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RESUMO 

 

 

Há uma demanda crescente por materiais cerâmicos personalizados com formas e propriedades 

cada vez mais complexas para aplicações de engenharia biomédica, que não podem ser obtidos 

por meio de técnicas tradicionais de processamento de cerâmica. Nos últimos anos, tem-se dado 

cada vez mais atenção aos materiais à base de cerâmica produzidos por um método de 

manufatura aditiva comumente chamado de DIW (direct ink writing) ou Robocasting. No 

entanto, o desafio atual das cerâmicas produzidas por DIW continua sendo a obtenção de uma 

boa confiabilidade mecânica. Portanto, no primeiro capítulo, esta tese examina o cenário geral 

do campo de DIW, destacando e analisando os principais resultados dos estudos disponíveis na 

literatura. Ela também descreve e discute as abordagens mais inovadoras, bem como as 

estratégias de aprimoramento mecânico e biológico do método DIW. O segundo capítulo da 

tese apresenta uma caracterização abrangente de pastas compostas por um pó de zircônia 

tenacificada por alumina (ATZ, 84 vol% Ce-TZP, 8% Al2O3, 8% SrAl12O19), um defloculante, 

um ligante, água deionizada e, em alguns casos, nanofibras de carbono (CNFs). O 

comportamento reológico e as propriedades fundamentais dessas pastas foram determinados e 

foram realizados testes de capacidade de impressão. Os resultados foram comparados aos 

critérios/parâmetros de printabilidade estabelecidos e descritos na literatura existente (ф, K e 

FTI). Esses critérios foram considerados adequados para avaliar a capacidade de impressão, 

embora tenham apresentado algumas limitações na previsão de algumas pastas não 

imprimíveis. Além disso, foi introduzido um novo critério baseado na taxa de recuperação do 

módulo de armazenamento, com o potencial de prever a capacidade de impressão com um único 

teste. O terceiro e último capítulo da tese concentrou-se na fabricação por DIW de filamentos 

do mesmo compósito de ATZ com e sem CNFs, com o objetivo de aprimorar as propriedades 

mecânicas por meio de processos cuidadosos de remoção de ligante (debinding) e sinterização, 

bem como a orientação dos CNFs. Foram usados bicos de impressão com diâmetros na faixa 

de 200 a 840 µm e foram determinadas as condições ideais de debinding e sinterização, usando 

os métodos de sinterização convencional (CS) e spark plasma sintering (SPS). A avaliação 

mecânica dos filamentos incluiu a determinação da tensão de fratura (resistência à flexão), da 

deformaão de fratura, do módulo de Young e da confiabilidade mecânica (módulo de Weibull).  

A adição de CNFs, que deveria melhorar as propriedades mecânicas, prejudicou a maioria delas 

devido à aglomeração desse material. A impressão com bicos menores mostrou melhorias no 

módulo de Young dos filamentos, com os filamentos de ATZ sinterizados por CS exibindo 

plasticidade induzida por transformação (TRIP), enquanto os sinterizados por SPS não 

apresentaram TRIP. As propriedades mecânicas obtidas foram comparáveis ou superiores 

àquelas obtidas por meio de técnicas convencionais de processamento de cerâmica, como cold 

isostatic pressing e slip casting. Da mesma forma, foi obtido um bom nível de confiabilidade 

mecânica. 

 

Palavras-chave: direct ink writing; cerâmica; biomateriais; manufatura aditiva; zircônia 

tenacificada por alumina; nanofibras de carbono; confiabilidade mecânica. 

 

 

 

 



 

ABSTRACT 

 

 

 

There is a growing demand for personalized ceramic materials with increasingly complex 

shapes and properties for biomedical engineering applications, which cannot be achieved via 

traditional ceramic processing techniques. In recent years, increasing attention has been drawn 

to ceramic-based materials produced by an additive manufacturing method commonly referred 

to as direct ink writing (DIW) or Robocasting. However, the current challenge of DIW-

produced ceramics remains the achievement of strong mechanical reliability. Hence, in the first 

chapter, this thesis examines the overall scenario of the DIW field, highlighting and analyzing 

the primary outcomes of studies available in the literature. It also describes and discusses the 

most innovative approaches, as well as mechanical and biological improvement strategies for 

the DIW method. The second chapter of the thesis provides a comprehensive characterization 

of pastes consisting of an alumina-toughened zirconia (ATZ, 84 vol% Ce-TZP, 8% Al2O3, 8% 

SrAl12O19) powder, a deflocculant, a binder, deionized water and, in some cases, carbon 

nanofibers (CNFs). The rheological behavior and fundamental properties of these pastes were 

determined and printability tests were conducted. The results were compared to established 

printability criteria/parameters outlined in existing literature (ф, K and FTI). These criteria were 

found to be suitable for assessing printability, although they presented some limitations in 

predicting some unprintable pastes. Furthermore, a new criterion based on the recovery rate of 

the storage modulus was introduced, with the potential to predict printability with a single test. 

The third and last chapter of the thesis focused on the DIW fabrication of filaments of the same 

ATZ composite with and without CNFs with the objective of enhancing the mechanical 

properties by careful debinding and sintering processes, as well as the orientation of the CNFs. 

Nozzle diameters in the range of 200-840 µm were used and optimal debinding and sintering 

conditions were determined, using both Conventional Sintering (CS) and Spark Plasma 

Sintering (SPS) methods. The mechanical evaluation of the filaments included the 

determination of the fracture stress (flexural strength), fracture strain, Young's modulus and 

mechanical reliability (Weibull modulus).  The addition of the CNFs, expected to improve the 

mechanical properties, hindered most of them because of CNF agglomeration. Printing with 

smaller nozzles showed improvements in the Young’s modulus of the filaments, with ATZ 

filaments sintered by CS exhibiting transformation-induced plasticity (TRIP), while those 

sintered by SPS did not. The mechanical properties obtained were comparable to or higher than 

those achieved through conventional ceramic processing techniques like cold isostatic pressing 

and slip casting. Similarly, a good level of mechanical reliability was achieved.  

 

Keywords: direct ink writing; ceramics; biomaterials; additive manufacturing; alumina-

toughened zirconia; carbon nanofibers; mechanical reliability. 

 

  



 

RÉSUMÉ 

 

 

Il y a une demande croissante de matériaux céramiques personnalisés présentant des formes et 

des propriétés de plus en plus complexes pour des applications d'ingénierie biomédicale, qui ne 

peuvent être obtenues par les techniques traditionnelles de traitement de la céramique. Ces 

dernières années, une attention croissante a été portée aux matériaux à base de céramique 

produits par une méthode de fabrication additive communément appelée direct ink writing 

(DIW) ou Robocasting. Cependant, le défi actuel des céramiques produites par DIW reste 

l'obtention d'une grande fiabilité mécanique. Donc, dans le premier chapitre, cette thèse 

examine le scénario global du domaine de direct ink writing, en soulignant et en analysant les 

principaux résultats des études disponibles dans la littérature. Il décrit et discute également les 

approches les plus innovantes, ainsi que les stratégies d'amélioration mécanique et biologique 

de la méthode DIW. Le deuxième chapitre de la thèse présente une caractérisation complète des 

pâtes composées d'une poudre de zircone renforcée à l'alumine (ATZ, 84 % vol. de Ce-TZP, 8 

% Al2O3, 8 % SrAl12O19), d'un défloculant, d'un liant, d'eau désionisée et, dans certains cas, de 

nanofibres de carbone (CNF). Le comportement rhéologique et les propriétés fondamentales de 

ces pâtes ont été déterminés et des tests d'imprimabilité ont été réalisés. Les résultats ont été 

comparés aux critères/paramètres d'imprimabilité établis dans la littérature existante (ф, K et 

FTI). Ces critères se sont avérés adaptés à l'évaluation de l'imprimabilité, bien qu'ils présentent 

certaines limites dans la prédiction de certaines pâtes non imprimables. En outre, un nouveau 

critère basé sur le taux de récupération du module de stockage a été introduit, avec le potentiel 

de prédire l'imprimabilité avec un seul test. Le troisième et dernier chapitre de la thèse s'est 

concentré sur la fabrication par DIW de filaments du même composite ATZ avec et sans CNF, 

dans le but d'améliorer les propriétés mécaniques par des processus de déliantage et de frittage 

minutieux, ainsi que l'orientation des CNF. Des diamètres de buse compris entre 200 et 840 µm 

ont été utilisés et des conditions optimales de déliantage et de frittage ont été déterminées, en 

utilisant les méthodes de frittage conventionnel (CS) et de spark plasma sintering (SPS). 

L'évaluation mécanique des filaments comprenait la détermination de la contrainte de rupture 

(résistance à la flexion), de la déformation de rupture, du module de Young et de la fiabilité 

mécanique (module de Weibull).  L'ajout de CNF, censé améliorer les propriétés mécaniques, 

a entravé la plupart d'entre elles en raison de l'agglomération des CNF. L'impression avec des 

buses plus petites a permis d'améliorer le module d'Young des filaments, les filaments ATZ 

frittés par CS présentant une plasticité induite par la transformation (TRIP), alors que ceux 

frittés par SPS n'en présentaient pas. Les propriétés mécaniques obtenues étaient comparables 

ou supérieures à celles obtenues par les techniques conventionnelles de traitement des 

céramiques, telles que le cold isostatic pressing et le slip casting. De même, un bon niveau de 

fiabilité mécanique a été atteint. 

 

Mots clés : direct ink writing ; céramiques ; biomatériaux ; fabrication additive ; zircone 

renforcée à l'alumine ; nanofibres de carbone ; fiabilité mécanique. 

 

 



 

 LIST OF ABBREVIATIONS AND ACRONYMS 

 

γ    Surface tension of the suspension 

γf    Shear strain at the flow point 

γy    Shear strain at the yield point 

γ̇    Shear rate 

γ̇max    Maximum shear rate 

εfracture    Fracture strain 

εnon-linear   Non-linear strain 

εyield    Yield strain 

ɛ-CL    ɛ-caprolactone 

η    Viscosity 

ηmedium   Viscosity of the medium of the paste 

ηr    Relative viscosity 

μ-CT   Micro-computed tomography 

Ξ   Printability criterion/parameter 

ρ   Density  

ρair    Density of air 

ρliquid    Density of the liquid  

ρsample    Measured density of the sample 

σ0    Characteristic strength  

σcompressive   Compressive strength 

σf    Applied stress 

σflexural    Flexural strength 

σfracture    Fracture stress 

σx,y    Electrical conductivity in the printing plane (x,y) 

σyield    Yield stress 

σz    Electrical conductivity in the z-direction 

τ    Shear stress 

τf    Flow stress  

τy or τy
STAT  Static yield stress 

τy
Din    Dynamic yield stress  

φ    Solid content  

φmax    Maximum solid content/maximum packing fraction 

ф    Printability criterion/parameter 

[n]    Shape factor 

3D   Three-dimensional 

3ITT    Three-interval thixotropy test 

3PB   Three-point bending 

4PB    Four-point bending 

AESO   Acrylated epoxidized soybean oil 

Al2O3    Alumina 



 

ALP    Alkaline phosphatase 

AM   Additive manufacturing 

ANOVA   Analysis of variance 

Ar   Argon 

ATZ    Alumina-toughened zirconia 

BCP   Biphasic calcium phosphate 

BG    Bioactive glasses 

BMP-2  Bone morphogenetic protein-2 

BMSCs  Bone mesenchymal stem cells 

BR   Bone regeneration 

BSA   Bull serum albumin 

CAD    Computer-aided design 

CAMI   Current-assisted metal infiltration 

Ce-TZP   Ceria-stabilized tetragonal zirconia polycrystal 

CDHA   Calcium-deficient hydroxyapatite 

CFRP   Carbon fiber reinforced epoxy composites 

CGT    Critical gelation temperature 

CIP    Cold isostatic pressing 

CMC   Carboxymethyl cellulose 

CMT    Critical micellar temperature 

CNC   Computed numerical control 

CNFs    Carbon nanofibers 

CNT   Carbon nanotube 

CPO   Calcium peroxide 

CS    Conventional sintering 

CT   Computerized tomography 

CTR    Chance of true relationship 

D    Nozzle diameter 

dx,y   Distance between struts in the same plane (x,y)  

dz    Distance between layers (z-direction) 

DCM   Dichloromethane 

DIP   Direct inkjet printing 

DIW   Direct ink writing 

DIW-SC  Direct ink writing-solvent casting 

DNGH   Double network granular hydrogel 

E    Young’s modulus 

Ecompressive   Young’s modulus under compression 

ECM   Extracellular matrix 

e.g.   Exempli gratia (for example)  

F    Probability of failure 

F127    Pluronic® F-127 

FDM   Fused deposition modeling 

FE-SEM  Field-emission scanning microscopy 

FEM   Finite element modeling 



 

FTI    Flow transition index – printability criterion/parameter 

FVB   Flow-through vascular bundle 

g   Gravitational force 

G’   Storage modulus 

G'eq    Equilibrium modulus 

G”    Loss modulus 

GNPs   Graphene nanoplatelets 

GO   Graphene oxide 

h   Height of the printed structure 

hmax    Maximum printable height 

HA   Hydroxyapatite 

hBMSC  Human bone marrow-derived mesenchymal stem cells 

HEA   2-hydroxyethyl acrylate 

HIP    Hot isostatic pressing 

HPMC   Hydroxypropyl methylcellulose 

HSSGG  High silica sol-gel glass 

HUVECs  Human umbilical vein endothelial cells 

HV   Vicker’s number of hardness 

Iy    Quadratic moment 

i.e.   Id est (that is) 

imCNTs  Ionically modified carbon nanotubes 

ISP   In situ polymerization 

k    Flow consistency parameter 

K    Printability criterion/parameter 

KIC   Fracture toughness 

L    Lower span distance  

LLA   L-lactide 

LOM   Laminated object manufacturing 

LVDT    Linear variable differential transformer 

LVR    Linear viscoelastic region 

m    Weibull modulus 

mair    Mass of the sample in air 

mliquid    Mass of the sample in the liquid phase 

MA   Maltodextrin 

MBG   Mesoporous bioactive glass 

mBMSCs  Mouse bone marrow mesenchymal stem cells 

mMSCs  Mouse mesenchymal stromal cells 

MRI   Magnetic resonance imaging 

MSCs   Mesenchymal stem cells 

Mw   Molecular weight 

n    Flow behavior index 

n.d.   Non-disclosed information 

nBG   Nano bioactive glass 

p   p-value/probability value 



 

P-3B    Piston-on-three balls 

P-3DP   Powder-based 3D printing 

P-SLM  Powder-based selective laser melting 

P-SLS   Powder-based selective laser sintering 

PµSL   Projection micro-stereolithography 

PAM   Polyacrylamide  

PBS   Phosphate buffered saline 

PCL   Polycaprolactone 

PDC   Polymer-derived ceramic 

PEG   Polyethylene glycol 

PEI   Polyethylenimine 

PEO   Poly(ethylene oxide) 

PHA   Poly(hydroxyalkanoates) 

PHBHHx  Poly-(3-hydroxybutyrate-co-3-hydroxyhexanoate) 

PLA   Poly(lactic acid) 

PLGA   Poly(lactic-co-glycolic acid) 

PMMA  Polymethylmethacrylate 

PPO   Poly(propylene oxide) 

PRF   Platelet-rich fibrin 

PVA   Poly(vinyl alcohol) 

PVP   Polyvinylpyrrolidone 

Q    Printing speed 

R   Nozzle diameter 

R2    Coefficient of determination 

Relat. density  Relative density 

rBMSCs  Rat bone mesenchymal stem cells 

rGO   Reduced graphene oxide 

rhBMP-2  Recombinant human BMP-2 

rBMSCs  Rabbit bone marrow stromal cells 

rMSCs   Rat mesenchymal stem cells 

S-3DP   Slurry-based 3D printing 

S-SLS   Slurry-based selective laser sintering 

SBF   Simulated body fluid 

SC    Slip casting  

SEM   Scanning electron microscopy 

SiHA   Silicon-substituted hydroxyapatite 

SLA   Stereolithography 

SLS    Selective laser sintering 

SPS   Spark plasma sintering 

SrAl12O19   Strontium aluminate 

SWCNT  Single-walled carbon nanotube 

T    Temperature 

tsintering    Time at the plateau  

Tsintering   Temperature of the sintering plateau 



 

TCP   Tricalcium phosphate 

TGA    Thermogravimetric analysis  

TRIP    Transformation-induced plasticity 

TZP   Tetragonal zirconia polycrystal 

UC   Unidirectionally compressed 

UV   Ultra-violet 

VEGF   Vascular endothelial growth factor 

x    Distance from the tensile side of the filament to the neutral axis  

XRD   X-ray diffraction 

Y-TZP   Yttria-stabilized tetragonal zirconia polycrystal 

YSZ   Yttria-stabilized zirconia 

ZrO2    Zirconia 
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GENERAL INTRODUCTION  

 

This thesis started to be conceived on October 2019 at the beginning of my Ph.D. 

journey. It was during this period that Profs. Fredel and Bruno told me about an opportunity for 

collaborative work with Prof. Laurent at the Mateis Lab in Lyon, France. With a theme 

completely different from the one I explored in my masters (membranes for guided bone 

regeneration obtained by electrospinning) and the difficult task of achieving a French level B1 

in seven months, I accepted the opportunity.  

At that time my familiarity with French was confined to Duolingo lessons (yes, le chat 

est noir). So, with a lot of effort, I passed the proficiency test just in time for my scheduled trip 

to France in March 2020. Then a pandemic abruptly altered these plans. Everything was 

postponed, the lab was inaccessible and the first chapter of this thesis was born – a 

comprehensive literature review. Reading numerous papers daily, collecting and summarizing 

copious amounts of information, all while isolated from the world and listening to distressing 

news on the TV, presented its challenges. When circumstances finally improved (September 

2021) and I could proceed to France, I realized I was grappling with a burn-out crisis resulting 

from that tough period. The process of overcoming this psychological and emotional hurdle 

occurred simultaneously with conducting the experiments detailed in this work. A year and four 

months later, back in Brazil, I dedicated myself to writing the papers and, consequentially, this 

thesis, as all the experiments had been finalized. Each chapter within this thesis corresponds to 

a paper that has either been published or is scheduled for publication. Hence, the three chapters 

of this thesis: 

 

1) Review paper on the ceramics and ceramic-based composites intended for biomedical 

engineering applications that had been produced by direct ink writing; 

2) Rheological characterization of a paste for direct ink writing composed of alumina-

toughened zirconia with and without carbon nanofibers with focus on their printability 

and the suitability of printability criteria that have been proposed by the literature; 

3) Mechanical evaluation of alumina-toughened zirconia filaments with and without 

carbon nanofibers obtained by direct ink writing. 
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Each one of them is self-sufficient and, thus, states the research problem, the objectives 

of the study, previous studies on the same theme and the justifications that led to the choice of 

the theme. Another paper with the biological characterization of the CNF-containing samples 

is currently in progress; however, its results were not ready in time for inclusion in this 

document. 

As I’m writing the last sections of this thesis, I come to recognize the tremendous 

growth that has resulted from this challenging adventure. For that, I’m very grateful. The 

forthcoming pages depict this scientific journey to the best of my abilities, with the aspiration 

of providing both insight and enjoyment. 
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1. INTRODUCTION 

 

Additive manufacturing (AM) has intensely improved our ability to produce custom-

designed objects with precise dimensions and intricate architectures while ensuring 

standardization and reproducibility of the manufacturing processes [1,2]. Biomedical materials 

may also be improved by AM techniques, particularly in two major sets of applications. The 

first is orthopedic and dental implants, which may take advantage of manufacturing patient-

matched devices and also devices that would be problematic to produce otherwise. Tissue 

engineering is the second area of application that can be beneficiated. Typically, specific porous 

three-dimensional (3D) supports/scaffolds are required for cells to attach, grow and 

differentiate themselves into functional tissues or organs [3]. In this regard, AM techniques are 

specifically remarkable in the production of architectures with porosities of controlled size 

distribution, from the nanometer to the millimeter scale, which can also be tailored to guide cell 

growth. 

Recent improvements in the biomaterials field, biomedicine and biologic sciences 

have augmented the use of AM techniques [4], primarily through the customization possibility, 

a critical factor in this area and one that AM is exceptionally capable of conferring with specific 

properties and shapes. Recently, AM has been used for diverse medical fields (Fig. 1): drug 

delivery systems [5]; tissue engineering (customized scaffolds and artificial tissues/organs for 

transplants) [6,7]; low-cost orthoses and prostheses for developing countries [8,9]; surgical 

guides for screw insertions [10]; medical instruments for surgery and diagnostics [11]; 

laboratory equipment (e.g., portable test tools [12] and probes [13]); implants [14,15] and 

anatomical models for clinical practice [16,17]. 
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Fig. 1. Schematic representation of the application of additive manufacturing in bio-related fields. 

 
Source: Author. 

 

The significant developments this type of technologies has experienced in a wide range 

of areas enable the production of objects of all classes of materials (metals, polymers, ceramics 

and composites), including materials of biological origin [18]. Among these, ceramic additive 

manufacturing has gained significant research interest due to the limitations of traditional 

ceramic processing. The increasing demand for ceramic objects with complex morphologies 

made traditional ceramic processing methods (e.g., casting and molding followed by 

machining) no longer adequate in some conditions [19,20]. Complex-shaped ceramic 

components are conventionally fabricated through slip casting (limited by the complexity of 

the molds) or uniaxial or isostatic pressing (limited by special equipment and tooling), which 

cannot provide high dimensional accuracy without a costly and time-consuming machining 

step. Therefore, in addition to a high degree of fabrication freedom, the AM of ceramics draws 

attention, considering its high efficiency and accuracy in achieving complex structures as well 

as its ability to tailor composition and microstructure with multifunctional properties [21–23].  

There are several AM techniques nowadays, the most used for ceramic materials being 

schematically illustrated in Fig. 2, based on the different principles of layer formation. The main 

characteristics of these techniques are displayed in Table 1.  
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Fig. 2. Schematic representation of the additive manufacturing techniques most used for ceramics. 

 
Source: Author. 

 

Table 1. Main characteristics of the additive manufacturing techniques most used for ceramics.   

Technique Feedstock 
Piece 

dimension 

Precision 

(μm) 

Dense 

struts 

Dense 

components 

Feedstock 

preparation cost 

Process 

cost 

Direct/ 

Indirect 

DIP Liquid S-M 10 Yes Yes +++++ ++ Direct 

FDM Liquid S-M 100 Yes No +++ + Direct 

DIW Liquid S-XL 10 Yes Yes ++ + Direct 

LOM Solid M-L 100 Yes Yes +++ ++ Indirect 

P-SLM Solid M-L 100 No No + +++ Indirect 

P-SLS Solid M-L 100 No No + +++ Indirect 

S-SLS Liquid M-L 100 Yes Yes + +++ Indirect 

S-3DP Liquid M-XL 100 Yes Yes + ++ Indirect 

P-3DP Solid M-XL 100 No No + ++ Indirect 

SLA Liquid XS-M < 1 Yes No ++++ ++ Indirect 

Source: Adapted from Zocca et al. [21].  

XS = 100 μm; S = 1 mm; M = 10 mm; L = 0.1 m; XL = 1 m. Costs are directly proportional to the number of 

symbols (+) indicated. 

 

A primary ambition of ceramic processing is to elaborate 3D structures with the 

required functional or mechanical properties, if not both. As can be seen in Fig. 2, multiple AM 

techniques have been established to expand the variety of available ceramic structures. One 

extrusion-based printing technique that is of particular interest is direct ink writing (DIW), 

which was initially developed and patented by Cesarano et al. at the Sandia National 

Laboratories (U.S.A.) in 2000 under the name "Robocasting" [24].  

The DIW technology is a widely investigated processing route for ceramics, especially 

scaffolds. It is based on the extrusion of pastes/suspensions/inks/slurries through a fine nozzle 

and their subsequential deposition layer-by-layer on a plate to form a controlled 3D architecture 

[25] – Fig. 3. The composition of these slurries generally includes a liquid carrier (commonly 

water; with a volume fraction typically greater than 30% but very often surpassing 50%), 
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polymeric binders/gelling agents (usually < 1%) and a ceramic powder, encompassing the rest 

of the feedstock [26]. Among the binders and gelling agents, the mostly used are Pluronic® F-

127 (a triblock copolymer of PEO-PPO-PEO; PEO: poly(ethylene oxide); PPO: poly(propylene 

oxide)), PVA (poly(vinyl alcohol)), CMC (carboxymethyl cellulose), HPMC (hydroxypropyl 

methylcellulose, commercially found as Methocel® F4M), PEG (polyethylene glycol) and PEI 

(polyethylenimine). A deflocculant is also commonly used to avoid agglomeration of the 

ceramic particles (e.g., ammonium polyacrylate (commercially known as Darvan®) and 

polycarboxylic acid (commercial: Dolapix®)). The pastes can be extruded through the nozzle 

either by a screw system, pneumatic pressure or by the force of a piston. Also, to mitigate the 

crack/deformation development associated with excessive shrinkage, some studies employ a 

coating layer on the substrate onto which deposition will take place – some examples are the 

use of corn syrup [27] and oleic acid [28]. After the deposition, the ink must dry to form a green 

component, which can then undergo debinding and sintering (if desired).  

 
Fig. 3. Schematic representation of the DIW printing method highlighting its main associated parts and 

parameters involved in the production of scaffold and dense components.  

 
Source: Author. 

dx,y: distance between struts in the same plane (x,y); dz: distance between layers (z-direction). 

 

Bone tissue engineering scaffolds fabricated through the DIW technique have shown 

potential to be stronger than those manufactured by conventional methods – with achieved 

mechanical strength values 4- to 5-times those obtained for bioactive glass and hydroxyapatite 

scaffolds with similar porosity prepared by other conventional techniques [29]. The approach 

also enables the obtention of dense components with densities up to 98%. Among the DIW 

advantages are the possibility of  (1) attaining very fine lattice structures as a result of the low 

viscosity of the slurry [30], (2) using different extrusion nozzles than the standard circular ones 

(square, hexagonal or other complex geometries [25]) that can also produce hollow filaments 
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and (3) orientating high aspect-ratio particles, which is decurrent from the shear stresses 

associated with the nozzle reduction process – such oriented structures are currently being 

actively studied [31–33]. 

Therefore, this fast and non-complex fabrication method is considered a very 

auspicious approach for biomedical applications, particularly for obtaining ceramic-based bone 

tissue engineering scaffolds [34,35]. Its simplicity and low cost make DIW also appealing for 

in-hospital 3D printing. However, to the authors' knowledge, neither an overview of the 

currently existing DIW-printed ceramic-based components for biomedical engineering 

applications nor an analysis of their main characteristics exists. This review provides a complete 

overview of the current state of the art of the ceramic-based components produced by DIW and 

used for these applications. The studies were categorized by the components’ bioactivity and 

then by their compositions, delivering their most significant findings and outcomes. 

 

2. LITERATURE SEARCH METHODS  

 

2.1. SCIENTIFIC LITERATURE RESEARCH 

 

The scientific literature search was performed using several databases (Scopus, Web 

of Science) and the search tools provided by several editors (ScienceDirect, SpringerLink, 

Royal Society of Chemistry and Taylor & Francis). Only general terms were chosen to have a 

vaster search query, which was not limited to a particular period and included just English 

articles. Our complete search query was TITLE-ABS-KEY (("direct ink writing" OR 

"robocasting") AND (LIMIT-TO (LANGUAGE, "English")). The last search was performed 

on October 11th, 2021. 

 

2.2. ELIGIBILITY CRITERIA 

 

Were evaluated studies that simultaneously fit into three categories, namely, (1) use of 

the direct ink writing technique as a method of fabrication; articles that merely cite the DIW 

process were excluded (some authors make distinctions in the nomenclature, sometimes 

utilizing the term DIW to represent several extrusion techniques, nevertheless, in this review, 

DIW was considered as a synonym for the “Robocasting” technique), (2) components made 

from ceramic or ceramic-based composites and (3) targeted for use in biomedical engineering 

applications, i.e. directly in contact with the patient, whether or not it stays in the body for the 
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whole period of the examination or treatment. Components that have cells in their inks/slurries 

(bioinks) and, therefore, are utilized for bioprinting were not considered. 

 

2.3. LITERATURE SEARCH RESULTS 

 

The search returned 4374 scientific articles that, after duplicate exclusion, became 

1379, of which the titles and abstracts were examined. Of these, 203 articles fulfilled the 

eligibility criteria and were selected. The gathered information was considered from different 

perspectives: the type of structure produced, its application, “bioactivity” and the novelty of the 

research. 

 

3. LITERATURE DATA ANALYSIS 

 

The distribution of studies regarding ceramic-based materials obtained through the 

DIW method in the last 15 years and by country can be observed in Fig. 4. It is possible to note 

an increasing interest in the field, as with additive manufacturing in general.  In geographical 

terms, the main countries publishing studies in DIW ceramic-based biomaterials are the United 

States of America (U.S.A.) with 19% of the studies, followed by China (15%), Spain (14%), 

United Kingdom (U.K., 6%), Italy (6%), Portugal (5%), Germany (4%) and Egypt (3%). 

 
Fig. 4. Number of publications of ceramic-based materials produced by DIW in the last 15 years and percentages 

of studies by country. 

 
Source: Author.  

Asterisk (*) indicates an incomplete year when the review search was conducted. 

 

For this review, the ceramic-based materials for biomedical engineering applications 

were divided at first into ceramics and composites (Fig. 5). The first group was then classified 
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into bioinert (comprising mainly alumina and zirconia) and “bioactive” ceramics, which 

encompassed calcium phosphates (hydroxyapatite (HA) and tricalcium phosphates (TCPs)), 

bioactive glasses (BG), silicates (calcium silicates and polymer-derived ceramics (PDCs)) and 

functional ceramics (functionality achieved through protein/drug loading). The composite 

group was classified according to the materials present, hence, ceramic-ceramic, ceramic-metal, 

ceramic-polymer, ceramic-hydrogel and functional composites. 

 

Fig. 5. Schematic representation of the classification of ceramic-based materials for biomedical engineering 

applications. 

 
Source: Author. 

 

Such classification enabled the evaluation of the main characteristics of the studies 

performed in the area; the overall results of this assessment can be observed in Fig. 6. When 

classified by the type of material, the distribution of studies is primarily similar, with 52% being 

on ceramic materials and 48% on composites. Bioactive ceramics are the topic of most studies 

(72%, vs 28% for bioinert), with a clear focus on bioactive glasses (36%), followed by 

hydroxyapatites (26%), tricalcium phosphates (13%), polymer-derived ceramics (9%), calcium 

silicates (8%) and functional ceramics (7%). Of the studies involving bioinert ceramics, 56% 

utilize alumina, 26% zirconia and 18% use other bioinert ceramics.  
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Fig. 6. Assessment of the main characteristics of the studies on ceramic-based materials produced by DIW for 

biomedical engineering applications.  

 
Source: Author. 

 

Regarding the bioactivity in the studies with ceramic-based composites, the dominance 

of bioactive ceramics is even higher (91%) since the primary characteristics desired by a 

ceramic addition in a composite proposed for biomedical engineering applications are those 

related to the bioactivity of the ceramic phase. When classified by the type of materials present 

in the composite, the most studied are ceramic-ceramic composites (39%), ceramic-polymer 

composites (31%), ceramic-hydrogel composites (19%), functional composites (7%) and 

ceramic-metal composites (4%). 

The studies can also be assessed in terms of the structure obtained (Fig. 7). The 

majority of studies (90%) produced scaffolds, whereas only 10% obtained dense structures. 

This focus on porous structures happens mainly because DIW is intrinsically appropriate for 

the production of fine filigree structures and allows the fabrication of complex-shaped porous 

architectures with precise control of the shape, amount and dimension of pores. These 

characteristics are not achievable by any other technique currently used for the production of 

porous components. 

Considering the dense materials, 78% of them are intended for load-bearing orthopedic 

applications and 22% for dental applications. As for the scaffolds, as expected, most of them 

(91%) are proposed for bone regeneration applications, with 5% for the same purpose but also 

involving drug delivery, 2% for bone regeneration combined with tumor therapy and, tied at 

1%, scaffolds for orbital reconstruction and multi-tissue interface. 
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Fig. 7. Classification based on the structure obtained by the studies on ceramic-based materials fabricated with 

the DIW technique. Each type of structure is then evaluated in terms of the application for which it is intended. 

 
Source: Author. 

 

Each type of structure has different requirements for its proposed applications and will 

be highlighted separately next.  

 

3.1. SCAFFOLD COMPONENTS 

 

These 3D structures that aim to provide a template for cell attachment and stimulation 

of in vivo bone tissue formation can ideally, through mechanical and biochemical interactions, 

mimic bone mechanical support, cellular activity and protein production [36,37]. Over the last 

few decades, a variety of materials has been proposed for bone tissue engineering scaffolds, yet 

the development of structures with functions analogous to those of natural bone is still a 

challenge [38]. 

An ideal scaffold must fulfill specific requirements such as being biocompatible, 

osteoconductive, ideally biodegradable (with a suitable degradation rate) and possessing 

mechanical properties similar to those of bone [39–41]. In addition, to enable cell migration 

and tissue ingrowth, the porosity should be greater than 50 vol% [42–45]. However, there is no 

consensus regarding the ideal pore size, which has been reported in the literature to range from 

1-300 μm [39–41] to suggestions of pores smaller than 500 μm [46], with many intermediate 

values proposed (larger than 100 μm [42–45], larger than 300 μm [47,48]). A graded porosity 

can also be advantageous as the porous surface is intended to integrate with the surrounding 

tissues [49]. Mechanically, the scaffolds should ideally match the properties of the bone/tissue 

that they plan on substituting or repairing – Table 2. 

. 
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Table 2. Mechanical properties of human bone. Many parameters influence these values (e.g., age, regular 

physical activity, type of bone), hence their variations in the literature. 

Property Type of bone 

 Cancellous Cortical 

Porosity (%) 30-90 [50] 5-15 [51] 

Density (g/cm3) 0.1-1.0 [52] 1.8-2.2 [52] 

Apparent density (g/cm3) 0.1-1.0 [52] 1.8-2.0 [52] 

Compressive strength (MPa) 
2-12 [53,54] 

7-10 [52] 

100-150 [55,56] 

170-193 [52] 

Young’s modulus (GPa) 
0.1-5 [55,56]  

0.05-0.5 [52] 
14-20 [52] 

Strain to failure 5-7 [52] 1-3 [52] 

Hardness (HV) 30-40 [57] 37-47 [57] 

Fracture toughness (MPa.m1/2) 0.1 [52] 2-12 [52] 

Source: Author. 

 

A variety of methods has been utilized to produce scaffolds, including foaming, 

particle/salt leaching, phase separation, solvent casting and freeze-drying, but these techniques 

have limitations in precisely controlling the overall architecture of the structure and its internal 

pore connectivity. However, when advanced AM techniques such as DIW are considered, 

precise control of these characteristics is achievable. Patient-specific scaffolds are also 

attainable, surpassing many of the limitations associated with current fabrication methods and 

the characteristic irregular shapes of bone defects with a convenient and fast fabrication method 

[58]. 

The properties of many ceramic materials, such as relatively high stiffness and 

bioactivity, make them excellent alternatives to autologous bone grafts to act as temporary 

frameworks, providing an adequate environment for cell adhesion and proliferation. 

Nevertheless, obtaining strong mechanical integrity (to allow use in load-bearing applications) 

while preserving optimal biocompatibility levels, bioactivity, and biodegradability is still a 

challenge.  

This challenge is observable in Fig. 8, which presents the dependence of compressive 

strength (the most evaluated mechanical property in the field of bone tissue engineering 

applications) on the porosity of ceramic-based scaffolds produced by DIW. The direct 

comparison between scaffolds of different materials and morphologies (strut/filament diameter, 

pore size, pore shape and strut/filament deposition pattern) is not easy. Still, Fig. 8 enables the 

overall examination of the compressive strength currently achieved: only a few articles report 

compressive strengths similar to those of cortical bone. Besides, there is a tendency toward 

stronger scaffolds as porosity approaches 50%, an unexpected finding, as it would be predicted 

an increasing strength with continuously decreasing porosity. 
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Fig. 8. Compressive strength vs. porosity for ceramic-based scaffolds that were produced via DIW. 

 
Source: Author. 

 

3.2. DENSE COMPONENTS 

 

Few additive manufacturing (AM) techniques present on the market can produce fully 

dense ceramic structures. This ability remains a challenge and is the most crucial step to be 

surpassed so that AM of ceramics establishes itself as more than a niche technology. The AM 

of dense ceramics, which enables the full retention of the components’ superior 

physicochemical properties and shapes not possible with other techniques, would potentially 

open new markets for ceramic products. This possibility arises from the fact that AM is not 

rigorously restrained to the paradigms that usually involve ceramic processing, such as complex 

machining, low flexibility, limited mold shaping technologies and high processing cost for the 

production of small lots [21]. 

Still, some potential issues are associated with the DIW method for the obtention of 

such components [30,59]. In this technique, the as-printed component contains a high amount 

of liquid carrier (usually water), which makes the process of drying without cracking difficult 

– especially for dense components. Besides, the organic content of the paste is usually low (as 

already mentioned) but still higher than that found in pressed ceramics for example; a fact that 
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can lead to debinding problems such as cracking or trapped gas inside the printed struts. 

Furthermore, like all ceramic processing techniques that involve sintering, the process of 

shrinkage during sintering is unavoidable. These potential issues – drying, debinding and 

shrinkage during sintering – are the factors that require special care when considering the DIW 

technique for the fabrication of dense components. To date, different approaches have been 

proposed to surpass them. The most traditional strategy is to increase the ceramic solid loading 

content as high as possible [59–62], minimizing shrinkage but requiring optimization to avoid 

particle agglomeration. Alternatively, techniques that enable the preservation of the printed 

structure can be combined with DIW, such as the freeze-form extrusion that immediately 

freezes the printed green body. Studies focusing on binder-free pastes have also been reported 

[63]. 

In addition, three different parameters require adjustments when printing dense 

structures through direct ink writing, namely (1) the center-to-center spacing between adjacent 

filaments/struts (dx,y) and also between layers (dz) – Peng et al. [28] estimate that the optimal 

line width over height ratio for dense components is ~1.45 – (2) the printing pattern and (3) the 

material feeding rate. The optimization of these parameters allows the deposited filaments to 

completely fuse with the adjacent filaments and those underneath them (in the z-direction), 

minimizing possible defects and cavities [28]. This also requires attaining a narrow range of 

rheological behavior; for that, a rheological printability criterion was developed in the last years 

by M’Barki et al. [64]. This dimensionless printability criterion (Ξ) is based on the fact that 

both gravitational and surface forces can distort the printed component; hence, a distortion-free 

piece could be printed if the dynamic yield stress of the paste is high enough to overcome these 

two forces. The criterion thus takes into consideration the density (ρ), surface tension (γ) and 

dynamic yield stress (σy
Din) of the paste, as well as external parameters such as nozzle diameter 

(R), height of the structure (h) and the gravitational force (g) – Eq. 1. To produce materials with 

low deformation, high density and high strength, the parameter Ξ should be close to or higher 

than 1. 

 

Ξ =
τy

Din

γ.R−1+ρgh
       (1) 

 

These developments/findings are relatively new (2018), demonstrating the increasing 

interest in producing dense components from DIW and explaining why there have been 

comparatively few reports on dense ceramic-based components so far. The main characteristics 
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achieved by dense parts obtained by DIW are shown in Table 3. Although many of these studies 

report high enough densities, none of them are close to or higher than 99% (as is commonly 

found in pressed or slip-cast dense components). Besides, as compared to reference materials 

of the same composition, the reported flexural strengths are usually at least 50% lower while 

the hardness and toughness are of the same order of magnitude. This indicates the presence of 

large defects, not related to sintering but rather to the process itself, which, as mentioned, is 

relatively new for the production of such structures.  

 
Table 3. Mechanical properties and density of ceramic-based dense components produced by DIW.  

Material(s) Year 
Relat. 

density 

σcompressive 

(MPa) 

Ecompressive 

(MPa) 

σflexural (3PB) 

(MPa) 

Hardness 

(HV) 

Fracture 
toughness 

(MPa.m1/2) 

Ref. 

Alumina* ― ― ― 400 000 ≤ 650 2000 4 [65] 

Alumina 2016 98% ― ― 145.5 ± 11.5 ― ― [66] 

Alumina 2016 97% ― ― 300 ― ― [67] 

MgO-doped alumina 2018 >98% ― ― 326 ― ― [68] 

Alumina 2019 98% ― ― ― ― ― [69] 

Zirconia* ― ― ― 200 000 ≤ 1400 ~1200 6-9 [65] 

Zirconia (UC) 2020 ― ― ― ― 1306 ± 19 5.6 ± 0.4 [70] 

Zirconia 2020 ― ― ― ― 1175 ± 29 4.5 ± 0.7 [70] 

Zirconia (Fully and 

partially stabilized YSZ) 
2018 95-96% ― ― 243 1355 ― [28] 

Zirconia (Partially 

stabilized YSZ) 
2019 98.1% 1560 ― 489 ― ― [71] 

Zirconia  2020 97.1% ― ― ― 1485 ± 32 4.1 ± 0.1 [63] 

Titania 2019 91.5% 125 1220-6870 ― ― ― [72] 

Hydroxyapatite* ― ― ― ― ― ― 1.0 [65] 

Hydroxyapatite 2019 ― ― 275 ― ― ― [73] 

Silicon carbide 2016 95% ― ― 230 ― ― [67] 

Silicon nitride* ― ― ― ― ― ― 10 [65] 

Silicon nitride 2017 ― ― ― 552 ± 68 (4PB) ― ― [74] 

Silicon nitride /SWCNT 
(0.2 vol%) 

2008 97% ― ― ― ― 8.48 [75] 

Ce-stabilized 

Zirconia/Alumina 
2017 ~95% ― ― 575 ― ― [76] 

β-TCP/BG (45S5) 2018 ~90% ― ― ~110 ― ― [77] 

BG (13-93)/PLA 

(infiltrated) 
2016 ― 105 ± 10 ― ― ― ― [78] 

Alumina platelets 
(oriented)/Epoxy 

(infiltrated) 

2017 ― 
443.5 ± 

8.5 
― ― ― ― [32] 

γ-alumina/Silicon 
oxycarbide (coating) 

2019 ― ― ― ― 266-300 ― [79] 

Source: Author.  

Asterisks (*) indicate typical mechanical properties of ceramics produced by conventional methods (pressing) 

for comparison purposes. Relat.: relative; σcompressive: compressive strength; Ecompressive: Young’s modulus under 

compression; σflexural: flexural strength; 3PB: three-point bending; 4PB: four-point bending; UC: unidirectionally 

compressed. 
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4. CERAMICS 

 

4.1. BIOINERT CERAMICS 

 

Bioinert ceramics are a group of materials with good biocompatibility that minimally 

interact with the body tissues. Also, by the classification proposed by Hench and Ethridge, 

bioinert ceramics are the ones that “elicit a minimal response in the host” [80]. This class of 

materials was evaluated in implant applications in the early 1970s as a result of their corrosion 

resistance, good biocompatibility and stability in the physiological environment. Due to their 

lack of chemical bonding with human tissues and the need for a second operation after 

implantation, their use as bone substitutes and scaffolds for bone regeneration – the two main 

applications of bioceramics – are limited to some extent. Nowadays, they encompass mainly 

applications in which there is a requirement for dense components. 

The DIW studies with the two main bioinert ceramics (alumina and zirconia) are 

presented in the next sections. In addition, other novel bioinert ceramics such as titanium 

dioxide, silicon carbide and silicon nitride are featured. 

 

4.1.1. Alumina 

 

Alumina (Al2O3) was the first bioceramic extensively used in clinic due to its 

negligible tissue reaction [81]. Bioinert ceramics based on alumina present nontoxicity and 

high: chemical inertness, biocompatibility, hardness, mechanical strength and wear resistance. 

They could, additionally, remain in vivo for a long time while maintaining their chemical and 

physical properties, which match the requirements for implantation and long-term service. 

These characteristics make them highly promising as bone implants [82]. 

Nonetheless, due to their bioinertness, not many studies have been conducted on the 

3D printing of alumina-based scaffolds for bioengineering applications. Besides, when it comes 

to dense structures, materials with higher mechanical properties have been developed and 

gradually took the place that was predominantly of pure alumina structures (e.g., femoral heads 

of hip implants). Another troublesome factor is powder shaping [83]. Still, some studies 

performed with DIW have presented dense alumina components with good mechanical 

properties. Glymond et al. [68] conducted one of them with the gelation of alginic acid obtained 

using Mg ions. The MgO-doped alumina with up to 50 vol% of solid content had 98% relative 

density and flexural strength of 326 MPa (3-point bending, 3PB)). Al2O3 dense structures with 
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a flexural strength of 300 MPa were, also, successfully fabricated with 97% relative density by 

Feilden et al. [67] using Pluronic F-127® as a binder and solid contents up to 40 vol%. 

More recently, innovative approaches for the production of hierarchically porous 

scaffolds were evaluated utilizing alumina. One promising route to produce scaffolds with 

porous filaments is the combination of alumina and camphene, in which the latter acts as a pore-

forming agent and temporary binder. Moon et al. [84] printed a macroporous scaffold with 

microporous hollow filaments by the co-extrusion of a camphene core with an 

alumina/camphene shell with subsequent camphene removal (Fig. 9(a-i)). The porosity and 

mechanical properties of the scaffolds were tailored by controlling the alumina content (15, 20 

or 25 vol%). The structure had 500 μm diameter struts, with a porosity of 86 vol% and 

approximately 5.4 MPa of compressive strength. In another study [85], the same research group 

combined DIW and freeze casting to produce a macroporous scaffold with elongated and 

interconnected pores within the filaments (Fig. 9(j-n)). Frozen alumina/camphene filaments 

were deposited at a stacking sequence of 0°/90° providing 3D interconnected macropores. In 

contrast, alumina frameworks generated aligned elongated micropores as a replica of camphene 

dendrites, elongated by the extrusion associated with the DIW method. After the deposition, 

the structures were freeze-dried and hierarchical porous scaffolds with 67-77% overall porosity 

and compressive strength from 9.5 to 29.3 MPa were obtained. In this approach, the 

macro/micro-porous structure and, consequently, the compressive strength could be tailored by 

adjusting the initial alumina content in the pastes and, as within filament porosity is achieved 

by solvent removal, this route predominantly leads to open porous anisotropic structures. Still, 

a challenge for this route is the complete solidification of the paste after extrusion, which could 

lead to poor bonding between extrusion lines. 
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Fig. 9. Alumina/camphene scaffolds. (A) Schematic diagram of co-extrusion of a camphene core and 

ceramic/camphene shell. (B) Representation of macroporous ceramic scaffolds consisting of highly microporous 

hollow filaments. (C) Representative μ-CT images showing the cross-sectional view of the scaffolds. 

Representative FE-SEM images of the macroporous alumina scaffolds with highly microporous hollow filaments 

produced using the alumina contents of 15 vol% (D, G), 20 vol% (E, H) and 25 vol% (F, I), evidencing the 

cross-sections (D, E, F) and the microporous alumina struts (G, H, I) [84]. (J) Schematic diagram of 3-D 

alumina/camphene co-extrusion process. (K) Porous ceramic scaffold with 3-D interconnected macropores and 

aligned micropores. Representative FE-SEM images of macro/micro-porous alumina scaffolds produced using 

various alumina contents of 15 vol% (L), 20 vol% (M) and 25 vol% (N). It is possible to observe that aligned 

microporous alumina frameworks developed parallel to the extrusion direction [85]. 

 
Source: Adapted from [84,85]. 

 

A versatile approach to attain mechanically stable highly porous ceramics based on 

capillary suspensions was developed in 2013 by Dittmann et al. [86,87] with alumina 

suspensions. Capillary suspensions are fluid/fluid/solid systems with a strong particle network 

structure, in which the particles stay together due to capillary forces induced by liquid bridges 

of the secondary fluid. This fact alters the rheology of the system and stabilizes the suspension. 

Therefore, the bulk fluid can be extracted from the suspension without the particle network 

collapse (backbone of the later sintered part) as, if the pair of fluids is appropriately chosen, the 

remaining liquid bridges between the particles guarantee the structure’s integrity. A wide range 

of pore structures is attainable with this processing route with very high repeatability, including 
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porosities and pore size ranges that were previously hard to obtain (e.g., porosity higher than 

50% and median pore diameter by volume lower than 10 μm); in their study, Dittmann et al. 

achieved α-alumina scaffolds with porosity higher than 60% and pore sizes smaller than 10 μm. 

For DIW, capillary suspensions of α-alumina were prepared by Maurath et al. [88] – 

Fig. 10. In their study, hexagonal honeycomb structures bioinspired in balsa wood presented 

60-88% overall porosity with fully open-porous struts (45-60% porosity and pore sizes < 6 μm). 

