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<ABSTRACT>

Development of the porous bone scaffold utilizing 3-dimensional CAD 
and solid freeform fabrication method

Jungsung Kim

Department of Medical Science
The Graduate School, Yonsei University 

(Directed by Professor Jong-Chul Park)

The number of bone-graft surgery is rising rapidly with the growth of the 
interest in the quality of life and the population recently. The grafting bone 
should have proper pores and mechanical strength with a shape adjusting to the 
bone defect area.

At present, commercially available porous bone substitutes are manufactured 
by a sacrificial template method, a direct foaming method and a polymer 
replication method (PRM). But current manufacturing methods provide the 
simplest form of the bone scaffold and also limited in that it cannot easily 
control pore size. However, in recent years with the development of medical 
imaging technology, computer-aided design (CAD) and the solid freeform 
fabrication (SFF), it is possible to accurately produce the synthetic porous bone 
scaffolds to fit the bone defect shape. Therefore, this study aimed to propose a 
new approach to the bone scaffold with various kinds of external and internal 
structure, which could existing bone growth factor as the optimal bone scaffold.

For the suggestion of the optimal structure with internal pores, an engineering 
review of the various design by 3D CAD and a comparison between their 
structural characteristics by finite element analysis (FEA) were conducted. SFF 
scaffolds were fabricated using the suggested model and the one produced by 
commercialized method was prepared for the biomechanical stability 
comparison. And for the cell-compatibility assessment and the biological safety 
evaluation, in vitro and in vivo test on the SFF scaffold were proceeded. The 



efficacy was confirmed from the aspect of bone histomorphometry and the 
interfacial strength. 

The suggested 3D model has interconnected cubic pores of 500 and its 
calculated porosity is 25%. Whereas HA scaffolds fabricated by SFF showed 
connective macropores, that by PRM formed closed pores. Average 
compressive strength of scaffold fabricated by SFF was 14.6 , and that of 
scaffold fabricated by polymer replication was 3.56 . It was confirmed that 
SFF fabrication could have relatively higher mechanical property than that by 
PRM at the same porosity.

Biocompatibility safety was confirmed by tests of cytotoxicity, hemolysis, 
irritation, sensitization and implantation. There was no abnormal response and 
potential hazard in the tests. And the histological analysis and interfacial 
strength evaluation on the scaffolds fabricated by SFF and PRM were carried 
out for the assessment of efficacy. The histological results on osteoconductivity 
showed no significant difference. An average of maximum load of SFF type 
(169 N) is higher than that of PRM type (153 N) without any statistical 
significance. It means that implantation of SFF type would have the effective 
results to the level of the conventional scaffolds in terms of the 
osteoconduction. 

In summary, this study was to implement the porous bone scaffolds freely 
controlling pore shape and size, and to verify safety and efficacy on the 
scaffolds by biomechanical, biological and implantation tests. Therefore, this 
research could promote the feasibility of bone substitute with following feature: 
regeneration of bone tissue suitable to biological environment like bone grafts, 
no need of extra surgery like synthesis material, no limit to the amount or shape, 
and endurance of physiological load occurring in operating area.


Key words : Bone substitute, Hydroxyapatite, Solid freeform fabrication, 

Biocompatibility, Porous Scaffold
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I. INTRODUCTION

1. Bone grafting

Recent growth of surgical techniques together with increasing expectations 

regarding the quality of life and the aging of the world's population has resulted 

in rapid growth of the number of bone grafts. It is estimated more than 500,000 

bone-grafting procedures are performed annually in the United States1. And the 

number of bone-grafting procedures reached around 1.3 million per year in 

2002 worldwide and is likely to reach 3 million interventions in 20102.

Bone grafting is a surgical procedure that replaces missing bone with material 

from the patient's own body, and artificial, synthetic, or natural substitute. For 

example, bone is a metabolically active tissue capable of adapting its structure 

to mechanical stimuli and repairing structural damage through the process of 

remodeling3. However, large bony defects or poor bone healing, in addition to 

bone pathologies, require augmentation to facilitate bone formation. 

Bone formation in grafting is characterized by three types of bone growth 

(osteogenesis, osteoinduction and osteoconduction4). Bone graft type was 



shown in table 15, which is not comprehensive, and is intended to list only 

representative products in each group. Osteogenesis occurs when vital 

osteoblasts originating from the bone graft material contribute to new bone 

growth along with bone growth6.

Osteoinduction involves the stimulation of osteoprogenitor cells to 

differentiate into osteoblasts that then begin new bone formation. The most 

widely studied type of osteoinductive cell mediators is the bone morphogenetic 

proteins (BMPs). A bone graft material that is osteoconductive and 

osteoinductive will not only serve as a scaffold for currently existing osteoblasts 

but will also trigger the formation of new osteoblast, theoretically promoting 

faster integration of the graft. Osteoconduction occurs when the bone graft 

material serves as a scaffold for new bone growth that is perpetuated by the 

native bone. Osteoblasts from the margin of the defect that is being grafted 

utilize the bone graft material as a framework to spread and generate new bone 

upon. In the very least, a bone graft material should be osteoconductive.



Table 1. Bone graft type and representative products in each group5

Bone Graft and Graft substitute

. Autograft
   A. Iliac crest
   B. Locally harvested
   C. Vascularized or nonvascularized bone (fibula or rib)
   D. Aspirated bone marrow cells

. Allograft
   A. Mineralized
     . Frozen
     . Freeze-dried
   B. Demineralized bone matrix (DBM)
     . Grafton (DBM with glycerol carrier) (Osteotech, Eatontown, NJ, USA)
     . DBX (DBM with sodium hyaluronate) (Musuloskeletal Transplant Foundation, Edison, 

NJ, USA)
     . DynaGraft (DBM in "reverse phase medium") (Isotis, Irvine, Calif)
     . Accell DBM100 (Isotis)
     . Osteofil (DBM with porcine gelatin carrier) (Regeneration Technologies Inc, Alachua, 

Fla, USA)
     . AlloMatrix (DBM with calcium sulphate and carboxymethylcellulose) (Wright 

Medical, Arlington, Tenn, USA)     
. Hydroxyapatite (HA) blocks and granules

   A. ProOsteon (Interpore Cross, Inc, Irvine, Calif, USA)
   B. Granule of sintered HA (many manufacturers)

. Soluble calcium-based granules
   A. Β-Tricalcium phosphate (TCP)
     . Collagraft (TCP + HA with bovine collagen) (Zimmer, Warsaw, Ind, USA)
     . Vitoss (Orthovita, Malvern, Pa, USA)
     . JAX (smith and Nephew Orthopaedics, Memphis, Tenn, USA)
     . ChronOS (Synthes, Paoli, Pa, USA)
   B. Calcium sulfate
     . OsteoSet (Wright Medical)

. Bone morphogenetic proteins (BMP)
   A. BMP-2 (Genetics Institute, Cambridge, Mass, USA)
     . Infuse (BMP-2 and collagen sponge for use with an intervertebral body fusion cage) 

(Medtronic Sofamor Danek, Memphis, Tenn, USA)
   B. BMP-7 (OP-1) (Stryker Biotech, Hopkinton, Mass, USA)
     . The OP-1 Device (BMP-7 with a bovine collagen carrier)

. Injectable cements
   A. Polymethyl methacrylate (eg. Surgical Simplex, Stryker Orthopaedics, Mahwah, NJ, 

USA)
   B. Norian SRS (Synthes)
   C. BoneSource (Stryker Orthopaedics)



A. Autograft

Until now, the autograft has been considered to be the gold standard of the 

bone grafting. This is called autogenous bone graft. This means that at the time 

of surgery, the surgeon makes an additional incision and takes a small piece of 

bone from an area of the body where it is not estimated necessary. Typically, 

autogenous bone grafts are taken from the pelvis or iliac crest. Autogenous 

bone grafting has excellent fusion rates and has become the standard by which 

the effectiveness of all other biologics are measured. Many surgeons prefer 

autogenous bone grafts because there is no risk immunoreaction rejecting the 

graft since it came from the patient's own body.

Despite the advantages of the autograft, there are a significant number of 

disadvantage, including the need to perform a second surgery, additional 

operative time, the potential for post-operative complications and long-term 

pain at the graft site7. These complications occur in about 10-35% of patients 

and vary in their severity. Even when using a patient's own bone, 100% fusion 

rates are not always achieved, which is why other fusion techniques have been 

developed. 

B. Allograft

Allografts are transplanted cancellous, cortical or demineralized bone 

matrixes (DBM) from a living/cadaver donor to a patient8. Allografts are an 

osteoconductive source of bone graft usually harvested from femoral heads 

taken from patients during total hip replacement surgery or sections of the 

pelvis from cadaveric donors. They also possess limited osteoinductive 

properties if used as fresh frozen or in a demineralized form9. Complications 

such as risk of disease transmission, inconsistency in graft preparation 



technique, immune rejection, bacterial infection, fracture and also non-union 

due to differential donor related bone quality have been related to the 

limitations of using or this type of bone grafts. The risk of disease transmission 

is reducing the use of fresh frozen allograft. Preparation for sterilization and the 

sterilization procedure itself reduce the bone forming potency of allograft. 

C. Alloplasts / Synthetic bone

Due to the limitations of autograft and allograft, a variety of natural and 

synthetic bone substitutes have been identified and developed for the repair, 

reconstruction or replacement of bone tissue in procedures such as revision 

impaction grafting and spinal fusions. These synthetic materials are inert with 

no or little osteoinductive activity, with the exception of P-15, which is claimed 

to stimulated the differentiation of mesenchymal cells into osteoblasts10-12
.

These materials can be treated to be resorbable or nonresorbable, be provided 

in various particles or pore size, be combined with various carriers to improve 

handling characteristics, or be combined with bioactive proteins to provide 

osteoinduction.

Non-metallic bone substitutes include calcium phosphate ceramics, bioactive 

glasses, glass ceramics, aluminium oxide/alumina, tricalcium phosphate (TCP), 

synthetic hydroxyapatite (HA) and also coralline hydroxyapatite. Metallic bone 

substitutes include tantalum and titanium based alloys which are prominently 

used for load bearing purposes. Bioactive glasses are composed of SiO2, CaO, 

Na2O, and P2O5 with low mechanical strength and a greater osteoblastic activity 

compared to hydroxyapatite. The very first developed bioglass (45S5) is silica 

based (<60%) melt-derived glass with a high CaO/P2O5 ratio. The surface 

reactivity of the silica, calcium and phosphates within this biomaterial promote 

bone bonding and bone formation in osseous tissue13. Most of them presented 



good osteoconduction characteristics, but poor osteoinduction and osteogenesis 

properties. Indeed, inclusion of growth factor or bone forming cell into the 

synthetic bone material needs to be further studied before these novel grafting 

solutions may be used in surgery. A synthesized review of the different bone 

graft materials used in surgery are presented in table 2 from review articles14-18
.



