 51.59
éuq 13.439
34 100
Element Element %
C 3.282
0] 19.167
Si 7.886
P 17.827
Ca 49.591
’31&“] 2.247
PRV 100
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(C) HTC3, 1250 °C

(D) HTC4, 1250 °C

cos

1 II: I R — I]:

Element Element %
C 3.608
) 18.668
Si 8.897
P 15.876
Ca 49.056
éuq 3.895
PRV 100
|
Element Element %
C 3.579
) 19.452
Si 14.967
P 12.321
Ca 41.064
m éuq 8.617
— 1 ERrY 100

U

<

HTC3 uag (D) §n3 HTC4 mNaIaL

Wunan 4 dlad FumeTaigaingll 1250 °C) (A) gas HTCI, (B) gas HTC2, (C) gAs
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HTC1 1150 °C

1150 °C a2 2 Tug

5199 1.1 vuegwguluTasaudeasad HTC, HTC2, HTC3 tag HTC4 $14mMo3ai 1150 °C

Funa 2 $2 T

ans Pore size (um)

HTC1 | 598 | 259 | 324 | 213 | 1.72 | 1.74 1.42 5.03 2.7 5.17

HTC2 | 243 | 296 | 359 | 3.58 | 1.64 | 4.66 2.58 3.34 2.15 | 2.99

HTC3 | 132 | 2.02 | 099 | 1.37 | 1.07 | 1.45 1.53 241 1.27 | 145

HTC4 | 0.718 | 0.865 | 0.718 | 0.784 | 0.765 | 0.76 | 0.921 0.874 | 1.02 | 1.21
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HTC1 1250 °C HTC2 1250 °C

HTC3 1250 °C HTC4 1250 °C

1250 °C Flunan 2 2 Tug

M519h 1.2 vuagwguluTasadeasad HTC, HTC2, HTC3 uag HTC4 $1Umo3ai 1250 °C

Funar 2 $2 T

ans Pore size (um)

HTC1 417 | 2.66 | 434 | 474 | 426 | 3.36 5.41 419 | 292 | 4.63

HTC2 1.13 1.57 1.32 | 2.89 1.94 1.9 1.13 1.41 1.5 2.04

HTC3 1.79 | 246 | 343 1.5 2.06 | 2.01 1.6 2 1.42 1.7

HTC4 2.1 2.64 1.97 | 277 | 343 1.47 1.13 1.06 1.36 1.57
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2. YayansnaaaUIyIna

2.1 MINATBLNIIDA (compression test)

1) gATMIAIUIN

Compressive stress (O) =F/A ; MPa, N/mm’
Compressive strain (E) = AL/L0
Young’s modulus (E) =0/E ; MPa, N/mm’

A ~ 9 ay A =S
W9 F = mqqqqwhﬂmumuu@ﬂmmﬁﬂgﬂ N)
s 2 2
A = NUNHHUINAVDIFUITU (mm)
LY Qy 4 Yo o
AL = szazvadrvearuauiie lasunsanszim (mm)

A v 2
L, =AUgNUITUAUVDIFUIU (mm)

2) Test Specimen (ASTM C 773-88)

@ Y 1 4
NIINTEUDNAU LFUNIUFUINAN 1.0 cm. (AN 1.6 cm.

("‘———_I__-\ r=0.5 cm.
¥1—/ h=1.6cm.

|

|

h
",.r-"-"-|-'-"-l-.-_‘

==

317 U.11 YU1AUDI Test Specimen

3) Jou'lvmsnaasy

< @
UH3dNA 1 N ﬂ’ﬂmiﬂuﬂﬁ@ﬂ 13 mm/min.

(1)
2
3)

83



84

9611 $T60°0 Il 8t 8€'LI €LTI €880°0 OB 171 8791
9911 8€60°0 60'1 0S'1 8I°LI S9'11 1880°0 €0'1 I+ €191 | 0€d¥OLH
v0'Cl $T60°0 Il 8t IS°L1 sTTl SL80°0 LO'T 0F'1 €891
8581 8€60°0 vL1 0S'1 LELT L1'81 68800 91 Wl 8€°ST
Pr61 8€60°0 8’1 0S'1 ¥9'8C LO91 88800 €'l Wl e | 0ed€DLH
€r'6l 8€60°0 8’1 0S'1 €9'8C €S°LI 9880°0 §S°1 Wl 1¥'%C
6661 7600 68'1 I1S1 ¥9'6C L9'81 76800 99'1 €'l 91'9C
LS'81 ¥¥60°0 SL'T I1S°1 vS'LT St6l 68800 €L Wl LU'LT | 0€dTOLH
1L'1C 8€60°0 €0°C 0S'1 86°1¢€ 8L61 06800 9Ll Wl S9°LT
99°0¢ 7600 68'C I1S1 LY'Sy 66'LT £€680°0 0S'C €'l ST6¢
0L'8T 95600 VLT €51 €rey L8'6T 6800 L9T €'l 86’1y | 0EdIDLH
4949 7600 97'¢ I1S°1 €IS 06'8T L8800 96T Wl 8T 0
(edIN) (vurur) (edIN) (o)
(edIN) A ure.ns (N (edIN) A urens (N)A
$SA.N)S vV $SA.N)S g\ eyl
D, 081 D, 0811

