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A B S T R A C T   

Direct Writing (DW), also known as Robocasting, is an extrusion-based layer-by-layer manufacturing technique 
suitable for manufacturing complex geometries. Different types of materials such as metals, composites, ce
ramics, biomaterials, and shape memory alloys can be used for DW. The simplicity and cost-efficiency of DW 
makes it convenient for different applications, from biomedical to optics. Recent studies on DW show a tendency 
towards the development of new materials and applications. This represents the necessity of a deep under
standing of the principles and parameters of each technique, material, and process challenge. This review 
highlights the principles of many DW techniques, the recent advancements in material development, applica
tions, process parameters, and challenges in each DW process. Since the quality of the printed parts by DW highly 
depend on the material extrusion, the focus of this review is mainly on the ceramic extrusion process and its 
challenges from rheological and material development point of view. This review delivers an insight into DW 
processes and the challenges to overcome for development of new materials and applications. The main objective 
of the review is to deliver necessary information for non-specialist and interdisciplinary researchers.   

1. Introduction 

Additive Manufacturing (AM) is the process of automation where 
layers of material are deposited on top of one another to create a solid 
product using computer-generated models [1]. This is achievable by 
using appropriate materials, computer software, and a 3D printer. 
Compared to forming and subtractive manufacturing methods, AM 
technology can be argued that only the required amount of material is 
needed, leading to diminishing waste generation with subtractive 
manufacturing methods and reducing high labour intense jobs. The 
technology can also be argued as the industry’s natural progression as it 
can increase safety standards, minimize construction time, and finally 
reduce production costs. Among several AM techniques, direct ink 
writing (DIW) is one of the most common methods that utilize ink-type 
feedstocks. This technology has been recently developed to cover all 
types of ceramic materials, including composites, bio-ceramics, con
crete, and alkali-activated materials. DIW refers to a wide variety of 
extrusion-based AM processes, used for manufacturing the meso-scale 
and macro-scale of controlled architecture and composition parts for 
different applications [2]. Known as ‘Robocasting’ for the slurry 

materials and ceramics, in this process, objects are manufactured 
through layer by layer deposition [3]. Due to flexibility of the processes, 
a wide variety of appropriate materials, simplicity of the process, and 
creativity of the researchers all around the world, direct writing (DW) 
could be used for manufacturing complex functional materials and 
structure, and high-end products. 

The fast-growing use of DW processes for different applications and 
materials is evidenced by recent investigations and attempts to under
stand and advance the knowledge in DW technology. The objectives of 
this review are to summarise existing technologies, process parameters, 
and principles adopted for DW and their applications. Latest studies on 
DIW and material development for different DW processes will be 
comprehensively presented along with current challenges with the 
broader applications of DW and material development. 

The overall results of this review paper revealed that material 
extrusion is the most important and common step among all of the DW 
processes. Consequently, understanding the low mechanical strength, 
material flow, rheological behaviour and mixture optimization is 
necessary for most DW processes. In this paper after brief representation 
of the DW processes and its associate materials, ceramic extrusion 
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challenges have been review. 

2. Overview of different direct ink writing processes 

DW technologies mainly consist of four apparatuses, including the 
deposition nozzle, 3D stage, ink reservoir, and energy source. While the 
first three aforementioned units are common in most DW technologies, 
the source of energy is only used for energy-based DW processes. As 
shown in Fig. 1, DW is divided into three main categories: 1) extrusion- 
based DW, 2) continuous droplet-based DW, and 3) energy-assisted DW. 
These methods provide flexibility for manufacturing functional and in
dustrial parts using different materials, complex shapes, and at various 
scales for different applications. In the extrusion-based DW and energy- 
assisted DW [4], ink is extruded through the nozzle in a continuous 
form, while in the continuous droplet-based DW, there is segregated 
droplet deposition or stream of the ink droplets, sometimes also known 
as Aerosol DW [5]. The solidification of the deposited ink in the 
energy-assisted DW is carried out by an external energy source provided 
to the deposition site. Contrary to energy-assisted DW, the solidification 
of the extrusion-based DW and continuous droplet-based DW is achieved 
without an external energy source. DW technologies use different types 
of materials, including polymers [6], metals, ceramics [7], biomaterials, 
human cells, piezo-electrics [8], and protein. 

