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In this paper, a novel tissue engineering scaffold design method based on triply periodic minimal
surface (TPMS) is proposed. After generating the hexahedral elements for a 3D anatomical
shape using the distance field algorithm, the unit cell libraries composed of triply periodic minimal
surfaces are mapped into the subdivided hexahedral elements using the shape function widely
used in the finite element method. In addition, a heterogeneous implicit solid representation
method is introduced to design a 3D (Three-dimensional) bio-mimetic scaffold for tissue
engineering from a sequence of computed tomography (CT) medical image data. CT image of a
human spine bone is used as the case study for designing a 3D bio-mimetic scaffold model from

CT image data.
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Table 1 Various types of TPMS approximated with periodic surfaces composed of simple trigonometric functions™*

TPMS

Periodic surface model

P

#{r) = cos(X)+cos(Y) +cos(Z) =0

D

#(r) = cos(X)cos(¥)cos(Z) —sin(X)sin(Y)sin(Z) =0

G

Ar) = sin(X)cos(Y) + sin(Z) cos{ X) +sin(Y)cos(Z) =0

(r) = 2[cos(X)cos(Y) + cos(Y)cos(Z) + cos(Z ) cos{ X )]
—[cos(2X )+ cos(2Y )+ cos(22)] =0

#(r) = 4cos(X) cos(¥ yeos(Z) —[cos(2.X ) cos(2Y)
+c0s(2X)cos(2Z) + cos(2F ycos(2Z2)} =0

#{r) = 0.5[sin{2.X) cos(¥}sin(Z) + sin(2Y ) cos(Z)sin( X )
+sin(2Z)cos( X ysin(Y)] - 0.5[cos(2X ) cos(2Y)
+cos(2Y)cos(22) + cos(2z)cos(2X)] + 0.15=0

Tubular P

#(r) = 10[cos(X) + cos(Y) + cos(Z)] - 5.1[cos(X ) cos(Y)
+cos(¥Y)cos(Z} +cos(Z)cos( X))} -14.6 =0

Tubular
G

A(r) =10[cos{ X)sin(¥) + cos(¥)sin{ 2} + cos(Z)sin( X)]
~0.5[cos(2X ) cos(2Y ) + cos(2Y ycos(2Z)
+cos(2Z)cos(2X)}-14=0

Loy **

#(r) = —2[sin{2X) cos(¥}sin(Z) + sin{ X ) sin(2¥ ) cos(Z)
+cos( X)sin(Y)sin(2Z7)] + cos(2X ) cos(2Y)
+cos(2Y)cos(2Z) + cos(2 X )cos(2Z) =0

where X =27zx,Y=2rny,Z=2nrz

{a) P surface

{g) tubular G swrface

(b} G surface

(e} F-RD surface () tubnilar P swrface

(Y [2-Y** surface

Fig. 1 TPMS-based unit cell libraries™
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L Phase shifted D surface

I-WP surface

F-RD surface

P surface

G surface

D surfa

Fig. 2 RP parts of various TPMS-based unit cell libraries
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(a) P surface architecture

(b) I-WP surface architecture
Fig. 3 Visualizations of the different porous architectures
using TPMS



SrEEYU RSB M 287 73 pp. 834-850

July 2011/ 839

C=-03 C=0.0 C=0.5
Porosity : 35.76% Porosity : 50%  Porosity : 64.24%
(a) Variation of porosity in P surface architecture

=-05
Porosity : 40.45% Porosity : 50% Porosity :76.32%
(b) Variation of porosity in 1-WP surface architecture
Fig. 4 The effect of constant C in Egs. (1) and {2) on the
unit cell geometry and porosity
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Fig. 5 Schematic diagram illustrating a TPMS that
divides the unit cell into two sub-spaces®
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(a) Femur bone scaffold with P surface architecture

(b) Iliac bone scaffold with P surface architecture

Fig. 8 Resulting scaffold models composed of P surface unit cell architecture
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Fig. 13 RP part of femur bone scaffold

Al

-

+

7}

%]