For the bulk phase, palm wax (1.1 vol%) was dissolved in a mixture of paraffin (48.6 vol%) 

and mineral spirits (50.3 vol%), whereas the second phase was a mixture of 50 vol% D(+)-

sucrose in water. The printing suspensions were prepared by mixing the alumina particles with 

the bulk phase with the subsequent addition of the second phase; solid contents used were 23 

or 31 vol%. The suspensions showed excellent printing behavior and structures with small 

spanning elements and high aspect ratios (height/width = 4–11) were printed on a glass slide 

coated with polyethylene glycol (PEG), which was wetted with water to form a lubrication 

layer. The hexagonal honeycomb hierarchical structures demonstrated exceptionally high 

specific strength under compression and significantly increased the strength-density range that 

sintered capillary suspensions had reported. The distinctly lower sensitivity of strength on the 

honeycombs' density caused them to be mechanically more efficient than bulk specimens from 

capillary suspensions; moreover, their specific strength was superior by a factor of ~2-3 when 

compared to the strength of cast specimens (slip-casting). As expected, the honeycomb 

structures behaved anisotropically under compression, with the compressive strength in-plane 

(~3 MPa) being ~2-3 times higher than that of out-of-plane. 
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Fig. 10. α-Alumina scaffolds from capillary suspensions inspired in balsa wood [88]. (A) Schematic illustration 

of the processing route with the open-porous structure of the sintered struts being based on the open-porous 

network of capillary suspension that serves as a precursor for the ceramic part. (B) and (C) Hexagonal 

honeycomb structures. (D) Relative compressive strength vs. relative density for honeycomb scaffolds and other 

3D printed ceramics and glasses with fully open-porous struts. σts,m: tensile strength of the matrix. (E) 

Compressive strength as a function of density. The graph shows data for honeycomb scaffolds with constant strut 

porosity (εs) of ∼57% and slip-cast specimens based on capillary suspensions [87]. The dependence of strength 

on the density of the 3D printed samples fits well with the scaling laws for in-plane and out-of-plane loaded 

hexagonal honeycomb structures [89]. 

 
Source: Adapted from [87,88].  

σ*: compressive strength; σts,s: tensile strength of the struts; ρ*: overall density; ρs: density of the strut. 

 

In the recent past, a new concept of 3D printing hierarchically structured ceramic solids 

by DIW with inks based on ceramic foams has been developed – named direct foam writing – 

and was employed by Minas et al. [90] for bioengineering applications. In their study, by the 

appropriate modification of alumina powders with short amphiphiles, ultrastable 

emulsions/foams with suitable DIW rheological properties were attained, which allowed the 

obtention of hierarchical alumina scaffolds with controlled pore size distribution and porosity 

(Fig. 11). In this combination of emulsion/foam templating and DIW, the mm-sized pores are 

determined by the interfilament distance, whereas the process parameters of the emulsification 

control the μm-sized macropores. The interconnectivity degree and the pore sizes of the 

emulsion/foam templated scaffolds were regulated by the addition of an interface-active 

molecule (partially hydrolyzed poly(vinyl alcohol) (PVA)), leading to the droplets stabilization 
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through a combination of the effect of particles and PVA molecules. The resulting structures 

had compressive strengths of 8 and 16 MPa for porosities of 93 and 88%, respectively. 

Therefore, this multiple-length scale porous architecture improved the scaffolds' mechanical 

efficiency as it maximized strength and minimized weight. The scaffolds occupied a thus far 

empty area of the strength-density diagram (blue symbols of Fig. 11(c)) – fact possible by 

utilizing a minimum solid content; just enough to create a load-bearing percolating network of 

struts at various length scales. The study obtained structures with porous filaments with 17.4 ± 

12.9 μm average pore sizes (38 vol% Al2O3 and 0.01 mmol·g-1 valeric acid), as well as closed 

pore structures with much finer pores, 5.0 ± 2.8 μm, with a narrower size distribution (42 vol% 

Al2O3 and 0.04 mmol·g-1 propionic acid) and structures with 4.6 ± 2.2 μm interconnected pores 

with homogeneously dispersed 1.7 ± 0.6 μm windows between them (46 vol% Al2O3, 0.08 

mmol·g-1 propionic acid, and 1 wt% PVA). As a result of the high stability of the particle-

stabilized emulsions and foams, the authors could also combine inks with different 

droplet/bubble sizes, enabling local control of the pore sizes' spatial distribution and good 

bonding between the differing inks (Fig. 11(f-h)). Overall, the study showed that the 

combination of emulsion/foam templating and DIW is a versatile route for the production of 

hierarchical porous ceramics with complex geometries and multiporosity features with 

unprecedentedly high strength-to-weight ratios. By utilizing surface-active particles and PVA 

as stabilizers, either closed or open porosities can be attained, respectively, with the 

macroporosity's independent control at the mm and μm scales. Besides, it was demonstrated 

that similarly to biological materials, the load-bearing solid-phase hierarchical organization 

leads to improved macroporous structure mechanical efficiency. Still, further studies are 

demanded so that the porous hierarchical structures can cover a broader range of porosities, 

pore sizes and pore morphologies to enable the full exploitation of these promising structures. 
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Fig. 11. Alumina hierarchically structured scaffolds. (A) Schematical illustration of the processing of the 

hierarchical porous ceramics prepared by emulsion/foam templating and DIW. (B) Schematic illustration of the 

stabilization mechanism of the emulsions/foams. (C) Compressive strength vs. relative density of the Al2O3 

porous scaffolds: with dense filaments (∆); with closed porosity (□); with open porosity obtained with the 

addition of PVA (○); and prepared by direct foaming (⁕, Studart et al. [91]). (D) SEM images of: (top row/green) 

foam-templated architecture with closed porosity (38 vol% Al2O3 and 0.01 mmol.g−1 valeric acid); (middle 

row/red) emulsion-templated structure with closed porosity (42 vol% Al2O3 and 0.04 mmol.g−1 propionic acid); 

(bottom row/blue) PVA-containing emulsion-templated structure with open porosity (46 vol% Al2O3, 0.08 

mmol.g−1 propionic acid and 1 wt% PVA). (E) Illustration of the compression test of scaffolds with (i) dense 

filaments, (ii) closed porosity and (iii) open porosity. (F) Images of concentric ring structures with increasing 

tilting degrees made through multiporosity printing of two different alumina-based inks. One of the inks was 

stained with Nile Blue A to ease visualization in the wet state. (G,H) SEM images of sintered porous structures 

showing the transition zone of the two different inks. The local structure can be deliberately tuned to show (i) 

dense alumina, (ii) closed pores or (iii) open pores. 

 
Source: Adapted from [90]. 
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4.1.2. Zirconia 

 

Zirconium dioxide (zirconia, ZrO2) is another bioinert ceramic and materials based on 

it are among the most useful in the biomedical field. This extended use is due to its excellent 

mechanical properties (when compared to other ceramics, i.e., the highest toughness and 

strength among oxide ceramics [92,93]) and almost complete biological inertia. As a result of 

these properties, zirconia-based materials stand out in orthopedic and dental applications. 

Regarding structures developed by DIW, dense pieces for such uses are the most studied. 

Dense components and scaffolds of zirconia (fully and partially stabilized YSZ (yttria-

stabilized zirconia)) were designed with low-solid-content pastes (< 38 vol%) in a study by 

Peng et al. [28]. Relatively low sintering temperatures (1400 °C) could be achieved using 

precursors with higher specific surface areas. High relative densities were also obtained (95-

96%). The overall content of organic additives was lower than 2 wt%; but, a high linear 

shrinkage (up to 33%) was observed. The authors utilized a non-toxic releasing agent (e.g., 

oleic acid) to coat the printing substrate to release the strain between the substrate-green body 

and to mitigate crack/deformation development associated with excessive shrinkage. Some 

defects/voids larger than 200 μm were found, which the authors attributed either to trapped air 

or releasing agent (oleic acid) between filaments in the first extrusion layer. Another hypothesis 

was that of materials’ under-extrusion during the DIW process, which, after sintering, caused 

cracks. These defects could have diminished the mechanical properties, as the dense 

components and scaffolds had, respectively, flexural strengths (3PB) of  ~243  and ~57  MPa – 

values that at their highest reached merely 22% of the flexural strength reported for CY3Z-P (3 

mol% yttria-stabilized zirconia with high chemical purity) (3PB after compaction) [94]. Yet, 

the structures presented an elevated hardness of up to 1355 (HV).  

When considering dental applications, zirconia dense components were examined by 

Branco et al. [70] to tribologically assess the pair of human teeth/zirconia produced by DIW, 

focusing on enamel wear mechanisms. Besides, the density, porosity, crystalline structure, 

hardness and toughness were compared with unidirectionally compressed (UC) zirconia. The 

DIW paste was composed of 3 mol% Yttria partially stabilized tetragonal zirconia powder (80 

wt%), 2.4 wt% D(-)-fructose, 0.19 wt% Zusoplast® C92 and 0.03 wt% (relative to the solids) 

Dolapix® CE 64. The chewing simulation tests showed that both sample groups did not suffer 

any wear and that the antagonist cusps were worn similarly. In addition, the DIW samples had 

superior surface roughness (241 ± 16 nm) and slightly lower fracture toughness (4.5 ± 0.7 

MPa.m1/2) and lower hardness (1175 ± 29, HV) than UC samples (62 ± 4 nm, 5.6 ± 0.4 



Chapter 1       42 

PhD Thesis on Materials Science and Engineering – Vivian Inês dos Santos – 2023 

MPa.m1/2, 1306 ± 19 (HV)). This fact was attributed to the higher porosity of the DIW 

components (superficial: 3.9 ± 1.7%; cross-cut: 1.2 ± 0.1%) compared to the UC ones 

(superficial: 0.3 ± 0.16%; cross-cut: ~0). The authors considered, as most of the properties 

between the two groups were similar, that DIW seems a promising method to obtain 

personalized zirconia dental implants, especially given the overall tribological behavior. Still, 

further clinical studies are required. 

A study by Rodrigues et al. [63] also obtained zirconia dense components for dental 

applications from binder-free pastes that were sintered at 1500 °C for 2 h and that reached 

97.1% of relative density. Pastes with 86-90 wt% of solid content were printable and the 

structures could reach a hardness of 1485 ± 32 (HV) and 4.1 ± 0.1 MPa.m1/2 of fracture 

toughness. It was also found that brushing the component’s green surface assisted in the 

obtention of a surface finish within the standards for dental prostheses. Even though further 

studies are required to ensure the structures' tribological and mechanical reliability, an 

environmentally friendly, cost-effective and personalized production of dental prosthetic 

components by DIW is closer to reality. 

 

4.1.3. Other bioinert ceramics 

 

Although most studies on DIW bioinert ceramics are on alumina and zirconia, other 

bioinert ceramics have been produced by DIW for biomedical engineering applications. For 

example, Chen et al. [72] conducted a study on optimizing the rheological properties of titania 

(TiO2, with 72 wt% solid loading) inks containing sodium hexametaphosphate and sodium 

alginate to produce dense structures. The resulting pieces had 91.5% relative density, achieving 

a compressive strength of 125 MPa and elastic modulus of 1.22-6.87 GPa. In addition, silicon 

carbide (SiC) dense components were produced by Feilden et al. [67] with solid contents up to 

40 vol%, 95% of relative density and 300 MPa of flexural strength. 

Silicon nitride (Si3N4) has also been printed by DIW into dense [74] and scaffold [95] 

structures. The dense components reported by Zhao et al. [74] were printed with pastes 

containing Si3N4 powder, two sintering additives (Y2O3 and Al2O3) – resulting in 20 vol% solid 

content –, 0.9 wt% of Methocel® F4M and a combination of high and low molecular weight 

PEI (2.5 wt% high and 2.5 wt% low). The printed components were debinded at 300 and 600 

°C with a 2 h hold in each temperature, subsequentially sintered at 1700 °C for 2 h in a N2 

atmosphere and then hot isostatic pressed (1700 °C, 2 h, N2 atmosphere, 200 MPa of pressure). 

The obtained dense structures presented 552 ± 68 MPa of flexural strength (4-point bending, 



Chapter 1       43 

PhD Thesis on Materials Science and Engineering – Vivian Inês dos Santos – 2023 

4PB). On the other hand, scaffolds produced by Sainz et al. [95] were sintered either under a 

controlled N2 atmosphere or by SPS (Spark Plasma Sintering) in a conventional graphite 

furnace. Aside from the Si3N4 powders, the pastes had high and low molecular weight PEI (50 

wt%), 5 wt% Methocel® F4M and Darvan® 821 (n.d. (non-disclosed) quantity). They were 

printed with 330 μm nozzles in a paraffin oil bath, calcinated at 650 °C for 2 h and then sintered 

as described at 1700-1750 °C for 30-60 min. Different sintering aids (Y2O3, Al2O3, and SiO2) 

were utilized, obtaining a strut diameter of 245-283 μm, linear shrinkage of ~18-24% and 

porosity of ~60% with 650-700 μm pore sizes. Compressive strength values showed a 

dependence with the β-Si3N4 phase content and reached ~60 MPa in structures containing over 

69% of β-Si3N4 content. Besides, the scaffolds’ bioactivity was affected by the phase 

composition of the grain boundary, with the highest bioactivity being observed for the 

composition 90Si3N4-4.11Y2O3-3.13Al2O3-2.76SiO2 (in wt%) (high amount of grain boundary 

YAlSiO glassy phase). Good affinity with albumin proteins was demonstrated by AFM (Atomic 

Force Microscopy) evaluations, which revealed protein adsorption after only 5 seconds of BSA 

(bovine serum albumin) solution exposure. 

 

4.2. BIOACTIVE CERAMICS 

 

Bioactive ceramics are materials that react once in contact with physiological fluids, 

forming bone-like hydroxyapatite layers and, consequentially, a strong chemical bond to bone 

tissues [96]. For this reason, several bioactive ceramics are of great clinical interest for 

biomedical engineering applications, such as calcium phosphates, bioactive glasses and calcium 

silicates. 

 

4.2.1. Calcium phosphates 

 

Calcium phosphates are ceramic materials with calcium (Ca2+) and phosphate ions, 

which can be orthophosphates (PO4
3-), metaphosphates (PO3-), pyrophosphates (P2O7

4-) or 

sometimes carbonate or hydroxide ions [97]. They are well-known bioactive ceramics due to 

their compositional similarity with teeth and bone. One of their essential characteristics is the 

calcium (Ca) to phosphorus (P) ratio that influences their dissolution rate, which increases as 

the Ca/P ratio decreases [98], as can be observed in Table 4 for some calcium phosphates of 

interest. The Ca/P ratio also controls their bioactivity; a ratio of 1-2 has been shown to favor 

the osteoblasts’ viability and ALP (alkaline phosphatase) production [99].  



Chapter 1       44 

PhD Thesis on Materials Science and Engineering – Vivian Inês dos Santos – 2023 

Table 4. Calcium phosphate materials of interest, their Ca/P ratio and dissolution properties. 

Chemical name (mineral name) Symbol Chemical formula Ca/P ratio Solubility product 

Monocalcium phosphate MCP Ca(H2PO4)2·H2O 0.50 1.00 × 10-3 

Dicalcium phosphate dihydrate (Brushite) DCPD CaHPO4·2H2O 1.00 1.87 × 10-7 

Dicalcium phosphate (Monetite) DCP CaHPO4 1.00 1.26 × 10-7 

Octocalcium phosphate OCP Ca8H2(PO4)6·5H2O 1.33 5.01 × 10-15 

Tricalcium phosphate TCP Ca3(PO4)2 1.50 2.83 × 10-30 

Hydroxyapatite HA Ca10(PO4)6·(OH)2 1.67 2.35 × 10-59 

Tetra-calcium phosphate TTCP Ca4O(PO4)2 2.00 ― 

Source: Adapted from [97]. 

 

Some promising alternatives to calcium phosphates have been recently studied and a 

good category is that of compounds containing magnesium phosphates (MgP), such as 

newberyite (Mg(PO3OH·3H2O)) and struvite (NH4MgPO4·6H2O). Cao et al.  [100], for 

example, focused on newberyite, struvite and brushite (CaHPO4·2H2O) scaffolds with a two-

step cementation process and light MgO as starting material.  The DIW paste was composed of 

MgO powder (~27 vol% solid content) and a 13 wt% aqueous Pluronic® F-127 solution and 

was printed with 300 μm nozzles. After the DIW assembly, the green structures were soaked in 

a diammonium phosphate ((NH4)2HPO4) solution and then in distinct phosphate solutions to 

convert the structures into newberyite, struvite, and brushite. The structures had a porosity of 

approximately 39, 58 and 26%, respectively, and compressive strengths of ~6.1, ~2.4 and ~11.2 

MPa. The struvite scaffold was the only one that induced cytotoxicity, a fact that the authors 

attributed to the strong alkaline environment that was developed during its degradation process. 

On the other hand, the newberyite and brushite scaffolds presented cytocompatibility and good 

in vitro degradation. 

Still, hydroxyapatites and tricalcium phosphates are by far the most studied calcium 

phosphates for tissue engineering applications both in general and with the DIW method and 

will be highlighted in the following sections. 

 

4.2.1.1. Hydroxyapatite 

 

Hydroxyapatite (HA, Ca10(PO4)6·(OH)2) is a naturally occurring calcium phosphate 

and the most prominent biomaterial for bone tissue engineering applications [101]. Its Ca/P 

ratio is 1.67, which presents better biocompatibility than other calcium phosphates (β-TCP 

included) and also other well-known materials for bone regeneration (e.g., Bio-Oss®) [102]. 

Recent studies have shown it to be a very appropriate implant material, especially for scaffolds 

with strength comparable to that of cancellous bone, showing compressive strengths up to 5.1 
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± 0.5 MPa in addition to having been proven beneficial for human mesenchymal stem cell 

growth [103,104]. 

Regarding HA’s use with the DIW processing method, a study by Miranda et al. [105] 

found that the compressive strength of HA scaffolds was doubled (~110 ± 35 MPa) after 2 

weeks of immersion in SBF, which allowed it to reach values similar to those of cortical bone 

with a similar dry density. This remarkable increase was due to the growth of bone-like apatite 

on the HA struts’ surface; the same experiment was conducted with β-TCP scaffolds, but their 

compressive strength remained unaltered. These pastes encompassed Darvan® C (n.d. 

quantity), Methocel® F4M (HPMC, n.d. quantity), PEI as a gellifying agent (n.d. quantity) and 

the ceramic powder, which in the case of HA represented a solid content of 35 vol% and in that 

of β-TCP 45 vol%. Thus, SBF immersion could be a simple and inexpensive mechanism to 

enhance the surface properties and, consequentially, the mechanical performance of scaffolds 

from apatite-forming materials.  

The drying method of freeze-drying after the DIW process was evaluated by Martínez-

Vázquez et al. [106], who produced HA scaffolds with 45 vol% solid content; the DIW pastes 

also presented Darvan® C (1.5 wt% relative to powder content), Methocel® F4M (n.d. 

quantity) and PEI (4 vol% relative to liquid content). The final structures were printed with a 

410 μm nozzle and presented a porosity of ~73% and compressive strength of 5.3 ± 0.4 MPa. 

The microporosity's size and morphology within the filaments were significantly affected by 

the sintering temperature and the drying method. Larger (1-10 μm) dendritic-like microporosity 

was associated with the freeze-drying method, which improved the biological response; on the 

other hand, conventional drying improved the compressive strength of the scaffolds. The latter 

was also enhanced by higher sintering temperatures, even though cell proliferation behavior 

deteriorated. Therefore, the use of freeze-drying after DIW printing was found to be a 

mechanism that does not severely reduce the compressive strength of HA-derived scaffolds 

while enhancing their biological performance. 

Natural occurring hydroxyapatite has also been employed with the DIW process. 

Mocioiu et al. [107] compared powders and DIW structures of HA from natural sources (whelk 

shells of Rapana thomasiana) with synthetic HA. It was found that the formation of 

nanostructured HA was independent of the raw material utilized and that natural HA from 

whelk shell lacked in vitro cytotoxicity and had similar cell viability to that of synthetic HA, 

thus opening a new explorable path in the field. 

Ca-deficient (CDHA) and Si-substituted HA (SiHA) scaffolds have been reported by 

Matesanz et al. [108] with 90% relative density and 50 MPa of compressive strength. The pastes 
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encompassed 30 vol% of solid content, 2.5 wt% Darvan® C, Methocel® F4M (7 mg/mL of 

liquid) and PEI (4 vol% relative to the liquids); printing took place with 500 μm nozzles. The 

study evaluated bone cell growth for both HA types, either treated at 700 or 1250 °C. It was 

found that scaffolds treated at 700 ºC had higher surface areas and porosities. In contrast, 

scaffolds treated at 1250 °C had higher cell proliferation and differentiation, implying that 

CDHA and SiHA structures treated at high temperatures have better tissue response. This 

inferior cell response associated with a low-temperature treatment could result from poorly 

sintered surfaces that could generate a loss of cell anchorage. In addition, CDHA and SiHA 

scaffolds treated at 1250 ºC presented better mechanical properties and lower fibrinogen and 

albumin adsorption. 

The DIW method was also utilized by Raymond et al. [109] when developing a 

hydrothermal method for the consolidation of α-TCP scaffolds and comparing it to a biomimetic 

treatment, in which there is no need for high-temperature sintering. They analyzed three 

different scaffold architectures (honeycomb, orthogonal and orthogonal rotated) and found that 

the hardening process related to the hydrolysis of α-TCP into CDHA in the hydrothermal 

method was significantly accelerated with the total reaction time going from 7 days to 30 

minutes. This short period could allow the fabrication of on-demand scaffolds within a few 

hours, counting the time required for patient imaging, scaffold architecture selection, printing, 

consolidation and sterilization. The new hydrothermal treatment preserved the architectural 

integrity and nanostructure features of the scaffolds. Still, it reduced the compressive strength 

by 30% due to β-TCP residual presence (4.1 MPa compared with 5.5 MPa for the biomimetic 

treatment). The reliability was also decreased with the Weibull modulus of 5.6 for 

hydrothermally-immersed scaffolds and 8.8 for those treated biomimetically. Both treatments 

were proven appropriate for patient-specific bone grafts, given the rMSC (rat mesenchymal 

stem cell) colonization of the scaffolds. 

 

4.2.1.2. Tricalcium phosphate 

 

Tricalcium phosphate (TCP, Ca3(PO4)2) is another calcium phosphate that is vastly 

used as a biomaterial. There are three main phases: α, α’ and β; with β-TCP being the primary 

phase at low temperatures and α and α’ being formed at high temperatures. The Ca/P ratio of 

TCP is 1.5, therefore, lower than HA, having a consequentially higher biodegradation rate. The 

additive manufacturing of TCP has mainly been applied to produce 3D scaffolds for bone tissue 

engineering applications. 
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In a study by Tovar et al. [110], β-TCP scaffolds with ~58.6% porosity and 38.8 MPa 

flexural strength (3PB) were produced. The printing paste had varying solid content from 42 to 

50 vol%, 1.5 wt% Darvan® 821A, Methocel® F4M (7 mg/mL of liquid) and PEI as gellifying 

agent (5 mg/mL). No adverse immune responses were shown in the histological analysis at the 

same time that it revealed progressive bone remodeling within the scaffold and a gradual 

decrease of the scaffold’s volume over time. The μ-CT (μ-computed tomography) images 

registered directional bone ingrowth, with increased bone formation over time. Newly 

regenerated bone presented reduced elastic modulus statistically homogenous and analogous to 

native bone at the three-time points analyzed (8, 12 and 24 weeks). In contrast, negative control 

samples presented limited healing at 8 weeks and hardness was shown to be equivalent to 24 

weeks native radial bone.  

β-TCP hollow cylindrical scaffolds were obtained through DIW by Lopez et al. [111]. 

The printing paste had 46 vol% of solid content, 1.45 wt% Darvan® 821A, Methocel® F4M (7 

mg/mL of ceramic) and PEI (5-6.67 mg/mL). The DIW procedure occurred with 250 μm 

nozzles into paraffin oil, followed by debinding at 400 and 900 °C and sintering at 1100 °C for 

4 h. The printing direction was chosen so that the axis of the tube would be parallel to the 

printing substrate. They were able to restore adult rabbit, critical-sized, mandibular defects to a 

level comparable to the native bone after 8 weeks of implantation. Histological and SEM 

(scanning electron microscopy) analyses revealed directional bone ingrowth into the scaffold 

interstices, with healing pathway origins tracked to defect walls and marrow spaces. New bone 

growth and scaffold resorption at scaffold/bone interfaces were also observed. 

Casas-Luna et al. [112] focused on the effect of different sintering trajectories on β-

TCP scaffolds. To obtain the printed structures, a mixture of monetite and hydroxyapatite was 

incorporated in a 40 wt% aqueous Pluronic® F-127 solution in a 1:1 ratio (wt) and deposited 

with struts of 450 μm of diameter. Fast and reactive pressure-less sintering at 1100 and 1200 

°C could be achieved with fast-heating rates of 100 °C.min−1 (10 min) in air or vacuum 

atmosphere, which resulted in superior densification with no significant grain growth. 

Furthermore, elastic modulus and hardness increased 8 times compared to conventional 

sintering alongside an increase of 1.5-2.5 times in the compressive strength (1-4 MPa). This 

superior mechanical performance's primary reason is the struts’ higher densification, which 

implies that the β-TCP densification rules its mechanical performance instead of the grain size 

refinement. The fast heating rates induced no deformation of the 3D structure and there was no 

compromise of the macroporosity, as pressure-less sintering allows it to be preserved. Overall, 

the highest compressive strength was attained for scaffolds sintered at 1200 °C in vacuum.  
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Seitz et al. [113] evaluated TCP (50 wt% solid content) scaffolds utilizing an aqueous 

solution of dextrin (20 wt%) and saccharose (2.5 wt%) as printing binders. The structure 

intended for bone regeneration had mesh sizes of 150-750 μm, with 60 vol% micro and ~35 

vol% macroporosity. The authors highlighted that optimal printing characteristics were 

achieved with a composition of 4 wt% binders and 2 wt% deflocculants. Nevertheless, the 

compressive strength remained an issue, as it was below 1 MPa. 

A very well-known thermo-reversible gel (Pluronic® F-127) has also been considered 

by Franco et al. [27] to prepare β-TCP scaffolds. The pastes (n.d. solid content) contained the 

gel, which had low viscosity at low temperatures (i.e., the extrusion ones) and that, once 

deposited in a warm (60 °C) paraffin oil bath, underwent quick gelation. They found that, as 

the Pluronic® content was increased (3.8-15.6 vol%), strut microporosity varied in a wide range 

(25-43%) and that the flexural strength decreased accordingly from ~115 to ~89 MPa. The 

alumina substrates onto which the scaffolds were printed were coated with a double 

hydrophobic (permanent marker)-hydrophilic (corn syrup) layer, which promoted adhesion 

during the printing process but dissolved in a controlled way afterward, facilitating sample 

removal and avoiding the generation of stresses associated with drying and sintering. The 

scaffolds’ strut diameter was approximately 80 μm and the relative density reached 99%. 

 

4.2.2. Bioactive glasses 

 

Bioactive glasses (BGs) are ceramic materials that contain SiO2, Na2O, P2O5 and CaO 

in different ratios. Most of them are based on silica (to form the glass network), with an amount 

of calcium and phosphorous (for new bone growth) and a glass modifier (e.g., sodium) [114]. 

Bioactive glasses have been one of the most promising bioceramics for bone tissue engineering 

since their 1969 breakthrough invention by Hench et al. due to their excellent in vitro and in 

vivo bioactivity [115,116]. Because of their wide compositional range, several types of BG have 

been studied, among which are 45S5, 47.5B, 58S, 13-93, 13-93B3, 2B6Sr and 6P53B – their 

compositions are displayed in Table 5. As it is not in the scope of this review to address the 

advantages and limitations of each bioactive glass system, a good discussion of this subject can 

be found in [117]. 
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Table 5. Compositions of the most commonly utilized bioactive glasses. 

Bioactive glass 
Composition (wt%) 

SiO2 Na2O CaO K2O MgO P2O5 B2O3 SrO 

45S5 45 24.5 24.5 – – 6 – – 

47.5B 45.34 9.85 17.82 14.96 6.40 5.64 – – 

58S 58 – 33 – – 9 – – 

13-93 53 6 20 12 5 4 – – 

13-93B3 – 5.5 18.5 11.1 4.6 3.7 56.6 – 

2B6Sr 15.5 5.4 17.8 10.8 1.2 4.1 36.2 9.0 

6P53B 52.7 10.3 18 2.8 10.2 6 – – 

Source: Author. 

 

Bioactive glasses commonly have poor mechanical properties, not being suitable for 

load-bearing applications. However, scaffolds developed by additive manufacturing 

techniques, such as the DIW method, have been reported to attain an average elastic modulus 

and compressive strength similar to those of cortical bone, a fact promising for their application 

in loaded bone defects. These good properties are one reason why there have been so many 

studies with the DIW of bioactive glasses. The main features of the studies highlighted in this 

review are presented in Table 6 according to their glass synthesis technique and described in 

the sequence. A fact worth highlighting is that for sol-gel-derived BGs to exhibit in vitro 

behavior, both composition and structure are important, whereas the behavior of melt-derived 

BGs presents a direct dependence on composition [118]. 
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Table 6. Comparison of melt-quenched and sol-gel bioactive glass scaffolds produced via DIW.  

Glass 

synthesis 
Glass type 

Sintering 

temperature 

(°C) 

Strut 

diameter 

(μm) 

Pore size 

(μm) 

Porosity 

(%) 

Compressive 

strength 

(MPa) 

Ref. 

Melt-

quenching 

13-93 700 330 
120 33-43 88 ± 20 [119] 

300 × 150 47 ± 1 86 ± 9 [120] 

13-93 700 
~200 

200 

40-60 × 

150 

50 
80.4 

[121] 
2B6Sr 620 35.6 

13-93 700 

260 ± 10 260 × 140 47-50 

86 ± 9 

[122] 
13-93B3 560 40 ± 10 

13-93B3 

oriented 
565 32 ± 9 

13-93 690 
300 ± 20 420 ± 30 50 

142 ± 20 
[123] 

13-93B3 560 65 ± 11 

13-93 700 

330 300 47 ± 1 

88 ± 7 

[124] 
13-93B3 560 28 ± 11 

13-93 +  

13-93B3 
560 37-45 

45S5 

600 400 200 80 2.5 

[125] 800 360 180 72 5 

1000 300 150 60 10 

1000 200 100 × 250 63 13 [126] 

550 (Ar) 
~400 

~100-150 

× 250 

69 2.5 
[127] 

1000 (Ar) 57.5 12 

550 359 ± 9 - 24 ± 7 ~2 
[128] 

1000 306 ± 10 - 11 ± 7 ~10 

47.5B 600 300 150-180 
42.5 ± 

4.5 
~10 [129] 

6P53B 700 ≥ 50 500 60 136 ± 22 [29,130] 

FastOS®BG 800 ~370 

200 37 42 

[131] 300 54 28 

500 65 21 

Sol-gel 

Sr-MBG* - 400 400 69-74 8-9 [34,132] 

MBG - 250 300-400 70 5-12 [133] 

HSSGG 800 383 

270 
46.7 ± 

1.8 

5.4 

[134,135] 370 3.5 

460 2.6 

HSSGG + 5 

wt% La3+ 
800 380 

270 
42.6 ± 

1.2 

5.4 

[136] 

370 3.5 

460 2.6 

HSSGG + 5 

wt% Cu2+ 
800 380 

270 
37.8 

±1.5 

13.9 

370 10.6 

460 4.9 

 Ca7Si2P2O16 1400 

Core (220-

500)/shell 

(450-950) 

- 55-85 1-4.5 [137] 

Source: Author.  

Asterisk (*) indicates composition 57.2SiO2-7.5P2O5-35.3 (SrO + CaO), mol% with 0, 5, 10 or 20% of Ca 

substituted with Sr. 

 

Bioactive silicate 13-93 glass scaffolds were developed by Xiao et al. [119] for the 

comparison of a grid-like microstructure to a porosity gradient (inner region with higher 

porosity and outer region with less porosity). This structure was intended to mimic the 

microstructure of long human bones, improving their flexural strength without significantly 

reducing the compressive strength and in vivo bone infiltration ability. Finite element modeling 

(FEM) was utilized to simulate the mechanical response in compression and flexion with the 

required microstructure predicted by FEM later produced and evaluated in four-point bending 
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and compression to validate the simulations. The DIW paste utilized had 40 vol% of solid 

content mixed with a 20 wt% aqueous Pluronic® F-127 solution and, after printing and drying, 

the scaffolds were debinded and sintered at 600 °C and 700 °C for 1 h, respectively. Scaffolds 

with a porosity gradient microstructure had flexural strength (34 ± 5 MPa) that was over twice 

the strength of the uniform grid-like microstructure (15 ± 5 MPa) alongside an also higher 

compressive strength (88 ± 20 MPa, with uniform grid-like microstructure scaffolds having 72 

± 10 MPa). Twelve weeks after the scaffolds' in vivo implantation in non-critical-sized rat 

calvarial defects, the extent of new bone infiltration showed by the histomorphometric analysis 

within the scaffolds with porosity gradient (37 ± 16%) was comparable to that of the grid-like 

scaffolds (35 ± 6%). The amount of BG-HA conversion in these 12 weeks was around 21% 

and, overall, the evaluations validated the FEM predictions. In summary, the study found that 

porosity gradient scaffolds that better mimic the microstructure of long human bones have 

enhanced mechanical properties and analogous in vivo bone infiltration capacity to uniform 

grid-like scaffolds. 

Liu et al. [120] also used the DIW method to prepare 13-93 silicate glass scaffolds and 

performed a complete mechanical evaluation. They used the same composition as the previous 

study (40 vol% of solid content mixed with a 20 wt% aqueous Pluronic® F-127 solution), 

printed through a 410 μm nozzle and with the same debinding (600 °C) and sintering (700 °C 

for 1 h) conditions. The resulting scaffolds had 98 ± 1% relative density, 47% porosity, pore 

width of 300 ± 10 μm (deposition plane) and pore height of 150 ± 10 μm (z-axis). Under flexural 

loading, the strength, modulus and Weibull modulus were 11 ± 3 MPa, 13 ± 2 GPa and 6, 

respectively – with strength and modulus close to the lower end of those of cancellous bone.  

Under compression, the strength, modulus and Weibull modulus were 86 ± 9 MPa, 13 ± 2 GPa 

and 12, respectively – close to cortical bone values. A mean fatigue life of approximately 106 

cycles was found for the scaffolds tested under compression either in air (room temperature) or 

in PBS (phosphate buffered saline) at 37 °C under 1-10 or 2-20 MPa cyclic stresses. There was 

a distinct reduction in the scaffolds' compressive strength during the first 2 weeks of SBF 

(simulated body fluid) immersion and in vivo implantation, but this decrease was slighter after 

that. Scaffolds immersed in SBF for up to 12 weeks had brittle mechanical behavior, whereas 

scaffolds implanted in rat subcutaneous sites changed their mechanical response from brittle to 

elastoplastic within 2-4 weeks. Furthermore, in comparison to scaffolds immersed in SBF in 

vitro, those implanted in vivo presented a more accelerated compressive strength deterioration 

due to a faster in vivo hydroxyapatite conversion. 
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Silicate 13-93 and borosilicate 2B6Sr scaffolds were reported with the same 

microstructure and compared by Jia et al. [121] with autografts (positive control) and empty 

defects (negative control) in critical-sized segmental defects in rabbit femur for extended 

periods. Both 13-93 and 2B6Sr scaffolds had 40 vol% of solid loading, the same macropore 

size and open porosity (50%) and compressive strengths of 80.4 and 35.6 MPa, respectively. 

Both scaffolds showed excellent osteogenic ability through histological analysis, comparable 

to that of autografts. The 2B6Sr scaffolds had a slightly faster degradation rate after 3 and 9 

months of in vivo implantation than the 13-93 scaffolds.  No visible interface was 

distinguishable in the three groups at 9 months post-implantation, exhibiting complete bone 

healing and bone-implant integration – the defects stayed unhealed after the same period in the 

empty group. The three groups also showed improved bone formation and regenerated bone 

hardness with increasing in vivo implantation time. After 9 months, the new bone hardness was 

comparable to that of the host bone. The 2B6Sr scaffolds and autografts had substantially higher 

bone formation than the 13-93 scaffolds; this higher 2B6Sr osteogenic capacity could be 

attributed to its faster degradation and, therefore, the release of soluble ions (including Sr which 

has a potent osteostimulatory effect). Finally, both groups of scaffolds had their ability to 

support angiogenesis confirmed by immunohistochemical analysis, without any significant 

difference between all groups after 9 months. 

Bi et al. [122] printed scaffolds of 13-93, 13-93B3 and 13-93B3 with an oriented 

microstructure (13-93B3 (OR)), evaluating their critical-size segmental defects healing 

capacity and comparing them to autografts. The DIW pastes of 13-93 encompassed 40 vol% 

solid content and 20 wt% aqueous Pluronic® F-127 solution, whereas the 13-93B3 pastes were 

made with 40 vol% of solid content, 12.8 vol% ethyl cellulose, 4.3 vol% PEG and 42.9 vol% 

ethanol; this difference was due to the higher reactivity of the latter. All structures obtained had 

a porosity of 47-50%. The 13-93, 13-93B3 and 13-93B3 (OR) scaffolds had good mechanical 

properties with compressive strengths of 86 ± 9, 40 ± 10 and 32 ± 9 MPa, respectively. The 

results showed that the new bone percentage of defects implanted with the BGs (25-28%) as 

well as the total von Kossa-positive area (32-38%) and the new blood vessel area (4-8%) did 

not present a significant difference from the autografts (38, 40 and 5%, respectively; p=0.05). 

Besides this, the percentage of new cartilage formed in the 13-93 scaffolds (18%) was 

significantly higher than that formed in 13-93B3 (8%) and autografts (8%) (p=0.02). The 

autografts and all three bioactive glass scaffolds integrated well with bone, and supported 

angiogenesis, new bone growth and conversion to HA, with no significant difference between 

them. 



Chapter 1       53 

PhD Thesis on Materials Science and Engineering – Vivian Inês dos Santos – 2023 

Gu et al. [124] designed silicate (13-93) and borate (13-93B3) bioactive glasses as 

well, in addition to a combination of them (13-93 + 13-93B3) with volume fractions varying 

from 0 to 100%. The silicate and borate scaffolds were made with the same composition as the 

paste of the previous study, had 330 μm strut diameters and 47% porosity (300 μm pore sizes). 

As for the scaffolds made of a combination of the bioactive glasses, they were either composed 

of an inner region of 13-93 BG (3.8 mm of diameter) with a thin outer layer of 13-93B3 (0.4 of 

thickness) or an inner region of 13-93 BG (diameter of 3.3 mm) and a thick outer layer of 13-

93B3 (0.65 of thickness). The glass phase (13-93:13-93B3) in the scaffolds was 67:33 (vol%) 

for the first group and 50:50 (vol%) for the second group. The study showed that increasing 13-

93B3 volume fractions decreased the in vivo bone regeneration capacity, with the new bone 

percentage in the defects with 13-93 scaffolds (6 weeks: 23 ± 4%; 12 weeks: 28 ± 8%) being 

significantly higher than in the defects with 13-93B3 scaffolds (6 weeks: 6 ± 4%; 12 weeks: 9 

± 7%). After 12 weeks of in vivo implantation, the 13-93 glass was merely partially converted 

into hydroxyapatite, while the 13-93B3 glass was nearly fully converted after 6 weeks. The 

authors estimated that the lower capacity to support bone regeneration of the 13-93B3 scaffolds 

could be related to the high concentration of boron released from their rapid conversion to HA. 

In mechanical terms, an increasing amount of 13-93B3 led to reduced compressive strengths 

and elastic moduli, with pure 13-93, pure 13-93B3 and the composite of both presenting 

compressive strengths of 88, 28 and 41 MPa, respectively. 

The same silicate (13-93) and borate (13-93B3) bioactive glasses’ scaffolds were also 

compared by Deliormanli et al. [123], in biological and mechanical terms. The 13-93 BG pastes 

contained 45 vol% of solid content, 20.1 vol% of ethyl cellulose acting as a binder and 6.8 vol% 

of PEG acting as a plasticizer, whereas the 13-93B3 BG pastes had 40, 12.8 and 4.3 vol%, 

respectively; the solvent used was ethanol. The scaffolds obtained had strut diameters of 300 ± 

20 μm and approximately 50% porosity with pore sizes of 420 ± 30 μm. It was found that the 

borate 13-93B3 scaffolds, when immersed in SBF, had a faster conversion into a 

hydroxyapatite-like material than the silicate 13-93 scaffolds but also presented a more 

pronounced reduction in strength with immersion time. Excellent mechanical properties were 

observed, especially for the silicate 13-93 scaffolds with a compressive strength of 142 ± 20 

MPa, a value that decreased to 79 ± 32 MPa after 50 days of immersion in SBF. The borate 13-

93B3 scaffolds, in comparison, had a compressive strength of 65 ± 11 MPa that was reduced to 

8 ± 4 MPa after the same period in SBF. The weight loss of the borate and silicate scaffolds 

after 60 days in SBF was 56 and 5.7%, respectively, with the conversion product consisting of 

an amorphous calcium phosphate material. The same group also made a supplementary study 
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[138] to evaluate different pore sizes' effects on the biological response.  The pore widths 

assessed were 300 ± 10, 600 ± 20 and 900 ± 50 μm and were shown to have little impact on 

angiogenesis and tissue infiltration after 4-week implantation, with no histological difference 

in the fibrous tissue formed and no significant difference in the in vivo total area of blood vessel 

formation.  

A comparative study of 45S5 bioactive glass scaffolds with 45 vol% solid content 

(with 1 wt% carboxymethyl cellulose (CMC)), either fully amorphous (sintered at 550 °C) or 

mostly crystalline (sintered at 1000 °C), has also been performed [128]. The amorphous 

scaffolds had a slightly wider strut diameter (359 μm) and higher porosity (24%) when 

compared to the crystalline scaffolds (306 μm and 11%). The amorphous scaffolds also 

exhibited faster calcium carbonate/phosphate precipitation and improved in vitro degradation, 

facts attributed to faster volumetric diffusion of the involved species through the amorphous 

structure. However, cell proliferation of the amorphous scaffolds was not higher than that of 

the crystalline ones – structures that, as expected, also had a better mechanical performance 

with the compressive strength of amorphous scaffolds being ~2 MPa compared to ~10 MPa of 

crystalline scaffolds. The mechanical degradation after SBF immersion was initially faster for 

amorphous scaffolds (due to their faster reaction kinetics) but with longer immersion periods, 

slightly accelerated in glass-ceramic scaffolds due to the crack generation in the mineralization 

layer. Through in vitro tests with MC3T3 osteoblastic cells, the study found that sintering 45S5 

scaffolds at 1000 °C, causing their densification and crystallization, enables the improvement 

of cell proliferation and long-term in vitro cell viability by the prevention of an excessively fast 

ion release from the bioactive glass scaffold. 

Fu et al. [29,130] examined 6P53B bioactive glass scaffolds with 30 vol% solid 

content. This BG composition was a modified version of the original 45S5 glass, mainly 

designed to enlarge the sintering window without crystallizing the glass. The mixture of BG 

particles (particle size (D50) of 1.2 μm, 30 vol%) and 20% Pluronic® F-127 solution was 

printed with 100 or 250 μm on an alumina substrate within a paraffin oil reservoir at 40 °C, 

subsequently dried and sintered at 700 °C. The hydrogel-based glass ink resulted in a structure 

with 500 μm pores and completely dense struts with diameters over 50 μm. The scaffolds' 

porosity attained was 60%, similar to that of cancellous bone (50-90%), whereas the 

compressive strength of the scaffolds achieved 136 MPa, a value comparable to human cortical 

bone – an impressive achievement. Even with the reduction due to the weight loss during the 

3-week SBF immersion, the compressive strength remained high (77 MPa). 
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Olhero et al. [131] developed an alkali-free FastOs®BG scaffold of a diopside-

fluorapatite-tricalcium phosphate system (38.49SiO2-36.07CaO-19.24MgO-5.61P2O5-

0.59CaF2, mol%). The DIW slurry had 47 vol% of solid content, Aristoflex® TAC as a gelling 

agent and hydroxypropyl methylcellulose (HPMC) as a binder. The study encompassed the 

optimization of the rheological behavior, focusing on the effects of the particle size distribution 

and type and amount of processing additives. It was found that attrition milling was the most 

efficient grinding method to obtain fine particles and that the particle size distribution, as 

expected, was a vital characteristic for the packing efficiency of the glass powders, their 

rheological flow behavior and maximum attainable solid loading. The distinguished processing 

and sintering ability of the BG scaffolds resulted in good mechanical properties. Scaffolds with 

200 μm pore sizes had 37% porosity and 42 MPa of compressive strength, whereas those with 

300 μm had 54% and 28 MPa and those with 500 μm pore sizes presented 65% porosity and 

strength of 21 MPa. These compressive strength values were comparable to those of cancellous 

bone. 

Mesoporous bioactive glass (MBG) is a usual nomenclature for bioactive glasses with 

hierarchically porous structures (ordered mesopores and regular macropores). These glasses 

also have great potential for bioengineering applications due to their enhanced surface area and 

unique pore structures, compared to conventional BG, which enable the loading of drugs or 

osteogenic agents for bioactivity improvement [139]. With that in mind, Zhang et al. [34,132] 

produced strontium-containing MBG (57.2SiO2-7.5P2O5-35.3(SrO+CaO), mol%) scaffolds 

with 0, 5, 10 or 20% of Ca substituted with Sr. The Sr-MBG powders were prepared through 

sol-gel methods, added to an aqueous 10% PVA solution and printed into scaffolds with ~69-

74% porosity and ~400 μm pore sizes. It was found that, with increasing Sr substitution, the 

structures had a slower ion dissolution rate and higher potential to stabilize the pH of the 

environment. The Sr-MBG scaffolds presented good apatite-forming ability and stimulated the 

proliferation and differentiation of osteoblastic cells (MC3T3-E1) and the formation of new 

blood vessels in critical-sized rat calvarial defects in 8 weeks. The study also showed a sustained 

drug delivery property of the Sr-MBG scaffolds, with dexamethasone being used as a model 

drug. Besides, their compressive strength was around 8-9 MPa, which could be maintained to 

~7 MPa after 7 days of SBF immersion. Overall, the advantages of good bone-forming 

bioactivity and compressive strength, controlled ion release and drug delivery possibility make 

the Sr-MBG scaffolds promising for bone regeneration applications. 

Angiogenesis is a factor crucial for bone defect healing, especially for critical-size 

defects. It is predicted that since the blood vessels transport nutrients and oxygen to sustain 
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healthy bone growth, angiogenesis improvement should also increase osteogenesis. In this 

regard, stimulated angiogenesis has been found directly interrelated to the presence of copper 

(Cu) ions [140,141], which have improved angiogenesis in full-thickness skin wounds and 

subcutaneous sites in rodents by the delivery of Cu ions by borate bioactive glass scaffolds 

[142,143]. Therefore, Lin et al. [144] produced Cu-doped 13-93 bioactive glass scaffolds by 

DIW with 0 to 2 wt% CuO additions to evaluate if the release of inorganic ions could be a 

viable alternative to the use of growth factors for tissue healing improvement. The scaffolds 

were obtained by printing pastes with 40 vol% of solid content mixed with a 20 wt% aqueous 

Pluronic® F-127 solution with subsequent drying, debinding at 500 °C and sintering at 700 °C 

for 1 h. The results showed that when in vitro immersed in SBF, the release of Cu ions into the 

medium took place in a dose-dependent manner and the scaffold was partially converted to 

hydroxyapatite. The CuO additions of 0.4 and 0.8 wt% did not affect the proliferation, ALP 

activity (MC3T3-E1 cells) and the percentage of new bone that infiltrated the scaffolds (46 ± 

8%) after 6 weeks in rat calvarial defects, but all three characteristics were inhibited by the 2 

wt% CuO additions, with the percentage of new bone being 0.8 ± 0.7%. On the other hand, the 

new blood vessel area in the fibrous tissue infiltrating the scaffolds improved with the CuO 

doping and was significantly superior in scaffolds with 2 wt% CuO. Regarding their 

biocompatibility, doping with up to 0.8 wt% CuO did not affect it, but 2 wt% CuO additions to 

the 13-93 scaffolds were toxic to the cells and detrimental to bone regeneration; nonetheless, 

the study highlighted that even higher Cu additions have been proven nontoxic in other studies 

[144]. Still, the authors foresaw that the addition of clinically safe doses of growth factors (i.e., 

BMP2) could be a more efficient method than Cu doping silicate bioactive glass scaffolds in 

the regeneration of bone defects. 

A high silica sol-gel glass HSSGG (64.4SiO2-4.9Na2O-21.53CaO-9.09P2O5, wt%) 

scaffold was also evaluated after being produced by DIW by Ben-Arfa et al. [134,135]. Usually, 

sol-gel BG powders present high volume fractions of micro- and meso-porosities, a fact that 

can be detrimental for colloidal processes such as DIW since the powders can adsorb a 

significant fraction of the dispersing medium, consequently impairing the paste dispersion and 

flow. To reduce this dispersing liquid uptake, prevent the excessive exposure of the surface area 

to the liquid and achieve a relatively high solid loading (≤ 40 vol%), sintering at 800 °C for 2 h 

was used to obtain a small portion of fine pores (mesopores < 30 nm) in the powders. The 

printing paste was obtained by gradually dispersing the powder into a 1.1 wt% aqueous CMC 

solution. The BG powders underwent partial crystallization with complete heat treatment 

(calcination and sintering), hindering extensive densification upon sintering. Hydroxyapatite 
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formation was observed after 72 h of SBF immersion. The scaffolds had 383 μm strut diameters 

and a considerable fraction of open micro-porosity (~36%) was left in the struts after sintering. 

This notable micro-porosity level limited the scaffolds' compressive strength (~5 MPa for those 

with 300 μm macro-pore sizes). However, it was prone to improve the in vitro and in vivo 

behavior of the scaffolds in tissue engineering and bone regeneration applications. In a 

complementary study, Ben-Arfa et al. [136] took a step further with the same HSSGG sol-gel 

glass and evaluated the effect of ion doping with Cu2+ and La3+ on the slurry printability and 

the scaffolds’ mechanical properties. The doping ions, especially La3+, acted as glass modifiers 

and led to fewer silica polymerization extents, which favored the glass powder milling and the 

obtention of smaller mean particle sizes. Mechanically, the addition of La3+ induced a slight 

improvement (7-18%) in the compressive strength (≤ 5.4 MPa); however, a much more 

significant improvement (up to 221%) was observed with the Cu2+ addition, achieving 

compressive strengths up to ~14 MPa. This difference in mechanical enhancement could be 

attributed to ionic radii differences. Copper has a much smaller ionic radius (0.73 Å) when 

compared to La (1.06 Å) [145], alongside a lower valence, granting Cu a higher diffusion 

coefficient, which makes it an effective sintering aid that enhances the densification and, by 

consequence, the mechanical properties. Therefore, glass doping showed itself as an approach 

for improving the mechanical properties of scaffolds for bone regeneration applications. 

