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Abstract 

 

Advanced bone tissue engineering approaches rely on implanting synthetic grafts for the management 

of mid to large bone defects in order to overcome the common limitations associated to the use of 

transplant materials. Bioceramics are especially effective due to their versatile functional properties and 

processing methods. This chapter provides a picture of ceramic scaffolds for bone tissue engineering, 

focusing on additive manufacturing technologies and, specifically, the emerging method of digital light 

processing. The functional and structural complexity of natural bone makes the design of scaffolds a 

complex challenge as their chemical, structural and functional properties have to meet very specific 

requirements, e.g. adequate support properties, bone-bonding capability and a macro- and microporous 

structure to promote cell colonization and vascularization. Many fabrication techniques are currently 

available for the production of porous artificial biomaterials. Among them, the class of additive 

manufacturing technologies is one of the most promising for the development of mechanically 

competent and structurally highly-defined scaffolds with tailored properties for bone tissue engineering 

applications. 
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1. Scaffolds for bone repair: an overview 

The scaffold, also known as tissue template and/or artificial extracellular matrix, is a 3D porous 

structure that acts as a biocompatible implantable substrate [1] on which cells can attach, proliferate 

and differentiate in order to synthetize new bone tissue until the complete filling of the original bone 

defect in achieved [1],[2]. 



Andrés Segovia, a Spanish classical guitarist, proposed a fascinating definition of the role of scaffolds 

using these words [3]:“When one puts up a building, he makes an elaborate scaffold to get everything 

into its proper place. But when one takes the scaffold down, the building must stand by itself with no 

trace of the means by which it was erected. That is how a musician should work”. 

Table 1 summarizes the main functions that should be performed by a scaffold intended for tissue 

engineering applications. 

 

Table 1. Functions of biomedical scaffolds (adapted from [4]). 

Primary Functions of Scaffold 

 

Substrate for cell adhesion 

Delivery vehicle for exogenous cell, growth factors and genes 

Temporary mechanical support for new tissue growth 

Barrier to the infiltration of surrounding tissue that may hinder the process of regeneration 

Maintenance of the shape of the defect by avoiding distortion 

 

Given the complex and deeply interlocked nature of a biological system, scaffolds have to satisfy 

multiple  requirements at the same time, as depicted in Figure 1 [5]. 

 
Figure 1. Key factors involved in the design of scaffolds for bone tissue engineering. 

 

Osteoconductivity, controlled biodegradability and biocompatibility [6] are essential features to be 

considered in the design of tissue-engineered scaffolds intended for bone defect repair, where new 



tissue growth and scaffold resorption are concurrent events leading to the replacement of the implanted 

biomaterials by newly formed bone. Highly biocompatible materials have to be used in order to avoid 

persistent inflammatory response and cytotoxicity within the body [3]. In addition, scaffolds should 

have suitable structural properties to provide proper mechanical support over the whole healing process 

[6]. Scaffolds should also exhibit sufficient biological affinities to promote the integration with host 

tissue, growth of relevant cells [2] and regeneration of healthy tissue [7] as well as have suitable 

porosity features, which are necessary to allow cell migration, diffusion of nutrients and vascularization 

[3]. 

Ideally, the structural parameters of scaffolds (e.g. total porosity, pore size, shape etc.) should be 

designed according to the implant site following a similarity criterion; in fact, bone tissue exhibits 

different structural properties depending on the anatomical position in the skeletal system. Therefore, if 

surgery on spongy bone is required, highly porous scaffolds are preferable; on the other hand, if the 

problem concerns the cortical bone, mechanically strong scaffolds with low porosity and oriented strut 

will be required [7]. 

 

2. Scaffold requirements  

 

Tissue-engineering scaffolds are designed to fulfil a series of requirements that are summarized in 

Table 2, along with their effects. 

 

Table 2. Characteristics of the scaffold and their desirable effects. 

Scaffold requirements      Desirable features 

Biocompatibility • Non-toxic degradation products  

• Non-inflammatory scaffold components, avoiding immune rejection 

Biodegradability • Controlled scaffold degradation which can complement tissue ingrowth 

while maintaining sufficient mechanical integrity 

•  Degradable by host enzymatic or biological processes  

• Allows invading host cells to produce their own extracellular matrix 

Bioactivity • Beneficial interaction between scaffold material and host tissue: 

formation of a stable bond 

• Osteoconductive and osteoinductive properties  

• Inclusion of biological cues and growth factors to stimulate cell 

attachment, proliferation and differentiation  

Scaffold architecture • Interconnected pores allowing diffusion and cell migration  

• Microporosity, which provides large surface area for improved cell-

scaffold interactions  

• Macroporosity to allow cell migration and invasion of vasculature  

• Sufficient porosity to facilitate cell ingrowth without weakening 

mechanical properties  

• Tailored pore size and distribution to target tissue and cells  



• Inbuilt vascular channels to enhance angiogenesis in vivo 

Mechanical Properties • Compressive, elastic and fatigue strength comparable to host bone, 

favouring cell mechanoregulation pathways and maintenance of 

structural integrity in vivo 

• Scaffold material that can be readily manipulated by clinicians to treat 

individual patient’s bone defects 

 

 

2.1 Biocompatibility 

This is the first criterion that every tissue-engineered scaffold should fulfil [6]. As regards scaffolds, 

the term biocompatibility was defined as “the capability of a material to facilitate natural cellular and 

molecular activity within a scaffold in the absence of systemic toxicity” [8]. Therefore, biocompatible 

scaffolds allow cells to adhere, migrate and proliferate on their surface without the risk of triggering 

any dangerous inflammatory responses [6], and/or potentially toxic effects, both locally and 

systemically [9]. Good biocompatibility also promotes osteoconductivity, osteoblast proliferation and 

osteoinductivity [8]. 

In order for the scaffold to be biocompatible, it is necessary to carefully select the material with which 

it is manufactured. Suitable materials for bone tissue engineering applications should firmly bond to the 

natural bone in situ and stimulate new tissue growth and regeneration [9]. 

It has been shown that calcium phosphate and bioactive glass scaffolds are highly biocompatible and, 

furthermore, actively improve the tissue repair process through releasing calcium, phosphate and 

silicate ions that play a role in accelerating osteogenesis [8]. Methods for assessing the  

biocompatibility of scaffolds can be found in specific international standards [10]. 

 

2.2 Porosity  

Pore size and porosity percentage of the scaffolds are key parameters to achieve physiological 

development of newly formed tissue [11]. An ideal scaffold for cancellous bone repair should have an 

open-cell porous architecture, with porosity > 50-60 vol.% [2], where more than 60% of the pores 

should have a size between 100-400 µm and at least 20% is expected to have a size below 20 µm [3]. 

Porosity percentage and pore size directly affect the osteoinductive and osteoconductive capabilities of 

the scaffold [12]. In principle, scaffolds with analogous total pore volume and pore size can also be 

considered suitable for the repair of cortical bone provided that the mechanical properties are adequate 

(e.g. compressive strength >100 MPa vs. 2-12 MPa of cancellous bone, see section 2.3). 

A suitable porosity range, above 50-60 vol.% of interconnected macropores, confers to the scaffold 

adequate mass transport properties for cell migration, attachment and interaction with the biological 

environment [6], as well as the passage of nutrients and bioactive molecules. Moreover, it has been 

demonstrated that suitable porosity features can improve vascularization and spatial organization 

between cell growth and extracellular matrix (ECM) production, thus leading to a considerable 

enhancement of the biomineralization process [8]. Large pores (size around 200-300 µm) lead to direct 



osteogenic pathways [2],[9]. The prevailing opinion in the literature is that the pore size should be 

between 200-400 µm in order to allow greater cell migration and proliferation, and the consequent 

formation of new tissue [13]. 

On the contrary, smaller pores (<100 µm) were found to be beneficial for chondrogenesis [14]. Too 

small pores may lead to poor vascularisation [11] and limited cell migration, causing the formation of 

cell capsules around the edges of the scaffold [9]. 

In general, it is necessary for the pores not to be too large, as this would excessively decrease the 

mechanical resistance of the final product [9], [6]. 

The ideal degree of porosity should be found so as to allow sufficiently high permeability and 

interconnectivity for nutrient supply and waste removal as well as adequate stiffness and resistance to 

the loads transmitted from the healthy bone adjacent to the scaffold [2]. 