Table 2. Comparison between different bone graft materials14-18

Graft type
Osteo-

Induction
Osteo-

Conduction
Osteo-

Genesis
Immo-

Genicity

Mechanical 
strength

Mechanical 
stiffness

Autograft
 Cortical +++ +++ +++ No 150 ㎫ 15 ㎬
 Cancellous +++ +++ +++ No 4 ㎫ 0.3 ㎬
Allograft
 Cortical frozen ++ + No Mid 150 ㎫ 14 ㎬
 Cortical γ-irradiated No + No Low 110 ㎫ 12 ㎬
 Cancellous frozen ++ + No Mid 4 ㎫ 1 ㎬
 Cancellous γ-irradiated No + No Low 3 ㎫ 0.9 ㎬
Natural Biomaterials
 DBMa ++ + No Low N/A N/A
 Collagen No ++ No No N/A N/A
 Coralline HAb No + No No 9 ㎫ 7.9 ㎬
Synthetic Biomaterials
 Porous ceramic (HA, TCPc) No + No No 2-8 ㎫ 0.5-4 ㎬
 Porous polymer No + No No 2 ㎫ 0.2 ㎬
 Calcium phosphate cement No + No No 4 ㎫ 3 ㎬
 PMMAd cement No + No No 90 ㎫ 2.4 ㎬

    aDemineralized Bone Matrix     
    bHydroxyapatite
    cTricalcium phosphate
    dPolymethyl methacrylate



2. Porous scaffolds

Bone is a natural composite of collagen (polymer), which provides a 

framework, and bone mineral (ceramic), which provides strength. The two most 

important types of bone are cortical and cancellous bone. Cortical bone is a 

dense structure with high mechanical strength and is also known as compact 

bone. Cancellous or trabecular bone is an internal porous supporting structure 

and present in the ends of long bones such as the femur or within the confines 

of the cortical bone in short bones. Trabecular bone is a network of struts 

(trabecular) enclosing large voids (macropores). 

Porous scaffolds have attracted considerable attention for applications in bone 

tissue engineering because their interconnected pores can provide a favorable 

environment for bone ingrowth and osseointegration. The structural property of 

porous HA is more resorbable and more osteoconductive than dense HA, and it 

has been used as artificial bone graft material in many experimental and clinical 

trials19-21
.

Various manufacturing techniques are available for producing highly porous 

HA scaffolds. These methods can be classified into polymer replica, sacrificial 

template and direct foaming methods. Porous scaffolds producing method were 

as schematically illustrated in Fig. 122
. Specific methods of each category and 

the general microstructure and properties are summarized in Table 323-46, 

respectively. General principles and details of each method will be described 

further.



Figure 1. Scheme of possible processing routes used for the production of 
macroporous ceramics22

.
 



Table 3. Porogen elimination by heating: Formulation/process parameters and porosity characteristics23-46

Porogens Porosity Characteristics

Nature
Maximal total 
Porosity (%)

Pore Size
Diameter (㎛)

Pore Shape
Interconnection

(>10 ㎛) References
Replication method
 Cellulose sponge 83 150-400 ND Yes Fabbri et al., 199523

Mastrogicacomo et, al., 200624

Palazzo et al., 200525

 Polyurethane sponge 70 200-1000 ND Yes Milosevski et al., 199926

Tian et al., 200127

Padilla et al., 200228

Miao et al., 200429

Oliveira et al., 200630

Herath et al., 200531

 Wax 90 ND ND Yes Tancred et al., 199832

 Epoxy resin 52 300-900 Orthogonal Yes Chu et al., 200133

 Thermoplastics 56 1000 Cylindrical Yes Charriere et al., 200334

Sacrificial template
 Naphthalene 79 100-500 ND No Bouler et al., 199635

 Sucrose 90 100-500 Spherical Yes Wang et al., 200536

 CaCO3 40 <1 Spherical No Falamaki et al., 200437

 Carbone fibers 38 14 Elongated No Isobe et al., 200638



Table 3. (Continued)

Porogens Porosity Characteristics

Nature
Maximal total 
Porosity (%)

Pore Size
Diameter (㎛)

Pore Shape
Interconnection

(>10 ㎛) References
Sacrificial template
 Wheat particles 76.7 200-800 ND No Prabhakaran et al., 200239

 Potato starch 48.3 700 Spherical Yes Lemos et al., 200040

 Carbone bead 85 2-100 ND No Kawata et al., 200441

Direct foaming
 Surfactants 90 10-2000 Spherical Yes Sepulveda et al., 200042

Mastrongiacomo et al., 200643

Tamai et al., 200144

 H2O2 66 50-700 ND Yes Almirall et al., 200445

 NaHCO3 60 100 ND No Del Real et al., 200246

   ND : not described.



A. Replication method

The first method, patented in 196347, consists of the impregnation of an 

organic skeleton with ceramic slurry followed by a thermal treatment to burn 

out the organic portion and a sintering of the ceramic scaffold. This method is 

claimed to elaborate open-cell macroporous ceramics27
. One of the key steps of 

this process is undoubtedly the fabrication of appropriate ceramic slurry is able 

to uniformly cover the skeleton walls to easily sinter in a dense ceramic 

network. Additives, such as viscosity increasing agents or binders, are often 

required to adjust the slurry viscosity, to provide strength to the ceramic 

structure after drying and to prevent collapse during volatilization of the 

organic phase. As for the organic skeleton, it should burn out at low 

temperature without inducing sensible residual stresses and disrupting the 

unsintered ceramic network. Moreover, its pore size and geometry determine 

the ceramic porous structure48
.

Many polymeric sponge materials can satisfy these requirements, namely 

polyurethane, cellulose, polyvinyl chloride, polystyrene, latex. Thus, Fabbri et 

al.23, Mastrongiacomo et al.24, and Palazzo et al.25 prepared HA macroporous 

ceramics of controlled pore morphology and distribution by using cellulose 

matrices. Connected macropores up to 400 in size were formed while a 

microporosity was observed between the HA grains. The same type of 

macroporous scaffolds were obtained by Milosevski et al.26, Tian et al.27, 

Padilla et al.28, Miao et al.29, Oliviera et al.30, and Herath et al.31 using 

polyurethane foams. The size of the interconnected pore, varying from 30 to 

800 , was controlled as a function of the foam structure. It has to be noticed 

that for bone substitute implant fabrication, replication of cancellous bone 

provided optimal scaffolds as described by Tancred et al.32
. Most of the foam 

scaffolds described above does not allow a complete control of porous 



structure. On the contrary, recent solid freeform fabrication (SFF) method, 

such as stereolithography (SLA) and inkjet (IJ), enable the manufacturing of 

organic 3D scaffolds (such as epoxy resin, wax or polysulphonamide), further 

eliminated by heating, that would be the negative of the desired 

macroporosity33, 34
.

The polymer replication method is an easy and well-established method to 

prepare open cellular structures with pore sizes ranging from 200 to 3 at 

porosity levels between 40% and 95%. The high pore interconnectivity 

enhances the permeability of fluids and gases through the porous structure49, 

making these reticulated materials very suitable for high through-put filtration. 

However, the minimum cell size of replica-derived porous ceramics is limited 

to approximately 200 , because of the difficulty with impregnating 

polymeric sponges with excessively narrow cells50
. Predominantly open porous 

structures are produced with this method, as the original cellular sponge has to 

be accessible for the impregnation of the ceramic suspension or precursor. 

However, the ratio of open to closed pores in the final ceramic foam may be 

adjusted to a certain extent by controlling the suspension viscosity and shear 

thinning behavior. Besides, a disadvantage of the sponge replication method is 

the struts of the reticulated structure, which are often cracked or have flaws 

during pyrolysis of the polymeric template (Fig. 2), markedly degrading the 

final mechanical strength of the porous ceramic51
.



Figure 2. Microstructures of porous ceramics produced via the replication 
technique. (A) Alumina-based open-cell structure obtained using polyurethane 
sponge template, (B) detail of a strut of a cellular ceramic produced from 
polymeric sponges, illustrating the typical flaws formed upon pyrolysis of the 
organic template52

.



B. Sacrificial template method

The sacrificial template method usually consists of the preparation of a 

biphasic composite comprising a continuous matrix of ceramic particles of 

ceramic precursors and a dispersed sacrificial phase that is initially 

homogeneously distributed throughout the matrix and is ultimately extracted to 

generate pores within the microstructure. This method leads to porous 

materials displaying a negative replica of the original sacrificial template, as 

opposed to the positive morphology obtained from the replication method. One 

of the main advantages of the sacrificial template method in comparison with 

the other fabrication routes is the possibility of pore morphology of the final 

ceramic component through the appropriate choice of the sacrificial material. 

These methods provide a directly alternative for the fabrication of 

macroporous ceramics with porosities and average pore size ranging from 20% 

to 90% and 1-700 , respectively (Fig. 3).

Several works35-41 applied the same process and studied the influence of 

parameters such as weight percentage and mean size of naphthalene particles, 

isostatic compaction pressure, calcination, and final sintering temperatures on 

the mechanical strength of the porous ceramics. Bouler et al. showed the 

negative effect of the macroporosity on the mechanical strength of the biphasic 

calcium phosphate (BCP) samples. BCP blocks thus obtained presented a 

macroporosity ranging from about 30% to 60%, a pore size diameter from 100 

to 500 and a sufficient mechanical strength. Wang et al.36, also prepared 

macroporous calcium phosphate glass-ceramic by incorporating sucrose. The 

pressured compact by hand press was fired at a high temperature to burn off 

the sucrose phase and form the macroporous glass-ceramics. 



Figure 3. Microstructures of macroporous ceramics produced with the 
sacrificial template method possible processing routes used for the production 
of macroporous ceramics22

. (A) TiO2 foam exhibiting hierarchical porous 
structure produced via emulsion templating, (B) ordered macroporous SiO2

obtained using polystyrene beads as templates, (C) highly oriented SiO2 
honeycomb structure achieved via the unidirectional freeze-drying of silica 
gels, (D) macroporous Al2O3 exhibiting dendrimer-like pores obtained using 
camphene as sacrificial template. 



The transformation of sucrose particles into a continuous phase led to a three 

dimensionally (3D) interconnected macroporous structure. However, 

sacrificial template method of incorporation of organic particles with ceramic 

powder results in a porous structure of closed, poorly interconnected, and 

non-uniform pores.

Recently, the freeze-casting (or freeze-drying) process has emerged as a 

good candidate for the above-mentioned preferred method, as it can produce 

interconnected pore channels in al tailored manner, e.g. aligned pore channels 

on a scale of several microns, which offers superior mechanical properties and 

functions53
. This method fundamentally makes full use of the 3D 

interconnected frozen vehicle network, which sublimes and in turn leaves pore 

channels in the ceramic body. 

C. Direct foaming method

Direct foaming method consists of mixing the desired constituents of the 

ceramics to produce a mixture, treated to evolve gas which creates bubbles and 

causes the material to foam. A foaming agent is often added to give uniform 

foaming and a surfactant agent stabilizes the gas bubbles. Bubble size can be 

controlled either by the foaming agent (nature and concentration) or by the 

stirring conditions. After that, drying and sintering steps are needed to develop 

a self supporting ceramic network.

The total porosity of directly foamed ceramics is proportional to the amount 

of gas incorporated into the suspension or liquid medium during the foaming 

process. The pore size, on the other hand, is determined by the stability of the 

wet foam before setting takes place. Wet foams are thermodynamically 

unstable systems which undergo continuous Ostwald ripening and coalescence 

processes in order to decrease the foam overall free energy. These 



destabilization processes significantly increase the size of incorporated 

bubbles, resulting in large pores in the final cellular microstructure. Therefore, 

the most critical issue on direct foaming methods is the approach used to 

stabilize the air bubbles incorporated within the initial suspension or liquid 

media. For the stabilization, surfactant or particles have been used.

