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ABSTRACT 

The aim of this study was the development of printable, UV curable colloidal pastes 
for 3D robotic deposition of complex ceramic fibre networks. Additionally, shaping 
techniques of printed structures have been demonstrated. 

Printable and functional ceramic pastes based on hydroxyapatite have been 
successfully developed from UV curable compositions. Complex printed ceramic fibre 
networks and multilayers as well as enhancement of the fibre surface quality have been 
realised. It has been found that the control of particle-monomer/oligomer-surfactant 
interactions is essential to achieve printable pastes with adequate rheological properties. 
Using linear and cross-linking UV curable oligomers as dispersion media, very flexible 
structures result after UV curing. All printed, cured and additionally shaped structures have 
been transformed to macroscopic ceramics via thermal debinding and sintering without 
cracks or delamination between the layers. This has been achieved by using argon 
atmosphere during curing to prevent oxygen inhibition. The 3D robotic deposition in 
combination with UV curing is a novel and promising technique to produce complex 
functional ceramic structures. In this work, the benefits from the combination of 3D 
robotic deposition and UV solidification have been demonstrated in a new way by using 
cured and flexible 2 layer structures for folding processes, which lead to 3D structures that 
are very difficult or impossible to achieve with the employment of just direct 3D robotic 
deposition. 

On the basis of this research, versatile theory about preparing ceramic pastes for 3D 
robotic deposition of complex structures for various applications can be deduced. 

KEYWORDS: 3D robotic deposition, UV curing, fibres, hydroxyapatite, rheology 

 

ABSTRAKT 

Diplomová práce je zaměřena na přípravu koloidních suspenzí, vytvrditelných UV 
zářením, jenž jsou určeny k 3D tisku komplexních keramických vláknových struktur. 
Rovněž jsou v práci představeny techniky následného tvarování vytisknutých a 
vytvrzených struktur. 

Z hydroxyapatitu ve formě prášku a komponent, vytvrditelných UV zářením, byly 
vytvořeny pasty, určené k 3D tisku komplexních keramických vláknových struktur a 
multivrstev. U takto vytisknutých a vytvrzených struktur bylo navíc dosaženo zlepšení 
kvality povrchu a soudržnosti vláken. Pro výrobu past, určených k 3D tisku, s vhodnými 
reologickými vlastnostmi je nezbytné důkladné pochopení interakcí mezi částicemi, 
surfaktantem a monomerní/oligomerní směsí. Za použití lineárních a zesíťujících 
oligomerů jako disperzního média vznikají po tisku a UV vytvrzení velmi flexibilní 
vláknové mřížky, které lze dále tvarovat a takto vytvářet rozmanité struktury. Tyto 
struktury jsou následně slinuty, bez významných vad na povrchu či delaminace vrstev, za 



vzniku složitých keramických těles. Vysoké kvality povrchu je dosaženo UV vytvrzením 
vytisknutých struktur v argonové atmosféře, která brání kyslíkové inhibici radikálů v 
blízkosti povrchu vláken. Výhody kombinace 3D tisku s UV vytvrzováním jsou 
demonstrovány v této práci za užití dvouvrstvých flexibilních struktur, určených 
k následným metodám 3D tvarování. Takto vytvořených složitých 3D struktur je jen velmi 
obtížné, ne-li nemožné, dosáhnout pouze užitím přímého 3D tisku. 

Na základě této práce může být v budoucnu odvozena univerzální teorie k přípravě 
past, určených k 3D tisku komplexních keramických struktur pro různé aplikace. 

KLÍČOVÁ SLOVA: 3D tisk, UV vytvrzování, vlákna, hydroxyapatit, reologie 
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1. Introduction 

The ability to design and rapidly fabricate ceramic materials with complex 3D 
structures from colloidal pastes has potential for a wide range of industrial applications, 
such as environmental protection, biomedicine, renewable energy and MEMS [1, 2]. The 
mentioned applications require functionality, biocompatibility, complexity in micrometer 
scale, strength as well as a high surface to volume ratio. Complex ceramic structures can 
be produced by various manufacturing techniques, such as 3D printing (3DP), fused 
deposition modelling (FDM) or selective laser sintering (SLS) [3]. These methods are all 
based on the fabrication of a solid freestanding green body. 

The 3D robotic deposition (sometimes referred to as robocasting) is classified in the 
category of direct writing techniques as a novel and promising, room operating processing 
route for manufacturing versatile shapes from various materials. In contrast to commercial 
techniques such as SLS and 3DP the 3D robotic deposition allows the assembly of 
predetermined and complex 3D fibre networks with induced unsupported features in 
micrometer scale. However, there are several criteria which have to be fulfilled. The 
crucial point is the development of a suitable paste which combines certain characteristics, 
such as homogeneity, printability, powder-monomer compatibility and dispersion stability. 
Furthermore, requirements of the subsequent processing and sintering of the paste and the 
green body respectively have to be considered. For instance, highly loaded pastes are 
required for better sintering behaviour and the green body has to be UV curable and 
solvent free to provide good bonding between layers, as well as good room temperature 
stability which enables handling but also permits sufficient flexibility combined with shape 
retention altogether. Such principles have been demonstrated for Al2O3 based ceramics [4]. 
Based on this, the production of predetermined complex 3D ceramic fibre networks from 
UV curable hydroxyapatite (HA, Ca10(PO4)6(OH)2) and alumina colloidal pastes using 
robotic deposition is further studied in this thesis. 

HA has been widely described as a bioactive and osteoconductive ceramic material 
[5]. Complex ceramic structures made of hydroxyapatite are of high interest for bone tissue 
engineering applications. The use of UV curable colloidal pastes allows the solidification 
by UV radiation. This is advantageous due to the flexibility in the design of each layer and 
also due to the integration of post printing processes e.g. folding and bonding. Such folding 
concepts were demonstrated by the group of Lewis using non curable pastes [6] and 
recently for UV curable Al2O3 inks [4]. The first demonstration of combined UV curing 
with 3D deposition technique using programmable robots for producing hydrogel scaffolds 
was made by Barry et al [7]. 
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2. Objectives 

The main goals of this work can be summarised as (a) the development and 
characterisation of printable ceramic colloidal pastes from UV curable compositions with 
focus on HA, (b) the demonstration of 3D robotic deposition with UV curing to produce 
complex 3D ceramic fibre networks and (c) demonstrate additional post-deposition shaping 
techniques such as folding. 
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3. Theoretical part 

For the assembly of 3D fibre networks by robotic deposition the development of 
stable colloidal pastes with adequate viscoelastic properties is a prerequisite. The first part 
of this chapter provides an overview about the constitution of colloidal systems, 
stabilisation and rheological behaviour of dispersed systems followed by basic information 
about UV curing and photopolymerisation. Also the classification of 3D robotic deposition 
in the broad spectrum of additive manufacturing techniques is presented in the following 
section. Last part of this chapter is dedicated to hydroxyapatite, which is the main material 
used in this thesis. 

3.1. Stabilisation of colloidal dispersed systems 

3.1.1. Definition and characteristics of colloidal systems 

Colloidal systems consist of two phases where one phase (dispersed phase) is finely 
dispersed within another phase (continuous phase). A system is named colloidal, if the size 
of the components of the dispersed phase is in a range of one micrometer down to one 
nanometer. Both, the dispersed and the continuous phase, can be gas, liquid or solid. 
Dependent on the state of aggregation there are several kinds of colloidal systems such as 
aerosol, emulsion and dispersion (sol, suspension and paste) possible [8]. In this thesis only 
dispersions with a solid dispersed phase and liquid continuous phase are discussed. 

Colloidal systems can be identified as stable or unstable. The dispersion is deemed to 
be stable if the particles of the dispersed phase stay apart within the continuous phase for a 
certain span of time, whereas in unstable dispersions the particles band together and form 
agglomerates. To stabilise colloidal systems it is necessary to generate an energy barrier 
which prevents the particles to get too close to one another [9]. 

One model that describes the stability of colloidal systems is published by Derjaguin, 
Landau, Verwey and Overbeek and is called DLVO theory. This theory explains the 
relationship between attractive and repulsive forces and determines a total potential energy 
(Vtotal) which defines several states of stability. The total potential energy is presented by 
Equation (1) [10]. 

Vtotal = VvdW + Velect + Vsteric + Vstructural     (1) 

Referring to the DLVO theory the total potential energy is a sum of attractive energy, 
determined by Van der Waals forces and the repulsive energy, which is characterised by 
electrostatic, steric and structural interactions. Both attractive forces and repulsive 
interactions between particles will be specified in the following sections. 
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Fig. 3.1 Attraction, repulsion and resulting potential energy as a function of particle distance [11] 

 

The strength of the attraction and repulsive forces depends on the distance between 
the particles. Basically, the attractive and repulsive forces increase exponentially with 
decreasing distance. The Fig. 3.1 shows the attraction, repulsion and the resulting potential 
energy as a function of particle distance. In any case, the particles approach one another 
due to the Brownian motion. The repulsive forces counter these attractive forces and 
generate an energy barrier, which prevents that the particles continue the approximation 
and thus adhere to one another. Dispersions are unstable and coagulate when the attractive 
energy is high enough to overcome the energy barrier. This occurs at very small and very 
high distances between the particles and becomes apparent through the minimums in the 
total potential energy graph. The primary minimum demonstrates a very strong and 
irreversible coagulation of the dispersion. Whereas in the range of the secondary minimum 
the dispersion is only slightly flocculated and can be redispersed. The colloidal system is 
deemed to be stable if the repulsive interactions dominate and the particles push off each 
other. In this case the graph shows a maximum of the total potential energy [10]. 

