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Abstract: By using bionic modeling and rapid prototyping technology, a novel system based on air-pressure jet solidi-
fication (AJS) technique is developed to fabricate porous microarchitecture of the artificial bone. Acting as transi-
tional carrier of the bone-implant, the porous scaffolds formed could provide proper porosity and interconnections for
the growth of bone tissue and nutrient transport. This approach is better than traditional fabrication processes, be-
cause the latter methods cannot fabricate a microarchitecture with spatial bending micropores so as to satisfy biologi-
cal requirements. [Life Science Journal. 2006 ;3(3) : 88 - 93] (ISSN: 1097 - 8135).
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Abbreviations: AJS: air-pressure jet solidification; DS: denatured sucrose; FDM: fused deposition modeling; RP:
rapid prototyping

1 Introduction

J

In the view of tissue engineering, the osteo- re-
placement tissue must have proper aperture and
porosity for bone repair so as to accelerate bone re-
generation. Moreover, it must serve as three-di-
mensional (3-D) template for initial cell attachment

and subsequent tissue regeneration[1-3]. Conven-
tional wisdom states that scaffolds should be de-

signed to match healthy tissue morphological char-
acteristics and have an interconnected pore network
for cell migration and nutrient transport. Further-
more, the simulation design of the inter-connective
architecture has a decisive effect on the activation of
bone substitute. The traditional methods to fabri-

cate scaffolds include polymer foaming technique,
particulate-leaching, solid-liquid phase separation,
textile technique and extrusion process, etc[ 4 - 10] .
But with these methods, the bionic architecture
similar in morphological characteristics to the inter-
microstructure of the natural bone could not be en-
sured, which is essential to vascularization and tis-

sue regeneration.
Based on the building principle of fused deposi-

tion modeling (FDM) in rapid prototyping (RP)
technology, a new forming technique - AJS system
is developed, which can build up the bone scaffolds
with a novel fabrication material. The formed scaf-

~

fold possesses an exterior mould exactly coincident
with the replaced bone and interior porous architec-
ture simulating the microstructure of the natural
bone tissue. By filling self-setting calcium phos-
phate cement (CPC, a kind of biomaterial for bone
substitute) and rhBMP (recombinant human bone
morphogentic protein, a kind of growth factor) in-
to the scaffolds, the fabricated scaffolds are dis-
solved with the solidification of CPC, and then the
simulated interior microstructure is formed.
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2 Materials and Methods

2. 1 Fabrication material
A kind of fabrication material- denatured su-

crose(DS) is developed to form the 3-D scaffolds.
As a forming material, DS has proper plasticity,
ductility and viscosity, so that the 3-D scaffolds can
be built up and will not distort after solidification.
Equally important, as an implantable biomaterial,
DS has some proper histological performance and
can be served as a biomaterial stabilizer of protein to
maintain the activation of rhEMP.

2.2 AJS system
AJS system is designed to fabricate the artifi-

cial bone based on the layer-by-layer manufacturing

principle of RP[11]. In the process, refined DS is
fed into two controllable jets and melted into a se-
mi-molten state by a heating system. Each jet has a
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small nozzle on the tip, the diameter of the nozzle is
0.2 mm. Both jets are connected to an air compres-
sor. Fine DS filament can be expressed through the
nozzle by applying compressed air. Under the con-
trol of a computer, the on-off operation of the pres-
sure air can be controlled bv electromagnetic
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valves, then a 3-D working platform moves accord-
ing to the processed data generated from the bionic
modelling. So the filament is deposited layer-by-
layer, and finally, a 3-D part is built in the areas
defined by CAD model (Figure 1) .

Figure 1. AJS system and its key part-two pressure jets

2.3 Diameter of filament

AJS system has many technical parameters,
such as temperature of jet, squeezing and scanning
velocityetc, all of these are the important process
variables which determine the quality of the part.
Due to the scaffolds fabricated, the key index is the
diameter of filament in the fabrication process,
which determine the configuration of the microar-
chitecture in the interior of artificial bone.

A calculation modeling is built up according to
the matching relation of squeezing and scanning ve-
locityof the jet. DS is a kind of thermoplastic ma-
teriaL with a certain viscoelasticity. According to
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the viscoelastic and rheologic theory, it will keep in
a semi-molten state in the whole fabrication pro-
cess. Through double actions of air pressure and
the traction force of the solidified layer, the shear-
ing stress in DS would be occurred. Therefore, the
tensile process is belong to non-Newtonia fluid and
stretching flow. According to the theory analysis
and expriments result, after the filament expressed
from jet, the cross-section of filament can be con-
cluded as Figure 2 ( a) in the tensile region, which
is a rectangular CFGH (ill) in the center and two
conics at both ends.