3. Droplet-based direct ink writing 

3.1. Continuous inkjet printing system 

Within the category of continuous droplet-based DW, the continuous 
inkjet direct writing (CIJ-DW) uses a constant flow of a binder ejected 
through a nozzle. After separation of the binder from the nozzle, it 
breaks into droplets due to a phenomenon known as Plateau–Rayleigh 
flow instability. Assisted by an electric field, the separated droplets are 
deflected to the desired location of deposition or collected to be reused 
[9]. The CIJ-DW methods should not be mistaken with conventional 
Inkjet (IJ) printing. In IJ printing, a stream of binder jets is sprayed on 
the power bed to solidify the powder. The two distinct principles of 

CIJ-DW and IJ printing are represented in Fig. 2. 
The important advantage of utilizing CIJ-DW is the compatibility for 

deposition onto different substrates such as textiles [11], Poly
dimethylsiloxane (PDMS) [12] and polyethylene terephthalate films 
[13]. Thanks to the flexibility of the process, several types of materials, 
including ceramic nanoparticle inks [14], metallic inks [12], polymers 
[15], graphene nanoparticles [16] and carbon nanotubes [17], can be 
used for CIJ-DW. This makes the process suitable for conductive elec
tronic printing and textile property enhancement [11]. As shown in 
Table 1, the possibility of printing metallic nano-particles onto different 
substrates makes CIJ-DW suitable for printing electronic conduits, 
especially for flexible electronics. In addition, the flexibility of material 
selection, rapid deposition rate (200 m min− 1), rapid solidification of 
the ink, cost-effectiveness, and possibility of printing on the different 
types of surface are the main advantages of using CIJ-DW. 

3.2. Drop-on-demand printing system 

Drop-on-demand direct writing (DOD-DW) is a continuous droplet- 
based process, as shown in Fig. 3. In the DOD-DW process, ink is ejec
ted from a reservoir through a nozzle to deposit the ink onto a substrate 
by a continuous stream of ink droplets. The continuous stream of 
droplets at a high frequency is created by the pressure pulse from a 
transducer in the extruder head. The transducers used in DOD-DW are 
mainly the Piezo-electric, Thermal inkjet (TIJ), and Pneumatic print 
heads [22]. However, several other technologies that show potential 
include electrospray [23], acoustic discharge [24], electrostatic mem
brane [25] and, thermal bimorph methods. Piezo-electric transducers 
are most commonly used where it works through the process of an 
electric field or a frequency in which the Piezo-electric materials 
generate sound waves within the nozzle or expand the fluid chamber to 
push single drops from the nozzle. One of the main disadvantages of 
Piezo-electric DOD-DW is that the surface tension and viscosity of the 
ink must be in a strict range to eject the small size of droplets. However, 
one of the main advantages of this technology is functionality at high 
temperatures up to 130 ◦C. To use of Thermal inkjet (TIJ) print head, the 
droplet is separated from the ink following the formation and explosion 
of vapour bubbles in the printer head. Consequently, this method is 
suitable for the low boiling point inks with high vapour pressure [22]. 
Finally, for the pneumatic print head, the actuators comprise the use of a 
diaphragm connected to an air reservoir. When the pneumatic pulse is 
applied, deformation of the diaphragm pushes a controlled amount of 
ink through the nozzle to perform its function [26]. 

A wide variety of materials could be used for DOD-DW including 
polymers, ceramics, biomaterials, and metals. Thanks to the flexibility of 
material selection, the use of DOD-DW expands from biomedical ap
plications to electronic components. The materials used for DOD-DW in 
recent studies are represented in Table 2 that DOD-DW is widely used in 
biology and biomedical applications (see Table 3). 