3.1.2. Attractive potential energy – Van der Waals forces 

The attractive interactions between the suspended particles are based on Van der 
Waals forces. These forces are electrodynamic in origin, because they result from the 
interactions between oscillating or rotating dipoles within the interacting media. These 
ubiquitous interactions may be of varying importance depending on the system, and the 
Hamaker constant (A) which represents a conventional and convenient way of assessing 
the magnitude of these interactions. For example, the van der Waals interaction free 
energy, VvdW(D), between two spheres of radius R at surface distance D, can be 
approximated by Equation (2) providing that D << R. 
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        (2) 

The Hamaker constant (A) is a materials constant that depends on the dielectric 
properties of two materials and the intervening medium. Although it can be calculated 
from the polarisabilities and number densities of the atoms in the two interacting bodies, 
which is called the microscopic approach [9]. 

Low Hamaker constants stand for weak attractive interactions and thus for dispersion 
stability. For ceramic materials Hamaker constant is provided in a range of 6.5*10-20J to 
25*10-20J (under a vacuum) and 0.5*10-20J to 11*10-20J (in water) [10]. 

3.1.3. Repulsive potential energy – electrostatic forces and Zeta potential 

Dispersed particles in an aqueous medium (continuous phase) generate a charge 
arising from their surface chemistry. The nature of the particle charge depends on the ions 
around the particles and is given by the pH of the continuous phase. More precisely 
particles are negatively charged in an alkaline media and positively charged in an acidic 
media. At a certain pH the particle surfaces can also be electrically neutral. This pH is 
called isoelectric point (IEP) and exists when the particle surface charge is equal to the 
charge of the intervening medium [8]. 

However, in the majority of cases the particles carry a negative or positive charge. 
The charged particles are always surrounded by oppositely charged ions of the continuous 
phase (counter-ions). The charge distribution in the interfacial region between charged 
particle surface and counter-ions can be described as an electrical double layer and is 
characterised by several models. The most important model is established by Stern (1924) 
[12] and is displayed for a negatively charged particle in Fig. 3.2. The model describes that 
some counter ions surround the particles in a firm single layer which is directly adsorbed at 
the particle surface (Stern-layer), whereas another part of counter ions and also co-ions 
from the continuous phase are flexible and unsystematically positioned around the particles 
in a diffuse layer. In the diffuse layer, the concentration of surrounding counter-ions 
decreases with increasing distance from particle surface [13]. 

 
Fig. 3.2 Stern model for a negatively charged particle [14] 
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The electrostatic repulsion between two charged particles appears when the particles 
get so close that their diffuse layers overlap partially. The dispersion deemed to be 
electrostatic stable if the electrostatic repulsion is high enough to overcome the Vander 
Waals attraction. An approximation for the repulsive electrostatic potential energy Velect is 
developed by Derjaguin (1940) with the Equation (3). He calculated a potential energy 
assuming that the particles are equal spheres with same charge which approach one another 
under conditions of constant potential [10]. 

������ � 2������Ψ�
ln �1 � exp �#$%�&    (3) 

��…dielectric constant of the solvent, ��…permittivity of vacuum, Ψ�…electrostatic 
surface potential, �…particle radius, 1/$…Debye Hückel screening length (thickness of 
the diffuse layer), %…distance between particle surfaces 

The Equation (3) shows that the repulsive energy and with it the electrostatic stability 
increases with increasing electrostatic surface potential Ψ�  and increasing diffuse layer 
thickness (1/$). These conditions are only given at low ionic strength of the intervening 
medium. In the opposite case high ionic strength compresses the diffuse layer and reduces 
the surface potential more abruptly. Consequently the particles are getting very close to 
each other and the repulsive forces start to be active in a range where the Van der Waals 
attraction takes effect. At this point the dispersion is not stable. That is why the usability of 
the electrostatic stabilisation is limited in low ionic strength media. 

Equation (3) is only true for the case when the dispersed particles are static, but it 
does not consider the thermal movement of particles (Brownian motion). To get a more 
analytic expression for the electrostatic potential energy, the determination of the particle 
surface charge and the electrostatic surface potential is necessary. The direct measurement 
of the particle charge is not possible due to the surrounding double layer. However in 
consideration of the Brownian motion a charge difference (electrokinetic potential) of the 
moved particles accompanied by the Stern layer and parts of the double layer (Fig. 3.2) to 
the solvent background can be measured. The electrokinetic potential is called zeta 
potential and depends on the double layer thickness and the total charge of the counter-ions 
near the particle surface. It is proportional to the electrostatic surface potential and can be 
used to determine the repulsive potential energy [8]. 

3.1.4. Steric and Depletion stabilisation and surfactant 

As presented in the previous section the efficiency of electrostatic stabilisation is 
limited due to the ionic strength of the continuous phase. Solutions for the stabilisation of 
high ionic and non-aqueous dispersions can be done by addition of long or steric molecules 
to the dispersion. In that way two different mechanisms are available. On the one hand a 
steric stabilisation can be achieved through the attachment of molecules on the particle 
surface through the use of adsorption or chemical grafting. On the other hand depletion 
stabilisation can be realised if the molecules – often polymers - stay free in the continuous 
phase between the particles. In both stabilisation methods a mechanical barrier is generated 
which induces an adequate distance between particles to overcome the Van der Waals 
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attraction [10]. Scheme of the steric (a) and depletion (b) stabilisation is illustrated in Fig. 
3.3. 

 
Fig. 3.3 Scheme of steric (a) and depletion (b) stabilisation 

 

Whereas the study of depletion stabilisation is still in its initial stage, the steric 
stabilisation is an established and common way for the production of stable dispersions. In 
steric stabilisation, surfactants (surface active agents), which are classified by two 
characteristic sides, are used. One side of the surfactant (train) has a strong affinity to the 
particles and leads to the attachment to the particle surface due to adsorption or chemical 
reaction of functional groups. The remaining part of the surfactant (tail) is compatible with 
the continuous phase thus it forms the steric effects. 

The steric stabilisation takes place when two particles surrounded with adsorbed 
surfactant layer approach one another until a range where the layers overlap. In the 
overlapping region, the interaction between surfactant chains (tails) changes the 
thermodynamic conditions (entropy and free Helmholtz energy), which again leads to 
repulsion. The strength of repulsion depends on the architecture and concentration of 
surfactant as well as on adsorption capacity, layer thickness and on the quality of the 
continuous phase. For example, a high concentration is necessary for a sufficient coverage 
of the particles with the surfactant and therewith for the formation of a stable and compact 
layer around the particles. The solubility of the tails in the continuous phase should be 
noted as well. A sufficient affinity between both makes sure that the surfactant tails extend 
into the media so that reaction with the immediate neighbouring tails can be excluded. 
These and other requirements demand a deliberate choice of appropriate surfactants for 
each colloidal system [8]. 

In colloidal systems in the industry a mixture of several stabilisation mechanisms is 
used. For example, using charged surfactants (anionic or cationic surfactant) in steric 
stabilisations, electrostatic effects can be induced. This mechanism is called electrosteric 
stabilisation and is usually used for low charged particles [8, 10]. 
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3.2. Rheological behaviour of colloidal systems 

3.2.1. Definition of Rheology and Classification of rheological states 

Rheology studies the deformation and flow behaviour of materials under applied 
stress and with that it provides information about the inner structure and the mechanical 
behaviour of colloidal systems. The resulting material parameters have a vital importance 
for the understanding and optimisation of moulding and shaping processes. The 
deformation and flow behaviour can be described with the two-plates-model where the 
sample (liquid or solid) is located between a stationary plate and a moveable plate. The 
moveable plate moves parallel to the stationary plate due to applied outer force, so-called 
shear stress ', which is expressed by Equation (4). 

' �
(



  [Pa]        (4) 

F…shear force [N], A…shear area [m2] 

In case the sample is a liquid with laminar flow, the shear stress induces a velocity 
gradient within the fluid, called shear rate )* , which is expressed by Equation (5). For better 
representation, these parameters of two-plates-model are illustrated in Fig. 3.4. 

)* �
�

+
[s-1]        (5) 

v…velocity [m/s], h…distance between plates [m] 

 
Fig. 3.4 Parameters for definition of shear stress and shear rate 

In case the sample is solid, the shear stress leads to deformation of the material, 
which is determinable through the ratio of deflection and distance between the plates. The 
corresponding value is called shear deformation γ and determined by Equation 6. 

) �
,

+
� -. /  [-]       (6) 

s…deflection path [m], h…distance between plates [m], /…deflection angle 

The science of rheology covers all kinds of materials ranging from liquid to solid 
over ideal viscose, viscoelastic and elastic materials. The materials, their rheological states 
and characterisation possibilities are presented in Fig. 3.5. 
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Fig. 3.5 Rheological states of various materials 

 

Several kinds of materials can be differentiated by their different behaviour under 
stress. Elastic materials show deformation under applied stress but after the stress 
disappears, the materials go back to the initial formation. Such materials have a tied and 
cross-linked structure which allows the storage of deformation energy and its use for 
rebuilding processes. In contrary there are viscous materials, which show complex flow 
behaviour due to internal friction between molecules and particles where they lose the 
deformation energy (dissipation of energy). However, most of commercial materials are 
somewhere in between the two extremes – such as viscoelastic solids (paste, gum) which 
are elastic materials with a viscous portion [15]. 

