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Abstract: This article reports a new process chain for custom-made three-dimensional (3D)
porous ceramic scaffolds for bone replacement with fully interconnected channel network for
the repair of osseous defects from trauma or disease. Rapid prototyping and especially 3D
printing is well suited to generate complex-shaped porous ceramic matrices directly from
powder materials. Anatomical information obtained from a patient can be used to design the
implant for a target defect. In the 3D printing technique, a box filled with ceramic powder is
printed with a polymer-based binder solution layer by layer. Powder is bonded in wetted
regions. Unglued powder can be removed and a ceramic green body remains. We use a
modified hydroxyapatite (HA) powder for the fabrication of 3D printed scaffolds due to the
safety of HA as biocompatible implantable material and efficacy for bone regeneration. The
printed ceramic green bodies are consolidated at a temperature of 1250°C in a high temper-
ature furnace in ambient air. The polymeric binder is pyrolysed during sintering. The
resulting scaffolds can be used in tissue engineering of bone implants using patient-derived
cells that are seeded onto the scaffolds.This article describes the process chain, beginning from
data preparation to 3D printing tests and finally sintering of the scaffold. Prototypes were
successfully manufactured and characterized. It was demonstrated that it is possible to
manufacture parts with inner channels with a dimension down to 450 �m and wall structures
with a thickness down to 330 �m. The mechanical strength of dense test parts is up to 22 MPa.
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INTRODUCTION

Critical-size bone defects often result from trauma or tumors
and cannot be repaired by the body. The application of
synthetic bone replacement has a high clinical potential for
filling these defects because bone grafts do not have to be
harvested from donors or other places in the body. As a
consequence, the risk of tissue rejection and disease transfer
from donor tissue can be eliminated. Today, various synthetic
materials for bone replacement are available. Normally, these
materials are produced in simple geometries like blocks, pins,
or splines. Rapid Prototyping and especially three-dimen-
sional printing (3D printing) is well suited to generate com-
plex porous ceramic matrices directly from powder materials.
Furthermore, these technologies allow to manufacture bone
grafts with complex shapes as well as designed internal
channel networks to mimic bone structures. Anatomical in-
formation obtained from patients can be used to design and

optimize the implant for a target defect. Then, the implant is
manufactured straight from a 3D data set without a mold.

The matrices generated by 3D printing can be used for
bone tissue engineering using patient-derived cells that are
seeded onto the scaffolds. The scaffolds serve as 3D tem-
plates for initial cell attachment and subsequent tissue for-
mation. The aim is to produce biocompatible scaffolds for
bone replacement with fully interconnected channels.

Rapid prototyping, also known as solid free-form fabrica-
tion is a class of well-established techniques to manufacture
prototypes from complex 3D datasets. All rapid prototyping
processes are based on the same principle of building 3D
models layer by layer. There are several rapid prototyping
machines on the market, each having advantages and disad-
vantages. The most important techniques are stereolithogra-
phy, fused deposition modeling, selective laser sintering, and
3D printing.1 Today, prototype models are mainly used for
engineering test and evaluation issues.

Due to the capability to fabricate complex 3D shapes with
controlled internal structure, the use of rapid prototyping to
generate scaffolds is a promising area. Several studies have
investigated the application of various rapid prototyping tech-
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nologies for the manufacturing of scaffolds for tissue engi-
neering.2 The materials used in RP processes are polymers,
ceramics, and composites of polymers and ceramics. Biode-
gradable and bioresorbable polymeric and composite scaf-
folds with defined internal structures have been manufactured
directly as well as indirectly using stereolithography (SLA),3

fused deposition modeling,4 3D plotting,5,6 and 3D print-
ing.7–10 Ceramic scaffolds for bone replacement have been
produced using laminated object manufacturing,11 selective
laser sintering,12 SLA,13 and 3D printing.14 Furthermore, wax
molds generated by the ModelMaker II RP system (Solid-
scape Inc., USA) were also used to fabricate ceramic15 and
composite scaffolds.16