In an interesting study, Luo et al. [137] designed a composite scaffold of hollow struts 

from a solution of alginate and water-soluble PVA combined with bioactive glass nanoparticles 

(Ca7Si2P2O16) with dexamethasone. The preparation of the printing paste involved mixing the 

bioceramic and alginate powders with a 20 wt% Pluronic® F-127 solution. After printing, the 

scaffolds were sintered at 1400 °C for 3 h. A coaxial 3D printing strategy was utilized to obtain 

the multi-oriented hollow channels of the BG/alginate scaffolds, which presented high surface 

area and porosity (~55-85%) with a compressive strength of ~1-4.5 MPa – higher than that 

obtained in their previous study with MBG involving solely cross-linking and not sintering 

[146]. Usually, scaffolds with a single type of macropore (as those made of hollow struts) have 

comparably low pore surfaces and porosity with limited availability of nutrients and oxygen in 

the center of the scaffold. Nonetheless, the obtained structure of hollow struts improved cell 

attachment and proliferation, promoted in vivo bone ingrowth with the formation of bone tissue 

even in the center of the scaffolds and led to better control of the degradation rate.  
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4.2.3. Silicates 

 

4.2.3.1.  Calcium silicates 

 

Calcium silicates are another type of bioceramic that has drawn much attention for 

bone regeneration applications because of their outstanding bioactivity. They can be divided 

into binary (CaO–SiO2), ternary (CaO–MgO–SiO2) and quaternary (SrO–ZnO–CaO–SiO2) 

systems, but the calcium silicate that has by far been the most used alongside the DIW method 

for bone regeneration is wollastonite (CaO–SiO2) due to its great bone repair potential 

[147,148]. This vast utilization is endorsed by the studies highlighted next. 

Shao et al. [149,150] compared Mg-substituted (~10%) wollastonite-based scaffolds 

with three other groups of bioceramics scaffolds (pure wollastonite, β-TCP and bredigite). The 

DIW pastes had 56.5 wt% solid content mixed with a 6% PVA solution and the printing 

procedure was conducted with 450 μm nozzles. They found that the Mg-substituted 

wollastonite scaffolds had the largest pore sizes but the lowest porosity (52.1%), primarily due 

to the considerable shrinkage during sintering. Additionally, these scaffolds were the ones that 

had the highest osteogenic capability among the four groups evaluated, corroborating the 

wollastonite’s great potential for bone repair stated in the literature. Mg-doped (10 wt%) 

wollastonite scaffolds with excellent mechanical properties and porosity of 51% (350 μm pore 

sizes) have been achieved in another study [151]. In this investigation by Liu et al., the pastes 

were similar to that of the previously described study with 55.5 wt% of solid content mixed 

with a 6% PVA solution; these were printed through 450 μm nozzles, dried for 24 h at 60 °C 

and sintered at 1100 °C for 3 h. The Mg-doped wollastonite's compressive strength (~115 MPa) 

was over 4-fold higher than that of pure wollastonite scaffolds (~26 MPa) and presented a 

compressive modulus of 800 MPa. The doped scaffolds had accelerated new bone growth (6-

18 weeks) and an elastoplastic response to match the rabbit femur's strength (10-15 MPa) after 

18 weeks which was mechanically outstanding. They also experienced mild resorption and their 

pore walls had a constant phase conversion of calcium silicate into biological apatite. 

One characteristic imperative for optimizing bone repair in calvarial defects is the 

scaffold's side-wall pore architecture. With this in mind, Shao et al. [152] examined scaffolds 

with 53-58% porosity of wollastonite or Mg-doped (6%) wollastonite to evaluate the role of 

this characteristic on the scaffolds’ mechanical properties and osteogenic capacity. The DIW 

pastes presented 57.4 wt% of solid content mixed with a 6% PVA solution. After the printing 

procedure with 450 μm nozzles, the scaffolds were dried at 80 °C. The study encompassed two 
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different layer deposition modes – single-layer printing (SLP, 0°/90°) and double-layer printing 

(DLP, 0°/0°/90°/90°) – both undergoing a sintering process of one or two steps (one-step: 

plateau at 320 °C for 45 min and 500 °C for 60 min with a target temperature of 1150 °C for 3 

h and natural cooling; two-step: heating to 1150 °C, holding for 45 min, rapidly cooling down 

to 1060 °C in 10 min and holding for 3h). It was found that the processes of Mg doping and 

two-step sintering were particularly advantageous for the enhancement of the flexural (~6‒18 

MPa) and compressive strengths (~25‒103 MPa) of the calcium silicate scaffolds. The SLP 

scaffolds presented a high in vivo osteoconduction at an early stage (4 weeks), but for a long-

time stage (8-12 weeks), the DLP scaffolds had a higher osteogenic capacity. Even though this 

higher osteogenic capacity in the long-term was linked to DLP pure wollastonite scaffolds, 

those DLP with Mg addition displayed excellent fracture resistance and appreciable new bone 

tissue ingrowth. The study revealed that Mg doping and two-step sintering are two encouraging 

approaches to improve the mechanical strength of calcium silicate scaffolds and hold promise 

for the 3D printing of thin-wall porous scaffolds to treat craniomaxillofacial bone defects. 

An adjustable component distribution was obtained by Jin et al. [153] utilizing core-

shell structures to print scaffolds. With this strategy, the scaffolds printed had a wollastonite 

shell and a core that could be wollastonite or Mg-doped wollastonite (4 or 10% of Mg-

substituting Ca ratio). To obtain the printing pastes, the ceramic powders were separately 

dispersed in 6% PVA solutions and printed with coaxially-aligned nozzles with core and shell 

interior diameters of 400 and 900 μm, respectively. The scaffolds were dried at 80 °C for 24 h 

and sintered at 1150 °C for 3 h. The resulting structures had 50-58% porosity, 750 μm-diameter 

struts and improved mechanical properties with increasing Mg content. Wollastonite, 4 wt% 

Mg-doped and 10 wt% Mg-doped wollastonite presented compressive strengths of 11.2, 39.4 

and 80 MPa, respectively – an increase attributed to enhanced sintering properties and denser 

struts with higher Mg percentage. After 14 days of SBF immersion, all the core-shell samples 

formed an apatite layer, indicating their bioactivity. Overall, these different distributions in the 

core-shell structures led to tunable strength and degradation. Their study and many others have 

proven the core-shell approach promising for tailoring component distribution, microstructures, 

and, consequently, mechanical and biological properties [153–155]. 

An unusual configuration with a hierarchical structure of “hot-dog-like” scaffolds of a 

different calcium silicate – akermanite (Ca2MgSi2O7) – was developed by Li et al. [156] 

through a combination of DIW and bidirectional freeze-casting. The structure consisted of 

hollow tubes (“bread”, ~1 mm pore size) embedded by struts (“sausage”, ~500 µm diameter) 

with uniformly aligned lamellar micropores. The scaffold, which had a varying solid content of 
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20, 30, 40 and 50 vol% (with also 2 wt% of PVA and 1 wt% of sodium polyacrylate), presented 

28 to 43% porosity and had excellent drug and protein loading and releasing abilities. The study 

found that the designed structure could deliver icariin (a model osteogenic drug) as well as a 

large molecule protein such as bull serum albumin (BSA) and that this controlled delivery and 

the hierarchical structure itself helped improve the in vivo bone-forming bioactivity.  

 

4.2.3.2.  Polymer-Derived Ceramics 

 

Polymer-derived ceramics (PDC) are materials made from preceramic polymers 

converted into ceramics through controlled heat treatments. The PDC route involves shaping 

the polymer (e.g., DIW method), then its crosslinking or gelling and later its conversion into 

ceramic through pyrolysis at adequate temperatures (usually higher than 800 °C), a process that 

breaks the C-H bonds, releasing CH4, H2 or other volatile compounds, forming an inorganic 

material [157]. 

The polymeric precursors, mainly Si- or B-based, make it possible to obtain a wide 

range of ceramic materials such as silicon-oxycarbide (SiOC), silicon-carbonitride (SiCN), 

silicon-oxycarbonitride (SiOCN), silicon-boron carbonitride (SiBCN), silicon nitride (Si3N4), 

silicon-carbide (SiC) and boron nitride (BN) [157]. These PDCs are the most recognized ones, 

nevertheless, many other ceramics can be produced by the PDC route. 

The obtention of porous-structured ceramics through polymeric precursors has many 

advantages over the conventional sintering of ceramic powders. These include (1) the lower 

temperatures required for the polymer-to-ceramic conversion; (2) the fact that the shaping of 

the polymer precursors can be made with inexpensive polymer-forming techniques, as is the 

case of DIW and (3) the possibility of achieving intermediate products with a combination of 

the ceramic-like properties and the polymeric nanostructure (“Ceramers”), by heating at 

temperatures that are within the polymer-to-ceramic transformation range [157]. 

Some technological challenges related to polymer-derived ceramics remain. The most 

crucial is the release of gaseous species during the preceramic polymer pyrolysis, in addition to 

its associated shrinkage, which impedes the direct fabrication of bulk structures. There are 

strategies to minimize these issues (i.e., adding reactive or inert fillers), but the manufacture of 

fully dense pieces is still a challenge. Nevertheless, polymer-derived ceramics have been 

increasingly investigated and are considered promising materials for the fabrication of scaffolds 

for bioengineering applications. Some interesting studies encompassing PDCs are featured in 

the next paragraphs 
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A preceramic polymer (MK, polymethylsilsesquioxane), alongside reactive fillers 

(MgO/Mg(OH)2 and CaCO3), composed the paste utilized by Dasan et al. [158] to fabricate 

akermanite (Ca2MgSi2O7) hierarchically porous scaffolds by DIW. First, the MK polymer was 

dissolved in isopropyl alcohol and mixed with fumed silica in an amount corresponding to a 

ratio between MK-derived silica and FS of 9:1 (wt). Then, active oxide fillers were incorporated 

into the paste in quantities corresponding to a CaO:MgO:SiO2 molar ratio equal to 2:1:2 – 

equivalent to stoichiometric akermanite (Ca2MgSi2O7 = 2CaO·MgO·2SiO2). The use of MgO 

(nano) and CaCO3 micro-particles as reactive fillers produced crack-free scaffolds that either 

had dense or porous struts. The first group (scaffolds with dense struts) had a porosity of ~58% 

and 7.3 MPa of compressive strength, whereas the latter (scaffolds with porous struts) had 

~69% and 4.2 MPa. The authors also added hydrated sodium borate (Na2H4B4O9·nH2O) to the 

paste with a triple purpose. It helped in attaining phase purity and eliminating cracks (it formed 

a liquid phase upon firing, granting structural integrity and phase evolution) and enabled the 

achievement of hierarchically porous structures as the release of water vapor could happen at 

low temperatures, therefore, before the ceramic transformation. Hence, the complex porosity 

distribution produced by formulations encompassing hydrated sodium borate could be utilized 

for the obtention of a new generation of glass-ceramic scaffolds. 

Fiocco et al. [159] also utilized the PDC route while designing scaffolds of calcite 

surrounded by an amorphous silica binding phase with 56-64% porosity and 300 μm strut 

diameters (410 μm nozzles). The paste had a weight balance of SiO2/CaCO3 of 35/65 (wt%) 

and, to obtain it, fumed silica powders were mixed with MK (polymethylsilsesquioxane) in 

isopropyl alcohol, with subsequent incorporation of CaCO3 micro-sized powders. It was printed 

within a vegetal oil bath, then primarily cross-linked at 350 °C and ceramized in air at 600 °C. 

The low temperature used for the thermo-oxidative decomposition (i.e., conversion of polymer 

into amorphous silica) is far lower than the usual temperatures for silicone-derived ceramics 

and avoided calcite decomposition. The silica-bonded calcite scaffolds had compressive 

strengths of 2.9-5.5 MPa, good in vitro bioactivity and cell adhesion and proliferation abilities, 

making them suitable candidates as scaffolds for the regeneration of cancellous bone defects. 

Fu et al. [160] focused on β-dicalcium silicate (β-Ca2SiO4) scaffolds with a porosity 

of ~78-81% and 400 μm pore sizes from a preceramic silicone resin (polysilsesquioxane) loaded 

with CaCO3 active filler. The paste was made by dissolving the silicone resin in isopropyl 

alcohol and adding the CaCO3 powder (Ca/Si molar ratio of 2:1), whereas printing took place 

with 400 μm nozzles and varying angles between successive layers of 0°, 60° and 120°. The 

scaffolds were sintered at 1000, 1100 and 1200 °C and presented excellent apatite 
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mineralization ability. The study found that higher sintering temperatures significantly 

improved the compressive strength (5.2 ± 0.7 MPa) of the scaffolds and stimulated the rat bone 

mesenchymal stem cells (rBMSCs) adhesion and proliferation as well as the alkaline 

phosphatase activity and the osteogenic-related gene expression of the cells. 

Hardystonite (Ca2ZnSi2O7) polymer-derived scaffolds with 350 μm-diameter struts 

and approximately 80% of porosity have also been produced through DIW by Zocca et al. 

[161]. They assessed the influence of the heat-treatment atmosphere on the crystalline phase 

assemblage, morphology and compressive strength. The DIW paste was achieved by dispersing 

fumed silica (1.9-2.5 wt%) in isopropyl alcohol, adding a preceramic polymer (MK - 

polymethylsilsesquioxane, 20.3-26.4 wt%) and then ceramic fillers ZnO (12.8-16.7 wt%) and 

CaCO3 (31.6-41 wt%); some printing pastes also had some hardystonite powder as a filler (21.2 

wt%). The preceramic polymer and the fumed silica added had the double purpose of reacting 

with the filler to form the hardystonite phase upon heat treatment and granting adequate 

rheological properties – the first acted as a polymeric binder, increasing the viscosity and the 

latter formed a network of colloidal agglomerates of silica, inducing a “gel-like” behavior. A 

410 μm nozzle was used to print the structures in a sunflower oil bath. The scaffolds were cross-

linked at 200 °C and then treated with two different heat treatment atmospheres: air or nitrogen. 

The heat treatment performed in air developed the aspired hardystonite phase. In contrast, the 

heat treatment in nitrogen formed wollastonite polymorphs, a fact attributed to zinc oxide 

carbothermal reduction followed by metallic zinc evaporation. The addition of a hardystonite 

inert filler eliminated almost entirely the crack presence in the ceramized scaffolds and the final 

structures presented mechanical properties suitable for non-load-bearing bioengineering 

applications (compressive strength of 1.6 ± 0.3 MPa). 

Polymer-derived hardystonite has been the focus of Elsayed et al. [162] as well. They 

obtained B-doped hardystonite (Ca2Zn1-xB2xSi2-xO7) scaffolds through air thermal treatment of 

silicone resins. The printing paste was achieved by the dissolution of the preceramic polymer 

MK (27 vol%) in isopropyl alcohol, its mixture with fumed silica and subsequentially with 

CaCO3, ZnO and dehydrated colemanite. The DIW procedure took place with 410 μm nozzles 

in a sunflower oil bath and, after drying, the scaffolds were cross-linked at 200 °C for 1 h and 

heat treated at 950 °C for 1 h. The calcium borate added to the silicone-based mixture acted, 

upon firing, as a micro-sized oxide reactive filler, granting a liquid phase, promoting ionic 

interdiffusion and developing B-containing hardystonite-based structures with ~68% of 

porosity. Even though the developed scaffolds were fired at a lower temperature than other 

previously obtained silicone-derived hardystonite structures (usually 1200 °C), the B-doped 
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hardystonite scaffolds showed a substantial enhancement of the mechanical properties, 

presenting compressive strength of ~5 MPa. 

In another study [163], the same group developed Sr/Mg-doped hardystonite 

(Ca1.4Sr0.6Zn0.85Mg0.15Si2O7) scaffolds with a porosity of 48 ± 1%. For that, the preceramic 

polymer (MK, 28 vol%) was dissolved in isopropyl alcohol, mixed with fumed silica and then 

with the fillers ZnO, CaCO3, SrCO3 and Mg(OH)2. Printing (840 μm nozzle) happened in air, 

with subsequential cross-linking at 200 °C. The silicone resins and the reactive fillers were 

thermally treated in air at 1100 °C for 1 h. Fine glass powders were used as additional fillers, 

not modifying the overall phase assemblage due to their chemical similarity with the PDC. They 

enhanced the densification, mechanical properties and integrity of the structures. The scaffolds 

presented good compressive strengths (11.6 ± 3.2 MPa) and the preliminary cell evaluations 

showed that the Sr/Mg-doped hardystonite scaffolds had better biocompatibility and bioactivity 

than pure hardystonite ones. 

 

4.2.4. Functional ceramics 

 

As was observed in the previous sections, many studies have been focused on 

optimizing the pore structure and chemical composition of porous bioceramic scaffolds for bone 

tissue engineering. Recently, they have been modified with the use of various functional 

materials, which developed a variety of functional scaffolds for bone tissue engineering. 

Different functionalities can be achieved via protein/drug loading, influencing the structure, 

surface, and interface of the scaffolds, all factors that affect their biological properties. In this 

regard, direct ink writing has been proven an appealing method to print materials with such 

sensitive components as it does not utilize high-energy illumination or heat. Thus, many studies 

have been conducted in printing functional ceramics with DIW; some of these studies that had 

interesting outcomes, were innovative or both are shown in the sequence. 

During the surgical treatment of bone tuberculosis, the lesion site excision produces 

defects in the bone structure. Regeneration of these defects is improved by the utilization of 3D 

scaffolds embedded with anti-tuberculosis drugs. With that in mind, Yuan et al. [164] used the 

DIW method to obtain β-TCP scaffolds with the anti-tuberculosis drugs Rifampin and 

Isoniazid. They evaluated their microstructures and mechanical and biological performances 

(Fig. 12). After printing the paste (β-TCP, paraffin microspheres (2-8 µm diameter, added to 

produce a microscopic pore structure), citric acid, potassium hydrogen phosphate, silica and 

magnesium oxide) at 37 °C with a 500 μm nozzle, the structures were sintered for 2 h at 1100 
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°C and the anti-tuberculosis drugs were loaded on PLGA (poly(lactic-co-glycolic acid)) 

microspheres by different steps of centrifuging. The scaffolds had ~62% total porosity, of which 

42.5% corresponded to macro-porosity (400 μm pores) and ~19.5% to micro-porosity (2-8 μm 

pores). The compressive strength achieved was ~3.3 MPa. Besides, the scaffolds presented 

excellent in vitro biocompatibility and a degradation rate matching the osteogenesis biological 

process. The in vivo studies showed that the microspheres could effectively and stably release 

the anti-tuberculosis drugs for 90 days with concentrations that killed tuberculosis-causing 

bacteria (M. tuberculosis). The scaffolds also allowed the survival and good migration of rat 

bone mesenchymal stem cells (rBMSC), indicating successful bone repair and regrowth. The 

study had some limitations, such as the lack of precise control of the microspheres’ content and 

the fact that the degradation study did not consider the action of osteoclasts and macrophages. 

Although additional analyses are required for their optimization for in vivo environments, the 

β-TCP scaffolds loaded with Rifampin and Isoniazid have shown an encouraging approach for 

bone regeneration following tissue resection in the cases of bone tuberculosis. 

 
Fig. 12. β-TCP scaffolds loaded with Rifampin and Isoniazid. (A) Scaffold model (S=P=500 μm; W=400 μm; 

H=5 mm; L=11.3 mm). (B) SEM image of drug-loaded β-TCP support with microspheres (50x). (C) In vitro 

drug release profile. (D) pH change of SBF over time as the scaffold degrades. (E) 500x and (F) 1000x SEM 

images of rBMSC adhesion to the scaffold. 

 
Source: Adapted from [164]. 
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Growth factors can significantly improve scaffolds' bioactivity due to their signaling 

proteins' function in bone healing [165,166]. One of the most used growth factors for bone 

tissue engineering applications is bone morphogenic protein (BMP)-2 due to its osteoinductive 

capacity, which is efficient in the formation of ECM (extracellular matrix) and promotion of 

the differentiation of MSCs (mesenchymal stem cells) into osteoblasts [165]. 

The appealing properties of BMP-2 draw the attention of Liu et al. [167,168]. They 

investigated the new bone-forming ability of 13-93 bioactive glass scaffolds (solid content of 

40 vol%) mixed with a 20 wt% aqueous Pluronic® F-127 solution, printed with 410 μm nozzles, 

debinded at 600 °C and sintered at 700 °C for 1 h. The structures had 47% of porosity and were 

pretreated in a K2HPO4 (dipotassium hydrogen phosphate) solution – to convert a thin surface 

layer (~5 μm) of the glass to hydroxyapatite – or pretreated in K2HPO4 and loaded with BMP-

2 (1 μg/scaffold). The bioactive glass conversion to HA, bone regeneration and blood vessel 

formation in non-critical-sized rat calvarial defects were evaluated for 6 [167], 12 and 24 weeks 

[168] and compared to as-fabricated scaffolds. Scaffolds pretreated with K2HPO4 had 

significantly higher new bone formation at 6 weeks post-implantation when compared to as-

fabricated scaffolds, a fact attributed to the high surface area of the formed hydroxyapatite 

surface layer, which improves protein adsorption and osteogenic ability [167]. Nevertheless, no 

significant difference in bone regeneration was found in longer implantation times (i.e., 24 

weeks) between the as-fabricated and pre-treated scaffolds [167,168]. These discoveries 

highlighted that, at early implantation times, the pretreatment of scaffolds with K2HPO4 could 

improve their protein adsorption and osteogenic and bone-forming ability, but, in the long term, 

scaffolds not treated with K2HPO4 had a faster conversion to HA; this aspect was able to 

increase their bone regeneration ability. In comparison, at all three implantation times, scaffolds 

loaded with BMP-2 presented a significantly higher bone regeneration capacity. They were 

almost entirely infiltrated with lamellar bone within 12 weeks, with the formation of marrow-

rich bone – a typical outcome of bone growth induced by BMP-2. In terms of blood vessel 

formation, at 6 and 12 weeks post-implantation, the number and area of blood vessels in the 

new bone infiltrating the BMP2-loaded scaffolds were significantly higher than those of the as-

fabricated and pretreated scaffolds. Still, no significant difference was found in these two 

characteristics among the three groups at 24 weeks. It was also found that neither the 

pretreatment nor the BMP-2 loading affected the BG-converted-to-HA fraction at 24 weeks, 

which was ~30% and that the bone regeneration capacity of BMP-loaded scaffolds was 

independent of the pretreatment period (1-6 days) in the K2HPO4 solution. In summary, the 
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conversion of a surface layer of the BG to hydroxyapatite and the loading of surface-treated 

scaffolds with BMP-2 could significantly enhance bone regeneration capacity. 

Bone morphogenetic protein 2 (BMP-2) was also examined by Dellinger et al. [169] 

utilizing hydroxyapatite scaffolds for its delivery. The paste had 48 vol% of solid content, 1.25 

wt% Darvan® 821A, Methocel® F4M (2.5 mg/mL of liquid) and 1-octanol; this paste was 

mixed with polymethylmethacrylate (PMMA) micro-spheres to promote controlled 

microporosity (27.5 vol% HA and 27.5 vol% PMMA). After printing, the HA scaffolds, which 

had 415 μm of strut diameter, were sintered for 2 h at 1300 °C with subsequent incorporation 

of 10 μg of BMP-2 for their in vivo characterization in goat metacarpal and metatarsal bones 

for 4 and 8 weeks. The results showed that the BMP-2 presence improved the scaffolds' 

osteogenesis, with a higher percentage of the scaffolds filled with bone tissue at 4 and 8 weeks 

– histological evidence of more complete healing. Suggestions that the adjacent bone influenced 

differently the HA/BMP-2 microporous scaffolds properties than the non-microporous 

scaffolds were found by the internal dark blue staining of the first group and reported for the 

first time. Furthermore, even though bone healing was not influenced by micropores alone as 

confirmed by histological measures, the micropores' interconnectivity enabled ECM 

(extracellular matrix) infiltration into the scaffolds' struts, indicating that the matrix can 

infiltrate the whole scaffold, not only the macropores. This fact would lead to a more thorough 

incorporation of bone into the scaffold and, consequently, a more complete defect healing. 

Following the same line, Zhou et al. [170] recently printed β-TCP scaffolds with a 

biomimetic vascular hierarchical structure and rhBMP-2 (recombinant human BMP-2) coating 

to improve the scaffolds' vascularity (Fig. 13). For that, the paste for the DIW procedure had 

45 vol% solid content, 2.5 wt% Darvan® C, Methocel® F4M (7 mg/mL) and PEI (0.8 vol% 

relative to the liquids). After printing, the scaffolds were debinded at 400 °C for 1 h, sintered at 

1200 °C for 1 h and then coated with rhBMP-2 pre-dissolved in a gelatin-acetic acid solution. 

The design of the scaffold had a central vascular channel of 2 mm in diameter and 6 side branch 

channels of 1 mm in diameter with 450 μm of spacing between them. Upon embedding of 

femoral axial vascular bundles, the vascular hierarchy significantly increased the scaffold’s 

overall vascularity. Compared to conventional TCP scaffolds, the designed multi-channeled β-

TCP scaffolds led to the formation of bone-like tissue and suitable blood vessels through their 

structure at 4 weeks of implantation. Particularly, more uniform vascularized bone was found 

2 weeks post-implantation in scaffolds coated with rhBMP-2 and embedded with a flow-

through vascular bundle (FVB). The scaffolds' compressive strength was significantly reduced 

as a result of the side channels and, notably, the central channels; the latter facilitated structural 
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failure in that direction. Still, the strengths were close to 3 MPa in all directions, that is, within 

the range of compressive strengths of cancellous bone. 

Fig. 13. rhBMP-2-coated β-TCP scaffolds with embedded autologous vascular bundles. S: conventional TCP 

scaffolds; CS: multi-channeled β-TCP scaffolds; CS+LVB: multi-channeled β-TCP scaffolds with ligated 

vascular bundle; CS+FVB: multi-channeled β-TCP scaffolds unligated/flow-through vascular bundle.(A) 

Computer-aided-design (CAD) of β-TCP scaffolds with bionic vascular access through biomimetic vascular 

channels; (B) Schematic representation of the fabrication of the channeled scaffolds and insertion of the 

autologous vascular bundle for accelerating vascularization and osteogenesis; (C) SEM image of the CS branch 

pattern; (D) Representative μ-CT images for neo-vasculogenesis and neo-osteogenesis within scaffolds 

implanted in rabbit vastus medialis pocket at week 2 (S-conventional scaffold; CS-channeled scaffold; LVB-

ligated vascular bundle; FVB-flow-through vascular bundle); (E) Total porosity of the scaffolds; (F) 

Compressive strength; (D) rhBMP-2 release profile of S and CS scaffolds (in PBS); Alkaline phosphatase (ALP) 

assays for (H) 3 h, (I) 1 day and (J) 21 days (insignificant difference (ns p > 0.05), and significantly different 

from control (*p < 0.05, and **p < 0.01); Quantitative analysis of neo-vasculogenesis and neo-osteogenesis at 

week 2 through estimation of (K) vessel volume/tissue volume, (L) vessel number, (M) bone volume/tissue 

volume and (N) cancellous number (n = 5; significant effect of the treatment: *p < 0.05 and ***p < 0.001; 

significant effect compared to S+BMP2 group: @p < 0.05 and @@p < 0.01; CS+BMP2 group: #p < 0.05; and 

CS+LVB+BMP2 group: & p < 0.05). 

 
Source: Adapted from [170]. 
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5. CERAMIC COMPOSITES 

 

The three-dimensional printing of pure ceramics has known much progress in the last 

years with the creation and diffusion of the DIW method. Later on, the utilization of composites 

grew as technology and knowledge naturally progressed. This development stands mainly on 

optimizing the paste characteristics, which can be its printability, processability, mechanical 

properties and bioactivity [171]. Evidently, this optimization depends on the material that is 

being added to the ceramic ink. The advantages granted for each type of composite are 

described in the sections to come. 

 

5.1. CERAMIC-CERAMIC COMPOSITES 

 

The development of ceramic-ceramic composites has taken place to alleviate the 

disadvantages of mono-component materials by combining two or more bioceramics. The most 

well-known ceramic-ceramic composite is biphasic calcium phosphate (BCP), in which 

hydroxyapatite (HA) and tricalcium phosphate (TCP) are combined in various ratios to 

overcome the excessively low biodegradation rate of the first, tailoring its biodegradability. 

This combination has been proven beneficial in several studies; in the particular case of powder-

based 3D printing (P-3DP), Detsch et al. [172] found that BCP scaffolds have similar cell 

viability but higher cell proliferation when compared to pure HA or β-TCP scaffolds. 

When it comes to ceramic-ceramic composites produced by DIW, additions of 

nanoplatelets and fibers have been reported alongside the incorporation of low-melt glasses 

[173,174] to aid the sintering process and improve the mechanical properties. By far, carbon-

based additions (especially graphene oxide (GO)) are the ones that have been mainly utilized 

[31,127,175–180] – these are further explored in the subitem of this section. Some studies 

encompassing ceramic-ceramic composites are featured next. 

Goyos-Ball et al. [76] investigated dense components and scaffolds of 10 mol% ceria-

stabilized zirconia and alumina composites (35 vol% of solid content) using Pluronic® F-127 

(25 wt%). The scaffolds were printed with 580 μm nozzles, had round lattices of 200 μm pore 

size and 30% porosity and presented compression strengths comparable to cortical bone, 

reaching almost 200 MPa. The dense components showed a maximum flexural strength of 575 

MPa, 82% of the flexural strength values of conventionally processed 10CeTZP-Al2O3. 

Moreover, the printed parts showed good chemical stability, negligible wear, no cytotoxicity 
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and induced osseous differentiation. As a result of their high structural integrity, the CeTZP-

Al2O3 composites could be used for load-bearing regeneration applications [181].  

Yttrium-stabilized zirconia scaffolds coated with hydroxyapatite by slurry infiltration 

were obtained by Kocyło et al. [182], in which, to suppress the reaction at 1200 °C between 

ZrO2 and HA upon sintering, a fluorapatite (FA) intermediate layer was introduced. The paste 

had 39.5 vol% of solid content, in addition to deionized water, Dolapix® A88 (dispersant, 1.26 

vol%), glycerin (to avoid premature drying) and alginic acid sodium salt (binder, 1.73 vol%). 

Printing took place with nozzle diameters of 580 μm. It was shown, by XRD (x-ray diffraction) 

evaluations, that the FA intermediate layer indeed prevented the HA-ZrO2 reaction and 

suppressed the HA decomposition. The resulting coating was relatively microporous, ~20 vol%, 

with a 20 μm total thickness. The structure was sintered at 1450 °C for 2 h, had ~580 μm 

filament diameters, porosities of approximately 61, 69 and 75 vol% and compressive strengths 

of ~63, 40 and 21 MPa, respectively. The study found that the scaffolds with the FA/HA layers 

exhibited better bioactivity than those with the HA/HA coating as well as a slower dissolution 

rate. 

Houmard et al. [183] designed biphasic calcium phosphate (BCP) scaffolds for load-

bearing bone substitute applications with two different ratios of HA/β-TCP: 60/40 and 20/80. 

These composites were added to 20 wt% aqueous Pluronic® F-127 solutions and were printed 

with nozzle diameters varying from 200 to 610 μm. The obtained structures had 25-80 vol% 

porosity and compressive strength in the range of 3-50 MPa. The immersion tests performed in 

static SBF and water revealed no significant weight loss of the scaffolds after 5 months; the Ca 

and P dissolution of the 60HAP/40β-TCP scaffolds was approximately 20 times higher than 

that of pure HA. The study also exposed the fact that, at similar volume porosity, the 

compressive strength of the sintered structures increased with decreasing strut diameters. 

In a well-acknowledged study, Roohani-Esfahani et al. [184] produced scaffolds of a 

composite of Sr-doped hardystonite (Sr-Ca2ZnSi2O7), gahnite (ZnAl2O4) and a glass phase with 

four pore geometries and evaluated the mechanical response (Fig. 14). The paste s had a solid 

content of 45 vol%, with a hydroxypropyl methylcellulose solution (HPMC, 1 wt%), sodium 

polyacrylate (1 wt%, deflocculant) and a polyethyleminine (PEI) solution (10 wt%, 

Mw~25,000). The structures with different pore geometries (hexagonal, curved, rectangular 

and serrated/zig-zag) were printed with a 600 μm nozzle and had varying porosities of ~50, 55, 

60 and 70% with pore sizes of 450, 550, 900 and 1200 μm, respectively. The scaffolds had 

compressive strengths comparable to cortical bone (Fig. 14(g)). Of particular interest, those 

with hexagonal pores had high fatigue resistance (compressive cyclic load of 1-10 MPa with 
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1,000,000 cycles), flexural strength (30 MPa) and failure reliability when compared with 

scaffolds with conventional architecture pores. The strength found was 150-fold higher than 

that reported for polymeric and composite scaffolds with similar porosity (data gathered by the 

authors (Fig. 14(g,h))) and also 5-fold higher than the strengths reported for ceramic and glass 

scaffolds with similar porosity as well. Therefore, through pore geometry optimization, the 

study demonstrated a general approach to enhance the scaffolds' mechanical strength, 

producing highly porous and strong glass-ceramic scaffolds for bone regeneration applications.  

 
Fig. 14. Sr-doped hardystonite/gahnite/glass scaffold. CAD design models (left column) and SEM images of the 

evaluated scaffolds (Scale bars: 500 μm unless stated otherwise). Designs: (A) Hexagonal, (B) Curved, (C) 

Rectangular and (D) Zigzag. (E) SEM images of the fracture surface of the Sr-HT-Gahnite scaffold showing no 

microporosity in the struts. (F) Microstructure of Sr-HT-Gahnite scaffolds consisting of three phases: Sr-HT 

grains, ZnAl2O4 crystals and an intergranular glass phase. (G) Compressive strength vs. porosity of the scaffolds 

with distinct pore geometries. (H) Flexural strength of Sr-HT-Gahnite scaffolds with hydroxyapatite and 

bioactive glass scaffolds. Each point style corresponds to a different literature value.  

 
Source: Adapted from [184]. 

 

One significant clinical challenge within bioengineering applications is the treatment 

of malignant bone tumors, as these situations demand the simultaneous removal of tumor tissues 

and regeneration of bone defects. To address this need, porous bifunctional 3D scaffolds are 

utilized to incorporate functional materials to accomplish more functionalities, such as 

photothermal therapeutic and magnetic hyperthermia properties. In this concern, Wang et al. 

[185] combined DIW and a hydrothermal method to prepare bifunctional scaffolds by the in 

situ growth of molybdenum disulfide (MoS2) nanosheets on akermanite (AKT) printed 

scaffolds. Pluronic® F-127 (6.39 wt%) and alginic acid sodium (4.09 wt%) were added to the 
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AKT powders (63.94 wt%) to ensure a homogeneous printable paste. After printing with 580 

μm nozzles, the MoS2 nanosheets’ growth on the surface of the struts, through the hydrothermal 

process, was performed to endow the scaffolds with photothermal therapeutic potential. The 

MoS2-modified AKT scaffolds (MS-AKT) had a rapid increase in their temperature under near-

infrared irradiation (NIR), which decreased the viability of osteosarcoma and breast cancer cells 

and inhibited in vivo tumor growth. This photothermal temperature could be modulated by 

varying the scaffold’s size, the laser power density and the MoS2 content. In addition, the MS-

AKT scaffolds could support cell attachment, proliferation and osteogenic differentiation (bone 

mesenchymal stem cells (BMSCs)) besides inducing in vivo bone regeneration, showing 

themselves as a  promising clinical strategy in the treatment of tumor-induced bone defects. 

In an interesting study, He et al. [186] developed diopside (MgCaSi2O6) scaffolds 

coated with Cu-doped bredigite (Ca7Mg(SiO4)4) or Cu-doped akermanite (Ca2MgSi2O7) with 

good bioactivity, stability and antibacterial potential for application as a new orbital 

filler/implant (i.e., a medical prosthetic that replaces orbital volume and allows some realistic 

movement of the prosthetic eye). The paste was also comprised of a 10 wt% PVA solution and, 

for the DIW procedure, nozzle diameters of 400 μm were utilized. The calcium-magnesium 

silicate materials were sintered at 1150 °C for 3 h and had ~52% of porosity with ~350 μm pore 

sizes. The diopside scaffolds had minimal degradation after 12 weeks of in vivo incubation. The 

Cu-doped coatings (5 mol% of Ca was substituted by Cu) produced significant angiogenesis 

effects, vastly beneficial for neovascularization, especially in the case of Cu-doped bredigite 

coatings. Thus, the utilization of diopside-based scaffolds modified with functional coatings of 

Ca-Mg silicates in the retention of orbital prostheses is likely to enhance the patient's prosthesis 

acceptance due to their improved retention and stability. 

Shao et al. [149,150] manufactured scaffolds of magnesium-doped wollastonite (CSi-

Mg10) combined with β-TCP for bone regeneration application, based on computed tomography 

(CT) images. A fraction of 10% of Ca was substituted by Mg in wollastonite (β-CaSiO3) and 

the composite was comprised of 15% β-TCP (CSi-Mg10/TCP15). The DIW pastes had 56.5 wt% 

solid content mixed with a 6% PVA solution and were printed with nozzle diameters of 450 or 

500 μm. The study also encompassed different heating schedules of sintering, such as one-step 

(1SS) and two-step sintering (2SS); the same as utilized in another study of the group with 

wollastonite and Mg-doped wollastonite [152]. CSi-Mg10/TCP15 that underwent 1SS and 2SS 

had 57.8% porosity and compressive strengths of 45 and 30 MPa, respectively. The mechanical 

characterization also demonstrated that the addition of β-TCP to Mg-doped wollastonite 

induced a ~50% decrease in the scaffolds’ compressive strength, but the values were still 5-fold 
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higher than those of TCP under the same sintering conditions. Notably, the CSi-Mg10 scaffolds 

had a considerably high compressive strength (> 80 MPa) and the 2SS schedule was shown 

more favorable for the improvement of the flexural strength than the 1SS (90.1 over 82.1 MPa, 

respectively); both strengths were 10-fold higher than the obtained for TCP scaffolds (~7.8 

MPa). A significantly higher osteogenic capability was found for CSi-Mg10/TCP15 composite 

scaffolds after 8 weeks compared to pure CSi-Mg10 and β-TCP scaffolds, reaching ~35% new 

bone tissue after 12 weeks of implantation.  

Wollastonite has, typically, challenging densification by ordinary sintering techniques 

with relative densities generally below 90% - a fact that compromises its mechanical properties. 

To overcome this difficulty, Elsayed et al. [187] produced wollastonite-diopside scaffolds with 

a glass-assisted sintering approach. The scaffolds were obtained via a PDC route from silicone 

resin and inorganic fillers (calcium carbonate (CaCO3) and dolomite (CaMg(CO3)2)) with 

printing nozzles of 410 μm and a printing medium of sunflower oil to prevent nozzle clogging. 

The resulting structure had strut diameters of ~520-590 μm and 68-76 vol% porosity. The 

utilization of silicone in the ink formulation was based on its double effect of control of ink 

rheology and the development, upon heat treatment, of wollastonite and diopside crystalline 

phases. A glass of the same oxide composition (W-D glass) was fabricated as fine powders and 

used as an additional filler (10 wt%). This addition allowed the attainment of stronger scaffolds 

(∼8 MPa of compressive strength (68 vol% porosity)) as a result of increased viscous flow upon 

firing, which diminished the micro-cracks in the struts of the scaffolds that were generated by 

preceramic polymer decomposition. The W-D glass addition had no negative impact on the 

phase assemblage; conversely, the density increased with increasing glass content. Also, the 

substantial crystallization from the glass devitrification and resin/filler interaction enabled 

excellent shape retention after firing. Overall, the study demonstrated that, even if added in low 

content, the W-D glass incorporation led to a notable enhancement of the scaffolds’ 

compressive strength due to their superior integrity and homogeneity. 

In that same line, Shao et al. [150] developed wollastonite scaffolds with a bioactive 

glass-assisted sintering strategy. The paste with 56.5 wt% solid content was mixed with a 6% 

PVA solution and printed with a 500 μm nozzle. The chosen bioactive glass (34.40 CaO·46.05 

SiO2·15.35 Na2O·0.78 P2O5·3.42 B2O3, mol%) with a low melting point was added in 1, 2 or 3 

wt%. Different pore shapes were studied with sintering at 1080 °C showing an associated 

shrinkage of ~21% and a scaffold with 60% final porosity. The highest compressive strength 

was related to honeycomb pores (~88 MPa), approximately 83% higher than that of rectangular 

pores (~48 MPa). Also, scaffolds with the BG addition showed a significant strength 
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improvement after SBF exposure, a behavior notably superior to pure wollastonite scaffolds. 

Biologically, the in vitro hydroxyapatite forming ability with BG was similar to that of those 

without the addition. The study results highlight the substantial reinforcement of the bioactive 

glass addition to the long-term structural stability and strength reliability.  

Wang et al. [174] also utilized a low-melt BG-assisted sintering approach to enhance 

the akermanite scaffolds' mechanical properties. The akermanite/BG (NCS-B, 

CaO·SiO2·Na2O·P2O5·B2O3) composite structures were obtained by printing with 400 μm 

nozzles of pastes of the powder mixed with a 0.9 wt% aqueous CMC solution, which was then 

dried at 65 °C and sintered at 1050 and 1100 °C for 3 h. The composite scaffolds had final 

porosity of 62-65% with ~327-340 μm pore sizes and compressive strength of ~36 MPa – ten 

times higher than that of pure akermanite scaffolds, showing potential for the regeneration of 

load-bearing segmental bone defects. The composite scaffolds presented slower in vitro 

biodegradation in Tris buffer, which did not significantly affect their strength over a long period 

(6 weeks). It was shown that the BG incorporation in the amount of 40% had considerable 

apatite forming ability in the in vitro SBF immersion tests, comparable to that of pure 

akermanite. In addition, the BG reinforcement considerably improved the structural and 

strength reliability in SBF, a fact that is advantageous for the enhancement of osteogenic cell 

activity and bone regeneration. Overall, the investigation demonstrated that a 4 wt% B2O3-

containing 45S5 BG analog could reinforce akermanite scaffolds at a 20-40 wt% content. 

The same research group also obtained a composite scaffold of diopside (CaMgSi2O6) 

with the addition of a low-melt bioactive glass (28CaO·45SiO2·4P2O5·18B2O3·5CuO) to assist 

the sintering process, which was performed at 1150 or 1250 °C [173]. The diopside-BG powder 

was added to a 6% PVA solution resulting in solid content of 57.9 wt%; 400 μm nozzles were 

utilized. The incorporation of 5 or 10% BG enhanced the compressive strength of the diopside 

scaffolds sintered at 1150 °C. The in vitro tris buffer immersion evaluation unveiled that after 

8 weeks, the scaffolds had a minimal mass loss (< 3.5%) and that, with an adequate amount of 

B2O3-rich CuO-containing bioactive glass (10%) and an appropriate sintering temperature 

(1150 °C), the scaffolds presented enhanced compressive strength and appreciable stability. 

After 2-6 weeks of in vivo implantation beneath rabbit panniculus carnosus muscles, the BG-

reinforced diopside scaffolds showed significantly higher angiogenesis ability than pure 

diopside structures. Particularly, an appreciable angiogenesis response was found for scaffolds 

with 10% BG additions and sintered at 1150 or 1250 °C. Steam autoclaved scaffolds had 

excellent contact-active inhibition against bacterias such as Staphylococcus aureus and 

Pseudomonas aeruginosa, whereas as-sintered scaffolds presented no antibacterial effect. 
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Overall, the BG-reinforced diopside scaffolds had an open porosity of 62.5-65.3%, 15.5-19.4 

MPa of compressive strength and favorable antibacterial, physicochemical and biological 

performance. 

 

5.1.1. Ceramic composites with carbon-based reinforcements 

 

As mentioned above, carbon-based materials are by far the most used reinforcements 

in ceramic-ceramic composites produced via DIW. This is mainly due to the excellent 

mechanical properties of these materials, perhaps the most targeted improvement in ceramic 

materials. In addition, good electrical conductivity can be developed with their incorporation. 

This property has been proven beneficial since electrical stimulation can be used to induce 

osteointegration after implantation [188,189]. Some studies on the incorporation of carbon-

based materials and their main characteristics and results are featured next. 

In a couple of papers, Franchin et al. [31,175] studied composite scaffolds of silicon 

carbide (SiC) and aligned chopped carbon fibers (> 30 vol% and 17-21 vol%, in each paper, 

respectively) with a preceramic polymer (poly(methyl-silsesquioxane)) acting both as a 

polymeric binder and ceramic source. The paste also contained a dispersant (DISPERBYK®-

180) and hydrophobic fumed silica; the printed process was conducted with two nozzle 

diameters (410 or 580 μm). The structures presented a porosity of approximately 75 vol% and 

4 MPa of compressive and 30 MPa of flexural (4PB) strengths. Some issues related to the 

hindering of the matrix shrinkage during pyrolysis by the fibers' presence were found. These 

resulted in cracks perpendicular to the filament axis but were solved by adding SiC powder as 

a passive filler and optimizing the preceramic polymer content, significantly reducing the 

defects after ceramization. The addition of the aligned chopped carbon fibers was very 

advantageous. They improved the scaffolds' fracture toughness, which presented fiber pull-out 

at the fracture surface and a non-catastrophic failure once the maximum stress was reached. 

The study demonstrated the DIW process's potential to produce anisotropic structures with 

improved toughness and strength in specific directions by the fiber alignment granted. 

Román-Manso et al. [176] evaluated silicon carbide (SiC)/graphene nanoplatelets 

(GNPs) composite scaffolds with an oriented structure. The solids content utilized was 42-44 

vol%, the dispersant used was a mixture of high (Mw= 25000 g.mol−1) and low (Mw= 2000 

g.mol−1) molecular weight PEI (4 or 5 wt%), with methylcellulose (5 wt%) acting as binder and 

Darvan® A821 as flocculation agent (0.3 wt%). The structures had 5, 10 or 20 vol% of GNP 

content, were printed with nozzles of 330 μm diameter and, after drying, were densified by 
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pressureless SPS at 1800 °C. The scaffolds displayed a core/shell structure since GNPs were 

parallel aligned to the filament wall in the shell (c-axis perpendicular to the extruding direction, 

as expected). Such a structure had a compressive strength of 10-50 MPa and directional 

electrical conductivities – σx,y values ≤ 611 S.m−1 and σz ≤ 273 S.m−1 (axes defined by the 

directions of extrusion and pilling up). Both this and the previously mentioned study highlight 

the DIW potential in orienting high aspect ratio phases through the shear stress associated with 

the nozzle reduction process. 

In a work carried out by Jakus et al. [177], a composite scaffold of 

hydroxyapatite/graphene (1:1, vol%) displayed good bioactivity, flexibility and electrical 

conductivity. The paste with a solid content of 25-40 vol% and binder (PLGA) content of 10-

40 vol% was printed with conical or cylindrical nozzles with diameters of 100, 200, 400 or 

1000 μm. The composite was shown to support cell viability and proliferation (mesenchymal 

stem cells) and to significantly upregulate the neurogenic and osteogenic gene expression over 

14 days. The resulting composite had mixed characteristics of the two individual systems, but 

these properties did not necessarily follow a linear rule of mixtures; the microstructural and 

mechanical properties were more similar to those of graphene, whereas the electrical 

conductivity was not so much. The induction of MSCs' osteogenic and neurogenic gene 

expression alongside combined mechanical properties from both individual systems was a 

strong indication that the HA/graphene composites and their variations are suitable candidates 

for application in transition zones between two distinctive tissue types.  

Eqtesadi et al. [127] developed scaffolds composed of melt-quenched 45S5 bioactive 

glass with additions of reduced graphene oxide (rGO) platelets (0-3 vol% content). The 

composites with 35 vol% solid content, CMC binder (2 wt%) and 400 μm strut diameters were 

pressureless sintered at 550 or 1000 °C in an Ar (argon) atmosphere to preserve the nature of 

the reinforcements while ensuring consolidation. The 45S5 BG densification was improved 

with the Ar utilization as sintering atmosphere, but this increase did not extend to the 

compressive strength, which was similar to scaffolds fabricated in air. On the other hand, the 

rGO addition was detrimental to the densification of the 45S5 bioactive glass, but, interestingly,  

their addition with contents up to 1.5 vol% improved toughness and compressive strength. The 

best results were obtained for 1 vol% rGO additions, which induced a fracture toughness 

enhancement of ∼850% (550 °C, ~1 MPa/m1/2) and 380% (1000 °C, ~1.6 MPa/m1/2) and a 

compressive strength increase of ∼290% (550 °C, ~10 MPa) and 75% (1000 °C, ~22 MPa). 

Overall, scaffolds sintered at 500 °C in Ar had a compressive strength of 2.5 MPa (0 vol% rGO) 

and 10 MPa (1 vol% rGO), while those sintered at 1000 °C had 12 MPa (0 vol% rGO) and 22 
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MPa (1 vol% rGO). As it is notable, the improvement produced was dependent on the sintering 

temperature and was greater at 550 °C. This improved mechanical performance, determined by 

a good dispersion and strong interaction of rGO and the BG matrix, was not accompanied by a 

bioactivity deterioration and could be very useful for tissue engineering applications.  