In this work, printable and high solid loaded colloidal pastes with viscoelastic 
properties for the 3D robotic deposition process are developed. The viscoelastic behaviour 
allows on the one hand sufficient flow behaviour for the realisation of a continuous flow 
through the deposition nozzle. On the other hand the additional adequate elastic properties 
make sure that the extruded fibres maintain their shape after depositing. To estimate the 
printing behaviour under given shaping conditions the deformation and flow behaviour has 
to be characterised. A full characterisation of flow behaviour of colloidal systems can be 
done with rotational measurements. However to get further information about deformation 
capability and inner structure strength, oscillation measurements are necessary as well. 

3.2.2. Characterisation of flow behaviour – rotational rheometry 

The flow behaviour of colloidal systems can be characterised by the viscosity. 
Viscosity is a measure of the internal friction between particles and molecules. For 
viscosity measurement a rotational rheometer with concentric cylinders or parallel plates 
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can be used. While the bottom plate or the outer cylinder remains stationary, the top plate 
or the inner cylinder rotates in one direction and induces a shear stress on the sample. In 
the majority of cases the shear stress is measured at applied shear rate. The apparent 

viscosity (η) is related to the applied shear stress (τ) and shear rate ()*) by the Equation (7) 
[10]. 

0 �
1

2*
  [Pa.s]        (7) 

The relationship between shear rate and shear stress depends on the fluid properties. 
For example, Newtonian fluids are independent from the shear stress and show a linear 
interrelationship between shear stress and shear rate. In contrast, non-Newtonian fluids 
change the shear stress and with it the viscosity under applied shear rate such as high solid 
loaded colloidal systems with pseudoplastic behaviour. In pseudoplastic systems the 
viscosity decreases (shear thinning) or increases (shear thickening) with increasing shear 
rate. All three types of viscosity behaviour are illustrated in Fig.3.6. 

 

 
Fig. 3.6 Scheme of the Viscosity (η) on Shear rate ()*) dependency: (1) ideal viscous/ (2) shear thinning/ (3) 

shear thickening behaviour [15] 

 

It is also possible that Newtonian as well as non-Newtonian fluids show a so-called 
yield point. That is especially the case in colloidal systems which possess superordinate 
structures due to stabilisation processes. The superordinate structure has to be destroyed 
before the system starts to flow. Consequently under the yield point, the system shows 
elastic behaviour without deformations because the inner structure forces are higher than 
the applied stress. Such colloidal systems with non-Newtonian behaviour and yield point 
belong to viscoelastic materials and can be also examined by oscillation measurements [15, 
16]. 
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3.2.3. Characterisation of viscoelastic behaviour – oscillation rheometry 

Colloidal systems with viscoelastic behaviour can be more precisely described by 
oscillation measurements. Oscillation measurements along with the viscous flow behaviour 
can determine the elastic behaviour of materials. Hence it is a useful tool for the 
understanding of the structural and dynamic properties of a colloidal system. Fig. 3.7 
represents a scheme with parameters defined for oscillation measurements. 

 
Fig. 3.7 Parameters defining oscillation measurements 

 

where F…shear force [N], A…shear area [m2], h…distance between plates [m], 

s…deflection path [m], 3…deflection angle[°], δ…phase shift angle. 

In oscillation measurement the sample is usually placed between two plates. While 
the one plate remains stationary, a motor oscillates the other plate. In the majority of cases 
a sinusoidal shear stress '�-�, defined by Equation 8, is induced in the sample and a 
resulting sinusoidal shear deformation )�-� (Equation 9) is measured. 

'�-� � '� · sin �7-�      (8) 

)�-� � )� · sin �7- � 8�      (9) 

The result of the oscillation test is the interrelationship (phase shift angle δ) between 
the induced sinusoidal shear stress and the measured sinusoidal shear deformation. The 

phase shift angle is 0 for linear elastic solids and π/2 for purely viscous fluids. 
Consequently, the phase shift angle for viscoelastic materials with viscous as well as 

elastic behaviour lies between (0 < δ < π/2) Fig. 3.8 represents two-plate-model (a) and 
phase shift of elastic, viscous and viscoelastic material (b). 
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Fig. 3.8 (a) two-plates-modes and (b) phase shift of elastic, viscous and viscoelastic material 

 

With the amplitudes of deformation )� and stress '�and the aid of the Hooke’s law 
( ' � ) · 9 ), a complex and time dependent shear modulus 9: (Equation 10) can be 
calculated and with it storage and loss modulus (G´ and G´ )́ can be described by Equation 
11. 

9: �
1;

2;
    (10) 

-.8 �
<´´

<´
    (11) 

 
 

Fig. 3.9 Relationship between loss, storage and complex shear modulus 

 

The storage modulus G´ is a measure of the reversible stored deformation energy of 
a sample. Thus it presents the elastic part of a material in contrast to the loss modulus G´ ,́ 
which is a measure of the irreversible energy loss of a sample (energy dissipation) 
presenting the viscous part of the material. 

The interrelationship between loss and storage modulus and other important values 
for evaluating the viscoelastic behaviour of materials is given in Fig. 3.9. 

An amplitude sweep test is illustrated in Fig. 3.10, where the amplitude of shear 
stress varied at a certain frequency and the shear modulus is measured. The amplitude 
sweep test is one of the most important applications of the oscillation rheometry because it 
allows the determination of a linear viscoelastic range (LVE). Within the LVE the loss and 
storage modules are linear at a certain plateau and the structure is stable and undestroyed at 
the applied shear stress. For viscoelastic materials with gel-like behaviour the storage 
modulus plateau is higher than the loss modulus plateau in the LVE range (G´ > G´´). In 
contrast to that sort of materials are liquidlike materials where the loss modulus exceeds 
the storage modulus (G´ < G´´). The storage modulus as well as the loss modulus decrease 



15 
 

abruptly outside of the LVE range at higher shear stress and the viscoelastic behaviour 
becomes non- linear because the inner structure starts to break. 

 
Fig. 3.10 Amplitude sweep test 

In conclusion the amplitude sweep test allows the evaluation of inner structure 
strength and elastic and viscous proportion of a material. Furthermore this test allows the 
characterisation of the deformability and flexibility of viscoelastic materials [15, 17]. 

3.3. Ultraviolet curing (radial photoinitiated polymeris ation) 

3.3.1. Principle of UV curing processes – free radical photopolymerisation 

UV curing describes a process where ultraviolet light (wavelength of 100 up to 
400nm) is applied as energy rich radiation to trigger a chemical reaction, called photo-
polymerisation. For the transformation of a liquid into a solid material, free radical 
photoinitiated polymerisation and cationic photopolymerisation can be used, whereas the 
first mentioned mechanism is used in the thesis. The principle of a polymerisation is that 
many liquid monomers (small molecules) react with each other building polymer chains. 
The free radical photoinitiated polymerisation needs in addition to the monomers a 
photoinitiator, which generates initial radicals in the presence of UV light thus triggering 
the polymerisation reaction. The whole free radical polymerisation mechanism is divided 
into four essential steps, which is presented in Fig. 3.11. 

 
Fig. 3.11 Four steps of the free radical polymerisation 
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In the first step of the photoinitiated polymerisation the photoinitiator absorbs UV 
light which activates molecules of the photoinitiator to move from a basic state in an 
excited state with upper energy level. The excited state is thermodynamically unstable thus 
the molecules try to reach a thermodynamic equilibrium, which leads to the production of 
initial radicals. The radicals resulting from the initiator trigger the polymerisation by 
breaking double and triple bonds and generate monomer radicals. In the next step 
(propagation), the radicals lead to the polymerisation of over 1000 monomers. First of all 
single monomers and monomer segments of 2 or 3 monomers band together and build long 
polymer chains. It is followed by the cross-linking, which occurs after the polymer chains 
are long enough to come close to each other. The chain propagation ends (termination), 
when two radicals react with each other or when free radicals are trapped within the cross-
linked polymers and thus getting unapproachable for single monomers [18, 19]. 

In free radical photopolymerisation, acrylates as monomers are employed. Acrylates 
are organic molecules which consist of a H2C = CH – COO – group. The nature of the 
polymer structure formed during UV curing depends on the amount of functional groups in 
the applied acrylates. Monofunctional acrylates can only react with two other monomers 
and generate therefore linear chains. In contrast bi-functional acrylates can react with four 
other monomers which leads to cross-linked networks. 

3.3.2. UV curing – utilisation for 3D robotic deposition 

Ultraviolet curing is an efficient way for rapid and individual solidification of 
materials or shapes without the use of thermal features. UV curing processes were 
commercialised in the late 1960’s and soon became more important in a wide range of 
technical applications, especially in the coating and printing industry. Compared to thermal 
curing this technique offers many advantages such as the use at low temperature, the short 
cure time (few seconds) and the abdication of solvents which leads to short production 
cycles and reduced energy consumption. Since the mid 1980’s UV curing was also used to 
create 3D shapes through pattern UV curable material layer by layer with a scanning laser 
system (stereolithography). Since then the UV curing became of a growing importance for 
additive manufacturing [18]. 

In the course of this work the UV curing is used to solidify weak extruded and 
deposited filaments during the 3D shaping process. The UV curing process can be easily 
realised through a lamp which focuses on the structure. Thereby the curing time only takes 
a few seconds. This offers great possibilities for the 3D shaping process by robotic 
deposition. Especially the flexibility in the design of each printed layer and the integration 
of folding and bonding processes has to be highlighted. Another advantage is the 
abdication of solvents in the colloidal paste production process. In addition to industrial 
advantages (e.g. less solvent emission) solvent free colloidal pastes allow a post thermal 
treatment with less shrinkage of the structure. 
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3.4. Assembly of complex 3D parts – Additive Manufacturing (AM) 

3.4.1. Additive Manufacturing techniques 

Additive manufacturing covers all technologies which are capable of transforming 
virtual solid model data directly into complex physical shapes in a quick and easy process. 
All these techniques have in common that they fabricate complex 3D shapes layer by layer 
in one machine [18]. 