Interconnectivity (Figure 2) is a key requirement to ensure the transport of nutrients and the elimination 

of waste products [15]. An in vivo study with hydroxyapatite scaffolds showed that low pore 

interconnection enables limited tissue penetration and chondral tissue formation but does not guarantee 

proper bone tissue growth [15]. 

The shape of the pores can also influence the mechanical of the scaffold [6]. Gong et al. performed 

fatigue tests (cyclic stress-strain) on scaffolds with triangular and circular pores with a total porosity of 

about 60 vol.% and found that scaffolds with circular pores are more resistant than those with 

triangular pores [6]. 

 

 
 

Figure 2. Pores and interconnectivity of pores showed in hydroxyapatite scaffold. Image 

reproduced from Doi et al. [16] under the terms of the Creative Commons Attribution Licence. 

 

2.3 Mechanical properties 

In order to be functional, a scaffolds should have biomechanical properties comparable to those of the 

host healthy bone [12],[8]. It has to maintain a certain mechanical integrity over the whole duration of 

the treatment, in order to support the physiological healing process until the newly formed tissue has 



become able to physically support itself [8]. It should have a Young’s module similar to that of natural 

bone in order to avoid stress shielding phenomena and favour early tissue regeneration [17]. Strong 

scaffolds can be obtained by building anisotropic structures with oriented pores  [9]. For example, in 

order to replace cortical bone a good scaffold should have a compressive strength ~130-180 MPa and 

Young’s modulus ~ 12-18 GPa. 

Pore size, interconnectivity and architecture directly impact on the mechanical properties of porous 

implants [15]. For example, studies on hydroxyapatite scaffolds have shown that decreasing the pore 

size yields higher compressive strength [15].  

The compressive strength is the most common and easy-to-determine mechanical parameter for brittle 

ceramic scaffolds [18]. In accordance with ASTM F2883-11, the compressive strength of implantable 

ceramic scaffolds should be assessed following the ASTM C1424 that is valid for advanced ceramics 

[18]. 

In addition, it has been proven that the mechanical properties of the scaffold affect the 

mechanotransduction properties of the bone cells attached to its surface; in other words, mechanical 

stimuli from the biomaterial (e.g. stiffness) can be converted in different biochemical responses by cells 

and, thus, different bone regeneration rates and extent. In fact, there also seems to be a correlation 

between mechanotransduction and the potential osteoinductive properties of the scaffold [12]. Not all 

anchorage-dependent cells respond similarly to scaffold stiffness [11]: endothelial cells, for example, 

migrate and proliferate more easily on more rigid substrates [11]. 

 

2.4 Biodegradability 

As the tissue regenerates, the scaffold should ideally degrade in a controlled manner over time [8]. This 

property is not mandatory (for example, hydroxyapatite scaffolds are permanent implants) but is 

desirable in many cases. 

The biodegradability of the scaffold is dependent on the type of material and its clinical application: β-

TCP-based scaffolds show a bioresorption rate similar to that of new bone formation, whereas 

hydroxyapatite scaffolds are generally characterized by better chemical durability [8]. 

Biomaterials degradation is influenced by the presence of enzymes or macrophages in the physiological 

fluids [7].  

The rate of scaffold degradation may change depending on the different geometry and pore-strut 

architecture adopted. It is therefore necessary to test different production methods to find the optimal 

one according to the needs [8]. Scaffold degradation can be investigated following the standard ISO 

10993-14 [18]. 

 

2.5 Surface properties and interaction with cells 

The scaffold needs to be made in complex and even irregular shapes. The scaffold should serve as a 

model for natural bone growth and should therefore mimic the hierarchical structure of natural bone. 

With regard to cortical bone, for example, its internal architecture should be similar to the small 

vascular channels, Volkmann’s channels and the gaps in the osteocytes and Haversian channels [9].  



As already mentioned, the scaffold needs to be carefully designed in order to ensure a highly-

interconnected porous structure [9]. 

Several studies have shown that the characteristics of the scaffold surface affect the amount, type and 

conformation of proteins and cells that will adhere to it [9]. A rough surface may improve cell 

adhesion, but excess roughness must be avoided, otherwise the cells may fail to develop focal adhesion 

plaques [4]. This is a general trend but providing an “ideal” range of “optimal” roughness for cell 

adhesion and proliferation is impossible, as the behaviour of each specific cell type is concurrently 

influenced by type of material and shape of nano-/micro-features on the surface (e.g. grooves, pits, 

islands). 

The performance of a scaffold is strongly affected by the interaction between the material surface and 

the surrounding biological environment and is often mediated by proteins absorption by the biological 

fluid [19]. Chemistry, roughness and surface topography strongly influence the protein layer on which 

the formation of surface bonds directly aimed at binding only certain types of cells depends. Proteins 

create a specific interface through which cells can respond to scaffold’s  topographical cues determined 

by the macrostructure, and the chemical features of the surface are responsible for the cells attachment 

to the structure [19]. Surfaces with nanometric topography increase the availability of proteins and 

amino acids by promoting cell adhesion to a large extent [19].  

Some examples in the literature suggest the incorporation of growth factors into scaffolds because they 

can improve and speed up the growth of new bone [14]. In fact, bone morphogenetic proteins (BMPs) 

help the development of osseous tissue and can trigger the differentiation and proliferation of 

osteoprogenitor cells. Vascular endothelial growth factor (VEGF) has often been used because it can 

improve blood vessel formation [14]. 

 

3. Conventional methods for ceramic scaffold fabrication 

 

Scaffold manufacturing techniques could be divided into two main groups: conventional methods and 

non-conventional methods, which correspond to additive manufacturing technologies [9]. 

Scaffolds can be made using conventional techniques such as freeze-drying, gas foaming, sponge 

replication, solvent casting and particulate leaching, sol-gel-foaming method, phase separation (TIPS, 

DIPS, RIPS) [13], melt, dry, wet-spinning and electro-spinning [1]. In general, conventional techniques 

include all those techniques that are not based on a CAD/CAM design and are relatively easy and 

cheap to apply [9]. However, these methods have several limitations, including poor reproducibility 

[1][13], and the inability to obtain a precise and reliable control on the internal porosity, geometry and 

interconnectivity of the 3D structure [6]. From the biological point of view, the latter could be a severe 

drawback as a random and uncontrolled 3D porous network could determine  an heterogeneous 

distribution of cells, causing uneven tissue growth [20]. The most common conventional manufacturing 

technique are summarized in Table 3 and described in the following sections. 

 

3.1 Foaming methods 

 

These techniques rely on the use of a foaming agent to produce air bubbles that are responsible for the 

formation of the porosity at the macroscale. After preparing a colloidal suspension (or slurry), pores are 



created due to the action of a porogen by either injecting the gas directly or generating gas as product 

of a chemical reaction, thermal decomposition or addition of surfactants [9].  

Foaming methods include techniques such as gel-cast foaming, H2O2 foaming and sol-gel foaming. 

However, all these techniques do not assure the high pore interconnectivity required for successful 

bone implants and do not guarantee a scaffold with good mechanical properties [9]. In this regard, 

Chen et al. fabricated highly porous 45S5 Bioglass® foams by including a surfactant in the sol that, 

after vigorous agitation, yielded a bone-like porous structure but the resulting scaffolds were highly 

brittle [21]. 

 

3.2 Phase separation methods 

 

These techniques have been originally developed to obtain polymeric scaffolds and are usually divided 

in three groups depending on the main parameters that cause demixing of the solution [22]; for 

example, temperature-induced phase separation (TIPS) is based on the change of the temperature 

causing separation between polymer (optionally embedding ceramic or glass inclusions) and solvent 

[22]. As regards diffusion-induced phase separation (DIPS), addition of a vapour or a liquid (i.e. a non-

solvent) is necessary; reaction-induced phase separation (RIPS) is based on a chemical reaction leading 

to the phase separation in the original polymeric solution; precipitation induced by a change in pH is 

also included in this class [22]. 

TIPS is used to obtain both polymeric and polymer-matrix composite scaffolds embedding porous 

ceramic (glass) micro-/nanoparticles to increase bioactivity and mechanical strength/stiffness [9]. 

