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Abstract

The potentials of the direct inkjet printing (DIP) method for manufacturing 3Y-TZP dental restorations were investigated. Aqueous inks of 3Y-TZP
and carbon were developed and characterised for the DIP method. A sample 3Y-TZP framework of a dental bridge was produced by DIP. The stress
distribution on this framework under realistic clenching conditions was simulated using finite element analysis. Four-point bending specimens
produced by DIP and a slip cast reference sample were tested to characterise the flexural strength of the DIP produced components.
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1. Introduction

Engineering oxide ceramics have become increasingly pop-
ular in dental prosthetics because of their biocompatibility, low
bacterial adhesion, enhanced aesthetics, match to traditional
cementation procedures as well as excellent mechanical prop-
erties and wear resistance.!® In addition, zirconia ceramics
especially the 3Y-TZP (3 mol.% Y,0O3 stabilised tetragonal zir-
conia polycrystals) reveal a superior fracture toughness, which
is given by the material-specific transformation toughening
mechanism.>® The excellent mechanical properties of 3Y-TZP
distinguish this material as a perfect candidate for dental restora-
tions. However, manufacturing such ceramic dental components,
which are usually of relative complex geometry, is not trivial.

The requirements of the manufacturability of 3Y-TZP den-
tal restorations were successfully fulfilled after the introduction
of computer-aided design and computer-aided manufactur-
ing (CAD/CAM) technology to the field of restorative
dentistry.>*~!! Currently, two main methods exist, which apply
the CAD/CAM technology to produce such components. The
first method is basically a hard machining process of fully
sintered ceramic blocks in order to produce dental frame-
works made of zirconia (e.g. DC-Zirkon®/DCS Dental AG,
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Denzir®/Cadesthetics AB).%!213 The other method can be
defined as a soft machining process of partially sintered porous
ceramic blocks, which are subsequently sintered in order to
produce the final components (e.g. Cercon®/Dentsply Inter-
national, Lava™/3M™ ESPE™ Procera® zirconia/Nobel
Biocare™ YZ cubes for Cerec InLab®/Vident™, IPS e.max®
ZirCAD/Ivoclar Vivadent).6’12’13 Both methods are based on
a subtractive milling process, which results in a consider-
able amount of wasted valuable raw material. Furthermore,
both methods require a ceramic pre-form as an input for the
CAD/CAM equipment.'® These pre-forms must reveal cer-
tain characteristics in terms of uniformity, compaction density,
and robustness in order to be successfully machined at the
CAD/CAM system. Moreover, the pre-forms must be carefully
stored and shipped before and after the milling operation.'# Con-
sidering the production and handling of the pre-form material
increases the number of the process parameters as well as the
total complexity of the CAD/CAM methods used to manufac-
ture dental restorations. A complex process is not very suitable
to produce dental restorations, which must reveal a relative high
level of reliability once implanted in the oral environment.

On the other hand, additive (generative) manufacturing tech-
niques have the potential to produce components of complex
shape and composition in a fast, accurate, and direct way,
while minimising the wasted material.'>~!” These techniques
generate small modular units of the building material and
build the component by bringing these units together. Some
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of the most commonly used methods for producing ceramic
components are stereolithography,'® robocasting,'=%? selective
laser sintering,”> laminated object manufacturing,?* three-
dimensional printing,>>2 and direct inkjet printing (DIP).27-30
So far only few studies were reported for fabricating dental
restorations with DIP'# and robocasting!*-?° methods.

DIP can be described as the layer-wise deposition of particle
loaded droplets to build a three-dimensional object using an ink
deposition nozzle.2’-30 Robocasting is a similar method but it
uses extruded filaments instead of ejected droplets to evolve
an object.'®? Both techniques are computer controlled and
require only a substrate as a base for the deposition. Although
they are both theoretically capable of achieving®> the commer-
cial surface requirements of 20-50 um?° and marginal accuracy
of ~100 wm'? for dental restorations the DIP technique offers
a better shape accuracy due to the smaller sized droplets (in
this case 35 x 10712 L)3!:32 compared to the typical filament
sizes larger than 100 pm in robocasting.'*~?> Besides among the
above mentioned additive techniques DIP is the only method,
which can be used to produce ceramic components of full den-
sity (Iow porosity)’*3! and good mechanical properties.’?33 In
addition a graded composition throughout the component33-3#
as well as cavities inside the component® can be realised.
All these aspects would make DIP a promising and interest-
ing fabrication method for manufacturing individually shaped,
accurate, high strength, ceramic components of complex geom-
etry. These characteristics of printed objects are quite the same
of the requirements of ceramic dental restorations.