3.3. Aerosol jet-direct writing 

Similar to DOD-DW and CIJ-DW, aerosol jet-direct writing (AS-DW) 
is an inkjet-based DW. In this process, ink is deposited as a spray of 
droplets. As represented in Fig. 4, the AS-DW method uses droplets 
generated by the atomizer from an active ink in the reservoir. The 
generated droplets are transported from the reservoir onto the deposi
tion head by nitrogen as the carrier gas. In the deposition head, an in
dependent nitrogen flow acting as the sheath gas is injected into the 
head to surround the aerosol gas. The sheath gas controls the concen
tration and alignment of the stream bead. There are two atomizer con
figurations used for AS-DW to break the ink into the fine spray of 
droplets [5]. In the Ultrasonic atomizer, high-frequency ultrasound 
capillary waves are created on the surface of the ink. The capillary waves 
lead to the separation of the droplets from the surface of the ink. The size 
of the droplets depends on the wavelength and surface tension of the ink, Fig. 1. Different categories and sub-categories of DW.  
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while the required power to atomize the ink highly depends on the 
viscosity of the ink [38]. For pneumatic atomizers, also known as 
“two-fluid atomisation”, is a process in which high-velocity gas causes a 
disruptive action that produces sprays in a stream of liquid. Several 
applications, including mass-transfer operations, coating of surfaces and 
particles and fuel atomisation in combustion processes, have been re
ported to atomize liquids into multiple droplets [39]. 

AS-DW is a promising technology for the fabrication of in
terconnects, sensors and thin-film transistors. The main advantage of 
AS-DW methods is the possibility of depositing on different types of 
substrate. 

The parameters of the AS-DW process are generally divided into 
several categories, including ink properties, process, print head and 
deposition parameters. One of the drawbacks of AS-DW is its high 

dependency on the particle size, viscosity and saturation ratio of the ink 
in the reservoir. At higher concentrations, bigger particles separate from 
the surface of the ink in the reservoir, while finer particles separate from 
the ink surface. This leads to variation in the dimensions of the deposited 
inkjet beads that may cause issues at lower concentrations. 

4. Energy-based direct ink writing 

4.1. Laser-assisted direct ink writing 

As described in Fig. 5, laser-assisted direct writing (Laser-DW) brings 
together the ink extruder and a focused laser beam to produce complex 
shapes. Similar to extrusion-based DW material, the ink is extruded from 
the nozzle in a desired pattern onto a substrate. Upon exiting the ma
terial from the nozzle, the deposited pattern is rapidly heated to solidify, 
thereby reaching a certain mechanical strength. Generally, the materials 

Fig. 2. Schematic representation of the (a) CIJ-DW [10] (b) IJ printing.  

Table 1 
Materials used for CIJ-DW and its common applications.  

Applications Materials References 

Pharmaceutical Polyethylene glycol [15] 
Propranolol hydrochloride [18] 
Polyvinylpyrrolidone and thiamine 
hydrochloride 

[13] 

Textile property enchantment Silver ink [11] 
Conductive pattern writing 

and flexible electronic 
Conductive silver nanoparticles ink [19] 
Carbon nanotube ink (CNT) 
Conductive silver nanoparticles ink 
Graphene-based ink 

[20] 

Energy capacitors Multi-walled carbon nanotube 
(MWNT) aqueous ink 
Poly(vinylidenefluoride)- Poly(vinyl 
alcohol) PVDF-PVA 

[21]  

Fig. 3. Schematic representation of DOD-DW  

Table 2 
Materials used for DOD-DW and its applications.  

Applications Materials References 

Biomedical Zirconia-based ceramic ink [27] 
Silicone rubber [28] 
Indium oxide (In2O3) and Indium tin oxide (ITO) [29] 

Biology and drug Bovine serum albumin (Graphene additive) [30] 
Human umbilical vein endothelial cell (HUVEC) [31] 
Sodium alginate solution [32] 
Green fluorescent protein D-MEM fetal bovine 
serum 

[33] 

Electronics Nanosilver ink [34] 
Optics PTFE (polytetrafluoroethylene) [35] 
Sensors Ethyl cellulose (Graphene additive) [36] 

Silicone rubber [28] 
Nano 

fabrications 
EN 1.3505 (AISI 52100) steel [37] 
Titanium oxide ink (TiO2) [29]  

Table 3 
Application and materials used for AS-DW.  