M 9% 0¢ 3$H@G:w?Hr@mmgwﬁw;@wEﬁm@n&wmmgmawv@? (1891 uorssardwod) BOPETILY €7 UBLELY
! p: :




85

4.0
3.5 o
l = 1150 C
3. o
0 mi1250°C

1.5

1.0

Compressive stress (MPa)
=]
—]

0.5

0.0

HTC1P30 HTC2P30 HTC3P30 HTC4P30

s

v k4 [
519 .12 A1 Compressive Stress (MPa) U094 In5udousad MAd0UAIWATIARDUNDALDT NI)

PCL 30 %wt

0.100

:;1150°c 51250°c

0.095
=
w
<
@
2
‘= 0.090
E- -3
2
=
£
[=]
“ 0085

0.080 -

HTC1P30 HTC2P30 HTC3P30 HTC4P30

s

v k4 1
51 2.13 A1 Compressive Strain ¥4 A5 uRouFAs NIAGEUAIDAITIAADUNDAILBS NI PCL

30 %wt



86

3.00 HTCIP30

230 ﬁ
2.00 HTC2PA0

HTC3P30

HTC4P30

Stress (MPa)
é;

0.0878 0.0880 0.0882 0.0884 0088 00888 0.0890 0.0892

Strain

v E4 9
gﬂ‘ﬁ .14 A1 Compressive Stress (MPa) (182 Compressive Strain voalasudsusadruly

FUN0TIN 1150 °C 1AADUAIBANTIATOUNDALDI NI PCL 30 Y%owt

q
350 HTC1P30
3.00 /
— 2.50 HTC2P30
= 500 HTC3P30
s 2z
E:” 1.50 —+——HTC4P30
:‘7) ./
1.00
0.50
0.00
0.0925 0.0930 0.0935 0.0940 0.0945 0.0950
Strain

v 9 9
g‘l.lﬁ .15 A1 Compressive Stress (MPa) a2 Compressive Strain voalnsuasasadsuly

FUN0TIN 1250 °C 1AADUAIIANTIATOUNDANDI NI PCL 30 Y%owt



87

60 \
S0

1250 °C
20

20 \ \.
T e,

1150 °C

Young'smodulus (MPa)

10

HTCIP20 HTC2P20 HTC2P20 HTC4P20

s

- , 2 7o A v A a
g‘lj‘ﬂ .16 11 Young's Modulus (MPa) “u'oﬂﬂﬂmmwamfuclumaamwmima’auwaammw

3 PCL 30 %wt



88

1S¥¢ 011°0 08¢ 9Ll §9°6S vL'8C vI1°0 6T €81 991§
14893 I11°0 w'e 8L'1 9519 80°C¢ S11°0 69°¢ v8'1 86'LS 0sd¥DLH
§¢'se [48%0) 86'¢ oLl 0529 90°C¢E vI1°0 L9€ €81 €9°LS
erey [48%0) wy 6Ll ETYL 8¢€'SE S11°0 LOY v8'1 ¥6'€9
1€°6¢€ [48%0) o'y oLl LO'69 8 ve S11°0 L6’E ¥8'1 (4% 0Sd€DLH
€00t I11°0 Sty 8L'1 8669 9¢'LE 9110 (434 S8l L8'L9
v19¥ [48%0) LTS 6Ll I€18 L8'8¢ 9110 ov'y S8l €9°0L
veSy [48%0) 0r's 081 v1°08 09°6¢ 911°0 8SY S8l S6'IL 0SdZDLH
SL9Y [48%0) 9T’ 08’1 09°C8 L30F 9110 eL'Y S8l LTYL
ot'6v v11°0 'S (4 ST'88 sTey 9110 €0°S 98’1l 10°6L
L6y vI1°0 S9°S (4 0888 S6'1Y 9110 88'Y 98’1l ¥9'9L 0SdIDLH
€LY ¢rro Ses 181 10'v8 10'1Y L11°0 6LV L8] cesL
(BdIN) (urur) (BdIN) (uurur)
(edIN) A ure.ns (NI (edIN) A ure.ns (NI
SSA)S vy ssa.S vV 7))
D, 0sTI D, 0S1I