The aim of the current study was to investigate the capa-
bilities of a ceramic-based process chain for the fabrication of
porous scaffolds for bone tissue engineering. The main tech-
nology is the 3D printing technique that is used to manufac-
ture ceramic green parts that are sintered afterwards. This
technique has been chosen because scaffolds can be fabri-
cated directly without a mold, various ceramic materials can
be tested very easily, and the technique has the capability of
manufacturing porous scaffolds with controlled internal
structures with high resolution. Furthermore, the 3D printing
process allows production of custom bone implants based on
patients’ datasets. The complete fabrication process, from
data preparation and 3D printing tests to sintering of the
scaffold is presented. To investigate the capabilities of the
process chain, 3D test structures were successfully manufac-
tured and characterized.

MATERIALS AND METHODS

A 3D printing test setup like shown in Figure 1 was used for
process investigations. The machine was designed and built
in cooperation with Generis GmbH (Augsburg, Germany).
The essential elements of this device are two z-pistons, one
acting as a powder reservoir and one as a building box, an x-y
plotter for moving the printing device, the recoating unit, and
several electronic control devices. The x-axis is defined as
fast axis that moves the printing device bidirectional across
the building box during printing. The slow y-axis moves the
x-axis step by step. The machine features a relatively small
building envelope of 100 � 100 � 100 mm3 to be able to test
small amounts of powder materials. A microdispensing valve
with a nozzle diameter of 76 �m was chosen to print binder
solution on the powder bed. The valve features a wide range
of fluid compatibility and was found to be the best for process
investigations. The flexibility of the 3D printing setup makes
it possible to investigate both new process techniques and
new material combinations.

The process starts with a 3D dataset that is sliced by a
computer to generate the printing matrix of each layer. The
recoating mechanism carries an amount of ceramic powder
from the powder reservoir to the building box, thereby cre-
ating a thin layer of powder on the top of the building box.
The liquid binder is printed on the layer of powder using the
microdispensing valve according to the current cross-section
of the part. The ceramic powder is bonded in these selected
regions. When the layer is completed, the building box piston
moves down by the thickness of a layer and a new layer of

Figure 1. Flexible 3D printing test setup used for process investigation.
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powder is deposited on the first one. These process steps are
repeated until the whole part is formed within the powder
bed. The surrounding powder material supports the part dur-
ing the building process. Thus, there is no need for support
structures for features such as large overhangs and undercuts.
After completion, the part is removed from the building box,
cleaned using an air blower, and air dried. After that, the part
is sintered for 2 h at a temperature of 1250°C in an electri-
cally heated chamber furnace (Carbolite, Ubstadt-Weiher,
Germany) in ambient air. The organic binder is removed
during sintering by pyrolysis and the green body obtains its
desired mechanical properties. The sintering also typically
causes shrinkage of the ceramic green body.

The system of the process control form a 3D dataset to 3D
printing is shown in Figure 2. The software Rapix3D (For-
wiss Passau, Germany) is used on a Windows-based com-
puter to prepare STL files for 3D printing. Rapix3D has a
graphical user interface (GUI) that enables the user to load
3D STL-files or other data types like .ply and position it in a
virtual building box. The software also allows basic data
manipulations like rotation, translation, and automatic posi-
tioning. The loaded models are sliced by Rapix3D to generate
the printing matrix of each layer at every z-level. After that,
these images (BMP-format) are successively sent to a print
control computer, which drives the axes of the 3D printer and
the microdispensing valve. The print control computer fea-
tures a four-axial motion control card to operate the servo-
motors of the pistons and of the x-y axes. The servomotor of
the recoating unit is driven directly via serial connection. A
high-speed digital IO card generates the signals for the mi-
crodispensing valve dependent on its actual x-y position and
according to the printing matrix. A machine software was
programmed in C�� (MFC), which receives the printing
matrices from the data preparation computer and controls the
complete printing process.

