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Abstract While various materials have been developed

for bone substitute and bone tissue engineering applica-

tions over the last decades, processing techniques meeting

the high demands of scaffold shaping are still under

development. Individually adapted and mechanically opti-

mised scaffolds can be derived from calcium phosphate

(CaP-) ceramics via rapid prototyping (RP). In this study,

porous ceramic scaffolds with a periodic pattern of inter-

connecting pores were prepared from hydroxyapatite, b-

tricalcium phosphate and biphasic calcium phosphates

using a negative-mould RP technique. Moulds predeter-

mining various pore patterns (round and square cross sec-

tion, perpendicular and 60� inclined orientation) were

manufactured via a wax printer and subsequently impreg-

nated with CaP-ceramic slurries. Different pore patterns

resulted in macroporosity values ranging from about

26.0–71.9 vol% with pore diameters of approximately

340 lm. Compressive strength of the specimens

(1.3–27.6 MPa) was found to be mainly influenced by the

phase composition as well as the macroporosity, both

exceeding the influence of the pore geometry. A maximum

was found for scaffolds with 60 wt% hydroxyapatite and

26.0 vol% open porosity. It has been shown that wax

ink-jet printing allows to process CaP-ceramic into scaf-

folds with highly defined geometry, exhibiting strength

values that can be adjusted by phase composition and pore

geometry. This strength level is within and above the range

of human cancellous bone. Therefore, this technique is well

suited to manufacture scaffolds for bone tissue engineering.

1 Introduction

Bone grafting is an important issue in regenerative medi-

cine today, but still the majority of bone grafting proce-

dures use natural bone material from auto- or allografts as

bone substitute material. The major drawbacks of these

materials are their limited availability, donor site morbidity

and the risk of infection or transfer of diseases. Hence, the

demand for synthetic bone graft materials increases [1, 2].

Calcium phosphate ceramics have been established as

synthetic bone substitute materials over the last decades [3,

4]. Since the chemical composition of hydroxyapatite, as a

typical calcium phosphate ceramic, is quite similar to the

inorganic part of natural bone, these materials offer

excellent biocompatibility and cause no inflammatory

response. Hydroxyapatite Ca5(PO4)3OH (HA) and b-tri-

calcium phosphate Ca3(PO4)2 (b-TCP), differing in their

Ca/P ratio, are the most important calcium phosphate

ceramics in medical applications, being both biocompatible

and osteoconductive. Compressive strength values for

dense HA and b-TCP ceramics derived from the literature

vary from 138 to 900 and 315 to 750 MPa, respectively

[5–11]. The wide range of strength values results from

different raw materials, sample preparation techniques,

sintering conditions and analysis setups [12]. Biphasic

calcium phosphate ceramics (BCP) offer the possibility to

vary this ratio on average and, therefore, tailor the
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characteristics of the biomaterial [9, 13, 14]. Several

studies have shown that the Ca/P ratio has a strong impact

on the potential of the materials in vitro and in vivo, e.g.

the solubility of b-TCP in physiologic environment in

contrast to the almost non-soluble HA [15, 16].

Nowadays, calcium phosphate ceramics of varying

phase composition are applied in the form of bone cements,

granulates or blocks of different sizes and shapes [12, 16].

Furthermore, special focus has been given to macroporous

ceramics, since it is general consensus that open porosity is

crucial for the incorporation of a bone substitute into the

living bone tissue [17]. Various studies on in vitro and in

vivo cell ingrowth, nutrient supply via diffusion and vas-

cularisation of porous implants revealed a pore size in the

range of 100–800 lm and an open porosity above 50 vol%

as ideal for bone ingrowth [18, 19]. Such macroporosity

has, besides the phase composition and pore characteristics

like diameter, distribution, interconnectivity and morphol-

ogy, a strong impact on the strength of the bone substitute,

since it disrupts the mechanical integrity of the material

[18]. Numerous studies suggest an exponential decrease of

compressive strength with increasing porosity [9, 18, 20–

22].