The same research group also incorporated graphene oxide (GO) nanoplatelets (0-4 

vol%) into a bioactive glass (13-93) and obtained composite scaffolds that were pressureless 

spark plasma sintered (SPS) at 650 °C [178] – same strut diameter (400 μm), solid (35 vol%) 

and binder (2 wt%) content were used. The vacuum in SPS favored the viscous flow, which 

enabled densification levels comparable to those of conventional air sintering but at 

significantly lower temperatures and durations (650 °C for 15 min in SPS compared to 700 °C 

for 60 min in conventional sintering [190]). On the other hand, the viscous flow was hindered 

by the GO platelets' addition hampering the bioglass' densification. Despite this, their addition 

up to a specific content improved the 13-93 BG scaffolds' mechanical performance in terms of 

compressive strength (45-90 MPa) and, remarkably, toughness (8 MPa.m1/2, estimated by the 

area under the load-displacement curve from 3PB divided by sample volume), which was within 

or even surpassed that of dense cortical bone. The best performance was achieved with the 

incorporation of 2 vol% GO with ∼894% toughness and ∼26% compressive strength 

improvements; at higher contents, the nanoplatelets agglomerated and, alongside increased 

porosity, decreased the obtained mechanical enhancement. The mechanical reinforcement 

attained is similar to that achieved by polymeric full infiltration/impregnation of analogous 

DIW scaffolds [78], with the difference that, in this case, the macroporosity and 

osteoconductive surface – both vital for bone tissue ingrowth and regeneration – were 

preserved.  

In a study by Wu et al. [179], scaffolds of β-TCP coated with a uniform layer of 

graphene oxide (GO) were evaluated in terms of their in vitro and in vivo osteogenic capacity 

and also the molecular mechanisms behind this ability. The β-TCP powder (n.d. solid content) 

alongside a PVA binder (n.d. quantity) was printed into scaffolds which were then simply 

soaked in a GO/water paste (sonicated for 4 h) followed by heat treatment (100 °C), comprising 

the GO-modified β-TCP structures (β-TCP-GRA). The GO coating significantly stimulated cell 

proliferation, alkaline phosphatase activity and osteogenic gene expression of human bone 

marrow-derived mesenchymal stem cells (hBMSCs). The mechanism behind this β-TCP-GRA 

osteogenic induction was likely to be the activation of a signaling pathway of the hBMSC cells 

(called Wnt/β-catenin). This activation is caused by protein absorption and by the interaction 

of bioactive groups (e.g., OH- and COO-) and the nano-apatite layer induced by GO with the 
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cells. The GO coating also led to improved new bone formation in vivo, a signal of the GO 

stimulatory effect on in vivo osteogenesis, which makes GO coating on β-TCP scaffolds an 

encouraging approach for bone tissue engineering applications, especially for large bone 

defects’ regeneration.  

In the following study [180], the same group developed GO-modified β-TCP/Fe3O4 

magnetic composite scaffolds for bone tumor therapy. The scaffolds were printed with the same 

paste and conditions as the previous study and then soaked in a GO or GO-Fe paste; this way, 

the graphene oxide was coated on the scaffolds’ surface without the GO dispersion issues. After 

coating 8 times, the final Fe3O4 content in the composites was no more than 1%. The resulting 

β-TCP scaffolds with surface modification of Fe3O4 nanoparticles/GO nanocomposite layers 

(Fe3O4 particles wrapped by GO sheets) had triangle pore morphology with 300-500 μm pore 

sizes and ~50 % porosity. The low Fe3O4 content (≤ 1%) endowed the scaffolds with 

superparamagnetic behavior and hyperthermal effects. The scaffolds' temperature could be 

modulated from 50 to 80 °C under an alternating magnetic field (15 min), controlled by the 

Fe3O4 content and magnetic field intensity. This excellent hyperthermal effect of the composite 

scaffolds resulted in over 75% cell death of osteosarcoma cells (MG-63) in vitro. Besides, the 

β-TCP-Fe-GO scaffolds significantly improved osteogenic gene expression (OCN, OPN, 

Runx2 and BSP) and alkaline phosphatase (ALP) activity of rabbit bone marrow stromal cells 

(rBMSCs) as well as significantly increased rBMSCs proliferation when compared to pure β-

TCP scaffolds. The latter happened by the synergistic effect of GO and released Fe ions. The 

overall results demonstrate that the Fe3O4 presence endowed the GO-modified β-TCP/Fe3O4 

scaffolds with exceptional magnetic properties and magnetothermal effects. This fact, alongside 

their excellent osteogenic capabilities, exposes their potential for application in the regeneration 

and therapy of bone defects resulting from bone tumors. 

Bone regeneration and tumor therapy were also the intended application of the free 

carbon-embedding larnite scaffolds investigated by Fu et al. [191]. The polymer-derived 

larnite/carbon scaffolds composed of active fillers (CaCO3) and a preceramic silicon resin (Fig. 

15) had 400, 600 and 800 μm pore sizes, 60° offset between layers and compressive strengths 

of 4.8 ± 0.5 MPa. The structures stimulated the expression of osteogenesis-related genes, such 

as OCN, ALP and Runx-2, in rat bone mesenchymal stem cells (rBMSCs) in addition to the 

promotion of new bone formation in critical-sized rat calvarial defects; showing better bone 

regeneration ability than pure larnite scaffolds. The larnite/C scaffolds presented an excellent 

photothermal effect that could kill human osteosarcoma cells (MNNG/HOS) in vitro and inhibit 
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tumor growth in nude mice in vivo, highlighting their potential for applications involving both 

bone regeneration and tumor therapy abilities. 

 

Fig. 15. Larnite/carbon scaffolds and their in vivo photothermal effect. (A) Heating curves of the larnite and 

larnite/C-3 scaffolds (treated at 1200 °C for 3 h) with 808 laser irradiation in nude mice and (B) their 

corresponding infrared thermal images. In vitro cellular response of the larnite and larnite/C scaffolds. (C) 

LSCM (laser scanning confocal microscopy) image of rBMSCs seeded on larnite and larnite/C-3 scaffold with 

cell nuclei and cytoskeleton stained with DAPI and rhodamine-phalloidin (scale bar 10 μm) (D) Proliferation of 

rBMSCs cultured for 1, 3 and 7 days (n=3). (E) ALP activity of rBMSCs cultured for 7 and 14 days (n=3). (F) 

ECM mineralization (red) and ALP (blue) staining of rBMSCs (scale bar: 7.5 mm and 100 μm). Osteogenesis-

related gene expression of (G1) ALP, (G2) OCN and (G3) Runx-2 by qRT-PCR analysis for 3 and 7 days (n=3).  

 
Source: Adapted from [191].  

Asterisks (*) indicate a significant difference, p < 0.05. 

 

5.2. CERAMIC-METAL COMPOSITES  

 

There are not many studies on ceramic-metal composites produced through DIW; they 

represent only 5% of all composites. The primary objective of combining metal phases with 

ceramic materials is the improvement of the mechanical properties of the latter. Some metals 

that have been applied in ceramic-metal composites are titanium, incorporated as fibers, and 

magnesium, which is mainly infiltrated in the ceramic structures produced. Some prominent 

studies encompassing these materials are highlighted next. 
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In a study by Thomas et al. [192], scaffolds of bioactive glass (13-93) were reinforced 

with titanium (Ti) fibers to increase their mechanical properties to fit load-bearing bone repair 

applications. The Ti fibers utilized had a diameter of ~16 μm and lengths of ~2-200 μm. The 

DIW paste had a solid content of 40 vol% and also encompassed 4-4.4 vol% of a thickening 

agent (Methocel® F4M, hydroxypropyl methylcellulose), 2 vol% of Darvan® C and varying 

concentrations of Ti fibers (0, 0.2, 0.3 or 0.4 vol%). The composite ink was deposited in a 

heated plate and the obtained structure had ~50% porosity with pore sizes varying from 400 to 

800 μm. The study found that the 0.4 vol% addition of Ti fibers enhanced the scaffolds' fracture 

toughness by ~70% (from ~0.5 to 0.8 MPa.m1/2) and the flexural strength by ~40% (from ~10 

to 15 MPa (4PB) – comparable to that of human cancellous bone (10-20 MPa) [193,194]). 

Besides reinforcing the scaffold, the Ti fibers' addition did not inhibit its bioactive properties 

and HA formation, as the in vitro evaluations showed. 

The infiltration of a TCP scaffold with pure commercial Mg through the CAMI method 

(current-assisted metal infiltration) was performed by Casas-Luna et al. [195] to develop 

biodegradable load-bearing implants. The TCP powder was mixed with a 30 wt% aqueous 

Pluronic® F-127 solution ensuring a solid content of 62.5 wt% (~30 vol%). The resulting paste 

was printed with 250 μm nozzles and the printed component had 350 μm of distance between 

same-plane adjacent filaments. The scaffolds were sintered at 1100 °C for 5 h, with subsequent 

infiltration of the Mg in a spark plasma sintering equipment (CAMI, 1 kN, 670 °C for 1 min 

under vacuum with a heating rate of 100 °C/min). The study showed a good magnesium 

interpenetration with even small pores (< 2 μm) being filled and possible dissolution of Ca into 

the molten Mg. The latter was presumed due to the formation of intermetallic CaMg2, 

nevertheless, a continuous and well-defined interface between the ceramic-metal phase was 

observed. The degradation rate of the Mg-TCP interpenetrated composite was approximately 3 

times slower than that of pure Mg. The XRD analysis showed no TCP chemical degradation, a 

fact attributed to the atomic substitution of Mg and Ca atoms. Since the fast degradation rate is 

one of the main concerns related to Mg-based implants, TCP scaffolds infiltrated with such 

high corrosion-resistant magnesium alloys may be a good alternative to slow the degradation 

rate, hence guaranteeing suitable mechanical properties during the bone healing period. 

 

5.3. CERAMIC-POLYMER COMPOSITES 

 

Ceramic-polymer composites stand out for tissue engineering applications since they 

combine the ceramic phase's favorable bioactivity and mechanical strength with the flexibility, 
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toughness, and biodegradability granted by the polymer phase [196]. By far, the most utilized 

polymers in ceramic-polymer composites obtained by DIW are PCL (polycaprolactone) and 

PLA (poly(lactic acid)), whereas the most used ceramics are bioactive glasses, HA and β-TCP, 

due to their excellent osteoconductivity. This polymeric phase can act as a binder during the 

printing process (not encompassed in this section), be applied as a matrix with ceramic phase 

reinforcements, and coated on or infiltrated in the scaffolds (Fig. 16). In this paper, components 

were considered as infiltrated if they have undergone fully infiltration (i.e., loss of 

macroporosity), whereas components were considered as coated if they had the external surface 

of their struts coated (preserving macroporosity), whether the coating had slightly infiltrated 

the accessible porosity of the strut or not. Intuitively, there are no debinding or sintering cycles 

in such cases, unless the infiltration/coating takes place after the sintering of the component. 

The most distinguished studies involving DIW and ceramic-polymer composites are presented 

in the following sections, alongside their main outcomes. 

 
Fig. 16. Schematic illustration of the different types of polymer-ceramic composites. 

 
Source: Author. 

 

5.3.1. Composites with polymeric matrix 

 

The simplest way to benefit from the mechanical and degradability properties of 

polymers in ceramic-polymer composites is to use such materials as the matrix of the 

composite. Some interesting studies that evoked this approach are featured in the next 

paragraphs. 

A ceramic-polymer composite with a polymeric matrix was developed via DIW by 

Wang et al. [197]. In their study, the local delivery of copper ions (Cu2+) from a Cu-doped 

bioactive glass (Cu-S53P4, 53SiO2·4P2O5·19CaO·23Na2O·1CuO, wt%) – known for its 

angiogenic potential – was combined with printed PCL (polycaprolactone) scaffolds. A viscous 

PCL solution in acetone acted as a carrier for the BG microparticles, achieving a homogeneous 

ink that was solidified in a cold ethanol bath (phase exchange of PCL from acetone to ethanol). 

The compositional PCL:BG weight ratios were 4:1, 2:1 or 1:1. The Cu-BG/PCL scaffolds had 
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filament diameters of 207-232 μm, apparent porosity of 60%, precipitation of an HA-like layer 

on the strut surface and compressive Young’s modulus that ranged from 7 to 13 MPa; the latter, 

alongside the scaffolds’ cytotoxicity, was dependent on the Cu content. It was found that the 

BG doping with Cu2+ induced a higher expression of early osteogenic marker genes (i.e., 

RUNX2a) but reduced the expression of late osteogenic marker genes (i.e., OSTEOCALCIN 

and DLX5), which demonstrated a Cu2+ suppressing effect on the hBMSCs osteogenic 

differentiation. The rising content of BG and Cu in the composite had a reducing impact on the 

ALP activity of hBMSCs. Additionally, in a coculture of HUVECs (human umbilical vein 

endothelial cells) and hBMSCs, the BG/PCL and Cu-BG/PCL scaffolds supported 

vascularization and tubule network formation when compared to the pure PCL scaffolds. 

Unexpectedly, the ions Cu2+ released from the composite did not influence the tubule formation. 

In addition to the commonly used polymeric binders, PHBHHx (poly-(3-

hydroxybutyrate-co-3-hydroxyhexanoate)), a member of the PHA (poly(hydroxyalkanoates)) 

family, has had its biodegradability and biocompatibility proven as well as better elastomeric 

properties and, as so, has been applied for drug delivery matrices, biodegradable sutures, 

injectable implant systems and artificial nerve conduits [198]. With this in mind, Zhao et al. 

[133] printed MBG/PHBHHx composite scaffolds and obtained great biological outcomes. To 

produce the scaffolds, PHBHHx powder was dissolved in a chloroform and dimethyl sulfoxide 

mixture of solvents (20:80, vol) with subsequent incorporation of the MBG particles in mass 

ratios of 3, 5 or 7 (MBG/PHBHHx). The printed structures were transferred to a ventilated oven 

at 37 °C to evaporate the solvents. The resulting scaffolds presented 250 μm filament diameter, 

~70% porosity with pore sizes in the range of 300-400 μm and compressive strength (~5-12 

MPa) – ~200 times that of polyurethane foam-templated MBG scaffolds. Biologically, 

compared to the polymer-bonded MBG control group (i.e., MBG/PVA scaffolds), the 

MBG/PHBHHx scaffolds had better bioactive and osteogenic properties, faster apatite-forming 

ability and promoted the adhesion, proliferation and differentiation of human bone marrow-

derived mesenchymal stem cells (hBMSC). Furthermore, at 8 weeks post-implantation in 

critical-size rat calvarial defects, the MBG/PHBHHx scaffolds stimulated bone regeneration 

and largely repaired the defects, according to μ-CT, histology and sequential fluorescence 

labeling analyses. In addition, they exhibited a controlled in vivo degradation rate and potential 

to stabilize the pH of the environment that increased with increasing PHBHHx ratio.  

In a couple of recent papers, Mondal et al. studied in a couple of papers different 

compositions of hydroxyapatite (HA)/acrylated epoxidized soybean oil (AESO) (also known 

as SOEA – soybean oil epoxidized acrylate) with either PEGDA (polyethylene glycol 
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diacrylate) or HEA (2-hydroxyethyl acrylate) intended for biomedical applications. In the first 

study [199], they evaluated AESO/HA/PEGDA (49:30:21, vol%) ethanol- and acetone-based 

pastes that were printed as filaments with nozzles diameters varying from 210 to 840 μm and 

then UV cured (Irgacure® 819 photoinitiator). A significant improvement of mechanical 

properties was found when printing with smaller nozzle diameters, with a 2-fold increase of the 

ultimate tensile stress when the needle diameter was decreased by a factor of 4. Filaments 

printed with nozzles of 840 and 210 μm diameters had ultimate tensile stresses of ~26 and ~49 

MPa and moduli of ~885 and ~1700 MPa, respectively. These enhanced properties were 

attributed to fewer defects and increased crystallinity. Hence, the study found that the 

AESO/HA/PEGDA nanocomposites' extrusion through narrow nozzles improved their 

mechanical properties; still, further optimization is required to attain robust mechanical 

properties suitable for repairing bone defects. 

In their sequel study, Mondal et al. [200] reported scaffolds with the only difference 

being the compositions: AESO/HA (80:20, vol%), AESO/HA/HEA (40:20:40, vol%) and 

AESO/HA/PEGDA (72:20:8, vol%). An ultrasonic homogenizer was utilized and UV curing 

was performed during layer-by-layer deposition. Curing and good dispersion of the nHA in the 

polymeric matrices during printing were successfully attained and, after 14 and 21 days of in 

vitro culture, the structures supported cell proliferation and osteogenic differentiation. Still, 

each ink's functional groups' nature influenced the mechanical properties and cytocompatibility, 

possibly by the additional hydrogen bonding in HEA. The structures composed of AESO/HA, 

AESO/HA/HEA and AESO/HA/PEGDA had, respectively, porosities of ~33, ~41 and ~37%, 

compressive strengths of ~17, ~10 and ~3.5 MPa, compressive moduli of ~110, ~55 and ~55.5 

MPa and toughness of ~1.7, ~1.0 and ~0.1 MPa. Through the HEA addition, the cell adhesion, 

proliferation and osteogenic differentiation (BMSCs) were improved, as well as the rheological 

properties and printability of the ink, leading to high-fidelity homogeneous scaffolds. However, 

the HEA incorporation also significantly reduced the nHA dispersion and the scaffolds’ strength 

and elastic modulus of the scaffold. The incorporation of PEGDA, on the other hand, improved 

nHA dispersion, while it did not enhance the rheological and mechanical properties and 

downregulated the cells' osteogenic differentiation compared to AESO alone and AESO/HEA. 

A combination of methods made by Yun et al. [201] allowed the obtention of 

mesoporous bioactive glass (MBG)/PCL composite scaffolds. This hierarchical porous 

structure with three-level multiscale porosity was developed by the formation of giant 

macropores (~200 μm) via the DIW technique, mid-size macropores (2–9 μm) by the salt 

leaching method (NaCl) and mesopores (5 nm) via triblock copolymer templating method 
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(EO100PO65EO100, Pluronic® F-127).  The printing paste was achieved by mixing NaCl granules 

(25-33 μm) with MBG powders (with Pluronic® F-127 dissolved in it during its synthesis), 

which were then mixed with a PCL chloroform-dissolved suspension; the final composition had 

the weight ratios of 0.6:1 = MBG:PCL and 0.5-1:1 = NaCl:PCL). The MBG/PCL scaffold 

fabrication involved printing with a 500 µm nozzle onto a chilled substrate and then immersing 

the scaffolds in deionized water to leach the NaCl out. It was found that the application of the 

salt leaching technique with NaCl-sized controlled granules to the DIW method increased the 

porosity effect as well as the molding capabilities. The additional macro-pore formation in the 

struts positively affected the in vitro cell activity and bone-forming bioactivity. The MBG/PCL 

scaffolds had a well-interconnected pore structure, adequate compressive strength for bone 

repair (2-4 MPa), good in vitro bioactivity and apatite-forming ability. Additionally, depending 

on the NaCl content, the structures showed unique sponge-like properties with softness and 

easy pliability while maintaining better mechanical properties than general PCL salt leaching-

derived scaffolds. This versatile sponge-like plastic nature makes these hierarchically 

mesoporous–macro-porous–giant-porous BG/PCL structures highly promising for tissue 

engineering applications, more generally as injectable scaffolds for minimally invasive 

surgeries, but also as artificial cartilages. However, future evaluations are required to assess the 

suitability of other material properties for chondral repair so that no interference is caused 

between the bone and cartilage regeneration processes. 

In a study by Dorj et al. [202], hydroxyapatite/PCL scaffolds containing ionically 

modified carbon nanotubes (imCNTs) were developed. A homogeneous dispersion of the 

imCNTs was attained in tetrahydrofuran solvent (ultrasonication for 5 min) and later mixed 

with the HA-PCL slurry (n.d. ratio). The CNT content utilized (0.2 wt% relative to HA-PCL) 

was slightly smaller than the common CNT additions in polymer-based composites but was 

theorized to have positive reinforcement effects in polymer matrices as, when evenly dispersed, 

their low concentration addition is preferable; excess addition could generate agglomerates or 

lumps, inducing adverse effects [203–207]. The printing procedure was held with the paste in 

a thermostatic syringe (50 °C) printed through a nozzle of 520 μm in diameter. The resulting 

HA/imCNT/PCL scaffolds had strut diameters of ~235 μm and ~227 μm of pore sizes. 

Mechanically, the imCNTs incorporation into HA-PCL significantly improved the elastic 

modulus (by ∼2.5-fold) and compressive strength (by ∼2.5-fold) of the structures, resulting in 

40-50 and ~5.5 MPa, respectively. The HA/PCL and HA/PCL/imCNT composite scaffolds 

demonstrated significantly higher in vitro cell proliferation levels (MC3T3-E1) than pure PCL 

structures, with no significant difference between the composite scaffolds. The 
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HA/imCNT/PCL scaffolds also presented substantial induced apatite mineralization analogous 

to that of HA/PCL, when immersed in SBF. In vivo, the tissue reactions of imCNT-containing 

scaffolds were similar to those without this addition, indicating that the incorporated imCNTs 

did not induce any significant inflammatory process and did not hinder the biological beneficial 

roles of HA. Besides, the subcutaneous implantation in rats for 4 weeks exposed the support of 

cellular growth, angiogenesis, neo-blood vessel formation into the scaffold and tissue 

development of the imCNT-containing scaffolds with efficacy comparable to those of non-

containing imCNTs. All of these results highlight the potential of reinforcing composite 

scaffolds with imCNTs; still, more long-term in vivo evaluations are required to confirm their 

clinical availability. 

Gonçalves et al. [208] evaluated scaffolds composed of silicon-doped nanocrystalline 

hydroxyapatite, PCL and carbon nanotubes to produce electrically conductive structures for 

bone regeneration. The use of nanocrystalline Si-doped HA encompassed the advantage of its 

better biological response than conventionally used HA [209,210].  The printing paste was 

achieved by, concurrently, dissolving the PCL in dichloromethane (DCM) and dispersing the 

HA powder also in DCM, followed by the addition of the CNTs to the HA solution, mixing 

both the PCL and HA-CNTs solutions and heating to 35 °C to allow solvent evaporation until 

a viscosity suitable for printing was attained (2.5-7 Pa.s, according to the authors). The CNT 

content utilized varied from 0 to 10 wt% within a PCL matrix with HA as the balance. The final 

structure presented ~40% porosity and 450-700 μm interconnected square pore sizes. The study 

found that the addition of hollow CNTs induced a mesoporosity in the scaffolds of 

approximately 20 nm and that the scaffolds became electrically conductive with 2 wt% CNT. 

There was an increase in the compressive yield stress to 6.5 MPa only for the 0.75 wt% CNT 

scaffolds compared to unreinforced HA-PCL structures (4.2 MPa). Among the compositions 

studied, scaffolds with 2 wt% CNT offered the best combination of electrical conductivity and 

mechanical behavior – with compressive strength (~4 MPa) comparable to that of cancellous 

bone. The composites showed typical hydroxyapatite bioactivity as well as good cell adhesion 

and spreading at the surface of the scaffolds. As mentioned, cell attachment was good for all 

compositions. Still, it was most prominent in the scaffolds with the highest amount of CNTs 

(10 wt%) in agreement with the fact that the CNTs' presence enhances protein adsorption and, 

as a consequence, cell attachment. The study concluded that the HA/CNT/PCL scaffolds 

obtained are promising alternatives for the use of electrical stimulation to induce 

osteointegration after their implantation. 
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5.3.2. Composites with polymeric coating 

 

Another strategy to profit from the interesting properties of polymers is to coat ceramic 

components. This approach benefits on the reinforcing mechanism of sealing defects on the 

surface of the strut and the prevention of crack-opening by the crack-bridging provided by 

polymer fibrils. Additionally, this technique allows the preservation of the predesigned 

macroporosity as well as cell seeding before implantation. Investigations that made use of this 

approach are highlighted next. 

Deliormanli et al. [211] printed 13-93 bioactive glass scaffolds that, after sintering, 

were coated with a poly(ε-caprolactone) (ε-PCL) solution containing graphene nanopowder.  

The BG printing paste had a solid content of 35 vol% with 20 wt% Pluronic® F-127 solution, 

which was printed with a 410 μm cylindrical nozzle using an alumina plate as a printing 

substrate. Sintering took place at 690 °C for 1 h with subsequent dip coating with an ε-PCL (5 

wt%) anhydrous acetone solution with graphene nanopowder in the contents of 1, 3, 5 or 10 

wt% (ultrasonication for 15 min). The resulting structure had 42-48% of porosity and 

compressive strength of 17-30 MPa; the latter was decreased when high graphene 

concentrations were incorporated. The composites had no toxic response to mouse bone marrow 

mesenchymal stem cells (mBMSCs), which attached and proliferated well on the seeded 

scaffolds' surface. Besides, the ε-PCL/graphene coating had no detrimental effect on the HA-

forming ability and demonstrated osteogenic differentiation under in vitro conditions. 

Another study involving the ε-PCL coating was performed by Martínez-Vázquez et al. 

[212] with TCP scaffolds, involving the ε-CL in-situ ring-opening polymerization. The printing 

paste was composed of 45 vol% solid content, Darvan® C (1.5 wt%) Methocel® F4M (7 

mg/mL of liquid) and PEI as a flocculant (2 vol% relative to the liquid content). The printing 

procedure used 250 μm nozzles and a paraffin oil bath to guarantee uniform drying. Debinding 

was conducted at 400 °C for 1 h and sintering at 1200 °C for 2 h. Subsequently, the 

polymerization within the scaffolds utilized lipase as a catalyst and anhydrous toluene as a 

solvent so that a highly homogeneous coating and full in-strut microporosity infiltration were 

obtained. The scaffolds had 52 ± 3% overall porosity, with 250 μm pore sizes and Young’s 

modulus of 19 GPa. The coated scaffolds' compressive strength and toughness were 

significantly improved by 2- (~18 MPa) and 5-fold (~0.4 MPa·m1/2), respectively.  

Motealleh et al. [213] analyzed the mechanical improvement on 45S5 bioactive glass 

scaffolds granted by deposited nanocomposite coatings, which consisted of hydroxyapatite 

nanoparticles (reinforcing phase) in a polycaprolactone (PCL) matrix. The BG printing paste 
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presented 45 vol% of solid content with 1 wt% of CMC as binder and was printed with 410 μm 

nozzles in an oil bath. Debinding was performed at 400 °C for 1 h and sintering at 550 °C (n.d. 

period). For the coating procedure (dip-coating), PCL was dissolved in toluene and the HA 

nanopowders (30 wt%) were added. The study evaluated the effect of particle morphology and 

size of the three different HA nanopowders utilized. It was found that small and round 

nanoparticles, as those obtained by the sol-gel process, were the most efficient reinforcements, 

being able to improve the mechanical performance of the coated scaffolds by over 200%, in 

terms of compressive strength (~11 ± 2 MPa) and also toughness (~0.42 MPa·m1/2).  

In a following study [214], the same research group evaluated the performance of the 

same bioactive glass (45S5) scaffolds coated with natural (gelatin, alginate and chitosan) or 

synthetic (PCL, PLA) polymers. The same composition, printing and coating procedure was 

utilized with PCL and PLA being dissolved in toluene, alginate and gelatin in distilled water 

and chitosan in an acetic acid (2 vol%) aqueous solution. The scaffolds were sintered at 550 °C 

with resulting ~360 μm strut diameters and ~25% in-strut microporosity before coating. The 

study found that coatings from natural polymers (hydrogels) produced the greatest 

reinforcement, especially chitosan, which showed a compressive strength of ~13.5 MPa and 

~0.85 MPa.m1/2 of toughness. The natural polymer coatings positively affected the bioactivity, 

accelerating the apatite-like layer formation; an enhancement in which chitosan also stood out. 

Moreover, most of the coating compositions reduced the in vitro degradation rate, which is 

likely to positively impact the evolution of their mechanical properties. Overall, the prominence 

of coating BG (45S5) scaffolds with chitosan became evident with the superior initial 

strengthening and toughening found, as well as the enhanced in vitro bioactivity and the 

reduction of mechanical degradation in extents comparable to those provided by the less 

biodegradable synthetic polymers. 

 

5.3.3. Composites with polymeric infiltration 

 

It has been predicted that if scaffolds were infiltrated with a more ductile phase, 

providing a link between the pillars/struts, the resulting composite would, most likely, present 

good mechanical integrity even after the failure of the ceramic structure [215]. This approach 

could create damage-tolerant scaffolds for load-bearing tissue engineering applications by the 

infiltration of bioceramic scaffolds with biodegradable polymers; the biodegradation rate 

mismatch in such dense composites would develop in situ porosity after implantation, enabling 

cell ingrowth. Besides the same reinforcing mechanisms of coating and enhanced mechanical 
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performance (especially under flexural stresses), this technique would allow the progressive 

load transfer onto the regenerated bone, which would provide the required loading conditions 

for the development of full healing dynamics. The following paragraphs describe studies that 

made use of this approach. 

In an innovative study, Feilden et al. [32] investigated dense composites with filaments 

composed of oriented alumina platelets infiltrated with epoxy (Fig. 17). The printing paste was 

composed of alumina powder mixed with alumina platelets at a mass ratio of 3:7, alongside 

water, Dolapix® CA deflocculant (0.5 wt%) and Pluronic® F-127 binder (8.9 wt%); the 

resulting solid content was 31 vol% (65 wt%). The debinding procedure occurred at 600 °C for 

1 h, followed by sintering at 1550 °C for 1 h, infiltration of epoxy for 12 h under vacuum and 

curing (180 °C for 1 h + 200 °C for 2 h). Different nozzle lengths were studied to optimize the 

effect on platelet alignment (Fig. 17(a-c)). Isostatic pressing was utilized to enhance the volume 

fraction of platelets and powder in the green structure from ~50 to ~64 vol%. The remaining 

porosity (~36 vol%) was infiltrated with epoxy via vacuum infiltration, resulting in a final 

porosity below 0.5%. Their research's great differential was the architectured direction of the 

printed filaments to guide crack propagation (twisting and tilting) in three dimensions. Two 

structure types were evaluated in terms of fracture toughness, the first with each filament layer 

parallel to the others (fractured in trans-filament and inter-filament planes) and the second one 

with each layer's raster direction rotated 30° to the previous (a microscopic structure known as 

Bouligand) – Fig. 17(d). The Bouligand, trans- and inter-filament orientations had, respectively, 

toughness (KIC), flexural and compressive strengths of ~3.1, ~3.0, ~2.4 MPa.m1/2, ~159, ~202, 

~125 MPa and 435, 452 and 452 MPa. It was noticeable that both flexural strength and 

toughness were higher in the trans-filament direction when compared to the inter-filament; for 

this reason, cracks will preferentially grow on the inter-filament plane. This way, in structures 

such as the Bouligand in which the directions of the planes change from one layer to the next, 

either the crack path to propagate through the crack preferential growing plane (inter-filament) 

would be increased (helical propagation, improving fracture surface area) or the crack would 

be required to propagate in the less favorable plane (trans-filament, higher mechanical 

properties); in both cases, the energy adsorption during fracture would be improved. This 

behavior explains why, comparatively, the Bouligand structure had similar strength and 

toughness values to the other orientations (trans- and inter-filament), characteristics attributed 

mainly to the smooth elastic modulus transition between the rotated layers and the helical crack 

propagation in this structure. The high volume fraction of aligned reinforcing phase of the 

composites obtained led to, when compared to studies with short carbon fiber reinforced epoxy 



Chapter 1       88 

PhD Thesis on Materials Science and Engineering – Vivian Inês dos Santos – 2023 

composites (CFRP),  comparable compressive strength [216], higher strength and stiffness 

[217] and higher hardness [218]. Besides, the strength of natural analogs that utilize similar 

toughening mechanisms, such as cortical bone, is outperformed by a factor of two [219]. 

Therefore, the study inferred that printing with relative orientation between filament layers 

enables some control over the direction of crack propagation that is currently impossible with 

other approaches. Hence, the combination of DIW with microstructural control is a promising 

approach for fracture control, toughness and defect tolerance improvement while preserving 

high specific strength. 

 
Fig. 17. Dense components of oriented alumina platelets infiltrated with epoxy. (A,B,C) SEM images of 

filaments printed using different nozzle lengths, evidencing its effect on the level of concentric platelet 

alignment. Scale bars: 30 μm. (D) Schematic diagrams of the three morphologies (trans-filament, inter-filament 

and Bouligand) obtained by controlling the printing direction with indicated fracture direction. (E) Crack 

resistance curves of each composite plotted from 6 tests. SEM images showing: (F) delamination of layers 

during trans-filament fracture, 300 μm scale bar; (G) deflection around filaments during inter-filament fracture, 

300 μm scale bar; (H) crack deflection in the Bouligand structure, 300 μm scale bar; (I) large scale bridging, 20 

μm scale bar and (J) small scale bridging of individual platelets, 10 μm scale bar.  

 
Source: Adapted from [32]. 
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In a series of papers, Martínez-Vázquez et al. studied the infiltration of β-TCP 

scaffolds with PCL or PLA. In the first one [220], infiltration was performed by melt-immersion 

and the scaffolds were evaluated in terms of their mechanical response under uniaxial 

compression based on stress fields FEM (finite element modeling) calculations. The β-TCP 

paste had a solid content of 40 vol%, Darvan® C as deflocculant (1.5 wt%), Methocel® F4M 

(7 mg/mL of liquid) and a flocculant (PEI, 2 vol% relative to the liquid content). Printing was 

conducted with 250 μm cylindrical nozzles in a paraffin oil bath to ensure uniform drying. The 

scaffolds were debinded at 400 °C (1 h) and sintered at 1200 °C (1 h). The structures had 

tetragonal 3D mesh with 49% overall porosity (with 170 (PCL) and 140 μm (PLA) pore sizes) 

and ~25% in-strut porosity before infiltration. The PCL and PLA coatings enhanced the 

compressive strength of the scaffolds by a factor of three (60 ± 10 MPa) or six (130 ± 20 MPa), 

respectively (Weibull moduli of 7.7 ± 0.5 (PCL) and 7.6 ± 0.3 (PLA)). These improvements 

were attributed to the sealing of pre-existent defects in the ceramic struts’ surface and the partial 

transfer of stress to the polymer (confirmed by the finite element analyses). For the polymers 

studied, defect healing alone was responsible for a three-fold strength increase in both cases, 

while stress shielding was only significant for PLA, granting an additional two-fold 

strengthening. The infiltrations also significantly enhanced the structures’ mechanical integrity 

after initial cracking, with the retention of a considerable load-bearing capacity after the fracture 

of the ceramic struts. In summary, the composites produced presented great potential for bone 

regeneration applications, especially the β-TCP/PLA scaffolds, which had compressive 

strengths analogous to those of cortical bone alongside the comparable density. 

In another study [221], Martínez-Vázquez et al. evaluated the flexural strengths of β-

TCP scaffolds infiltrated with PCL or PLA produced in the same manner (the only difference 

was that the sintering procedure was conducted for 2 h instead of 1 h). The structures with ~68% 

porosity before infiltration (of which ~64% was open porosity, hence accessible) had an 

improvement in flexural strength by a factor of 5 (10-15 MPa) when infiltrated with PCL and 

22 (43-62 MPa) with PLA infiltration. These enhancements evidenced that the strengthening 

and toughening effects of polymer infiltration previously reported under compressive stresses 

[220] were also reproducible in bending and became even more prominent under this more 

detrimental solicitation – a fact attributed to an improvement in the effectiveness of the stress 

shielding mechanism under bending. Another essential energy dissipation mechanism was the 

crack bridging provided by the elongation of polymeric micro- and macro-fibrils. Polymeric 

micro-fibrils within the filaments micropores produced a continuous crack micro-bridging 

toughening, whereas polymeric macro-fibrils in the macropore channels could bridge the crack 
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wake even after very large strains. Unfortunately, macro-fibrils are only present in ductile 

polymers (i.e., PCL), but micro-fibrils (if short) can be observed even in relatively brittle 

polymers, such as PLA. Therefore, the optimal infiltrating material would be a biodegradable 

polymer that combines the stiffness of PLA to improve strengthening by stress shielding and 

the ductility of PCL to enhance toughness. 

In a complementary study [222], the group infiltrated β-TCP scaffolds with PCL or 

PLA with in situ ring-opening polymerization of ɛ-CL (ɛ-caprolactone) and LLA (l-lactide), 

utilizing lipase and stannous octanoate as catalysts, respectively. The composition of the paste 

was similar to those already used by their group with 45 vol% of solid content, Darvan® C (1.5 

wt%), Methocel® F4M (7 mg/mL of liquid) and PEI (2 vol% relative to the liquids); printing 

with 250 μm nozzles in paraffin oil bath. Debinding and sintering were conducted at 400 °C (1 

h) and 1200 °C (2 h), respectively, followed by infiltration. The mechanical properties of the 

infiltrated scaffolds by in situ polymerization (ISP) were significantly higher than those of bare 

structures, with values similar to those obtained by more aggressive infiltration methods (i.e., 

melt-immersion), with compressive strengths of 18 ± 2 MPa (ɛ-PCL) and 68 ± 7 MPa (PLA). 

When comparing this study with an already mentioned analogous study of this group [212] that 

utilized coating instead of infiltration, the infiltration with ɛ-PCL had compressive strength 

values in the same range as those coated with this same polymer (15 ± 2 MPa). Overall, ISP 

utilizing either enzymatic (for ɛ-CL) or conventional (for LLA) catalysts was shown a 

successful approach for an organic solventless infiltration of scaffolds. In this regard, in situ 

polymerization with enzymatic catalysts is even more promising – it requires a lower processing 

temperature (60 °C for 72 h for ɛ-CL), enabling the incorporation of sensible components such 

as drugs or growth factors, enhancing the composite scaffolds’ bioactivity. Yet, to incorporate 

these components, the polymerization conditions (catalyst, temperature, time) may require 

some adjustment to retain the target biomolecule's integrity, which is likely to lead to a reduced 

polymeric molecular weight. 

Similarly, Eqtesadi et al. studied the infiltration with PCL and PLA as well as coating 

with them; both processes were performed on bioactive glass scaffolds. In a first paper [223], 

45S5 BG scaffolds (45 vol% of solid content and 1 wt% of CMC), printed with 410 μm nozzles, 

debinded at 400 °C (1 h), sintered at 500 or 1000 °C (1 h), were infiltrated or coated with ε-

PCL (Fig. 18(a,c,e,g,h). Infiltration was performed by immersion in a polymer melt, producing 

fully infiltrated, dense co-continuous composites, whereas polymer-coated scaffolds were 

produced by dip coating (dissolution in toluene). Both processes generated structures with 

significant strength and toughness comparable to the properties of cancellous bone, even under 
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bending. The improvement found in strength and toughness provided by the polymer was higher 

in fully infiltrated scaffolds than in coated ones, with the toughening being especially intense 

under flexural stresses (≥ 2 orders of magnitude). The gain in strength and toughness with 

polymer infiltration, both under compressive and flexural stresses, was increased monotonically 

with increasing microporosity level in the ceramic struts; i.e., strength and toughness decreased 

with increasing sintering temperature. Despite the diminished effectiveness of polymer 

infiltration as a reinforcing approach once microporosity is reduced, denser ceramic struts 

generated stronger and tougher structures after polymer infiltration; hence, the optimization of 

the sintering conditions of the ceramic scaffold was a crucial aspect to maximize the mechanical 

properties of ceramic/polymer co-continuous composites. The study results highlighted the 

suitability of polymer infiltration as a strategy to mechanically reinforce ceramic scaffolds, 

being an excellent approach especially when full densification of the ceramic scaffold cannot 

be attained. Moreover, despite the higher improvements in strength and toughness provided by 

full infiltration, the effect of simple polymeric coating was relatively significant, even under 

flexural solicitations. 

In a following study [224], Eqtesadi et al. evaluated the infiltration or coating of the 

same bioactive glass (45S5) this time with PLA (Fig. 18(b,d,f)). The printing pastes had the 

same composition as the previous study, the structures were produced similarly (melt-

immersion or dip coating) and sintered at temperatures from 550 to 1000 °C. The PLA-coated 

scaffolds presented significantly higher toughness and strength than un-coated structures, both 

under compression and, especially, bending. Nevertheless, fully-infiltrated scaffolds with PLA 

did not exhibit a significant mechanical improvement over coated structures, as happened with 

infiltration with PCL in the previous study. This enhancement was prevented by chemical 

interactions of the molten PLA with alkaline ions from the 45S5, an interaction that has already 

been reported [225,226], resulting in the color change and cracking of PLA. Hence, the authors 

suggested shorter periods and mild processing temperatures to prepare BG/polymer composites 

to avoid polymer degradation in the BG presence. 
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Fig. 18. Bioactive glass (45S5) scaffolds infiltrated or coated with either PCL (A,C,E,G,H) [223] or PLA 

(B,D,F) [224]. (A,B) Compressive strength, (C,D) bending strength and (E,F) strain energy density vs. sintering 

temperature. (G) Strengthening and (H) toughening factors vs. in-strut porosity of the scaffolds infiltrated or 

coated with PCL. 

 
Source: Adapted from  [223,224]. 

 

5.3.4. Other studies with ceramic-polymer composites worth mentioning 

 

A particular type of injury, osteochondral (OC) defects, generally encompasses the 

cartilage's damage and its underneath subchondral bone. Tissue engineering has become the 

most promising approach for repairing OC defects in recent years, combining scaffolds, cells 

and growth factors. To match the hierarchical mechanical performance of natural OC tissue, 

the ideal OC scaffold should present a gradient structure and, as such, DIW has emerged as a 

technique to satisfy such requirements as a result of its precision and customizability. Thus, 
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Zhang et al. [227] used finite element simulations (FEM) to evaluate the influence of pore 

shape and porosity on the mechanical properties of DIW-printed HA/PCL scaffolds for 

osteochondral repair (Fig. 19). Different lay-down angles (15, 30, 45, 60, 70 and 90°), filament 

diameters (300, 400 and 600 μm), inter-filament spacing (400, 700 and 1000 μm), and layer 

overlaps (50-300 μm) were simulated under compressive conditions. With these parameters, 

porosity varied from 30 to 75%, compressive strength from ~5 to 22.5 MPa and Young’s moduli 

from ~2 to 17 MPa (in the range of osteochondral bone); the latter linearly decreased with 

increasing scaffold porosity, in which the greater presence of voids facilitated deformation (i.e., 

lower Young’s moduli). The orthotropic effect was found to increase as the lay-down angle was 

reduced from 90° to 15° and the most pronounced effect for scaffolds with a single lay-down 

angle was achieved when this value was 90°. The study also suggested that a value of ~60% of 

porosity separates the application between cartilage repair and cancellous bone repair. Overall, 

quantitative relationships were found between pore geometry and the scaffolds' mechanical 

properties. The investigation demonstrated that a mimetization of natural OC tissue's 

hierarchical mechanical properties is achievable by tuning the scaffolds' local lay-down angles 

and porosity. 
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Fig. 19. HA/PCL scaffolds for osteochondral repair. (A) Schematic illustration of the lay-down angles utilized 

and their associated unit cells in the XY plane. (B) Young’s modulus vs. inter-filament spacing for scaffolds with 

different filament diameters. (C) Young’s modulus vs. layer overlap. (D) Young’s modulus vs. porosity of the 

scaffolds for different filament diameters, inter-filament spacing and layer overlap.  

 
Source: Adapted from [227]. 

 

A novel fabrication method to obtain hybrid ceramic/polymer porous scaffolds with 

core/shell struts was developed by Paredes et al. [154,155]. In this technique, hollow ceramic 

struts are deposited by coaxial nozzles and are then filled with a polymer melt by suction (Fig. 

20) – the main advantages are the conservation of the scaffolds’ macroporosity required for cell 

ingrowth and the bioceramics surfaces’ osteoconductivity. In a study utilizing this method to 

produce β-TCP/PCL scaffolds [154] (Fig. 20(d-f)), the printing paste had a solid content of 35 

vol%, Darvan® C (1.5 wt%), Methocel® F4M (7 mg/mL of liquid), PEI (4 vol% relative to the 

liquids) and a fugitive graphite-based paste for the fugitive core. The coaxial printing nozzle 

had 1.37 mm outer internal diameter and 0.83 mm inner external diameter and printing was 

conducted in a paraffin oil bath. The struts’ polymeric core was found to provide an outstanding 

toughness improvement under bending, with an increase of approximately two orders of 

magnitude; even after large deflections, the continuous polymeric fibers could hold the structure 
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together. In terms of strength, PCL infiltration improved the compressive strength over 

scaffolds with hollow struts, but dense-strut structures were stronger, particularly under 

compression. In another study [155], their group produced HA/PCL scaffolds (Fig. 20(g-k)) 

with a porosity of 42 ± 12% through the same method (the only difference was the solid content 

of 45 vol%). The results were analogous with significant toughness improvements in 

compression and bending over dense- and hollow-strut scaffolds, yet, in terms of strength, no 

significant enhancements with PCL infiltration over hollow-strut scaffolds were found. The 

study also evaluated the influence of a displacement of the printed layers (no offset and 50%-

offset configuration) under a compressive load normal to the printing plane, which found that 

non-displaced layers had better performance in compression and bending. This behavior was 

attributed to the continuous columns of material formed via the intersections between the non-

displaced layers, which support the compressive load applied. In contrast, with a 50%-offset 

configuration, the load produced pure bending in the struts perpendicular to the load, promptly 

failing under this more deleterious loading mode. These results confirm that a load 

perpendicular to the printing plane is more detrimental than along the strut/filament axes, as 

stated by Peroglio et al. [228]. In summary, the proposed toughening strategy of coaxial core-

shell struts had the aforementioned benefits of preserving the macroporosity and 

osteoconductive properties of the bioceramics and, therefore, holds great promise for the 

mechanical improvement of scaffolds for bone regeneration applications without threatening 

their biological performance. 
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Fig. 20. Scaffolds with a core/shell strut configuration. (D-F) β-TCP/PCL [154] and (G-K) HA/PCL [155] 

scaffolds. The core-shell hybrid scaffolds were produced by co-extrusion, depicted in isometric and section view 

in (A), followed by PCL infiltration of the sintered tubular scaffold by suction (B). (C) Schematic representation 

comparing ceramic (gray)/polymer (blue) composites obtained through polymer infiltration of scaffolds: 

core/shell structures, coated and fully infiltrated. (D) SEM micrographs at different magnifications of 

representative cross-sections of the scaffolds fabricated with (a–c) hollow, (d–f) hybrid and (g–i) dense struts. 

Diagrams of average (E) strength and (F) strain energy density for all structures in compression and bending. (G) 

SEM micrographs of cross-sections of representative scaffold struts: (a,b) dense (c,d) hollow and (e,f) infiltrated 

with 30%-PCL solution. (H) Compressive strengths and (J) strain energy densities for D, H, 15-I and 30-I 

specimens, under uniaxial compression (D: dense; H: hollow; 15-I: infiltrated with a 15%-PCL solution; 30-I: 

infiltrated with 30%-PCL solution). (I) Flexural strengths and (K) strain energy densities for D, H and 30-I 

specimens under 3 point-bending.  

 
Source: Adapted from [154,155].  

Natural bone values [229–231] are included for comparison. 
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5.4. CERAMIC-HYDROGEL COMPOSITES 

 

Hydrogels are polymer 3D networks that can detain a large quantity of water and that 

can form great “soft material” microenvironments for the mimetization of ECM (extracellular 

matrix) as a result of their tunable mechanics, degradation and functionality [232]. The most 

established method to form ceramic/hydrogel composites with 3D printing is to formulate a 

hydrogel solution and then add ceramic powders to it [233]. After printing, this mixture 

immediately forms a network that can be developed (1) physically, (2) with an enzymatic 

mechanism, (3) through thermal/pH sensitivity [234,235] or (4) chemically by cross-linking 

[146,236–242]. The latter is by far the most used method for network formation with DIW and 

happens by the formation of covalent bonds between the added substance (usually genipin, 

glutaraldehyde or CaCl2 solutions) and the amine groups of the hydrogels; UV light can also be 

used to induce cross-linking [240]. 

Usual hydrogels for 3D printing are those made from natural polymers such as gelatin, 

alginate, collagen, cellulose, hyaluronic acid, silk fibroin or those made from synthetic 

polymers such as polyacrylamide (PAM), poly(vinyl alcohol) (PVA) and poly(ethylene glycol) 

(PEG).  Some made from a synthetic-natural mixture are also used. The utilization of natural 

polymers is linked to fewer side effects than these commonly associated with some synthetic 

polymers that might lead to detrimental degradation products and, consequently, reduced cell 

responses – the reason why the studies of DIW with ceramic-hydrogel composites are focused 

on natural hydrogels. 

Hydrogels are promising materials for use with the DIW method once they facilitate 

the achievement of proper rheological behavior. Due to their gelling ability, they can be printed 

with other materials without any other processing additives – a fact especially beneficial as it 

eliminates the issues related to binder removal, which hinder the attainment of full 

densification. However, a limited number of hydrogels are suitable to act as binders, property 

modulation is still a challenge and the usual low mechanical properties obtained still need 

improvement. In addition, special care is required when these composites are implanted in vivo, 

considering that hydrogels swell fast in the presence of water, which can culminate in a loose 

structure, decreased stability and even the breaking off of the structure. Some solutions to this 

issue have been proposed and are being studied (e.g., methacrylation [240]). The next 

paragraphs describe some interesting studies with ceramic-hydrogel composites obtained via 

DIW that have been considered. 