The most famous AM-technique is the stereolithography (SL) where a 3D part is 
constructed layer by layer through photopolymerisation. The parts are built on a platform, 
which is lowered in a bath with photopolymer suspension. A UV laser cures one layer by 
inducing a selective polymerisation. Then the platform is lowered by the size of one layer 
into the polymer bath and the laser cures again one layer on the top of the previous layer. 
Scheme of SL equipment is presented in Fig. 3.12. 

 

 
Fig. 3.12 Scheme of equipment for stereolithography process [20] 

 

AM techniques provide many advantages in product development and 
manufacturing. For example the assembly directly from virtual model data allows 
individual and complex product design. This offers great potential and opportunities in 
biomedical engineering for the fabrication of customised implants and tissue engineering, 
in environmental engineering for the construction of catalyst supports and also the creation 
of circuits in the microelectronic field. The fact that a complex 3D part can be fabricated 
by just one AM machine is simply an explanation for the rapid production. The keyword 
rapid covers the whole production process because the fabricated parts are accurate and 
close to the final shape which reduces post-processing steps and thus the production and 
material costs. 
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The development of additive manufacturing started with the stereolithography in the 
mid 1980’s. In the 1990’s techniques like selective laser sintering, laminated object 
manufacturing, fused deposition modelling and 3D printing appeared on the market. Over 
the last twenty years these techniques and their derivations have advanced. Meanwhile 
more than twenty AM techniques are developed. One way to give an overview in the wide 
spectrum of AM techniques is the classification of additive manufacturing processes 
according to the aggregation state of raw materials and their physical methods. This is 
illustrated in Fig 3.13 [18]. 

 
Fig. 3.13 Overview of AM techniques 

 

Traditional AM techniques such as 3D-Printing and Stereolithography need 
supporting features that stabilise the building blocks during the assembly process in 
contrast to so called direct writing techniques which are able to create functional 3D parts 
with complex shapes directly on a flat or conformal surface, without the need for tooling or 
lithographic masks [18, 21]. Direct writing techniques can be separated in laser writing 
techniques and paste writing techniques. In laser writing techniques the assembly of 3D 
parts relies on ablation, selective sintering or chemical processes. Paste writing techniques 
are characterised through the extrusion of pastes (i.e. ink, dispersion, gel) through a syringe 
and a nozzle under applied pressure. The paste writing techniques will be discussed in 
detail in the following Section 3.4.2. 



19 
 

3.4.2. Paste writing techniques - 3D robotic deposition 

Paste writing techniques are the most varied, simple and least expensive methods for 
shaping materials in two or three dimensions at the micro and nanoscale. Meanwhile, the 
known pastes cover colloidal inks, colloidal gels, polymer melts, dilute colloidal fluids, 
waxes and polyelectrolyte complexes [1]. The ink is deposited on a substrate according to 
the desired structure. Afterwards the deposited material solidifies due to evaporation, 
gelation, solvent- or temperature- induced phase transformation or UV irradiation. The 
pastes can be deposited in form of droplets by the use of a printing head or through the 
extrusion of continuous filaments through a deposition nozzle (e.g. micropen writing, fused 
deposition, robotic deposition) [18]. 

Fig. 3.14 displays droplet based technique (b) in comparison with 3D robotic 
deposition (a). Droplet based techniques require low viscosity fluids such as colloidal 
fluids with a maximum solid loading of 5 vol%. The continuous phase of such fluids is 
absorbed or evaporated after deposition [21]. The use of fusible wax-based inks that heat 
up during droplet formation and solidify after deposition through cooling processes is also 
possible. One benefit of droplet based techniques is the high assembly speed at low costs. 
Disadvantages are that these techniques can only be used on flat substrates and the minimal 
size of building parts is limited through the realisable droplet size which depends on strict 
rheological properties. Also the difficulty to build up parts with self supporting features 
can be an issue for some applications [2, 18, 21]. 

 

 
Fig. 3.14 Comparison between 3D robotic deposition of highly viscous paste (a) and droplet based technique, 

using colloidal fluid (b) [1] 

 

However, techniques based on extrusion of continuous filaments, such as Robotic 
deposition allow the assembly of more complex 3D parts at finer length scale and with 
spanning features. These techniques combine a pump and syringe mechanism with a three 
axis motion control system to push pastes through a nozzle and build up 3D geometries. 
For the extrusion of continuous filaments the pastes need well-controlled rheological 
properties to flow through the nozzle and form filaments that maintain their shape 
immediately after deposition. Thereby it is necessary that the deposited filaments bond to 
filaments in underlying layers and also that they bridge gaps from underlying layers. In the 
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meantime fugitive organic inks, polyelectrolyte inks and high concentrated colloidal gels 
or pastes with nano-sized particles or from UV curable compositions are developed. With 
the mentioned inks 3D periodic multilayers with lattice structure can be printed while the 
filament diameter and the complexity of the parts depend on the nozzle diameter and the 
particle size [1, 2, 18, 21]. In Table 1, filament based ink writing techniques, state of the art 
capabilities and examples of potential applications are summarised. 

 

Table 1 - Filament based ink writing techniques [1, 2, 21] 
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3.5. Hydroxyapatite 

Hydroxyapatite (HA) is a ceramic material with an apatite structure, a hexagonal unit 
cell and chemical formula Ca10(PO4)6(OH)2. Its chemical composition, close to the mineral 
phase of bones of vertebrates, is well known for excellent osteoconductive and bioactive 
properties and biocompatibility with bone tissue. Representing ca. 69 vol.% of human 
bone, the mineral component of bones consists of poorly crystalline, Ca-deficient HA 
substituted partially with sodium, magnesium, citrate, carbonate and fluoride ions [22-30]. 

HA has been for nearly three decades the most extensively used substitution 
materials for artificial bone grafts. Although many problems concerning infection risk, 
mechanical and biological stability, compatibility, storage and costs still remain, HA 
materials are applied in dentistry for alveolar ridge augmentation, immediate tooth 
replacement, maxillofacial reconstruction, in orthopedics as block implants, porous 
scaffolds, granules or coating materials, or as an adsorbent for biomaterials because of its 
excellent affinity for organic compounds such as proteins [31-33]. 

Despite the brittle nature and the low fracture toughness (< 1 MPa/m2), hydroxyapatite has 
a wider scope of applications in diverse fields like chromatography, solid state ionics, 
catalysts, drug delivery systems, fuel cells or chemical gas sensors. Nevertheless, the 
development of a HA material with improved toughness is required. As a result, various 
studies have been carried out to improve the mechanical properties of sintered HA [34-36]. 
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4. Experimental procedure 

This chapter provides an overview on the whole manufacturing process of complex 
3D ceramic structures, including a description of the used materials, a closer insight into 
the processing and characterisation tools and methods. 

4.1. Materials 

4.1.1. Powders 

Hydroxyapatite 

For the assembly of 3D fibre networks and to achieve biocompatibility, colloidal 
paste from hydroxyapatite (HA) composition is used. Hydroxyapatite (Ca10(PO4)6(OH)2) is 
a promising ceramic biomaterial with various fields of application. The experiments are 
performed with nanoscaled HA 04238 powder, purchased from Sigma-Aldrich, 
Switzerland. The surface area of this powder is ~ 66 m2/g. The SEM picture of HA powder 
is presented in Fig. 4.1. 

 

 
Fig. 4.1 SEM micrograph of HA 04238 powder 

 

For the development of printable pastes, experiments with coarsened, calcined HA 
powder were performed as well. For calcination, HA powder 04238 is used as a precursor. 
The calcination process consists of a heating rate of 2.4 K/min to the temperature of 
1000°C, dwell time of 3 h and cooling down to room temperature with a cooling rate of 3.3 
K/min. Resulting surface area of the coarse, calcined powder is 4 m2/g. 
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Alumina 

For the comparison and evidence of versatility of the manufacturing process, at the 
end of this research, alumina powder is introduced in the same final composition as the 
developed HA paste. Alumina (Al2O3) is a common oxide ceramic material, popular 
especially for its hardness and relative strength. The experiments are performed with the 
submicron-scaled TM-DAR powder obtained from TaiMei Chemicals Co., Ltd., Japan. 
The primary particle size is ~ 150 nm, the density is 3.96 g/cm3 and the purity of α-
alumina (corundum) > 99.9%. 

 

4.1.2. Surfactant 

In the colloidal paste for 3D robotic deposition a surfactant is used to make the 
particle surface compatible with the non-aqueous continuous phase from 
monomer/oligomer composition. The surfactant used in this work for both types of 
particles is TODS (2-[2-(2-MethoxyEthoxy)Ethoxy] Acetic Acid) provided by Sigma-
Aldrich, Switzerland. TODS is a carbon acid with a hydrophilic acetic acid group (Fig. 
4.2). Room temperature density of TODS is 1.161 g/cm3. 

 
Fig. 4.2 Chemical formula of TODS 

 

 

4.1.3. Monomers/Oligomers 

The monomers/oligomers are used as a dispersing media for the particles and 
contribute the continuous phase of the colloidal paste. For the preparation of printable, 
high solid loading, UV curable pastes, one linear monomer, one linear oligomer and one 
cross-linking oligomer and their mixtures are used in this work. 