As described by Sepulveda et al.42 could obtain strong porous bodies with 

quite spherical interconnected pores and sizes could be controlled in the range 

20-2000 . Mastrogiacomo et al.43, surfactants can be used to produce 

bubbles under stirring. The HA bioceramics obtained had a porosity close to 

80%, composed of large pores up to 100 and micropores ranging 0.2 to 10 

. Tamia et al.44, to elaborate HA ceramics with highly interconnected 

spheroidal pores up to 100 in diameter.

Another way to generate bubbles consists of inducing a chemical reaction 

leading to gas generation. Bodies with porosity ranging from 3% to 62% with 

interconnected macropores (0.2 - 0.7 in diameter) were obtained by 

Almirall et al.45. In the study of Del Real et al.46, the CO2 liberation from 

NaHCO3 produced both macropores (10 - 300 ) and micropores 

corresponding to a total porosity reaching 60%.

Direct foaming based on surfactants requires a setting agent to consolidate 

the foam microstructure before extensive coalescence and disproportionation 

take place. The ultimate pore size of the porous ceramic depends on a balance 

between the kinetics of bubble disproportionation and the speed of 

liquid/suspension setting. Small pore sizes (~ 50 ) can only be achieved by 

using efficient surfactants and by rapidly setting the wet foam. By controlling 

the foam stability and the setting kinetics, pore sizes within the range of 35 

to 1.2 have been achieved using the surfactant-based direct foaming 

methods. The porosity from surfactant-based direct foaming can be tuned from 

about 40% to 97%. The pores are typically spherical and are either closed or 



opened depending on the foam wet processing (Fig. 4 (a), (b))50, 52
. Direct 

foaming method is a common technique for fabrication ceramic scaffolds with 

high strength, but it usually results in a structure of poorly interconnected 

pores, and non uniform pore size distribution.

Recently, solid particles with tailored surface chemistry have been shown to 

efficiently stabilize gas bubbles upon adsorption at the air-water interface. 

Because of its remarkable stability, particle-stabilized foams do not necessarily 

require a setting step and can thus be directly dried and sintered to obtain the 

macroporous ceramic. The porosity of foams produced with this method varies 

typically between 40% and 93%, whereas the average pore size can be tuned 

from approximately 10 to 300 . The morphology usually has closed 

structure as shown in Fig. 4 (c) (d), but it can have open structure by adding 

minor amounts of a sacrificial phase (e.g. graphite particles) (Fig. 4 (d)). 

Cellular structures prepared by direct foaming usually exhibit mechanical 

strengths considerably higher than that of replica techniques mainly due to the 

absence of flaws in the cell struts. Compressive strength as high as 16 at a 

porosity level of 87% to 90% has been obtained with porous ceramics 

produced from particle-stabilized wet foams.



Figure 4. Microstructures of macroporous ceramics produced by direct foaming 
method; (a) closed-, and (b) open-cell foam using long-chain surfactants as 
foam stabilizers, (c) closed-, and (d) open-cell foam using particles as foam 
stabilizer50, 52

.



3. Solid freeform fabrication

Solid freeform fabrication (SFF) method can be used to fabricate 

dimensionally accurate prototypes of bone. SFF is a relatively new technology 

to produce the 3D objects of complex shape directly from computer-aided 

design (CAD) files. SFF is also known as Rapid prototyping (RP). The general 

purpose of SFF is to reduce the time for product development by shortening 

the period between design and testing. To date the use of SFF in medicine has 

been mainly for surgical planning and guidance with models being developed 

from computed tomography (CT) data of the patient. Another useful feature of 

the technology is to provide a relatively simple interface to the sliced geometry 

for CAD solids models from sources such as CT medical imaging 

equipments54
. 

As previously described, SFF method has recently been used for fabricating 

scaffolds with complex shape as well as controlled internal architecture55
. SFF 

method offers unique ways to precisely control matrix architectures yielding 

biomimetic structures varying in design and material composition, thereby 

enhancing control over mechanical properties, biological effects and 

degradation kinetics of the scaffolds56
. There are various ways to classify the 

SFF methods that have currently been developed (Fig. 5)57.



Figure 5. Schematics of SFF systems categorized by the 
processing technique. Laser-based processing system 
includes (a) stereolithography, (b) selective laser 
sintering. Printing-based system includes (c) 3D printing, 
(d) wax printing. Nozzle-based system include (e) fused 
deposition modelling, (f) bloplotter57

.



A. Stereolithography

Patented in 198658, stereolithography started the solid freeform fabrication 

revolution59-61
. The technique builds three-dimensional models from liquid 

photosensitive polymers that solidify when exposed to ultraviolet light. As 

shown in Fig. 6 (A)62, the model is built upon a platform situated just below 

the surface in a vat of liquid epoxy or acrylate resin, A low-power highly 

focused UV laser traces out the first layer, solidifying the model's cross section 

while leaving excess ares liquid.

Next, an elevator incrementally lowers the platform into the liquid polymer. 

A sweeper recoats the solidified layer with liquid, and the laser traces the 

second layer atop the first. This process is repeated until the prototype is 

complete. Afterwards, the solid part is removed from the vat and rinsed clean 

of excess liquid. Supports are broken off and the model is then placed in an 

ultraviolet oven for complete curing63
.

B. Selective laser sintering

Selective laser sintering (SLS) was among the first SFF processes which 

were made available commercially64-67
. DTM (now part of 3D Systems) was 

founded in 1987. The principle of the SLS process is depicted in Fig. 6 (B)62. 

Using a galvanometric mirror system, a laser beam is scanned over a powder 

bed. Where the bean hits the powder surface, the particles are thermally 

bonded together, therefore forming a solid object. After one layer has been 

scanned by the laser, the part is lowered and a next powder layer is spread over 

the powder bed. The process is repeated until the part is complete. 



Figure 6. Schematic diagrams of (A) stereolithography, (B) selective 
laser sintering. (Image courtesy of CustomPartNet, copyright 
2008)62



The part can be removed from the powder bed with the unsintered powder 

(which can be reused for the next process cycle) and the part is ready for 

secondary processes.

C. Fused deposition modeling

Fused deposition modeling (FDM) technique68, 69, filaments of heated 

thermoplastic are extruded from a tip that moves in the x-y plane. Like a baker 

decorating a cake, the controlled extrusion head deposits very thin beads of 

material onto the build platform to form the first layer. The platform is 

maintained at a lower temperature, so that the thermoplastic quickly hardens. 

After the platform lowers, the extrusion head deposits a second layer upon the 

first. Supports are built along the way, fastened to the part either with a second, 

weaker material or with a perforated junction. Fig. 7 shows schematic diagram 

of FDM62
.



Figure 7. Schematic diagram of fused deposition modelling. (Image courtesy 
of CustomPartNet, copyright 2008)62



4. Objective of the research

At present, commercially available porous bone substitutes are 

manufactured by a sacrificial template method using a pore precursor, a direct 

foaming method using bubbles and a polymer replication method using a 

polymer. But current manufacturing methods provide the simplest form of the 

bone scaffold and are not suitable to fabricate the bone scaffolds with a variety 

of complex shape and geometry due to technical limitation70
.

However, in recent years with the development of medical imaging 

technology, it is possible to accurately measure the bone defect in patients and 

to implement the same as the bone defect shape using computer-aided design 

(CAD). The implemented model using CAD can be manufactured accurately 

with the development of the solid freeform fabrication (SFF) technology. And 

then, the porous synthetic bone scaffolds can be fabricated using the polymer 

mold fabricated by SFF70-72
.

Meanwhile, demands for the custom made medical devices are rising with 

the growth of the interest in the quality of life, the increase in the number of 

elderly citizens and the more requirements for the patient satisfaction on 

medical care. And thus the study has been demanded on the precise 

implementation of the porous bone scaffolds with free shape for various bone 

defects.

In other words, it should be considered to meet the needs to control the 

porous characteristics of the specific geometry of the porous bone scaffolds, 

but so far there is no bone substitute that can be freely control the internal 

structure and external shape. This study is to propose a new approach to the 

bone scaffold with various kinds of external and internal structure, which 

could deliver stem cells or existing bone growth factor as the optimal bone 

scaffold.



The purpose of this study is to implement the patient-specific porous bone 

scaffold of which the pore structure and external shape are controlled using 3D 

CAD and solid freeform fabrication techniques and to analyze and evaluate the 

safety and efficacy of the scaffold.

5. Outline of this research

In chapter 2, through an engineering review of the various designs by 3D 

CAD and a comparison between their structural characteristics, the optimal 

structure with internal pores was suggested in scaffold fabricated by SFF. The 

implemented porous scaffold was prepared for the comparison with the one 

produced by commercialized method and the results of biomechanical stability 

evaluation were presented in chapter 3. The cell compatibility assessment and 

the biological safety evaluation including conducted with in vitro and in vivo 

test were shown in chapter 4. In chapter 5, in vivo evaluation of efficacy was 

confirmed in the implantation, bone histomorphometry and the interfacial 

strength tests. Finally, the conclusions of this study and the suggestion of 

future research plan were added.



. DESIGN AND FABRICATION PROCESS UTILIZING 3D CAD 

AND SOLID FREEFORM FABRICATION

1. Introduction

The design of a scaffold is essential for its correct interaction with cells as 

osteoblast, osteocyte and osteoclast. Moreover, it is essential to fulfil its in vivo 

function. Biomaterials science has mainly adopted a 'trial-and error' approach, 

with modifications being made to and existing design based on experimental in 

vitro or in vivo result. Improvements in cell culture conditions and the 

development of bioreactors have greatly improved the reliability of in vitro 

experiments. Nonetheless, computer-aided design (CAD) can also contribute 

to the reduction of experimental tests and to shortening the design process of 

scaffolds73, 74
. CAD consists of the design of engineering components through 

computer techniques based on mechanical design. This technique can be used 

to design any kind of component or material and could be very useful for a 

design of scaffolds for tissue engineering. Previous work on scaffold design 

was done by Hollister and colleagues70, 75, who showed that scaffolds of a 

defined material (with a given Young’s modulus and Poisson’s ratio) and a 

certain volume could match the stiffness or strength of natural tissues under 

many different kinds of design architecture. This technique is powerful, since 

it allows calculation of the mechanical response of a scaffold, and versatile, 

since a scaffold with different pore sizes or pore types can be modeled. 

However, this approach of assuming that growth morphologies would present 

the best or ‘optimal’ scaffold geometries might no longer be true. Instead, it 

might be better to define scaffolds with geometries and mechanical properties 

similar to those found initially in the embryonic state or to those found in a 

regeneration state as a transition between the current and the targeted 



morphologies.

The design of a scaffold through CAD is particularly well suited when used 

in conjunction with a rapid prototyping technique to produce physical 

scaffolds. Rapid prototyping is the general term used to define a manufacturing 

technique that consists of the construction of a structure layer by layer to form 

a totally controllable structure. Rapid prototyping techniques include selective 

laser sintering, fused deposition modeling, stereolithography, electron beam 

melting and three-dimensional printing76
. This method is particularly useful for 

tissue engineering since it allows a very good reproducibility and the 

production of almost any kind of structure within the limitations of each 

technique used. Using this technique, it is possible to design a structure that 

mimics the natural structure to be replaced77-79
.

Finite-element analysis was first used in tissue engineering for the design of 

the scaffold to optimize stiffness/geometry. More recently, a stress train 

analysis of complete scaffolds has been performed to investigate the state of 

stress and strain within the scaffolds and its interaction with the surrounding 

tissues80
. Such an analysis can be used to vary several geometrical or material 

parameters at the same time and to choose the most suitable ones for the 

replacement of natural tissues81
.