The objective of this study is to show the potentials of DIP
for producing zirconia based dental restorations. For this pur-
pose the following three questions have to be answered. Is the
DIP method capable of fabricating dental restorations using
virtual computer models? What are the stresses acting on the
dental restorations during realistic clenching conditions? Are
DIP-fabricated dental restorations reliable under the computed
stresses? This study answers these questions in three sections.
In the first section the DIP-fabrication steps of a 3Y-TZP dental
bridge framework are described. Here the preparation as well
as the characterisation of the ceramic ink and the details of the
DIP method is explained. The second section introduces an FE-
analysis, which computes the stress distribution as well as the
maximum tensile stress on the framework model under realis-
tic clenching conditions. The FE-analysis defines the strength
requirements of the materials, which can be used to build the
framework. In the third section the characteristic strength of
the DIP-fabricated 3Y-TZP components are determined by a
four-point bending test.

2. Experimental procedure
2.1. Materials and ink characteristics

Ceramic and supportive inks were separately prepared and
printed. The ceramic ink was an aqueous dispersion of sub-
micron sized (mean particle diameter of 0.63 pm) 3Y-TZP
particles (TZ-3YS-E, Tosoh Inc., Japan). A carboxylic acid
based dispersant (Dolapix CE64, Z&S Inc., Germany) was used.

A suspension of 40 vol.% solids content and 0.5 wt.% (related
to solids) dispersant was attrition milled at 1200 rpm for 30 min.
The slip cast specimens were prepared using this suspension.
The suspension was diluted to 27 vol.% solids content to prepare
the ceramic ink by addition of water, dispersants, and humec-
tants in order to reduce the viscosity and adjust the drop ejection
behaviour. The dispersant content was set as 1 wt.% (related to
solids). Polyols were used as humectants and the content in the
final ink was ~25 vol.% (related to the liquid phase). The solidi-
fication of the ceramic ink was provided by the evaporation of the
liquid phase. Several studies used waxes as binders.?’-?® The ink
did not contain any wax-based binders. A detailed description
of the ink synthesis is given elsewhere.!*3!

The supportive ink was an aqueous dispersion of sub micron
sized (average primary particle size of 0.28 wm) thermal black
type carbon black particles (Arosperse® 15, Evonik Chemicals,
Germany). An alkali free carboxylic acid ester based dispersant
was used (Dolapix ET85, Z&S Inc., Germany). The ink was
ball milled for 36 h using Al,O3 beads of 5 mm diameter prior
to jetting.

Both of the inks were characterised in terms of viscosity
and surface tension at 20 °C. A rotational rheometer (Viscolab
LC10, Physica, Germany) with a double gap concentric mea-
suring system was used to determine the viscosity at a shear
rate of 1000s~!. The surface tension of the inks was measured
according to the bubble pressure method (Proline t15, Sita Corp.,
Germany) for a bubble lifetime of 0.5 s.

The jetting behaviour of the inkjet inks can be summarised
by the dimensionless Ohnesorge number (Oh), which can be
calculated using the physical ink properties:

_ (O'.p.a)l/z
n

Oh~! )
where o is the surface tension, p is the density, a is a characteris-
tic length (the nozzle radius), and 1 is the viscosity of the ink. The
suitable region for stable jetting is defined as 1 < Oh~! < 10,2836
This Oh~! number was calculated for both of the inks and the
values were compared to the previously published results.

2.2. Direct inkjet printing (DIP) of the components

A modified office-type thermal inkjet printer (HP Deskjet
930c®) was used to jet the inks using the black ink cartridge
(HP51645A). The modifications basically provided an overwrit-
ing in order to realise the production of a three-dimensional
components. The printhead moves only in the x direction and
covers a width of ~12mm when all nozzles are fired at the
same time, which limits the y dimension of the printable area
by ~12 mm. Therefore it was not possible to produce the bridge
framework in original size and the framework was downscaled
to the limits of the printing station. Further details of the printing
station and procedure are given elsewhere.3%33

Before starting the printing process, a complete set of the two-
dimensional cross section data of the three-dimensional model
must be generated and transmitted to the printer. In order to
produce the bending specimens a black coloured (RGB: 0/0/0)
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Fig. 1. Visualisation of the layer-wise production stages of the printed demonstration object.

rectangle was used as the input cross-section data and this fig-
ure was over-printed onto a graphite substrate (SGL Carbon,
Germany).