 

4-HBA 

4-Hydroxybutylacrylate is a mono-functional linear monomer with a long alkyl chain 
and a primary hydroxyl group, illustrated in Fig. 4.3. It polymerises to a soft and rubbery 
consistency and shows a low viscosity. The density of 4-HBA is 1.04 g/cm3 at room 
temperature. 4-HBA is provided by BASF, Germany under the product name of BDMA. 

 
Fig. 4.3 Chemical formula of 4-HBA 
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PEG200DA 

Polyethylene glycol 200 diacrylate (M282; Rahn, Switzerland) is a bi-functional 
cross-linking oligomer with a molecular weight of 200 g/mol which polymerises to a solid 
consistency. It is commonly used in connection with linear monomers to increase the 
strength of the green bodies. The density of PEG200DA is 1.12 g/cm3 at room temperature 
and the chemical formula is illustrated in Fig. 4.4. 

 
Fig. 4.4 Chemical formula of PEG200DA 

 

PEG360MA 

Polyethyleneglycol 360 methacrylate (Sigma-Aldrich, Switzerland) is a mono-
functional linear oligomer with a molecular weight of 360 g/mol which polymerises to a 
rubbery consistency. The density of PEG360MA is 1.11 g/cm3 at room temperature and the 
chemical formula is illustrated in Fig. 4.5. 

 
Fig. 4.5 Chemical formula of PEG360MA 

 

4.1.4. Photoinitiators 

Photoinitiators are needed to realise the UV curing by photopolymerisation of the 
monomers/oligomers in presence of UV irradiation and thus solidification of the paste. 
Two different types of commercial photoinitiators are used in this work. A solid TPO 
(2,4,6-Trimethyl-benzoylphenyl-phosphineoxide) with its absorption peak at 380 nm and a 
liquid Genocure LTM, containing about 25 wt% of TPO, with absorption range between 
253 and 368 nm. Both photoinitiators are obtained from Rahn, Switzerland. The chemical 
formula of TPO is illustrated in Fig. 4.6. 

 
Fig. 4.6 Chemical formula of TPO 
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4.2. Manufacturing process 

Fig. 4.7 represents a scheme of the whole manufacturing process starting from 
materials for development printable pastes, shaping of ceramic/monomer composites by 
using 3D robotic deposition, UV curing and additional shaping and finally ending by 
sintered structures. Characterisation tools and methods used for this work are described in 
Section 4.3. 

 

 

Fig. 4.7 Scheme of manufacturing process 

 

4.2.1. Preparation of pastes for 3D robotic deposition 

In order to reach the final product successfully, suitable ceramic colloidal pastes need 
to be prepared at the beginning. Every paste contains the hydroxyapatite or alumina 
powder, monomers/oligomers or their mixtures and surfactant TODS. The amount of 
TODS is 3 wt% per weight of HA powder and 1 wt% per weight of alumina powder. To 
achieve homogenous and agglomerate free pastes, all the compounds are milled in a 
planetary ball mill PM 400 (Retsch, Germany) with 200 - 350 rpm in 50ml agate vessel 
containing 1mm and 10mm ZrO2 grinding balls. To achieve high solid loading, the powder 
with exact amount of surfactant is added gradually to the monomer/oligomer media during 
the milling process and the final mixture is milled for further 2 hours. At the end, more 
than seventy various pastes prepared by this process were subsequently characterised by 
rheological measurements described in Section 4.3.1. The compositions of pastes 
mentioned in this work are listed in Table 2 and further described in Section 5.1. 
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  Table 2 – Compositions of pastes important for this work 

Paste Particle Media composition Solid loading (wt%) 

I HA PEG200DA 40 

II HA 4-HBA:PEG200DA (1-14:1 range) 57-65 

III HA PEG360MA 60-64 

IV HA PEG360MA:PEG200DA (9:1) 60 

V Al 2O3 PEG360MA:PEG200DA (1:1) 75 
 

4.2.2. Shaping process – 3D robotic deposition and UV curing 

4.2.2.1. Shaping equipment 

The whole 3D fibre network production system can be separated into three main 
parts: an extrusion system (I), a deposition system (II) and a curing system (III). These 
parts are displayed in Fig. 4.8. The extrusion system includes the pump which applies the 
pressure for extrusion, the syringe which is filled with colloidal paste, a flexible PTFE tube 
which delivers the paste from the syringe to the nozzle and the nozzle, where the material 
exits to the deposition system. The robotic deposition system I&J F7300N (Fisnar, USA) 
consists of a 300x200 mm2 working plate, which is moveable in y direction and a motion 
control unit which moves in x and z direction. Additionally, there is a programming station 
which commands and controls the movement in all three axes by programmed instructions. 
The curing system consists of a UV lamp which is a flexible device in the system. 

The main parameters of the system are the extrusion speed vE (i.e. linear flow rate) 
depending on the pump settings and nozzle plus the robot speed vR (i.e. motion speed, 
deposition velocity) controlled by predetermined programmed xy positions and performed 
by the motion control unit and the working plate. 
 

 
Fig. 4.8 Equipment for production 3D fibre networks 
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Pump, syringe and nozzle 

For the extrusion of viscoelastic colloidal pastes a high pressure system is necessary. 
Therefore the extrusion system is composed of 8 ml stainless steel syringe (Hamilton, 
USA) connected with a high pressure precision pump PHD 2000 (Harvard Scientific, 

USA). The pastes are transferred to the syringe through a 100 µm sieve in order to remove 
large particles and agglomerates which could block the needle. The maximum pressure for 
the system amounts 30 bar. Two types of nozzles are used for the experiments. A standard 
injection needle consisting of a plastic hub and straight stainless tip with a length of 12.7 
mm and an inner diameter of 160 µm or plastic nozzle with conic tip and an inner diameter 

of 200 µm. 

Programming station 

With the software of the programming station a quick and easy programming of 
complex extrusion structures is possible. The programming tool provides simple features 
such as “line start”, “line end” and “line passing” to display lines, arcs and circles which 
can be further combined to complex 2D networks. Through features such as “step and 
repeat” the same layer can be built up at different z-positions which allows the assembly of 
3D structures. There is also possible to print different kinds of layer on top of each other. 
Fig. 4.9 represents a scheme of the programming features. The wait point is added due to 
checking the continuation of the flow. 

 

 
Fig. 4.9 Scheme of programming features 

 

All instructions of each layer are saved in addresses. A program is the sum of 
ordered addresses and presents the whole instruction of a 3D fibre network. During the 
printing process the motion control unit as well as the work plate moves the sequence of 
addresses of the selected program. The motion speed in all free directions can be easily 
defined for every instruction or every layer during the programming process. However, the 
speed cannot be changed during the printing process. 



28 
 

UV curing lamp 

The UV curing of shaped fibre networks are performed with the UV hand lamp 
equipped with a 100W iron bulb obtained from Dr. Hönle AG UV-Technologie, Germany. 
The UV lamp providing a 120 mW/cm2 radiation spectrum in UVA and therewith in a 
wave length range of 320 - 420 nm with a maximum intensity peak of approximately 360 
nm, which is displayed in Fig. 4.10. 

 
Fig. 4.10 Maximum intensity range of UVA lamp used for UV curing 

 

4.2.2.2. Shaping process 

The first step for shaping is the addition of photoinitiator in amount of 1% per weight 
of monomer/oligomer to the colloidal paste and wrapping of the vessel, which contains the 
paste, with aluminium foil preventing unintentional curing. 

For the extrusion of fibre networks with 3D robotic deposition the paste is filled into 
the syringe, connected with the tube and the nozzle and placed into the pump. In the next 
step the pump is programmed with the desired extrusion speed vE (ml/min). Given that the 
extrusion system is realising a continuous flow, the desired printing program starts and the 
motion control unit runs the programmed instructions at a defined speed. Due to 
electrostatic effects, the deposition takes place on an aluminium foil, which is attached 
onto the working plate. The second and further layers are printed onto previously printed 
layers. For the UV curing of extruded fibre networks a programmed wait point is used 
every two layers. During the UV curing process the tube and the nozzle are covered with 
aluminium foil and the UV lamp is positioned above the structure within a distance of ~ 10 
cm. The curing time is one minute and the cured fibre network can be easily removed from 
the foil for subsequent processing. 
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4.2.3. Thermal treatment 

All printed and cured structures are debinded and sintered in air to burn out all 
organics and transform them into 3D ceramic bodies. The structures are debinded by 
heating at 1 K/min to 600 °C with a dwell time of 10 min and sintered by additional 
heating at 2.5 K/min to 1200 - 1300 °C with a dwell time of 60 min. Cooling rate to room 
temperature is 3.5 K/min. For debinding and sintering, HTF 1700 furnace (Carbolite, UK) 
is used. 

 

4.3. Characterisation tools and methods 

4.3.1. Characterisation of colloidal systems 

In order to investigate properties of powders, dispersions and pastes, several 
techniques are used. 

BET 

The surface area was measured by BET method (Brunauer, Emmett, Teller) with a 
SA3100 (Beckman Coulter, USA) after drying the powders at 180 °C for 2h under N2 flow. 

Particle size distribution (PSD) 

The Particle size distribution (PSD) is used to get an impression of the stability of 
colloidal systems. The PSD is measured with a laser light scattering analyser LS 230 
(Beckman Coulter, USA) equipped with Polarisation Intensity Differential Scattering 
(PIDS). The mentioned system has a working range from 0.04 µm up to 2000 µm using the 
principle of dynamic light scattering on particles. The scattering of light on particles is 

classified through the Mie parameter α in Equation 12. 

>�
?·�

@A
         (12) 

where B is the particle diameter and CD is the wavelength of light. 