Finite-element analyses of cylinders of 1.15 height and 1.5 diameter 

were carried out on CaP-based scaffolds to calculate the stress train 

distribution throughout larger scaffolds82
. The dimensions chosen were 

restricted owing to computational limitations but were large enough to fully 

characterize the scaffold. This resulted in models of approximately 600,000 

elements of element length approximately 10 25 . This method allowed 

comparison of the evaluation of microstructure and stiffness with a larger 

samples (6 in diameter and 12 in height) made of the same material but 

prepared using two different techniques: molded manually or injected with a 



syringe. It was found that there was hardly any difference in the relationship 

between stiffness and porosity when comparing the method of preparation of 

the two cements (Fig. 8) In this study, a linear correlation was used to fit the 

data points, whereas the stiffness of an open porous material is usually 

represented as a function of the square of the porosity83
. This discrepancy may 

be due to the relatively low porosity used for this bone cement (from 5% to 

55%), where a linear fit is sufficient to represent correctly the results, given the 

dispersion of the data. Similar results were obtained by Boger et al.84, on 

polymethylmethacrylate bone cement.



Figure 8. Relationship between effective Young’s modulus and scaffold 
porosity for a CaP bone cement using a manual preparation and an injected 
preparation. The effective Young’s modulus was defined as the axial stress 
(reaction force divided by area) over the axial strain (0.5%) (black diamonds, 
non-injected CaP bone cement; grey squares, injected CaP bone cement). 
Adapted from Lacroix et al82

.



Very few studies have performed a finite-element analysis of fluid flow (FF) 

within a scaffold. So far, only simulations of a perfusion bioreactor have been 

investigated85
. An FF finite-element analysis has been performed by Sandino et 

al.86
, on CaP cement cylinders of 1 diameter and 2 height. For the 

simulation of the interstitial FF (fluid models), an inlet fluid velocity of 10 /s 

was fixed on the nodes of the entrance side of the meshes, a fluid velocity of 

zero was fixed on the nodes of the walls of the outer diameter, simulating a 

confined perfusion system, and the outlet fluid pressure was set as zero on the 

nodes of the exit side of the meshes. Steady-state Newtonian fluid analyses 

were performed with a non-slip condition on the walls of the scaffold. Fluid 

density and viscosity were similar to those of the cell culture medium. The 

fluid velocity distribution into the pores showed that the FF did not reach all 

interconnected pores of the samples. Moreover, high changes of fluid velocity 

were observed; there were regions where the fluid velocity was almost zero, 

and other parts with high-velocity FF. Each pore of the samples had different 

values of fluid velocity, fluid pressure and fluid shear stress, depending mainly 

on its position within the scaffold, its size and its interconnectivity with other 

pores. When simulating a physiological FF within the scaffold, it was found 

that maximum FF could increase 1000 times inside the scaffold86
. This result 

therefore shows that the mechanical stimuli through FF sensed by the cells can 

be much higher than the one applied macroscopically on the scaffold.

An ideal scaffold would be bone that mimics the extracellular matrix of the 

tissue that is to be replaced so that it can act as a template in three dimensions 

onto which cells attach, multiply, migrate and function. The criteria for a 

scaffold for bone regeneration is that it has an interconnected macro-porous 

network containing pores with diameters in excess of 100 for cell 

penetration, tissue ingrowth and vascularisation, and nutrient delivery to the 

centre of the regenerating tissue on implantation87-89
.



A number of fabrication techniques have been developed for producing 

porous scaffolds, including polymer replica, sacrificial template and direct 

foaming method. However, none of these methods can satisfy all of the 

abovementioned requirements, namely, high porosity, perfect interconnection, 

and high mechanical properties. Recently, solid freeform fabrication (SFF) 

method has attracted a great deal of attention as a good candidate for the 

abovementioned preferred method, since it can produce the internal 

architecture and external shape of scaffold. 

The ceramic slurry was used for casting in the mold through freeze casting 

method. The freeze casting method used both water53, 90, 91 and camphene92 as 

the freezing vehicle has recently received increasing interest, since it can 

endow porous ceramics with well-defined pore structured. The striking 

advantage of this camphene-based freeze-casting technique is the moderate 

freezing temperature, which is close to room temperature, as camphene has a 

melting temperature of 44 ~ 48 . This method was successfully adopted 

to produce not only porous glass-ceramics93, but also dense/porous bi-layered 

ceramic composites94
. In this method, parts manufactured fabricated by SFF 

method was used as a mold for the production of a bone substitute which was 

designed using CAD. And then, the HA slurry is normally prepared by ball 

milling and then cast into the mold at a temperature below its freezing 

temperature. To date, water and camphene have been successfully used as 

freezing vehicles.

Therefore, this study is suggestion of the formalized design controlling 

architecture with 3D CAD and biomechanical analysis for the physical safety 

by the finite element method. SFF scaffolds were fabricated using the 

suggested model and the one produced by commercialized method was 

prepared for the biomechanical stability comparison.



2. Design of formalized porous scaffold

Characteristics of porous scaffold structure like basic cell and size were 

selected through review articles. Pore architecture of scaffold was selected 

through mechanical property analysis using finite element analysis (FEA).

To determine the optimum pore size, the other research was reviewed. In 

study of Karageorgiou et al.95, it is still not clear what an optimal geometry for 

these bone substitutes should be except that blocks should contain 

interconnected macropores and that the macropore diameter and the macropore 

interconnections should be larger than 50-100 in diameter. Bohner and 

Baumgart96 proposed a theoretical approach to determine the marcopore 

morphology minimizing the resorption time of a bone substitute with a 

cell-mediated resorption. The model predicted for non or partly interconnected 

macroporous scaffolds an optimum macropore size in the range of 50-800 

depending on the macroporosity volume fraction, the size of the implanted 

block and the diameter of the pore interconnections. Kruyt et al.97
, compared 

hydroxyapatite scaffolds with different porosities (70% porosity and 800 

average pore size (70/800) versus 60% porosity and 400 average pore size 

(60/400)). More goat bone marrow stromal cells (gMSC) proliferated during a 

6-day ex vivo culture in the 60/400 scaffolds. However, when scaffolds seeded 

with MSC were implanted in bilateral paraspinal muscles in goats more bone 

formed in the 70/800 scaffolds. This result was likely due to the larger surface 

area that results in higher ion exchange and bone-inducing factor adsorption 

as. Basic cell type of scaffold were selected the spherical type and hexahedron 

type through article reviewed, and pore sizes were determined 300, 500, 700 

.

Porous scaffolds were designed using CATIA V5 (Dassault Systems, 

France), basic cell and pore size of scaffold were spherical type and 300, 500, 



700 . Moreover, the hexahedron type with same pore size was designed for a 

comparison to confirm the difference of shape. External shape of all model 

was designed in cylinder type, with 25% porosity. 

And then, the evaluation of mechanical properties on the design proposal 

was conducted through FEA with ANSYS ver. 12 (ANSYS, canonsburg, PA, 

USA) as shown in Fig. 9 and Fig. 10. The properties of the HA (the Young's 

modulus of 8.5 ㎬, Poisson's ratio of 0.27, compressive strength of 447.5 ㎫ 
and tensile strength of 81 ㎫) were applied. These are conducted for 

comparing the strength between a varieties of conditions of porous HA block 

architecture. According to the result of FEA as shown in Table 4, the 

maximum stress of the set of pore size 500 ㎛ was lowest in the reviewed six 

sets. And it is noticed that the cubic type scaffold would be less stressed than 

the spherical type. Thus, the cubic type with pore size 500 ㎛ was suggested as 

the optimal structure of the basic unit cell.



Figure 9. Illustrations of stress distribution for cubic type of FEA. 



Figure 10. Illustrations of stress distribution for spherical type of FEA. 



Table 4. Conditions and results of six sets for finite element analysis

Pore
Type

Pore
Size
[㎛]

Unit
Cell
Size
[㎛]

Porosity
[%]

von-Mises
Stress
[㎫]

Set A Cubic 300 919 25.7 5.1

Set B Cubic 500 1500 25.6 4.5

Set C Cubic 700 2144 25.3 6.7

Set D Sphere 338 914 25.3 11.9

Set E Sphere 564 1527 23.8 8.6

Set F Sphere 790 2139 25.3 9.8



3. Mold manufacturing fabricated by solid freeform fabrication

As hexahedron type was selected as basic cell, which was optimized 

structure through FEA results (Fig. 11). Although external shape could be 

various kinds of external and internal structure, external shape of scaffold was 

fabricated in cylinder shape for a comparison of SFF and polymer replication 

method (PRM) because of cylinder shape was easily fabricated by PRM which 

was used as one of the conventional fabrication method.

Mold for casting scaffolds was designed using a commercially CAD 

software CATIA V5. The mold was designed with 500 struts spaced 1000 

apart in X-Y-X directions, which defined the internal macro-channel 

diameter and macro-channel spacing, respectively. After the CAD data of mold 

was converted into input file for stereolithography (SLA), the mold produced 

on a SLA apparatus (Viper si2 SLA System, 3D system, Rock Hill, SC, USA), 

one ways of SFF, with a commercial amethyst resin (Accura Amethyst, 3D 

System). After the part has been built it requires post-processing, which 

includes cleaning and UV post-curing, and may also include final finishing. 

First, the liquid resin is allowed to drain back into the vat from the part and 

platform. Then the platform, with the part still attached, is removed from the 

SLA system process chamber and the remaining excess liquid is removed. The 

cleaned part is cured by exposure to UV light in 3D systems post curing 

apparatus (PCA, 3D System). Final finishing processes including sanding, 

beadblasting, polishing, buffing, painting, or dyeing are done.



Figure 11. Schematic illustrations showing (A) the 
mold structure designed with CAD and (B) 
suggested design of formalized porous scaffold. 



4. Fabrication of hydroxyapatite scaffolds

HA scaffolds of a disc type (φ12 x12 ) were fabricated by SFF and PRM 

with 45% porosity.

A. Fabrication of hydroxyapatite scaffold by solid freeform fabrication

Porous scaffold was fabricated using mold by SLA, one ways of SFF 

method. Hydroxyapatite (HA) was used as representative ceramic materials, 

which is similar to crystalline phase of natural bone. The HA slurry was used 

for casting in the mold through freeze casting method.

Commercially available hydroxyapatite (HA) powder (Ca10(PO4)6(OH)2; 

Alfa Aesar Co., Milwaukee, WI, USA) was used, while camphene (C10H16, 

Alfa Aesar/Avocado Organics, Ward Hill, MA, USA) was used as freezing 

vehicle. 

The as-received HA powder was calcined at 900 for 3h in air to improve 

the rheological behavior of the HA/camphene slurry.98 After calcinations, the 

specific surface area was notable reduced from 63 to 16 /g. In addition, 

oligomeric polyester (Hypermer KD-4, UniQema, Everburg, Belgium) were 

used as the organic binder and the dispersant, respectively.

The experimental procedure for freeze casting is briefly illustrated in Fig. 