% 0§ z;aw@ij?Hr@@@ibﬁ@;@@@ﬁ\rﬂﬁnﬂwmgwmawv@? (s Qommmo.aaoov BRRETILY $'v UWBLELY
< I3 . z o 1 =




89

1.0

6.0

5.0

4.0

2.0

Compressive stress (MPa)

1.0

=1150°C =] 1250°C

HTC1P50

HTC2P50

HTC3P50 HTC4P50

d' 1 . d’l A A 9 A a =
g‘lj‘n .17 A1 Compressive Stress (MPa) 6uaﬂﬂimmwaamﬂaaumamimaa‘uwaammm

PCL 50 %wt

s

0.120

-ain

0.115

Compressive st
=
[
=

0.105

=11150°C =]1250°C

HTC1P50

HTC2P50

HTC3P50 HTC4P50

d' ' . . d’l s A 9 A a
g‘l.lﬂ .18 A1 Compressive Strain vo41AsaRusaaNnfoUAIIAITIAROUNOANDTN

50 %wt

s

I PCL



90

6.0

Stress (Mpa)
n
-

2.0

1.0

0.0

0.1140

HTC1P50
HTC2P50

HTC3P50
HTC4P50

0.1145 0.1150 0.1155 0.1160 0.1165 0.1170

Strain

3191 .19 A1 Compressive Stress (MPa) 112 Compressive Strain voalnsuasusadanu

a a A o A 9y A a saA
FUINDIIN 1150 C 1AaDUAIITITADDUNDALNDINY PCL 50 Y%wt

HTC4P50

6.0
5.0
— 4.0

o

[y

=

= 30

w2

&

2 2.0
1.0
0.0

0.1110

HTC1P50
HTC2P50

HTC3P50

0.1115 0.1120 0.1125 0.1130 0.1135 0.1140

Strain

‘ﬂﬁ .20 A1 Compressive Stress (MPa) 1162 Compressive Strain maﬂﬂmamwamﬂuiu

a a A ) A Y A a sa
FUINOITIN 1250 C 1A UAIYTITIAADUNDANDINY PCL 50 Y%wt




91

100
90 -\-\
80 \-\
= 70
= T~
5 ® 1250 °C
= 50
E D ——
w -
o 40 &
E \‘\
2
S 30
20
1150 °C
10
0 T T T 1
HTC1P50 HTC2P50 HTC3P50 HTC4P50

s

.4' ' 2 7o A v A a
g‘lj‘ﬂ .21 A1 Young's Modulus (MPa) SU@\ﬂﬂi\1LaENL"’]fﬂﬂ"]ﬂ!GluLﬂa@ﬂﬂﬁﬂﬁ']ilﬂa@UW@ﬂwﬂﬁ‘ﬂ

3 PCL 50 %wt



92

86'9% 91T°0 1449 G381 05°¢8 6¢'CE 170 IS¢ LT 61°SS
68y PIT°0 6S°S €8'1 88°L8 08°¢¢ 170 L9°¢ vL'T 99°LS 0Ld¥DLH
61°8% cIro LES 8L'T v v 89'1¢ 170 LS'E I8°1 LT°9¢
cros 91T°0 18°S G381 8C'16 0L9¢ 170 ey 08’1 L8'Y9
9¢'9¥ 8I1°0 87'S 68’1 S0'98 LESE cro 60'Y 68’1 9T'%9 0LdEDLH
ol'vy 8IT°0 0T's 88’1 8L'18 98°6¢ o 1497 68’1 9599
68°6S 8IT°0 60°L 06'1 LY TT1 L8 0F cro S8y 06'1 €TIL
10°6S 611°0 'L 06'1 128! 80'1¥ cro 88Y 06'1 99'9L 0LdTDLH
65°8¢ 0z1°0 SO'L €6'1 LLOTT L8'8¢ o (427 06'1 €SCL
€6'19 ro SS'L S6'1 09°8T1 86°CY cro €r's 16°1 79°08
87'6S yCro 9¢’L 86'1 L9STI 128374 1o LES 96°1 6<'18 0LdIDLH
LSS 6C1°0 SO'L L0C CLOTT 09'tP o 0¢'S 06'1 €Te8
(edA) | (wu) (edN) | (wu)
(edI) A urens (N)A (edI) A ure.nns (NI
SSI)S 1y $$3.1)S vV 7))
D, 0STI D, 0STI