In case of the framework structure, the cross-section varies
throughout the object as shown in Fig. 1. Therefore it is nec-
essary to generate a two-dimensional dataset (e.g. an image to
be printed) of each cross-section individually. The dataset of all
cross-sections was generated by slicing the three-dimensional
model of the framework (Fig. 1) using a special software. The
thickness of the slices was set as 5 pum. The framework structure
has a complex shape (Fig. 1), which contains overhanging fea-
tures in all directions. It is not possible to print such an object
onto a flat substrate. Therefore the substrate surface was mod-
ified by printing a base made of supportive material on the flat
substrate and the framework was printed onto this base. In this
manner the top and bottom topographies of the framework were
successfully realised. The cross-sectional data of the base was
generated by the special software for a layer thickness of 3 pum.

The printed components were dried at room temperature after
printing and were stored 12 h at 80 °C. The storage in the drying
cabinet ensured that almost all of the residual humidity as well as
humectants were removed. The organic residues were removed
by a 3h heat treatment at 550 °C. Another heat treatment for
3h at 850°C was applied in order to separate the supportive
structure as well as the substrates from the components. Finally
the components were 2.5 h sintered in a coarse ZrO, powder bed
at 1450°C.

2.3. Finite element analysis (FEA)

Finite element analysis (FEA) was performed to investigate
the stress distributions inside the framework structure. In the
FE-model, the framework structure was loaded according to the
occlusal clenching forces reported by other studies.>”-3® Various
loading conditions were considered to compute the maximum
tensile stresses on the framework under different loading situa-
tions.

2.3.1. Finite element model
The model of the bridge framework was generated from an
STL file (Fig. 1). The other two support models to represent

Case 2

Bottom surfaces constrained

Fig. 2. The FE-model and the three different cases showing the location of the
applied forces.

the restored 1st premolar and 1st molar were created using an
FE pre-processor (Altair® HyperMesh® v. 9.0) by filling the
cavities at the two ends of the framework structure (Fig. 2).
Therefore, no interlayer was simulated between the framework
and the restored teeth. These three models were defined indi-
vidually as three components and separately exported as input
files in engineering simulation software (ANSYS® v. 11.0)
after meshing in the pre-processor. FEA was performed using
ANSYS® Classic afterwards. All materials were assumed to be
homogeneous, isotropic, and linear elastic in the range of the
applied loads that were chosen for the finite element calcula-
tions. The material properties used in the FEA models were
given in Table 1.3%%0 The interfaces between the bridge frame-
work and the restored 1st premolar and 1st molar were assumed
to be perfectly ‘bonded’. This simplification was considered to
be reasonable, since in the practice they were all fully glued by
a thin layer of an adhesive material.*!

Table 1

Material properties used in the FE models.3#0

Material Young’s modulus, E [GPa] Poisson’s ratio, v
ZrO; (Bridge framework) 200 0.27
Restored teeth 20 0.3
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8-Nodes hexahedral finite element SOLID 45 was selected.
The framework model possessed 51,667 elements, whereas the
restored 1st premolar and 1st molar model were of 33,815 ele-
ments and 47,554 elements, respectively.

2.3.2. Loading and boundary conditions

A common loading situation was adopted. Previous stud-
ies reported clenching occlusal forces of about 350-475 N for
molar elements and about 60290 N for premolar elements.3”-3
The bridge framework model includes both premolar and molar
units. Therefore it was decided to load the model according to
an occlusal force for the molar region. The loading force was
further extended with three times of the standard deviation in
order to cover a realistic range of occlusal force during clench-
ing. The force applied was calculated to be ~850N, which is
comparable to the maximum clenching forces given in similar
studies.®7-%:11

The force was equally distributed on 7 representative neigh-
bouring nodes and was applied in the negative z direction
assuming three different cases (Fig. 2): (1) On the connector
between the 1st molar and the 2nd premolar units of the bridge
model, (2) On the 2nd premolar unit, (c) On the connector
between the Ist premolar and 2nd premolar units of the bridge
model. 7 neighbouring nodes were carefully selected from the
central pontic area of each bridge unit. The force was applied on
those 7 neighbouring nodes in order to simulate a situation where
apunctual force (e.g. a small and hard solid particle) would cause
a maximum pressure on the framework. The bottom surfaces of
the support models were fully constrained during loading.