12. First, a HA/camphene slurry with an initial HA content of 36 vol.% was 

prepared by ball-milling at 60 with the aid of 3 wt.% of dispersant. The 

prepared warm slurries were then poured into the mold with a 500 or pore 

size, 15 in diameters 15 in height, using the stereolithography device 

(viper si2 SLA System, 3D system, Rock Hill, SC, USA), and left to stand at 

35 , for 2 hours. Before demolding, all the frozen bodies were placed in a 

cold atmosphere at a temperature of around -68 to enhance their green 



strengths. the green bodies were then freeze-dried at -58 to remove the 

frozen camphene. The HA green bodies were heated slowly to 620 at a 

heating rate of 0.25 /min in order to burn out the mold, freezing vehicle and 

dispersant. These were sintered at 1250 for 3 hours to densify the HA struts. 

Finally, disc-type porous HA scaffolds of 12 in diameter and height were 

produced.



Figure 12. Schematic illustrations showing the experimental procedure of freeze 
casting technique for mold fabricated by solid freeform fabrication. 



B. Fabrication of hydroxyapatite scaffold by polymer replication method.

HA scaffold was fabricated by PRM for a comparison with physical and 
mechanical property of scaffold fabricated by SFF (Fig. 13).

A hydroxyapatite (HA) slurry was made by dispersing commercially HA 

powder (Alfa Aesar) into ethyl alcohol combined with triethyl phosphate 

(TEP; (C2H5)3PO4, Aldrich, St. Louis, MO, USA), a dispersant, and Polyvinyl 

butyral (PVB; Aldrich) as a binder. A porous polyurethane sponge (45 ppi, Jeil 

Urethane Co., Korea) was subjected to a coating process. It was immersed in 

the slurry and then removed several times. This was done in order to remove 

excess residual slurry from the sponge. Compressed air was blown into the 

pores of the sponge to perforate the clogged pores. After sponge coating it was 

then dried in dry oven at 70 for 30 minutes. The coating/drying step was 

repeated several times until the sample had sufficient strength. The HA-coated 

sponge was heated slowly to 620 at a heating rate of 0.25 /min and 

maintained at this temperature for 3 hours to burn out the polymeric sponge 

and binders used in the HA slurry. There were sintered at 1250 for 3 hours 

to densify the HA struts. The procedure was repeated 3 times to reduce the 

porosity of the sample. Thereafter, the samples were sintered at 1250 for 3 

hours to sinter the HA walls. As with the SFF method, we fabricated the 

disc-type specimens of 12 in diameter and height.



Figure 13. Schematric illustrations showing the experimental procedure of HA 
scaffold fabricated by polymer replication method.



C. Porosity measurement

The porosity of the HA scaffolds fabricated by SFF and PRM was calculated 

from measurement of density method (ASTM F2450)99. Bulk density (Db) was 

calculated from mass (g) against volume (V) format using equation (1): 

Db (g/ ) = M (g) / V ( ) (1)

Followed by equation (2) to calculate porosity (P) with bulk density and 

theoretical density (Dth), Dth of HA was 3.156 g/ .

P (%) = (1-Db/Dth) x 100 (2)

The porosity of HA scaffold fabricated by SFF was 44.0 ± 0.63%, and that 

of PRM was similarly 43.3 ± 0.22% using the measurement of density method. 

The difference was not statistically significant (p-value>0.05).

When porosity of scaffold calculated using measurement of density, volume 

of scaffold could be calculated from length and height measured using vernier 

calipers. However, because surface of scaffold was not smooth but grainy, 

measurement data was not accurate. In addition, as a strut of HA scaffold was 

not dense due to micropores, there is a limit to use the theoretical density of 

HA.

The minimum cell size of HA scaffold fabricated by PRM is limited to small 

size, because of the difficulty with impregnating polymer sponges with 

excessively narrows cells.

Therefore, high-resolution micro X-Ray computer tomography (μ-CT, 

Skyscan1076, Skyscan, Belgium) was used to measure and confirm the 

internal interconnected pore structure and pore size of HA scaffold. Porosity 



and pore size and pore shape and interconnectivity, including 

three-dimensional image of HA scaffold were measured using μ-CT. 

The porosity of HA scaffolds fabricated by SFF measured by μ-CT was 24.8 

± 1.06%, and that of PRM was 25.7 ± 0.37%. They were similar as well 

(p-value>0.05). Table 5 shows the porosity calculated by measurement of 

density and μ-CT. Despite porosity analyses against the same specimens, the 

porosities of PRM-made and SFF-made specimens, assessed by both μ-CT and 

measurement of density, were different (p<0.05). Calculated porosity using 

measurement of density was limited applied to HA scaffold, because of 

calculated volume and theoretical density application were inappropriate for 

applied as mentioned above. And porosity calculated from μ-CT was 25% 

similar to that designed by CAD. According to Kwon et al.100, the 

macroporosity calculated from μ-CT was lower than the porosity from the 

measurement of density of the scaffolds. The estimated macroporosity was 

12% - 15% lower than the total porosity. This discrepancy was attributed to the 

microporosity of the solid wall of the HA scaffolds, causing porosity 

calculated from μ-CT to be lower than porosity from measurement of density. 

Due to the limitations of inaccurate volume measurement, the porosity data 

was considered less reliable. In order to determine accurate porosity, the 

porosity of the scaffolds could be measured by test methods for apparent 

porosity of refractory brick101. However, the required specimen was 1,000,000 

times larger by volume than our prepared specimen. Despite some limitations 

in terms of porosity measurement, μ-CT was considered more useful than any 

other measurements or analyzing pore shapes and interconnectivity of porous 

scaffolds. Measuring of the thickness, pore size, pore distribution and 

interconnectivity of the prepared HA scaffolds was conducted easily using the 

μCT results. It was confirmed that the interior and surface of HA scaffolds 

fabricated by SFF had interconnected pores in the x, y, z directions (Fig. 14 



(A)), and that HA scaffolds fabricated by PRM did have interconnected pores, 

but that were closed pores on the surface (Fig. 14 (B)). The minimum cell size 

of HA scaffold fabricated by PRM was limited to approximately 200 , 

because of the difficulty with impregnating polymer sponges with excessively 

narrow cells22. However, HA scaffolds fabricated by SFF have the advantage 

of easy control of pore size.



Table 5. Total porosity calculated by measurement of density and 

macroporosity calculated by microtomographic image of HA scaffold 

fabricated by SFF and PRM

Total porosity [%]
Calculated by

Measurement of 
density

Macroporosity [%]
Calculated by

Tomographic image
Difference

HA scaffold
 Fabricated 

by SFF 
44.0 24.8 19.2

HA scaffold
 Fabricated 

by PRM
43.3 25.7 17.6



Figure 14. Microtomography images of HA scaffolds 
produced by (A) solid freeform fabrication and (B) 
polymer replication method.



D. Phase analysis of hydroxyapatite scaffolds

The crystallinity and chemical composition of the materials, as well as the 

thermal decomposition that could occur during sintering of HA scaffolds, were 

measured by the X-ray diffractometer (XRD). HA scaffolds fabricated by SFF 

and PRM were crushed by a mortar and pestle and then ground into a fine 

powder. Powdered specimens were placed on the specimen holder to be 

analyzed by XRD (D/MAX-2200, Rigaku, Japan) using CuKα1 radiation (λ = 

0.15406 ) as a source at 30 kV, 40 mA. It was recorded that the XRD pattern 

was 2θ, the range was 20 to 60 degrees and the step size was 0.02 degrees. 

The XRD phase analysis of the HA scaffold was performed using the Joint 

Committee on Powder Diffraction Standards (JCPDS) card number 09-0432.

Fig. 15 shows the XRD patterns of porous HA scaffolds fabricated by SFF 

and PRM. The characteristic peaks of HA were observed for all the samples, 

and agreed with those of the standard HA (JCPDS 09-0432). All of the 

fabricated scaffolds showed very similar patterns, that is, strong peaks 

associated with the HA structure were observed. The three major peaks at 2θ = 

26, 32 and 33° corresponded to the diffraction lines from the (002), (211) and 

(112) lattice planes of the HA crystal, respectively. In general, sintering HA 

can lead to the partial thermal decomposition of HA into the α-tricalcium 

phosphate (α-TCP, Ca3(PO4)2), tetracalcium phosphate (TTCP, Ca4P2O9), 

calcium oxide (CaO) and amorphous apatite as a second phase102. 

Decomposition of HA results in the changes in physicochemical properties of 

the final material. It affects the performance of an implant in a living body by 

changing its solubility, resorption rate and even biocompatibility103, 104.



Figure 15. X-ray diffraction patterns of the fabricated sample showing HA 
scaffolds produced by (A) solid freeform fabrication, (B) polymer replication 
method and (C) expected powder pattern intensities (JCPDS 09-0432). 



E. Scanning electronic microscopy of hydroxyapatite scaffolds

Scanning electronic microscopy (SEM; HITACHI S3000, Japan) was used 

to evaluate morphological characterization such as pore size, pore structure 

and microstructure of the cross section of HA scaffold fabricated by SFF and 

PRM. The sample was gold sputter coated using a sputter coater at 20 mA 

under 70 mTorr for 120 seconds. SEM analysis was performed on HA 

scaffolds at magnifications of x30 and x3000.

Fig. 16 shows the SEM micrograph of the resulting HA scaffolds fabricated 

by SFF and PRM. When the scaffolds fabricated by SFF were viewed in the X, 

Y or Z direction, the channels seen from the cross sections revealed a network 

of interconnected channels of high regularity with 400 , which caused 

approximately 20% of shrinkage corresponding to the design value. 

Macropores in the scaffolds fabricated by PRM were spherical and completely 

interconnected in the interior. 

The scaffold fabricated by PRM showed a relatively large scope of pores 

sizes, about 100 - 500 , but due to the lower porosity, closed pores occurred 

at the surface of scaffold. An interconnected porous structure is essential for 

uniform cell seeding, growth, proliferation, and migration in three 

dimensions105
. In addition, these allow diffusion of nutrient to the cells. Hench 

et al., interconnected macro-porous network containing pores with diameters 

in excess of 100 for cell penetration, tissue ingrowth and vascularisation, 

and nutrient delivery to the centre of the regenerating tissue on implantation106
. 

The Gauthier et al.107
, scaffolds with 565 pore size provided more abundant 

newly formed bone both in peripheral and deep pores than those with 300 

pore size. In addition, interconnected pore should be containing pores with 

excess of 100 for bone substitute scaffold, if the size of pores is very small 

or the pores are severely blocked, fast osteoconduction cannot be induced. For 



that reason, macrochannel, fabricated by SFF, is almost straight with extremely 

narrow size distribution because this structure is fabricated by resin burn out in 

scaffolds, which is important in investigating the osteoconductive research. 

This is expected to be an appropriate environment for bone ingrowth when 

implanted into bone defects.



Figure 16. SEM micrographs of the porous HA scaffolds (A) low-magnification 
(x30) (C) high-magnification (x3,000) fabricated by solid freeform fabrication 
and (B) low-magnification (x30) (D) high-magnification (x3,000) fabricated by 
polymer foam replication method.



F. In vitro cell studies

MC3T3 preosteoblast cells were purchased from American Type Culture 

Collection (ATCC; Manassas, VA, USA). MC3T3-E1 preosteoblast cells 

(CRL-2593) were used to assess the biological response of the HA scaffolds. 

For the initial cell attachment test, the cells were cultured in alpha minimum 

essential medium (GIBCO BRL, Grand Island, NY, USA) with ribonucleo-

sides, deoxyribonucleosides, 2 mM L-glutamine and 1mM sodium pyruvate, 

but without ascorbic acid (GIBCO BRL), supplemented with 10% fetal bovine 

serum (FBS; GIBCO BRL) containing 1% antibiotic/antimycotic liquid 

(10,000 units of penicillin, 10,000 of streptomycin, and 25 of amphoter-

icin B/m, GIBCO BRL) in a humidified atmosphere of 5% CO2 in air at 37 . 