% 0L 3@H@G:w?Hr@@@ibﬁ@;@@@ﬂﬁ\r@@?ﬂwm@;mawv@? (s Gommmohmﬁcoov BRLETTILY S°M WBLELY
< I3 . z o 1 =




93

9.0

=1150°C
=11250°C

8.0

1.0

6.0

5.0

4.0 —

Compressive stress (MPa)

L0 -

0.0 -

HTC1P70 HTC2P70 HTC3P70 HTC4PT0

s

‘lJ‘ﬁ V.22 A1 Compressive Stress (MPa) "lJ’Oﬂiﬂi\iLﬂﬂil‘ﬂfaﬂ‘mﬂﬁﬂﬂﬂ?ﬂﬁﬁLﬂﬁ’ﬂ‘UWﬂﬂmﬂﬁ‘ﬂﬁ

PCL 70 %wt

=] 1150 °C
=11250°C

=]
.

i
=
h

Compressive strain

HTC1PT70 HTC2P70 HTC3PT70 HTC4PT70

s

‘l.lﬁ V.23 AN Compressive Strain "lJ’El\1Iﬂﬁﬂlﬂﬂil‘ﬂfaﬂ‘mﬂﬁEliJﬂ’JElﬁ"liLﬂﬁ'ﬂ‘lJW’ﬂﬁLiJﬂﬁ‘VIﬁ PCL

70 %wt



94

[
=

HTCIPT0
HTC2P70
5.0 A
HTC3P70

—4.0 HTC4P70 ‘

m /

E

&

Z2.0
1.0
0.0

0.108 0.110 0.112 0.114 0.116 0.118 0.120 0.122

Strain

v k4 9
gﬂﬁ 9.24 A1 Compressive Stress (MPa) (182 Compressive Strain voalasudsusadruly

FUN0TIN 1150 °C 1AADUAIBATIATOUNDALDI NI PCL 70 Yowt

HTC1P70

8.0 HTC2PT0

7.0 Al
6.0 HTC4PTOHTC3E/10

-\_-{

5.0

4.0

3.0

Stress (MPa)

2.0

1.0

0.0 :

0.110 0.11s 0.120 0.125 0.130

Strain

v E4 9
g‘ﬂﬁ 9.25 A1 Compressive Stress (MPa) (82 Compressive Strain voalasudsusadruly

FUN0TN 1250 °C 1AADUAIBANTIATOUNDALDI NI PCL 70 Yowt



95

120.0

100.0
g 1250 °C
= 80.0
»
T 600
E (4]
z ~— 1150 °C
2 400 —
s - .
o

20.0

0.0

HTCI1P50 HTC2P50 HTC3P50 HTC4P50

~ ' 2 so A v A A P
g‘lj"ﬂ .26 A1 Young's Modulus (MPa) Gllf)\ﬂﬂﬁ\iI,a‘(’Nl,‘;lf’ﬁ’ﬁ“]fuGl,‘LlLﬂ'ﬁ@ﬂﬂ’)ﬂﬁ'1ilﬂaﬁ]ﬂ7‘l@ﬁm@iﬂ

3. HaMINATOUYNT N

3 PCL 70 Yewt

q' 1 v @ csy e’qg/l A 9 A a S
AN V.6 myu’duwﬁmmTﬂiuaw%amﬁuiumaam’wamﬂaauwaamawu PCL 30, 50

inag 70 Y%wt

Contact Angle ®) Avg. Contact Angle
%PCL .
1 2 3 @)
30 70.7 72.1 71.5 71.43
50 75.4 78.3 77.1 76.93
70 76.8 79.9 79.1 78.60




96

wAa Y A
sz Iney
A g
¥o ana WIWAUTE WYL
staszdanindnmn 5210120098
a =
AMSANN
o\ d‘ U =\ d' o [ =S
9 Yoaau UndusSamsanm

a Y a a [ a 4
AFINTIUMANTVUNA UHINGAIAIUATUATUNT 2549

(AFINTTUIAY)

=S d‘ Yo U =S
"Qufnﬁﬁﬂ‘]ﬂ (ﬂ"lﬂﬁﬂcluﬁgﬂ'31ﬁﬂ1§ﬁﬂ}ﬂ)
3 a 9 a C . .
nummmwmﬂmaﬁmu’gmmimﬂﬁ (Discipline of Excellence on Chemical

a a a 4 a @ a J
Engineering, DOE) ﬂ'lﬂ’JG]ﬂ’Jﬁ’Jﬂiimﬂfl AUSIFINTTUATAT WU 1INYIAYAIVATIUATUNT