2.4. Mechanical testing and evaluation of the strength

The fracture strength of the inkjet printed and slip cast
specimens was determined using a four-point bending setup.
A universal testing machine (model 1186H0425, Instron,
Germany) was used and a stressing rate of 100 MPas~! was
applied. The respective inner and outer roller spans were 12 and
24 mm.

The surfaces of the bending specimens were ground
on a precision surface grinding machine (PS R300,
G&N, Germany). The respective sample sizes of the
tested inkjet printed and slip cast specimens was 34 and
10. The approximate dimensions of the inkjet printed
and slip cast bars were 1.5mm x 3.0mm x 30.0mm and
3.5mm x 4.2 mm x 52.5 mm, respectively.

Weibull statistics are typically used to describe the strength
characteristics of ceramic materials.3>*3#* A regression analy-
sis was performed using the Minitab 16 statistical software to
fit the Weibull modulus (shape parameter) and the characteristic
strength (scale parameter) of the two-parameter Weibull distri-
bution using the experimental fracture stress data. The maximum
likelihood estimation was used. The two-parameter Weibull dis-
tribution of failure probability, F, is given by:

_O' m
F(o) =1—exp (UO) 2

where o is the fracture stress, o is the characteristic strength
at the fracture probability of ~63.2%, and m is the Weibull
modulus.*3

The strength values of the two samples cannot be directly
compared with each other because of the different specimen
dimensions, which define the effective volume under load in the
bending test.*3* The effective volume, V., is defined as the
volume of a theoretical specimen, which has the same fracture
probability as the whole specimen when subjected to the fracture
stress.** The effective volume for a four-point bending setup,
where the distance between each inner and outer support is equal
to the 1/4th of the outer roller span (also equal to the half of the
inner roller span), is given by:

—{ Viest ) (m+2)
Ve"”—( 1 ) (m+ 17 ®

where Vi is the volume within the outer support points.44

Knowing that both samples were tested by the four-point
bending test and the fracture was due to tensile stress, the follow-
ing equation can be used to scale and compare the characteristic
strength of the DIP and slip cast samples with different specimen
sizes:

1% ) 1/m
00,1 =002 - (eff> 4)
Verr1

where 00,1 and o9, are the respective characteristic strengths
of the samples and V41 and Vg are the respective effective
volumes of the specimens.**

3. Results and discussion
3.1. Characterisation of the inks

Both of the ceramic and carbon black inks were jettable
using the printing device. Mechanical clogging of the nozzles
or internal feed-channels of the printhead due to solid particles
or agglomerates was not observed.

The viscosity values of the ceramic and supportive inks were
determined to be ~15mPas and ~4 mPas, respectively. The
viscosity of the ceramic ink was comparably high considering
the values obtained in previous studies.>'*> This difference is
because of the 3 vol.% increase in the solid content of the current
ceramic ink. Similarly the lower viscosity of the supportive ink
can be explained by the lower solid content of the ink.

The surface tension of the ceramic and supportive inks was
measured as ~42mN m~! and ~38 mN m~!, respectively. The
density of the ceramic ink was 2.35 gcm ™3 while the supportive
ink had a density of 1.06 gcm 3.

These ink properties were used to calculate the dimensionless
Oh~! number of the inks. This number is a general indicator of
the printability for any type of ink. The respective Oh~! numbers
of the ceramic and supportive inks were determined as ~2.5 and
~6. Both of these values are in the range of printability, which
is given as 1 < Oh~! <10. The comparatively high density and
viscosity of the ceramic ink explains the lower Oh~! number.
Although the inks are classified as printable, the integrity of
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Fig. 3. Produced by DIP: (a) the supportive base made of carbon black and (b) the 3Y-TZP bridge framework (sintered).

the jetted droplets cannot be definitely concluded according to
the Oh~! number. Previous studies using inkjet printers with
thermal activation showed poor agreement with the upper limit
of the Oh~! number and drop integrity.’2+?

3.2. Evaluation of the direct inkjet printed (DIP)
components

A downscaled 3Y-TZP bridge framework as well as bend-
ing specimens (n = 34) were successfully manufactured by DIP.
In previous work, the high accuracy and precision of printed
delicate structures'**? was investigated but a component on
cm-scale such as the framework structure was not introduced
until this study. The carbon base (Fig. 3a) as well as the 3Y-
TZP framework (Fig. 3b) are unique examples showing the
manufacturability of components in millimetre scale by DIP.
Moreover the printed components did reveal neither stair steps
on the surface nor drying and sintering cracks.