In some cases it is favorable to draw the bitmaps of the
different slices manually. Simple graphic tools can be used to
do this. These bitmap files can be imported into the machine
software. This allows defining the actually printed bits of

each layer. Consequently, test structures can be designed very
precisely without rounding error, which can occur when
slicing a 3D dataset. Especially, it is an easy method to
generate two-and-a-half-dimensional (2.5D) models as an
extrusion of one two-dimensional bitmap.

An important parameter of scaffolds for bone replacement
is the compression strength of the material. Therefore, a first
test structure was designed for mechanical tests. It is a simple
cylinder with a diameter of 15 mm and a height of 30 mm. A
second test structure shown in Figure 3 also features a cylin-
drical shape (11 mm diameter, 11.25 mm height) with regular
channel structure. The channel structure has a square cross-
section of 0.75 � 0.75 mm2. This part was designed to test
the ability to build small inner channels in a scaffold. The
channel size is an important parameter because it determines
cell infiltration and tissue ingrowth. A third test structure
(Figure 4, left) with a narrow wall thickness of 0.4 mm was
designed to test the possible structural resolution of the print-
ing process. Because cancellous bone has a very fine micros-
tucture, a high resolution of the process is necessary to mimic
natural bone.

Figure 2. Process chain beginning from data preparation, process control to 3D printing.

Figure 3. Schematic of the channel test part with regular quadratic
channel structure. 3D rendering of the CAD file (left); exemplary
illustration of six out of 45 layers (right) with two different printing
matrices.
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The volume of the droplets ejected from the microdispens-
ing valve depends on the drive pulse parameters and the jetted
fluid. The x-y printing raster resolution was 0.2 or 0.25 mm.
The designed structures (e.g., cross-section of the channels,
wall thickness of the grid structure) are multiples of the raster
resolution to avoid rounding errors that can occur when
calculating the printing matrix. The thickness of the powder
layers is chosen 0.2, 0.25, or 0.3 mm, depending on the test
part to be printed. The three test structures are hereinafter
referred to as compression test part, channel test part, and grid
test part. The printing parameters are listed in Table I for all
test parts.

The compression test part was designed using the software
Magics (Materialise, Belgium). The channel and grid test part
were designed by drawing the bitmaps of the different slices
utilizing the software graphic tool Corel Draw (Corel Corpo-
ration). The grid test part was defined by eight layers of a
single bitmap (see Figure 4, right), whereas the channel test
part consists of several layers of two different bitmaps (Fig-
ure 3, right).

Hydroxyapatite is a promising ceramic material to manu-
facture scaffolds for bone tissue engineering because the
chemical composition is comparable to the inorganic part of
native bone. From the process point of view, 3D printing
requires a powder with good flowability, a controlled particle
size distribution, and a suitable and strong binder interaction.
Therefore, the spray-dried hydroxyapatite granulates with
polymeric additives V5.2 and V12 (Friedrich-Baur-Institut,
Bayreuth, Germany) were chosen for 3D printing tests. The
polymeric binder Schelofix (Friedrich-Baur-Institut, Bay-
reuth, Germany) was dissolved in water (10 and 14 wt %) and
used as binder fluid to be jetted by the microdispensing valve.
To receive optimized printing results the printing parameter
and materials have been adjusted depending on the test part to
be printed (see Table 1). A detailed study about various

materials that were previously tested on our 3D printing test
setup will be reported soon (Irsen et al., unpublished).

Because 3D printing is a powder-based process where
particles are glued together by a binder fluid, the resulting
parts are not completely dense but feature a built-in micro-
porosity.

Physical properties of the printed bodies like compression
strength and pore diameter were determined. The compres-
sion strength of the compression test part was measured using
a uniaxial testing system (Zwick GmbH & Co KG, Ulm,
Germany). The geometric dimensions of the internal channels
and the grid test part were measured optically. The shrinkage
of scaffolds was determined by measuring the diameter and
length of unsintered and sintered compression test parts using
a sliding caliper. The 3D printed channel test parts have also
been analyzed by SEM (Supra 55, Carl Zeiss NTS GmbH,
Oberkochen, Germany) to characterize the porosity of the
compact materials and the surface texture on a microscale.