Chapter 1       98 

PhD Thesis on Materials Science and Engineering – Vivian Inês dos Santos – 2023 

Martínez-Vázquez et al. [236] produced a highly homogeneous Si-doped HA/gelatin 

scaffold for bone regeneration with suitable macroporosity for vascularization and micropore 

architecture that allows fluid exchange. The DIW paste was produced by gradually adding the 

HA powder to a hydrogel of gelatin (1 wt% in distilled water, 45 °C), which was printed at 30 

°C with 500 μm nozzles. Subsequently, the printed scaffolds were soaked in a glutaraldehyde 

solution to allow the cross-linking procedure of the gelatin. The total open porosity was 80-

84%, with a compressive strength of 2.7-3.8 MPa (comparable to those of cancellous bone). 

The MC3T3-E1 cell differentiation in terms of gene expression and matrix mineralization was 

improved by incorporating gelatin into the paste. The study also included the addition of an 

antibiotic (vancomycin) in the slurry, which was gradually released to the medium in the short 

term and could efficiently hinder bacterial growth. This fact could grant a drug therapeutic 

concentration in the implantation site when the scaffold has not yet been vascularized. 

Lin et al. [237] utilized the DIW method to print hydroxyapatite/collagen scaffolds 

with ~60-80% porosity that retained most of the properties of the raw materials after printing 

(Fig. 21). To obtain the printing paste, collagen and HA were individually homogenized in 

acetic acid solutions (0.5 M), which were then mixed at 4 °C (2 g collagen, 4 g HA in 10 mL 

of acetic acid solution). Printing occurred at 4 °C with nozzles of 300 μm in diameter and 90 % 

of relative humidity. The scaffolds were cross-linked by immersion in a genipin solution. 

Compared to non-printed scaffolds, those produced via DIW had a better proliferation of bone 

marrow stromal cells and improved in vitro osteogenesis. At the same time, enhanced cell 

penetration and mineralization improved the repair of 3D-printed scaffolds in vivo (rabbit 

femoral condyle defect model). The best results in terms of mechanical strength and in vivo 

bone repair were achieved with 600 µm-diameter struts; still, the compressive modulus (0.1 

MPa) was very low.  
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Fig. 21. Hydroxyapatite/collagen scaffolds for bone regeneration. (A) 3D µ-CT reconstruction of the scaffolds 

and new bone formation at 2, 4, 8 and 12 weeks after in vivo implantation (rabbit femoral condyle defect model), 

1 mm scale bar. (B) SEM images of BMSCs on the scaffolds' surface at 1, 4, 7 and 11 days after in vitro seeding. 

It is possible to observe the cells' growth into the printed scaffolds (Groups I, II, III) 11 days after seeding. (C) 

Surface morphology of the scaffolds with a grid-like microstructure with pore widths of 400 µm and strut widths 

of 300 µm (Group I), 600 µm (Group II) or 900 µm (Group III). Group IV represents non-printed scaffolds and 

Group N is the blank control. Printed bone with marrow cavity, femoral head and tibial plateau, 5 mm scale bar. 

(D) Histological analysis of new bone formation within and around the scaffolds (rabbit femoral condyle defect 

model). Van Gieson staining with newly formed bone in red and fibrous tissues in blue, 100 µm scale bar. 

 
Source: Adapted from [237]. 

 

To mimic the bone native extracellular matrix (ECM) without compromising the 

mechanical strength, Zou et al. [234], in an interesting study, coated the filaments of sintered 

β-TCP scaffolds with type Ⅰ collagen gel to obtain an ultrafine fibrous network analogous to the 

natural collagen nanofibers in the bone. Printing pastes had 45 vol% of solid content, 

ammonium polyacrylate (1.5 wt%) as a dispersant and hydroxypropyl methylcellulose 4000 

(HPMC, n.d. quantity); printed nozzles had a diameter of 250 μm. For the coating procedure, 

the sintered β-TCP scaffolds were dipped in a collagen solution followed by the gelation of the 

collagen (37 °C for 2 h).  The scaffolds presented a 43-44% porosity with ~250 μm pore sizes 

and compressive strength of 15.3 ± 3.4 MPa. The study concluded that the thin layer of 

biomimetic collagen nanofibers significantly stimulated the osteoblastic differentiation in 

mMSCs (mouse mesenchymal stromal cells) – by the up-regulation of the expression of Runx-
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2, ALP, BSP, collagen I, OPN and BMP-2 – and improved the matrix mineralization – by the 

induction of more active biogenesis of matrix vesicles in the mMSCs. 

To produce hierarchical porous scaffolds, Sommer et al. [238] developed concentrated 

oil-in-water emulsions that were stabilized by chitosan-modified silica nanoparticles. The 

emulsions contained 50 wt% of an oil phase (either decane (volatile) or corn oil (non-volatile)) 

and 50 wt% of chitosan-modified silica suspension (aqueous phase), which were mixed and 

centrifuged to concentrate the oil phase with the discarding of the aqueous supernatant. The 

resulting emulsions were printed (410 μm nozzles) into scaffolds with a hierarchical structure 

intended for simultaneous bone regeneration and drug delivery. After printing and drying, 

cross-linking took place by exposing the scaffolds to the vapor of a glutaraldehyde solution (5 

wt%). The chitosan-modified silica emulsions were sufficiently stable against coalescence 

during centrifugation and formed droplets interconnected by a percolating network of 

agglomerated modified silica particles (gelled in the presence of chitosan). This good 

stabilization of the emulsion was derived from the fact that the particles were irreversibly 

adsorbed on the air/oil-water interface, hindering the droplets' coalescence. It is also the reason 

why particle-stabilized foams and emulsions are notably appealing templating processes as, 

when compared to surfactant-stabilized systems, they grant higher mechanical stability during 

drying as well as a more homogeneous pore-size distribution [243,244]. Besides, such 

emulsion-based multiphase architecture enables site-specific encapsulation of hydrophilic and 

hydrophobic compounds into the same structure, offering great flexibility in local 

compositional control. This dual-chemical nature permits the incorporation of apolar and polar 

functional constituents in exact positions, which can overcome the current issues with the 

delivery of incompatible compounds and tune the compound/drug release profile into the 

surrounding phase. Multiple parameters influence pore morphology and size (e.g., 

hydrophobicity of the particles, solid loading as well as pH and concentration of the air or oil 

phase), which are crucial factors for the determination of the structure-property relationship of 

these materials [244]. Still, further studies are required to evaluate the range of mechanical 

properties achievable by structures produced with this combination of techniques.  

A dual-pore structure scaffold made of chitosan and nano bioactive glass (nBG) was 

designed by Dorj et al. [235]. To obtain the printing paste, chitosan powder (6% wt/vol) was 

dissolved in distilled water (containing 2% wt/vol acetic acid) and mixed with an nBG solution 

also in distilled water. The nBG concentration in relation to the chitosan utilized was 0.1 by 

weight. The structures of nBG (70SiO2-25CaO-5P2O5) were obtained with the DIW process 

under a dry-ice cooled bath and subsequent freeze-drying since, at ambient conditions, the 
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solidification of the paste was troublesome. For this process, the syringe was encapsulated in a 

heating jacket at 37 °C and the printing nozzle had 330 μm of diameter. After printing, the 

scaffolds were freeze-dried at -50 °C. The study achieved nBG/chitosan scaffolds with aligned 

macro-channeled pores and well-developed micropores (≥ 10 μm) throughout the structure (Fig. 

22), which presented a good in vitro biological response. The bone cells had great adherence 

and showed active growth with increasing culture time. It was also found that the nBG addition 

sped the induction of bone mineral-like apatite in SBF, demonstrating the composite in vitro 

bioactivity. In summary, the obtained composite structure was proven a favorable substrate 

when it comes to cell spreading and proliferation and in vitro apatite forming ability. 

 
Fig. 22. Chitosan and chitosan/bioactive glass scaffolds. (A) SEM morphologies at different magnifications of 

the scaffolds of (A-C) chitosan/BG and (D,E) chitosan. (F) SEM morphology of cells grown on the 

nanocomposite scaffold for 3 days. (G) Cell proliferative potential of both Chit and Chit/nBG scaffolds, as 

measured by an MTS assay.  

 
Source: Adapted from [235]. 

 

In a study by Marques et al. [239], composite scaffolds of BCP (HA:β-TCP; 23:77, 

46:54 and 87:13)/chitosan were obtained without any processing additives. Paste preparation 
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first comprised of adding chitosan (3 wt%) to an acetic acid glacial (0.5 vol%) solution, then 

slowly adding the BCP powder (45 vol% of solid content) and later 1 wt% of genipin for the 

cross-linking of chitosan. The sintering-free resulting structure had ~50% of porosity and 

compressive strength of ~1-2 MPa. The β-TCP content in the BCP powders, which is more 

soluble than HA, strongly influenced the chitosan gelation behavior, hindering the achievement 

of suitable rheological properties; an attainment that was impossible for pastes with β-TCP 

content higher than 50 wt%. As the process did not require a sintering step, drug-loaded 

scaffolds became a possibility and levofloxacin, an antibiotic, was added to the extrudable 

pastes. This addition slightly changed the rheological behavior and, as a consequence, also the 

scaffold microstructure and mechanical properties – this effect was more pronounced in pastes 

with a higher content of β-TCP. The drug delivery evaluations unveiled a high burst of 

levofloxacin within the first 30 min. It was also found that the antibiotic preserved its 

bactericidal efficacy during the fabrication process since samples loaded with levofloxacin 

could inhibit bacterial growth. Overall, composite scaffolds with higher amounts of HA (87:13) 

were more promising for bi-functional bone substitutes with local bone regeneration and 

infection treatment abilities.  

In their study, Cebe et al. [240] compared the effect of chitosan- and gelatin-based 

scaffolds on osteoblastic biomineralization. They fabricated scaffolds of laponite (a nano 

silicate) with chitosan (MAC-Lp) or gelatin (MAG-Lp). Both the chitosan and gelatin were 

previously methacrylated (methacrylate anhydride) to control their hydrolytic degradation and 

strengthen their network formation. These underwent a process of dialysis, freeze-drying and 

were then mixed with laponite (4 wt%) to enhance gelation; Irgacure® 2959 photoinitiator and 

sucrose (4 wt%) were also incorporated. The printing process (250 μm nozzles) took place with 

simultaneous in situ cross-linking using UV light. The methacrylation procedure improved the 

thixotropy of the paste and, consequently, its mechanical properties, a process that was fortunate 

as the achieved compressive strength was ~15 MPa. The comparison showed that MAC-Lp 

scaffolds had higher biomineral formation and cell viability and growth than MAG-Lp 

scaffolds. MAC-Lp also presented an increased formation of ECM collagen-like amide. Hence, 

the study established that chitosan-nanosilicate-based scaffolds favor the biomineral formation 

in osteoblasts and improve cell growth while creating mineral nodules in a short period 

compared to gelatin-based scaffolds.  

Hydroxyapatite/chitosan scaffolds were developed by Zafeiris et al. [241] with a 

macropore structure attained through DIW and micropores by freeze-drying. The HA 

nanocrystals (Ca/P of 10/6) were biomimetically synthesized in the presence of chitosan 
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(HA/chitosan = 70/30, wt) and L-arginine (Ca2+:arginine = 1:1, molar) and to improve ink 

rheology and, as a consequence, the mechanical properties, chemical cross-linking with genipin 

(1 wt%) was performed as well as the utilization of an acetic acid/gelatin solution; the latter 

was intended to increase the viscosity of the paste and avoid water-hydrogel separation during 

extrusion. The study encompassed several parameters, such as infill, flow and perimeter speed 

and showed that smaller pore sizes contribute to higher mechanical integrity. The printed 

scaffolds (600 μm nozzles) were later freeze-dried and the obtained porosity (61.5-92.7%) and 

elastic modulus (> 0.6 GPa) were comparable to those of cancellous bone. In vitro evaluations 

demonstrated the cytocompatibility of the scaffolds with good cell adherence and high levels 

of viability. The SEM analysis also indicated that the internal porous network favored cell 

attachment since the osteoblasts maintained their morphology while infiltrating the scaffolds. 

Chitosan was also employed alongside calcium phosphate precursors to obtain 

scaffolds in a study by Caballero et al. [245]. The pastes were made of dispersed platelet 

aggregates of dicalcium phosphate dihydrate and continuous chitosan acidic aqueous solution 

(three different concentrations: 0.15, 0.17 and 0.19 mol/L) – the initial inorganic-to-organic 

ratio varied from 50/50 to 80/20 (wt%). These were printed with 400 µm nozzles into a basic 

water/ethanol (70/30) bath that ensured both the gelling of the solution and the conversion of 

the precursors into hydroxyapatite; hence with gelling by pH change occurring simultaneously 

to printing. Apatite was shown to be poorly crystalline, with the formation of micro-aggregates 

in platelet shape uniformly distributed within the chitosan matrix. The study focused on 

evaluating the rheological behavior of the pastes and found that chitosan concentration 

determined the polymer chain entanglement (higher concentration (0.19 mol/L) increased the 

printability of the pastes), whereas the inorganic-to-organic ratio determined both the mineral 

content and the ionic strength in the inks. 

Alginate is another biocompatible and biodegradable hydrogel commonly utilized in 

applications such as tissue engineering and delivery of cells and growth factors [83,246]. Also, 

its sol-gel transition under mild conditions promoted by multivalent cations (i.e., Ca2+) has been 

shown as an effective stabilization method for 3D printing, a fact that enables the encapsulation 

of cells, bioactive proteins and drugs into 3D-printed scaffolds [83,247].  

A study that utilized this material with the DIW method was that of Kumar et al. [242]. 

They examined hydroxyapatite scaffolds with a parallelepiped porous architecture with 44% 

porosity and two different binders – sodium alginate (Alg) or maltodextrin (MA). For the 

HA/Alg paste, the HA powder was mixed with a 3 wt% Alg solution in deionized water and 

1M NaOH. For the HA/MA paste, HA was mixed with MA (20 wt% in water) and PVA (12.5 
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wt% in water) solutions, with a subsequent pH adjustment. Printing was conducted with 410 

μm nozzles and was followed either by drying, cross-linking (1 M CaCl2 solution) and freeze-

drying (4-6 h) or drying and sintering (1250 °C for 1 h). A higher compressive strength was 

found for HA/Alg scaffolds (9.5 ± 0.5 MPa) when compared to HA/MA (7.0 ± 0.6 MPa) – a 

difference attributed to their phase assemblage and microstructure – both in the range of 

cancellous bone (2-12 MPa) [53,54]. The study also compared the stabilization of the scaffolds 

through the processes of chemical (cross-linking) and sintering-induced stabilization. In that 

regard, sintering usually promotes higher compressive strengths but makes the scaffolds mostly 

non-biodegradable; on the other hand, chemical stabilization by a non-covalent cross-linking 

provides scaffolds less mechanically stable but allows them to be degradable. Besides, a 

sintering-free process enables the incorporation of sensitive biological components, such as 

drugs and proteins (like growth factors), during the printing process, as observed in some 

studies here highlighted. 

Following the same line, Luo et al. [146] studied composites of alginate and bioactive 

glass nanoparticles (molar ratio: Si/Ca/P = 80/15/5) with dexamethasone. They produced 

MBG/alginate hierarchical scaffolds with good in vitro biocompatibility, mineralization ability 

and drug release properties. The DIW paste was produced by mixing the sodium alginate and 

MBG powders (MBG/alginate = 1:10; 3:10 or 5:10, wt), which were added into a 6% wt/vol 

aqueous PVA solution. After printing, the scaffolds were cross-linked in a CaCl2 solution for 

10 h. The structures had strut diameters of approximately 300-400 μm (printing nozzles of 406 

μm) and porosity of ~50-67% but not such adequate compressive strengths (0.6-1.6 MPa). The 

composite had improved mechanical properties, apatite-mineralization ability, cell attachment 

and alkaline phosphatase activity compared to alginate scaffolds. The utilized drug, 

dexamethasone, was efficiently loaded in MBG particles that were incorporated into the 

alginate scaffolds, a fact that resulted in a more sustained release. The MBG incorporation 

reduced the initial drug burst and made the release concentration dependent on it. In addition, 

the use of a high-concentration alginate slurry and a specific printing pattern (XXYY) was able 

to improve pore interconnectivity and the dimensional and mechanical stability of the scaffolds.  

 

5.5. FUNCTIONAL COMPOSITES 

 

As highlighted before for functional ceramics, different functionality can be attained 

via protein/drug loading of the structures and the DIW method has been shown to be an 
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attractive platform to print such sensitive components. This fact is no different for ceramic 

composites, which are featured next with their corresponding attributed functionality.  

Biphasic calcium phosphate (BCP) scaffolds coated with collagen and BMP-2 or 

dipyridamole – an agent that blocks cellular uptake of adenosine hence increasing local 

adenosine levels – were attained by Ishack et al. [248]. The BCP powder with a HA:β-TCP 

ratio of 15:85 was mixed (46 vol% solid content) with a Darvan® 821A solution (1.5 wt% of 

deflocculant), a 5 wt% aqueous Methocel® F4M solution (Methocel®: 7 mg/mL of ceramic) 

and a 10 wt% PEI solution (PEI: 5 mg per mL of paste). The scaffolds were printed (250 μm 

nozzles) in paraffin oil, sintered (1100 °C, 4 h), coated with collagen by crosslinking through 

irradiation and either immersed in a solution of BMP-2 (200 ng.mL-1) or dipyridamole (100 

μM). The scaffolds were implanted for 2-8 weeks in mice with 3 mm cranial critical bone 

defects. Improved bone formation and a tendency for increased remodeling were found in the 

micro-computed tomography (μ-CT) evaluations at 2, 4, and 8 weeks for BCP/dipyridamole 

and BCP/BMP-2 when compared to uncoated scaffolds. Still, no improvement in bone 

regeneration was found with scaffolds coated with dipyridamole in mice with knockout of 

adenosine receptors. Hence, coating BCP scaffolds with a growth factor and an agent that 

stimulates adenosine receptors could further increase bone regeneration and treat critical bone 

defects, with the first showing more promise than the latter.  

The delivery of sufficient oxygen to an engineered tissue has been a considerable 

challenge to overcome the effect of hypoxia and, in this regard, scaffolds with oxygen-

generating elements have shown increased oxygen levels and cell survivability in specific 

conditions, proving themselves good alternatives to prevent ischemia-related cell necrosis. 

With this intention, biphasic calcium phosphate (BCP) scaffolds (60HA:40β-TCP) were 

obtained by Touri et al. [249–251] in a series of papers in which three different contents (1, 3 

and 5 wt%) of an oxygen-releasing and antimicrobial agent, calcium peroxide (CPO), particles 

were encapsulated within a polycaprolactone (PCL) coating (4% wt/vol in DCM) obtained via 

dip-coating. The BCP printed scaffolds (n.d. solid content or binder) were calcinated and 

sintered at 400 °C (1 h) and 1190 °C (2 h), respectively, before the coating procedure. The 

resulting scaffolds presented ~70% porosity with both strut diameters and pore sizes in the 

range of ~500 μm and compressive strengths of 21 and 23 MPa for uncoated and PCL/CPO 

coated structures, respectively. The oxygen release behavior was continuous and depended on 

the concentration of CPO encapsulated within the PCL coating. Scaffolds coated with 3% CPO 

presented enhanced osteoblastic viability and proliferation under hypoxic conditions and, 

alongside those coated with 5% CPO, had higher ALP activity. Antibacterial investigations 
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found that the CPO released from the scaffold was able to inhibit the growth of S. aureus and 

E. coli. Superior apatite precipitation of the coated scaffolds was confirmed by in vitro SBF 

tests due to the driving force role of the CPO particles in the apatite formation process. Such 

scaffolds could be excellent candidates for promoting bone ingrowth and simultaneous oxygen 

delivery for surrounding tissues, preventing cell death due to hypoxia in large bone tissue 

implants that present oxygen diffusion limitations.  

In another study functionalizing BCP (60HA:40β-TCP), Song et al. [252] incorporated 

polyvinyl alcohol (PVA) and platelet-rich fibrin (PRF) into it and then printed the mixture 

through the DIW technique at low temperatures. The BCP powder was added to a 16 wt% PVA 

solution (powder/liquid mass-to-volume ratio of 1:1) with the subsequent addition of PRF, 

printing at ~4 °C with a 600 μm nozzle and freeze-drying. The resulting BCP /PVA/PRF 

structures had ~50% porosity and ~500-600 μm pore sizes. The printed BCP/PVA/PRF and 

BCP/PVA scaffolds presented significantly higher total porosities (54.7 and 49.6%, 

respectively) and lower compressive moduli values (~300 kPa) than the non-printed 

corresponding scaffolds (obtained via mold-casting, solidified at -80 °C, with resulting total 

porosities of 6.1 and 1.5%, respectively). The PRF incorporation enabled the sustained release 

of bioactive factors and improved the in vitro biocompatibility and biological activity of bone 

marrow-derived mesenchymal stem cells (BMSCs). It was shown that the PRF retained its 

biological activity during printing and that its presence provided cell-binding sites, promoting 

the BMSCs' adhesion, proliferation, and differentiation. In critical-size segmental bone defect 

models in rabbits, printed BCP/PVA/PRF scaffolds promoted more in vivo bone formation than 

printed and freeze-dried BCP/PVA scaffolds, demonstrating that the PRF presence likely 

provided osteoconductive and osteoinductive stimuli. Therefore, the BCP/PVA/PRF printed 

scaffolds' primary deficiency was their low mechanical strength and slow degradation rate, 

which require optimization. This fact does not change the potential shown by PRF growth 

factors' prolonged release, which could provide proliferation and differentiation stimuli. 

Another critical procedure during the bone regeneration process is vascularization and 

its absence is acknowledged as a crucial challenge in cranial and maxillofacial defects. In this 

regard, to improve vascularization, Fahimipour et al. [253] developed β-TCP/alginate/gelatin 

scaffolds with PLGA (poly(lactic-co-glycolic acid)) microspheres containing vascular 

endothelial growth factor (VEGF); the VEGF-loaded PLGA microspheres were obtained by a 

modified double emulsion-solvent evaporation technique. The concentrations utilized for β-

TCP and alginate were fixed at 30 and 5% wt/vol, respectively, whereas that of gelatin was 

varied (1, 3 or 10% wt/vol). Some difficulties with nozzle clogging related to the fact that the 
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mixture's gel point was above room temperature were found. These were solved by heating the 

syringe with the paste to 28 °C, cooling the platform for deposition to 10 °C and using a nozzle 

diameter of 450 μm. After printing, the scaffolds were immersed in a CaCl2 solution for the 

cross-linking of alginate and later in EDC (N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide) 

and NHS (N-hydroxysuccinimide) solutions for the cross-linking of gelatin. The β-

TCP/gelatin/alginate scaffolds with VEGF-loaded PLGA microspheres presented porosity of 

73 ± 8% and 98 ± 10 MPa of compressive modulus. The slow in vitro release kinetics of the 

VEGF was shown to fulfill the vascularization requirements for the tissue regeneration early 

stages. Besides, the VEGF-loaded composite structures supported cell viability, adhesion and 

proliferation – after 10 days, the human umbilical vein endothelial cells (HUVECs) seeded on 

them presented an increment of 2-fold in proliferation – and, after 2 weeks, had an improvement 

of 50% in the ALP activity.  

 

6. DISCUSSION 

 

Additive manufacturing emerged in the 1980s and promptly attained relevance in the 

biomedical engineering field due to the possibility of customizing objects according to the 

requirement of patients and clinicians [254]. Its initial motivation was to decrease the time to 

market of new products by minimizing the period between design, testing and implementation. 

Initially (in the '80s and '90s), flexibility in design was the priority, but as the essential 

technologies for AM were developed, the physical properties of the obtained parts became the 

main interest. Recently, products that cannot be produced but additively have been developed 

and introduced into the market, highlighting the potential of AM technologies to not only 

transform the way of conventional industrial manufacturing processes – adding material rather 

than subtracting it – but also to conceive entirely new products as well as business strategies. 

With the focus shifting from prototype fabrication to the fast manufacturing of end-use products 

in small or medium quantities, this modification in the perspective of what can be produced by 

AM has been stimulated. This acceleration was stimulated by the expiration of essential 3D 

printing patents (several expired in 2013-2015), as access to printers became easier and less 

expensive [254]. 

This shift from mass production to mass customization enabled by AM technologies 

comes alongside a significant decrease in production costs and an increase in efficiency when 

the fabrication of custom-made pieces or small series is considered [4]. In the biomedical field, 

mainly, the fabrication of patient-specific constructs with controllable micro-architecture 
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[255,256] from clinical image data of computerized tomography (CT) scans, x-rays and 

magnetic resonance imaging (MRI) is of crucial importance in the optimization of biological 

repairs, replacement and regeneration [257]. However, there are still some challenges related 

to the application of AM techniques. Sample surface finish, process reliability and the density 

of the components (for dense parts) are among the significant concerns. In ceramics, the 

presence of defects greatly influences mechanical properties; therefore, porosity and surface 

quality are critical factors.  

Among AM techniques, direct ink writing has been gaining interest for the fabrication 

of ceramic-based components due to its simplicity, low cost and increasingly good achievable 

mechanical properties. As became perceptible with this review, this interest has been more 

prominent in the production of scaffolds that, in the area of biomedical engineering, are 

intended for bone regeneration applications in general. Compared to other AM technologies, 

scaffolds produced via DIW have been shown to have better mechanical properties than those 

obtained by powder-based technologies [21] – the strength is usually superior by one order of 

magnitude due to the high level of residual microporosity associated with powder-based 

approaches. In contrast, liquid-based processes, such as DIW, usually produce components that 

can achieve high density after sintering – once optimization of the process and the geometry 

has been achieved.  

With such interest, some key features of the DIW method are worth highlighting, in 

particular the required rheological behavior of pastes, the limitations of the process and the 

mechanical and biological improvement strategies that have been proposed. In addition, this 

section describes new techniques analogous to DIW. 

 

6.1. RHEOLOGICAL BEHAVIOR OF PASTES FOR DIW 

 

As mentioned, the process of direct ink writing involves the computer-controlled 

deposition of a colloidal paste through a nozzle, forming spatially controlled continuous 

filaments. For a successful deposition, rigorous requirements are imposed on the rheological 

behavior of the pastes, as they must flow easily through a narrow opening and also, immediately 

after printing, resist deformation – in this regard, as it is not the scope of this review, a more 

throughout detailing on the parameters to predict printability can be found on [258] (more 

specifically on Table 3). There are two critical strategies to tailor this type of rheological 

behavior – one based on the phase change of the paste, the other on the achievement of a shear-

thinning behavior – with some particularities related to each: 



Chapter 1       109 

PhD Thesis on Materials Science and Engineering – Vivian Inês dos Santos – 2023 

(1) Production of low-viscosity pastes that undergo viscosity change through a phase 

transformation after printing, rapidly developing a yield strength high enough to withstand 

deformation [21]. This behavior can be achieved by (a) the formation of a gel via the 

controlled flocculation of the paste (e.g., by the addition of polyelectrolytes, pH change, 

ionic strength of the solvent (when present)) [259], (b) the use of gelling/curing additives, 

such as (i) UV-curable pastes that are polymerized post-printing [199,200] – this method 

is an effective prevention of sample deformation, but is a slow process that requires a 

complicated setup/printing environment and leads to a complex UV-curable binder burnout 

process –, (ii) pastes dispersed in hydrogels [137,146,235–237,239–242] (gelling enables 

shape retention, but the assurance of proper gelling conditions requires additional 

environment control) and  (iii) inverse thermo-reversible gels and (c) use of liquid pastes 

with high solid loading that undergo a small drying upon printing, thus going through the 

pseudoplastic-dilatant transition [30]; 

(2) Production of pastes that exhibit shear-thinning behavior, with solid loading content 

relatively close to the pseudoplastic to dilatant transition. Such pastes can be obtained by 

using a “liquid” carrier that already possesses a shear-thinning behavior, such as HPMC or 

Pluronic® F-127 solutions above their gelling point [29]. It is also possible to reach a shear-

thinning behavior using a dispersant-binder-flocculant system (e.g. ammonium 

polymethacrylate-HPMC-PEI [212,220]), in which the powder is dispersed (usually in 

water) with the aid of a dispersant and then the paste is flocculated leading to a shear-

thinning behavior (the binder is present to adjust the viscosity of the system and to provide 

reinforcement to the green parts) [105,125,126,260,261]. The latter has the advantage of 

requiring less organic material, facilitating the debinding step. In addition, powders with 

smaller particle sizes and low specific surface areas have been shown more appropriate for 

ink preparation [262]. 

 

6.2. LIMITATIONS OF THE DIW METHOD 

 

Certain limitations are associated with the DIW method and demand consideration, 

special care and sometimes an association with other processing methods. The most imperative 

limitations are the obtained surface finish, the speed of the printing process and nozzle-

clogging. 

The surface quality of DIW-printed components primarily depends on the diameter of 

the filaments (directly related to the nozzle diameter).  There is commonly a compromise 
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between the desired quality/resolution and processing time. A combination of DIW and 

computed numerical control (CNC) machining is possible and useful, especially for dense 

components: the near-net-shape obtained by DIW ensures that a limited volume of material is 

removed by CNC machining while the process of machining itself can provide an excellent 

surface finish [59]. Speed-wise, on first look, the DIW method might seem as if it should be 

further improved once the nozzle movement (with a speed typically of some cm·s-1) is much 

slower than the scanning speed utilized in light-based techniques (e.g., SLA and PµSL 

(projection micro-stereolithography)) [263]. However, when considering the building time, 

depending on the nozzle diameter being utilized, the DIW technique may be more 

advantageous. To print a cube with sides of 30 mm, for example, the SLA technique will take 

100-235 min (with a typical build rate of 7.6-17.8 mm/h), whereas the DIW approach can take 

from 24 h (considering a nozzle of 200 µm and printing speed of 10 mm/s – 0.31 mm3/s) to 27 

min (840 µm and 30 mm/s – 16.6 mm3/s). The DIW remains more advantageous when printing 

with a commonly used nozzle diameter (410 µm) with 30 mm/s (114 min) and 20 mm/s (171 

min). 

Another limitation of the DIW technique – nozzle clogging – usually occurs when 

printing pastes with strongly misoriented fibers, very high solid loadings or when using nozzles 

with an internal diameter less than 6.2 times the largest particle size [264]. Clogging reduces 

part fidelity and geometric accuracy. This process takes place by various mechanisms that 

depend on the nozzle geometry, fiber length and fiber volume fraction [265]. Croom et al. [265] 

deeply studied this phenomenon and have proposed some strategies to diminish the likelihood 

of clogging, such as improved nozzle designs (as roughness and sudden changes in diameter 

favor clogging), fiber pre-alignment upstream of the nozzle tip and a rotating nozzle around an 

internal static mandrel, which would actively mix the pastes and enable the shear strains to 

improve fiber alignment. As we could observe in this review, some authors utilize the strategy 

of printing within an oil bath to prevent nozzle clogging and to guarantee a uniform drying of 

the printed component. This printing of water-based inks in oil technique was developed by 

Smay et al. [266] to avoid the problems linked to simultaneous printing and drying of the 

component; when it comes to the materials subject of this review, the most commonly used oil 

is paraffin [27,29,95,111,130,154,155,212,220–222,248] but sunflower oil has also been used 

[161,162,187]. In addition, the utilization of powders with wide size distributions is known to 

favor flow through narrow printing nozzles [27]. 
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6.3. STRATEGIES TO IMPROVE MECHANICAL PROPERTIES 

 

Some strategies have been proposed to improve the mechanical properties of ceramic-

based components produced with the DIW method. Among them, some optimize the 

morphological aspects of the component, whereas others change its composition. Both 

categories will be addressed below. 

 

6.3.1. Reinforcement through morphological aspects 

 

Amidst the first category are two strategies: reproduction of natural structures and 

obtainment of hierarchically porous structures (see Fig. 23). The first strategy, also known as 

mimetization, reproduces the complex hierarchical architectures of natural materials (e.g., bone, 

shells) that provide control over fracture and crack propagation [32,88,170]. It is estimated that 

the trade-off in modern composites between strength and toughness could be surpassed by the 

blueprints provided by natural materials, such as the Bouligand structures taken from crustacean 

shells, which can retain strength while improving impact resistance and toughness – 

characteristics that derive from the helical crack propagation and elastic modulus smooth 

transition between rotated layers [32]. The main advantage of this approach is the high strength-

to-density ratio attained, whereas its limitations encompass (1) the production of these fine 

structures with complex shapes in practical times and sizes, (2) the fact that some structures 

may lead to lower compressive strengths and (3) the anisotropy of the structure, which, 

depending on the application, might be desirable. 
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Fig. 23. Illustration compiling the various studies that have utilized the DIW method to reproduce natural 

structures or to produce hierarchical porous structures. (A,B) Schematic diagram of a Bouligand structure and 

SEM image of the obtained composite with such structure with oriented alumina platelets infiltrated with epoxy; 

scale bar: 400 µm [32]. (C,D) Hexagonal honeycomb alumina structures, printed with a nozzle diameter of 200 

µm [88]. (E) Schematic illustration of biomimetic vascular channeled scaffolds of β-TCP coated with rhBMP-2 

[170]. (F,G,H,I) Schematic illustrations of alumina/camphene-based co-extrusion with microporous hollow struts 

and SEM images of the corresponding obtained structures (cross-section and strut) highlighting their hierarchical 

structure [84]. (J,K,L,M) Schematic illustrations of alumina/camphene-based co-extrusion with interconnected 

macropores and aligned micropores and SEM images of the cross-section and the aligned microporous 

framework developed [85]. (N,O,P) Schematic representation of the components and processing route of 

MBG/PCL composites obtained via DIW and subsequential salt leaching and SEM images of the overall 

structure and porosity [201]. (Q,R,S,T) Processing scheme of emulsion/foam templating + DIW and SEM 

images of emulsion-templated structures with closed porosity [90]. (U) Schematic illustration of the process of 

DIW of stable emulsions to obtain silica-chitosan composites and SEM images of these composites with 

different silica concentrations [238]. (V) Schematic illustration of the obtention of hot-dog like scaffolds of 

akermanite via DIW and bidirectional freezing and SEM images of the obtained microstructure [156]. 

 
Source: Adapted from [32,84,85,88,90,156,201,238]. 
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Most of the 3D printing research of ceramic materials so far has been focused either 

on the production of scaffolds with dense filaments or the obtention of dense components (not 

so common). Still, more recently, DIW has been associated with other ceramic processing 

techniques to develop hierarchically porous structures 

[84,85,88,90,146,156,158,170,201,238,267], another reinforcing strategy based on 

morphological aspects. Likewise the mimetization strategy, one of the main benefits of such 

structures is the alliance of low density and high relative compressive strength (high strength-

to-density ratio), making them extremely attractive for load-bearing bone regeneration 

applications. Besides, hierarchical porous structures are known to outperform their 

nonhierarchical counterparts in terms of relative compressive strength and the accessibility of 

the material active surface [268], hence improving the in vivo bone-forming ability. Their 

potential comes from their ability to attain the design of complex biological structures, enabling 

load-bearing scaffolds to be loaded with functional components that can be potentially applied 

as drug delivery systems or that can have specific cues/signals to guide tissue regeneration. 

These loading/delivery capacities are extremely helpful in applications such as pharmaceuticals 

and cosmetics, with hierarchical structures often available in the form of emulsions utilized as 

vehicles for some compounds. The printing of such structures/emulsions into architectured 

materials has not been done until recently and unveils a new promise for the controlled delivery 

of sensitive compounds.  

Hierarchically structured components can also be used in applications involving multi-

tissue interfaces – a field in which innovative studies have been developed with hydrogels and 

DIW for prosthetic cartilage implants. This application was addressed by an already mentioned 

paper [227] that studied scaffolds to regenerate osteochondral defects by the variation of 

porosity and pore shape. In that regard, one recent study worth mentioning for the production 

of cartilage implants using DIW is that of Hirsch et al. [269], in which an ink composed of 

microgels was swollen in a monomer-containing solution and, after printing, the monomers 

were converted into a percolating network, which resulted in a DNGH (double network granular 

hydrogel) made from compartmentalized reagents that were more than one order of magnitude 

tougher than each pure polymeric network of which they were made. This result illustrates the 

potential of hierarchical structures obtained by direct ink writing for bioengineering 

applications. 

Besides the already mentioned strategies, some other modifications on morphological 

aspects have been reported to improve mechanical performance as (1) pore geometry 

optimization (in which hexagonal [184] and honeycomb pores [150] showed promise), (2) 
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printing with smaller nozzle diameters [199], which produces fewer defects and enhances 

crystallinity and (3) production of smaller pore sizes (contributes to higher mechanical 

integrity) [241]. Better control of the sintering process could also improve the surface properties 

and the filament microporosity [262], thus improving the trade-off between mechanical 

properties and cell affinity with the scaffold surfaces. 

 

6.3.2. Reinforcement through reinforcing phases 

 

When mechanically reinforcing a component through the addition of reinforcing 

phases (compositional) – the other reinforcing front – the outcome greatly depends on the 

reinforcement material, its content and the reinforced matrix.  

One strategy of reinforcing phase addition is the incorporation of a glass to assist the 

sintering process, which can be a glass similar in composition to the material [187] or a low-

melt glass [173,174,270]. Two other strategies (polymeric full infiltration and polymeric 

coating) have overlapping, reinforcing mechanisms – sealing defects on the surface of the strut 

and preventing crack opening through crack-bridging polymer fibrils. Mechanically, full 

impregnation is a more efficient reinforcing strategy than coating [212]; however, the 

possibility of cell seeding in coated scaffolds is a useful approach to avoid or hinder 

colonization by undesired cell types when repairing large defects. Note that in this case, the 

cells are in direct contact with the polymeric material, not with the ceramic one. Conversely, 

the production of core-shell filaments with a polymeric core is a strategy that has shown 

outstanding improvements in toughness under bending [154]. 

A more specific summary describing the improvements reported for compositional 

reinforcements on ceramic-based materials obtained via DIW is displayed in Table 7.  As can 

be observed, wollastonite-diopside [187] and bioactive glass [173,174,270] additions have been 

reported to increase the compressive strength, with the latter also presenting good biological 

outcomes. Additions of titanium fibers showed improved flexural toughness and strength with 

no deterioration of the biological properties of the components [192]. The other two materials 

utilized as reinforcement phases were carbon-based materials: graphene oxide (GO) platelets 

and carbon nanotubes (CNTs). Graphene oxide platelets presented excellent improvements in 

fracture toughness and compressive strength up to 1.5 vol% [127]; contents higher than 2 vol% 

caused agglomeration [178]. As a drawback, their addition hindered the viscous flow of the 

paste, hampering the densification of the matrix (in that case BG) [178]. Carbon nanotubes were 

shown to improve the compressive strength [202,208] and the elastic modulus [202] of the 
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components to which they were added. They have induced no significant inflammatory process 

or hindering of the beneficial biological properties of the other components present in the matrix 

[202] (their effects on the biological properties will be detailed in section 6.4.4). Their addition 

to a Si-doped HA/PCL matrix also induced a mesoporosity of approximately 20 nm and even 

enhanced cell attachment to the component [208]. 

 
Table 7. Summary of compositional reinforcements that have been studied in ceramic-based composites 

produced via the DIW method and their influence on the mechanical and biological properties of the printed 

components.  
Reinforcement Matrix Structure Porosity 

(vol%) 

Influence on 

mechanical 

properties 

Mechanical 

properties 

Influence on biological 

properties 

Remarks Ref. 

Wollastonite-

diopside glass 

(10 wt%) 

Wollastonite-

diopside/ 

calcium 

carbonate/dol

omite 

Scaffold 

(BR) 

68-76 Increase of ~63% in 

compressive strength 

σcompressive:  

~

8 MPa 

― ― [187] 

BG (28CaO-

45SiO2-4P2O5-

18B2O3-5CuO) 

Diopside 

(CaMgSi2O6) 

Scaffold 

(BR) 

62.5-65 5 or 10% BG 

enhanced the 

σcompressive of scaffolds 

sintered at 1150 °C 

σcompressive: 

15.5-19.4 

MPa 

Favorable antibacterial, 

physicochemical and 

biological performance 

― [173] 

BG (NCS-B, 

CaO-SiO2-

Na2O-P2O5-

B2O3) 

Akermanite Scaffold 62-65 Increased σcompressive 

by ten times (20-40 

wt%) 

σcompressive: 

~36 MPa 

Improved structural and 

strength reliability in SBF 

― [174] 

MBG Alginate Scaffold 

(BR/Drug 

delivery) 

50-67 Improved 

compressive strength 

σcompressive: 

0.6-1.6 MPa 

Improved apatite-

mineralization ability, cell 

attachment and ALP 

activity 

Drug loaded in 

MBG particles 

(dexamethasone) 

[146] 

Titanium fibers BG (13-93) Scaffold 

(BR) 

~50 Improved fracture 

toughness by ~70% 

and flexural strength 

by ~40% (0.4 vol%) 

σflexural 

(4PB): 15 

MPa; 

Fracture 

toughness: 

0.8 

MPa.m1/2 

No inhibition of BG's 

bioactive properties and 

HA formation 

― [192] 

Reduced 

graphene oxide 

(rGO) platelets 

(0-3 vol%) 

BG (45S5) Scaffold 

(BR) 

 1 vol% rGO: 

Increase of fracture 

toughness of ~850% 

(500 °C) and 380% 

(1000 °C); Increase 

of σcompressive of 

∼290% (550 °C) and 

75% (1000 °C) 

σcompressive: 

2.5 MPa 

(sintering 

500 °C Ar); 

σcompressive: 

12 MPa 

(sintering 

1000 °C Ar) 

― Toughness and 

compressive 

strength were 

improved up to 

1.5 vol% GO 

[127] 

Graphene 

oxide 

nanoplatelets 

BG (13-93) Scaffold 

(BR) 

 2 vol% GO: 

Improved σcompressive 

by ~26% and 

toughness by ~894% 

σcompressive: 

45-90 MPa; 

Toughness: 

8 MPa 

― Hindered viscous 

flow, hampering 

the densification 

of the BG; 

Contents >2vol%: 

agglomeration 

[178] 

Carbon 

nanotubes (0-

10 wt%) 

Si-doped 

HA/PCL 

Scaffold 

(BR) 

~40 Increase of 55% in 

the compressive yield 

stress (2 wt% CNT) 

σcompressive: 

~4 MPa 

Enhanced cell attachment Induced a 

mesoporosity of 

~20 nm; With 2 

wt% CNT, the 

scaffolds became 

electrically 

conductive 

[208] 

Ionically 

modified 

carbon 

nanotubes (0.2 

wt%) 

HA/PCL Scaffold 

(BR) 

― Improved elastic 

modulus (by ~2.5-

fold) and σcompressive 

(by ~2.5-fold) 

σcompressive: 

~5.5 MPa; 

Elastic 

modulus: 

40-50 MPa 

No significant 

inflammatory process was 

induced; No hindering of 

the biological beneficial 

roles of HA 

― [202] 

Source: Author.  

BR: bone regeneration; σcompressive: compressive strength; σflexural: flexural strength. 

 

An outline of the mechanical reinforcement strategies featuring their main advantages 

and limitations can be found in Table 8. 
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Table 8. Reinforcement strategies through morphological aspects or reinforcing phases, their achieved 

improvements, limitations and studies that have utilized them to produce components via the DIW method. 

Reinforcement 
strategy 

Improvements/Advantages Limitations/Disadvantages Ref. 

Reproduction 

of natural 

structures 

High strength-to-density 

ratios 

Trade-off between fine 

structural handling and 

manufacture of complex 
shapes in practical times and 

sizes;  

Some structures may lead to 
reduced compressive 

strength; 

Anisotropy (might be 
desirable depending on the 

application) 

[32,88,170] 

Hierarchical 

porous 

structures 

Excellent strength-to-density 

ratios;  

Excellent drug/protein load 
and release;  

Improved in vivo bone-

forming bioactivity 

Some techniques still require 

further studies to achieve a 

wider porosity range 

[84,85,88,90,146,156,158,170,201,238,267] 

Glass addition Increased viscous flow upon 
sintering, resulting in higher 

densities; 

Higher compressive strength, 
structural stability and 

strength reliability 

Negative impact on phase 
assemblage if the glass 

differs in composition in 

relation to the matrix 

[163,184,187] 

Bioactive glass 

addition 

Increased viscous flow upon 

sintering, resulting in higher 

densities; 
Higher compressive strength, 

structural stability and 

strength reliability; 
Enhancement of apatite 

forming ability, osteogenic 

cell activity and angiogenesis 
ability 

Negative impact on phase 

assemblage if the glass 

differs in composition in 
relation to the matrix 

[137,146,150,173,174,235,270] 

Polymeric full 
impregnation 

Improvement of strength and 
toughness, especially 

toughness under flexural 

stresses;  
Better mechanical 

performance than polymer-

coated scaffolds;  
Progressive load transfer onto 

the regenerated bone 

Loss of predesigned 
macroporosity;  

In situ creation of porosity 

for cell ingrowth during 
biodegradation remains a 

challenge 

[32,220–224,271] 

Polymeric 
coating 

Preservation of predesigned 
macroporosity; 

Enables cell seeding before 

implantation 

Lower mechanical 
performance than fully-

impregnated scaffolds 

[211–214,223,224,234,248–251] 

Source: Author. 

 

6.4. BIOLOGICAL IMPROVEMENT STRATEGIES 

 

To improve the biological properties of ceramic-based components produced via DIW, 

some strategies/additions have been proposed and evaluated; these are displayed in Table 9 and 

explored in the next sections.  



Chapter 1       117 

PhD Thesis on Materials Science and Engineering – Vivian Inês dos Santos – 2023 

Table 9. Summary of biological improvement strategies that have been studied in ceramic-based composites 

produced via the DIW method and their influence on the mechanical and biological properties of the printed 

components.  

Reinforcement Matrix Structure 
Porosity 

(vol%) 

Influence on 

mechanical 

properties 

Mechanical 

properties 

Influence on biological 

properties 
Remarks Ref. 

BG (28CaO-

45SiO2-4P2O5-

18B2O3-5CuO) 

Diopside 

(CaMgSi2O6) 

Scaffold 

(BR) 

62.5-65 5 or 10% BG 

enhanced the 

σcompressive of scaffolds 

sintered at 1150 °C 

σcompressive: 

15.5-19.4 

MPa 

Favorable antibacterial, 

physicochemical and 

biological performance 

― [173] 

BG (NCS-B, 

CaO-SiO2-

Na2O-P2O5-

B2O3) 

Akermanite Scaffold 62-65 Increased σcompressive 

by ten times (20-40 

wt%) 

σcompressive: 

~36 MPa 

Improved structural and 

strength reliability in SBF 

― [174] 

nBG (70SiO2-

25CaO-5P2O5, 

10 wt%) 

Chitosan Scaffold 

(BR) 

― ― ― Sped the induction of bone 

mineral-like apatite in SBF 

― [235] 

MBG Alginate Scaffold 

(BR/Drug 

delivery) 

50-67 Improved 

compressive strength 

σcompressive: 

0.6-1.6 MPa 

Improved apatite-

mineralization ability, cell 

attachment and ALP 

activity 

Drug loaded in 

MBG particles 

(dexamethasone) 

[146] 

HEA (2-

hydroxyethyl 

acrylate) 

HA/AESO Scaffold 

(BR) 

40.9 ± 

1.5 

Reduced strength and 

elastic modulus 

― Improved cell adhesion, 

proliferation and 

osteogenic differentiation; 

Increased ink 

printability; 

Reduced HA 

distribution in the 

matrix 

[200] 

Gelatin Si-doped 

HA/PCL 

Scaffold 

(BR/Drug 

delivery) 

80-84 ― σcompressive: 

2.7-3.8 MPa 

Improved gene expression 

and matrix mineralization 

No sintering; 

Vancomycin 

efficiently 

hindered bacterial 

growth 

[236] 

Chitosan Laponite Scaffold 

(BR) 

― ― σcompressive: 

15 MPa 

Increased cell viability, cell 

growth and also biomineral 

and ECM collagen-like 

amide formation 

No sintering 

procedure; 

[240] 

Chitosan 

(coating) 

BG (45S5) Scaffold 

(BR) 

24 ± 7 Improved 

compressive strength 

and fracture 

toughness 

σcompressive: 

~13.5 MPa; 

Toughness: 

~0.85 

MJ/m3 

Enhanced in vitro 

bioactivity with accelerated 

apatite-like layer 

formation; Reduction of the 

in vitro degradation rate 

Sintering with 

subsequential 

coating (dip-

coating) 

[214] 

Type I collagen 

(coating) 

β-TCP Scaffold 

(BR) 

43-44 ― σcompressive: 

15.3 ± 3.4 

MPa 

Stimulated osteoblastic 

differentiation; Improved 

matrix mineralization 

Sintering with 

subsequential 

coating (dip-

coating) 

[234] 

Collagen/BMP

-2 or Collagen/ 

dipyridamole 

(coating) 

BCP 

(15HA:85β-

TCP) 

Scaffold 

(BR) 

― ― ― Improved bone formation 

and tendency of increased 

remodeling 

Sintering with 

subsequential 

coating 

[248]  

Coating with 

Cu-doped 

bredigite or 

Cu-doped 

akermanite 

Diopside 

(MgCaSi2O6) 

Scaffold 

(BR) 

~52 ― ― Induced significant 

angiogenesis effects, 

especially when coated 

with Cu-doped bredigite 

― [186] 

PCL/CPO 

(coating) 

BCP 

(60HA:40β-

TCP) 

Scaffold 

(BR/Oxyge

n release) 

~70 ― σcompressive: 

23 MPa 

Superior apatite 

precipitation; 3% CPO: 

enhanced osteoblastic 

viability and proliferation 

under hypoxic conditions; 

5% CPO: higher ALP 

activity 

Sintering with 

subsequential 

coating (dip-

coating). CPO 

inhibited the 

growth of S. 

aureus and E. coli 

[249–

251] 

PLGA 

microspheres 

containing 

VEGF 

β-TCP/ 

alginate/ 

gelatin 

Scaffold 

(BR/Drug 

delivery) 

73.42 ± 

8.4 

― Ecompressive: 

98.31 ± 

10.21 MPa 

Two-fold increase of cell 

proliferation (after 10 

days); 50% improvement in 

ALP activity (after 2 

weeks) 

No sintering; 

Slow VEGF in 

vitro release 

kinetics that 

fulfilled 

vascularization 

requirements 

[253] 

Platelet-rich 

fibrin (PRF) 

BCP 

(60HA:40β-

TCP)/PVA 

Scaffold 

(BR/Drug 

delivery) 

~50 ― Low 

compressive 

moduli: 

~300 kPa 

Improved in vitro 

biocompatibility, biological 

activity, cell adhesion, 

proliferation, and 

differentiation; Enhanced 

in vivo bone formation 

No sintering;  

Sustained release 

of bioactive 

factors;  

Slow degradation 

rate 

[252] 

Carbon Larnite Scaffold 

(BR/Tumor 

therapy) 

― ― σcompressive: 

4.8 ± 0.5 

MPa 

Better bone regeneration 

ability 

Excellent 

photothermal 

effect 

[191] 
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Reinforcement Matrix Structure 
Porosity 

(vol%) 

Influence on 

mechanical 

properties 

Mechanical 

properties 

Influence on biological 

properties 
Remarks Ref. 