Zyman et al. [23] measured the compressive strength of

micro-porous (3–6 vol%) BCP ceramics of varying phase

ratio as 420–591 MPa, increasing with the TCP content. At

higher porosities, controversial results have been pub-

lished. While Kwon et al. found lower compressive

strength values for TCP and BCP ceramic samples of

65–90 vol% porosity compared to HA [24], a strength

maximum of 3.3–5.8 MPa has been found for 60–70 vol%

porous BCP ceramics with approx. 60 wt% HA by Guo

et al. [25]. A strengthening effect of small quantities of

TCP in BCP ceramics under bending load has also been

described by Raynaud et al. for BCP ceramics with a molar

HA/TCP ratio of 90/10 (3-point bending strength) [26] and

by Royer et al. using biaxial flexure testing [27]. Other

groups reported the compressive strength of porous BCP

ceramics as 13.9–16.2 MPa (50 vol% porosity, 60/40

HA/TCP) [28] or 6.4 MPa for 65 vol% porous, microwave-

sintered BCP ceramics [29]. Puértolas et al. recently

measured the compressive strength of porous BCP

ceramics as 3–4 and 9-12 MPa for BCP ceramic samples

(27 wt% HA and 73 wt% b-TCP) with 31 vol% micro- and

34 vol% micro- and macro-porosity, respectively [30].

In most cases porosity is induced into synthetic bioma-

terials by techniques resulting in a statistic pore size and

pore pattern distribution, like gas foaming [31], particulate

leaching [20] and foam replica technique [24, 32]. While

with these techniques porous architectures of only limited

variability can be realised, rapid prototyping (RP) tech-

niques are being adapted for the production of porous

ceramics with well-defined architecture. Various direct RP

methods, like ink-jet and three-dimensional printing [33–

35] or dispense-plotting [36, 37] are used to manufacture

complex shaped scaffolds from biocompatible materials

like calcium phosphate ceramics or degradable polymers.

Indirect RP or ‘‘lost mould techniques’’, on the other hand,

use RP techniques to obtain a negative mould, which is

subsequently filled with castables (e.g. ceramic slurry) and

then removed from the dried body. Since the mould

preparation is independent from the casting process and

material, indirect RP can be adapted to a broad variety of

scaffold materials. Moulds made by stereolithography have

been employed to manufacture HA scaffolds via slurry

casting with pores of square cross section and a size

between 334 and 500 lm [38, 39]. Samples from TCP, HA

and ceramic/polymer composites (e.g. TCP/polyethylene

glycol) have been successfully manufactured by impreg-

nation of RP derived wax moulds with linear pore channels

of varying cross section and diameters between 150 and

2,000 lm [40–44]. Consequently, if an appropriate slurry

system exists, the high resolution and accuracy of this RP

technique could possibly be transferred to the scaffold.

In this work, wax ink-jet printing was used to manu-

facture negative moulds in order to obtain porous scaffolds

from HA, b-TCP and biphasic ceramics with HA/TCP

weight ratios of 80/20, 60/40, 40/60 and 20/80. Negative

moulds were designed with a periodic pattern of inter-

secting, round- or square-shaped struts, predetermining an

open macroporosity of 26.0–71.9 vol% in the final cera-

mic. Scaffolds were manufactured by impregnating the

wax moulds with low viscosity ceramic slurry. After sin-

tering at 1,300�C, phase analysis by RAMAN spectroscopy

and X-ray diffraction as well as uniaxial compression

testing were performed to evaluate (A) the dependency of

phase composition and compressive strength, (B) the

influence of pore shape, and (C) macroporosity on com-

pressive strength.