TIPS is based on the solubility-temperature dependence existing between two different polymers: two 

polymers may be soluble in each other at a given temperature but completely insoluble at a lower 

temperature. Therefore, if a solution of these polymers is made and then the solution is cooled down to 

the critical temperature of the solution, they will separate, forming two different phases, one less rich in 

polymer and one richer in polymer. The less polymer-rich phase will be removed and the porous 

structure will be finally obtained [9]. 

TIPS is used to obtain porous scaffold with pore diameter from 1 to 100 µm and porosity over 95 

vol.%.  For example, Szustakiewicz et al., obtained porous scaffold based on synthetic hydroxyapatite 

and poly(L-lactide) (PLLA) using TIPS supported by salt leaching process [23].  

Maquet et al. built a scaffold of bioresorbable polymers (poly-(D,L-lactide) (PDLLA) and poly(lactide-

co-glycolide) (PLGA)) and 45S5 Bioglass®. They constructed two different sets of samples by varying 

the amount of glass powder; in both cases, they obtained a porosity greater than 90 vol.% and overall 

good bioactivity imparted by the glass inclusions [24]. 

Degli Esposti et al. created bioresorbable and bioactive porous scaffold based on poly(3-

hydroxybutyrate) (PHB) and hydroxyapatite particles that were able to sustain the growth and 

proliferation of MC3T3-E1 cells, had suitable porosity for bone repair and exhibited good bioactivity 

due to the presence of hydroxyapatite [25]. 

 

3.3 Spinning methods 

 



These techniques allow obtaining nano- or micrometric fibres, which are useful especially for the 

regeneration of nerves, and are divided into dry, wet, melt spinning methods and electrospinning [22]. 

Melt-spinning technique uses a melted polymer that is extruded through a die with the desired section, 

while dry spinning and wet spinning use concentrated solutions that are similarly extruded through a 

die of proper section.  For both methods, removal of the solvent is necessary to obtain the fibres. 

Electrospinning can use both polymer solutions in volatile solvent (electrospinning solution) and 

polymeric melts (melt electrospinning). It is a versatile technique that allows making continuous fibres 

from submicrometric to nanometric diameters [22].  

An interesting study reported the production of 45S5 Bioglass® scaffolds with biodegradable 

nanofibrous coatings obtained with electro-spinning. The composite scaffold obtained by combining 

bioactive glass and electrospun polymeric nanofibers (PCL-PEO, P(3HB), PHBV) allowed the 

formation of a layer of bone-like nanostructured hydroxyapatite upon immersion in physiological fluids 

and the possibility of achieving controlled drug release [26]. 

Hong et al. fabricated hierarchal nanoporous bioactive glass fiber mats by using electrospinning 

technique and P123-PEO as co-templates for the nanopores. As a result, multiscale porosity was 

obtained with the mesoporous glass fibres arranged into 3D macroporous mats. These hierarchical 

scaffolds were proposed for potential application in bone tissue engineering combined with drug 

delivery [27]. 

 

3.4 Thermal consolidation of particles 

 

The methods that are part of this group are characterized by the use of sacrificial particles added to the 

green body that will be sintered. These particles will form pores upon thermal degradation and they are 

typically polymers or of synthetic (e.g. polyethylene) or natural origin (e.g. rice husk or starch) [9]. 

These techniques are relatively inexpensive but usually they do not allow obtaining highly porous 

scaffolds with good interconnectivity among pores [9]. 

 

3.5 Sponge replica method 

 

This method relies on the use of porous templates of natural material (e.g. marine sponge) or synthetic 

material (e.g. polyurethane sponge) that are immersed in a ceramic (glass) slurry [28] to create sintered 

positive replicas of the sponges with a high level of porosity and bone-like 3D architecture [9]. The 

sponge is the organic phase of the scaffolds and only serves as a template for the inorganic phase, since 

it will be completely removed during the production process [9]. In fact, the ceramic (glass)-coated 

porous organic template will have to undergo a double heat treatment, the first to eliminate the organic 

phase and the second to consolidate the ceramic (glass) particle by sintering [9]. As a result, a porous 

ceramic structure is obtained showing the same architecture of the sacrificial template [28]. 

This method allows obtaining scaffolds with structures very similar to the trabecular architecture of 

natural cancellous bone and high levels of porosity (about 90 vol.%), but often these scaffolds have 

poor mechanical properties [9]. Usually, foam replication is applied to fabricate porous glass, glass-

ceramic, biphasic calcium phosphate and hydroxyapatite scaffolds [29]. A limitation of this technique 

is the poor capability to create a solid network with high density and strong mechanical properties [29]. 



In 2006, Chen et al. used polyurethane commercial foams as a sacrificial template to be dipped in a 

slurry of commercial 45S5 Bioglass® containing PVA as a binder. This was one of the first scaffold 

batches that were successfully obtained by this method: these samples had a very high porosity (85-90 

vol.%) and interconnected and open macropores between 510-720 µm, which make them very similar 

to spongy bone but, at the same time, too weak to be used for bone repair (compressive strength 

between 0.1-0.4 MPa) [30]. 

Tripathi et al. used this method to build hydroxyapatite scaffolds with interconnected oval pores 

(diameter 100-300 µm and wall thickness ~50 µm). The homogeneous distribution of pores and the 

pore wall thickness provided large surface area to promote protein attachment and cell proliferation 

[31]. 

Fu et al. fabricated foam-replicated 13-93 glass scaffolds with total porosity of 85 vol.% and pore size 

of 100–500 µm. In this case, the scaffolds exhibited significantly higher compressive strength (11 MPa) 

as compared to other examples produced by the same method in the literature due to the good 

sinterability of the material, yielding to well-densified ad strong struts. In addition, 13-93 glass 

scaffolds successfully supported the proliferation of MC3T3-E1 pre-osteoblastic cells [29]. 

Wu et al. tried to improve the mechanical properties of mesoporous bioactive glass scaffolds obtained 

via sponge replica method by depositing a silk coating on their struts; in spite of a certain improvement, 

the scaffold strength obtained from compressive tests still remained low (< 0.3 MPa). 

 

 

Table 3. Conventional methods vs. non-conventional methods. 

Conventional methods Non-conventional methods 

 

- Inability to obtain a scaffold with a precise 

architecture and controlled porosity  

- Inadequate to create patient-specific 

scaffolds  

- Techniques strongly dependent operators 

- Usually fast and not too expensive 

techniques 

 
 
METHODS: 
 
Solvent casting and particulate leaching 
Gas foaming 
Freeze-drying 
Sol-gel 
Melt, dry, wet-spinning and electrospinning 
Phase separation (TIPS, DIPS, RIPS) 
Sponge replication method 
 

 
- Fabrication complex internal 3D structures 

and patient-specific geometries 

- Possibility to use heterogeneous materials 

- Industrial scalability 

- Sometimes limited choice of materials 

- High cost of the process 

 
 
 
METHODS: 
 
Select laser sintering (SLS) 
Stereolithography (SLA) 
Fused deposition modelling (FDM) 
Laminated object manufacturing (LOM) 
Solid ground curing 
2-photon polymerization 
Robocasting 
Ink-jet printing 



3D printing (3DP) 
3D fibre deposition 
 

 

 

 

4. Additive manufacturing technologies for ceramic scaffold fabrication  

 

Despite the improvements that have been made over the last years, conventional techniques are still 

strongly dependent on the process rather than the design and exhibit some inherent limitations that 

make it impossible to finely control the architecture of the scaffolds [4]. 

In order to overcome these drawbacks, since the second half of the 1980s [34] many researchers have 

been developing a number of additive manufacturing technologies as a valid alternative to obtain 

detailed and extensive control on the fabrication process  [4], [35]. 

Over the last two decades, with the development of rapid prototyping techniques, a great number of 

tissue-engineered scaffolds have been created for potential use in clinical practice  using new materials 

and ground-breaking technologies [6]. These methods make it now possible to create customized 

scaffolds for a targeted tissue regeneration, with good perspectives for quick and reliable 

commercialization [8]. 