After culturing the cells on the samples for 4 hours, their attachment morphol-

ogy was evaluated by SEM.

Fig 17 shows representative SEM morphologies of the pre-osteoblast 

MC3T3-E1 cells attached onto the HA scaffold after 4 hours. The cells grew 

favorably on the HA scaffold surface with strong adhesion and spread well.



Figure 17. Representative SEM micrographs of MC3T3-E1 
cells attached onto the HA scaffold surface; (A) cross section, 
(B) surface of HA scaffold.



5. Discussion and summary

3D model of porous Hydroxyapatite scaffold was designed and reviewed to 

have adequate mechanical strength and porosity through screened by finite 

element analysis, and this study suggested the formalized architecture. Porous 

scaffolds were designed using CAD, basic cell and pore size of scaffold were 

hexahedron type and 500 and external shape of all model was designed as 

cylinder type with 25% porosity. Porous scaffolds were fabricated by SFF and 

PRM for a comparison of physical and mechanical property of scaffold. All of 

the fabricated scaffolds showed very similar patterns, that is, strong peaks 

associated with the HA structure were observed though XRD, and porosity of 

HA scaffold was not statistically significant. Whereas HA scaffolds fabricated 

by SFF were with connective macropores, those by PRM formed close pore 

external surface with internally interconnected pores internal. Because, 

macrochannel, fabricated by SFF, is almost straight with extremely narrow size 

distribution, SFF was supposed to be a proper method for fabricating 

interconnected macro-porous network when compared with PRM.



. BIOMECHANICAL STABILITY EVALUATION

1. Introduction

The mechanical properties of synthetic calcium phosphate scaffolds are 

currently the limiting factor in their widespread utilization. These compounds 

differ from bone in four important parameters: elastic modulus, ultimate 

strength, fatigue life and mode of failure. Table 6 presents a simplified view of 

the mechanical properties of bone and the most commonly used calcium 

phosphate scaffolds108
. Bone has been characterized as an orthotropic material 

with much more complex mechanical constants. This table, however, gives the 

reader a general idea of how bone behaves mechanically. Problem is that 

ceramic scaffolds do not exhibit substantial elastic or plastic deformation 

before fracturing. Due to the lack of ductility, virtually all calcium phosphate 

scaffolds are brittle. The brittleness can be explained by the atomic structure of 

ceramics. Elasticity is manifested as small reversible changes in the 

interatomic spacing and stretching of interatomic bonds. Plastic deformation 

corresponds to breaking of existing bonds and reforming of bonds with new 

neighboring atoms. Therefore, the elastic moduli of calcium phosphate 

systems could be twice as high as that of bone, depending on the porosity of 

the system. The compressive strength is comparable to that of cancellous bone. 

Calcium phosphate scaffolds, however, are extremely brittle and have a poor 

fatigue life. Additionally, they fail in a brittle fashion with very little 

deformation to failure. That is because calcium phosphate scaffolds exhibit 

weak mechanical strength109 associated with a high sensitivity to slow crack 

growth in the presence of water under cyclic stresses110
. This can be a major 

problem when the calcium phosphate systems are utilized in weight bearing 

areas of the skeleton111
. Many researches are currently being conducted to 



improve mechanical properties.

Therefore, in this chapter to evaluate the scaffold's strength through the 

biomechanical tests, static compressive test was conducted for measurement of 

porous scaffold's strength fabricated by solid freeform fabrication (SFF), and 

the result was compare of with that of the scaffolds fabricated by polymer 

replication method (PRM).

2. Material preparation and test method

The biomechanical evaluation was carried out on the scaffolds fabricated by 

SFF and the one fabricated by PRM. Both scaffolds were produced in the 

similar condition of their size and porosity. Materials testing machine, Instron 

8872 (Instron Inc., UK), equipped a circular plate jig (Fig. 18) was used as test 

specimens of diameter 12cm, height 12cm in the form of a cylinder with 

porosity of about 44%. During the compressive strength tests, the stress and 

strain responses of the samples were monitored. More than seven samples 

were tested to obtain the average value along with its standard error. The top 

and bottom surfaces of the cylinders were infiltrated with paraffin to minimize 

the edge effects and cross head speed was set to the 0.5 /min. 



Table 6. Mechanical properties of dense and porous hydroxyapatite, and 

human bone108

Properties
Cortical

Bone 
Cancellous 

bone
Porous HA

Dense 
HA

Compressive
strength (㎫)

130-180 4-12 0.21-0.41 > 400

Elastic
Modulus (㎬)

12-18 0.1-0.5 0.83-1.6  ~ 40

Fracture
Toughness (㎫ m1/2)

2-12 0.1 - ~ 100



Figure 18. Static compressive strength test equipment.



3. Strength comparison of scaffolds fabricated by solid freeform fabrication 

and polymer replication method

In order to evaluate the mechanical properties of the porous HA scaffold 

fabricated by solid freeform fabrication (SFF) and polymer replication method 

(PRM), compressive strength tests were conducted. Most of the samples failed 

due to the vertical cracking, as shown in Fig. 19 which ensued when the tensile 

stress generated by the compression exceeded the strength of the material. In 

this case, the crack propagated through the sample in a direction which was 

parallel to the loading direction, splitting it into parts. A similar failure mode 

was reported for porous ceramics with periodic pore structures112
. However, in 

this previous case, lamina cracking was also observed during compression, in 

which the cracks were generated on the plane that was normal to the loading 

direction. In this case, the major deformation mode of the sample was 

considered to because by the bending of the ceramic networks, in the same 

manner that ceramic foams fail113
. A typical stress versus strain response 

during the compression of the porous HA scaffolds fabricated by SFF and 

PRM is shown in Fig. 20. The average compressive strength of porous scaffold 

fabricated by SFF was 14.6 ± 4.1 . However, that of HA scaffolds fabricated 

by PRM was 3.56 ± 0.39 . In other words, HA scaffolds by SFF have 4 

times stronger compressive strength than HA scaffolds by PRM (Fig. 21) 

(p<0.05). HA scaffolds were often cracked during pyrolysis of the polymeric 

template, markedly degrading the final mechanical strength of the porous 

ceramic. As we can see in Fig. 16(B) specimens by PRM caused pores to close 

at the edge, which resulted in decreased interconnectivity.



Figure 19. Typical optical micrographs of the fractured HA scaffold 
fabricated by solid freeform fabrication after compressive strength 
test illustrating (A) vertical cracking and (B) laminar cracking of the 
sample.



Figure 20. Stress-strain curve on scaffolds fabricated by solid 
freeform fabrication (upper) and fabricated by polymer replication 
method (bottom). 



Figure 21. Compressive strength graph of HA scaffold fabricated by polymer 
replication method and solid freeform fabrication.



4. Discussing and summary

The static compressive strength tests on the scaffolds fabricated by SFF and 

PRM, with the similar condition of their specimen size and porosity were 

conducted for evaluation of biomechanical stability. Average compressive 

strength of porous scaffold fabricated by SFF was 14.6 ± 4.1 , and that of 

scaffold fabricated by polymer replication was 3.56 ± 0.39 . This means that 

the current PRM method has problems in controlling porosity and poor 

mechanical strength. However, the SFF method can adjust porosity and pore 

shapes easily and has proven its relatively high mechanical properties.



. BIOLOGICAL SAFETY EVALUATION 

1. Introduction

The biocompatibility has been officially defined as the ability of a material 

to an appropriate host response in a specific application114, 115. The real issue of 

biocompatibility is thus not only whether there are adverse biological reactions 

to a material, but also whether material performs in the intended biomedical 

application with satisfaction. Essentially a biocompatible material should not 

be attacked by the immune system in human body. The immune system 

rejection can lead to serious medical complications such as thrombus 

formation, calcification, fibrous tissue encapsulation, and so on116. Biological 

factors that evaluate the biocompatibility are well prescribed in the ISO 

standard117. Table 7 represents the biological evaluation matrix of medical 

devices that the FDA requires, according to different devices and duration of 

body contact.

Cytotoxicity, mutagenicity, hemolysis and carcinogenicity belong to the in 

vitro evaluation using cells or blood, while sensitization, irritation, systemic 

toxicity, chronic toxicity and implantation belong to the in vivo evaluation 

using animals such as mouse, rabbit, guinea pigs or dogs. Most evaluations are 

conducted with the solutions leached from the implant materials. Therefore, 

whether the releases of toxic or carcinogenic elements are released into fluids 

is important to determine the biocompatibility of the materials. 



Table 7. Biocompatibility evaluation matrix117

Medical device categorization by Biological effect

Nature of body contact

Contact duration
A: Limited

(<24 h)

B: prolonged
(24 h to 30 days)

C: permanent 
(> 30 days)

C
ytotoxicity

Sensitization

Irritation

System
ic toxicity

Subchronic toxicity

G
enotoxicity

Im
plantation

H
em

o-com
patibility

Category Contact

Surface
Devices

Skin

A

B

C

Mucosal
Membrane

A

B

C

Breached or
Compromised

Surface

A

B

C

External
Communi-

Cation
Devices

Blood path,
Indirect

A

B

C

Tissue/bone
/dentin

A

B

C

Circulating
Blood

A

B

C

Implant
Devices

Tissue/
Bone

A

B

C

Blood

A

B

C

: International Organization for Standardization (ISO 10993)
: Additional tests that may be applicable



In this study, biocompatibility of the porous hydroxyapatite (HA) scaffolds 

fabricated by solid freeform fabrication (SFF) was evaluated with the in vitro 

tests such as cytotoxicity, hemolysis and the in vivo tests such as irritation, 

sensitization and implantation.

2. In vitro biological safety evaluation

A. Cytotoxicity

Cytotoxicity test was performed by the procedures indicated by the ISO 

10993-5.

Extraction media of HA scaffolds was prepared with the 9 g/L sodium 

chloride (saline) in distilled water (DW) at the ratio of 4 g/20 at 37 and 

for 72 hours. latex film (WOOJON ACT, Malaysia) was used as positive 

control and high density polyethylene film (Hatano Research Institute, Japan) 

as negative control. A minimum of three replicates were used for test samples 

and controls. All procedures were performed under aseptic condition. When 

the cells proliferated up to 80%, the supernatant culture medium was discarded 

and the cells were incubated with extracted medium for 24 hours.

Determination of cytotoxicity was performed by examining the general 

morphology, vacuolization, detachment, cell lysis and membrane integrity 

using microscope. The change from normal morphology was checked 

descriptively or numerically using reactivity grades for elution test guided by 

ISO 10993-5. Table 8 lists the reactivity grades for elution test117.

NCTC clone 929 (L-929; mouse subcutaneous connective tissue) cells were 

purchased from American Type Culture Collection (ATCC; Manassas, VA, 

USA). The cells were initially cultured and routinely maintained in dulbecco's 

modified eagle's medium (DMEM; GIBCO BRL, Grand Island, NY, USA) 



supplemented with 10% fetal bovine serum (FBS; GIBCO BRL) and 1% 

penicillin-streptomycin (GIBCO BRL) at 37 and 5% CO2 in a humid 

environment. The collected L-929 cells were then plated in 24-well 

microculture plates at a density of 2 x 105 cells/well in complete culture 

medium. The extracts of HA scaffold were 2-fold serially diluted by adding 

fresh culture media (2x) containing 10% FBS. After the L-929 cells had been 

seeded at a density of 2 x 105 cells/well into a 24-well plate duplicate and 

incubated at 37 for 24 hours, the medium was replaced with the diluted 

extracts and then the cells were incubated for a further 24 hours.