Applications Materials References 

Biological and 
biomedical 

Clariant® silver ink, Gelatin Poly-L-lysine 
Acrylates and methacrylates, 
Polydimethylsiloxane (PDMS) 

[41] 

Aerospace and 
communication 

Silver nanoparticle ink [42] 

Biosensors and sensors graphene: Nitrocellulose powder, poly(3,4- 
ethylenedioxythiophene) polystyrene 
sulfonate (PEDOT:PSS) 

[43] 

Micro manufacturing 
and microfluid 

Polydimethylsiloxane (PDMS) [44] 

Optics Polydimethylsiloxane (PDMS) [45] 
Transistors commercial ink (IsoSol-S100) with carbon 

nanotubes 
Ink with carbon nanotubes 

[46] 

Battery and energy 
storage devices 

PEO (Polyethylene oxide) [47]  
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suitable for Laser-DW consists of at least two key components [48]. 
Firstly, it requires a Photoinitiator that absorbs the laser light that 
provides the activation for polymerisation. Examples of 
photo-polymerisation agents include acrylic photopolymer [49], SU-8 
epoxy-based photo-resist [50], hybrid silicate-only based photopoly
mers [51], Hydrogels such as polyethylene glycol [52], and natural 
polymers like crosslinked proteins such as fibrinogen, fibronectin and 
collagen [53]; and chemically modified natural polymers such as 
photo-structural composites based on polycaprolactone [54]. The sec
ond component for Laser-DW is a monomer or a mixture of monomer
s/oligomers that provide the final polymer. Almost all types of materials 
could be used for Laser-DW including polymers [55], metallic compos
ites [56], biomaterials, graphene composites [55], carbon nanotubes 

pastes [57], etc. Due to the flexibility of Laser-DW on material selection, 
it covers a wide range of applications such as biomedical, optics, elec
tronics and shape-memory materials (Table 4). Recent publications on 
Laser-DW show a growing interest in developing the new inks [58] and 
broader industrial applications [59]. 

4.2. Ultraviolet-assisted direct ink writing 

Ultraviolet-assisted direct writing (UV-DW) is an extrusion-based 
technology that uses ultraviolet light to initiate a photochemical reac
tion that leads to crosslinks of the molecular chains of the resin or the 
thermoplastic material, as depicted in Fig. 6. For certain materials, the 
printed part is placed inside an oven to achieve its final strength. 

Because of its characteristics including low-temperature processes, 
high mechanical performance and low-energy requirements, UV-DW is 
widely used to produce coatings, electronics, robotics, optics, etc. The 
potential applications and materials used for UV-DW are shown in 
Table 5. One of the main advantages of UV-DW is the speed of the 
process. Because of the fast setting time of the ink, its solidification takes 
place fast after the deposition. This avoids the spread of the wet ink due 
to the flowability of the substance; consequently, by using UV-DW, the 
printed parts have more consistency in terms of their shape and 
geometry. 

In addition to normal extrusion-based DW parameters, it is necessary 
to also control the intensity of the UV light to achieve consistency in the 
production. 

5. Extrusion-based direct ink writing 

5.1. Liquid metal direct writing 

Liquid metal direct writing (LM-DW) is the common AM process for 
low viscosity, low melting temperature metals, and other conductive 
materials [67]. As shown in Fig. 7, the metal liquid is extruded through 
the nozzle and deposited onto a substrate. Table 6 represents the ap
plications and materials used for LM-DW and the substrate. According to 
the aforementioned properties, only Mercury (Hg) and Gallium (Ga) are 
suitable for the LM-DM process. However, because of the toxicity of Hg, 
it is no longer used. The inherent properties of Ga-based alloys, such as 
low toxicity, low viscosity and low melting temperature, make it the 
most widely-used material for LM-DW (Table 4). Since LM-DW is suit
able for manufacturing conductive materials, it is widely used to 
manufacture electronic and stretchable conductive materials [68]. 
Recent research on LM-DW is mostly focused on the adhesion between 
the ink and the substrate [69]. The new ink development for the LM-DW 
is limited to adding Nano Carbon Tubes (CNT) [70], Cu nanoparticles 
[71] and Gallium composites. Similar to extrusion-based DW technolo
gies without energy-assisted methods, the process parameters are the 
nozzle, the ink composition and additives, nozzle geometry and the 
printing pattern (see Fig. 8). 

5.2. Solvent-cast direct-write 

The principles of solvent-cast direct writing (SC-DW) are relatively 

Fig. 4. Representation of the principe of AS-DW [40].  

Fig. 5. Schematic representation of the Laser-DW [60].  

Table 4 
Application and materials used for Laser-DW.  