In literature, the expressions “rapid prototyping techniques” and “additive manufacturing” are often 

used as synonyms and generally refer to all those fabrication technologies where 3D structures are 

produced by adding material “layer-by-layer” [4],[32]. Each layer represents the cross-section of the  

3D structure at a specific z-position [36]. These techniques offer the possibility of finely controlling the 

architecture of the scaffold (shape, size, pore interconnectivity, geometry and orientation). Biomimetic 

structures that vary in material composition and design can be obtained, thus improving the control of 

mechanical properties, biological response, and degradation rate of the scaffold [36]. 

Additive manufacturing technologies use different approaches, similar to each other in terms of the 

main procedures which are usually divided into 5 phases [37]: 

 

1. Creation of the CAD model 

2. Conversion of the CAD model into STL files 

3. Slicing of the STL file 

4. The additive manufacturing apparatus creates the scaffold layer-by-layer 

5. Post-processing (e.g. sintering, if necessary) 

 

The CAD file can be created by using a proper design software or obtained from magnetic resonance 

(MR) and computed tomography (CT) investigations, as both these imaging techniques allow obtaining 

accurate 3D reconstructions at high resolution [17]. If the CT images directly represent the patient’s 

defect, one can create a 3D volumetric reconstruction of the bone defect to be treated in order to print a 

patient-specific scaffold (Figure 3) [36]. 

 



 
Figure 3.  Steps required for scaffold manufacturing with additive manufacturing techniques that use 

CAD file. a) micro-CT imaging is used to generate a patient-specific CAD model of the bone defect. b) 

This is sent to the rapid prototyping system software to be “sliced” into thin layers. c) The “sliced” data 

are used as input instructions to the printing machine d) to build a scaffold e) according to a layer-by-

layer deposition mode. Image adapted from Hutmacher et al. [36] with permission. 

 

 

 

Another approach to scaffold fabrication is based on the use of hierarchal structures created by 

repeating a cell unit of known properties and geometry. However, this approach typically creates 

simple  architectures with orthogonal and/or parallel channels, which do not really replicate the 

morphology of natural bone [38]. 

In order to overcome this limitation and, at the same time, create marketable shelves, CAD files from 

natural structures can be used to better imitate the trabecular structure of bone. Synthetic scaffolds 

inspired by natural structures are having a lot of success because they allow obtaining a much more 

biomimetic result. For example, the microstructure of cuttlefish bone has inspired the manufacture of 

bone tissue engineering shelves because its natural architecture is characterized by high porosity and at 

the same time high compressive strength [39].  

In general, once the image is obtained, it is converted into DICOM (Digital Imaging and 

Communication Medicine) files and subjected to a segmentation process (a key step because the 

accuracy of the final model will depend on this) [17]. 

The reconstructed 3D volume is then used to create the 3D CAD model, which is converted into an 

STL file. The surface of the object is discretized using a polygonal mesh and cut into individual layers 

[40]. After checking and correcting possible errors in the STL file due to file conversion, all the 

individual parameters for 3D printing are selected and set. These will vary according to the type of 

technology adopted and the material chosen [17].  

The setting of the layer thickness is a common parameter to all additive manufacturing systems as it 

will determine the resolution of the object [17]. 



Some variants of rapid prototyping technologies do not necessarily use the CAD file as an input, but 

the printing instructions and path may be all provided to the manufacturing apparatus by a text file 

(script). A relevant example is robocasting, by which a grid-like scaffold is built through the 

continuous extrusion of a thin filament (until 30 µm) containing ceramic (glass) particles from a nozzle 

onto a building platform [41]. 

Over the last two decades, more than 20 different additive manufacturing techniques have been used 

and marketed for tissue engineering applications [33],[36], and can be divided into three large families 

(Figure 4): 

 

1) Light/laser-based methods: light or laser irradiation is used to fabricate cross-linked tissue 

engineering polymeric scaffolds or ceramic scaffolds in which the inorganic particles are 

bonded together by an organic binder that polymerizes during the process [33] . 

A typical set-up is usually composed of beam delivery optics, light source and the specific 

material [42]. The presence of a photoinitiator is required and must be added in small amounts 

to avoid toxicity [6]. Compared to other strategies, the main disadvantage of these methods is 

the lower cellular viability due to toxic residues, if not removed [43].  

 

2) Nozzle-based methods: the material is extruded as a filament from a robot-controlled nozzle 

by applying a controlled pressure [6]. 

These methods create continuous and thin streams of material that reproduce the CAD model 

and are directed by the software connected to the machine. Depending on the material chosen, 

these methods can also allow incorporating cells into the bioink. They must be subjected to low 

shear stress, which in turn has a positive effect on their capacity for diffusion and proliferation 

[6];  

 

3) Printer methods: a head prints a liquid binder onto thin layers of powder, following the design 

that is generated by the software [33]. 

Unlike nozzle-based methods, the biomaterial can be extruded as droplets and not as a 

continuous filament [6]. These methods use a non-contact technology based on the use of 

piezoelectric, thermal or electromagnetic forces to eject drops of material onto a building 

platform, thus replicating a CAD design [43]. Printer-based methods are relatively inexpensive 

and easily applicable to low-viscosity materials [6]. Based on several experiments, it can be 

stated that such procedures have good potential for bone tissue engineering applications [6]. 

However, due to frequent nozzle clogging, regular printing is difficult to achieve [6].  

 



 
Figure 4.  Rapid prototyping techniques and their advantages (+) and disadvantages (-). Select Laser 

Sintering, (SLS), Stereolithography (SLA), Fused Deposition Modelling (FDM), Low Temperature 

Deposition Manufacturing (LDM), Multi-nozzle deposition manufacturing (MDM). 

 

 

Resolution is often the discriminating factor determining the choice of a specific technology rather than 

another one. Each method has a precise lower limit on the amount of detail which is capable of 

reproducing [33]. 

Table 4 provides a comprehensive picture of the additive manufacturing techniques that are commonly 

used for the production of tissue engineering scaffold. 

 

Table 4. Comparison of different additive manufacturing technologies in bone tissue engineering (data 

from [1], [4], [34], [9]). 

Technique  Process details  Resolution 

(µm)  

Material for 

BTE 

Advantages  Disadvantages  

 

SLS 

 
Preparing the powder 
bed 
Layer – by – Layer 
addition of powder  
Sintering each layer 

 
 
500 

 
Ceramics 
(HA 
β-TCP) 
Polymers 
(PLLA 
PCL) 
Metals 
 

 
No need for 
support 
No – post 
processing 

 
Dependency 
between Feature 
resolution and laser 
beam diameter 
Low surface quality 
Low mechanical 
strength 



 

SLA 

 
Immersion of a 
platform into 
aphotopolymer liquid 
Exposure to focused 
light according to the 
desired design 
Layer – by –layer 
fabrication 
 

 
 
30 

 
Ceramics 
(HA 
β-TCP, 
Bioactive 
glass) 
Polymers 
(PDLLA 
PPF) 
 

 
Complex 
internal features 
Possible grow 
factors, proteins 
and cell 
patterning 

 
Need for 
photopolymers 
High production cost 
Slow process 

 

FDM 

 
Strands of heated 
polymer/ceramics 
extrusion through a 
nozzle 
 

 
250 

 
Ceramics 
(HA 
TCP, Al2O 3) 
Thermoplastic 
polymers 
 

 
No need for 
platform/support 
Low production 
costs 

 
Low surface quality 
Low resolution 
Low 
mechanicalproperties 

 

3D printing 

 
Strands of viscous 
material (in solution 
form) extrusion based 
on the predesigned 
structure 
Layer – by – layer 
deposition strands 
according to the tear of 
speed 
 

 
 
100- 200 

 
Ceramics 
(HA 
Bioactive 
glass) 
Polymers 
(PLA 
PEG 
PLGA) 

 
Mild condition  
Possibility of 
plotting drugs 
and 
biomolecules  
No need for 
support material 

 
Low mechanical 
strength 
Low accuracy 
compared to SLA 
Low surface quality 
(rough surface) 

 

Robocasting 

 
Direct writing of liquid 
using a small nozzle 
while a nozzle is 
moved across a 
platform.Consolidation 
through liquid – to gel 
transition 
Layer – by – layer 
fabrication. 
 