 

The LS 230 works with α ~ 1 in the so-called Mie regime since the light scattering 
strongly depends on the scattering angle and the particle size. Particles in the submicron 
range scatter the light with low intensity but with a wide angle. For such particles which 
are not detectable with one or two detector systems the PIDS is integrated. The system uses 
polarised light whereby the electrons of the particles start to oscillate with an angle of 90° 
to the incident light. The PIDS measures the difference of an intensity of horizontal and 
vertical polarisation at three different wavelengths and for six different scattering angles 
which leads to more exact results for smaller particles. 
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Zeta potential 

With the aid of Zeta potential measurements, the change of particle surface charge in 
presence of a surfactant can be characterised. Thus, the optimal surfactant concentration in 
the ceramic dispersion can be determined. For this investigation, the Zeta Probe analyser 
(Colloidal Dynamics, USA) is used. The Zeta Probe analyser is an electroacoustic system 
which measures the ultrasound generated from moving particles in an alternating electrical 
field. Therefore two electrodes are directly positioned in the dispersion so the electrical 
field at the applied voltage (MHz) is generated. All electrically charged particles move in a 
phase with the alternating electrical field back and forth and form thereby sound waves. 
This effect is called Sonic Amplitude Effect (ESA). A measureable beam of ultrasound 
results from the overlay of many sound waves. This beam is picked up by a piezoelectric 
transducer outside of the electrical field. 

Rheological properties 

In order to characterise the rheological behaviour of the pastes for extrusion, the 
oscillation and rotational measurements are carried out with the viscosimeter Rheolab 
MCR 300 (Physica Messtechnik GmbH, Germany) equipped with a thermostat VT 100. 
For measurements, the parallel plate system PP50Pr with diameter 50 mm and gap 0.5 mm 
is used and the measuring is done at room temperature. Every measurement consists of 
rotational viscosity mode, which determines the viscosity of pastes at shear rates between 1 
and 500 s-1 and an oscillation rheology mode, which is used for measuring the elastic 
modulus of pastes at shear stress amplitude between 1 and 500 Pa and frequency 1 Hz. The 
shear stress is presented by the torque M (t) of the rotor. The maximum torque which can 
be applied on the rotor is 0.15 Nm. Therefore some highly viscous pastes cannot be 
measured by this system. All of these properties are used to predict the suitability for the 
printing process and also the mutual interactions among ceramic powder, surfactants and 
monomers/oligomers. 

 

4.3.2. Characterisation of shaped structures 

TGA 

Thermogravimetric analysis is performed by TGA/DTA 851 (Mettler Toledo, 
Switzerland) to get information about the decomposition of shaped and cured structures. 
For the analysis, a small amount of 20-50 mg of UV cured filaments is required. The 
temperature profile of the TGA consists of 1 °C/ min ramp from 30 °C up to 700 °C. 

Microscopy 

For the characterisation of the macro- and microstructure of cured and sintered 
bodies the stereomicroscope SteREO Discovery.V8 (Carl Zeiss, Germany) and the 
scanning electron microscope (SEM) VEGA Plus 5136 MM (Tescan, Czech rep.) are used. 



31 
 

In order to observe the cross section and the microstructure of sintered HA filaments, 
the samples are prepared by conventional materialographic techniques – embedding, 
grinding and polishing. Steps for sample preparation and used materials are described in 
Table 3. 

Table 3 – Materialographic procedure of sample preparation 

Step Surface Medium 

Embedding - Cold resin 

Plane grinding 20 µm diamond disc Water 

Fine grinding SiC grinding paper P1000 Water 

SiC grinding paper P2500 Water 

Polishing MD Nap cloth Diamond suspension DP 3 µm 

MD Nap cloth Diamond suspension DP 1 µm 

MD Chem cloth Colloidal silica suspension OP-U 

 

For microsructural analyses with the SEM, small parts of the samples need to be 
separated and fixed onto the specimen holder with a conductive adhesive tape. The 
specimen surfaces are then sputtered with a layer of Au/Pd. The samples have to be 
conductive in order to avoid charging effects on the scanned surface. 
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5. Results and Discussion 

This chapter is divided into four parts. The first part describes the development of 
printable pastes including important characteristics such as rheological properties and 
extrusion behaviour. In the second part the shaping possibilities with 3D robotic deposition 
and post printing processes are demonstrated. The transformation of shaped and cured fibre 
networks into sintered ceramic bodies is discussed in the third part and the last section of 
this chapter is dedicated to the surface quality. 

5.1. Development of printable pastes 

Over the last three years several works were developed and published about the 
concept and optimisation of colloidal dispersions from alumina with UV curable 
monomers at EMPA [37]. Further concepts for UV curable alumina dispersions suitable 
for extrusion processing were also developed in the last years. These dispersions are, 
among others, promising candidates for several spinning technologies and fibre 
productions with additional coating and functionalisation [38-40]. Based on results of these 
works, the extension of 3D printing of fibre networks to hydroxyapatite pastes is 
straightforward. 

The development of suitable pastes for 3D robotic deposition requires to fulfill many 
crucial criteria. First and foremost, the paste has to be printable, which includes especially 
extrudability at room temperature under moderate pressure while the flow through the 
deposition nozzle is continuous. Secondly, the paste needs to be UV curable, which means 
sufficient transparency for UVA light and appropriate photoinitiator. Furthermore, the 
deposited filaments have to retain their shape for regular cross section and bridging gaps 
over underlying layers yet shear thinning. From the principle of the process used in this 
study, the pastes are also high solid loaded, solvent free, homogenous, monomer/oligomer 
based and transform to cross-linked nanocomposites which enables better stability during 
debinding and the transformation to sintered ceramic bodies with lower shrinkage. 

Other important criteria are flexibility of printed and cured structures for additional 
shaping, ability to sieve the paste and to fill the syringe, avoiding of electrostatic effects 
which may distort the structure during extruding and ease of demolding (removing the 
printed structures from the surface). Obtaining all of these properties together requires a 
precise approach during searching for optimal combination of powder, surfactant, 
monomer/oligomer mixture, paste preparation and optimising the entire production 
process. 

In the chosen paste system, some of the desired criteria are strongly contradictory, 
which complicates the development of suitable pastes. The required continuous flow and 
shape retention are dependent mainly on viscosity and elastic properties of the paste. When 
the viscosity of the paste is too low, the paste just drips from the nozzle and does not create 
filaments. On the other hand, the viscosity range is limited by the pump used for extrusion, 
because its maximum pressure can reach 30 bar. When the elastic modulus and yield point 
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of the paste are too low, the extruded fibres immediately flatten and the shape of the cross 
section is not retained. It is necessary to find a paste, which shows higher elastic modulus 
at a certain viscosity range. Such properties are also very much dependent on the solid 
loading of the powders. Increasing the solid loading generally leads to an increase in both 
elastic modulus and shear viscosity. A solid loading window is desired where the modulus 
of the paste is high enough for good shape retention while the viscosity is low enough to 
allow continuous flow during extrusion. 

A suitable resin system was developed and demonstrated for submicron Al2O3 [4]. 
However, as will become apparent later, this resin system was not fully successful for HA. 
It is desired to have a paste system (monomer/oligomers and surfactant) which is suitable 
for many particle types including HA. Therefore, different approaches to achieve printable 
pastes having a broad printing window (as described above) were explored during the first 
months of the thesis. These approaches include investigation of different surfactants, 
modified monomer/oligomer systems, system containing low and high molecular weight 
polymers. In addition to the mentioned materials in Section 4.1., there were investigations 
for instance with compositions containing two more HA powders with designation 21223 
and 0748, mixture of fine 04238 and coarse, calcined 04238 HA powder, three more 
surfactants such as Melpers VP4343, LP2661, Dolapix CE 64, oligomer PEG526MA and 
polymers such as PEG4K, PEG10K, PEG35K, PEG100K, PEG diMA550, PEG MEM300 
or PVP. Due to the inconclusive results in these first trials (i.e., not broad enough window) 
and continuation of the work with a more suitable paste system, the work with these 
compositions is only mentioned but not analysed here. 

In the course of this thesis following monomer/oligomer mixtures summarised in 
Table 4 are developed for the investigation and printing of HA and alumina pastes. Pastes 
suitable for successful printing with all required criteria such as continuous flow, high solid 
loading and good shape retention are bolded. 

     Table 4 – Summary of pastes investigated in this work 

Paste Particle Media composition Solid loading (wt%) 

I HA PEG200DA 40 

II HA 4-HBA:PEG200DA (1-14:1 range) 57-65 

III HA PEG360MA 60-64 

IV HA PEG360MA:PEG200DA (9:1) 60 

V Al 2O3 PEG360MA:PEG200DA (1:1) 75 

 

As a basic prerequisite in the experiments, the HA and alumina powders need to be 
agglomerate free, well dispersed in the corresponding monomer/oligomer mixtures, 
especially due to the continuous extrusion through the nozzles with small diameter, 
without any blocking of the die. 
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5.1.1.  Dispersing quality & solid loading 

Nanoscaled HA and submicron alumina particles are dispersed in monomer/oligomer 
mixtures with the aid of TODS which makes the particle surface compatible for the 
monomer/oligomer. TODS is an anionic surfactant with a carboxylic group which is 
attached on the particle surface. This is possible because of the higher IEP of HA and 
alumina particles. Fig. 5.1 shows the Zeta potential measurement of HA particles in 
deionised water. During increasing pH (blue line) the Zeta potential decreases and on the 
way back with decreasing pH (violet line) Zeta potential increases. The measured IEP of 
HA is above 6. The IEP of alumina = 8.34 [38]. Below the IEP the particles are positively 
charged which enables the efficient adsorption of anionic surfactant. 