RESULTS

Several specimens of the three test parts were successfully
manufactured. The grid test parts were very fragile after
printing and had to be handled very carefully. About 10% of
these test parts were destroyed in postprocessing.

A slight shrinkage of the wetted powder materials was
observed that affects the geometry of the printed part. As a
result, the overall dimensions of the printed parts were 3%
lower than the corresponding dimensions of the 3D computer
models. Furthermore, this material shrinkage led to a slight
curling of the first approximately five layers of the printed
compression test parts. Accordingly, these parts offer a con-
vex shape on the bottom side. Figure 5 shows a sintered
specimen of the compression test part with a convex lower
surface. The figure demonstrates the good preservation of the
shape of the test parts, and consequently, that the convex
shape is not caused by shrinkage effects due to sintering.

The sintering shrinkage of the compression test parts
ranged between 18 and 20%, and showed equal values in
every direction. The shape of the compression and the chan-
nel test part as well as the inner structure of the channel part
could be persevered to a large extent. The structures of the
grid test part and the inner channels of the channel test part
were only slightly distorted.

The convex bottom surface of the compression test part
has been cut to get coplanar planes that were needed for
uniaxial compression tests. The mean compression strength

Figure 4. Grid test part with structural resolution of one pixel. (left: 3D
rendering of the CAD model, right: printing matrix/bitmap of a single
layer that was used to define the 2.5D models).

TABLE I. Printing Parameters of the Three Test Parts

Test part Material
Layer

thickness
Printing

resolution
Binder

solution
Droplet
weight

Compression V5.2 0.3 mm 0.25 mm 14wt% 6.3�g
Channel V5.2 0.25mm 0.25 mm 14wt% 6.3�g
Grid V12 0.2 mm 0.2 mm 10wt% 8.2�g
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of the sintered compression test parts was measured to 21.2 �
2.2 MPa.

Figure 6 shows the structural resolution of the printed
channel test part with internal channels. The quadratic cross-
section of channels in the z direction is largely preserved with
an edge length of 569 � 33 �m in the x direction (fast
printing axis) and 530 � 25 �m in the y direction (slow
printing axis). The designed quadratic cross-section of chan-
nels in the x and y direction altered into a rectangular shape
with a height in the z direction of 447 � 37 �m.

The measured wall thickness of the grid test part is 330 �
26 �m in the x and y directions (see Figure 7). Some
specimens showed a slight distortion of the printed walls. All

gaps between the grid walls could be cleaned from unglued
powder in post processing.

The typical surface texture of a sintered part is shown in
Figure 8. The shape of the powder granules is preserved.
Consequently, the surface has a big area and a high surface
roughness. There are no sharp edges. The sintering led to a
good connection between the particles.

The SEM scan (see Figure 9) of a cross-section of a
sintered material (channel test part) shows the pore structure
of the bulk material. The pores are in a range between 10 and

Figure 5. Sintered specimen of the compression test part with con-
vex bottom. The diameter of the part is 11.5 mm.

Figure 6. Top view (left) and side view (right) on the sintered channel test part with a diameter of 7.8
mm. The dimensions of the channels range between 447 � 37 �m in the z direction and 569 � 33 �m
in the x direction.

Figure 7. Grid test part with wall thickness of 330 �m. The overall
dimensions of the parts are 7.8 � 7.8 mm2.
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30 �m. Figure 9 also demonstrates that the particles had a
good connection through sintering. There is a seamless tran-
sition between single particles. The contact points of the
particles cannot be identified.