 
 
100-1000 

 
HA/PLA 
HA/PCL 
6P53B 
glass/PCL 

 
Independent 3D 
nozzle 
movement 
Precise control 
on thickness 
No need for 
platform 
/support 

 
Material restriction 
Low accuracy 
compared to SLA 

 

3D Fiber  

Deposition 

 

 
The material is in a 
granule or pellet form. 
Material flow is 
regulated by applying 
pressure to the syringe 
 

 
250 

 
Polymers 
(PEGT) 

 
Quick process 

 
Need for high 
processing 
temperatures 

 

LDM 

 
The scaffold – 
building cycle is 
performed in a low – 
temperature 
environment under 
0°C 
 

 
 
300 - 500 
 
 

 
Polymers 
(PLLA) 

 
Possible 
incorporation of 
biomolecules 

 
Use of solvents 
Need for freeze 
drying 

 

MDM 

 
It is similar to LDM 
But in this case a 

 
 
400 

 
Polymers 
(PLLA) 

 
Enhanced range 
of materials  

 
Need for solvents 
Need for freeze 



greater range of 
materials can be used 
 

Incorporation of 
biomolecules 
 

drying 

 

3D 

Bioplotter 

 
The nozzle system 
works pneumatically 
or via volume – driven 
injection. 
Key difference with 
other nozzle – based 
systems is the ability 
to plot into a liquid 
medium with matching 
density 

 
 
 
45- 1600 

 
Hydrogel 
Polymers 
(PCL 
PLLA) 

 
Enhanced range 
of materials 
Incorporation of 
biomolecules 

 
Low mechanical 
strength 
Low accuracy 
Slow processing 

 

 

Several types of biomaterials can be processed by additive manufacturing technologies to fabricate 

bone-like scaffolds, including natural and synthetic polymers, ceramics and glasses [13], and even cells 

(bioinks) [9]. 

Among the techniques included in Table 4, the most suitable ones for the production of ceramic 

scaffolds are FDM, SLS, 3DP, robocasting and SLA, as summarized in Figure 5. 

 

 

 
Figure 5. Schematic representation of the principal techniques used to produce ceramic scaffolds in 

bone tissue engineering. Image adapted from Mondal and Pal [7] with permission. 

 

More specifically, it is possible to divide rapid prototyping techniques for the processing of bioceramic 

materials into two categories: 

 

1) Direct fabrication techniques: 

These techniques allow the production of sintered ceramic components without the need for a 

subsequent thermal post-processing. According to this approach, the ceramic powders are 

melted using a high-energy laser [32]. However, rough surfaces are often obtained and local 

thermal stresses may arise. SLS technique or EBM (electron beam melting) are examples of 

direct techniques [32]. 



 

2) Indirect fabrication techniques: 

These techniques are based on three fundamental steps: 3D printing, thermal de-binding, and 

sintering [32]. In these techniques, the printing process does not lead to a finished product but 

rather to the so-called “green body”, which also contains a volatile organic binder in addition to 

the ceramic powder [40], [44]. Post-processing is therefore necessary to obtain the finished 

object with satisfactory mechanical properties and high relative density [44]. As a result, de-

binding and sintering are crucial steps for defining the final properties of the scaffold. De-

binding process leads to the thermal decomposition of the binder and then, by the sintering 

process, a final compact product, free of organic material is obtained  [44]. Techniques such as 

FDM, SLA or 3D printing are part of this family [32]. 

 

The accurate internal architecture of the scaffold guaranteed by rapid prototyping techniques and the 

choice to use ceramic materials can indeed ensure producing structures of high interest for bone tissue 

engineering applications.  

According to literature studies, among the available additive manufacturing technologies, SLA is one 

of the most promising due to the high resolution achievable and the possibility of using different kinds 

of ceramic materials [9]. Following the development of microstereolithography (MSTL) and Digital 

Light Process (DLP), the accuracy of the samples can be significantly improved and more complex 

structures can be successfully produced. Furthermore, SLA is suitable for the processing of 

methacrylate-based light curing composites commonly used in clinical practice without any 

modifications [32].  

 

5. Stereolithographic methods 

 

Among the various rapid prototyping techniques that can be used with ceramic materials, 

stereolithography (SLA) ensures maximum control in creating structures with a detailed and precise 

internal geometry and a high surface finish [1]. Developed in 1986 by Chuck Hull, who is considered 

the “father of 3D printing”, SLA is one of the first techniques to appear on the market [1]. Since then, 

SLA has been widely used in bone tissue engineering for the production of hydroxyapatite, β-TCP, 

zirconia, alumina, and bioactive glass scaffolds [1]. 

 

5.1 Processing 

SLA is an additive manufacturing process using a bath of UV-curable photosensitive liquid, an 

ultraviolet (UV) laser to build 3D structures layer-by-layer, a movable platform and a dynamic mirror 

system [1], [33]. When the printing process begins, the laser beam solidifies the photosensitive liquid at 

the surface of the bath, thus creating the first layer; the irradiated zones are defined in accordance with 

the previously determined CAD model of the scaffold [45],[36]. If ceramic particles are dispersed in 

the liquid, it acts as a binder and, once polymerized, glues the particles together. When the irradiation 



of a layer ends, depending on the configuration of the machine (top-down or bottom-up system, see 

Figure 6), the slurry bed is respectively raised or lowered by an elevator platform.  

Most SLA apparatuses use the bottom-up system; in this case the platform moves down so that the new 

material can cover the newly formed layer, and the laser cures a new layer over the previous one [1]. In 

the second system the platform moves upwards and the vat must be completely transparent [9]. The 

latter has a few more advantages compared to the bottom-up system, first of all the demand for a 

smaller amount of raw material [9]. 

 

 
Figure 6. Stereolithography with A) bottom-up system; B) top-down system. Image reproduced from 

Mao et al. [46] under the Creative Common Attribution Licence (CC BY 4.0). 

 

The displacement along the z-axis and the irradiation depth determine the thickness of each single 

layer, and thus the surface resolution of the final object [1]. Exposure to the UV laser light solidifies the 

pattern traced on the slurry and allows it to adhere to the layer below [33].  The subsequent deposition 

of adjacent layers leads to the building of the 3D object characterized by highly-resolved solid structure 

[47]. 

 

5.2 The slurry: composition and characteristics 

Long-term stability and suitable rheological behaviour are two of the most relevant characteristics that 

a ceramic slurry should exhibit to achieve a smooth printing flow [1]. Most of the slurries used are non-

aqueous suspensions, because water-based suspensions usually give rise to weak structures; it is 

therefore preferable to use acrylamide resin-based slurries [1]. 

From a rheological point of view, slurries should exhibit Newtonian flow behaviour [48] and viscosity 

values should be low enough to facilitate the printing process and to avoid the formation of air bubbles 

[49]. Slurry viscosity is strictly dependent on the concentration of ceramic particles. In order to obtain 

high-quality products, the percentage of ceramic powder in green bodies should be at least 50% [49]; as 

the particle content increases, shrinkage decreases upon sintering, thus significantly improving the 

quality of the final product [40].  



However, if the powder content is too high, viscosity could increase over the optimal value established 

for the processing of ceramic materials (3 Pa·s) [49]. Moreover, particles should be homogeneously 

dispersed within the organic liquid and their size should be smaller than the layer height [1]. 

It is possible to reduce the slurry viscosity by incorporating non-reactive “thinners” (e.g. N-

methylpyrolidone) or by increasing the manufacturing temperature [40]. Moreover, the addition of 

some dispersant agents could be beneficial to the slurry quality, ensuring low viscosity values and good 

homogeneity while keeping the solid loading high [50]. Specifically, long-chained fatty acids, 

phosphine oxides or oligomeric surfactants can reduce particle agglomeration, thereby decreasing 

viscosity and improving slurry stability and density [40]. 

Transparency to UV light is another key requirement in order to achieve the desired light penetration 

depth. In fact, if the slurry is not transparent enough, light penetration will be attenuated, resulting in a 

considerable cure depth decrease. If required, absorbant agents for visible or UV light could be added 

in order to limit the cure depth, thus avoiding an excessive polymerisation along the z-axis [40]. 

 

5.3 The photopolymerization process: chemical basis 

When the ceramic powder, monomer, and photoinitiator are exposed to the UV light, the photoinitiator 

generates cation species or free radicals attacking the double bonds of the monomer and triggering 

polymerisation [49]. The subsequent reactions between the monomer and the active end of the chain 

allow the polymeric chains to increase their length  until a termination reaction occurs [49]. 