After incubation, each well was washed with phosphate-buffered saline 

(PBS; Sigma, St. Louis, MO, USA) and stained with 0.2% crystal violet (CV; 

Sigma) solution dissolved in 2% ethanol for 20 minutes. The stained cells were 

lysed with 0.5% sodium dodecyl sulfate (SDS; Sigma) solution in 50% ethanol 

and then transferred to a 96-well plate. The absorbance of each well was 

measured at 610 using an automatic microplate reader (SpectraMax 340, 

Molecular Deve Inc., Sunnyvale, CA, USA). The blank reference was taken 

from wells without cells. The cytotoxic potential of the HA scaffolds to the 

cultured L-929 cells was expressed in terms of the relative viability. Relative 

cell viability was defined as the percentage of the optical density of a diluted 

extract containing medium to the optical density of the corresponding control. 

Fig. 22 shows MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) assay  results for L-929 cell cultured with extracts and dilutions of 

HA scaffold, compared with these of latex film as positive control, and HDPE 

as negative control. The results showed the HA scaffold had no significant 

cytotoxic effect in the cell lines.



Table 8. Reactivity grades for elution test117

Cytotoxicity

Grade
Reactivity Condition

0 Non-cytotoxic
Discrete intracytoplasmic granules ;
No cell lysis

1
Slightly 

cytotoxic

Not more than 20% of the cells are round, 
loosely attached, and without 
intracytoplasmic granules ; occasional lysed 
cells are present

2
Mildly 

cytotoxic

Not more than 50% of the cells are round, 
and devoid of intracytoplasmic granules ; no 
extensive cell lysis and empty areas between 
cells

3
Moderately 

cytotoxic
Not more than 70% of the cell layers contain 
rounded cells or are lysed

4
Severely 

cytotoxic
Nearly complete destruction of the cell 
layers



Figure 22. The relative cell viability profiles assayed in various concentrations 
of HA scaffold extracts by MTT assay. 



B. Hemolysis

Porous HA scaffold was eluted with saline in sterile glass test tubes with 

caps at ratio of 4 g/20 at 37 for 72 hours and 10 of extract was 

transferred to test vials in triplicate. Positive (sterile water) and negative 

(normal saline) control items were prepared at the saline condition. All test 

vials were incubated in a 37 water bath for 30 minutes and 0.2 of fresh 

diluted rabbit blood was added to each vial respectively. After additional 

incubation for 60 minutes, test vials were centrifuged at 10,000 rpm for 10 

minutes. The supernatant was then read on a spectrophotometer at 540 . The 

percent hemolysis of the extract was determined. The hemolysis index was 

calculated as following equation (3):

Hemolysis Index = Hemoglobin released ( / ) x 100 (3)Hemoglobin present

A test material with a hemolysis index of 5 or less is considered 

non-hemolysis (ISO 10993-4).

The hemolysis index of the porous HA scaffold was 0.165 ± 0. The HA 

scaffold extract is considered non-hemolytic based on the methods in this 

study.



3. In vivo biological safety evaluation

A. Irritation

The potential to produce irritation following intradermal injection of extract 

of porous HA scaffold was assessed using 3-month old male New Zealand 

white (NZW) rabbits. Four rabbits were examined to ensure that their skin was 

free from irritation, trauma and disease, and weighed and clipped free of fur on 

the dorsal side prior to administration. The extract liquid was prepared by 

putting the specimen in the polar solvent (physiological saline) and non-polar 

solvent (olive oil). The extraction ratio of specimen to the polar solvent and 

non-polar solvent was 4 g/ 20 . The extraction condition was 37 for 72 

hours. 0.2 of the extract obtained with polar solvent was injected 

intracutaneously at five sites on one side of each rabbit. Similarly, 0.2 of the 

polar as control were injected at five posterior sites on the same side of each 

rabbit. The above procedures were repeated for the extract obtained with the 

no-polar solvent and the non-polar solvent as a control was injected on the 

other side of each rabbit. The appearance of each injection site was observed 

immediately, in 24, 48 and 72 hours after injection. The tissue reaction for 

erythema and edema was graded according to the system given in Table 9117 

for each injection site and at each observation time, and the results were 

recorded.

This is performed by adding the scores for each animal for erythema and 

edema in 24, 48 and 72 hours after exposure. The sites injected with the 

extracts did not show a significantly greater biological reaction than the sites 

treated with the vehicles (Fig. 23). The primary irritation index (PII) for each 

rabbit was summed up together and divided by the number of rabbits to obtain 

the PII. PII of both the scaffold extracts by saline and cotton seed oil was 0. 



There were neither erythema and eschar formation, nor edema formation in 

experimental rabbits which means that there no cytotoxicity in porous HA 

scaffold fabricated by SFF.



Table 9. Classification system for scoring skin reactions according to ISO 

10993-10117

Reaction Grade

Erythema and eschar formation

 No erythema 0

 Very slight erythema (barely perceptible) 1

 Well-defined erythema 2

 Moderate to severe erythema 3

 Severe erythema to slight eschar formation preventing 
grading of erythema

4

Edema formation

 No edema 0

 Very slight edema (barely perceptible) 1

 Well-defined edema (edges of area well-defined by 
definite raising)

2

 Moderate to edema (raised approximately 1 ) 3

 Severe edema (raised more than 1 and extending 
beyond exposed area)

4



Figure 23. The appearance of each injection site at (A) 24 hours, (B) 48 
hours and (C) 72 hours after injection.



B. Sensitization

Maximal sensitization test was performed according to ISO 10993-10 to 

assess the allergenic potential of porous HA scaffold, with intracutaneous and 

topical administration using guinea pigs.

HA scaffold was eluted in cotton seed oil at 37 for 72 hours. Equal 

volumes of test extract and freund complete adjuvant (FCA; Sigma) were 

combined and homogenized by continuous and vigorous vortex mixing until 

emulsified. The shoulder region of each guinea-pig was shaved. Two identical 

sets of 0.1 intradermal injections of 50 : 50 Vehicle/FCA, test extract and 50 

: 50 test extract/FCA were administered to ten heads of guinea pigs. The 

vehicle control cotton seed oil (CSO) and positive control (0.5% 

dimethylsulfoxide, DMSO, Sigma) were injected in the same manner to 5 

guinea pigs respectively at induction phase. 

On the 6th day 6 the intradermal injections, the same test area was clipped of 

hair and treated with 10% sodium lauryl sulfate (Sigma) in petrolatum. On the 

7th day, 2 x 4 patch wetted with test extract was placed over the injection 

sites and wrapped with elastic bandage to secure contact. The dressing was 

removed from the animals in 48 hours after application. The same procedure 

was applied to negative control and positive control groups. Test and control 

animal were challenged on the shaved flank with 2 x 2 test extract patches 

for 24 hours on the 14th day after completion of the topical application. 

Patches were removed 24 hours later. Reactions for erythema and edema were 

evaluated visually in 24, 48 and 72 hours after patch removal according to the 

grading. The intensity of responses to test extract and vehicle in the test group 

is compared to the responses in controls. Reactions are considered positive 

when they are more intense than those to vehicle and the test extract in 

controls.



The maximal sensitization test in guinea-pigs is chosen as test model and 

adjuvant procedure which allows it to determine whether a substance is 

capable of eliciting a sensitization reaction which is recognizable on account 

of the dermal reaction. Skin reactions were observed in the guinea-pigs treated 

with the extract of HA scaffold. There was neither a contact sensibility at the 

skin of the guinea-pigs nor irritative skin reactions (erythema, swelling) within 

all test and control groups (Fig. 24). Porous HA scaffold fabricated by SFF has 

no allergenic potential for sensitization.



Figure 24. Photographs of skin reactions by HA scaffold in sensitization test. 



C. Implantation

The implantation test was performed to evaluate the medical application of 

porous HA scaffold fabricated by SFF using a biocompatible material that 

come into direct contact with bone tissue using male New Zealand white 

rabbits aged from 7 to 9 weeks. Two rabbits were used and two tubes of φ2 x 6 

HA scaffold fabricated by SFF and PRM as test group and two tubes of φ2 

x 6 polyethylene (PE) as control group were implanted into each rabbit. The 

implantations were performed according to the procedure and principles 

provided by ISO 10993-6. The animals were anaesthetized with intramuscular 

injections of zoletil (15 / body weight) and Rompun (5 / body 

weight). And then the surgical site was shaved and cleaned with iodine. 1.0 

of 2% Lidocaine was administered to the tibia where the implant was to be 

inserted under aseptic conditions. The round drill, and φ2.0 twist drill were 

used consecutively, including careful drilling with a low rotary drill and 

profusing saline cooling. HA specimen and control were penetrated defect hole 

at the cortical layer on tibia. The muscle and skin incision were closed with a 

surgical suture using prolene, suture 2 metric 3/0. Rabbits were observed daily 

to check signs of toxicological effects and body weights were recorded prior to 

implantation and at termination.

The rabbits were sacrificed in 12 weeks after implant surgery. Each 

sample-bone section was removed out of the rabbit and fixed by 10% formalin 

for 24 hours. After embedding them in embedding media, sections were 

prepared using a microtome (LEICA, German) and stained with H&E and 

Azan and then the analysis was done.

In twelve weeks after implantation on the rabbit tibia, the biological 

response at the material/tissue interface of the implantation sites was compared 

at equivalent locations of the test and control material in terms of the following 



parameters: extent of inflammation and fibrosis, degeneration as determined 

by changes in morphology and presence of inflammatory and other cell types. 

All experimental scaffolds group showed a good healing response with no 

adverse tissue reactions either HA scaffold fabricated by SFF or control (Fig. 

25). A thin fibrous capsule consisting of a layer of spindle-shaped fibroblasts 

was surrounding the scaffolds. Almost no phagocytes were observed in the 

evaluated sections. HA scaffolds fabricated by SFF were biocompatible, 

exhibiting no biological reaction in the bone tissues of the rabbit.



Figure 25. Histomorphologic results of bone tissue implantation test of 
(A) polyethylene as control, (B) HA scaffold fabricated by SFF (stained 
with H&E and Azan). 



4. Discussion and summary

The toxicity studies showed that HA scaffold fabricated by SFF had no 

adversed effect of the in vitro evaluation such as cytotoxicity, hemolysis and 

the in vivo evaluation such as irritation, sensitization and implantation. 

Therefore HA scaffold fabricated by SFF was not only good mechanical 

property as described chapter 3, but also no adversed effect, and may be useful 

in the application such as a medical device for implantation. 



. IN VIVO EVALUATION OF EFFICACY ON POROUS 

SCAFFOLD

1. Introduction

According to KFDA (the Korea Food and Drug Administration), the tests 

after implantation should be conducted in accordance with Public standard 

requirements on biological safety (KFDA Notification No. 2009-55) Part 5 

or ISO 10993-6 Par 6: Tests for local effects after implantation. The test 

evaluates the degree of a local lesion (such as infection, pains and changes of 

its weight and temperature) occurring in the living tissue through observation 

with eyes and microscope after surgical implantation118.