Graphene 

oxide (coating) 

β-TCP Scaffold 

(BR) 

― ― ― Significantly stimulated in 

vitro cell proliferation, 

ALP activity and 

osteogenic gene 

expression; Improved in 

vivo new bone formation 

― [179] 

Fe3O4 particles 

wrapped by 

GO sheets 

(coating) 

β-TCP Scaffold 

(BR/Tumor 

therapy) 

~50 ― ― Improved osteogenic gene 

expression, ALP activity 

and cell proliferation 

≤ 1% Fe3O4: 

superparamagneti

c behavior and 

hyperthermal 

effects 

[180] 

Carbon 

nanotubes (0-

10 wt%) 

Si-doped 

HA/PCL 

Scaffold 

(BR) 

~40 Increase of 55% in 

the compressive yield 

stress (2 wt% CNT) 

σcompressive: 

~4 MPa 

Enhanced cell attachment Induced a 

mesoporosity of 

~20 nm; With 2 

wt% CNT, the 

scaffolds became 

electrically 

conductive 

[208] 

Source: Author.  

BR: bone regeneration; σcompressive: compressive strength; Ecompressive: compressive modulus. 

 

6.4.1. Addition of bioactive glasses 

 

Bioactive glasses (BG) are known for their excellent biological outcomes. Besides the 

already mentioned increased compressive strength provided by the BG addition [146,173,174], 

their overall improved biological performance is translated into favorable antibacterial 

properties [173], enhanced structural and strength reliability in SBF (simulated body fluid) 

[174],  improved apatite-mineralization ability [146,235], as well as enhanced cell attachment 

and ALP (alkaline phosphatase) activity [146].   

 

6.4.2. Addition of hydrogels 

 

Another strong biological reinforcement strategy is the addition of hydrogels, 

especially those of natural origin (e.g., chitosan, collagen and gelatin), which have shown great 

results. This addition can either be made to the paste to be printed, which does not undergo 

sintering after printing [236,240] (case in which the hydrogels generally improve the 

printability of the paste) or by coating after the sintering procedure of the component 

[214,234,248]. 

The incorporation of gelatin has been shown to increase gene expression and matrix 

mineralization [236], whereas that of chitosan improved cell viability and growth, formation of 

biomineral and ECM (extracellular matrix) collagen-like amide [240], in vitro bioactivity and 

accelerated apatite-like layer formation [214]. Chitosan addition has also shown a reduction of 

the in vitro degradation rate and mechanical improvements, with higher properties such as 

compressive strength and fracture toughness [214]. The insertion of collagen in ceramic-based 
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components produced via DIW has also had good results as it stimulated osteoblastic 

differentiation, enhanced matrix mineralization [234] and bone formation, showing a tendency 

for higher remodeling [248]. 

 

6.4.3. Addition of drugs/proteins 

 

Loading with drugs or proteins has also been proven efficient. Similar to the hydrogels’ 

additions, their incorporation can either be made to the printing paste with no post-printing 

sintering procedure [236,252,253] or after the sintering of the component by a coating method 

[249–251]. 

Vancomycin [236] and calcium peroxide (CPO, an oxygen-releasing antimicrobial 

agent) [249–251] additions have been reported to properly hinder bacterial growth, with the 

latter also improving ALP activity and osteoblastic viability and proliferation under hypoxic 

conditions. The use of vascular endothelial growth factor (VEGF) presented an excellent 

increase in cell proliferation and ALP activity [253], whereas that of platelet-rich fibrin 

enhanced in vitro biocompatibility, biological activity, cell adhesion, proliferation and 

differentiation as well as in vivo bone formation [252]. The known improved angiogenesis 

provided by materials doped with Cu has also been explored and verified in DIW components 

[186]. 

 

6.4.4. Addition of carbon-based materials 

 

The last improvement strategy of the biological properties is the addition of carbon-

based materials (e.g., graphene oxide and carbon nanotubes). This might not be an easy 

correlation, but the incorporation of such materials has been shown to modify the surface 

charge, improving protein adsorption and, hence, cell attachment [208,272]. This surface 

charge modification also enables electrical stimulation after implantation to induce 

osteointegration [188,189]. The incorporation of carbon has been reported to improve bone 

regeneration ability [191], whereas graphene oxide was shown to enhance in vitro cell 

proliferation, ALP activity, osteogenic gene expression [179,180] and in vivo new bone 

formation [179]. Likewise, the incorporation of carbon nanotubes led to enhanced cell 

attachment in addition to the already-mentioned increase in compressive strength [208]. Due to 

their photothermal effects, carbon-based materials can also be applied in applications such as 

tumor therapy [180,191]. 
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6.5. ANALOGOUS TECHNIQUES 

 

Many techniques similar in mode of operation to direct ink writing have been 

developed and three of these worth highlighting are presented below. 

Solvent-based extrusion free-forming was conceived by Yang et al. [273]. Its 

operation is identical to DIW’s, with its paste being composed of ceramic, polymer and a 

solvent; therefore, the phase change is induced by solvent evaporation. Among the approaches 

that this technique encompasses, the most prevalent is direct ink writing-solvent casting (DIW-

SC), in which a sacrificial scaffold is produced through DIW, cast into resin to be cured under 

specific conditions and heated up in vacuum to remove the fugitive ink, making hollow vessels 

that can be employed in the transfer of healing agents to damaged areas. Nevertheless, solvent-

based extrusion free-forming is a dangerous process, particularly when printing large 

components due to a large extent of solvent evaporation – reason why aqueous ceramic pastes 

have usually been preferred with low cost and toxicity, simple handling and slower drying 

process [274]. 

Another technique similar to DIW is bioprinting, which is gaining increasing interest 

as well. Also known as biofabrication, this technique enables the formation of a component 

with “structural organization from living cells, bioactive molecules, biomaterials, cell 

aggregates (e.g., micro-tissues) or hybrid cell-material constructs through bioprinting or 

bioassembly and subsequent tissue maturation processes” [275]. For this method, a hydrogel is 

used as a matrix and, hence, the overlapping with the direct ink writing technique (which can 

encompass these materials) becomes apparent. The further development of hydrogels in the 

DIW method might benefit from the advances of these materials in bioprinting and vice-versa, 

resulting in the parallel progress of these techniques. For instance, to improve the strength of 

hydrogel scaffolds, Wust et al. [276] designed a unique hydrogel combining alginate and gelatin 

through a two-step gelation process – a structure that was biofabricated and resulted in increased 

mechanical and structural stability. The main issue related to hydrogel-containing scaffolds 

obtained via DIW is their insufficient mechanical properties, so it is evident how these 

coordinated advances are advantageous; still, bioprinting is usually a more demanding method 

as cells are extremely more fragile than ceramic materials. 

Besides the mentioned analogous techniques, the combination of DIW with other 

techniques is increasingly studied since it generates components with properties that neither 

technique can achieve on its own. The set of unique properties achieved, as expected, depends 
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on the technique being combined with direct ink writing. A distinct analogous and promising 

technique consists of the combination of DIW and bioprinting. That is the case of a special 

multi-nozzle bio-plotter developed by Khalil et al. [277], with its capacity to extrude 

biopolymeric solutions and living cells (at low pressures and room temperature to reduce cell 

damage) being its most appealing characteristic.  

Other studies that used this combination strategy have associated the DIW method 

with freeze-casting [85], bidirectional freeze-casting [156], a hydrothermal method for the in 

situ growth of MoS2 (molybdenum disulfide) nanosheets [185], emulsion/foam templating 

[90,238] and salt-leaching [201]. Still, the most used combination is that of DIW and freeze-

drying [106,235,240–242,252] since the latter removes the water content while creating a 

micro-sized interconnected pore network internally and on the surface. This porosity alongside 

the macro-sized porosity produced by DIW generates a structure with hierarchical porosity that, 

as mentioned (Section 6.3.1), has been known to improve the components’ mechanical and 

biological properties. 

 

7. CONCLUSION 

 

Direct ink writing is an expanding additive manufacturing technique for ceramic-based 

components designed for biomedical engineering applications. To remain aware of the main 

developments in this field, this review analyzed and discussed its overall scenario, the main 

characteristics of the reported studies as well as the most promising innovations proposed.  

The encouraging benefits of the technique were displayed; although, some limitations 

remain. The main ones are the surface finish of the component, the attainment of mechanical 

properties in the range of cortical bone (which have been achieved only in a few cases) and 

also, for the dense components, the obtention of densities in the same range as other ceramic 

processing techniques (≥ 99%). Hence, the search for improvement strategies for the properties 

of ceramic-based components obtained via DIW is a constant front of the field. These strategies 

were also reported and discussed in this review, which summarized their achieved results, 

advantages and limitations. [278–290] 
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1 INTRODUCTION 

 

Additive Manufacturing (AM), commonly known as 3D printing, has emerged as a 

widely adopted method for fabricating solid objects. In addition to its cost and waste-saving 

benefits, AM also offers the ability to create intricate and personalized geometries without the 

need for molds. This flexibility in design and production has further contributed to the 

popularity of AM in various industries [291]. That includes the additive manufacturing of 

ceramics, a promising family of fabrication methods whose primary benefit is the capacity to 

create intricate shapes and eliminate the need for expensive machining procedures associated 

with conventional methods [292–294]. AM offers reduced waste compared to subtractive 

manufacturing methods [291,293,295], alongside faster production cycles and greater design 

freedom. Hence, as technology continues to advance, AM of ceramics is expected to play an 

increasingly significant role [291]. 

Among the existing AM techniques, Direct Ink Writing (DIW), also known as 

Robocasting, relies on material extrusion through fine nozzles (typically 200-900 µm) to 

construct three-dimensional objects through a layer-by-layer deposition process [291,293,296]. 

It has gained significant attention and has attracted a diverse community of researchers 

exploring its applications in various fields as it has shown great potential to obtain porous, 

hierarchical, multimaterial and multifunctional structures [297]. Amidst the fields of 

application, there are catalytic materials [298,299], smart composites [300,301], stretchable 

electronics [302], soft robotics [303,304], organ-on-a-chip systems [305] and biomedical 

implants [181,208,211]. DIW offers a cost-effective alternative, as the equipment required is 

often more affordable and user-friendly compared to other AM techniques used for ceramics 

[18,306]. Moreover, when needed, the printed parts can be sintered using a conventional 

furnace, eliminating the necessity for a high-power laser [307].  

The extruded material is referred to by various names in the literature (e.g., paste, ink, 

feedstock), but for this paper, the term "paste" will be predominantly used. For the printing 

process to occur, a paste with specific rheological properties is required, as is discussed next. 

 

General requirements for DIW 

 

To be used in the DIW method, a paste must possess specific characteristics ensuring 

that throughout the printing process: (1) the formulation flows smoothly through narrow 

nozzles without encountering issues such as dye swell, nozzle clogging, phase separation, filter 
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press effects or segregation; (2) the printed filament maintains its intended shape; and (3) the 

final printed part demonstrates structural integrity, supporting its weight without experiencing 

deformation, slumping, or collapsing [64,258,293,308]. 

To achieve satisfactory extrudability and ensure optimal flow through fine printing 

nozzles, as well as filament shape retention immediately after printing, it is crucial to utilize 

pastes that demonstrate a significant shear thinning behavior [90,309,310]. This behavior 

implies that these pastes should exhibit a lower viscosity (η) at high shear rates. Several factors, 

including solid content, geometry, particle size distribution and surface chemistry, influence 

the rheological behavior of the pastes [258]. The shear-thinning behavior is attributed to 

changes in the structure of the paste, such as the reorganization of particles and polymers, when 

subjected to shear stress. Macroscopically, shear-thinning behavior can be described using the 

Ostwald-de Waele's relation (Eq. (2)) [311]: 

 

τ = k ∙ (γ̇)n      (2) 

 

Where τ is the shear stress, k is the flow consistency parameter, γ̇ is the shear rate and 

n is the flow behavior index. The phenomenon of shear-thinning occurs when the flow index 

(n) is lower than 1. Alternatively, to provide a more accurate description, the Herschel-Bulkley 

equation (Eq. (3)) is often used, incorporating a yield stress (τy) [312]: 

 

τ = τy + k ∙ (γ̇)n      (3) 

 

This value of yield stress is the critical stress required to initiate flow. It is important 

to note that, in this study, the term "yield stress" is not used interchangeably with "flow stress," 

contrary to what some authors may have done. The distinction between these two terms is 

significant and should be understood accordingly. Hence the three different “yield stresses”:  

 

− Static yield stress (τy
STAT or simply τy) is the shear stress required to initiate flow when 

increasing the shear stress; 

− Dynamic yield stress (τy
DYN) is the minimum stress required to maintain flow when 

decreasing the shear stress from a "liquid-like state"; 

− Flow stress (τf) is the stress at which the storage modulus (G') equals the loss modulus 

(G''). 
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The distinction between the yield (static) and flow stress can also be visualized in Fig. 

24, in which three regions can be clearly distinguished. The first region is called the linear 

viscoelastic region (LVR) where the storage modulus (G') is constant and greater than the loss 

modulus (G'') – red shading area. Shear stress increases linearly with shear rate, which is linked 

to solid-like behavior with mainly elastic deformation. The storage modulus (G') in the LVR is 

equivalent to the elastic modulus of a solid material and is known as G'eq (equilibrium modulus). 

Point 1 represents the yield point and the corresponding yield stress (τy) is the value of the shear 

stress at the LVR limit, where G' starts to decrease. This decrease is related to the start of the 

breakdown of the internal structure, leading to irreversible deformation. Determining the 

boundaries of the linear viscosity region (LVR) for DIW formulations can be highly subjective, 

however, its endpoint is often defined by a decrease to approximately 90% of the storage 

modulus at rest (G'eq) [308]; this was the criterion adopted in this study for the determination 

of the yield point. 

 
Fig. 24. Schematic illustration of the evolution of storage (G’) and loss (G”) moduli and shear stress with 

increasing shear strain showing the three different areas and the values of interest. 

 
Source: Author. 

 

In the second region (shaded in green), which lies between point 1 and point 2, the 

elastic behavior still dominates over the viscous (G' > G''), but the yield stress has been 

surpassed, indicating solid-like behavior with irreversible deformation. Point 2 represents the 

flow point, where G' equals G'' and is the transition from solid-like to liquid-like behavior, 

which is attained at the flow stress (τf). After this point, in the flow region (shaded in yellow), 

the viscous behavior dominates over the elastic (G' < G''), which leads to the flow of the material 

due to progressive breakage and ordering of the internal structure [313]. 

In terms of DIW, a high yield stress (τy) and equilibrium modulus (G’eq) help to prevent 

deformation and collapse of the 3D-printed structure, while a low flow stress (τf) reduces the 

force required for extrusion. However, there is a trade-off between the first two parameters and 
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finding the right compromise is crucial [314]; a fact that will be further addressed in the 

discussion section. 

 

Types of paste – colloidal or hydrogel 

 

There are two commonly employed methods for paste formulation: (i) transforming a 

colloidal paste into a gel-like paste (electrostatic mechanism of stabilization), and (ii) 

incorporating ceramic particles into a gel matrix (encompassing pastes based on either 

hydrogels (steric stabilization) or organogels (electrosteric stabilization)) [292,293]. In the first 

method, highly concentrated colloidal pastes are typically prepared in aqueous media by 

combining ceramic powders with an appropriate dispersant/deflocculant [258,315]. The 

colloidal approach relies on particle-particle interactions to achieve stable and homogeneous 

pastes with shear-thinning behavior [258]. To induce a gel-like behavior, thickening agents like 

carboxymethyl cellulose (CMC) are often used in conjunction with weakly flocculating agents 

such as polyethyleneimine (PEI). These additives enhance the rheological integrity of the 

ceramic paste under mechanical stresses, preventing solid-liquid phase separation during the 

extrusion process [258,293,316–318].  

As for the second method, the development of gel systems loaded with ceramic particles 

has been extensively explored for several reasons: (i) the rheological properties primarily 

depend on the disruption of the polymer network rather than interparticle interactions, (ii) the 

hydrogel's steric stability can prevent solid-liquid phase separation during extrusion – enabling 

the accommodation even of materials that are prone to leaching, such as bioglasses [280] –, (iii) 

the gel matrix retains water molecules, reducing the likelihood of crack formation during the 

drying process and (iv) the ability to incorporate a wide variety of ceramic particles 

[67,293,317,318].  

Pluronic® F-127 (F127) is a highly researched hydrogel system commonly used for 

this purpose. It is a triblock copolymer consisting of polypropylene oxide (PPO) flanked by two 

polyethylene oxide (PEO) blocks [319]. The viscoelastic properties of this hydrogel can be 

customized based on temperature, as the PPO block dehydrates with increasing temperature, 

transitioning from a hydrophilic to a hydrophobic state. This transformation occurs at a specific 

temperature known as the critical micellar temperature (CMT) for low-concentration solutions 

or critical gelation temperature (CGT) for higher concentrations [319]. Below this temperature, 

F127 behaves as a nearly Newtonian liquid, while above it, depending on the concentration, it 

can exhibit Newtonian or viscoelastic characteristics (e.g., shear-thinning behavior) due to core-
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shell micelle formation or, at higher concentrations, the organization of micelles into a lattice 

that forms a gel [319]. When dissolved in water at a concentration of 25 wt%, F127 typically 

undergoes this transition at around 18 °C [295,318,320], resulting in a printable gel that follows 

the Herschel-Buckley law (Eq. (3)) [321]. Currently, Pluronic® F-127 is the most used additive 

in DIW due to its widespread availability, relatively low cost and ease of formulation. 

 

The studied system 

 

Regarding the material studied, Alumina-Toughened Zirconia (ATZ) ceramic 

composites have gained significant attention as potential materials for biomedical implants like 

hip replacements and dental implants [63,322–325]. ATZ composites stand out among oxide 

ceramics due to their unique combination of structural properties, including hardness, flexural 

strength, fracture toughness and abrasion resistance [326,327]. In the chemical composition of 

the ATZ composite, alumina contributes to hardness and wear resistance, while tetragonal 

zirconia plays a crucial role in enhancing fracture toughness and resistance through the 

controlled tetragonal to monoclinic (t → m) ZrO2 phase transformation. As a composite 

material, ATZ may also exhibit other toughening mechanisms such as microcracking, crack 

deflection, bridging and controlled residual thermal stresses [325,326,328,329], which confer 

exceptional properties to this material. These interesting properties in conjunction with the 

already mentioned advantages of DIW provide an appealing combination for applications such 

as DIW-obtained implants. More specifically, the composition of the studied pastes (Fig. 25) 

includes an ATZ powder (composed of ceria stabilized tetragonal zirconia polycrystal (Ce-

TZP), alumina and strontium aluminate), a deflocculant, a binder (F127 hydrogel), deionized 

water and, in some groups, a carbon phase (i.e., carbon nanofibers).  
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Fig. 25. Schematic illustration of the studied paste and its components, including those of the ATZ powder (Ce-

TZP, Al2O3 and SrAl12O19), deflocculant, carbon phase, binder and the deionized water. 

 
Source: Author. 

 

2 MATERIALS AND METHODS  

 

2.1 MATERIALS 

 

The ATZ powder utilized is composed of 84 vol% Ce-TZP (11 mol% Ce), 8 vol% 

Al2O3 and 8 vol% SrAl12O19 (supplied by Doceram® under the name "EvoCera®") in the form 

of spray-dried powder. As a deflocculant, Darvan 821-A (RT Vanderbilt®) was applied and 

Pluronic F-127 (Sigma-Aldrich®) was used as a binder. The carbon nanofibers were 

Pyrograf®-III PR-19-PS and had diameters of 100-200 nm and lengths of 30-100 µm. 

 

2.2 METHODS  

 

2.2.1 Characterization of the ATZ powder and carbon nanofibers 

 

The ATZ powder and the carbon nanofibers were both characterized morphologically 

by SEM analysis in a Thermofischer® QuattroS equipment. The powder was also assessed in 

terms of its particle size in a Malvern® Mastersizer 2000 laser granulometer. 
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2.2.2 Obtention of the pastes 

 

The pastes were obtained as illustrated in Fig. 26. All the mixing steps involved in 

their preparation were performed in a SpeedMixer DAC 600 Hauschild® equipment under 

vacuum (30 mBar) with cycles of 800 rpm for 90 s followed by 1500 rpm for 90 s. First, the 

deflocculant and the deionized water were mixed – zirconia mixing balls of 1 and 2 mm were 

added to assist the mixing process. The binder was then added and another mixing step was 

applied. From this point on, every mixing step was intercalated with a cooling step of 10 min 

in a refrigerator at 4 °C. With the binder homogeneously mixed with the other components, the 

ATZ powder was added. Then, ten mixing and cooling steps were performed to ensure good 

homogeneity. In the case of pastes containing carbon nanofibers, these were added to the 

homogenized paste after ATZ powder addition, followed by another ten mixing and cooling 

steps. Once the paste was homogenized, the mixing balls were removed with the help of a sieve. 

 
Fig. 26. Schematic illustration of the method of preparation of the pastes. 

 
Source: Author. 

 
The deflocculant contents evaluated were 0.5, 1.0, 1.5 and 2.0 wt% in relation to the 

solids, which were considered as the ATZ powder and carbon nanofibers (when present). The 

binder content was fixed at 25 wt% in relation to the liquids (deionized water and deflocculant) 

based on good outcomes of previous studies [181]. The solid contents assessed were 20, 30, 33, 

36, 39, 42, 45 and 46.5 vol% and, respectively, their denominations were: 20S, 30S, 33S, 36S, 

39S, 42S, 45S and 46.5S. The pastes containing carbon nanofibers had either 0.5 or 2.0 wt% of 
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CNFs (considered in terms of solids (ATZ + CNFs)). The composition of the studied pastes can 

be observed in Table 10. 

Table 10. Composition of the pastes studied by the evaluation performed. 

 Composition of the pastes 

Evaluation ATZ powder 
Deionized 

water 

Deflocculant 

(Darvan® 

821-A) 

Binder 

(Pluronic® 

F-127) 

CNFs 

Optimization of the 

deflocculant content 
20 vol% (T) 

Remaining 

quantity 
0-2.0 wt% ̶ ̶ 

Determination of the 

maximum solid content 
20-46.5 vol% (T) 

Remaining 

quantity 
1.0 wt% (S) ̶ ̶ 

Determination of the 

temperature’s influence 
0, 30-42 vol% (T) 

Remaining 

quantity 
1.0 wt% (S) 25 wt% (L) ̶ 

Determination of the 

overall behavior 

0, 30, 33, 36 or 

39 vol% (T) 

Remaining 

quantity 
1.0 wt% (S) 25 wt% (L) 

0.0, 0.5 or 2.0 

wt% (S) 

Evaluation of the solid- to 

liquid-like transition 

0, 30, 33, 36 or 

39 vol% (T) 

Remaining 

quantity 
1.0 wt% (S) 25 wt% (L) 

0.0, 0.5 or 2.0 

wt% (S) 

Determination of the time 

for recovery 

0, 30, 33 or 

36 vol% (T) 

Remaining 

quantity 
1.0 wt% (S) 25 wt% (L) 

0.0, 0.5 or 2.0 

wt% (S) 

Source: Author.  

(T): in relation to the total; (S): in relation to the solids; (L): in relation to the liquids. 

 

2.2.3 Oscillatory rheological evaluations 

 

The pastes were evaluated by oscillatory rheological tests in a rheometer Anton-Paar® 

MCR301, with a plate-plate geometry using a gap of 1 mm and a solvent trap to prevent drying 

of the pastes. 

 

2.2.3.1 Optimization of the deflocculant content 

 

To determine the optimal quantity of deflocculant to be used, an amplitude sweep test 

was utilized. An increasing shear amplitude (shear strain (γ)) of 0.01-1000% was applied at a 

constant frequency of 1 Hz and the shear stress (τ) necessary to produce this strain/deformation 

was recorded. The angular frequency was kept at 10 rad/s and the temperature was set at 25 °C. 

For this optimization, the solid content was fixed at 20 vol% (ATZ powder only). Pastes were 

composed only of deionized water, ATZ powder and the varying content of deflocculant. 
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2.2.3.2 Determination of the maximum solid content 

 

This evaluation was performed with an identical analysis configuration to the 

optimization of the deflocculant content. Pastes were composed of deionized water, the optimal 

quantity of deflocculant established by the previous analysis (1.0 wt%) and the varying contents 

of ATZ powder. 

 

2.2.3.3 Determination of the influence of temperature 

 

Since the temperature plays an important role in the viscosity of the chosen binder, it 

is important to evaluate its influence on the behavior of the paste, which will assist in the 

specification of a temperature for the printability assessment. This test was conducted with a 

temperature ramp from 0 to 30 °C imposed by a Pelletier module, with a constant strain of 1% 

and a constant angular frequency of 10 rad/s. The pastes for this test had deionized water, 

deflocculant (1.0 wt%), binder (25 wt%) and varying ATZ powder content of 30, 33, 36, 39 

and 42 vol%. A group with just water and the binder was also evaluated (denominated 0S). 

 

2.2.3.4 Determination of the overall behavior 

 

To study the overall behavior of the pastes a flow sweep test was performed. An 

increasing shear rate (γ̇) from 10-4 to 5∙102 s-1 was applied and the evolution of viscosity was 

measured. The temperature was set at 25 °C. The evaluated pastes had deionized water, 

deflocculant (1.0 wt%), binder (25 wt%) and ATZ powder in the amounts of 30, 33, 36 and 39 

vol%. Again, a group with just water and the binder was also evaluated (0S). With this test, it 

was possible to establish if the pastes possess a shear-thinning behavior, a desired characteristic 

for the DIW process. 

 

2.2.3.5 Evaluation of the solid- to liquid-like transition 

 

A test with the same parameters as the tests from sections 2.2.3.1 and 0 was conducted 

to study the solid- to liquid-like transition of the pastes by the evolution of the storage and loss 

moduli. The pastes assessed included the 5 solid contents evaluated in section 2.2.3.4 with, in 

some cases, the incorporation of 0.5 or 2.0 wt% of CNFs. The composition of the evaluated 
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pastes in this test is displayed in Table 11. These pastes were also the ones assessed in the 

following test (2.2.3.6) and in the printability evaluation (2.2.4). 

 

Table 11. Percentages of each component in the formulations evaluated by weight and volume. 

Source: Author.  

Densities: ATZ powder: 5.8404; CNFs: 2.16; Pluronic® F-127: 1.06; Deionized water: 1.00 and Darvan® 821A: 

1.16 g/cm3. 

 

2.2.3.6 Determination of the time for recovery 

 

A three-interval thixotropy test (3ITT) was utilized to determine the time for recovery 

of the pastes, as has been proposed by Del-Mazo-Barbara et al. [258]. This test mimics 

extrusion-based printing processes as it possesses three intervals with different shear rates: 

  

− The first simulates a rest state before printing with a slow advance of the paste in the 

syringe. This is done by applying a small shear rate (10-3 s-1), within the linear 

viscoelastic region (LVR, explored in the Introduction section) determined by the 

previous test; 

− The second interval reproduces the extrusion process through the printing nozzle by the 

application of a shear rate above the flow point (also determined by the previous test). 

A shear rate of 500 s-1 was used for this interval, mimicking the γ̇max of a 200 µm nozzle 

– the smallest nozzle used in this study, generating the highest shear rate; 

− The last interval uses again a small shear rate, this time representing the rest state after 

deposition. The shear rate of 10-3 s-1 was once again applied. 

 

Group 
ATZ powder CNF 

Darvan®  

821A 

Pluronic®  

F-127 

Deionized 

water 

wt% vol% wt% vol% wt% vol% wt% vol% wt% vol% 

0S - - - - - - 25 23.92 75 76.08 

           
30S 71.09 30.00 - - 0.71 1.51 7.23 16.80 20.97 51.69 

30S0.5 70.56 29.60 0.35 0.40 0.71 1.50 7.27 16.80 21.10 51.70 

30S2 68.99 28.43 1.41 1.57 0.70 1.46 7.40 16.80 21.50 51.74 

           
33S 73.85 33.00 - - 0.74 1.66 6.54 16.09 18.87 49.25 

33S0.5 73.32 32.56 0.37 0.44 0.74 1.65 6.58 16.09 19.00 49.26 

33S2 71.74 31.27 1.46 1.73 0.73 1.61 6.70 16.09 19.36 49.30 

           
36S 76.33 36.00 - - 0.76 1.81 5.92 15.38 16.99 46.81 

36S0.5 75.79 35.52 0.38 0.48 0.76 1.80 5.96 15.38 17.11 46.82 

36S2 74.20 34.12 1.51 1.88 0.76 1.75 6.07 15.38 17.45 46.87 

           
39S 78.55 39.00 - - 0.79 1.96 5.36 14.67 15.30 44.37 
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The estimation of the maximum shear rate (γ̇max) of a 200 µm nozzle, hence the shear 

rate used for the second interval, is given by Eq. (4) [330]: 

 

γ̇max =
8∙Q

D
       (4) 

 

Where Q is the printing speed in mm/s (10 mm/s in this study) and D is the nozzle 

diameter in mm. This equation assumes a no-slip condition and a Newtonian fluid.  

The 3ITT assessment was conducted with an interval of 120 s for each interval and the 

temperature was constant at 25 °C. Values of storage moduli were recorded to establish if the 

recovery of a solid-like behavior is fit for good printing fidelity and the self-supporting capacity 

of printed filaments. The percentage of the storage modulus recovered in the third interval in 

relation to the first was also analyzed.  

 

2.2.4 Evaluation of the printability via Robocasting 

 

For this assay, the pastes were put into 5 mL syringes and underwent a centrifugation 

step (5000 rpm, 10 min) to avoid any air bubbles. They were later printed with a Robocasting 

system (3D INKS LLC®, Tulsa, Oklahoma, USA) with Robocad® software. The printing 

speed was fixed at 10 mm/s and conical and cylindrical nozzles were used to evaluate the 

printability of the pastes. The conical nozzles used had diameters of 840, 580, 410, 250 and 200 

µm whereas the cylindrical nozzles had 840, 610, 410, 250 and 200 µm (Nordson®). The 

geometry of the printed component was a straight filament (line test). The printing process was 

conducted at 25 °C in a closed chamber with 95% of humidity. 

 

3 RESULTS 

 

3.1 CHARACTERIZATION OF THE ATZ POWDER AND CARBON NANOFIBERS 

 

Particle morphology and size distribution play crucial roles in the design of high 

solids-loading pastes [331]. In the DIW technique, the use of fine particles (< 20 μm) is 

preferred to facilitate smoother flow during extrusion and sintering processes. Furthermore, for 

continuous extrusion without nozzle clogging or sudden paste release, it is recommended that 

the nozzle size is at least 15 times larger than the largest particle size [332]. In terms of particle 
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shape, spherical particles are more advantageous since they minimize internal friction between 

particles, preventing interlocking and enabling improved flow characteristics [295,333]. The 

evaluation of the ATZ powder morphology and size can be observed in Fig. 27, as well as the 

morphology of the CNFs. 

 

Fig. 27. (a-e) SEM images of ATZ powder and (f) evaluation of its particles’ sizes. (g-i) SEM images of the 

carbon nanofibers. 

 
Source: Author. 

 

The ATZ powder exhibits a granulated spherical morphology, which aligns with 

expectations following a spray-drying procedure. Regarding size, the distribution reveals two 

prominent peaks, with a prevalence of particles measuring 750 nm and 465 µm. Notably, the 

latter size corresponds to particle agglomerates, as becomes evident from the SEM images. This 

observation emphasizes the absolute need of utilizing a deflocculating agent to achieve a 

uniform distribution within the paste and ensure homogeneity. 

The SEM images of the CNFs highlight their high aspect ratio and a strong tendency 

to agglomerate as expected by their high surface energy, high specific surface area and high 

aspect ratio (133 mJ·m-2, external SSA 17 m2·g-1, 200 nm diameter, 30-100 µm length), 

according to their datasheet and corroborated by measurements on the SEM images. 
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3.2 PASTE OPTIMIZATION USING RHEOLOGY 

 

3.2.1 Optimization of the deflocculant content 

 

The best deflocculant content to promote the deagglomeration of the composite 

particles was evaluated using amplitude sweep tests on pastes containing various deflocculant 

contents – this analysis can be observed in Fig. 28. 

 
Fig. 28. Deflocculant content optimization. (a) Shear stress vs. shear strain for different contents of deflocculant. 

(b) Shear stress vs. deflocculant content with values obtained from the colored lines in (a). It is possible to notice 

the lower shear stress required to cause the same strain/deformation for the deflocculant content of 1.0 wt%, 

indicating that this quantity is the best to deflocculate the ATZ particles. 

 
Source: Author. 

 

The concentration of deflocculant that exhibited the highest deagglomeration 

efficiency was found to be 1.0 wt% (relative to the solids). This determination was based on 

the observation of lower shear stress requirements for inducing the same shear strain, as 

depicted in Fig. 28(b). Consequently, this particular concentration of deflocculant significantly 

improves the distribution of particles, reduces agglomeration and enhances the flowability of 

the powder. Moreover, it is the most effective concentration for achieving higher solid contents 

(which have demonstrated better shape retention in DIW [72]), resulting in increased packing 
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density of the paste, reduced viscosity and elevated yield stress (τy) [334]. All subsequent pastes 

were formulated with 1.0 wt% of deflocculant. 

 

3.2.2 Determination of the maximum solid content 

 

Achieving a high solid content in aqueous pastes is essential for successful robocasting 

of 3D-printed ceramics with minimal shrinkage during drying and sintering, thereby preventing 

the formation of cracks and ensuring the mechanical integrity of the final components 

[258,315,334]. However, increasing the solid content also leads to higher viscosity, yield stress 

(τy) and storage modulus (G’), which can hinder paste extrusion [292]. Hence the importance 

of determining the maximum solid content that a given paste can accommodate and, taking into 

account the aforementioned rheological properties, identify an appropriate solid content for its 

use. In this study, the maximum solid content that the system can accommodate was determined 

by evaluating the evolution of pastes with increasing solid content to increasing shear strains 

(Fig. 29(a)). 

 
Fig. 29. Determination of the maximum solid content. (a) Shear stress vs. shear strain for pastes with different 

solid contents. (b) Fitting of Krieger-Dougherty curves with the experimental values, establishing the maximum 

solid content as 47 vol%. 

 
Source: Author. 
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As expected, the shear stress required to cause a certain strain increases with increasing 

solid content. From practical observations, it became clear during the preparation of the pastes 

that 45 vol% was already very close to the maximum solid content of the system. The paste 

with the highest solid content (46.5S) was more difficult to homogenize, requiring 20 cycles of 

mixing and cooling after the addition of the ATZ powder (instead of the 10 cycles used for the 

others). Pastes with solid contents higher than 46.5 vol% were unfeasible. 

Then, to predict the maximum packing fraction/solid content (φmax), the evolution of 

the viscosity with the volume fraction of solids, shown in Fig. 29(b), was fitted to the Krieger-

Dougherty equation [335]  (Eq. (5)): 

 

ηr =
η

ηmedium
= (1 −

φ

φmax
)

−[n]∗φmax

   (5) 

 

In which, ηr is the relative viscosity, η is the viscosity of the paste, ηmedium is the 

viscosity of water (10-3 Pa.s), φ is the solid content of the paste, φmax is the maximum solid 

content (or maximum packing fraction) and [n] is the shape factor (usually 2.5 for spherical 

particles). 

From the fitting of the Krieger-Dougherty curves with the experimental values, the 

value of 47 vol% was established as the maximum solid content of the paste – a finding that 

aligns with the observations made during the paste preparation process. With this value of 

maximum solid content in mind and considering that the viscosity would increase with the 

addition of the binder to the paste, it was chosen to assess pastes with 42 vol% of solid content 

or less in the next steps of the study. 

 

3.2.3 Influence of the temperature 

 

Temperature has a strong impact on viscosity due to its close correlation with 

molecular motion. Additionally, certain materials experience significant changes in viscosity 

due to temperature-dependent transitions, such as gelling processes or glass transitions in 

polymers. This is evident in some hydrogels that are commonly used as binders for ceramic 

pastes, which undergo reversible gelation at a specific temperature. As mentioned before, that 

is the case of Pluronic® F-127 (F127), widely used in DIW and also in this study, hence the 

necessity of evaluating the gelling temperature and its influence on the rheological properties 

of the pastes. 
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Therefore, to define the range of printing temperatures that can yield ‘printable’ 

ceramic pastes, Fig. 30 displays the temperature-dependent behavior of Pluronic F-127, both 

alone and in pastes with varying solid contents of ATZ. 

Fig. 30. (a) Complex viscosity vs. temperature for pastes with varying solid contents. (b) Temperature of the 

beginning of gelation vs. solid content. 

 
Source: Author. 

 

It can be observed from Fig. 30 that the Pluronic hydrogel (0S) experiences a sharp 

increase in viscosity around 16 °C, which is its gelling temperature. Below this temperature, 

the viscosity is very low and the hydrogel behaves like a fluid, while above it, the hydrogel 

shows a solid-like behavior with much higher viscosity. This transformation is also noticeable 

in the ceramic pastes, but it is less pronounced and happens over a wider temperature range 

(usually starting earlier and continuing up to 30 °C, see Fig. 30 (b)). The presence of ceramic 

particles in the pastes mitigates the gelation phenomenon, resulting in a less dramatic transition. 

While the hydrogel undergoes a liquid-to-solid transition due to the gelation process, the 

ceramic pastes exhibit viscosities similar to a solid-like behavior over the range of temperatures 

studied. 

Considering that, the temperature of 25 °C was chosen to be used in all the rheological 

tests as well as in the printing process for the printability evaluation, so that, at low shear rates, 

the paste would benefit from the viscoelastic properties of the Pluronic. 

 

3.2.4 Determination of the overall behavior 

 

The overall behavior of the pastes was assessed by evaluating the evolution of 

viscosity with increasing shear stress (Fig. 31). The tendency line of these curves follows the 

Ostwald-de Waele power law (Eq. (6) – an adaptation of Eq. (2)): 

 

η = k ∙ (γ̇)n−1      (6) 
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Where η is the viscosity, k is the flow consistency parameter, γ̇ is the shear rate and n 

is the flow behavior index. The analysis of the values of this equation (especially the value of 

n) provides valuable knowledge on the rheological characteristics of the paste, as so, these 

values are explored in the sequence. 

 
Fig. 31. (a) Viscosity vs. shear rate for varying solid contents. It is possible to observe the decrease of the 

viscosity as the shear rate increases, characteristic of pastes with shear-thinning behavior. The value of shear rate 

at which the behavior shifts from shear-thinning to shear-thickening is displayed for the three pastes that present 

this shift. Values of (b) k and (c) n of the Ostwald-de Waele power law for the different solid contents evaluated. 

 
Source: Author. 

 
The flow behavior of viscous materials can be classified based on the flow behavior 

index (n). Newtonian fluids have n = 1 and their viscosity is constant irrespective of the shear 

rate. Pseudoplastic or shear-thinning fluids, with 0 < n < 1, show a decrease in viscosity as the 

shear rate increases, which is due to the disruption of fluid interactions or molecular ordering 

in the direction of flow. Dilatant or shear-thickening fluids (n > 1), on the other hand, exhibit 

an increase in viscosity with increasing shear rate. From the n values obtained, it is clear the 

strong shear-thinning behavior of the pastes with values ranging from 0.083 to 0.222 for the 0S 

and 39S pastes, respectively. This fact is in agreement with previous studies on hydrogel-

ceramic DIW inks, where n is always smaller than 1 [258]. 

Moreover, at high shear rates, a notable increase in viscosity occurs when the solid 

content reaches 33 vol% or higher. This is characteristic of a shear-thickening behavior and 

occurs when the shear is applied too quickly for the internal structure of the paste to rearrange 

[258] – soon after that, the shear-thinning behavior is reestablished, as observed in the graphs. 

Although this phenomenon occurs in all pastes, the shear rate at which the transition from shear-

thinning to shear-thickening behavior takes place varies. Usually, the denser the internal 

structure of the paste, the lower the shear rate at which the behavior shifts from shear-thinning 

to shear-thickening. Still, the paste 33S exhibited this behavioral shift at a rate of 10.6 s-1, while 

the 36S showed it at 0.224 s-1 and the 39S paste demonstrated it at an intermediate value of 1.05 

s-1. In this study, this transition was only observable with solid contents of 33 vol% or higher, 

because, in these cases, the shear rate of the transition has shifted to a value within the range of 
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shear rates evaluated. Despite happening in all pastes, this phenomenon is often omitted in the 

literature, where many studies tend to present graphs with a restricted range of shear rates, 

excluding the region where this transition occurs. However, in this study, we have intentionally 

chosen to present a broad range of shear rates to gain a comprehensive understanding of the 

behavior. This decision is especially significant considering that during the process of DIW, the 

pastes may experience high shear rates, of the order of magnitude where this transition is 

observed.  

In general, increasing the solid content led to the increase of the n value, as expected 

– nevertheless, the n values of the 30S and 36S pastes were the same (0.167), while that of 33S 

was 0.146. This disrupts the tendency of increasing n with increasing solid content. It is 

important to note, though, that the difference between the values is very small. Altogether, in 

this experiment, the impact of solid content variation within the range of 30-39 vol% on the 

properties of the overall paste might have a lesser influence compared to the combined effect 

of the components. Additionally, quantifying their influence accurately is challenging since it 

could potentially fall below the margin of error. Conversely, no clear tendency was observed 

for the values of the flow consistency parameter (k) with increasing solid content. 

 

3.2.5 Evaluation of the solid- to liquid-like transition 

 

The evolution of the moduli (storage and loss) and shear stress with increasing shear 

strains for the pastes evaluated in this study is presented in Fig. 32.  From this analysis, it is 

possible to obtain the values of the storage modulus at equilibrium (G’eq), the shear strain (γy) 

and stress (τy) at the yield point and the shear strain (γf) and stress (τf) at the flow point. These 

values are displayed in Table 12. 
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Fig. 32. Evolution of the storage and loss moduli (left y-axis) and shear stress (right y-axis) with increasing shear 

strain. (a) 0S, (b) 30S, (c) 30S0.5, (d) 30S2, (e) 33S, (f) 33S0.5, (g) 33S2, (h) 36S, (i) 36S0.5, (j) 36S2 and (k) 

39S. 

 
Source: Author. 
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Table 12. Values of equilibrium modulus (G’eq), shear strain and shear stress at the yield point (γy and τy, 

respectively) and shear strain and shear stress at the flow point (γf and τf respectively). 

Group G’eq (x103 Pa) γy (%) τy (Pa) γf (%) τf (Pa) 

0S 18.22 1.19 198.0 5.5 372.9 
      
30S 113.06 0.88 928.7 3.3 1 585.8 
30S0.5 137.81 0.84 1031.1 4.9 1 887.8 

30S2 142.10 0.81 1053.9 4.9 1 858.1 
      
33S 270.90 0.38 962.3 1.9 2 112.7 

33S0.5 157.77 0.66 962.4 3.3 1 872.6 

33S2 1 002.72 0.055 518.8 1.8 3 934.5 
      
36S 459.49 0.32 1340.3 3.1 3 712.7 

36S0.5 196.79 0.52 929.7 2.6 2 116.1 
36S2 1 062.65 0.057 553.3 1.2 3 397.4 

      
39S 694.25 0.067 414.6 7.7 3 938.5 

Source: Author. 

 

When examining the equilibrium modulus, it is observed that it increases as the solid 

content increases in the case of pastes without CNFs. The values range from 18 kPa for the 0S 

paste to 694 kPa for the 39S paste. Among the pastes with 30 vol% solid content, there is 

minimal variation in the equilibrium modulus, with the following order being respected: 30S < 

30S0.5 < 30S2. The groups with 33 and 36 vol% present the same tendency with the addition 

of the CNFs: surprisingly, the addition of 0.5 wt% CNFs lead to a reduction in the equilibrium 

modulus in both groups, whereas the addition of 2.0 wt% CNFs lead to an increase. These 

increases with 2.0 wt% CNF additions are significant, even surpassing the equilibrium modulus 

of the 39S paste in both groups. 

In terms of yield stress, the 30S paste exhibits a higher τy value (929 Pa) compared to 

the F127 hydrogel (198 Pa), as expected, but a value very similar to that of the 33S paste (962 

Pa). The yield stress continues to increase with the 36S paste (1340 Pa) but significantly 

decreases with the 39S paste (415 Pa). Within the 30 vol% group, the yield stress increases with 

increasing CNF addition, in agreement with the literature in which it has been demonstrated 

that the addition of irregular particles, even at low concentrations, can significantly increase the 

yield stress of ceramic pastes [336]. Another study [337] supports this finding, demonstrating 

that the addition of particles with large specific surface area (which is the case of CNFs) has 

been shown to cause an increase in the yield stress of the paste because this increased surface 

area promotes particle collisions and aggregation. Oddly, mostly the inverse happened with the 

groups of 33 and 36 vol%. For the 33 vol% group, the addition of 0.5 wt% CNFs had no effect 

on the yield stress but the addition of 2.0 wt% caused a significant decrease (from 962 to ~520 

Pa). Conversely, the addition of 0.5 wt% CNFs lead to a reduction in the yield stress of the 36 
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vol% pastes, with a further decrease when 2.0 wt% was added. The yield stress value of the 

39S pastes was low (414.6 Pa), being only higher than that of the F127 hydrogel. 

The flow stress values also followed the tendency of augmentation with increasing 

solid content, spanning from 373 Pa for the 0S paste to approximately 3940 Pa for the 39S 

paste. Within the groups, the flow stress of the 30S0.5 paste was higher than that of the 30S 

paste, but very similar to the flow stress of the 30S2 paste. Both the 33 and 36 vol% groups 

showed a decrease in flow stress with the addition of 0.5 wt% CNF. However, adding 2.0 wt% 

CNF to the 33 vol% paste lead to an increase in flow stress, while adding the same amount to 

the 36 vol% paste resulted in slightly lower flow stress. 

As the ceramic content increased, the yield point shifted towards smaller shear strains. 

Conversely, the flow strain decreased with increasing solid content up to 33 vol% (from 5.5% 

for 0S to 1.9% for 33S) but then increased for 36S (3.1%) and 39S (7.7%). 

In terms of the pastes with CNFs, their addition can have a significant impact on the 

internal structure of the paste. This observation is supported by the behavior of pastes with 0, 

30, 33, 36 and 39 vol% of solid content, which exhibited a more "linear" response compared to 

those containing CNF additions. This phenomenon was attributed to the fact that the presence 

of nano-scale particles has the potential to disrupt the colloidal paste by interfering with the 

deflocculant and binder that are attached to the ATZ particles. Furthermore, it may also alter 

the zeta potential of these particles, depending on the nature of the interaction between the 

nanoparticles and the paste. These findings emphasize the complexity of the system under study 

and explain why there was an expected variation of results within a certain range in this 

investigation. 

Again, Fig. 32 shows that, at high shear strains (associated with high shear rates), the 

behavior of the pastes transitions from shear-thinning to shear-thickening, in alignment with 

our previous observations.  

 

3.2.6 Determination of the recovery time 

 

Achieving self-supporting 3D structures with good shape fidelity also depends on the 

kinetics of the transition from liquid-like flow to solid-like behavior. A quick recovery is 

necessary for the printed paste to maintain its shape, as it indicates the restoration of elastic 

behavior and prevents continuous paste flow immediately after extrusion. Measuring the 

recovery of the storage modulus when there is a sharp drop in shear stress from values above 

the flow point to low, near-rest shear values can quantify this behavior. 
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The outcome of a 3ITT assay of the different pastes is shown in Fig. 33. Additionally, 

Table 13 displays the values encountered in the 3ITT tests and Fig. 34 illustrates the different 

percentages of storage modulus recovered. 

 
Fig. 33. Three interval thixotropy test (3ITT) highlighting the evolution of the storage modulus with time. (a) 

Comparison of pastes with different ceramic contents without CNFs. Display of the effect of the CNF additions 

in the amount of 0.5 and 2.0 wt% to the pastes with (b) 30, (c) 33 and (d) 36 vol% of solid content. 

 
Source: Author. 
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Table 13. Values obtained from the three-interval thixotropy test (3ITT). Storage moduli for the first, second and 

third intervals, time for recovery and recovery rate. The latter was calculated by a linear fitting from the last 

point of the second interval to the first point of the plateau of the third interval; its associated R2 value is also 

displayed.   