2 Materials and methods

2.1 Preparation of specimens

CaP-specimens were manufactured using a negative mould

technique involving wax ink-jet printing. This indirect

rapid prototyping technique is a two-step process: first, an

inverted model of the desired structure is designed using a

3D CAD system and produced from polymer wax using a

wax printer. Molten wax is printed drop-wise layer by layer

on a building platform by a moving print head, using build

wax for the mould itself and support wax to fill voids. After

one layer is completed, the wax is milled to a predefined

slice thickness, the building platform is lowered and the

next layer is printed. Once the printing process is finished,
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the support wax is removed by a solvent. In a second step,

the negative model is used as mould for casting of a low

viscosity ceramic slurry, impregnating the negative mould.

The wax is removed by pyrolysis during thermal treatment

and the ceramic is sintered. The process steps are shown in

the flowchart in fig. 1.

Three test series were designed to investigate (A) the

compressive strength depending on the phase composition,

(B) the influence of macroporosity, and (C) pore geometry

on the strength of samples.

2.2 Mould design and preparation

Specimens were designed as cuboids with a three-dimen-

sional periodic structure of pores using commercially

available CAD software (Solid Works 2007). Samples with

perpendicularly arranged pores with round-shaped cross

section (R90) and varying strut diameters were designed

with an open macroporosity value of 26.0, 32.3 and

71.9 vol%. Furthermore, perpendicular and 60� altering

patterns of pores with square cross section (S90 and S60)

were designed (Fig. 2), resembling scaffolds manufactured

by another RP technique (dispense-plotting) described

elsewhere [38]. Such pore configurations resulted in a

macroporosity of 29.6 and 48.7 vol%, respectively. Pore

diameter was kept constant at 340 lm consistently for all

sample configurations.

The CAD models were inverted to generate a negative

mould for the subsequent casting process. The models were

sliced in layers of 13 lm thickness and the pattern of build

and support wax was calculated for each layer. Wax

moulds were produced using a wax ink-jet printing

machine (BT66, Solidscape Inc.). After the printing pro-

cess was completed, the support wax was removed using a

specific solvent (Solidscape Inc.).

2.3 Casting and sintering

Raw powders of hydroxyapatite and tricalcium phosphate

were derived from Merck, Germany, and calcined for 1 h

at 900�C to reduce the specific surface area [45], thus

decreasing the viscosity of the slurry and permitting a

higher solids loading of the slurry. Biphasic mixtures with

HA/TCP weight ratios of 80/20, 60/40, 40/60 and 20/80

were prepared of untreated powders before calcination.

Biphasic CaP samples are referred to as HA80, HA60,

HA40 and HA20, respectively.

A slurry with 60 wt% solids loading was prepared by

dispersing calcined powder in distilled water, adding a total

of 5.5 wt% of organic additives to improve flowability of

the slurry and green part strength. The slurry was ball-

milled to break agglomerates and stirred overnight prior to

casting. Wax moulds were completely filled with ceramic

slurry and entrapped air was removed by applying vacuum.

Specimens were dried at room temperature and, subse-

quently, sintered at 1,300�C for 2 h. During heating, a

dwell time was set at 500�C to account for pyrolysis of wax

and organic additives.

Samples with R90 geometry (26.0 vol% open porosity)

were produced from all ceramic materials to investigate the

influence of phase composition on compressive strength

(test series A), whereas other pore configurations were only

produced from HA60 to evaluate the influence of

macroporosity (R90, test series B) and different pore

structure modifications on mechanical characteristics (S90

and S60, test series C).
Fig. 1 Processing steps of the indirect RP technique involving wax

ink-jet printing

Fig. 2 Design of the

specimens: cubic with

perpendicularly arranged round-

(R90, left) and square-(S90,

middle) shaped pores and with

square shaped pores in 60�
altering layers (including

detailed view, S60, right)
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2.4 Characterisation

Phase composition of sintered bodies was determined by

RAMAN spectroscopy (LABRAM, Jobin–Yvon Horiba)

and X-ray diffraction (XRD). Therefore, samples were

powdered using an agate mortar and pestle. Data collection

was performed in the range of 2h = 25–41� in increments

of 0.02� using a Seifert 3000P diffractometer using Cu-Ka
radiation (k = 1.5418 Å). Scanning electron microscopy

(SEM, Quanta 200, FEI) was used to observe surface

characteristics of wax moulds and ceramic samples.