Applications Materials References 

Shape memory materials 
and functionally gradient 
materials 

Carbon paste, silver paste, nickel 
paste, and nano-particle silver inks 

[57] 

Supramolecular cholesteric liquid 
crystalline 

[58] 

Optics Polydimethylsiloxane (PDMS) [55] 
Electronics Copper/Graphene-based ink [59] 
Biology Polydimethylsiloxane (PDMS) [61] 
Wearable electronics Graphene-based ink [62]  
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similar to extrusion-based direct writing. In this process, thermoplastic 
solution ink is mixed with a rapid evaporable solvent extruded through 
the nozzle. Rapid evaporation of the solvent further leads to rapid so
lidification of the ink. This phenomenon makes SC-DW suitable for 
printing without support structures that makes this process suitable for 
manufacturing shape-memory materials, biomedical parts and for tissue 
engineering. 

Because of the importance of ink rheology, recent publications on 
SC-DW have focused on ink composition and preparation [79] and the 
development of new solvents [80]. Furthermore, the simplicity of the 
process makes it applicable for nanoparticle composites such as carbon 
nanotubes [81], Silver micro flakes [82], and Magnesium nanoparticles 
[79]. The possibility of adding nanoparticles also enables the 
manufacturing of conductive materials [83]. The potential applications 
and a summary of the solvents and additives used for SC-DW is shown in 
Table 7. Dichloromethane (DCM) are the most commonly used solvent 
ink in the SC-DW process. Several studies have been carried out to 
examine the influence of different solvents on printed parts [84]. It 
should be mentioned that the polymers are mostly utilised as a binder for 
SC-DW. A summary of solvents and binders for SC-DW is presented in 
Table 7. 

Fig. 6. Schematic representation of the ultra-violet assisted direct writing.  

Table 5 
Application and materials used for UV-DW.  

Applications Materials References 

Nanocomposites Carboxylated styrene-butadiene rubber 
(SBR) latex (silica nanoparticles) 

[63] 

Automobile industry to 
aerospace. 

Bismaleimide [64] 
Isocyanate ester thermosets [65] 

Actuators, robotics Acrylate-based amorphous polymers 
(fumed silica nanoparticles and NdFeB 
microparticles) 

[66]  

Fig. 7. Liquid metal direct writing system. a) Photograph of a LM-DW appa
ratus. b) Schematic or LM-DW pattern. c) Detail of the cross-section of the 
deposited bead by LM-DW [72]. 

Fig. 8. Schematic representation of the solvent-cast direct-write. a) Deposition of the solvent through a nozzle. b) Evaporation of the solvent after the extrusion. c) 
Final product manufactured by SC-DW [78]. 

Table 6 
Application and materials used for LM-DW.  

Applications Materials Substrate References 

Flexible and 
stretchable 
electronics 

The eutectic 
alloy of Gallium, 
indium, and tin 
(Galinstan) 
EGaIn 

silicone elastomer 
(polydimethylsiloxane 
(PDMS)) 

[68] 

EGaIn Printing paper, Polystyrene, 
Kaprone tape, Polyethylene, 
Scotch tape, Weight paper, 
Silicone, Aluminium foil, 
Glass slide, Si wafer, gold- 
coated Si wafer, Si wafer with 
an oxide layer, Copper foil, 
Sapphire, Wood, Steel plate 

[69] 

Glass, Si wafer, PVMS, 
Sylgard©-184, SEBS, 
Dragonskin©, EcoFlex©, 
Teflon 

[73] 

EGaIn PDMS 
Ecoflex 

[74] 

ENIG, Im-Ag, E-less Ni, OSP, 
Im-Sn, Dragonskin 

[75] 

Galinstan 
(additives: Cu, 
Ni, and Ag 
nanoflakes) 

Styrene− isoprene styrene [71] 