 
Fig. 5.1 Zeta potential of HA particles in deionised water 

 

 In the case of TODS and under solvent free condition the bonding relationship 
between particle surface and TODS can be described with the “bridging” model. It is based 
on the assumption that the carboxylic groups are attached on the particle surface because of 
hydrogen bonding [41]. The remaining chain of TODS shows similar chemical properties 
as the monomers/oligomers facilitating the dispersing of particles in monomers/oligomers. 
TODS can be directly added to the mixture of monomers/oligomers and HA or alumina 
particles. This is a quick and efficient way of preparation since there is no need to 
predisperse the particles with the surfactant in water. The higher is the surface area of the 
used powder, the higher the amount of surfactant has to be added. For dispersing the 
particles in monomer/oligomer mixtures, the amount of TODS is 3 wt% per weight of HA 
powder and 1 wt% per weight of alumina powder. 
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Fig. 5.2 Particle Size Distribution of HA powder in 10% water suspension with TODS (black solid line) and 

without TODS (blue dashed line) 

 

The particle size distribution curves of HA powder are presented in Fig. 5.2. The 
PSD is measured for 10% suspensions of HA particles in deionised water with and without 

TODS. Better dispersion with the mean particle size of 0.8 µm is achieved in the 
suspension with TODS (full, black line). What is more important, the biggest agglomerates 
in this case are not bigger than 3 µm. In comparison, the suspension without any surfactant 

(dashed, blue line) is not dispersed well, the mean particle size is 4.7 µm and the biggest 

agglomerates reach over 40 µm. The dispersing ability can be demonstrated also by the 
maximum solid loading achieved in different monomer/oligomer mixtures. The maximum 
solid loading in wt% and vol% of HA powder in various ratios of monomer 4-HBA and 
oligomer PEG200DA is presented in Table 5. Resulting from this experiment, the higher 
portion of mono-acrylic 4-HBA, the higher solid loading can be achieved. 

 Table 5 – Maximum solid loadings for pastes with different ratios of 4-HBA:PEG200DA 

4-HBA:PEG200DA ratio Solid Loading (wt%/vol%) 

0:1 40/18 

1:1 57/31 

2:1 63/35 

14:1 65/38 
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Nevertheless, the maximum solid loading is not the only important criteria. The 
pastes for final printing contain PEG360MA instead of 4-HBA as a result of better shape 
retention and rheological properties, described in following section. 

5.1.2. Rheological properties 

Sufficient shape retention of printed filaments and their cross section is dependent 
mainly on rheological properties of the used pastes. The higher elastic modulus and yield 
point the paste can achieve, the better shape retention and bridging behaviour of the printed 
fibres are obtained. 

According to the experiments with various monomer 4-HBA and oligomer 
PEG200DA ratios, the higher solid loading does not correlate with higher elastic modulus, 
yield point and better shape retention. The rheological properties are strongly dependent on 
the monomer ratio, i.e. complex particle-surfactant-monomer/oligomer interactions. Fig. 
5.3 shows a comparison between cross sections of printed and cured structures made from 
the HA pastes I and II (Tab. 4). The fibres printed from paste I, containing oligomer 
PEG200DA with solid loading of 40 wt%, exhibit better shape retention than the flattened 
structures printed from the pastes II, containing the monomer/oligomer mixture 4-
HBA:PEG200DA in ratios 1:1 and 2:1 with solid loadings of 57 and 63 wt%. 

 
Fig. 5.3 Cross sections of cured fibres made from pastes I and II 
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Rheological properties from oscillation measurements of the pastes I and II (Tab. 4) 
are presented in Fig. 5.4. It is evident, that paste I (PEG200DA) with higher elastic 
modulus and yield point, but lower solid loading (40 wt%) has better shape retention 
compared to pastes II (4-HBA:PEG200DA 1:1 and 2:1), which have these values lower 
even with much higher solid loadings (57 and 63 wt%). According to these measurements, 
the shape retention of the fibre is not dependent on the solid loading, but on used 
monomer/oligomer mixture. Therefore the monomer 4-HBA is replaced by the oligomer 
PEG360MA. 

 
Fig. 5.4 Rheological properties of pastes I and II 

 

For informative comparison between elastic modulus values achieved by oscillation 
measurement and the values available from literature, it has to be distinguished between 
presheared and relaxed paste used for the measurement. For the printing process, elastic 
modulus of relaxed paste is not fitting enough. During the printing process, the paste is 
presheared by the extrusion through the nozzle with a thin diameter. Therefore the 
rheology measurement standard for this work contains first the rotational viscosity 
measuring, serving also as a preshearing step, immediately followed by the oscillation 
measurement of the elastic modulus. For the comparison, the oscillation measurement of 
non-presheared, relaxed HA paste II, containing monomer 4-HBA and oligomer 
PEG200DA in ratio 14:1 (Tab. 4) is investigated it this work. The result is illustrated in 
Fig. 5.5, where the difference between presheared and relaxed state of the same paste (II) is 
visible. In the relaxed state of the paste (circle, blue points) the elastic modulus and yield 
point are several times higher than in the presheared state (square, red points). 
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Fig. 5.5 Different elastic modules of the paste II in relaxed and presheared state 

 

In terms of rotational measurements and shear viscosities of the pastes, for successful 
printing it is very important to find a shear thinning paste. Most colloidal dispersions 
exhibit transition from shear thinning to shear thickening at high solid loading. During 
investigation of  a wide range of pastes with various combinations of monomers, 
oligomers, polymers, surfactants and powders, it was found out, that a solid loading up to 
80 wt% can be reached using calcined, coarse HA powder. The calcination process is 
described in Section 4.1.1. Unfortunately, this paste showed strong shear thickening 
behaviour before a sufficiently high elastic modulus was achieved and from the principle 
of the method could therefore not be used for printing. Fig. 5.6 shows viscosity curves of 
pastes containing monomer/oligomer mixtures 4-HBA:PEG200DA (14:1) with fine HA 
powder 04238 of solid loading 65 wt% (square, red points) and calcined, coarse HA 
powder  of solid loading 80 wt% (circle, blue points). Sufficient particle-particle 
interaction is important to obtain printable pastes. The situation seen with the calcined 
powder suggests that the particles are maybe too coarse to provide sufficient interaction. 

 
Fig. 5.6 Viscosity of paste II (14:1) containing fine (red) and coarse (blue) HA powder. 
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As mentioned above, the suitable pastes for printing need to fulfill many 
requirements. Pastes containing higher amount of 4-HBA (II) can reach high solid loading 
(Tab. 5) and paste with PEG200DA without 4-HBA (I) has sufficient rheological 
properties and shape retention. But the mixtures of 4-HBA and PEG200DA do not retain 
their shape well (Fig. 5.3). Therefore, in the following experiments oligomer PEG360MA 
is used instead of 4-HBA. The amount of TODS in pastes is 3 wt% per weight of HA 
powder and 1 wt% per weight of alumina powder. The maximum solid loading, achieved 
for HA paste containing PEG360MA (III), is 64 wt%. Nevertheless the viscosity of this 
paste was too high for successful extruding with continuous flow for a long time. 
Rheological properties (elastic modulus and viscosity) of pastes III, IV and V are presented 
in Figures 5.7 and 5.8. Rheological measurements show that the window for successful 
printing lies above the elastic modules of cca 20 kPa and below viscosities of cca 2000 
Pa.s. 

 

 
Fig. 5.7 Elastic modules of pastes III, IV and V, guaranteeing good shape retention 
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Fig. 5.8 Viscosities of shear thinning pastes III, IV and V 

 

5.2. 3D printing, UV curing and additional shaping 

The possibilities of processing 2D and 3D fibre networks by 3D robotic deposition 
and additional shaping are demonstrated in this chapter. 

After an investigation of several approaches to provide high solid loading, monomer 
based, solvent free UV curable pastes, one system based on mono and di (meth)acrylate 
oligomer was chosen. This system is used, with some variations for all printed structures. 
The three pastes listed in Table 6 meet all required criteria of printability, UV curability, 
good shape retention with sufficient rheological properties (Fig. 5.7 and 5.8) and high solid 
loading. Therefore they are chosen as the suitable pastes for printing. In Tab. 6, the 
compositions of final pastes, their solid loadings and their purpose of choosing are 
presented. The amount of surfactant TODS in the mixtures is 3 wt% per weight of HA 
powder and 1 wt% per weight of alumina powder. All prepared pastes contain the 
photoinitiator TPO or LTM in amount of 1% per weight of oligomer. There is no 
significant difference between cured structures contained TPO and LTM. The only 
difference is easier handling, weighting and mixing of liquid LTM. The curing of printed 
structures is very fast. Because of small diameters of printed filaments (160 - 200 µm) the 
curing of each layer takes only few seconds. 

  Table 6 – Final pastes suitable for printing 

Paste Particle Purpose Media composition Solid loading (wt%) 

III HA Flexible PEG360MA 60 

IV HA Cross-linking PEG360MA:PEG200DA (9:1) 60 

V Al 2O3 Comparison PEG360MA:PEG200DA (1:1) 75 
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5.2.1. Printing of 2D periodic structures and Multilayers 

In the course of the diploma thesis 2D periodic structures (i.e. 2 layer lattices) with 
determined gap sizes and multilayers are printed. For the assembly of multilayers, layers 
with fibre lines in x direction and layers with fibre lines in y direction are built alternately 
on top of each other. After deposition of every two layers, the deposited filaments are UV 
cured. Features such as directional change regions, start and end point are programmed in 
the periphery of the assembly area to prevent the continuous flow touching the deposited 
structure. 