For all of the histological observation with eyes and microscope119, the 

mechanical strength could not be verified. Some researchers like as Kimet 

al.120, Wang et al.121 and Katakai et al.122 studied the scaffolds' properties 

through compressive or tensile tests. Other researchers like as Gasser et 

al.123and Kuntz et al.124 carried out the push-out tests to confirm the interfacial 

strength. 

In this research, the push-out tests were conducted for the direct assessment 

of mechanical strength's improvement by osteoconduction in the bone defect 

area. And a comparison with PRM type which was used as one of the 

conventional fabrication method, the efficacy of SFF type would be confirmed 

in terms of osteoconductivity.



2. Implantation test material preparation and test method

A. Preparation of specimens

Implantation tests were conducted for evaluating biomechanical efficacy of 

porous scaffold in accordance with ISO 10993-6. HA scaffold fabricated by 

SFF was used as the test group and that by PRM was used as the control group 

(Fig. 26). New Zealand white rabbits of about 3 kg weight were used in this 

biomechanical test. About a 2 cm vertical incision was done in the tibia of 

rabbits at 1cm below the inner skin. Then the proximal tibia was exposed by 

subperiosteal dissection and made only medial cortical defect with an electric 

drill as mentioned in chapter four (Fig. 27). It was set up grafting region was 

set up and φ2 ㎜ hole was made using the drill at slow speed and with 

intermittent. The porous bone scaffold was directly inserted into the φ2 ㎜ 
hole prepared. Finally, the skin and periosteum of the application site was 

sutured. (Fig. 28).

They were sacrificed in 12 weeks for biomechanical assessment of changes 

after implantation. The rabbits implanted were maintained and did not show 

any characteristic symptom during the test period without abnormal weight 

change. When the eye measurement was performed, implanted samples did not 

show any unusual necrosis or deformation compared with the negative control 

group. The result of microscopic examination compared with the negative 

control group was observed to have no pathological reaction in the grafting 

and surrounding tissue.

The specimens were treated in different ways according to the test method 

for histological analysis and interfacial strength evaluation.

In the histological analysis, the rabbit were sacrificed in 12 weeks after 

implant surgery. The femur was fixed in 10% neutral buffered formalin and 



soaked in a decalcifying solution, and a buffered formic acid and then 

subjected routine tissue processing procedures. Specimens were cut into 4 

sections, which were then stained with hematoxylin and eosin (H&E) and 

azan. And then the histological analysis was done.

In the interfacial strength evaluation, implant body was taken from the 

femoral fragment containing porous bone scaffold and fixed with 10% 

buffered formalin solution. The cancellous bone of the body taken was 

removed to find the exact position of the bone defect area. The specimens were 

cut to avoid damage by a low speed diamond saw (RB 205 Metsaw Ls, R&D 

Inc., Korea) (Fig. 29). Then, they were kept in distilled water over a week to 

maintain their moisture content. The 6 scaffolds fabricated by SFF were used 

as an experimental group and the 6 scaffolds fabricated by PRM were used as 

a control group.



Figure 26. The porous scaffolds before implantation; HA scaffolds fabricated 
(A) by SFF, (B) by PRM.



Figure 27. Bonding strength evaluation of (A) a experimental group), (B) a 
control group and (C) the sites of implantation.



Figure 28. (A) Photograph of minimal incision site, (B) Photograph of drilling 
of tibia defect site, (C) Photograph of post drilling of tibia defect site, (D) 
Photograph of injection of HA scaffold. 



Figure 29. A diamond saw machine. 



B. Test method for histological analysis

The central section from each sample was chosen for the histological 

evaluation of the different groups. A picture of the slide was taken using a 

digital camera and the resulting image was saved on a computer. The 

regenerated bone was distinguished from the original defects based on its 

histological features and the morphology of the bone cell and matrix. The ratio 

of bone regeneration was first represented as percentage of defect area, which 

means the ratio of the area of newly formed bone to that of the original defect. 

The area of pores was obtained from the difference between the area of 

original defect and that of graft material.

C. Test method for interfacial strength

The wet specimens were prepared and adhered using instant glue to a flatten 

bar with a hole to push-out the defect area. They were fixed using a resin 

(Vertex Trayplast NF, Dentimax Zeist, Holland) mixture of a polymer and a 

monomer in the proportion of 4.2 g : 0.95 g and allowed to polymerize for 60 

minutes. Then a push-rod and a testing jig was set up in a testing equipment 

(Instron 5848 Micro Tester, Instron Inc., UK) and the flatten bar was screwed 

to the jig (Fig. 30).



Figure 30. The testing equipment and the jig. 



The equipment has a low static load capacity of ±2 kN as an 

electromechanical materials testing instrument. The jig has a 4.1 hole in the 

upper section to align the push-rod, two threaded 3 holes to screw the 

flatten bar and a 3 hole to give push-out room in the lower section. The 

flatten bar has 3 holes and the push-rod has a tip with diameter of 1 ㎜ (Fig. 

31). The cross-head speed was set to 1 ㎜/min and the change of load as 

displacement was recorded. The specimens with the scaffold fabricated by SFF 

were pushed-out from the tibia extracted in order to measure the interfacial 

strength between intact bone and implanted bone. In the same way, the 

specimens with the scaffold fabricated by PRM were measured and compared 

to those fabricated by SFF.



Figure 31. Schematic illustrations showing (A) the test method and (B) the jig 
structure designed with CAD. 



3. Bone histological analysis

All of the scaffold groups showed a good healing response with no adverse 

tissue reactions in both HA scaffold fabricated by SFF and PRM. In twelve weeks 

after surgery, HA scaffold fabricated by SFF was observed to have consolidation 

close with bone and marrow tissue at the implantation site (Fig. 32 (A)). Large 

amounts of bone formation could be seen within the defect areas (Fig. 32 (B)) in 

the SFF group. Collagenous stroma and bone tissue surround the surface of 

cortical bone and in the PRM group (Fig. 32 (C)). The HA scaffold fabricated by 

SFF group had a similar amount of new bone formation at the center of the defect 

as that by PRM. Resorption of implants was hardly observed in both HA scaffolds 

group. Almost no phagocytes were observed in the evaluated sections. Therefore, 

HA scaffolds fabricated by SFF and PRM were biocompatible and 

osteoconductive. 

4. Comparison of interfacial strength

Push-out test was carried out 6 times for the experimental group of the SFF 

type and the control group of PRM type respectively. The result of the 

maximum load is shown in the Table 10 except the highest and lowest value. 

And the following figure shows the comparison of interfacial strength between 

the experimental group and the control group.

An average of the maximum load in SFF type with standard error was 169.4 ± 

24.6 N, and that of the maximum load in PRM type with standard error was 

153.19 ± 26.8 N (Fig. 33). The experimental group shows higher result than the 

control group. But the difference was not statistically significant (p-value>0.05). 

The load-displacement curves of SFF type and PRM type are illustrated in the 

following figures (Fig. 34, 35). 



Figure 32. Histological specimens after 12 weeks of healing in the rabbit: SFF 
groups had (A) a lot of new bone formation at the defect margin and (B) a lot 
of new bone and marrow tissue (dotted square) formation at the center of 
defect and (C) collagenous stroma surrounded the surface of cortical bone in 
the PRM group (stained with H&E and Azan, NB = new bone). 



#1 #2 #3 #4 Average Standard Error

SFF type 145.05 112.31 216.10 204.12 169.4 24.6

PRM type 184.86 204.44 84.13 139.32 153.2 26.8

Table 10. Maximum load of the specimens [unit: N]



Figure 33. The graph of interfacial strength comparison. 



Figure 34. The load-displacement curve of the scaffold fabricated by SFF. 



Figure 35. The load-displacement curve of the scaffold fabricated by PRM. 



5. Discussion and summary

To use HA scaffold for biomedical applications, biomechanical and 

biological efficacy should be tested. HA scaffold was expected to be a 

promising implant for dental and orthopedic application though compared with 

HA scaffold fabricated by PRM.

Bone regeneration was observed histologically in some of the HA scaffold 

fabricated by SFF, which was a possible sign of appropriate 

microenvironmental and biomechanical conditions. In this study, complete 

replacement of fibrous connective tissue and bone islands by bone tissue was 

observed at the outermost parts as well as innermost parts of the HA scaffold.

For an assessment of efficacy and confirmed osteoconductivity of SFF type, 

the push-out were carried out and the result was compared with PRM type 

which was used as one of the conventional fabrication method. An average of 

maximum load of SFF type (169 N) is higher than that of PRM type (153 N). 

It means that implantation of SFF type would have a comparative with the 

level of the conventional scaffolds in terms of the osteoconduction. 

An equivalent or more progress of the osteoconduction was noticed from the 

above result comparing to the control group in the push-out tests. It was found 

that biological interactions might increase through the use of porous bone 

scaffold fabricated by SFF. Moreover, biological efficacy of porous scaffold 

was examined by these interfacial strength tests after implantation.



. CONCLUSIONS AND FUTURE WORK

The objective of this research, developing a process that can generate bone 

replacement material with complex shape made of hydroxyapatite by using 

solid freeform fabrication (SFF), was proven to be very successful. 3D model 

of porous Hydroxyapatite scaffold was designed and reviewed to confirm the 

adequate mechanical strength and porosity through screened by finite element 

analysis, and this study suggested the formalized architecture. In this study 

using SFF method, porous scaffold molds were made and confirmed the same 

measurement to the design value as shown in the results. Approximately 20% 

of shrinkage in normal values of fabricated HA scaffolds was confirmed by the 

SEM morphology, which seems to be caused by sintering. However the 

interconnectivity seems intact through μCT. XRD (X-Ray Diffraction) on 

scaffold was performed because of the thermal decomposition separation 

effects on the chemical properties, and it was confirmed the prepared HA did 

not have secondary phase. It was considered based on the above analysis that 

the porous scaffold fabricated SFF method met the objectives and did not have 

the functional problem.

In the tests for biomechanical stability, the average compressive strength of 

scaffold was 14.6 ± 4.1 meeting the requirement of 5 of strut bone's 

strength, so that the fabricated scaffold could function well as a scaffold. In 

addition, the compressive strength of scaffold fabricated by SFF was higher 

than that by PRM. It indicated that the former was more stable than the latter. 

However, because the strength has been measured only for uni-axis, the 

mechanical properties in different aspects will be needed for the further 

progress.

Evaluation of biological safety was performed for finding contact properties 

between in vivo tissue and scaffold, abnormal response and potential hazard. 



The toxicity studies showed that HA scaffold fabricated by SFF had no adverse 

effect through in vitro evaluation such as cytotoxicity, hemolysis and in vivo 

evaluation such as irritation, sensitization and implantation. Therefore, through 

biomechanical stability, biological safety and efficacy evaluation, it was shown 

that the strength of the scaffold fabricated by SFF was higher than that 

fabricated by PRM and the osteoconduction of scaffold fabricated by SFF was 

equivalent with that fabricated by PRM considering conventional technology. 

Safety and efficacy on porous bone scaffold was verified by biomechanical 

tests, biological safety tests and implantation test. Therefore, this research 

could promote the feasibility of bone substitute through following features: 

regeneration of bone tissue to suit biological environment like bone grafts, no 

need to additional surgery and no limit to the amount or shape like synthesis 

materials, and sufficient endurance to physiological load occurring in 

operating area.

Future works would focus on the feasibility of producing bone substitute to 

have free external shape. In order to do this, implementation of 28 implants in 

the form of phalanges comprising left and right toes would be examined based 

on the formalized architecture of this research.
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