B'lh

(b) L.

r

b
K

(a)

According to the conic in Figure 2 ( b), line

Figure 2. Illustration of solidification filament model in cross-section

KC, KM are tangent to arc MBC, given MC= h,

. 89 .
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KB = band BD = a, p is defined as a I( a + b ) ,
from spline geometrics, it can be educed that the
contour of conic, namely the type of arc MBC can
be determined by p, and a serial of conclusions
could be derived as

0 0.05< p<O. 5, the conic is ellipse;
2) p = O.5, the conic is parabola;
3) O.5< p < O.95, the conic is hyperbola.
For easy to analysis and calculation, Figure 2

is simplified as follows:
a) While the squeezing velocity Vp is slow,

namely while p<O. 3, the cross-section contour of
filament can be simplified as rectangle ill in Figure
2(a). Due to the filament flow in unit time is equal
to the forming volume required, an expression
should be derived as

V "1!d2/4= V "L"hp s

W= L = 1!d2V/J.
4hVs

Where h is defined as the height between the noz-
zle and fabricated layer, d is the diameter of noz-
zle, Vp is the squeezing velocity, Vs is the scan-
ning velocity of jet, L is the width of rectangle ill,
W is the diameter of filament.

b) The area of conic must be taken into ac-
count while Vp is increased to a certainty. If the
contour of conic is difficult to describe, arc FEC
can be used for approximate the conic (Figure 2
(a». It belongs to the circle which include the
four border point of rectangle ill, where 0 is de-
fined as center of circle, segment AC, AF are tan-
gent to arc CEP. Given FD=DC= h12, OD= LI
2, then the equation of p should be deduced as

VL2+h2_L
2

h h
L 2

=[1+~1+(£)2J-1 (0<£<0 (3)
While h IL is taken values in the interval of (0,
0, according to expression (3), it can be conclud-
ed that variation range of p is in the interval of
(0.414, O. 5). Due to in the fabrication process,
hiL is taken values in the interval of (0, 0.5).
Generally speaking, p is be in the interval of
(0.472, 0.5), namely p is set in the middle of
value O. 05 and O. 95, therefore, the curvature
range is between ellipse and hyperbola, which is
approach parabola. Therefore, arc FEC is served as
substitutional curve to calculate area I and II ap-------
proximately.

Therefore, while Vp is)increased to a certain-
ty, P is equal or greater than(? 3, the cross-section
area of filament can be expressed as:

(0

(2)

ED-
P=BD

(4)
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From the principle of equal volume, it can be
deduced that

Jl d2 "V - A " V4 p - sectionof filament s

= A (J L2 + h 2 + L) " Vs2

If 1;' = 1!d2 V P, it follows that
2hVs

(2 - h 2

L= 21;'

(6)

(7)

In Figure 2 (a), by using the length of seg-
ment AD as the distance of conic vertex to rectan-

gular border CF, the value L can be deduced ac-
cording to the expression (7), consequently, the
expression of filament diameter can be derived

h2 L2+h2
W=L+2"AD=L+2"-=-

2L L

c) Illustration and analysis
In the fabrication process of filaments, given

d=0.3 mm, h=0.2mm, Vp=15mm/s, Vs=
20 mm/s, value W can be calculated from expres-
sion (2) and (8), which is 0.265 mm and 0.403

mm respectively. Comparing with the actual mea-
surement result, which is 0.4 mm, it can be con-
cluded that the calculation modeling of expression
(8) is feasible, so that the calculation value is close
to the actual result. Figure 3 shows the diameter
variation of filaments in various processing parame-
ter, for concreteness, T = 115 t , P = 0.95 Mpa,
parameter hk, Vs is variable.
2" 4 Integrated fabrication

According to the bionic CAD modelling[12],
some anatomical characteristic can be conclude that
Haversian canals are connected by Volkmann's
canals with a constant angle, the average diameter
of Haversian canal is approximately 300 11m, the
average diameter of Volkmann's canal is approxi-
mately 200 11m. In view of these considerations and
the fabrication characteristic of AJS system, a

(8)

J
1

}
)
I
J
)
)
..J

J
1

1

i
~

j
)

)

i

" 90 "



~
~

OJ
t'

\..
~
r.,
10.