Group 
G' 1st interval 

(x103 Pa) 

G' 2nd interval 

(Pa) 

G' 3rd interval 

(x103 Pa) 

Time for 

recovery (s) 

Recovery rate 

(Pa/s) [R2] 

0S 17.81 65.90 12.08 98 ± 9 192 ± 20 [0.96] 

      
30S 114.23 42.87 44.87 82 ± 9 701 ± 73 [0.96] 

30S0.5 135.14 31.09 55.10 82 ± 9 892 ± 33 [0.99] 

30S2 141.34 35.92 50.99 82 ± 9 836 ± 51 [0.98] 

      
33S 270.4 48.12 37.99 82 ± 9 592 ± 53 [0.96] 

33S0.5 159.25 36.77 39.28 82 ± 9 627 ± 50 [0.97] 

33S2 1000.2 94.60 23.32 82 ± 9 358 ± 30 [0.97] 

      
36S 461.8 68.02 43.76 82 ± 9 689 ± 50 [0.97] 

36S0.5 197.1 55.57 33.63 82 ± 9 535 ± 54 [0.95] 

36S2 1063.48 68.90* 10.82 82 ± 9 138 ± 7 [0.99] 

      
39S 696.3 61.17* 11.44 82 ± 9 140 ± 7 [0.99] 

Source: Author.  

Asterisk (*) indicates a non-flat interval where the displayed value is a mean value of the values of that interval. 

Fig. 34. Percentage of storage modulus recovered in the third interval of the 3ITT test compared to the first 

interval. 

 
Source: Author. 

 

All the pastes demonstrated a solid-like behavior in the first interval, followed by a 

swift change to a liquid-like behavior that occurs within some seconds at the start of the second 

interval. Then, there is a gradual return to the solid-like behavior that takes ~80 s while 

transitioning to the third interval. The F127 hydrogel (0S) recovered 66.3% of its storage 

modulus. Then, as the ceramic content increases, the percentage of the storage modulus 

recovered in the third interval decreases. The inclusion of 0.5 wt% of CNFs resulted in an 

increased percentage of G' recovered across all solid contents. Conversely, the addition of 2.0 

wt% CNFs led to a reduction in these values. 



Chapter 2            146 

PhD Thesis on Materials Science and Engineering – Vivian Inês dos Santos – 2023 

Furthermore, the most concentrated pastes (36S2 and 39S) took longer to reach 

equilibrium in the second interval. The 36S2 paste reached equilibrium close to the end of the 

second interval, with G' stabilizing after 90 s, whereas the 39S paste did not reach equilibrium 

during that interval, as G' continued to decrease. 

Interestingly, all the ceramic-loaded pastes had a recovery time in the same range of 

73-91 s, a bit shorter than for the 0S paste (89-107 s). While this may seem long, it is important 

to note that this is the time required to reach the plateau of the third interval. However, most of 

the pastes presented a high recovery rate, with the lowest values observed in the pastes 0S (~190 

Pa/s), 36S2 (~140 Pa/s) and 39S (~140 Pa/s). Hence, for the majority of pastes, a significant 

recovery of the G' value in the third interval is achieved within a few seconds of this interval.  

 

3.3 EVALUATION OF THE PRINTABILITY VIA ROBOCASTING 

 

The printability evaluation of the pastes, utilizing conical and cylindrical printing 

nozzles with diameters ranging from 200 to 840 µm, is summarized in Table 14 – a picture of 

printed cubes of 1 cm is present in Fig. A 1 – Annex A.  

 
Table 14. Pastes studied and their printability (extrudability and ability to retain their shape after extrusion). 

Results are categorized by nozzle geometry and diameter.  

 Printing nozzle 

 Geometry Conical Cylindrical 

 Diameter (µm) 200 250 410 580 840 250 330 410 610 840 

P
as

te
s 

0S ✕ ✕ ✕ ✕ ✕ ✕ ✕ ✕ ✕ ✕ 

           
30S ✓ ✓ ✓ ✓ ✓ ✕ ✕ ✓* ✓* ✓* 

30S0.5 ✓ ✓ ✓ ✓ ✓ ✕ ✕ ✓* ✓* ✓* 

30S2 ✓ ✓ ✓ ✓ ✓ ✕ ✕ ✓* ✓* ✓* 

           
33S ✓ ✓ ✓ ✓ ✓ ✕ ✕ ✓* ✓* ✓* 

33S0.5 ✓ ✓ ✓ ✓ ✓ ✕ ✕ ✓* ✓* ✓* 

33S2 ✓ ✓ ✓ ✓ ✓ ✕ ✕ ✓* ✓* ✓* 

           
36S ✓ ✓ ✓ ✓ ✓ ✕ ✕ ✕ ✕ ✕ 

36S0.5 ✓ ✓ ✓ ✓ ✓ ✕ ✕ ✕ ✕ ✕ 

36S2 ✕ ✕ ✓ ✓ ✓ ✕ ✕ ✕ ✕ ✕ 

           
39S ✕ ✕ ✕ ✕ ✕ ✕ ✕ ✕ ✕ ✕ 

Source: Author.  
The symbol (✓) indicates that the paste was printable, whereas (✕) indicates that it was unprintable and (✓*) 

that it was printable but had visible defects. 
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Analyzing the table, it is possible to notice that the paste 39 vol% was unprintable in 

all conditions, disregarding the geometry of the nozzle or its diameter. This inability was 

attributed to a combination of factors: (i) high solid content and therefore low water content, 

facilitating drying and clogging; (ii) the shear-thickening behavior at high shear rates and (iii) 

very high flow stress to be surpassed by the printing system (~4 KPa), whose extrusion pressure 

was insufficient. All pastes that had 36 vol% of solid content were unprintable with cylindrical 

nozzles, whereas, with conical nozzles, the only unprintable conditions were utilizing the 

nozzles with diameters of 200 and 250 µm for the 36S2 paste. This indicates the printability 

threshold in relation to the diameter of the conical nozzle, probably related to a faster drying 

process with smaller nozzles [338]. Additionally, the viscosity of the most concentrated pastes 

(36S2 and 39S) is time-dependent, as observed in the second interval of the 3ITT test. This 

complicates the extrusion process, as the printing parameters, including printing speed, would 

need to be continually adjusted to maintain a constant flow of the material [339].  

All pastes containing lower solids or CNF content than 36S2 were successfully 

printable using all conical nozzles. Pastes with a solid content of 30 and 33 vol% were only 

printable with cylindrical nozzles that had a diameter of 410 µm or greater. However, the 

filaments deposited with these nozzles exhibited defects like bubbles, which were attributed to 

the formation of a stirred zone in the area of nozzle reduction specific to cylindrical nozzles – 

this phenomenon can also increase the odds of clogging in fiber-containing pastes [265]. 

Regardless of the conditions tested, the 0S paste was consistently found to be unprintable as, 

while it was capable of being extruded, it failed to maintain its shape after printing, a 

phenomenon called slumping. 

 

4 DISCUSSION 

 

Although numerous research studies have been conducted on the DIW process, the 

majority of them tend to focus on post-processing techniques and the properties of the final 

product, rather than the optimization of paste formulation and the printing process itself [307]. 

Despite being necessary, this approach underestimates the fact that the DIW printing process is 

highly influenced by the rheological properties of the pastes [340].  

The lack of comprehensive rheological characterization studies on printable 

formulations is concerning. Many published studies provide only a superficial discussion on 

the "viscosity" of the formulation or present a basic flow curve. Some studies even omit 

rheological characterization altogether. Furthermore, even when rheological data is reported, it 
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often lacks clear and meaningful analysis, casting doubts on the reliability of the data, as pointed 

out by Garcia-Tuñon et al. [308]. However, some good review papers are gradually addressing 

this scarcity by focusing on the printability and rheological properties of the pastes 

[21,258,292,307,341,342]. 

Rheological studies are equally crucial in bioprinting, a method that shares the same 

underlying principle as DIW and has evolved alongside it over the years. In the field of 

bioprinting, rheological studies focus on the survival of cells within hydrogels during the 

printing process [339,343]. Conversely, in ceramic science, the absence of printed defects is 

crucial to achieving sufficient mechanical properties. In addition, printable formulations can 

vary in their rheological properties, ranging from "soft" for the printing of relatively simple 3D 

shapes with limited complexity, such as in bioprinting applications [344], to "stiff" formulations 

that are suitable for accurately printing complex shapes with fine features. Printing large, dense 

parts requires an even more complex compromise (“stiff” enough for accuracy and self-support, 

but “soft” enough for self-healing of printing-related defects [345]). The choice of formulation 

stiffness (G’) depends on the specific requirements of the printing process and the desired level 

of detail and precision in the printed objects [308]. 

 

Definition of printability 

 

Within the context of DIW, the term "printability" encompasses two key elements: 

good extrudability and appropriate shape fidelity [308,331]. Both of these factors are directly 

impacted by the rheological characteristics of the paste being utilized, necessitating a specific 

set of desired rheological properties to be defined as “printable”. The printability of the paste 

plays a critical role in the overall process, as it directly influences dimensional accuracy, 

precision manufacturing and surface finish [295].  

The printability of a paste is also related to the printing nozzle utilized. Generally, 

conically shaped nozzles are easier to print with compared to cylindrical nozzles due to their 

smoother internal structure, which allows for a gradual reduction in the internal diameter. 

Regarding the diameter of the orifice, smaller nozzles present considerable difficulties when it 

comes to printing due to several factors. The accelerated drying process and increased risk of 

clogging are major challenges associated with smaller orifices [338]. Additionally, smaller 

nozzles induce higher shear rates on the paste [346], which requires the printing equipment to 

exert more pressure on the paste to enable extrusion – this is another requirement that can serve 

as a limiting factor in terms of printability. In this study, the printability of some ATZ 
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formulations was evaluated and an attempt was made to fit this data to the printability criteria 

present in the literature. 

 

Criteria for printability 

 

The concept of "printability" is complex and involves optimizing the entire printing 

process, from formulation to printing parameters. Several criteria/parameters have been 

proposed, but there is an ongoing discussion and further research is needed [344].  

Some authors state that for a paste to be considered printable, it must possess a specific 

rheological property that falls either above or below a certain threshold. Whereas, other authors 

have developed criteria that establish a relationship between two different rheological 

properties. Both categories are discussed next. 

 

Criteria based on one rheological property 

 

Although the existing library on printable materials is still relatively limited, it has 

already become evident that pastes printable by DIW may exhibit a broad range of viscosity, 

yield stress and storage modulus values [331].  

In the context of rheological properties, a printability window is commonly established 

based on specific values of storage modulus (G’) and yield stress (τy) [308,344]. The latter, 

when too low – often associated with low solid contents – can lead to poor control of the paste 

during deposition and potential nozzle dripping due to a weak particle network. Conversely, a 

highly concentrated paste cannot be extruded from the printing nozzle if the yield stress exceeds 

the maximum extrusion pressure that the DIW system can apply [292]. Concerning the storage 

modulus, if its value is too low, the resulting struts would have low stiffness, resulting in poor 

shape retention. Therefore, to retain the printed filament shape against gravitational forces, 

support layer stacking and prevent distortion of the printed structure and solid/liquid phase 

separation, the paste needs to possess a high storage modulus under zero shear (i.e., equilibrium 

modulus (G’eq)) [258,292,307]. Regarding values, a graphical comparison of ranges of 

rheological properties found in the literature for printable pastes with the data found in this 

study is displayed in Fig. 35. 



Chapter 2            150 

PhD Thesis on Materials Science and Engineering – Vivian Inês dos Santos – 2023 

Fig. 35. Comparison of the properties of the studied pastes with the values/ranges found in the literature of 

printable pastes. (a) Yield stress, (b) equilibrium modulus, (c) flow stress and (d) flow behavior index. There is 

no relation of the colors specified for each range between the graphs. 

 
Source: Author. 

 
First and foremost, it is clear that many authors indicate distinguished ranges of values 

for these rheological properties that ensure printability. Upon examining the yield stress, it 

becomes evident that the majority of the pastes investigated in this study align with a printable 

range specified in the literature [64,66,67,72,88,123,347–354]. Notably, the values of yield 

stress of the pastes 30S, 33S, 33S0.5 and 36S0.5 do not fall into any region deemed printable 

by the literature, yet, in this study, these pastes were still found to be printable. 

When examining the equilibrium modulus, the majority of the studied pastes exhibit 

G'eq values that fall within the range considered printable by many authors 

[28,67,68,72,88,126,266,347–350,352,354–358]. The only paste that falls outside the printable 

range is the 0S paste, which, according to our printability test, has a G'eq value too low to 

maintain its shape after printing. Surprisingly, there are reports in the literature that indicate the 

printability of pastes with even lower G'eq values [64,90,161,351,353]. While in the ceramic 

field, the G'eq of this paste is inadequate to ensure the printability of "stiff" formulations, it can 

still be considered suitable for printing "soft" formulations. This is evident by the numerous 

studies that utilize Pluronic® F-127-based pastes for bioprinting. 
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An intriguing analysis emerges when considering the flow stress values. Apart from 

the 0S paste, which falls within the green region [28,90,351,352], and the 30S paste, positioned 

in the middle of the purple region [28,67,90,348–350], all the other pastes approach or exceed 

the defined printability limit set by the literature, specifically the purple region. Among our 

pastes, the highest flow stress value reached approximately 4000 Pa for the 39S paste, 

surpassing the capabilities of our printing system. The only reported value of flow stress higher 

than that of our pastes, which remained printable, was 5000 Pa [354]. Overall, the flow stress 

of the investigated pastes escalates to exceptionally high values starting from the composition 

of 33S2 and above. These excessively high τf values create a situation that should be avoided if 

possible since they have the potential to render the paste unprintable due to the mechanical 

limitations of the printing system, as observed in this study. 

The final aspect to consider regarding printability, focusing on a single rheological 

property, is the flow behavior index (n). According to the underlying principles, a paste should 

exhibit shear-thinning behavior (which is desirable for DIW) when the value of n is less than 1, 

specifically within the range of 0 < n < 1 – this guideline is followed by most authors 

(represented by the light purple region) [72,74,76,161,280,348,352,356,358–362]. However, 

some studies have specified their own range of printable n values, as depicted in Fig. 35(d). In 

our investigation, all the studied pastes demonstrated a flow behavior index lower than 1, 

specifically lower than 0.23, indicating a strong shear-thinning behavior. [125,363]  

 

Printability criterion based on the recovery rate 

 

Interestingly, the pastes that exhibited difficulties in terms of printability with conical 

nozzles were precisely the ones with lower recovery rate values: 0S, 36S2 and 39S, as depicted 

in Fig. 36. On the other hand, the pastes that demonstrated a recovery rate higher than 358 ± 30 

Pa/s (value attributed to the paste 33S2) did not encounter any issues when printing using 

conical nozzles. This suggests that the recovery rate could serve as a good indicator for 

predicting potential printability problems. Hence, this study depicted pastes with recovery rates 

in the range of 328-925 Pa/s as printable, while those within the range of 133-212 Pa/s were 

unprintable. The printability threshold could not be defined as the examined pastes did not 

present values between the two regions. Still, it can be inferred that pastes with recovery rates 

lower than those in the unprintable region are expected to be unprintable as well. It is worth 

noting that, to the best of the authors' knowledge, no prior studies have utilized the recovery 

rate as a means to evaluate the printability of pastes. 
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Fig. 36. Recovery rate for the different groups evaluated, highlighting the printable and unprintable regions 

based on empirical data. 

 
Source: Author. 

 

Criteria based on two rheological properties 

 

As observed, the two primary rheological properties assessed for determining the 

printability of a paste are the storage modulus and the yield stress. It is crucial to strike a suitable 

balance between these two factors to achieve an optimal equilibrium of stiffness and flowability 

[258,291–293,315]. Consequently, it is unsurprising that emerging printability criteria aim to 

reconcile these two rheological properties. Some of these criteria/parameters are discussed next. 

 

Ф parameter 

 

This criterion is comprised of the ratio of the equilibrium modulus (G'eq) to the yield 

stress (τγ), is proportional to interparticle bond density and is referred to as "ф" (Eq. (7)). It was 

proposed by Lewis et al. [341] and should be higher than 20 to ensure minimal deformation 

(less than 5%) of overhanging structures and suitable extrudability.  

 

ф =
Geq

′

τy
      (7) 

 

K parameter 

 

This criterion for printability was suggested by Chan et al. [364] and establishes a 

relationship between the storage modulus (G') and the yield stress (τy), as expressed in Eq. (8): 
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G′ =
K

τy
       (8) 

 

Where K is a constant. In this study, the storage modulus value in the equation was 

considered to be the G’eq. In their study [364], printable pastes exhibited K values ranging from 

~6×106 to 1×107 [364]. The values of K mentioned would serve as a boundary that marks the 

transition from printable pastes (with higher K values) to pastes that are prone to slumping (with 

lower K values). This printability criterion aligns with the recommended storage modulus and 

yield stress values for printability as suggested by Peng et al. [293], Zocca et al. [21] and Minas 

et al. [90]. 

 

Flow Transition Index (FTI) 

 

The FTI is a parameter commonly used to describe the "printability" of a paste and it 

is the ratio of yield stress to flow stress (Eq. (9)). A value lower than 20 is attributed to printable 

pastes and is, therefore, desirable [341,365].  

 

FTI =
τy

τf
       (9) 

 

The visual representation of these parameters is presented in Fig. 37 alongside the plot 

of the investigated pastes of this study.  
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Fig. 37. Printability criteria/parameters that are based on the relation of two rheological characteristics and data 

from the pastes of this study. Parameters: (a) ф and K and (b) FTI. 

 
Source: Author. 

 
Analyzing Fig. 37 provides a clearer understanding of where the pastes in this study 

stand in terms of the printability criteria outlined in the literature. In general, the parameters ф 

(Fig. 37(a) - purple) and FTI (Fig. 37(b)) indicate that all the pastes in this study should be 

printable. However, the K parameter (Fig. 37(a) - cyan) suggests the same except for the 0S 

paste which is likely to suffer slumping [364]. 

Both G'eq vs. τy and τy vs. τf graphs exhibit a noticeable trend, with most pastes 

clustered closely together within a region highlighted by a yellow circle. A group of three pastes 

(33S2, 36S2 and 39S) deviates from the yellow region but remains close to each other within a 

region marked by a green circle. This group is characterized by higher values of G'eq and τf, as 

well as lower values of τy. 

Apart from these two regions, the 36S paste stands out. It has intermediate values of 

G'eq, higher values of τy and τf values within the range observed in the green region. The other 

paste that deviates from the two regions is the 0S paste. In comparison to these regions, the 0S 

paste exhibits lower values of G'eq, τy and τf. Solely based on the K parameter, this paste would 

be categorized as unprintable and susceptible to substantial slumping, which indeed occurred 

and hindered its printability, as corroborated by this study. However, none of the criteria or 

parameters were able to anticipate the inability to print the 39S paste under all evaluated nozzle 
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conditions, as well as the 36S2 paste with smaller nozzles. Usually, the ф and K parameters 

can’t be used alone. They should be complemented with the highest possible value of τy related 

to the maximal force that the printer can apply (printing machine-related parameter and nozzle 

dependent) and the lowest τy value for minimal height without collapse (dependent on the paste 

density), as suggested by Feilden et al. [366]. In this study, the minimum yield stress required 

to print the highest filament (840 µm) is 0.8 Pa for the paste with the lowest density (1.014 

g/cm3 – 0S) and 2.4 Pa for the paste with the highest density (2.9 g/cm3 – 39S) – calculated via 

Eq. (10) [64]: 

 

hmax =
τy

Dyn

ρg
      (10) 

 

Where hmax is the maximum printable height, τy
Dyn is the dynamic yield stress, ρ is the 

density of the paste and g is the gravitational force (9.81 m/s2). Every paste examined in this 

study had a higher τy
Dyn compared to these values (ranging from 98.5 to 808.2 Pa for the groups 

39S and 33S, respectively). As a result, all of them were expected to resist slumping during 

filament printing. However, as observed, the paste 0S was found to experience this 

phenomenon, emphasizing a limitation of the approach.  

Moreover, the investigation of the upper limit of yield stress (static) associated with 

the maximum force the printer can exert was not within the scope of this study, as the 

manufacturer did not provide this information. Additionally, this value is rarely explored in the 

literature due to the challenges involved in preparing pastes that surpass this τy threshold. 

However, if we solely consider the yield stress values, the 36S paste exhibited the highest value 

and could be printed using all conical nozzles examined. On the contrary, the 39S paste, despite 

having a lower yield stress value, was unprintable with all nozzles tested, likely due to the 

limitations of the printing machine. This highlights another limitation when evaluating yield 

stress values in isolation. 

Taking these factors into consideration, we can conclude that the three parameters 

exhibit a reasonable level of agreement with the printability data obtained in this study. Among 

them, the K parameter was the sole criterion capable of predicting the incapability to print the 

0S paste. Therefore, they serve as a valid method for assessing printability. Nevertheless, it is 

crucial to acknowledge their limitation, as none of them anticipated the inability to print certain 

pastes. 
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5 CONCLUSIONS 

 

This study focused on investigating the rheological properties of ATZ pastes with and 

without CNFs and assessing the applicability of printability criteria found in the existing 

literature. Many studies tend to overlook the crucial role of rheological characterization in 

determining the printability of a paste, often relying solely on a single test to establish its shear-

thinning behavior and deeming it printable, which can be an erroneous assumption. 

As discussed in this research, the concept of printability encompasses more than just 

the extrudability of a paste; it also entails the ability of the paste to retain its shape after printing. 

To address this, the present paper defined that the printability criteria outlined in the literature, 

particularly those that correlate two rheological properties such as G'eq, τy, or τf, provide a valid 

approach for predicting the printability of a paste, although presenting some limitations. 

Additionally, a new criterion based on the recovery rate was presented, which has the potential 

to predict printability with a single three-interval test. 

The field of rheology is vast and intricate, with even slight variations in test conditions 

significantly impacting the obtained results. This complexity can make result interpretation 

challenging at times. Therefore, the use of printability criteria that explicitly define the essential 

properties to evaluate is immensely valuable, benefiting both experienced researchers and 

newcomers entering the domain of direct ink writing. 

By taking into account the established printability criteria and conducting the correct 

rheological analysis, researchers can be closer to a comprehensive evaluation of a paste's 

printability. This approach not only enables the development of superior printable pastes but 

also paves the way for compositions that are increasingly sophisticated and capable of 

producing structures with growing complexity. 
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1. INTRODUCTION 

 

Ceria-stabilized zirconia stands out as one of the mostly developed ceramic materials 

in the field of biomedical applications. Its notable advantage arises from a stress-induced phase 

transformation, shifting from a tetragonal (t) to a monoclinic (m) phase. This transition brings 

about a significant volumetric expansion of approximately 4%, effectively impeding the 

propagation of cracks. Consequently, this mechanism greatly enhances the strength and 

toughness of tetragonal zirconia polycrystals (TZP) [367]. Another material that capitalizes on 

this stress-induced phase transformation is yttria-stabilized zirconia (Y-TZP). Due to this fact, 

these two materials, ceria-stabilized zirconia (Ce-TZP) and Y-TZP, are the most used materials 

among the TZP systems. 

When comparing the two, Y-TZP demonstrates remarkable strength (800-1200 MPa) 

and a moderate level of toughness (~6 MPa·√m). In contrast, Ce-TZP typically exhibits 

extraordinarily high toughness (15-20 MPa·√m) but limited strength (≤ 600 MPa). The latter 

arises from the challenge of producing dense Ce-TZP materials with small grain sizes (< 0.5 

µm) [368], as the mobility of grain boundaries during sintering is considerably greater in Ce-

TZP compared to Y-TZP [181]. Moreover, Ce-TZP ceramics display significantly reduced 

susceptibility to aging when compared to Y-TZP, owing to the presence of a tetravalent ion 

(Ce4+) as the stabilizer. Notably, due to the exceptional transformability of Ce-TZP, notable 

non-linear, permanent ("plastic") deformation is observable before failure, with the most 

pronounced pseudoplastic/non-linear behavior among ceramic materials [369–373].  

Consequently, significant research efforts have been directed toward incorporating an 

immiscible secondary phase to immobilize the grain boundaries and controlling grain growth 

within Ce-TZP [181,374,375]. Among these second-phase materials, alumina is by far the most 

explored. Various studies have developed Ce-TZP/Al2O3 composites [376–379], in which the 

addition of alumina demonstrated improvements in hardness, Young's modulus and fracture 

strength. However, it was noted that an increase in alumina content corresponded to a reduction 

in fracture toughness, aligning with the decrease in transformability. This type of material 

comprising zirconia and alumina (at higher and lower contents, respectively) is usually referred 

to as alumina-toughened zirconia (ATZ). 

To further improve the mechanical properties, the introduction of elongated third-

phase materials has been suggested. These elongated phases offer the potential to help hinder 

the growth of zirconia grains and further enhance toughness through mechanisms like bridging 
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and crack deflection [380–384]. Among the explored candidates for third-phase integration are 

strontium aluminate platelets (more specifically strontium hexaaluminate, SrAl12O19), initially 

investigated by Cutler et al. [371,372]. Their incorporation resulted in improved toughness and 

strength via crack branching and bridging mechanisms. However, it's worth noting that the 

composite with three phases also exhibited a reduced level of transformability in comparison 

to pure Ce-TZP ceramics. 

More recent investigations have been performed on this composition of three-phase 

composites [374,375,385]. Specifically, they have focused on 10.0-11.5Ce-

TZP/Al2O3/SrAl12O19 composites with a volume ratio of 84/8/8. This particular configuration 

of Al2O3 and SrAl12O19 contents at 8 vol% was determined to yield the most refined 

microstructures post-sintering [374]. Notably, these composites demonstrated remarkable 

strength (> 1 GPa) and toughness (> 10 MPa·√m), accompanied by an exceptional flaw 

tolerance, evident in a notably high Weibull modulus (m = 60) [385]. Given these favorable 

mechanical properties, the three-phase composite system (11Ce-TZP/Al2O3/SrAl12O19) was 

selected for utilization in the present study. 

In terms of processing methods, in recent years, additive manufacturing (AM) has 

gained significant attention and experienced rapid development. AM, also known as 3D 

printing, is a manufacturing technique that constructs computer-generated models by adding 

materials, typically layer by layer. It enables the production of complex geometries without the 

need for micromachining processes or costly molds. The utilization of AM technologies offers 

several distinct advantages, including rapid prototyping, predictable production, reduced 

assembly requirements, design flexibility, and the ability to meet specific customer 

requirements. Consequently, it has emerged as an attractive alternative to conventional 

manufacturing processes across various fields, including ceramics [386,387] – a field where 

traditional processing methods are limited by the need for special equipment and tooling as well 

as by the complexity of the molds. 

There are diverse AM techniques available for fabricating ceramic structures, such as 

stereolithography (SLA), selective laser sintering (SLS), fused deposition modeling (FDM), 

inkjet printing, binder jet and direct ink writing (DIW or robocasting) [388–390]. Among these 

techniques, DIW stands out as a simple, emerging, cost-effective, environmentally friendly and 

rapid fabrication method. It enables the direct production of net or near-net complex-shaped 

ceramic structures with self-supporting properties and high aspect ratios by the extrusion of a 

paste through a printing nozzle. 
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Nevertheless, the mechanical properties of ceramic materials produced through DIW 

require further improvements, particularly concerning their mechanical reliability, often 

expressed through Weibull modulus (m) values. To achieve better mechanical properties, this 

study suggests the incorporation of carbon nanofibers (CNFs) oriented by the shear stresses 

from the process of nozzle reduction during DIW printing (Fig. 38). 

 
Fig. 38. Schematic representation of the direct ink writing process and the orientation of elongated phases 

promoted by it. 

 
Source: Author. 

τ: shear stress 

 
Carbon nanofibers exhibit exceptional mechanical properties, elevated electrical and 

thermal conductivity and a remarkable strength-to-weight ratio [391]. Their incorporation has 

demonstrated enhancements in compressive strength, flexural strength, Young's modulus and 

fracture toughness [392–395]. By strategically orienting them in a specific direction, it is 

expected that these improvements could be further amplified through mechanisms such as 

microcrack bridging and crack deflection. 

Still, some challenges arise when adding carbon nanofibers to a ceramic matrix. These 

encompass the achievement of a homogeneous dispersion of the CNFs, their orientation during 

DIW printing and the sintering of the obtained component. To address the first, two methods 

were employed in this study: a deflocculant was added to the printing paste and a high-speed 

mixing technique was applied to the production procedure of the paste. The latter is a method 

that has already been utilized to achieve a homogeneous dispersion of CNFs in pastes for DIW 

[396]. 

Considering the orientation, this behavior observed in DIW happens as non-equiaxed 

particles tend to rotate and align themselves parallel to the shear direction under shear stresses 

[397]. This orientation phenomenon has been documented in DIW studies involving various 



Chapter 3                                 161 

 
PhD Thesis on Materials Science and Engineering – Vivian Inês dos Santos – 2023 

 

materials, such as alumina particles [398], platelets [32], carbon nanofibers [346,396,399,400] 

and graphene nanoplatelets (GNP) [176]. According to Folgar-Tucker [397], the factors that 

affect these particles’ orientation are the particles’ shape (length/diameter ratio), interactions 

between these particles (particles’ solid loading) and shear rate and time. Hence, the 

achievement of proper orientation needs to consider such parameters. In this study, the 

length/diameter ratio of the CNFs was not varied and ranged from 150 to 1000. The solid 

loading/content utilized (30 vol%) was not varied either, since it was optimized in Chapter 2. 

Meanwhile, the shear rate was altered by modifying the diameter of the printing nozzle. The 

influence of the nozzle diameter on the maximum shear rate induced by the nozzle (γ̇max) is 

depicted in Eq. (11): 

 

γ̇max =
8∙Q

D
       (11) 

 

Where Q is the printing speed in mm/s (10 mm/s in this study) and D is the nozzle 

diameter in mm. As so, in this study, the nozzle diameter was assessed in terms of its influence 

on the orientation of the CNFs and the mechanical properties achieved. 

Sintering with CNFs inside a ceramic also poses a significant challenge, because of 

the thermal decomposition of the CNFs in the presence of oxygen. The thermal stability and 

decomposition behavior of carbon nanofibers are the subject of ongoing research and the exact 

decomposition temperature range can differ based on the specific type of nanofibers, their 

structural properties, impurities, catalyst residues and surface functionalization. Nevertheless, 

there have been studies that have reported the thermal decomposition of the CNFs from 480-

550 °C [401]. To address these difficulties and maintain the structural integrity of CNF 

materials while achieving sintering at reduced temperatures or shorter timeframes, the Spark 

Plasma Sintering (SPS) technique has been proven advantageous [402]. This method's high 

heating rate facilitates rapid completion of the sintering process, thereby minimizing potential 

damage to the CNF structures. To assess the impact of Spark Plasma Sintering (SPS), a control 

group was established by conducting conventional sintering (CS). This comparison allowed for 

the evaluation of the specific influence of the SPS sintering process. 

Summarizing, this study aimed to improve the mechanical properties of ATZ 

composites by the addition of oriented CNFs. For that, the influence of CNF content, nozzle 

diameter and sintering method on the mechanical properties was evaluated. Processes that 
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influence the final mechanical properties such as debinding and sintering were carefully studied 

and conducted to reduce the likelihood of defects and ensure smaller grain sizes. 

 

2. MATERIALS AND METHODS  

 

2.1.MATERIALS 

 

The ATZ powder used in this study consists of 84 vol% Ce-TZP (11.0 mol% Ce), 8 

vol% Al2O3, and 8 vol% SrAl12O19, which was obtained from Doceram® under the trade name 

"EvoCera®" in the form of a spray-dried powder. For deflocculation purposes, Darvan® 821-

A from RT Vanderbilt® was employed, while Pluronic® F-127 from Sigma-Aldrich® served 

as the binder. The carbon nanofibers used in the experiments were Pyrograf®-III PR-19-PS. 

 

2.2.METHODS  

 

2.2.1. Preparation of the pastes 

 

The preparation of the pastes depicted in Fig. 39 was carried out as follows. All mixing 

procedures were conducted in a SpeedMixer DAC 600 Hauschild® under a vacuum of 30 mBar, 

employing cycles of 800 rpm for 90 s, followed by 1500 rpm for 90 s. Initially, the deflocculant 

and deionized water were combined and zirconia mixing balls measuring 1 and 2 mm were 

introduced to facilitate the mixing process. Then, the binder was added and another round of 

mixing was performed. Subsequently, each mixing step was alternated with a cooling step of 

10 min in a refrigerator at 4 °C. Once the binder was uniformly blended with the other 

components, the ATZ powder was introduced. Ten rounds of mixing and cooling were carried 

out to ensure optimal homogeneity. In cases where carbon nanofibers were included in the 

paste, they were added after the ATZ powder, followed by an additional ten cycles of mixing 

and cooling. Once the paste achieved homogeneity, the mixing balls were separated using a 

sieve. Before printing, the pastes were put inside 5 mL syringes with a subsequent 

centrifugation step at 3000 rpm for 12 min to remove any bubbles. 
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Fig. 39. Schematic illustration of the obtention of the filaments, including the steps of paste preparation, printing 

and post-printing thermal processes. 

 
Source: Author. 

 

Four groups were prepared with three different compositions that were later sintered 

either by conventional sintering (CS) or spark plasma sintering (SPS). The composition and 

sintering method of the groups evaluated in this study are displayed in Table 15. 

Table 15. The four groups evaluated, their composition and sintering approach.  

Group ATZ CNFs 
Darvan® 

821A 

Pluronic® F-

127 

Deionized 

water 

Sintering 

method 

CS-ATZ 30 vol% (T) ‒ 1.0 wt% (S) 25 wt% (L) 
Remaining 

quantity 
CS 

SPS-ATZ 30 vol% (T) ‒ 1.0 wt% (S) 25 wt% (L) 
Remaining 

quantity 
SPS 

SPS0.5 30 vol% (T) 0.5 wt% (S) 1.0 wt% (S) 25 wt% (L) 
Remaining 

quantity 
SPS 

SPS2 30 vol% (T) 2.0 wt% (S) 1.0 wt% (S) 25 wt% (L) 
Remaining 

quantity 
SPS 

Source: Author.  
(T): in relation to the total; (S): in relation to the solids (ATZ + CNFs); (L): in relation to the liquids (deionized 

water + Darvan); CS: conventional sintering; SPS: spark plasma sintering. 
 

2.2.2. Obtention of the filaments 

 

The filaments were printed via the Direct Ink Writing (DIW) method using a 

robocasting manufactured by 3D INKS, LLC® (Tulsa, USA) with nozzles of diameters of 200, 

250, 410, 580 or 840 μm (Nordson®, Fig. 40(a)). The printing procedure took place in an 

enclosure with 25 °C of temperature and 95% of humidity. The filaments were deposited on a 

glass plate on top of which a fine layer of coconut oil was previously applied to facilitate the 
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detachment of the filaments. The printing speed utilized was 10 mm/s. For the nozzle diameters 

of 200, 250, 410, 580 and 840 μm, the nozzle offset (distance between the end of the nozzle 

and printing plate) was 230 (115%), 270 (108%), 450 (110%), 650 (112%) and 900 µm (107%), 

respectively. The printing pattern was a zig-zag (Fig. 40(b)) leading to 25 mm long filaments 

(Fig. 40(c)).  

 
Fig. 40. (a) The different nozzles used in this study with their corresponding diameters and obtained filaments. 

The color of the nozzles was utilized for the graphs of the filaments that were printed with each specific nozzle 

(gray for 200 µm, red for 250 µm, blue for 410 µm, pink for 580 µm and green for 840 µm). (b) Zig-zag printing 

pattern after printing and (c) after drying and cutting out the curves/edges. 

  
Source: Author. 

 
The filaments, still on the glass plate, were dried in a climatic chamber (Weisstechnik® 

WKL 34/+10) at 25 °C (relative humidity of 95% for 2 h, then decreased to 30% over 60 h). 

After the drying process, the curves/edges of the zig-zag pattern were cut out with a cutter, the 

glass plate was heated to 30 °C on a hot plate to melt the coconut oil and the filaments were 

detached from the glass plate with the aid of a razor blade. Subsequentially, the filaments were 

placed in alumina crucibles (Fig. 41) and stored in a box with 30% relative humidity. After the 

debinding process, the filaments became extremely fragile (particularly those with smaller 

diameters) and any attempt to handle them directly would inevitably lead to breakage. Hence, 

the placement of the filaments inside crucibles was an essential procedure to ensure their 

protection due to the requirement to transfer them between the debinding and sintering furnaces. 
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Fig. 41. Alumina crucible into which the filaments were placed after drying to reduce the need to handle them 

and prevent their breakage. (a) CAD model and (b) photograph of the crucibles – the inset photograph of (b) 

shows a broken crucible to better observe its bottom configuration. Since one of the main advantages of the DIW 

technique is its versatility in terms of shape creation with ceramics, it seemed natural to produce the crucibles by 

DIW. Nozzles of 410 µm were used and the crucibles had 1 cm of diameter with 2.8 cm of height. The first five 

layers were designed to be “fully printed” whereas the subsequent layers were “hollow”.  

 
Source: Author. 

 
2.2.3. Debinding study 

 

The optimal debinding condition was determined by thermogravimetric analyses 

(TGA, SETARAM®) in an Argon atmosphere with a heating rate of 10 °C/min and a cooling 

rate of 30 °C/min. The samples were placed in an alumina crucible suitable for the equipment, 

on which a blank analysis was conducted. The resulting curve from this blank analysis was 

subtracted from the curves obtained during the analysis of the materials. 

Two types of materials were examined: ATZ powder and small fragments of printed 

and dried filaments of ATZ with a 2.0 wt% content of carbon nanofibers (CNFs). The ATZ 

powder was evaluated up to 1300 °C with no plateau and up to 400 °C with a 3 h plateau. The 

ATZ with 2.0 wt% of CNFs underwent three types of evaluations: (i) up to 1300 °C, (ii) up to 

350 °C with a 3 h plateau at this temperature and (iii) up to 400 °C also with a 3 h plateau. The 

dried filament of ATZ with 2 wt% of CNFs had, after water removal, a composition of 0.89 

wt% of Darvan® 821A, 9.55 wt% of Pluronic® F-127, 1.80 wt% of CNFs and 87.76 wt% of 

ATZ powder. It is worth noting that small amounts of a polymer may be present in the ATZ 

powder as a result of its addition during the powder mixing process in an aqueous solution, 

followed by spray-drying. According to its datasheet, the Darvan has a boiling point of ~100 

°C, hence should decompose around this temperature. According to the literature, the CNFs 

decompose approximately at 480-550 °C [401] (the exact temperature range is still debatable) 

and the Pluronic® F-127 decomposes between 200 and 400 °C (in nitrogen) [403]. 
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2.2.4. Sintering study 

 

The filaments utilized in this evaluation were previously debinded at 400 °C for 30 

min. For this part of the study, filaments of 840 µm in diameter were either sintered by 

conventional sintering (CS) or by Spark Plasma Sintering (SPS). For the CS, only ATZ 

filaments (no CNFs) were sintered whereas, for the SPS, filaments with and without CNFs were 

sintered for comparison. To determine the optimal sintering temperature, the filaments were 

sintered by CS in a Pyrox® chamber furnace at 1350, 1400, 1450, 1500 or 1550°C, with a 

heating rate of 2.5 °C/min, cooling rate of 5 °C/min and a 1 h plateau. For the filaments sintered 

by SPS, the temperatures of 1350, 1400 and 1450°C were investigated (secondary vacuum, 

heating rate of 100 °C/min and 1 h plateau, furnace HP D25 from FCT®), without applied 

pressure (Fig. 42). The results of the sintering process were evaluated by density measurements 

and SEM images (Thermofischer® QuattroS equipment). 

 
Fig. 42. Schematic illustration of the configuration of the samples within the SPS furnace to avoid the 

application of pressure. 

 
Source: Author. 

 
The density of the sintered filaments was determined via Archimedes’ method (Eq. 

(12)) utilizing deionized water as the liquid phase. In the equation, ρsample is the measured 

density of the sintered filament, mair is the mass of the sample in air, mliquid is the mass of the 

sample in the liquid phase, ρliquid is the density of the liquid and ρair is the density of air. 

 

ρsample =
mair

mair−mliquid
∗ (ρliquid − ρair) + ρair   (12) 

 

The relative density was calculated by the ratio of the measured density of the sample 

to the theoretical density calculated with the following values: the theoretical density of the 

ATZ powder considered was 5.8404 g/cm3 and that of the CNFs was 2.16 g/cm3. The value of 
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relative density had an associated measurement uncertainty of ±2% linked to the precision of 

the scale utilized (0.0001 g) and the very low weight of the filaments (0.0147-0.0221 g). 

 

2.2.5. Mechanical study under flexion of filaments 

 

The printed filaments were mechanically characterized by 3-point flexural tests in a 

BOSE EF3200 multi-test machine with a 20 N force cell, displacement sensor LVDT (linear 

variable differential transformer) with 50 nm displacement resolution and 15 mm lower span 

distance (Fig. 43(a)). 

For the samples utilized in this test, the CS process was done at 1500 °C for 1 h, 

whereas the SPS process was performed at 1400 °C for 1 h. The evaluated groups were the 

same as those displayed in  Table 15 (CS-ATZ, SPS-ATZ, SPS0.5 and SPS2) and, in each 

group, 30 filaments were tested. 

 
Fig. 43. (a) 3-point bending device utilized for the mechanical evaluations. (b) Optical microscopy image of the 

cross-section of a printed filament and (c) schematic representation of the diameter (D) and dimensions A and B 

used for the calculation of the quadratic moment. 

  
Source: Author. 

 
The stress-strain curves were deduced from the load-displacement curves using the 

following method. The stress (σ) and strain (ε) were calculated from the applied load (F) and 

displacement (ux) using Eq. (13), (14) – Catigliano theorem – and (15): 

 

σ =
F ∙ L ∙ x

4 ∙ Iy
      (13) 

 

ux =
L3∙ F

48 ∙ E ∙ Iy
↔ E =

L3∙ F

48 ∙ ux ∙ Iy
     (14) 
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ε =
σ

E
=

F ∙ L ∙ x

4 ∙ Iy
∙

48 ∙ ux ∙ Iy

L3 ∙ F
=

12 ∙ ux∙ x

L2     (15) 

 

Where L is the length between cylinders (lower span, 15 mm, in this case), E is the 

Young’s modulus, x is the distance from the tensile side of the filament to the neutral axis and 

Iy is the quadratic moment. As the printed filaments have a flat side where they touched the 

printing substrate, their quadratic moment is not that of a round filament. Hence, Iy and x were 

calculated individually for each tested filament by SolidEdge® after measurements of thickness 

(dimension A) and height (dimension B) of each filament by optical microscopy (Fig. 43(b) 

and (c)). The value of Young’s modulus (E) was directly calculated as the slope of the linear 

part of the stress-strain curve. 

From the stress-strain curves, a few key characteristic mechanical values were defined 

as shown in Fig. 44. Whenever the behavior was not purely linear elastic, the yield stress (σyield) 

was defined as the stress necessary to reach δ = 0.1% of plastic deformation, corresponding to 

a yield strain εyield. Fracture stress (σfracture) was defined as the maximum stress attained before 

fracture; the corresponding strain was denoted as εfracture. In addition, a non-linear strain (εnon-

linear) was calculated by removing the elastic part of the strain from the fracture strain (Eq. (16)):  

 

εnon−linear = εfracture −
σfracture

E
    (16) 

 

Fig. 44. Schematic illustration of how the characteristic values were obtained from the stress vs. deformation 

curves.  

 
Source: Author. 

 
A Weibull analysis was also conducted on each group, utilizing Eq. (17): 
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F = 1 − exp (
−σf

σ0
)

m

     (17) 

 

Where F is the probability of failure (0 < F < 1) under applied stress σf, whereas σ0 is 

the characteristic strength of the material. The Weibull modulus (m) was determined by the 

slope of the curve ln (ln (
1

1−F
))  vs. ln(σf). 

In addition, after observing a certain inelastic deformation in the filaments that 

underwent conventional sintering, these were tested in flexural cycles. This was done by 

applying five cycles of increasing imposed force at regular intervals aiming to achieve the 

maximum deformation while avoiding sample breakage (force intervals from 0.3-0.4 to 2.0-4.2 

N). Intermediary and larger nozzle sizes were preferred for the evaluation under flexural cycles 

to enable a more comprehensive observation of results with an increased volume of material. 

In another test, six cycles with the same imposed force (from 0.37 to 2 N) were applied to study 

fatigue on the filaments. SEM evaluations of the filaments' surface were also conducted on 

conventionally sintered filaments tested under flexion where the test was stopped right before 

failure. 

 

2.2.6. Data analysis 

 

Results were expressed as mean value ± standard deviation and were statistically 

analyzed using ONE-WAY Analysis of Variance (ANOVA). The influence of the variables 

CNF content, nozzle diameter and sintering method was evaluated in relation to the fracture 

strain and stress and Young’s and Weibull moduli values by correlation and regression analysis. 

A correlation was established by a value higher than |0.25| and differences were considered 

significant if p-value ≤ 0.05. The percent chance that there was a true relationship between the 

variables was calculated by CTR (chance of true relationship) = (1 – p-value) x 100. The 95% 

interval of confidence of the Weibull modulus was calculated according to the study of Griggs 

et al. [404]. 
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3. RESULTS 

 

3.1.DEBINDING STUDY 

 

The results of the TGA analyses of ATZ powder and a dried filament obtained from 

the paste containing 2 wt.% CNFs are displayed in Fig. 45. 

Fig. 45. TGA analyses to determine the debinding temperature. Evolution of the mass with increasing 

temperature for the (a) ATZ powder up to 1300 °C and (b) ATZ with 2 wt% of CNFs up to 1300 °C. Evolution 

of the mass with time for the group of ATZ with 2 wt% of CNFs when treated at (c) 350 °C for 3 h and (d) 400 

°C for 3 h. (e) Evolution of the mass with time for the ATZ powder treated at 400 °C for 3h.  

 
Source: Author. 

 
The TGA analysis of the ATZ powder (Fig. 45(a)) revealed the presence of residual 

polymer in the powder, as indicated by a continuous decrease in mass up to 900 °C (followed 

by a stable mass up to 1300 °C). This mass reduction was more pronounced in three distinct 

intervals: T < 225 °C, 250 < T < 550 °C and T > 650 °C. These reductions cannot be attributed 
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to any of the ceramic materials present (Ce-TZP, Al2O3 and SrAl12O19), as the evaluated 

temperatures are not sufficiently high to affect them. Hence the inference that the presence of a 

polymer caused these reductions. The overall mass loss up to 900 °C was 2.5%, with values of 

1.1% and 1.4% up to 350 °C and 400 °C, respectively. 

Regarding the ATZ with 2.0 wt% of CNFs (Fig. 45(b)), a significant mass reduction 

of 10.0% occurred around the temperature range of ~350-400 °C. A smaller decrease of 1.4% 

was observed up to 900 °C, followed by an additional decrease of 0.7% with further temperature 

increase. Analyzing the first decrease (10.0%), it is estimated that 0.9% resulted from the 

decomposition of Darvan, 1.2% from the decomposition of the residual polymer within the 

ATZ powder (which corresponds to 1.4% of 87.8%) and the remaining 7.9% was associated 

with the decomposition of Pluronic. Although CNFs decompose in the temperature range of 

480-550 °C [401], no CNF decomposition is expected as the analyses were conducted in an 

argon atmosphere. Regarding the second mass decrease of 1.4%, 1.0% was attributed to the 

decomposition of the residual polymer within the ATZ powder (equivalent to 1.1% of 87.8%) 

and 0.4% to the decomposition of Pluronic. The third decrease (0.7%) was likely entirely linked 

to the decomposition of Pluronic. At the end of this analysis, from the remaining 88.0% mass, 

85.5% was the mass of ATZ, 1.8% was attributed to CNFs and 0.6% corresponded to the 

remaining Pluronic. Overall, in comparison to the ATZ powder, Fig. 45(b) shows an additional 

mass loss at low temperatures, attributed to the decomposition of Pluronic, but no sign of CNF 

decomposition at high temperatures. 

Considering that the extraction of the majority of Pluronic occurs in the range of 350-

400 °C, two conditions were taken into account for the debinding process, which were, 

therefore, assessed through TGA analysis: heating up to 350 °C with a 3-hour plateau at this 

temperature (Fig. 45(c)) and heating up to 400 °C, also with a 3-hour plateau (Fig. 45(d)). 

Under the first condition, when the temperature reached 350 °C, 96.2% of the initial 

mass remained. After a 30-minute plateau, there was a decrease of 9.8% compared to the 

starting point. This decrease consisted of 0.9% Darvan, 1.0% of the residual polymer within the 

ATZ powder (equivalent to 1.1% of 87.8%) and 7.9% of Pluronic. Hence, after the 30-minute 

plateau, the remaining quantity of Pluronic was 1.6%. Following a 3-hour plateau, the mass 

further decreased by 0.5%, which was attributed entirely to the Pluronic. At the end of the 

analysis, the remaining mass (89.7%) was distributed as follows: 86.8% was attributed to ATZ, 

1.8% to CNFs and 1.1% to the remaining quantity of Pluronic. 
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Under the second condition, when the plateau temperature of 400 °C was reached, 

90.0% of the initial mass remained. After a 30-minute plateau, there was a mass reduction of 

10.1% compared to the starting point. However, there was no significant change in the mass 

value observed after 30 minutes (89.9%) compared to that after 3 hours (89.8%) of the plateau. 

Considering this and the objective of achieving a shorter debinding period to prevent CNF 

decomposition in the air atmosphere inside the debinding furnace, the condition of heating up 

to 400 °C with a 30-minute plateau was chosen as the preferred debinding condition. 