Two different types of photopolymerisation can occur: cationic polymerisation or radical 

polymerization. The latter is generally preferred in SLA processes because it is easier to control [49]. 

During radical polymerization, the photoinitiator divides and generates radical species. These radicals 

are extremely reactive and immediately attack the double bonds of the monomer [49]. The main steps 

of radical polymerisation are given below [49]: 

 

Initiation �� ���� 	� ∙ (1) 

Propagation  � ∙ +� → �(�)�∙ (2) 

Termination 
�(�)�∙ + �(�)�∙ →	�(�)��� ∙ � 

�(�)�∙ →	�(�)� 
(3) 

 

 

 

M= monomer, R= radical, PI= photoinitiator 

 

For radical photopolymerisation, acrylate functionalised monomers (e.g. cured acrylated epoxy, 

acrylated polyester and acrylated urethane) and telechelic oligomers are usually used due to the rapid 

hv 



rate of their polymerisation [49]. Acrylates are often combined with methacrylates to decrease 

shrinkage during curing. Another method to reduce shrinkage and speed up curing may be a 

combination of acrylate and epoxy-based resins [40]. The photopolymer acts as binder between the 

ceramic powder, making it possible to accurately manufacture the part [44]. 

The kinetic of reaction and the mechanical properties of the final structure are significantly affected by 

the quantity of photoinitiator and its selection has to be based on the nature of the monomers used. It 

has been reported that, as the photoinitiator concentration increases, the polymerisation speed and the 

stiffness of the sample increase as well [40]. 

However, the quantity of photoinitiator must be limited as their intrinsic cytotoxicity could be harmful 

for tissue ingrowth and regeneration; for example, photoinitiators for cationic polymerisation form 

strongly acidic protons (H+) and it is therefore preferable not to use them for biomedical applications. 

For this reason, radical photoinitiators are usually preferred, although serious DNA damages could 

occur if not properly dosed [40]. A commonly-used low-toxicity photoinitiator is Irgacure 2959 [40]. 

 

5.4 Key parameters for the photopolymerization process 

Some important parameters need to be set and controlled in order to obtain a good light-curing slurry 

for printing, as described in the following sections. 

 

5.4.1 Energy of the UV Laser 

The energy of the UV source can be calculated as the product between the intensity of the UV light 

beam and the exposure time [51]. The incident energy dose must be adjusted in order to achieve the 

correct depth of cure, coinciding with the desired layer thickness [51].  

For a single mode laser beam, the intensity follows a Gaussian distribution [51]. A Gaussian beam of 

peak intensity Imax and width w2
Gauss has an actual distribution of intensity at the surface (z = 0) which 

varies along the y axis, according to equation (4): 

 I0(�, � = 0) = ������ � � ��� 
! "�#$$% (4) 

 

where z represents the depth from the surface of the suspension and y is the distance from the centre of 

the beam. 

 

The incident energy dose (E0) can be calculated as t·I (t illumination time, I intensity) (5): 

 E0(y, z=0)=t· Imax exp & ��� 
!'()** + (5) 

 

 

At any point, the incident energy dose (E(z)) can be estimated by Beer-Lambert’s law, which states that 

the energy dose is attenuated logarithmically as a function of depth (z), according to equation (6) [51]: 

 E(z) = E0 exp ��,-.% (6) 

 



 

where E0 is the dose of incident energy on the surface and Sd is the resin sensitivity in the depth 

direction. 

The energy dose could be estimated by equation (7):  

 
E(z )= Emax exp & ��� 

!'()** + exp �–,-.% (7) 

 

 

where Emax is the maximum dose of energy. 

The polymerisation of the slurry will take place at every point in which the energy dose is greater than 

or equal to the critical energy dose necessary for polymerisation to take place (Ed) [51]: polymerisation 

in the cross-section must then take place at points (y*, z*), where E(y*, z*) = Ed.  

We will thus obtain a parabolic curve shape given by equation (8) [51]: 

 
ln(01(2

0. ) = 
��∗ 

!'()** 	+ 
,∗
-. (8) 

 

 

5.4.2 Penetration depth (Dp) 

The penetration depth of the laser beam (Dp) is defined as the depth where intensity is reduced by 1/e 

of the beam intensity measured at the bath surface [45], [47]. Dp depends on the size and quantity of the 

ceramic particles [49] and the difference in refractive index between the UV curable solution and the 

ceramic powder [52]. Once Ed and Dp are determined, it is possible to properly choose the laser beam 

power and the scanning speed [53]. 

A good slurry for SLA is usually characterized by high Dp values, in order to minimise the layer 

thickness, and low Ed so that the polymerization reaction can be initiated with a low energy dose [54]. 

 

5.4.3. Cure width (Cw) and cure depth (Cd) 

The curing width (Cw) is always greater than the diameter of the laser beam due to dispersion 

phenomena caused by the presence of ceramic particles [55]. 

Cure depth (Cd) is defined as the maximum depth at which the material receives sufficient light to 

reach the gel point [49], forming a three-dimensional gel network during light-curing [47]. The gel 

point indicates the transition of the slurry from visco-plastic (pre-gel) to rigid-elastic (post-gel) 

behaviour [56]. Cd must be at least equal to the layer thickness [56] and, if the polymerization depth is 

too large, loss in spatial resolution could be observed. 

Cd can be related to the parameters of Beer-Lambert’s law according to equation (9): 

 Cd = Sd ln�040.% (9) 

 

 



It is essential to understand how the composition of the slurry influences the relationship between Cd 

and energy dose in order to obtain photopolymerizable slurries [56]. A compromise between these two 

parameters must be established so that products with both satisfactory spatial resolution and low 

manufacturing times can be obtained [51]. High Cd values require high energy density but guarantee an 

optimization of the working time; on the contrary, a good resolution would require low energy density 

[55]. 

It has been confirmed that, by varying the concentration of the ceramic powder, the particle size, and 

the refractive index, both Cd and Cw could be properly modified, according to the needs [51].  

The curing rate increases as the ratio of the refractive index between ceramic particles and polymeric 

binder decreases. The ceramic powder scatters light, thus decreasing the resolution and cure depth, and 

increasing printing time [1]. Smaller particles generally have better light scattering properties [1]. 

Gentry and Halloron have shown that when the refractive index of the precursor monomer corresponds 

to the refractive index of the ceramic powder, there is an improvement in curing depth [49]. 

Light scattering effects lead to the polymerisation of an area larger than the predetermined area: this 

effect is called overgrowth [57]. 

Cd also depends on how much photoinitiator is used for slurry preparation: if the photoinitiator 

concentration is high, Cd decreases [47]. 

 

5.5 Post-processing 

Unlike SLS and other direct techniques, where the ceramic material is shaped and sintered in a single 

step, SLA requires a further step called post-processing once printing is concluded. In fact, the so-

called “green body” resulting from the printing process still has to be consolidated by thermal 

treatments to be transformed into a ceramic part [44], [57]. 

Besides the ceramic powder (typically ~60%), the “green body” still contains a volatile organic matrix 

which must be eliminated [40], [44]. The post-processing stage involves three fundamental steps: 

cleaning and drying of pieces from uncured slurry, de-binding and sintering. During de-binding, the 

binder is thermally decomposed: organic residuals slowly degrade, leaving behind only the loosely 

compacted ceramic powder [44]. During de-binding, the temperature increase must be slow and 

constant to avoid the formation of internal stresses which can result in the formation of cracks within 

the structure [44]. The de-binding temperature and time required depend on several factors, such as 

quantity of organic components, composition of organic components, size and distribution of ceramic 

particles, and percentage of solid part contained in the slurry as compared to the organic matrix [58]. 

Binder removal is a key stage in order to avoid contaminations that could change the properties of the 

final product [9]. 

The greens are then densified by sintering to form the final ceramic scaffold [44]. The high-temperature 

sintering process is usually carried out between 50-75% of the melting temperature of the material  [9]. 

Usually, the higher the sintering temperature, the more resistant the final scaffold [7]. However, if the 

porosity of the sintered scaffold remains too high, the mechanical properties may be affected 

significantly anyway [9]. During sintering, the scaffold inevitably undergoes volumetric shrinkage [9] 

that must be carefully considered and preferably estimated before printing at the design stage [32]. 