Dimensions of all samples were measured using a stereo

microscope (MZM1, Askania, Mikroskop Technik Rathe-

now) and graphical analysing software (analySIS, Soft

Imaging Systems Corp.) before and after sintering to

determine the shrinkage. Density of all specimens was

measured using a helium-pycnometer (AccuPyc 1330,

Micromeritics).

Compressive strength of all samples was determined

using an Instron testing machine (Instron 1362) fitted with

a 5 kN load cell. The load rate was set to 1 mm/min. A

total of 5 samples of each geometry and material were

tested.

2.5 Statistical evaluation

Data analysis was performed using standard linear regres-

sion algorithms (Origin 6.1G, Origin Lab. Corp.).

3 Results and discussion

3.1 Phase composition

RAMAN spectra of mono- and biphasic calcium phosphate

ceramics sintered at 1300�C for 2 h are shown in Fig. 3.

The peak pattern of HA and TCP confirm the phase-purity

of both materials. The biphasic nature of the other samples

can be seen from their peak pattern, resulting from a

superposition of pure HA and b-TCP peaks and indicating

the gradual change in phase composition.

Results of XRD analysis are shown in Fig. 4. Phase-pure

HA (XRD JCPDS file No. 09-0432) and b-TCP (No. 09-

0169) were found for HA and TCP samples, respectively.

A gradual change in phase composition was found in case

of the biphasic ceramic samples, exhibiting the character-

istic peaks of HA and TCP in varying intensities.

3.2 Geometrical analysis

SEM micrographs of wax moulds after removal of the

support wax reveal an anisotropic surface structure. As a

result of the layer-by-layer process of wax printing and

milling of each wax layer, surfaces perpendicular to the

building platform are highly textured (Fig. 5a), whereas

surfaces parallel to the building platform have no signifi-

cant roughness (Fig. 5c). Micrographs of sintered ceramic

bodies (Fig. 5b, d) reveal a surface texture similar to the

negative mould, indicating the high accuracy of the casting

process.

A photograph of R90 samples with different HA/TCP

ratios is shown in Fig. 6. All samples had an intercon-

necting, open pore network.

High dimensional accuracy was found for all samples.

Only R90 samples produced from HA40 and HA20

Fig. 3 RAMAN spectra of sintered mono- and biphasic calcium

phosphate ceramics, showing the gradual change in phase composi-

tion from pure HA (top) to TCP (bottom)

0

C

Fig. 4 X-ray diffraction data of powdered mono- and biphasic

calcium phosphate ceramics, showing the gradual change in phase

composition from pure HA (top) to pure b-TCP (bottom)
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revealed a slight distortion after sintering resulting in non-

parallel surfaces in the x/y-plane (Fig. 6, 2nd and 3rd

sample from right). This may be a result of a density

gradient established during casting or a temperature gra-

dient that occurred during sintering. However, such

distortion could have strong influence on the results of the

subsequent compression testing.

All pores had the predetermined shape (Fig. 7). Pore

diameters (Table 1) as well as absolute dimensions of

the sintered specimens differed between the different

Fig. 5 SEM micrographs of

R90 wax moulds, representing a

highly textured surface

perpendicular to the building

platform (a, c). Sintered ceramic

specimens (b, d) show the same

surface texture, indicating the

accuracy of the casting process

Fig. 6 Photograph of R90

samples manufactured from

HA, HA80, HA60, HA40,

HA20 and TCP (left to right)

Fig. 7 Micrographs of sintered

specimens show the round and

square pore geometry of R90

(left), S90 (middle) and S60

(right, lateral view) samples
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materials, since no individually adapted wax moulds were

used for each material.

However, variance within each material was very low

(below 6.3% in pore diameter), confirming the high accu-

racy and reproducibility of the moulding technique.