The printing unit is equipped with a single black ink cartridge.
Therefore the cartridge was first filled with the supportive ink
and the base was completely built. Afterwards another cartridge
filled with the ceramic ink was placed and the framework was
printed onto the base. Therefore the optimum distance between
the printhead and substrate surface could not be maintained in
case of printing the ceramic ink. The larger the distance the
longer is the period of the droplet flight time. This would mislead
the position of the drop impact on the substrate and therefore
reduces the accuracy of the printed structure.

On the other hand the distance between the printhead and
the substrate was optimum as the supportive base was printed.
Therefore the base is in general more precisely fabricated. In
order to increase the accuracy of the framework structure on the
occlusal side, the supportive structure was designed to support
the occlusal side (upper side in Fig. 3b) of the framework and the
framework was printed upside down onto the base. In this man-
ner, the accuracy of the base was transferred to the upper surface
of the framework. However the carbon structure in Fig. 3areveals
a defect, which is a spot higher than the surrounding, located
on the interconnector on the right side. The framework model
(Fig. 1) does not reveal such a void at this position and thus the
defect is related to the DIP process. The origin of the defect may
be a contaminating particle, which interfered the fabrication

process (e.g. a piece of textile fibre), or a bubble formed in the
lower layers during drying. This object or bubble was covered
with ink during subsequent deposition resulting in the spot in
Fig. 3a. The defect on the base was transferred to the framework
structure forming a void on the top surface as shown in
Fig. 3b.

Both carbon and ceramic inks were aqueous based and there-
fore miscible with each other. Therefore a risk of mixing of
both inks would be present in case of a simultaneous deposition
using multi-printhead systems. However in this specific case the
base was deposited and dried completely before the ceramic was
deposited onto it. As a result no mixing of the both phases was
observed.

In addition, the relative density of the sintered framework
structure was determined according to the Archimedes’ prin-
ciple. The density was ~5.82gcm™3, which is >96% of the
theoretical density.

As mentioned before dental restorations were fabricated
using the DIP'# and robocasting!*?Y methods among the typical
additive manufacturing techniques. A comparable dental bridge
framework structure made of zirconia was also fabricated with
the robocasting method.'® The solid content of the pastes used in
robocasting were higher than in the DIP inks but the amount of
organic additives in the deposited components were in a compa-
rable range.'%?2 Despite the higher solid content of the paste the
framework structure fabricated by robocasting was not totally
free of cracks.'® This could indicate that the drying of layers of
droplets is more effective than extruded filaments suppressing
the formation of drying cracks. Moreover the components fab-
ricated by robocasting revealed stair steps on the surface!%-20-22
whereas the surface was comparably smooth in case of the DIP
fabricated framework.

3.3. Results of the FE-analysis

In the FE simulation, the first principal stress on the frame-
work structure was examined. The stress distribution and the
maximum tensile stress under the three different loading sit-
uations (cases 1-3 in Fig. 2) were computed and shown in
Fig. 4. The results of all different loading cases show hot
spots on the bottom marginal area of the interdental con-
nectors. The respective maximum tensile stress values are
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Fig. 4. Results of the FE simulation showing the stress distribution on the framework (bottom and side view) for (a) case 1, (b) case 2, and (c) case 3 loading

conditions.

predicted to be ~340MPa and ~300MPa for cases 1 and
3, where the occlusal force is applied onto the connector.
In both cases the hot spot is below the connector, on which
the force is applied. In case 2, the maximum tensile stress
is ~250 MPa and hot spots are located below both connec-
tors.

The goal of this FE simulation was to determine a rough but
realistic estimate of the stress distribution on a dental framework
structure under usual clenching conditions. Therefore a realistic
maximum occlusal force was applied onto a real framework
model. Moreover, to simulate a worst case scenario (impact of
a small and hard solid particle) the total force was located on
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Table of Statistics
Shape  3.62037
Scale 842,526
Mean  759.437
StDev  233.123
Median 761.407
IQR 324.864
Failure 34
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Fig. 5. Fracture stress vs. probability of failure diagram showing the distribution
of the fracture strength of DIP specimens.

a small area on the framework. Although several factors in an
in vivo occlusal loading environment were excluded in order to
simplify the FE model and calculations, the predicted values of
the maximum tensile stress were in good agreement with similar
studies.”!!

3.4. Flexural strength of DIP and slip cast specimens

The mechanical properties of ceramic materials are described
by a statistical distribution depending on the composition
and grain size of the material as well as the manufactur-
ing process.*>** Any change in the production process would
influence the strength of a ceramic component of the same
composition and shape. Under optimum processing conditions,
the 3Y-TZP material can achieve a flexural strength up to
1500 MPa.*?