7] =i
8

¥4y

&

[ o
2,

=

lo,

B3t nz}t AL Fig
CAD o 71%% 3D 2 &
fri/do] HEEWHA 3D &
7l SEAQY LA o "e
15} ‘“?5} CTiMR] 5 AR
%ﬂmmﬂ%ﬂ
M'ﬁl RE 71%:2%1 dojzl <l
ARE HS gLz YARA
Xd A 3D AFEE AAV|sdE
shibe] Al2& #H 2t (paradigm)e] ¥ 37t
oy gth &, dAT T2, dAY F
E 2R T 2AEDY AgdA BHojy
& o JdAxHY BGF %*}?ﬂ ~AELEE 4
A, AZs = A=t H2 @3] o] R
213 9lt}. Fig. 13 & Fig. 8 4 femur bone &7
=9 RP HES AF Egg RoFa Yo F
=9 Al FAEv ] 93 SHAH 220 um
AR dAAATHRE FEHAES EAF%UTH

LA
X
=
e
=
o2
M
rlo

ot
lo
£
i)

" i3
D
fa <

o e

ool
nigy T
%m{n‘.{‘ﬂ‘o’_‘
BN

o>‘.b1
E‘J

x°

N
&
3_«,

i

o o e 9
e

bR 2 e g o N (0D ol 2
o3

Q

=

4

£3 TPMS o 83 B 3379 A48
Y R N FxaEY % A= g

T AU
4. A 2A 3 AR L EE 2EY

4.1 BoHL HOIIY
2 &9 Fig. 4 o|A ®<l kel o] 2 (nFH

g o J
o o 1o &2
lo,

Jo
(oL B
ok
0%
B o

1o,

2
4
o

o2
b
&
o
>

ko) 7 ARANS AT
& e Aols AAAA C

fio do
0
i)
@ o

& AoA vty FB uSg oj&dd &
2 TPMS ° g FIFIH8LE AT 9 4
FUe 49 AXAMY ¢ g A 9 9
3o d&xog F& £ goenz Y 4Ag
o % "AAMY ¢ @t BLsA Aoshd
Fig. 14 )4 B uie) Ro) 339 37 2 &5
£S5 AA I UdA ®EgAIE Aol Jtest

2 FE2FAHPAAT ALT A E e
FRE 71¥ TPM s F—gi—,—E{ oy gz THse
[AE ALE £ Q= A
P surface 9} I-WP surface 9
o] A¥nztozry & B FH tE I
= Ag/n%—%} L=



SHEFUTEIS|K| K 28 A 75 pp. 834-850

July 2011/ 843

(a) Heterogeneous scaffold with controlled porosity using
P surface porous internal architecture

(b) Heterogeneous scaffold with controlled porosity using
I-WP surface porous internal architecture

Fig. 14 Pore size (porosity) control using level constant

#(1)=(1- A)dp + AP _wp (10)

(linear interpolation, 0< 4 <1)
Soll Ao wR7IA 2 A g9 7F HA A9

uzbAel kg @ e A Wyel ool ¢
AolAel W gk 4t

i (n

0

~
I
e
=
S

2 ZYHEZ Fig. 1594 B Hpe}l go
FHE 3 T0 oM d&H oz WM
ottt olgt o] A ()2 EAH

| g 27 1dS TPMS 9] |

X
rir

ol
U

Ir
ofN
R

T
furo N &8 £ Xt A 1o fo

]

~

I, % o
S

Yo
4
~
1
o
=
e
of
40
O ﬂqﬂl
o
A 41w ook 2
N of
% 39 v Mo
K o
. 1 ok oﬁ o
N
o

o
i

2 o,
.
i
&R oo

29
Rl

g2
=
4
-
N
)
N
X
>
>{,n
BN
>
ol
(8, f 1
o - 2: K
‘0,
ofl 4

ok
4 ¢
[HUNLE
o
2
ol
ok
4
319‘
tlo
POV
|o
el
~
=
i,
K0

I-WP surface (A = 1)