Shrinkage was calculated as 26.3% for HA and 15.1%

for b-TCP samples during sintering for 2 h at 1,300�C. For

biphasic mixtures, shrinkage decreased with decreasing

HA/TCP ratio in an almost linear manner (Fig. 8).

Bulk density of R90 samples was determined to values

between 94 and 98% th.d. by pycnometry (Table 1). This

variance can be accounted to closed micro pores within the

specimens.

3.3 Compressive strength

The influence of phase composition on compressive

strength was investigated using R90 specimens of varying

phase composition (test series A). Additionally, R90 sam-

ples with varying macroporosity manufactured from HA60

ceramic were used to correlate macroporosity to com-

pressive strength (test series B). Finally, the effect of dif-

ferent pore geometries was analysed using R90, S90 and

S60 biphasic (HA60) samples (test series C).

In test series A, a significantly higher strength compared

to single phase samples was found for the HA-rich BCP

ceramics HA80 (18.4 ± 3.8 MPa) and HA60

(27.6 ± 4.5 MPa), which exhibited the highest strength

value (Fig. 9). These results correlate to the findings of

Guo et al., who found a similar maximum for porous HA/

TCP 60/40 ceramics [25]. Contrary to the strength values

of CaP ceramics found in literature, the strength of pure

HA samples (8.5 ± 3.1 MPa) was less than that of pure

TCP samples (9.6 ± 1.5 MPa), although the results were

not significantly different. This may be due to cracks,

which were found to be more distinct in HA specimens

than in BCP and were not observed in TCP samples at all.

HA40 and HA20 specimens revealed low strength,

8.5 ± 1.8 and 5.6 ± 1.6 MPa, respectively. Besides from

the generally lower strength of TCP, this may result from

the distortion of these samples described above. Due to the

non-parallel surfaces no homogeneous load level could

develop within the ceramic. This is stressed by observa-

tions during the compression test, showing that collapse of

these samples started at their bent surface. In case of non-

deformed samples, failure planes developed parallel to the

load direction and brittle crushing occurred from pore layer

to pore layer on random faces of the sample. This

Table 1 Bulk density and pore diameters (round cross section) of sintered ceramic samples (R90)

Sample HA HA80 HA60 HA40 HA20 TCP

HA/TCP weight ratio 100/0 80/20 60/40 40/60 20/80 0/100

Pore diameter (lm) 335.3 ± 15.7 316.1 ± 14.3 363.3 ± 15.3 342.0 ± 19.1 333.1 ± 12.3 320.2 ± 20.3

Bulk density (% th. d.) 95.6 ± 0.7 93.8 ± 1.0 94.9 ± 2.2 93.9 ± 0.5 95.6 ± 0.2 97.9 ± 0.6

Fig. 8 Influence of phase composition on the shrinkage (z-axis) after

sintering at 1,300�C for 2 h

Fig. 9 Influence of phase composition on the compressive strength of

biphasic calcium phosphate ceramic specimens with interconnecting,

round-shaped pores (R90, pore diameter approx. 340 lm, 26 vol%

open porosity)
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corresponds to failure mechanisms described in literature,

assuming that failure of porous brittle materials occurs due

to stress superposition between repetitively arranged pores

[46, 47].

During testing of R90 samples with varying macropo-

rosity (test series B), strength was found to decrease with

increasing porosity of the samples. Compressive strength

values of 27.6, 19.7 and 1.6 MPa were measured for

samples with 26.0, 32.3 and 71.9 vol% open porosity,

respectively (Fig. 10).

Linear regression revealed the following exponential

relation (Eq.1) between porosity and compressive strength

(rc compressive strength, eopen open porosity).

lnrc ¼ �A:eopen þ B ðEq:1Þ

The regression coefficients A and B in this study were

calculated to A = 0.067 and B = 5.053, which corresponds

well to data published by Metsger et al. [9].

Compressive testing of biphasic calcium phosphate

ceramic (HA60) specimens with differently shaped and

oriented pores (test series C) revealed a lower strength of

S90 compared to R90 samples (Table 2).