In order to determine the flexural strength of the 3Y-TZP
components produced by DIP, bending specimens were pro-
duced and tested. Fig. 5 shows the probability of failure diagram
of the DIP specimens assuming a Weibull distribution for the
fracture stress. The characteristic strength was determined as
00.pip =~843 MPa (scale parameter in Fig. 5) with a 95% con-
fidence interval of [764-930]. The fracture stress values of the
specimens varied between ~400 and ~1200 MPa, correspond-
ing to a Weibull modulus mprp = 3.6 (scale parameter in Fig. 5)

Table of Statistics
Shape 6,15359
Scale 612,012
Mean  568.567
StDev 107,635
Median 576625

T

2

IQR 145537
Failure 10
Censor 0
aD* 1.851

Probability of failure [ %
5 10 20

200 300 ' 500 " 700 ' 00
Fracture stress | MPa

Fig. 6. Fracture stress vs. probability of failure diagram showing the distribution
of the fracture strength of slip cast specimens.

with a 95% confidence interval of [2.8—4.7]. The effective vol-
ume was Vpgpip=7.1 mm3 according to Eq. (3). Considering
a fracture stress >1000 MPa of several specimens and know-
ing that the maximum tensile stress was ~340 MPa in the FE
simulation, it can be said that DIP is a promising method to
produce 3Y-TZP dental restorations. The comparatively low
Weibull modulus indicates that the DIP process has to be further
optimised to achieve higher reliability.

Slip casting, which is also a suspension based process, was
used to produce similar bending samples for a comparative anal-
ysis of the mechanical performance of DIP components. The
probability of failure diagram of the slip cast specimens is given
in Fig. 6. The characteristic strength was o, =~612 MPa
with a 95% confidence interval of [550-681]. The fracture
stress values varied between ~450 MPa and ~750 MPa and a
Weibull modulus was mg;;, =6.2 with a 95% confidence interval
of [3.8-9.9]. Using Eq. (3) the effective volume was calculated
as Vegrsiip = 14.1 mm>.

Remembering that the slip cast specimens had a larger
volume than the DIP specimens, Eq. (4) can be applied to
scale the characteristic strength of the slip cast specimens for
the dimensions of the DIP produced specimens. If specimens
of 1.5mm x 3.0mm x 30.0 mm (volume of the DIP produced
specimens) were produced by slip casting, the scaled character-
istic strength would be 0 yip,scalea = ~684 MPa, which is larger
than the original o y;p. The value of the o i scatea is lower
than the oo p;p =~843 MPa of the DIP specimens. Scaling the
oo.pip for specimens with the dimensions of the slip cast speci-
mens results in a 09 prp.scaled = ~698 MPa, which is larger than
the o¢ip. In both cases the characteristic strength of the DIP
produced components is higher. As a result, it can be concluded
that the DIP method is superior to the conventional slip casting
method in terms of mechanical properties of the components
produced.

A fractographical analysis of the tested DIP produced speci-
mens is provided in other studies.!*32

4. Conclusions

The potentials of the direct inkjet printing (DIP) method to
manufacture all-ceramic dental restorations were investigated
and the following conclusions were drawn:

- 3Y-TZP as well as carbon components in millimetre scale can
be produced by the DIP method.

- The DIP fabricated ceramic components reveal a smooth sur-
face without the stair steps effect and drying or sintering
cracks.

- A relative density of >96% of the theoretical density can be
achieved by the DIP method.

- According to a simplified FEA study the maximum tensile
stress on a dental framework would be ~340 MPa under real-
istic clenching conditions.

- 3Y-TZP components produced by DIP reveal a higher flexu-
ral strength (~843 MPa) than slip cast 3Y-TZP components
(~684 MPa) according to the four-point bending test.
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- The DIP method is a potential and promising fabrication tech-
nique for manufacturing 3Y-TZP dental restorations.

The focus of the future work must be on further optimisa-
tion of the DIP process to improve the reliability as well as the
Weibull modulus of the produced components in terms of flex-
ural strength. The ink and printing stability should be improved
by the introduction of high energy milling systems or optimised
additive systems. On the other hand the printing system must be
further improved to enable a multi-printhead operation. Besides
the printheads should be able to move in an additional y-axis in
order to cover a larger printable area and produce larger compo-
nents. Furthermore the development of specific printing software
to satisfy the nozzle cleaning and deposit drying requirements
is inevitable for a stable printing process.
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