To determine the precise quantity of Pluronic remaining in the sample under the latter 

condition, the ATZ powder was analyzed under the same conditions (Fig. 45(e)). After a 30-

minute plateau at 400 °C, 1.3% of the polymer within the ATZ powder was decomposed. 

Therefore, out of the 10.1% mass decrease observed in Fig. 45(d), 1.2% was attributed to the 

decomposition of the polymer within the ATZ powder (equivalent to 1.3% of 87.8%), 0.9% to 

Darvan and 8.1% to Pluronic. Consequently, following the debinding procedure of 400 °C with 

a 30-minute plateau, it is expected that the samples contain a remaining quantity of Pluronic of 

approximately 1.5%. This remaining Pluronic is likely to decompose during the subsequent 

sintering procedure, posing a low potential for defect generation as it leaves the samples. 

Moreover, it's important to consider the evaluation provided in this section as an 

approximation of the amount of mass attributed to each component of the material. This 

approximation arises due to the constraints posed by a basic TGA analysis (without integration 

with a spectrometer), the inherent uncertainty in the initial mass measurement and the possible 

existence of small amounts of water at low temperatures (which could alter the relative mass 

variations). 

 

3.2.SINTERING STUDY 

 

The sintering study encompassed density and morphological evaluations. The density 

results are presented in Table 16 for both sintering approaches: conventional sintering (CS) and 

Spark Plasma Sintering (SPS). 
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Table 16. Density results of the sintering study with different sintering methods/approaches and temperatures.  

Sintering 

approach 
Sample Tsintering (°C) tsintering (h) 

Measured 

density (g/cm3) 

Theoretical 

density (g/cm3) 

Relative 

density (%) 
C

S
 

ATZ 1350 1 5.398 5.840 92.4 

ATZ 1400 1 5.485 5.840 93.9 

ATZ 1450 1 5.589 5.840 95.7 

ATZ 1500 1 5.726 5.840 98.0 

ATZ 1550 1 5.757 5.840 98.6 

S
P

S
 

ATZ 
1350 

1 5.368 5.840 91.9 

0.5 wt% CNF 1 5.326 5.791 92.0 

ATZ 
1400 

1 5.728 5.840 98.0 

0.5 wt% CNF 1 5.728 5.791 99.0 

ATZ 
1450 

1 5.661 5.840 97.0 

0.5 wt% CNF 1 5.570 5.791 96.2 

Source: Author.  
Tsintering: temperature of the sintering plateau; tsintering: time at the plateau. 

In the conventional sintering (CS), the relative density of the ATZ samples increased 

with increasing temperatures ranging from 92.4 to 98.6% for the 1350 and 1550 °C, 

respectively. Nevertheless, with an associated measurement uncertainty of ±2%, there is no 

significant difference between some of the values. Still, the tendency of increased relative 

density with increasing sintering temperature remains when sintering by a conventional 

approach. 

When employing Spark Plasma Sintering (SPS), the evaluation of three different 

temperatures revealed distinct ranges of relative densities. Sintering at 1350 °C resulted in 

densities of approximately 91-92%, while sintering at 1400 °C yielded densities around 98-

99% and at 1450 °C, densities were approximately 96-97%. In this particular case, unlike the 

outcome with CS, the samples sintered at the highest temperature (1450 °C) exhibited lower 

densities than those sintered at 1400 °C; however, these values fall within the respective error 

ranges, failing to reach a significant difference. The inclusion of 0.5 wt% of carbon nanofibers 

(CNFs) did not present any distinct trend. 

To further understand the effect of the sintering temperatures, morphological 

evaluations were performed on the sintered samples. The outcomes of this evaluation, alongside 

the density results, assisted in the definition of the sintering temperature for both approaches. 

The microstructural images of the sintered samples are depicted in Fig. 46 for the CS method 

and in Fig. 47 for the SPS approach. The grain size evaluation of the sintered samples is 

displayed in Fig. 48.  
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Fig. 46. Microstructural evaluation of ATZ filaments sintered by Conventional Sintering (CS). Sintering at (a) 

1350, (b) 1400, (c) 1450, (d) 1500 or (e) 1550 °C. It is possible to notice larger zirconia grains with smaller 

alumina grains predominantly at the grain boundaries. 

  
Source: Author. 
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Fig. 47. Microstructural evaluation of filaments sintered by Spark Plasma Sintering (SPS). ATZ 

filaments in yellow (a, c and e) and ATZ with 0.5 wt% of CNFs in orange (b, d and f). Sintering at (a and b) 

1350, (c and d) 1400 or (e and f) 1450 °C. 

  
Source: Author. 
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Fig. 48. Grain size evaluation for (a) ATZ samples sintered by conventional sintering and (b) ATZ and ATZ 

with 0.5 wt% CNF samples sintered by Spark Plasma Sintering. Comparison of the grain sizes obtained by CS 

and SPS at (c) 1350 °C, (d) 1400 °C and (e) 1450 °C. The orange color represents alumina grains, whereas the 

blue color represents Ce-TZP grains. In some samples, it was not possible to visually distinguish the alumina 

(usually smaller and more angular) from the Ce-TZP grains – the green color represents these samples and 

contains the sizes of both kinds of grains. When it was not possible to distinguish the alumina and zirconia grains 

in one group, the comparison with a second group was made in relation to the average grain size of alumina and 

zirconia together, regardless of whether in that second group it was possible to distinguish the grains.  

 
Source: Author. 

 
As the sintering temperature increased in both sintering approaches, a significant 

reduction in the number of pores was observed. The presence of larger grains also became 

evident with increasing temperature, as expected. This observation is supported by Fig. 48(a) 

for the CS samples and Fig. 48(b) for the SPS samples. Upon analyzing the conventionally 

sintered samples shown in Fig. 48(a), it was observed that the increase in the size of alumina 

grains was less pronounced compared to the increase in the size of Ce-TZP grains. While the 

samples sintered at 1500 °C had a higher mean value of Ce-TZP grain size compared to those 

sintered at 1450 °C, their range of grain size fell within the range of the latter. However, at a 
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slightly higher temperature of 1550 °C, very large grains (~2.25 and ~3.25 µm) were present. 

In terms of density, the CS samples sintered at 1500 and 1550 °C exhibited the highest densities, 

with very similar values of 98.0 and 98.6%, respectively. Therefore, the smaller grain sizes 

observed in the samples sintered at 1500 °C were crucial in selecting this temperature as the 

sintering temperature for the Conventional Sintering (CS) approach. 

When considering the samples sintered using the Spark Plasma Sintering (SPS) 

method, a similar trend of increasing grain sizes with higher temperatures was observed for 

both types of samples: ATZ and ATZ with 0.5 wt% CNF. Interestingly, the samples containing 

0.5 wt% CNFs exhibited slightly smaller grain sizes compared to the samples without CNFs.  

Additionally, in all CNF-containing samples, it was not possible to distinguish between the 

alumina and Ce-TZP grains. Comparing the grain sizes of the SPS samples sintered at 1400 °C 

and 1450 °C, it was found that the former had smaller mean values and narrower ranges. This, 

coupled with the higher density values observed in the 1400 °C samples (~98-99%) compared 

to the 1450 °C samples (~96-97%), supported the decision to select 1400 °C as the sintering 

temperature for the SPS approach. 

When comparing the grain sizes obtained through the CS and SPS methods (as shown 

in Fig. 48(c-e)), it was observed that the samples sintered using SPS had higher mean values of 

grain size and wider ranges. This particular observation could harm the mechanical properties, 

which will be discussed in the upcoming sections. 

During the microstructural evaluations conducted to optimize the sintering process, it 

was noted that the samples containing CNFs exhibited their agglomeration (Fig. 49). The 

presence of CNF agglomerates is expected to have a detrimental effect on the mechanical 

properties, which will be assessed in the subsequent sections and on density since the CNFs 

form very porous agglomerates with no ceramic inside (however this effect was not observed 

(Table 16)). 
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Fig. 49. SEM image evidencing the agglomeration of CNFs in samples containing 0.5 wt% CNFs.  

 
Source: Author. 

 

3.3.MECHANICAL STUDY 

 

3.3.1. Stress vs. deformation graphs 

 

The curves of stress vs. deformation for a single sample from each group are illustrated 

in Fig. 50. The key characteristic mechanical values for all 30 samples within each group are 

presented in Fig. 51, which were utilized for group-to-group or nozzle-to-nozzle comparisons. 

The characteristic mechanical properties of all the groups and nozzles are shown in Table 17. 
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Fig. 50. Stress vs. deformation for the groups CS-ATZ, SPS-ATZ, SPS0.5 and SPS2 and printed with nozzles of 

diameters of (a) 200, (b) 250, (c) 410, (d) 580 and (e) 840 µm. 

  
Source: Author. 
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Fig. 51. Mechanical properties of the filaments that underwent 3PB by nozzle diameter for the groups CS-ATZ, 

SPS-ATZ, SPS0.5 and SPS2. (a) Young’s modulus, (b) Fracture stress/flexural strength and (c) Fracture strain. 

  
Source: Author. 
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Table 17. Properties of the filaments by group and by the nozzle diameter utilized in the printing process. 

CS-ATZ 
Nozzle 

diameter 

(μm) 

200 250 410 580 840 

E (GPa) 223 ± 33 207 ± 12 234 ± 11 195 ± 22 202 ± 11 

εfracture (%) 1.09 ± 0.09 1.37 ± 0.08 1.05 ± 0.11 1.18 ± 0.15 1.24 ± 0.07 

εnon-linear (%) 0.75 ± 0.07 1.02 ± 0.07 0.68 ± 0.09 0.70 ± 0.10 0.84 ± 0.07 

σfracture (MPa) 770.8 ± 117.8 708.8 ± 55.1 863.9 ± 63.3 915.7 ± 55.9 791.6 ± 51.2 

εyield (%) 0.27 ± 0.01 0.22 ± 0.01 0.27 ± 0.02 0.35 ± 0.05 0.31 ± 0.03 

σyield (MPa) 526 ± 71 396 ± 15 561 ± 29 594 ± 46 490 ± 6 

SPS-ATZ 

 200 250 410 580 840 

E (GPa) 248 ± 20 304 ± 24 270 ± 34 231 ± 41 188 ± 36 

εfracture (%) 0.24 ± 0.02 0.22 ± 0.02 0.22 ± 0.01 0.20 ± 0.03 0.20 ± 0.02 

σfracture (MPa) 602 ± 27 662 ± 98 588 ± 61 428 ± 59 355 ± 37 

SPS0.5 

 200 250 410 580 840 

E (GPa) 211 ± 13 215 ± 17 208 ± 28 173 ± 18 189 ± 26 

εfracture (%) 0.16 ± 0.01  0.18 ± 0.02 0.18 ± 0.01 0.19 ± 0.02 0.18 ± 0.03 

σfracture (MPa) 360 ± 29 373 ± 22 385 ± 46 316 ± 33 306 ± 39 

SPS2 

 200 250 410 580 840 

E (GPa) 208 ± 23 185 ± 14 178 ± 11 136 ± 9 141 ± 15 

εfracture (%) 0.17 ± 0.02 0.17 ± 0.02 0.19 ± 0.01 0.20 ± 0.03 0.23 ± 0.01 

σfracture (MPa) 350 ± 41 323 ± 28 346 ± 18 283 ± 48 286 ± 30 

Source: Author.  

E: Young’s modulus; εfracture: fracture strain; εnon-linear: non-linear strain; σfracture: fracture stress; εyield: yield strain; 

σyield: yield stress. 

 
Influence of the composition and sintering method 

 

Regarding the Young's modulus (depicted in Fig. 51(a)), no significant differences 

were observed between the evaluated groups when using the 200 µm printing nozzle. However, 

when the 250 µm nozzle was used, the SPS-ATZ group exhibited the highest Young's modulus, 

while the remaining groups showed no significant differences between them. When utilizing 

the 410 µm nozzle, both the CS-ATZ and SPS-ATZ groups demonstrated higher Young's 

modulus values compared to the SPS2 group, with the highest mean value belonging to the 

SPS-ATZ group. Similar trends were observed with the 580 and 840 µm nozzles, respectively, 

with the SPS0.5 group also exhibiting a higher Young's modulus than the SPS2 group. In 

summary, the SPS-ATZ group consistently displayed the highest Young's modulus values, 

while the SPS2 group exhibited the lowest values, with a noticeable tendency of reduction in 

the Young’s modulus with the addition of CNFs. 

Upon analyzing the filaments obtained using 200 and 250 µm nozzles, it was evident 

that both the CS-ATZ and SPS-ATZ groups exhibited higher fracture stress/flexural strength 

values compared to the SPS0.5 or SPS2 groups (Fig. 51(b)). This observation supports the 
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expectation that the agglomeration of CNFs indeed impairs flexural strength. The same trend 

was observed for filaments printed with 410 µm nozzles, with the additional finding of a 

significant difference between the CS-ATZ and SPS-ATZ groups, where the former displayed 

higher fracture stress. In the case of filaments produced using 580 or 840 µm nozzles, the CS-

ATZ group demonstrated higher fracture stresses compared to all other groups. In summary, 

the agglomeration of CNFs negatively affected flexural strength across all nozzle diameters. 

Notably, with larger nozzles (580 and 840 µm), ATZ filaments sintered via SPS exhibited lower 

flexural strength than those sintered using CS.  

When examining the fracture strain (depicted in Fig. 51(c)), the CS-ATZ group 

exhibited significantly higher fracture strains compared to the other groups. Indeed, only the 

CS-ATZ samples displayed inelastic deformation, while all other groups exhibited only elastic 

deformations (Fig. 50) as expected from most ceramics. Among these three groups, the SPS-

ATZ group demonstrated a higher fracture strain when using the 200 µm printing nozzle, with 

no significant difference observed between the SPS0.5 and SPS2 groups. However, when using 

other printing nozzles, there were no significant differences among these three groups in terms 

of fracture strain. 

 

Influence of the printing nozzle diameter 

 

Regarding Young's modulus (Fig. 51(a)), the CS-ATZ group exhibited higher 

Young's modulus for filaments printed with 410 µm nozzles compared to those printed with 

250, 580 or 840 µm nozzles. In the SPS-ATZ group, filaments printed with 250 µm nozzles 

had higher Young's modulus than those printed with 200, 580 or 840 µm nozzles. Within the 

SPS0.5 group, filaments printed with 200 or 250 µm nozzles displayed higher Young's modulus 

than those printed with 580 µm nozzles. In the meantime, in the SPS2 group, filaments printed 

with one of the three smaller nozzles (200, 250 or 410 µm) exhibited higher Young's modulus 

than those printed with 580 or 840 µm nozzles. In general, when sintered by SPS, the smaller 

nozzles produced filaments with higher Young's modulus. However, for filaments that 

underwent sintering by CS, there was no clear trend regarding the influence of nozzle diameter 

on Young's modulus. 

In terms of the fracture stress (Fig. 51(b)), in the CS-ATZ group, filaments printed 

with 580 µm nozzles exhibited higher fracture stress compared to those printed with 250 µm 

nozzles. Within the SPS-ATZ group, filaments obtained with 200 or 250 µm nozzles displayed 
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higher flexural strength than those obtained with 840 µm nozzles. Notably, the fracture stress 

of filaments printed with 250 µm nozzles had a wide range of values in that group. On the other 

hand, no significant difference was observed when varying the nozzle diameter within the 

SPS0.5 and SPS2 groups. Overall, the only discernible trend was that for ATZ filaments 

sintered by SPS, in which smaller nozzles produced filaments with higher flexural strength. 

Relative to the fracture strains (Fig. 51(c)), in the CS-ATZ group, the filaments 

printed with 250 µm nozzles exhibited greater deformation before fracture compared to those 

printed with 200 and 410 µm nozzles, while no significant differences were observed between 

the other nozzle diameters. Similarly, within the SPS-ATZ group, filaments printed with 200 

µm nozzles showed higher deformation before fracture compared to those printed with 840 µm 

nozzles. On the other hand, no significant difference was observed within the SPS0.5 group. In 

the SPS2 group, the filaments printed with 840 µm nozzles displayed higher fracture strain than 

those printed with 200, 250 or 410 µm nozzles. Overall, there was no clear trend observed in 

terms of fracture strains when varying the printing nozzle diameter. 

 

Inelastic deformation of the CS-ATZ filaments 

 

As could be observed in Fig. 50, the CS-ATZ filaments undergo both elastic and 

inelastic deformations. The value of fracture strain (εfracture) of this group was around 1.2%. 

When the elastic component is removed, the non-linear strain value (εnon-linear) is approximately 

0.7-0.8%. It is noteworthy that the values of yield strain (εyield) for the CS-ATZ filaments 

(ranging from 0.22 to 0.35% on average) are close to the εfracture values for the SPS-ATZ 

filaments (ranging from 0.20 to 0.24% on average, see Table 17). This deformation will be 

further investigated in section 3.3.3, particularly to determine whether it is plastic in nature or 

associated with the formation of microcracks. 

 

3.3.2. Mechanical reliability – Weibull analysis 

 

The reliability of the mechanical evaluations performed can be assessed via the 

Weibull modulus, which was calculated and is present in Fig. 52. 
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Fig. 52. Results of the Weibull analysis. ln(ln(1/(1-F)) vs. ln(σf) for different nozzle diameters in the groups (a) 

CS-ATZ, (b) SPS-ATZ, (c) SPS0.5 and (d) SPS2. (e) Weibull modulus of the four groups by the nozzle diameter 

utilized in the printing process.  

 
Source: Author. 

 
In terms of individual values, the lowest Weibull modulus recorded was 5.8, observed 

in the SPS-ATZ filaments printed with 250 µm nozzles. On the other hand, the highest Weibull 

modulus observed was 20.1, which was associated with CS-ATZ filaments printed using 580 

µm nozzles. The majority of Weibull moduli found stay between 8 to 11 – values that underline 

the good mechanical reliability of the printed filaments. Similar to the previous sections, the 

influence of composition, sintering approach and printing nozzle diameter on the reliability of 

the mechanical evaluations can be analyzed.  

 

Influence of the composition and sintering approach 

 

For the filaments printed with 200 µm nozzles, the SPS-ATZ group had the highest 

Weibull modulus, followed by CS-ATZ and SPS2 (with no significant difference between these 

two) and SPS0.5. Analyzing the filaments obtained with 250 µm nozzles, the group SPS0.5 had 

the highest Weibull modulus with CS-ATZ, SPS2 and SPS-ATZ in the sequence, with no 

significant difference between the last two. Considering the filaments printed with the other 

nozzle diameters, they all presented the same group sequence in terms of Weibull modulus: CS-

ATZ > SPS2 > SPS0.5 > SPS-ATZ. Some particularities include that, for the 410 µm nozzles, 

there was no significant difference between the groups SPS2 and SPS0.5, for the 580 µm 
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nozzles, the same happened between the groups SPS0.5 and SPS-ATZ, whereas, for the 840 

µm nozzles, that occurred between the groups CS-ATZ, SPS2 and SPS0.5. 

In summary, the CS-ATZ group was associated with higher Weibull moduli, indicating 

greater mechanical reliability, while the SPS-ATZ group exhibited lower Weibull moduli, 

indicating relatively lower mechanical reliability. 

 

Influence of the printing nozzle diameter 

 

In the CS-ATZ group, the highest Weibull modulus was achieved with 580 µm 

nozzles, followed by 410, 840, 200 (no significant difference between the last two) and 250 

µm. In the meantime, in the SPS-ATZ group, the filaments printed with 200 µm nozzles had 

the highest value of Weibull modulus, with 840 and 410 µm in the sequence (no significant 

difference between these two) and 580 and 250 µm (also without significant difference between 

them). Within the SPS0.5 group, the sequence was 410 > 250 > 840 > 200 > 580 µm. There 

were no significant differences between the nozzles 410 and 250 µm and between 840 and 20 

µm. In the last group, SPS2, the 580 µm nozzles generated the filaments with the highest 

Weibull modulus with 410, 200 and 840 µm in the sequence (no significant difference between 

these three) followed by 250 µm nozzles. 

To summarize, it is important to highlight the main trend observed: the 250 µm nozzles 

exhibited the lowest mechanical reliability in three out of the four groups. However, this trend 

does not apply to the only nozzle diameter smaller than 250 µm (200 µm). 

 

3.3.3. Transformation-induced plasticity (TRIP) 

 

Based on the observations made on the flexural curves of the CS-ATZ filaments, it 

was decided to conduct cyclic three-point flexion at regular intervals, taking into account the 

maximum force that could be applied to these filaments. The force vs. displacement curves for 

the filaments printed with 410 and 840 µm are presented in Fig. 53, along with the calculated 

slopes for the descending portion of each cycle. Additionally, a photograph of the filaments 

before and after this test is shown in Fig. 54. 
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Fig. 53. Force vs. displacement for CS-ATZ filaments printed with nozzle diameters of (a) 410 and (b) 840 µm 

that underwent cycles of deformation.  

 
Source: Author. 

 
Fig. 54. Photograph of a CS-ATZ filament that had been printed with a 410 µm nozzle before and after 

undergoing cycles of deformation. It is possible to observe the expressive inelastic deformation presented by the 

CS-ATZ filaments after 3PB and before fracture. 

    
Source: Author. 

 
Based on the findings shown in Fig. 53, it can be observed that there was a minimal 

reduction in Young's modulus (slope) between the cycles, with only a slight decrease occurring 

just before filament fracture. This suggests that the phenomenon of microcracking did not occur 

within the filaments before the last cycle. Similarly, flexural cycles were conducted with a 

constant applied load (Fig. 55), just below the fracture load. Throughout these cycles, minimal 

changes in slope were observed. There was a slight hysteresis between the load descent and 

ascent and the filaments exhibited a slight shift in the cycles as they progressed. 
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Fig. 55. Force vs. displacement for CS-ATZ filaments printed with nozzle diameters of 410 µm that underwent 

cycles with a constant applied load.  

 
Source: Author. 

 
Microstructural evaluations were also conducted on the surfaces of highly deformed 

filaments (Fig. 56). In Fig. 56(a), the surface near the edge of a filament printed with a 200 µm 

nozzle is depicted. This region, which remains undistorted, reveals the presence of large 

zirconia grains (indicated by blue arrows), small alumina grains (yellow arrows) and strontium 

aluminate platelets (purple arrows). Moving to Fig. 56(b), which represents the center of that 

filament (zone submitted to highest stress), fine circular streaks can be observed on the zirconia 

grains (highlighted in green). These streaks correspond to the crystalline growth of the grains 

during the sintering process. Additionally, twinning is visible (highlighted in red), which is a 

sure sign that the t-m transformation took place in these grains [405]. 
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Fig. 56. SEM images of highly deformed CS-ATZ filaments. Filament printed with a 200 µm nozzle (a) at the 

edge of the filament (unloaded zone) and (b) at the center of the filament (zone of maximum tensile stress). (c) 

Filament printed with a 580 µm nozzle deformed until right before fracture and (d) deformed by cycles of 

different forces. (e) Filament printed with a 410 µm nozzle deformed by cycles of the same force.  

 
Source: Author. 

 
Fig. 56 (c) and (d) display the surface of a filament printed with a larger diameter (580 

µm). Larger zirconia grains were visible surrounding the strontium aluminate platelets, 

exhibiting a distinct pattern compared to the rest of the material. Additionally, the alumina 

grains tended to cluster in areas away from the strontium aluminate platelets. The images also 

revealed the presence of a few pores. Particularly in Fig. 56(d), a few microcracks could be 

observed, highlighted in pink. 
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The microstructure of a filament printed with a 410 μm nozzle, which underwent 

flexural cycles with a constant identical imposed load (mechanically evaluated in Fig. 55), was 

also examined. The microstructure is depicted in Fig. 56(e). In this image, there was no 

indicative of an increased presence of microcracks specifically. However, it appeared that the 

entire material had undergone some t-m transformation. Overall, no significant noticeable 

differences were observed compared to the other samples. 

 

4. DISCUSSION 

 

Over the past few years, there has been rapid growth in Additive Manufacturing (AM) 

techniques due to their ability to ease the production of intricate shapes and potentially 

streamline the manufacturing process. However, the application of AM in ceramics poses 

several challenges. Unlike metals, ceramics are more susceptible to defects caused during 

processing, making the AM process less forgiving. Moreover, current AM methods for 

ceramics often yield larger material defects compared to other established industrial 

technologies [181]. In the DIW method, increasing the mechanical reliability of the ceramic 

components obtained has been a challenge. 

This study aimed to enhance the mechanical properties and reliability of alumina-

toughened zirconia (ATZ) composites. This was pursued through careful debinding and 

sintering processes, alongside the intended carbon nanofiber (CNF) orientation within the 

composite. 

 

Debinding optimization 

 

Multiple approaches exist to create an aqueous paste with optimal rheology for DIW 

to obtain a ceramic component. Frequently, organic additives are incorporated into the pastes 

to facilitate the preservation of the printed geometry through polymer chain bridging 

[71,358,365], an incorporation that requires a post-printing debinding step. Still, some studies 

avoid the debinding process by reducing the volume of organics in the paste composition 

[69,406–408]. In this study, in addition to the ATZ powder and CNFs, a deflocculant (Darvan® 

821-A), a binder (Pluronic® F-127) and deionized water composed the printing paste. Hence, 

as our study utilized an organic additive (Pluronic), after drying, a debinding study was 

performed by TGA analyses defining the temperature of 400 °C with a 30 min plateau as the 
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best condition to remove the Pluronic from the dried printed material. After this process, a 

minimal quantity of organic materials (estimated at around 1%) remained in the printed 

samples. This quantity is likely to exit the filaments without causing defects on its way out. 

 

Challenges of CNF addition 

 

When incorporating carbon nanofibers (CNFs) into a ceramic matrix, three primary 

challenges need to be addressed: achieving a homogeneous dispersion, achieving proper 

orientation (if desired, as in the case of this study) and ensuring sintering without inducing 

thermal degradation of the CNFs. In the following paragraphs, we will discuss each of these 

challenges. 

 

Homogeneous dispersion of CNFs 

 

Achieving proper dispersion of CNFs within a material presents a significant 

challenge, as their near-perfect nanostructure makes it very difficult to disperse them into both 

organic and inorganic materials [202]. In the literature, various strategies have been employed 

to enhance the dispersion of CNFs and also carbon nanotubes (CNTs) [409], including 

molecular level mixing, hydrothermal synthesis, ultrasonication [410,411], sol-gel synthesis, 

use of deflocculants or surfactants [412–414], ball milling and high-speed mixing methods 

[415,416]. Overall, the CNFs’ dispersion is limited by their weight fraction and this limit varies 

with the dispersion process [409]. In this study, a deflocculant (Darvan® 821-A) was utilized, 

along with a high-speed mixing technique. Nevertheless, these measures were proven 

insufficient to deagglomerate the CNFs. For the sequence of the study, it is necessary to explore 

alternative deflocculants that are more suitable and to improve the deflocculation procedure to 

achieve better results. 

 

Proper orientation of the CNFs 

 

Direct Ink Writing (DIW) is an additive manufacturing technique that enables the 

fabrication of intricate three-dimensional structures. It has emerged as a promising method for 

producing anisotropic materials containing highly oriented phases or particles with high aspect 

ratios. The orientation behavior observed in DIW aligns with Jeffery's Obit theory [417] and 



Chapter 3                                 191 

 
PhD Thesis on Materials Science and Engineering – Vivian Inês dos Santos – 2023 

 

the Folgar-Tucker equation [397], which propose that non-equiaxed particles tend to rotate and 

align themselves parallel to the shear direction under shear stresses.  

In that regard, Lu et al. [346] conducted an exemplary study in which highly oriented 

carbon fiber-reinforced SiC composites were produced using DIW and analyzed using SEM 

and X-ray Diffraction (XRD). The researchers observed that the distribution of additions, in 

this case, fibers, within the extruded filament was not uniform. The fiber orientation and 

arrangement were more pronounced and denser closer to the nozzle wall, while the middle 

region exhibited a less orderly and sparser arrangement. This gradient distribution from the 

filament's center to the wall was attributed to the non-uniform shear rate distribution during 

extrusion [398]. The distribution patterns differed between Newtonian and non-Newtonian 

fluids. In the case of Newtonian fluids, there was a linear increase in shear rate from the middle 

to the edge of the nozzle. On the other hand, non-Newtonian fluids displayed a non-linear shear 

rate distribution, with a practically shear-free zone (referred to as the "0" shear rate area) in the 

center of the nozzle. The width of this "0" shear rate area increased with larger nozzle diameters. 

In their study, the "0" shear rate area nearly vanished when the nozzle diameter was reduced to 

500 µm, indicating that with nozzle diameters smaller than 500 µm, the fibers throughout the 

entire nozzle area experienced shear stresses and tended to align parallel to the shear direction. 

Therefore, the potential for orientation in DIW relies on optimizing a balanced combination of 

factors, which can be summarized as follows [346,397]: 

− Particle shape (length/diameter ratio): Higher aspect ratios enhance orientation 

potential. 

− Interaction between particles (solid content): Optimization is required to prevent 

interference among particles (referred to as the "bridging" effect), avoid nozzle blockage 

due to excessive particle content, and maintain the desired reinforcement effect. 

− Shear rate controlled by nozzle diameter: Decreasing the diameter increases the shear 

rate. Finding the optimal diameter is crucial to ensure sufficient shear stress and 

orientation throughout the entire nozzle area, as well as achieve desired finishing aspects 

of the printed component. 

− Shear time controlled by nozzle length: Increasing the nozzle length prolongs the shear 

time and can be adjusted in combination with other parameters to achieve proper 

orientation. 
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In this study, when considering the particle shape, the added CNFs possess a high 

aspect ratio (from 150 to 1000.) and, therefore, a good orientation potential, as corroborated by 

other studies that have reported the orientation of CNFs with DIW [346,396,400]. The solid 

content utilized (30 vol%) was optimized in Chapter 2 and was found to be far from the 

maximum solid content of the system of the studied paste (47 vol%). The shear time was not 

varied in this study, but the studies that did achieve CNF orientation utilized the same nozzle 

length as this study (31 mm) [400] or bigger (50 mm) [346]. The focus of this paper was the 

variation of the nozzle diameter, ranging from 840 to 200 µm. The latter is estimated by Eq. (1) 

to induce a considerable shear rate of approximately 400 s-1. Other studies reporting CNF 

orientation utilized nozzles of a diameter of 500 µm [346], 250, 400 or 610 µm [396] and even 

1250 µm [400]. Therefore, it is expected that the diameters employed in this study would also 

lead to CNF orientation. Nevertheless, no orientation of the CNFs was observed in this study. 

The primary obstacle in achieving orientation was likely the agglomeration of CNFs, which, 

once agglomerated, do not experience the same shear forces as individual, deagglomerated 

CNFs would. The studies that have reported CNF orientation utilized a quantity of 3-15 vol% 

[396] or even 23 wt% [346] – in this study, the quantities were much lower: 1.34 vol% 

(equivalent to 0.5 wt%) or 5.23 vol% (2.0 wt%). Hence, the quantity of CNFs is unlikely to be 

the main issue. The aspect that requires optimization is the deflocculation process. 

 

Sintering with CNFs 

 

After removing the water by drying and the Pluronic by debinding, the printed 

structure was left with the ATZ particles, which required a sintering process to achieve an 

adequate level of density. This achieved level of density largely influences the mechanical 

properties of ceramics, highlighting the importance of the sintering approach and parameters 

utilized. However, incorporating the CNFs adds a challenge to this process. 

Traditional sintering methods for carbon nanofiber-ceramic composites involve the 

use of high temperatures over prolonged periods [418]. However, such prolonged exposure to 

high temperatures can lead to damage or destruction of the CNFs, significantly diminishing 

their reinforcement effect [419]. Previous studies have demonstrated that composites containing 

a carbon-phase content below 1.5 wt% can be sintered with ceramics (e.g., CNT-alumina) using 

an air atmosphere furnace, provided an appropriate anti-oxidation sagger (protective fireclay 

box) and carbon black packing powder [420]. Nevertheless, although there were no significant 
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differences observed in terms of microstructure, composites sintered using Spark Plasma 

Sintering (SPS) techniques exhibited higher hardness and toughness compared to those sintered 

in air furnaces [420]. Apart from the temperature issue, sintering carbon-based phases and oxide 

ceramic phases together poses challenges, as it necessitates a low-oxygen sintering atmosphere 

to prevent carbon oxidation, which can potentially degrade the oxide ceramics [421]. Other 

studies that have used carbon nanofibers as reinforcement performed sintering by hot pressing 

(1300 °C, 40 MPa [422]; 1300 °C 41 MPa [402], both in argon with 3Y-TZP matrix material) 

or SPS (60 MPa, 1400 or 1500 °C) [402]. None of them reported degradation of the CNFs. 

To overcome these challenges and retain the integrity of CNF structures while 

achieving sintering at lower temperatures or shorter durations, the Spark Plasma Sintering 

(SPS) process was employed in this study. In this process, a pulsed-electric-current passes 

through a graphitic mold and the sample under vacuum, resulting in a heating rate of 

approximately 300 °C/min (100 °C/min in this specific study). This rapid heating rate achieved 

through SPS enables quick completion of the sintering process while minimizing damage to the 

CNFs. Of the tested approaches, the SPS method was the only one that allowed the preservation 

of the CNFs, as has been observed in Fig. 49, in which their integrity after the SPS process was 

attested. Furthermore, the addition of CNFs did not present any distinct trend in the sintering 

procedure, despite the literature suggesting that they could hinder the sintering process by 

pinning off the grain boundaries [423] or facilitate it by lowering the activation energy, as has 

been reported with carbon nanotubes in a zirconia matrix [424].  

To determine the influence of sintering with the SPS method, conventional sintering 

(CS) was performed to serve as a control group. The sintering temperatures for both sintering 

approaches were optimized by density evaluations and microstructural evaluations assessing 

the overall aspect and grain sizes. In terms of the latter, smaller grain sizes are desirable to 

achieve higher strength and improved mechanical properties [374] – the grain size has also been 

reported to be closely related to the wear resistance of Y-TZP and alumina materials [425]. The 

fracture strength of sintered components containing less than 10 mol% CeO2 has also been 

shown to be strongly dependent on grain-size [426]. Although the ATZ powder utilized in this 

study had 11 mol%, special attention was given to selecting a sintering temperature that 

maximized the density and minimized the grain size. The results found indicated that the higher 

the sintering temperature, the higher the grain size, a fact that has been reported by other studies 

[68,426]. In the CS approach, the optimum sintering temperature of the ATZ filaments was 
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1500 °C, whereas, in the case of SPS, a temperature of 1400 °C was selected for sintering 

filaments with and without CNFs.  

 

Comparative of mechanical properties 

 

A schematic illustration of the influence of CNF content, nozzle diameter and sintering 

method on the mechanical properties evaluated in this study is displayed in Fig. 57. 

 
Fig. 57. Schematic illustration of the influence of CNF content, nozzle diameter and sintering method on the 

mechanical properties of the printed filaments. The values obtained from the correlation and regression analyses 

such as the chance of true relationship (CTR) and p-value are also shown. 

  
Source: Author. 

 
Considering the fracture strain, the correlation and regression analyses showed that 

there was no influence of the printing nozzle diameter on the fracture strain values (p-value: 

0.90). Furthermore, with increasing CNF content, the fracture strain values tended to decrease 

(p-value: 0.45). In the meantime, samples sintered with the CS method tended to have higher 

fracture strain (p-value: 1.16 x 10-73). Regarding the Young’s modulus, there was no influence 

of the sintering method on the Young’s modulus values (p-value: 0.53). Also, as CNF content 

increased, the Young’s modulus values tended to decrease (p-value: 1.77 x 10-11). Still, the 

Young’s modulus values tended to increase with decreasing nozzle diameter (p-value: 8.17 x 

10-8). 

In terms of flexural strength/fracture stress values, there was no influence of the nozzle 

diameter (p-value: 0.14). Similarly to the previous mechanical properties, increasing CNF 

content tended to decrease the flexural strength (p-value: 2 x 10-9) whereas the CS method 

tended to increase it (p-value: 7.10 x 10-22). When the Weibull modulus was considered, there 
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was no influence of the CNF content (p-value: 0.70) or of the nozzle diameter (p-value: 0.81). 

However, samples sintered by CS tended to have a higher Weibull modulus (p-value: 0.02). 

The decrease in fracture stress and Young's modulus as the CNF content increases was 

probably connected to the agglomeration of CNFs within the samples. Additionally, the 

reduction in fracture strain can be attributed to the fact that this property is a balance between 

the two properties mentioned earlier. 

One would expect that reducing the nozzle diameter would lead to an increase in 

fracture stress due to a size-effect – smaller nozzles produce filaments with reduced volume 

and, therefore, with a decreased likelihood of defects. Surprisingly, this anticipated trend was 

not observed. Conversely, smaller nozzle diameters tended to yield filaments with higher 

Young's modulus, indicating greater stiffness. This outcome likely originated from higher 

density values of filaments printed using smaller nozzles. When subjected to the same sintering 

conditions, a sample with less volume would experience more significant densification 

compared to one with more volume. However, it's important to note that there were no density 

measurements conducted while varying the nozzle diameter to validate this hypothesis. 

The superiority of conventionally sintered samples compared to those subjected to 

Spark Plasma Sintering (SPS) in terms of fracture strain, fracture stress and Weibull modulus 

can be attributed to the occurrence of transformation-induced plasticity (TRIP). This 

phenomenon occurred within the conventionally sintered (CS) samples through t-m 

transformations, resulting in inelastic deformation. On the other hand, it is hypothesized that 

the mechanical properties of the SPS samples were hindered due to the presence of a reducing 

atmosphere within the SPS furnace (primary vacuum). This atmosphere can lead to the creation 

of oxygen vacancies within the ATZ, reducing the oxides present and thereby hindering the 

mechanical properties in the SPS-treated samples (as a consequence, the TRIP effect is also 

unachievable). Usually, the SPS method is utilized with the application of pressure [402], 

nevertheless, in this study, this was not desirable due to the delicate nature of the printed 

filaments that would break even under the minimal pressure applied by the SPS (3 N). Hence, 

a “mini furnace” was created within the SPS equipment to avoid pressure application as 

depicted by Fig. 42. The filaments were, therefore, exposed to the atmosphere of the furnace, 

which was unfortunately deleterious to them.  

To facilitate comparison with existing literature, Table 18 provides an overview of the 

processing and sintering methods, as well as the key mechanical properties reported for various 
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materials, including zirconia and ATZ composites, as well as, the materials produced in this 

study. 
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Table 18. Comparison of the processing methods and properties of different ceramics obtained either by traditional ceramic processing methods or DIW, including the results found in this 

study.  

Material 
Processing 

method 

Sintering method and 

temperature 

Density 

(%) 

Grain size 

(µm) 

Young's 

modulus 

(GPa) 

Flexural 

strength 

(MPa) 

Testing 

methodology 

Weibull 

modulus 

Sample size 

(mm) 

Number 

of 

samples 

Ref. 

3Y-TZP CIP CS; 1475 °C 2h 99.5 0.29 203 945 ± 105 3PB - 3 × 4 × 40 6 [427] 

12Ce-TZP CIP CS; 1550 °C 2h - 3.49 - 273 ± 6 4PB - 3 × 4 × 45 - [428] 

7-16Ce-TZP CIP CS; 1400-1600 °C 2h 99 0.5-2.5 - 350-800 3PB - 3 × 4 × 4 - [426] 

ZTA DIW CS; 1570 °C 6h 97.5-99 0.84-1.31 - 422.5 3PB - - - [429] 

ATZ (Y-TZP/Al2O3) 80:20%* CIP HIP; 1450 °C 2h 1200 bar >99.5 0.4 - 793-1163 
Biaxial 

bending 
7.3-16.5 Ø36 × 2 30 [430] 

ATZ (3Y-TZP/Al2O3) 80:20 wt% DIW CS; 1600 °C 2h 97.3-98.1 
Z:0.63-0.9; 

A:0.62-0.76 
- 530-611 P-3B 4.7-5.1 Ø20 × 5 25 [431] 

ATZ (10Ce-TZP/Al2O3) 70:30 vol% CIP CS; 1440 °C 4h - 0.25 for both 269 1000 4PB 12.6 4 × 6 × 50 10-20 [432] 

ATZ (10Ce-TZP/Al2O3) 70:30 vol% CIP CS; 1440 °C 4h - 0.59 247 941 ± 34 3PB - 3 × 4 × 40 6 [427] 

ATZ (10Ce-TZP/Al2O3) 70:30 vol% CIP CS; 1450 °C 2h - 
Z: 1;  

A: 0.01-0.1 
- 950 4PB - - - [433] 

ATZ (12Ce-TZP/Al2O3) 90:10 wt% CIP CS; 1550 °C 2h - 2.49 - 632 ± 34 4PB - 3 × 4 × 45 - [428] 

ATZ (10-11.5Ce-TZP/Al2O3/SrAl12O19)  

84:8:8 vol% 
SC CS; 1450 °C 1h 99.9 

Z: 0.6 ± 0.2; 

A: 0.3 ± 0.1 
216 680-1100 

Biaxial 

bending 
60 Ø12-15 × 1.2 10 [385] 

ATZ (11Ce-TZP/Al2O3/SrAl12O19) 

84:8:8 vol% 
DIW CS; 1350 °C 1h 86 - - 850 ± 22 

Biaxial 

bending  

(P-3B) 

- Ø12 × 1.5 8 [181] 

ATZ (11Ce-TZP/Al2O3/SrAl12O19) 

84:8:8 vol% 
DIW CS; 1500 °C 1h 98.04 ± 2 

Z: 0.76 ± 0.3; 

A: 0.22 ± 0.06 

172.5-

244.2 

585.6-

1113.2 
3PB 9.1-20.1 

ØVarying × 

25 
30 

This 

study 

ATZ (11Ce-TZP/Al2O3/SrAl12O19) 

84:8:8 vol% 
DIW SPS; 1400 °C 1h 98.08 ± 2 

Z: 0.79 ± 0.5; 

A: 0.20 ± 0.07 

151.3-

304.9 

296.6-

779.4 
3PB 5.8-13.7 

ØVarying × 

25 
30 

This 

study 

Source: Author.  
ZTA: zirconia-toughened alumina; CIP: cold isostatic pressing; DIW: direct ink writing; SC: slip casting; HIP: hot isostatic pressing; CS: conventional sintering; Z: zirconia; A: alumina:  

3PB: 3-point bending; 4PB: 4-point bending; P-3B: piston-on-three balls. Asterisk (*) indicates a value that was not disclosed if wt% or vol%.
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Comparing the Young’s modulus, the values found in this study are in the same range 

or higher than those obtained for ATZ (10Ce-TZP/Al2O3) via cold isostatic pressing [427,432] 

and ATZ (10-11.5Ce-TZP/Al2O3/SrAl12O19) via slip casting [385]. Regarding flexural strength, 

high values were found in this study. These were in the same range or higher than flexural 

strength values of all the studies in Table 18 regardless of the processing method (DIW, CIP or 

SC) and also in comparison to same-composition-ATZ obtained both by slip casting [385] and 

DIW in previous studies [181].  

Finally, the main issue that has been found in most components printed via DIW is the 

lack of mechanical reliability, which can be translated into low Weibull modulus. The Weibull 

modulus is a measure of the material's reliability and its value can vary based on the inherent 

properties of the material, the testing methodology employed and the intended use of the 

ceramic in practical applications [434]. In general, high Weibull modulus values above 10 or 

even 20 are considered to indicate good mechanical reliability and strength in ceramics [434]. 

Usually, the Weibull moduli obtained from ceramics produced through additive manufacturing 

are lower than those obtained by conventional ceramic processing methods. Indeed, DIW leads 

to a wider distribution of defects and consequently lower robustness compared to more 

established ceramic technologies [67,345]. That would raise concerns for structural applications 

that demand minimal risk of failure. Still, the results found in this study show that a good level 

of mechanical reliability is achievable by DIW. The obtained values of Weibull modulus were 

found to be higher than DIW-produced ATZ (3Y-TZP/Al2O3) [431], as well as ATZ obtained 

by CIP (Y-TZP/Al2O3 [430] and 10Ce-TZP/Al2O3 [432]). The Weibull moduli found were only 

lower than those of the same composition ATZ obtained by slip casting (m=60, number of 

samples=23) [385]. 

The good Weibull moduli found indicate a lower sensitivity to the presence of defects, 

which has been attributed to the exceptional toughness imparted by the TRIP effect [432]. This, 

alongside the other good mechanical properties observed of the ductile Ce-TZP-based 

composites, demonstrates encouraging potential for DIW of these ceramic materials. However, 

it is important to note that this study focused on evaluating individual filaments. Printing a 

complete piece/component introduces greater complexity, as factors like inter-filament distance 

must be carefully considered in both the x-y plane and the z-direction. Making incorrect choices 

regarding these parameters may result in porosity, which could hinder the mechanical properties 

of the final component. 
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5. CONCLUSIONS 

 

Filaments of an ATZ composite (84 vol% Ce-TZP, 8% Al2O3, 8% SrAl12O19) with and 

without carbon nanofibers (CNFs) were fabricated using Direct Ink Writing (DIW), an additive 

manufacturing method. The objective was to enhance the mechanical properties of these 

composites through careful debinding and sintering processes, as well as the orientation of 

CNFs induced by the shear rate associated with the printing nozzles. The nozzle diameter was 

varied in the range of 200 to 840 µm. Optimal debinding and sintering conditions were 

determined, utilizing both Conventional Sintering (CS) and Spark Plasma Sintering (SPS) 

methods. Evaluation of the filaments included mechanical properties such as fracture 

stress/flexural strength, fracture strain, Young's modulus and mechanical reliability determined 

by the Weibull modulus.  

The addition of the CNFs, which was expected to improve the mechanical properties, 

had an adverse effect in this study. The negative impact can be attributed to the agglomeration 

of CNFs, highlighting the need to explore alternative deflocculants and improve the 

deflocculation procedure for better results. Theoretically, smaller nozzle diameters should 

promote more uniform fiber alignment and orientation throughout the filament in the 

longitudinal direction. However, this phenomenon was not observed due to the poor dispersion 

of CNFs. Nevertheless, printing with smaller nozzles showed improvements in the Young’s 

modulus. Conventionally sintered ATZ samples exhibited transformation-induced plasticity, 

while those sintered by SPS did not, a fact that led to CS samples presenting higher fracture 

strains, flexural strengths and Weibull moduli. 

The mechanical properties obtained were comparable to or higher than those achieved 

through conventional ceramic processing techniques like cold isostatic pressing and slip 

casting. Similarly, mechanical reliability, which is often a concern with DIW, was also 

satisfactory. Overall, these results demonstrate the promising potential of DIW for ceramic 

materials, especially ductile Ce-TZP-based composites. 
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GENERAL CONCLUSION AND PERSPECTIVES 
 

 

Direct ink writing is an expanding additive manufacturing technique for ceramic-based 

components with complex structures. The DIW technique has encouraging benefits, 

nevertheless, some limitations remain. The main ones include the surface finish and the 

attainment of densities (in the case of dense components) and also mechanical reliability in the 

range of traditional processing ceramic techniques. The objective of this thesis was to improve 

these points by a comprehensive study of the rheology of pastes with focus on their printability 

– what helps in the obtention of pastes that are printable even with smaller nozzles enhancing 

surface finish – and also of the optimization of the debinding and sintering conditions (density 

improvement) as well as of the mechanical properties by the incorporation of oriented carbon 

nanofibers. 

As we could observe, the printability criteria outlined in the literature (particularly ф, 

K and FTI) provide a valid approach for predicting the printability of a paste, although 

presenting some limitations. Furthermore, a new criterion based on the recovery rate of the 

storage modulus was presented, with the potential to predict printability with a single three-

interval test, facilitating the achievement of printable pastes for DIW. Given the vastitude and 

complexity of the rheology field, even minor deviations in testing conditions can exert a 

substantial influence on the outcomes obtained rendering challenging the interpretation of 

results. Thus, the employment of printability criteria that expressly define the essential 

properties to be assessed could benefit both experienced researchers and newcomers entering 

the field of direct ink writing. This not only facilitates the creation of enhanced printable pastes 

but also lays the groundwork for progressively advanced formulations, enabling the fabrication 

of structures characterized by escalating intricacy. 

The addition of the CNFs, which was expected to improve the mechanical properties, 

had an adverse effect, which was attributed to the agglomeration of CNFs. This highlights the 

need to explore alternative deflocculants and improve the deflocculation procedure for better 

results in future studies. In addition, the sintering method of components with CNFs needs to 

be improved since it was likely reducing the oxides of the ceramic. These points, once 

optimized, could increase the mechanical properties of the ATZ samples that already benefit 

from the transformation-induced plasticity that led to higher fracture strains, flexural strengths 

and Weibull moduli. 
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Although seeming to be close to its limits, the DIW technique was proven capable of 

obtaining mechanical properties comparable to or higher than those achieved through 

conventional ceramic processing techniques like cold isostatic pressing and slip casting. 

Similarly, mechanical reliability, which is often a concern with DIW, was also satisfactory. The 

limitations of the study here conducted need to be taken into consideration, as complexity 

increases when working with structured components rather than individual filaments, 

nevertheless, the results demonstrate a promising potential of DIW for ceramic materials, 

especially ductile Ce-TZP-based composites.
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ANNEX A – Supplementary material  

 

Fig. A 1. Photo of a 1 cm printed cube with the paste 30S2 (30 vol% of solid content and 2.0 wt% of CNFs) with 

the 410 µm nozzle diameter. To maximize the density, the starting point for each layer was deliberately 

dislocated by half the diameter of the nozzle to place the filaments of the upper layer in the middle of the 

filaments of the lower layer. It is noticeable the paste’s ability to support the weight of subsequent layers. 

 
Source: Author. 
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