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Extended Abstract

Introduction

Experts agree that the additive manufacturing technologies will show a strong growth in indus-
trial manufacturing in the future [WL16]. Especially in the context of digitization and Indus-
try 4.0, additive manufacturing processes are considered to have high potential [Ger17],
[Hub18], [Neu18].

The main characteristic of additive manufacturing or simply 3D printing is that the component
is build up layer by layer. Compared to conventional manufacturing technologies like milling
and turning no shaping tool is required. For this reason, the smallest batch sizes can be man-
ufactured economically using additive manufacturing. Furthermore, components can be pro-
duced by means of 3D printing, which, due to their complex shape, would not be possible to
produce with conventional methods or only at an increased cost. Nowadays there are varieties
of different additive manufacturing technologies. Almost any material, whether plastic, metal

or ceramic, can be printed.

One possible field of application in which additive manufacturing can use its strengths is the
customized manufacture of bone implants, so called scaffolds. Bones are filigree, complex
structures that consist mainly on calcium phosphates and differ from each individual. Nowa-
days, the autologous bone graft is considered as the gold standard [HOH18]. With this strat-
egy, the patient's own tissue is removed and implanted again at the required location. These
implants are well tolerated. However, the amount of suitable bone available is small and the
operations are very painful for the patient. The use of 3D printed implants would therefore be
advantageous for the treatment of the patient, especially since the implant materials are avail-
able in almost unlimited quantities. In addition, the cost benefits for healthcare should not be
overlooked: The German Society for Orthopedics and Trauma Surgery (DGOU) states that
diseases of the musculoskeletal system cause more than 20% of the direct and more than
40% of the indirect national healthcare costs. Four of ten of all sick days are due to such
diseases [NS12]. 3D printed implants based on advanced high performance bioceramics can
reduce the number of surgeries and restore health overall faster. Therefore, bioactive glasses
and calcium phosphate ceramics can be used. If these ceramics are processed into highly
porous, complex structures by means of additive manufacturing, then osteoconductive and -
inductive implants can be manufactured that stimulate bone growth and after a while are con-
verted into the body's own tissue. Before such implants become standard, however, a lot of

research has to be invested in materials technology and the additive manufacturing process.
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Aims of this work

In the present work, the preparation and processing of high performance bioceramics is exam-
ined. The investigations encompass the entire ceramic production chain, from the powder to
the shaping to the sintered component. First, the starting powders must be converted into suit-
able suspensions. To do this, rheological tests must be carried out and the most important
liquefaction parameters identified. The suspensions have to be developed in such a way that
the powder can be ground, but also granules with customized properties during spray drying
can be received. Furthermore, the suspensions must be usable as pouring slurries and allow
complete mold filling. The bioceramics prepared in this way are then processed into complex
three-dimensional structures using additive manufacturing. The optimal printing parameters
must be identified so that the printed components meet the most important medical require-
ments for artificial bone grafts. Since ceramic components only get their final properties
through the sintering process, extensive thermal analyzes for debinding and sintering of the
printed components must be carried out. In the end, the ceramic components should meet the

requirements for bone replacement structures:

¢ sufficient strength in the order of cancellous bone

¢ highest possible porosity and roughness of the surface to ensure cell growth and mul-
tiplication as well as their supply with nutrients

o filigree structures similar to human bones

e biocompatibility and bioactivity

e reproducible component quality

e economic processability of the bioceramic starting powder

All process steps are accompanied by extensive analyzes. The biocompatibility and activity is

determined in vitro using cell tests carried out by the university hospital of Freiburg.

Materials and methods
In this work, scaffolds are manufactured by different additive manufacturing technologies:

e powder-based Binder Jetting
e filament-based indirect Solid Freeform Fabrication (iSFF) using Fused Deposition Mod-
elling (FDM) printers in combination with ceramic slip casting

¢ filament-based Fused Deposition of Ceramics (FDC)

The bioceramics used are B-tricalcium phosphate and bioactive glass. The chemical compo-

sition of the glass is similar to henchglas or 45S5.