By this process it is possible to print accurate and defect free multilayers consisting 
of many layers with a programmed gap size of 0.5 mm. In Fig. 5.9 there are presented 
multistructures containing 14 layers printed from the alumina paste (V). 

 
Fig. 5.9 Multistructures printed from alumina paste 

 

In addition to the mutilayers, 2 layer lattices used for additional shaping are 
produced. The assembly is similar to the assembly of multilayers - one layer with fibre 
lines in x direction is printed on top of the second layer with fibre lines in y direction and 
cured afterwards. Fig. 5.10 shows structure flexible enough for additional shaping, printed 
from HA paste (III). 

 
Fig. 5.10 Printed 2D HA network flexible enough for additional shaping 
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As a demonstration of versatility of the 3D robotic deposition combined with UV 
curing other complex structures printed from alumina paste (V) are illustrated in Fig 5.11. 
For instance, ceramic hairsprings, spiral multilayers or various types of jewellery can be 
created by the alternating of printing and curing steps. 

 
Fig. 5.11 Various shapes printed from alumina paste; A – spiral multilayer, B – hairspring, C - jewellery 

 

5.2.2. Additional shaping 

Due to the flexibility of 2 layer lattices printed from HA paste (III) displayed in Fig. 
5.10, they are predestined for further shaping processes to achieve complex 3D structures, 
which cannot be easily printed just by 3D robotic deposition. This section demonstrates the 
transformation of 2 layer lattices into complex 3D structures by various kinds of folding. 

One way is to roll up the structure by hand, put it into a ceramic shell and then 
debind and sinter it in the shell. Disadvantageous aspect of this technique is that the 
complexity of the structures is limited through the shell geometry and that the density 
between the rolled layers is not definable. Resulting structure is presented in Fig. 5.13 D. 

Rolled structures using printed spacing elements have more regular and better 
controlled distances between rolled layers. The spacing elements can be precisely placed 
on the 2D periodic structure during the 3D robotic deposition process and the whole cured 
structure can be rolled up and placed to the ceramic shell for debinding and sintering. Such 
rolled HA structure is displayed in Fig. 5.13 C and its polished cross section with spacing 
elements is viewed in Fig 5.12. 
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Fig. 5.12 Polished cross section of rolled HA structure with spacers between each layer 

 

Various waves or plane structures folded to spiral shapes can be created from the HA 
paste with cross-linking oligomer (IV), presented in Fig. 5.13 A and B. The folding is 
limited by a certain radius (1-2 mm) where the printed 2D structures from this paste are 
already too brittle. 

 
Fig. 5.13 Various sintered shapes achieved by folding of structures printed from HA paste 
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5.3. Thermal treatment –Debinding and Sintering 

The thermal treatment is applied to transform the printed and cured structures into 
3D HA and alumina ceramic bodies. It is important to prevent strong stress gradients in the 
structures during debinding, in order to maintain the shape of the ceramic structures. 
Therefore the temperature is increased slowly during the polymer binder removal. For the 
quest of an adequate temperature at which all the organics are burned out, TGA 
measurements (5°C/min heating rate) of printed and cured fibres from the paste (IV) are 
performed and presented in Fig. 5.14. 

 
Fig. 5.14 TGA measurements of cured fibres from HA paste IV 

 

As can be seen from Fig. 5.14, the organic components are burned out at 
temperatures below 500 °C. Therefore the chosen 600 °C and low heating rate 1 °C/min 
are sufficient for the debinding step. The debinded and sintered body is smaller than the 
cured body, due to shrinking processes during the debinding. For the produced shaped and 
cured HA fibre networks with solid loading of 60 wt% a shrinkage of 32 % is calculated. 
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Fig. 5.15 SEM images of HA microstructures sintered at different temperatures 

 

Fig. 5.15 shows SEM images of polished surfaces of printed HA structures sintered at 
1200°C, 1250°C and 1300°C for 1 h. A gradual reduction in pore volume can be seen with 
increasing sintering temperature. Although some defects are present, the temperature of 
1300 °C, seems sufficient for full sintering of HA derived from paste with 60 wt% (IV), 
which also proves the homogeneity of the paste. 

The colour of sintered HA structures has a bluish tint which is increasing with 
sintering temperature. This is caused most likely by small amounts of impurities (e.g. Mn) 
which lead to the development of colour centres [42]. 

5.4. Surface quality 

During the optimisation of the production process of printed structures, some surface 
cracks of cured fibres which lead to delamination of a thin layer from the surface of the 
sintered fibres were observed (Fig. 5.16). Samples with different surface quality were 
investigated, whereby one sample was exposed to air atmosphere during UV curing and 
another sample was cured with air exclusion by placing it between transparent foils. It was 
clear, that while the chosen oligomer system showed adequate solid loading, rheology, 
shape retention during printing and debinding/sintering, the UV curing of this composition 
in air was inferior to other resins from the surface quality point of view. With reference to 
the literature, this is a well known problem of radical inhibition caused of oxygen in air 
atmosphere during UV curing. This can be avoided by UV curing under argon atmosphere, 
which is presented in this chapter. 

                 
Fig. 5.16 Delamination of layers close to the surface of fibres       Fig. 5.17 Scheme of oxygen inhibition 

due to oxygen inhibition      
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Oxygen inhibition is a key problem during UV curing of acrylate monomers and 
oligomers which generate highly cross-linked polymers by a photoinitiated radical 
polymerisation. The free radicals formed by the photolysis of the initiator are rapidly 
eliminated by O2 molecules to form peroxide compounds. The scheme of the radical 
inhibition caused by atmospheric oxygen is illustrated in Fig. 5.17. Oxygen inhibition leads 
to a number of effects including a reduction of the polymerisation rate, a decrease in the 
polymer chain length, and the formation of a tacky surface in which full property 
development does not occur [43-45]. 

In Fig. 5.18 the different surface qualities of structures after curing and sintering, 
exposited to UV irradiation in air and under argon atmosphere are displayed. Concerning 
structures cured in air, their surface is cracked and after sintering strong delamination 
occurs. This is solved by UV curing under argon atmosphere, where the surface is smooth 
and glossy. Fig. 5.19 obtained by SEM illustrates the comparison in micrometer scale. 

 

 
Fig. 5.18 Different surface qualities of structures after curing and sintering, exposited to UV irradiation in air 

and under argon atmosphere 
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Fig. 5.19 SEM photos of delaminated surface of Air cured fibre (left) and improved surface quality of fibre 
cured under Ar atmosphere 
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6. Conclusions and Outlook 

In the course of the thesis the development of printable, homogeneous, high solid 
loaded, oligomer based, solvent free, UV curable, colloidal hydroxyapatite and alumina 
pastes which exhibit good flow behaviour and shape retention were achieved by a proper 
selection of monomers/oligomers and surfactants. The possibilities to produce complex 3D 
fibre network via robotic deposition and additional shaping processes were demonstrated. 

The most critical step in the whole process chain is the development of printable 
paste with the discussed requirements such as extrudability at room temperature under 
moderate pressure without electrostatic effects with continuous flow through the deposition 
nozzle and perfect shape retention, UV curability, homogeneity, shear thinning behaviour, 
high solid loading and flexibility of printed and cured structures. In the course of this work 
suitable pastes for printing are successfully developed and complex 3D structures by the 
3D robotic deposition process are obtained. The research showed that adequate rheological 
properties can be achieved by thorough control of particle-monomer/oligomer-surfactant 
interactions. The employment of linear and cross-linking UV curable oligomers as 
dispersion media has a very strong advantage. On the one hand the comparatively low 
viscosity supports well dispersed particles without need of any solvents. On the other hand 
high elastic modulus and yield point of prepared pastes enables the extrusion of complex 
fibre networks with self supporting features and after UV curing the polymers lead to very 
flexible structures which are advantageous for further shaping processes such as various 
folding techniques. 

Multilayers with up to 14 layers and 2 layer lattices with a gap size of 0.5 mm are 
printed defect free by using robotic deposition. The 3D robotic deposition in combination 
with UV curing is a novel and promising technique, which is still in the experimental 
stage. The use of curable materials allows a flexible assembly of structures with well 
defined and controlled architectures. In this work, the benefits from the combination of 3D 
robotic deposition and UV solidification is presented in a new way by using cured and 
flexible 2 layer structures for folding processes, which lead to 3D structures that are very 
difficult or impossible to achieve with the employment of just direct 3D robotic deposition. 

All printed, cured and additionally shaped structures are transformed to macroscopic 
ceramics via thermal debinding and sintering without cracks, delamination between the 
layers (in case of UV curing in Ar atmosphere) or distortion of the structure. This is 
enabled through the employment of solvent free pastes and oligomers which lead to 
flexible and stable polymers after curing. After sintering at a temperature of 1300 °C, 
complex 3D ceramic bodies with sufficient density are achieved. 

The problem of oxygen inhibition and delamination of sintered fibres was solved by 
UV curing under Ar atmosphere. The surface quality of cured and sintered structures was 
significantly improved. 
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On the basis of this research, versatile theory about preparing ceramic pastes for 3D 
robotic deposition of complex structures for various applications can be deduced. Better 
understanding of the particle-monomer/oligomer-surfactant interactions, their influences 
on the rheological properties and optimisation of the printing and sintering process can 
improve this novel and promising method. Concerning hydroxyapatite ceramics, the 
problem of fragility should be solved in the future for the use in biomedical industry as 
bone scaffolds and tissues. 
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