P surface (1 =0)
Fig. 15 Controlling the internal architecture type
distribution  using  shape interpolation

parameter

42 CT O|O|X|HIO|E|& O| 88 YN ZA 3 X3
A EE 2EY

2 AoMe dA 231 FAE T5E X
E ZE AAEA 3 A AANESE BEY 3
A A2 PHE AdE A dvh AL B =
T4 HE 5EQ] BAEAL 3 A AEEe B
AY s A E ANeAA B AFE B3bo] A
H 3 BAsed fgris 9 FAAEs A
7 EEc|3 CT o &g RE 7|so] H¢EE
oo} gith. 2D tAE olv|A = HAFEEZTHY
(CT, Computed Tomography)3* £ Z7]FH G4
(MRI, Magnetic Resonance Tmaging) %] £} 7+-2 2]}

FAEGAE ol &t FojATh o] g CT, MRI 2
HH AlEHe 2D 99 942 FEE] ARwks
F33tal glo] B Asg AA 2o sfF-HA
ARE AFsA Rk AV AT webA
2D @ ARE 3D PG PR wHsy] 9
g =do] FEd) oA ged 1 A A

= @43 = 3D gAY A mds T of
& & A =HAdA 2Eu T
3D A4S Al FHHEE F
AL 2REE BREY Ve HEA

o]



ok

IS EUSS3A A 28 # 75 pp. 834-850

July 2011 / 844

OJE]ZHE 3D AL BEEol: FA YR Ux
density) EEAAE 78 4 & ¥+ o
RAYE ol gt ok o Wye vy v}

3D a2 =T o] E(gridded cubic data)Z H 33}
T S SEs By S 92 EY Y 95y
443 3 A4 CAD £¥= RES A4IdE
oM 71& ATEFHe Adg Btk $¥F &Y
= BIMES d92gyd B e A A
g AT Yo AAE] NNEH glemz B =g
Me S8 &= B gisiA T tds] A

Azte) 53 292 AW 3 A &UE B
A

ddoe AL vey 47 o &=
P

S’={PecE} (12)

P={x,y,z,m 13)

T2 EBEAA m & H(density), A=
(stiffness), &= & (porosity) & YWI3 e =
4 EAE AAse 9 duz 4Z4sE 9
o CT °o|v]A| dolHe] A$ & die 3tea
Z= @$(HU, Hounsfield Unit)® T =& HU
F719 A -1024, B9 A$E 0 F 23F
Hol sfsty 54 BR¥EE F£XFoz2 A%
1o, B AFoAE Fig. 16 oA BE vhel
°] CT2D 349 HU HolH(nxxny )& z W&o
2 nz N HF AHF3Y 2 3D 2= P9
Nmnx x ny x nz)70¢] & & dlo|HEZREY &35
£H¥E EHT JIEINS o gty 3D &
b

9

W2

ot

Jeug 4T 3, 483 2ol x v, 2 B
& ol B4 548 UYEhRE HU Fol A
Aok,

(14)

ik = Ko Yo Zigeo M

x,,, = Axx (i-1) (15)

J

Vi =x(-D (16)

2, = Azx(k-1) an

A71M Ax, Ay, Az & olHA] HolH FRZRE
= a2 13 9 2 Y CT

Zglo]lA 1A, nx ¢ ny & CT 2D 349 =

71(BF 512x512),nz & CT &&fols Agolth

) u- i
¢k 4 b
>

(a) CT image data

J

z =¥

—>CT slicenz

A e CT slice 1

(b) 3D parameterization of CT image data

U

(c) Resulting implicit heterogeneous solid model
Fig. 16 The framework of implicit heterogeneous solid
model reconstruction from a CT image sequence
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Fig. 17 Bio-mimetic heterogeneous spine bone scaffold design I with controlled porosity distribution considering CT
image data
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Bio-mimetic spine bone scaffold

(I-WP surface architecture)

Medi .

Section view

Fig. 18 Bio-mimetic heterogeneous spine bone scaffold design IT with controlled porosity distribution considering CT

image data
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z=20.4 mm

=20.2mm z=20.5 mm

Fig. 19 Direct generation of input data for rapid prototyping of P surface porous tissue scaffold

z=20.0 mm =203mm

z=20.1 mm

=202 mm z=20.5 mm

Fig. 20 Direct generation of input data for rapid prototyping of G surface porous tissue scaffold
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Fig. 21 Direct generation of input data for rapid prototyping of TPMS porous tissue scaffold with controlled porosity

distribution
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