The main steps of the post-processing are shown in Figure 7. 



 

 

Figure 7. Main steps of post-processing  from the ceramic green body to the sintered dense ceramic. 

Image reproduced from Lantada et al. [44] under the Creative Commons Attribution Licence (CC BY 

3.0). 

 

In order to minimize shrinkage and increase shape accuracy, the slurry should have a high ceramic 

particle content (solid loading); however, this can cause the formation of cracks due to gases which are 

unable to reach the surface of the scaffold, creating a strong internal pressure  [1]. The sintering process 

can be facilitated by applying an external pressure (sintering under pressure). On the contrary, if no 

external pressure is applied, the sintering is called “sintering without pressure” (or conventional or 

pressureless sintering) [9]. 

 

 

5.6 SLA: Advantages and disadvantages 

Some more advanced variants, such as microstereolithography (µ-SLA) and two-photon 

polymerization (TPP), allow an even better quality resolution compared to conventional SLA [9]. 

With µ-SLA, the thickness of a layer can be decreased up to 10 µm [9], whereas TPP is even capable of 

achieving a resolution of less than 0.1 µm [40]. Resolution of a standard SLA layer depends on the 

elevator layer resolution (up to 1.3 mm) and laser spot size (80-250 mm) [36].  

Products made by SLA are usually robust and can be used as master patterns for thermoforming, 

selection moulding, as well as in various metal casting processes [33]. However, this process often has 

high processing costs: the photo-curable resin can cost from $300 to $800 and a SLA apparatus can 

cost from $100.000 to more than $500.000 [33].  

If the product is very large, point-by-point polymerization of the cross-section of each layer can be very 

time-consuming, thus making the process computationally long and demanding [40].   

In summary, the main parameters that influence the success of SLA printing include type and 

concentration of monomer, volume ratio between ceramic powder and organic components, chemical 



interaction between ceramic powder and organic components, viscosity of the slurry, laser beam power, 

optimisation of de-binding and sintering steps, and time of exposure to light [1]. 

 

 

6. The latest frontier: digital light processing (DLP)-based stereolithography 

 
Recently, a new method based on the SLA technique has been proposed, which allows a considerable 

reduction in production time. Digital light processing (DLP)-based SLA is an innovative and very 

efficient rapid prototyping technology particularly appreciated for the production of calcium phosphate 

scaffold for bone tissue engineering.  Besides its high speed, DLP guarantees an excellent resolution of 

the final product [59] and reduces the stress to which samples are subjected during processing [60].   

The term DLP refers to digital mirror devices that, when properly controlled, selectively expose the 

photosensitive resin to visible or UV light [61]. The manufacturing process is similar to the classical 

SLA: the DLP builds complex 3D layer-by-layer structures and the geometry of the various layers is 

previously determined by cutting the design CAD model on a series of horizontal planes at close range 

[45]; the operator is also able to set all printing parameters according to the slurry curing characteristics 

[57]. The major difference compared to classical SLA is the use of a series of computer-programmable 

arrays of digital micro-mirror devices (DMD) [45], which allow the simultaneous irradiation of the 

entire desired cross-section [40], [59]. 

 

6.1 System setup 

The main components of the DLP system include the digital micro-mirror devices (DMD), a projection 

lens, a vat containing UV curable resin, a UV light source, and a motorised translation stage. The setup 

can be implemented in two different ways: a free-surface approach or top-down projection (Figure 

8.A)) and a constrained surface approach or bottom-up projection (Figure 8.B)) [40],[62]. 

In a free-surface approach, the light exposure is from above and the building platform is immersed in a 

slurry bath. After the polymerisation of a layer, the z-stage is lowered into the resin tank and the new 

material successively coats the growing part [45]. 

If a constrained surface approach is adopted, the slurry is illuminated from below through a transparent 

vat. After the polymerisation of each layer, the building platform is raised by a distance equal to the 

thickness of the individual layer. In this way, the liquid slurry can flow into the cavity and the next 

layer is created [62]. 

 



 
Figure 8. DLP setup for (a) free surface approach (top down) and (b) constrained surface approach 

(bottom up). Figure adapted from Ko et al. [62] under the terms of the Creative Commons CC BY 

license. 

 

A constrained surface approach is often preferred as it guarantees certain advantages over the other 

method, including increased motion accuracy of the z-stage down to precisions of 0.1-1 µm which 

ensures a smooth surface and precise layer thickness [40], and the possibility of adding new liquid 

slurry if  needed through a pump (fresh material supply is always guaranteed, even for large jobs) [62]. 

Furthermore, the layer created is not directly exposed to air, allowing faster light-curing [62], and the 

structure under construction is not completely submerged in the vat, which considerably reduces the 

amount of material required and, consequently, the cost of production [40]. 

It is important for the newly created layer not to remain attached to the surface of the vat, but to 

properly adhere to the previous layer, and for the whole structure to remain firmly attached to the 

building platform throughout the process. In order to promote the attraction forces between scaffold 

and building platform and reduce the attraction forces between scaffold and vat surface, the vat is 

coated with hydrophobic films, such as polytetrafluoroethylene (PTFE) or polydimethylsiloxane 

(PDMS)  [62]. 

Furthermore, it is necessary to pay attention to any curved surfaces during printing: the DLP process is 

particularly suitable for illuminating geometries with 90° angles and may carry the risk of creating saw-

tooth roughness when illuminating curved structures [40]. 

  

6.2 Digital micro-mirror device (DMD) 

Digital micro-mirror device (DMD) is the key component of the DLP process. A 

microelectromechanical system (MEMS) acts as a dynamic mask when connected to the computer [40]. 

The chip was developed at Texas Instruments in 1987 and consists of an array of reflective aluminium 

micro-mirrors [45]. Each mirror is fixed on top of a yoke and hinge system on a silicon memory cell, 

creating a single pixel [40]. If a sufficiently high polarization voltage is applied, the electrostatic 

attractions bring the mirrors into an unbalanced position of <10° or >10° with respect to the position of 



equilibrium [63]. The address voltage determines in which direction the mirror is tilted [40]. If the 

micro-mirror is in the condition of <10° (“tilt on”), the light from the light source is reflected in the 

projection lens and the image is created [63]. When it is in the condition of >10° (“tilt off”), the light is 

not reflected but is collected by a light absorber [63]. Generally, a DMD chip contains more than 

442.000 switchable mirrors [63]. 

The use of the DMD provides many advantages: first, the large number of micro-mirrors allow a better 

and more uniform intensity of the light [45] and the pixels, being reduced in size, allow a higher 

resolution of the display [45]. Furthermore, ultra-flat aluminium micro-mirrors permit successful 

modulation of the UV illumination [45]. There is also a greater control over exposure time: this is 

particularly important so that the modulation of the grayscale intensity can occur at pixel level [45]. 

In summary, the DLP process exhibit interesting advantages as compared to other rapid prototyping 

techniques, including high spatial resolution due to the small size/large number of pixels [50], no need 

for special environmental conditions during processing [61], and high processing speed. As regards the 

last point, the use of dynamic masks, which allow the polymerisation of an entire cross-section at once, 

drastically reduces the fabrication time regardless of the shape, size and complexity of the structure to 

be reproduced [61]. The high speed of the process not only carries an economic advantage but is a 

fundamental requirement when working with partially stable resins that necessarily require fast 

processing times [40]. By using the constrained surface approach, the amount of material required is 

much smaller compared to free surface approach and this further contributes to lower production costs 

[61]. 

Nonetheless, there are also some critical aspects about this technique, including undesirable diffusion 

of light through the previously formed layers, which might cause uncontrolled polymerization and 

occlusion of the pore [64], and the need for properly controlling the curing depth of the UV light in 

order to avoid loss of resolution [64]. 

 

7. Current applications of SLA- and DLP-derived ceramic scaffolds 

 

In recent years conventional SLA and DLP process have established themselves as successful 

techniques for the manufacturing of ceramic scaffolds, owing to the possibility of producing dense, 

precise and high-strength ceramics [65]. These techniques allow greater flexibility in the realization 

and modification of designs; samples can be quickly tested and readjusted and parts with precise 

characteristics can be created [65]. These attractive properties have allowed obtaining good results not 

only in bone tissue engineering but also in dentistry and cranio-maxillofacial procedures [65]. Additive 

printing based on SLA and high-resolution DLP allow fabricating ceramic products with theoretical 

densities higher than 99.8%, good mechanical properties, and homogeneous, precise and highly 

reproducible microstructure [65].  