Strain sensors GalN TPR elastomer [76] 
Terahertz 

Technologies 
EGaIn liquid 
alloy 

DOW CORING Glass Silicone 
Sealant 

[77]  
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5.3. Robocasting 

The extrusion-based direct writing or robocasting is the most com
mon and simplest process among all the DW processes. In this process, 
material flows through a nozzle and is deposited on a 3D stage according 
to a predefined generated path translated to the codes. Close to the 
material extrusion process, robocasting is mainly used for liquids [91], 
hydrogels [92], colloidal gels [93], suspensions pastes, and cementitious 
inks. Unlike fused filament fabrication (FFF), material deposition occurs 
at room temperature in the robocasting process. Consequently, unlike 
the FFF process and other additive manufacturing with high processing 
temperature, manufactured parts by robocasting do not suffer from 
thermal and residual stress [94]. On the other hand, due to the 
shear-thinning behaviour, the extrudate ceramic pastes experience a 
rapid increase of viscosity after deposition upon drying [95]. The nozzle 
diameter of the ceramic extruders are typically in the range of 
100–1000 μm and can produce relatively simple architectures due to 
their inability to self-support. Nevertheless, high-density robust con
structs can be obtained by conventional sintering after robocasting due 
to its ability to uniformly pack particles under high deposition pressures 
[96]. 

The solidification of the ink in DW depends on the setting time of the 
ink. Consequently, optimization of the ink properties, including setting 
time and rheological properties, are crucial for the direct writing pro
cess. The optimization of the setting time and rheological properties 
could be done by adding additives during ink preparation and selecting 
the best printing parameters and printer structure. Several categorise of 
additives, including reinforcing agents, rheology modifiers, thixotropy 
modifier, retardant and, dispersant have been employed to optimize the 
printable inks. However, the composition and ratio of each additive 
must be accurately controlled to satisfy the desire properties (i.e. 
enhanced mechanical properties, shape stability, bio-computability, 
size, etc.) of the final part. In the following sections, different addi
tives used for cementitious composites in robocasting are discussed. In 
addition to modifying the paste composition, printer structure should be 
selected according to the paste rheological behaviour. While the motion 
mechanism is similar in all printers, the pressure mechanism varies 

according to rheological properties of the paste. Two mechanisms have 
been utilised to pressurise the ink in robocasting: 1) applying the normal 
stress by a plunger in the barrel or 2) applying the shear stress by a screw 
mechanism. The latter is more effective in ink transport due to the 
higher contact surface area. However, more complex to design 
compared to the simple plunger. The plunger mechanism could be used 
for the paste with higher flowability (lower viscosity), while the screw 
mechanism is effective for complex pastes with low flowability. The 
plunger mechanism and screw extruder mechanism are illustrated in 
Fig. 9. 

The selection of printing parameters highly depends on the mate
rial’s rheological properties, ink composition, and printer structure. For 
high-viscosity pastes, the printing pressure is higher than low-viscosity 
pastes. Furthermore, printing the same paste with a small diameter 
nozzle requires more pressure than printing with a bigger nozzle. 
However, the dimension selection of the nozzle depends on the size and 
precision of the desired part. The printing parameter for DW includes 
nozzle diameter, printing pressure, ink flow rate, the height of the layer, 

Table 7 
Some of the materials used for the SC-DW.  

Application Binder Solvent Additive References 

Bone and tissue engineering Polystyrene Chloroform Mg powder [79] 
Polycaprolactone (PCL) chloroform (CF) 

Dichloromethane (DCM) 
Toluene (TOL) acetic acid (AA) 
Acetone(ACE) dimethylformamide (DMF) 
Dimethyl sulfoxide (DMSO)  

[80] 

Matrimid 5218 Tetrahydrofuran (THF)  [23] 
PLLA DCM 

Dibutyl phthalate (DBP) 
Raw α-chitin [85] 

Electronic and electric Polymethyl methacrylate (PMMA) Anisole Silver micro flakes [82] 
PLA Dichloromethane (DCM) Ag-coated CNFs [83] 

Shape memory Poly(D,L-lactide-co-trimethylene carbonate) 
(PLMC) 

DCM Carbon nanotubes (CNTs) [86] 

PLA DCM 
Polyesteramide 

Carbon fiber 
Barium titanate 

[81] 

Biomedical and prosthesis Polycaprolactone (PCL) DCM and Acetone (ACE)  [87] 
PCL(polycaprolactone)  Peptide [88] 
poly(lactic-co-glycolic) acid (PLGA) 
Polystyrene(PS) 
Polyethylene oxide (PEO) 

DCM  [89] 

Polycaprolactone DCM and methanol 
Dicyclohexylcarbodiimide (DCC) 
Dimethylaminopyridine (DMAP) 
Dimethylformamide (DMF) 
Camphorsulfonic acid (CSA)  