The raw materials must be processed for the shaping via additive manufacturing. For the
Binder Jetting spherical granules with a medium particle size of 35 — 50 ym are required.
Therefore the bioceramics are processed into slurries, milled and spray granulated using a
spray drying tower. For the printing a ZPrinter 510 Plus (ZCorporation, USA) is used.

The filament-based printing FDC and iSFF are carried out with a FDM printer Prusa i3 MK3
and Prusa i3 MK3S, respectively. For the iSFF approach thermoplastic lost forms are printed
that represent the negative of the scaffold geometry. The suspensions are adjusted to fill the
mold in order to be as low-viscosity as possible. The infill is taken place on a porous gypsum
board, as it is used for conventional slip casting. The filaments for FDC were compounded and
extruded in cooperation with the Institut fir Kunststofftechnik (IKT) at the University of Stuttgart.

The debinding and sintering is one of the most important steps in the manufacturing of the 3D
printed scaffolds. Therefore the thermal behavior of the components is investigated by com-

bined thermal analysis methods.

The investigation on the biocompatibility and —activity is done in vitro via life-dead-assays by

the University Hospital of Freiburg.
The process steps as well as the printed scaffolds are analyzed using the following methods:

e laser granulometry

¢ rheology measurements

e optical analysis (optical microscopy and SEM-images)
o differential thermal analysis

e thermogravimetric analysis

e compressive strength measurements

e mercury intrusion porosimetry

Results and Discussion

In this chapter the most important results are presented for the three different manufacturing

strategies used in this work.

Scaffold manufacturing via Binder Jetting

The bioglass powders as well as the B-tricalcium phosphates (bTCP) were dispersed in water
using different dispersants. For the following process of spray granulation a shear-thinning
behavior and a high solid content was necessary. The bioglass suspensions were all shear
thinning. The bTCP suspensions were shear-thickening at shear rates over 10 s'. The maxi-

mum amount for the bioglass suspensions was 65 wt-%, which is a volume content of 40 vol-
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%, the maximum solid content bTCP within the suspensions was 70 wt_%, which is a volume

content of 41 vol-%.

After spray granulation all powders showed a spherical morphology and a perfect particle

size between 31 — 50 um. SEM images of the spray dried powders are shown in Figure 1.

Figure 1: SEM images of spray granulated bioceramics. Top and middle: bioglass; bottom: bTCP

The bioglass powder was either ground until the medium particle size was smaller than 1 ym,

see Figure 1, top, or not grinded and spray dried immediately, see Figure 1, middle. The SEM-
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images in Figure 1, bottom shows the spray granulated bTCP, which was also ground until the

medium particle size was smaller than 1 uym.

The printing parameters were investigated. In general one can say, that the compressive
strength of the green parts as well as the sintered scaffolds increases with higher saturation
values and smaller layer thickness. The bioglass samples tested were sintered at 950 °C for
4 h, the bTCP samples at 1250 °C for 4 h. bTCP cylinders had a maximum compressive
strength of 7.52 + 0.34 MPa, the bioglass scaffolds had a maximum compressive strength of
5.43 £ 1.70 MPa. The bTCP scaffolds reached maximum values of 7.52 + 0.34 MPa. The com-
pressive strength is similar to cancellous bone. A picture of the tested scaffolds is shown in

Figure 2.

Figure 2: Sintered bioglass scaffolds

The porosity of the bioglass samples was 47 % with a medium pore size of 5.8 ym, the porosity

of the bTCP samples was 52 % with a medium pore size of 11.2 ym.

The biocompatibility was tested in vitro via life-dead-assay. The tested scaffolds enabled the

ingrowth of cells and their proliferation.



Xl Extended Abstract

Scaffold manufacturing via iSFF

The printed molds consisted of thermoplastics, ABS, PETG and PLA. The slurries showed a
lower viscosity than the ones used for spray granulation. This was reached by decreasing the
solid content. The maximum solid content for the bioglass slurries was 60 wt-%, which is a

volume content of 35 vol-%. The bTCP slurries contained 65 wt-% and 36 vol-%, respectively.