Life Science Journal, 3 (3) ,2006, Chen, et al, Microarchitecture Fabrication Process of the Artificial Bone

fonning process can be designed to fonn conduction
of osteons in one cross section by expressing the fil-
ament from point to point. Furthennore, in order
to ensure the interconnection of osteons between

upper and lower cross-sections, the jet should pause
temporarily at the point of Haversian canals so that
the filament can be expressed downwards further.
In this way, the integrated fabrication of Haversian
and Volkman's canals can be realized (Figure 4) .
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Figure 3. Diameter variation of filaments in various processing
parameter
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Figure 4. Schematic illustration of the microarchitecture forming

process in vertical direction

From the mathematical model of the interior

microstructure, the integrated fabrication of Haver-
sian and Volkman's canals can be realized in the

fabrication direction. After feeding DS into two
jets, jet I and jet II are heated to 90 'C and 120 'C
respectively and kept unchanged during the whole
fonning process. Jet I expresses fine filament with
the platfonn moving in X-Y directions according to
the processed data of exterior contour. After one
layer of exterior contour is fabricated, the platfonn
moves 0.2 mm downwards, and continues to fabri-
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cate the next layer, so the exterior mould can be
built up layer-by-Iayer. Until the required height
reaches to build the interior scaffolds, jet I is cut
off, and the platfonn moves horizonally to the Posi-
tion under jet II , then jet II begins to express fine
filament. Therefore, in the whole process, with
the platfonn moving according to the processed da-
ta, the fabrication of exterior mould and interior
scaffolds can be built up by controlling the two jets
cooperatively, so the 3-D scaffolds can be fabricated
(Figure 5).

Figure 5. Simulated building of the interior 3-D scaffolds and cor-

responding scaffolds fabricated on AlS system

3 Results

3.1 Porous microstructure, porosity and pore di-
mension

After filling CPC into the cavities of bone scaf-
folds and solidifying process, the artificial bone can
be produced. It can be concluded that the compres-
sive strength of the bone substitute, the degrada-
tion rate and osteogenesis as well as osteogenetic
quality are all associated closely with porosity. E-
qually important, the pore dimension is also a key
index in osteoconduction, which plays an important
role in infiltration of tissue fluid and osteogenesis.
In view of medichine, the porosity of 60% or more
and the pores dimension ranging from 200 to 500

pm in bone substitue are suitable for the bone re-

generation[13]. The CPC porosity is 40%, and the
average micropore dimension is about 5 [J.m. So the
porous architecture of the bone scaffolds must in-
clude fabricated micropores and the inherent micro-
pores of CPC. Therefore, the average diameters of
Haversian canals and Volkman's canals should be

controlled within 200 pm and 350 fJ.ffirespectively.
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The porous morphologies of the scaffold are
examined by SEM at 20 KV (JEOL Company
DJM -840, Japan) (Figure 7) . From the energy
spectrum analysis of line scanning between two mi-
cropores centers in a: cross-section, it can be seen
that there is no any chemical element in the center
of micropore, the carbon content (the main ele-
ment of DS) is the highest in the border of microp-
ores, and decreases gradually outwards; at the
same time, the content of calcium and phosphorus
(the main elements of epe) increase gradually.
These findings suggest that micropores can be
formed with the 3-D scaffolds of DS dissolving gradual-

ly during the solidification of epc. So the validity of
using filament scaffolds to fabricate the interior mi-
cm'itructure of bone scaffolds is confirmed.
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The porosity can be adjusted by changing the
height (H). Experiments determine that if fabri-
cating two layer filament scaffolds within 1 mm,
the interference or destruction between two adja-
cent filament scaffolds will occur, furthermore, the
thermal field of the nozzle would melt the previous
filament scaffolds. On the other hand, if fabricat-

ing two layer filament scaffolds to 4 mm or more,
the interior architecture will distort and could not

satisfy the necessary porosity. According to the ex-
perimental analysis, the suitable porosity can be
well ensured if H is 2 mm, which can ensure the

simulation accuracy and give enough space for heat
dissipation.

The porous morphologies of the bone scaffolds
are examined by gross observation, microscope and
scanning electron microscopy (SEM). The bone
scaffolds is cut off with a scalpel in both horizontal
and vertical directions. Macroscopically, clear chan-
nels and micropores can be seen in both vertical and
horizontal directions (Figure 6) .

Under microscope (Keyence Company VH-
8000, Japan), the porous morphologies encompass-
ing Haversian canals and Volkman's canals are visi-
ble. There is no remarkable difference in shape or
size between the filament scaffolds and the porous
architecture formed in the bone scaffolds. The

porosity of the bone scaffolds is 63. 2 % measured
by toluene infiltration displacement method, which
can satisfy the histological criterion of carrier scaf-
folds in bone tissue engineering.
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Figure 6. The fabricated bone scaffold
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jFigure 7. SEM image of the macropores in scaffolds
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4 Conclusions

According to previous bionic eAD modelling
for artificial bone, bone scaffolds can be produced

through the fabrication system built and integrated

fabrication method, which has the exact external

contour of replaced bone and tissue-like 3-D scaf-
folds simulating the interior of natural bone. In this
study, matching relation of processing parameters
is determined through theory analysis and experi-
ment, moreover, results show that some necessary
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indexes of biology, such as porous microstructure,
porosity and pore dimension can be obtained accu-
rately, which can provide an inherent network of
channels for tissue fluid circulation and realize bone
transferma tion.
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