A wide range of ceramic materials can be processed, such as zirconia (ZrO2), alumina (Al2O3), calcium 

phosphates and hydroxyapatite [65]. Ronca et al. developed a composite shelf applying SLA to nano-

hydroxyapatite and poly-(DL-lactide). Due to the presence of hydroxyapatite, the scaffold had a higher 

structural strength and better biocompatibility with bone cells [37]. 



Brie et al. created pure hydroxyapatite scaffolds by SLA and implanted them in the skull of 8 human 

patients. After a 12-month follow-up, these scaffolds did not cause any complications and a perfect 

continuity between host tissue and implant was observed [37]. 

Mangano et al. showed that biphasic calcium phosphate scaffolds made by SLA had better 

characteristics than scaffolds obtained via foaming and traditional sintering. Porous cylindrical 

scaffolds were composed of 30% of hydroxyapatite and 70% β-TCP in order to find the right balance 

for bone regeneration favoured by the rapid resorption of β-TCP and low resorption of hydroxyapatite 

[66]. The scaffolds obtained by SLA were more effective in mimicking the porous trabecular 

organization of the maxillary bone characterized by high interconnectivity of void spaces.  SLA-

moulded specimens had a higher final strength with a smaller plastic region. An average compressive 

of about 6.4 MPa and a total compressive deformation of about 3.6% were recorded prior to achieving 

material fracture [66].  

Hydroxyapatite cylindrical scaffolds were fabricated through DLP by Tesavibul et al. The samples had 

a geometry comparable to that of the original CAD model (11.3 mm diameter and 3 mm thickness). 

The density of the solid skeleton reached 91% of the theoretical one and the scaffold compressive 

strength was 0.36 MPa; the average pore size was between 500-700 µm. Good results were obtained 

from in vitro biocompatibility tests: after 14 days, preosteoblastic MC3T3-E1 cells seeded on the 

scaffolds began to proliferate and differentiate into an osteoblastic lineage [67]. 

Several studies for the production of scaffolds using bioresorbable ceramics were recently made by 

Lithoz GmbH (Austria) using their own CeraFab DLP process system. In 2019, β-TCP-based bone 

tissue engineering shelves were printed in different geometries (hexagonal Kagome, rectilinear Grid, 

Schwarz primitive, and hollow Schwarz architecture) to evaluate the best compromise between 

porosity and mechanical properties [59]. The rectilinear Grid structure showed a compressive strength 

of 44.7 MPa (Weibull modulus 5.28) with 50 vol.% porosity [59]. 

Despite the good results that are being obtained towards “ideal” tissue engineering scaffolds, pore 

microstructure defects, rheological properties of the slurry, correct sintering temperature and 

satisfactory mechanical properties are still partially open issues that need to be improved [68]. In any 

case, the various studies have shown that it is almost always possible to obtain scaffolds with high 

relative density and excellent cell biocompatibility. The main property that should be improved is the 

compressive strength of the sample, often too low for the requirements of bone scaffolds. For example, 

45S5 Bioglass®  scaffolds obtained by DLP process have a lower compressive strength than porous 

glass foams produced by sponge replication [69]. 

Table 5 collects a selection of studies found in the literature and the main characteristics of scaffolds 

printed with classical SLA or DLP technique. 

 

  



Table 5. Overview of bioceramic scaffolds fabricated by SLA/DLP process 

Reference Material Scaffold geometry Technique Scaffold properties 

Mangano et al., 
2019 [66] 

Biphasic calcium 
phosphate (70% β-TCP/ 
30% hydroxyapatite) 

Porous cylinders SLA 

- Pore size: 100 µm 
- Compressive strength: 6.4 MPa 
- Biocompatible (cell-culturing 

with MC3T3-E1 pre-
osteoblasts) 

Tesavibul et al., 
2014 [67] 

Hydroxyapatite Porous cylinder DLP 

- Relative density: 91% 
- Pore size: 500-700 µm 
- Biocompatible (cell-culturing 

with MC3T3-E1 pre-
osteoblasts) 

Schimidleithner et 
al., 2019 [59] 

TCP Grid structure DLP 

- Relative density: 99.5% 
- Pore size: 400 µm 
- Porosity: 50 vol.% 
- Compressive strength:44.7 

MPa and Weibull modulus: 
5.28 

- Biocompatible (cell-culturing 
with MC3T3-E1 pre-
osteoblasts) 

Yao et al., 2019 
[68] 

Hydroxyapatite 
Cubic structure (10 x10 x 
10 mm3) 

DLP 
- Relative density: 95.85% 
- Shear viscosity < 3.7 Pa·s 

Ghayor et al., 2018 
[70] 

TCP 

15 scaffolds with different 
defined pore/bottleneck 
dimensions and 
distributions 

DLP - Pore size: 700-1200 µm 

Zeng et al., 2018 
[60] 

Hydroxyapatite 
Square pore structure (21 x 
21 x 3 mm3) 

DLP 

- Compressive strength (z-
direction): 11.8 MPa 

- Compressive strength (x-
direction): 5.1 MPa 

- Biocompatible (cell-culturing 
with MC3T3-E1 pre-
osteoblasts) 

Tesavibul et al., 
2012 [69] 

45S5 Bioglass® 
Cylindrical cellular 
structure (d=9.8 mm; 
h=11.6 mm) 

DLP 
- Pore size: 500 µm 
- Compressive strength of the 

cellular structure: 0.33 MPa 

Liu et al., 2019 
[71] 

Hydroxyapatite 
Porous rectangular scaffold 
(L= 10 mm; h=20 mm) 

DLP 

- Pore size: 300-600 µm 
- Relative density: 94.9% 
- Porosity: 49.8 vol.% 
- Bending strength: 41.3 MPa 
- Compressive strength: 15.25 

MPa 
- Biocompatible (cell-culturing 

with MC3T3-E1 pre-
osteoblasts) 

Feng et al., [72] 
Hydroxyapatite (45 
vol.%) 

Porous cylindrical scaffold 
(d=11.8; h=14.2) 

DLP 

- Relative density: 66.6% 
- Flexural strength: 10.0 MPa 
- Compression strength: 12.0 

MPa 



Cao et al., 2020 
[73] 

ZrO2 / hydroxyapatite 
Porous rectangular scaffold 
(L=7.5 mm; h=15 mm) 

DLP 

- Compressive strength 
(hydroxyapatite 10 wt.%): 
52.25 MPa 

- Biocompatible (cell-culturing 
with MC3T3-E1 pre-
osteoblasts) 

 

8. Conclusions 

 

In order to overcome the intrinsic drawbacks of natural grafts (transplant materials), during the last 

decades bone tissue engineering focused on the development of man-made ceramic scaffolds. These 

synthetic grafts aim at providing the same function as ECM, thus ensuring cellular activity, adequate 

mechanical support and proper mechanical and biochemical interactions with cells and proteins. In 

order to perform these tasks, the scaffold must be carefully designed: in fact, it is not sufficient to 

choose a biocompatible material, but a minimum degree of porosity (50-60 vol.%), pore 

interconnectivity and adequate surface characteristics should be achieved to promote effective 

osteogenesis.  

Over the years, many techniques have been developed and improved for this purpose, and additive 

manufacturing technologies allow obtaining scaffolds with a highly reproducible and customizable 

structure. These methods rely on the reproduction of CAD files and are able to build 3D porous 

scaffolds with well-controlled structural properties. Among the various additive manufacturing 

techniques, SLA is very suitable to be used with ceramic materials, ensuring a very high resolution and 

ease of processing. At present, this technique has been further improved by replacing UV laser with a 

new lighting method, called DLP, that is based on a DMD consisting of millions of mirrors and is able 

to reduce processing time without affecting the spatial resolution. Processing bioceramics with SLA 

strategies is a winning combination leading to produce high-quality and accurate scaffolds that can be 

used to manage both small and large bone defects even in load-bearing anatomical sites. 
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