[84] 

Manufacture of Isotropic Thin Films PLA Chloroform 
Dimethylacetamide (DMAc) 
Polyvinyl alcohol (PVA) 
Polybenzimidazole (PBI)  

[90]  

Fig. 9. Two mechanisms used for the DW (a) Plunger mechanism, (b) Screw 
extruder mechanism [97]. 
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layer thickness, filling pattern, printing speed, filling density, paste open 
time, paste setting time, etc. Besides the paste composition optimization, 
the printing parameters must be selected delicately. Table 8 represents 
the printing parameter range for DW of CaP paste. As it is pointed in 
Table 8 the printing parameters compromise a relatively wide range (i.e. 
printing pressure 0.5–6 bar). This is mainly because of the ink compo
sition and additives (see Table 9). 

5.3.1. An overview of materials flow mechanisms in extrusion-based DIW 
Ink deposition in DW systems is commonly facilitated by constant 

displacement of the plunger so that ink filaments are extruded at a 
uniform volumetric flow rate. The filament diameter is determined by 
the nozzle diameter, ink rheology, and flow rate. The ink flows through 
the deposition nozzle when a pressure gradient is applied along the 
nozzle length. The resulting shear stress on the suspension is represented 
as (Eq. (1)): 

τr =
ΔP*r

2l
Eq. 1  

where r is the radial position within the nozzle, ΔP is the pressure drop 
and l is the nozzle length. Shear stress at the wall of the nozzle is related 
to the shear rate, γ̇ for a Herchel-Bulkley type fluid according to New
ton’s law of viscosity (Eq. (2)): 

τR = τY + m γ̇n Eq. 2  

where is the yield strength, m is the consistency index of viscosity for 
Newtonian fluids, and n is the shear rate dependency index. 

A velocity profile is obtained by integration of Eq. (2) between the 
two boundary points of r = 0 and r = R in a cylindrical nozzle. As 
schematically represented in Fig. 10, the velocity profile generally 
consists of a plug and laminar flow regions for stably flowing suspen
sions. Plug flow is characteristic of suspensions exhibiting some degree 
of plasticity and the consequent yield strength. The core of the suspen
sion always flows as an unyielding plug with constant velocity. This 
volume is surrounded by a transition zone of laminar flow with the 
varying velocity that ends at the wall at a thin apparent slip layer of 
thickness δ that consists solely of the liquid phase of the suspension. This 
is because, during the flow of a suspension of rigid particles, the particles 
cannot physically occupy the space adjacent to a wall as efficiently as 
they can far away from the wall. 

For concentrated suspensions of rigid, low-aspect-ratio particles, 
slip-layer thickness δ scales with the particle diameter DP. Various in
vestigations have determined the values of the ratio δ/ DP in the range of 
0.04–0.07 [106]. For solid loadings less than the maximum packing 
fraction (φ < φmax), the slip-layer thickness is a function of the solid 
loading, average size, and maximum packing fraction as [107]. 

δ
DP

= 1 −
φ

φmax
Eq. 3 

For the screw-driven pressurization mechanism, the flow regime is 
relatively simple. Here the rotation rate of the screw is the control 
parameter and a line on the screw surface can be schematically repre
sented in two dimensions by the plane Couette geometry shown in 
Fig. 11. The screw acts as a spirally moving plate to drag the fluid for
ward due to its forward inclination towards the barrel wall, which acts 
as the stationary plate. Compared to plunger-induced flow, this method 

has the advantage of the lack of a pressure build-up at the material as the 
stress is transferred mainly by the screw, not the material. As a result, 
there is no partial plug formation moving at the maximum velocity away 
from the walls. 

Table 8 
The range of printing parameters for ceramic robocasting.  

Parameter Range References 

Printing pressure (bar) 0.5–6 [98–100] 
Nozzle diameter (mm) 0.1–0.85 [100–102] 
Printing speed (mm.s− 1) 2.5–20 [96,100] 
Layer thickness (mm) 0.075–0.4 [99,101,103] 
Filling gaps (mm) 0.2–1.2 [98,104]  

Table 9 
Summary of the materials used for the robocasting.  