This could be related to the pore geometry, either to

stress concentrations in salient angles of samples with

square pore cross section or the generally higher open

porosity of samples with square-shaped pore cross sections

but otherwise identical pore and strut dimensions. A further

decrease in compressive strength was found for S60 sam-

ples (9.9 ± 2.9 MPa), which may also be due to the

complex pore network in S60 samples with more salient

angles but also to the higher porosity of these samples

(48.7 vol%) compared to S90 samples (29.6 vol%).

As shown in Fig. 10, strength values found in test series

C show only little deviation from the regression line

described by Eq.1. This suggests a major effect of porosity

and only secondary influence of pore geometry on the

compressive strength.

Specimens in all test series attained a compressive

strength within and above the range of human cancellous

bone (0.6–15 MPa [4, 48]). The indirect rapid prototyping

technique described in this study is therefore well suited for

the production of calcium phosphate scaffolds for bone

repair. The application of scaffolds manufactured in that

way for bone tissue engineering has already been shown

[49].

4 Summary and conclusion

In this study it was shown that macroporous mono- and

biphasic calcium phosphate ceramic scaffolds for bone

replacement and bone tissue engineering can be manufac-

tured with variable pore design in high accuracy by a

negative mould technique involving wax ink-jet printing.

The phase composition of the ceramic can be varied

between pure HA and b-TCP without changing the process

parameters, making it possible to improve the mechanical

and bioactive properties of the implant. In this study, a

maximum strength of 27.6 MPa was found for samples

with round-shaped pores and a porosity of 26.0 vol%,

produced from a biphasic calcium phosphate ceramic with

60 wt% hydroxyapatite and 40 wt% b-tricalcium phos-

phate (HA60). Less strength was measured for other

biphasic mixtures and single phase calcium phosphate

ceramics. Compression testing of samples with similar pore

configuration but higher porosity values revealed an

exponential dependency between macroporosity and

strength, indicating the possibility to pre-estimate the

strength of a porous implant. Variations of pore cross

section and orientation, comprising an increase in open

porosity, resulted in a further decrease of the samples

compressive strength. However, the dependency between

macroporosity and compressive strength apparently

exceeded the effect of pore geometry. Nevertheless, all

samples had a strength within and above the range fre-

quently given for human cancellous bone (0.6–15 MPa).

Since the RP technique described in this paper is based

on CAD data, medical imaging techniques like computed

tomography (CT) could be used as data source, establishing

Fig. 10 Influence of open porosity and pore geometry on the

compressive strength of BCP scaffolds (HA/TCP ratio 60/40). Pore

diameter was approx. 340 lm for all pore configurations

Table 2 Compressive strength and open porosity of sintered HA60

scaffolds with different pore configurations: round-(R90) or square-

(S90, S60) shaped pore cross sections with either orthogonal (R90,

S90) pore orientation or pores arranged in 60� altering layers (S60)

Sample geometry R90 S90 S60

Compressive strength (MPa) 27.6 ± 4.5 20.2 ± 4.3 9.9 ± 2.9

Open porosity (vol%) 26.0 29.6 48.7
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the possibility to manufacture patient-specific bone grafts

or bone tissue engineering constructs. Thereby, the

mechanical properties of the implant can be adapted by

coordinated variation of phase composition and geometri-

cal design to the individual requirements. Furthermore, the

implant integration can be optimised by the same varia-

tions, since the phase composition influences the growth

and differentiation of bone cells. The pore size is also well

known to be crucial for tissue ingrowth and vascularisation.

Recent studies have shown a distinct influence of the pore

shape on cell growth behaviour in vitro [50]. This indi-

cates, that the presented indirect rapid prototyping tech-

nique is well suited for the production of calcium

phosphate bone graft substitutes and scaffolds for bone

tissue engineering, as it allows control of porosity, pore

design and external shape of an implant of any desired

HA/TCP phase ratio.
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