The smallest pore size that could be created was 0.25 mm for PLA molds and 0.5 mm for ABS
and PETG molds. The bTCP slurries could be casted in every kind of thermoplastic. The com-
bination of bioglass and PLA led to a foaming reaction and the destruction of the scaffold. The
results of the thermal analysis for the debinding of pure PLA, bioglass and PLA and bTCP and

PLA are shown in Figure 3.
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Figure 3: DTA/TG for different combinations of bioceramics and PLA

Compared to the Binder Jetting technique the consolidation of the ceramic particles was
higher. This is caused by capillary forces during the casting process on the porous plaster
mould. For this reason the maximum sintering temperature for the bioglass samples could be
lowered to 750 °C. The bTCP scaffolds were sintered identically like the ones printed via Binder

Jetting.

The maximum strength of the bioglass scaffolds was 18.86 + 2.32 MPa, the maximum strength

for the bTCP scaffolds 17.23 + 2.03 MPa. In addition, the porosity was significantly lower, 40 %
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for the bioglass samples with a medium pore size of 0.4 ym. The porosity of the bTCP samples
was 16 %, the pore size distribution 1 pm. The strength is higher than cortical bone, the lower

density is a disadvantage compared to the Binder Jetting scaffolds.

Microscopy pictures showed, that there are often cracks near the area where the thermoplastic
struts were in the green bodies, see Figure 4. Despite, the compressive strength was higher
than the Binder Jetting Scaffolds that had no cracks within the microstructure. The cracks and
the formerly thermoplastic layers can be seen in Figure 4.

Figure 4: Grinding patterns of a sintered bioglass scaffold

Scaffolds as shown in Figure 5 were tested via Life-Dead-Assay. The scaffolds showed high
biocompatibility, which can be concluded by the green fluorescence of the living cells, see
Figure 6.

Figure 5: Sintered bTCP scaffold with pore sizes of 0.5 mm for testing via life-dead-assay [SLE19]
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(c) (f)
Figure 6: Living cells (left pictures) and dead cells (right pictures) on bTCP scaffold after 3 days

(a, d), 7 days (b, e) and 10 days (c, f)

Scaffold manufacturing via FDC

The compounded filaments contained different amounts of bTCP. Organic additives were PLA
and PEG. The filaments showed a homogeneous distribution of the ceramic powders in the

filament, see Figure 7.
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Figure 7: bTCP distribution in the PLA filament with a n diameter of 1,75 + 0,2 mm

The filaments could be printed with a commercial FDM printer Prusa i3 MK3. Depending on
the component geometry, the printing parameters had to be heavily adjusted. A picture of a
printed bTCP-PLA scaffold can be seen in Figure 8 as well as the grinding pattern showing the

distribution of the ceramic particles within the sample.

The higher the amount of water soluble PEG, the lower the printing quality. Without the use of
PEG a debinding of the printed structures was not possible. For the debinding the PEG was
solved in a water bath for 72 h, then the PLA was thermally debindered. During the debinding
the green body was inserted into an alumina powder bed. With this strategy the samples could
be debindered and sintered without damaging the component. Compared to the other scaffolds
printed via Binder Jetting or iSFF approach, the quality was extremely low, see Figure 9.

Figure 8: bTCP-PLA green body after printing and grinding pattern
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Figure 9: Debindered and sintererd bTCP scaffolds. The scaffold on the left was debindered with-

out a powder bed

Summary and Conclusion

It can be summarized, that the main goals of this work are accomplished. The bioceramic raw
materials were successfully processed for the additive manufacturing process. Scaffolds could
be printed, debindered and sintered without damaging the components. The properties of the
sintered scaffolds fulfilled most of the requirements for artificial bone grafts: filigree structures
with high porosity and mechanical strength similar to human cortical bone. Cell tests in vitro

indicated the biocompatibility of the scaffolds and made cell growth possible.

For future investigations, the osteoconductive properties of the 3D printed scaffolds should be
tested in vivo. The quality of the FDC scaffolds must be improved and further research on the

bioglass materials should be done.