DISCUSSION

The manufactured test parts successfully demonstrated the
possibility of using the 3D printing process chain to build
porous ceramic scaffolds. Previous studies focused on vari-
ous materials for scaffolds fabricated using 3D printing7,8 and
on the in vivo performance of such scaffolds.9,10,14 The aim of
the current study was to investigate the technical potential of
a ceramic-based 3D printing process chain for direct fabrica-
tion of porous scaffolds with defined inner channels for bone
tissue engineering. For bone tissue engineering, interconnect-
ing channels and porosity of the scaffolds are very important.
For good osteointegration, a mean pore diameter of 565 �m
of inner channels in a scaffold is discussed.17 The measured
channel resolution of the cylindrical test structure with inter-
nal channels ranged between 450 and 570 �m, and thus is
close to the discussed optimum channel size.

The channel size of the cylindrical test part is almost the
same dimension in the x and y directions, whereas the chan-
nel size in the z direction is less than the size in x-y direction.
This is because the printed binder has to infiltrate the powder
deeper than exactly one layer to connect the current layer
with the layer underneath. The channel size in the x direction
and y direction differs slightly because the droplets cannot be
placed that precisely in the bidirectional printing direction x
than in the quasi-stationary printing axis y.

The achieved wall thickness of the grid test part down to
330 �m is not sufficient to exactly mimic natural spongiosa
of human bone, but is a good structural resolution for the
fabrication of highly macroporous scaffolds for tissue engi-
neering applications. Furthermore, all test parts are highly

porous because the shape of the ceramic granulates that are
used as basic building material was preserved after sintering.
The micro- and macroporosity of the scaffolds is supposed to
support bone ingrowth18 as well as to improve the biodegrad-
ability of the fabricated scaffolds because of the reduced
density of the material itself. Dutta Roy et al.14 found large
amounts of new bone in a 3D printed scaffold that contained
pores less than 20 �m in size. The pore size of the scaffolds
in the present study was in the range of 10–30 �m. Because
the scaffold reported here feature similar surface and porosity
to the scaffolds presented in the previous studies,9,10,19 it is
expected that the scaffolds of the present study offer a prom-
ising environment for cell adhesion and cell proliferation.

Fragile parts printed in high resolution like the presented
test grid part are stable after sintering but cannot be loaded,
whereas the channel test part features sufficient stability for
usage in tissue engineering applications. Furthermore, the
compression test parts show comparable mechanical com-
pression strength to commercial bovine HA bone substi-
tutes.20 The compression strength of the test parts ranges
between that of human spongiosa and that of cortical bone.21

Consequently, the fabricated ceramic matrices have enough
mechanical stability to serve as a scaffold for initial cell
attachment and bone tissue engineering and as an implant for
bone replacement, but are not suited for carrying high forces
in strongly loaded regions in the human skeleton. In this area,
an implant provides only low mechanical support for the area
to be reconstructed and has to be fixed by metal plates.

Because hydroxyapatite is frequently used as material for
bone substitute, it is expected that the scaffold fabricated by
the described process chain feature high biocompatiblility.
Nevertheless, to ensure the biocompatibility of the ceramic,
tests were carried out. 3D test scaffolds have been printed,
and cells were seeded on the scaffolds. After the scaffolds
were cultivated in a medium, proliferation and viability of the
seeded cells were measured. First results show that the new
ceramic materials are not toxic and thus well suited for

Figure 9. SEM image of a cross-section of a ceramic test part show-
ing the pore structure of the sintered material.

Figure 8. SEM of typical surface texture of a sintered part. The shape
of the powder granules is preserved.
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application as custom implants for bone replacement. De-
tailed results will be published soon (Leukers et al., unpub-
lished). In the future, the osteogenic differentiation capability
of human mesenchymal stem cells grown on these scaffolds
and the resorbability of the scaffolds will be investigated.

The authors gratefully acknowledge the Friedrich-Baur-Research
Institute for Biomaterials, Bayreuth, Germany, for a generous do-
nation of the ceramic powder and Schelofix binder.
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