Application Material Additive References 

Bone and tissue 
engineering 

Hardystonite 
(Ca2ZnSi2O7) 

– [119] 

Hydroxyapatite – [120] 
Hydroxyapatite Plasticizer PEG [121] 
HA/β-TCP Plasticizer PVB/PEG [122] 
Zirconia-toughened 
alumina (ZTA) 

– [123] 

Polycaprolactone 
(PCL)/hydrox- 
yapatite (HA) and 
PCL 

– [124] 

β-Tricalcium 
phosphate 

– [110,125, 
126] 

Bioglass 45S5 or 
calcium sodium 
phosphosilicate 

SiO2 or B2O3 [104] 

Bioactive 6P53B 
glass 

– [101] 

alpha-TCP cement Plasticizer gelatin [125] 
Bioactive 13–93B3 
glass 

Plasticizer ethyl 
cellulose 

[113] 

CaP glass Plasticizer PLA/PEG [127] 
Titania Plasticizer Na- 

alginate 
[74] 

Zirconia Plasticizer PVA [128] 
Alumina Plasticizer Aquazol, 

PEG 
[16] 

wave-transparent 
ceramics 

Phosphate inks Rheology 
Modifier and 
reinforced agent: 
SiO2 

[129] 

Optic Yttrium aluminium 
garnet (YAG, 
Y3Al5O12) 

– [130] 

Electronic, electric, 
and insulation 

Si2N2O – [131] 
SiC Short carbon fiber [132] 
Kaolin clay 
(Al₂Si₂O₄) 

– [133] 

CABS/ZnO – [134] 
NiZn-ferrite – [135] 
Lead-zirconate- 
titanate 

Plasticizer cellulose [115] 

Silver Ethylene glycol [136] 
BaTiO3 Gelation agent 

ammonium chloride 
zinc acetate, 
Plasticizer PVA 

[137] 

Manufacture of 
interpenetration 
phase 
composites 

Al2O3 and ZrO2, 
with Al infiltration 

Gelation agent 
polyethyleneimine 

[138] 

Water and waste 
water treatment, 
catalyst support, 
filtration 
membranes 

Chamotte (CH) and 
alumina-zirconia- 
silica (AZS) 

Alkaline solution [139]  

Alumina Plasticizer 
Polyvinylpyroline 

[140] 

Refractory Alumina Silica fume [16]  
Spinel Gelation agent 

methyl cellulose 
[140] 

Flame retardant 
additive for fire- 
safe polymers. 

Boehmite  [141] 

Lightweight 
composite gears 

Alumina powders 
and platelets 

Plasticizer pluronic 
copolymer 

[96] 

Nanocomposites for 
energy 
applications 

Graphene oxide Branched copolymer 
surfactant 

[137]  
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The analysis of wall-slip is especially important for DIW micro- 
extrusion and injection applications because it presents the loading 
conditions required for a stable flow of suspended particles through 
narrow capillaries. Accordingly, the shear stress at the capillary wall 
should exceed a threshold value to cease complete plug flow and initiate 
partial plug flow with a deforming region. Further refinement of the 
theory by Tang and Kalyon defined the contiguous slip condition that 
occurs at a shear stress level well above this critical shear stress as the 
remedy to the phase separation and the associated flow instability and 
clogging problems [108]. It has been empirically validated by studies on 
the injection issues for inorganic bone cements and suspensions [109] 
and by robocasting studies as well [110]. 

5.3.2. Materials for extrusion-based DW 
Due to the simplicity of the robocasting process, many studies have 

been conducted to broadening applicable materials for robocasting and 
its applications. A wide range of ceramic-based materials, polymers with 
low melting temperature and thermosets, clay-based materials, and 
metallic additives are successfully printed by robocasting such as silk 
[111], graphene [100], lead zirconate titanate [112], bio-glass [113]. 
Filaments are commonly deposited and dried in humidified air or 
another slow-drying medium such as oil because of the common risk of 
clogging due to fine nozzles, fast-drying rates and the need to have 
asmall binder in ink. In addition to simple drying, the viscoelastic 
transition of inks is facilitated by other sophisticated methods like 
physically gelling polymeric binders [114], reversible electrostatic 
destabilizing sols [115], thermally reversible hydrogel binders [96], 
pH-reversible hydrogel binder [100], and spider-web imitation poly
electrolytes [95]. 

Inorganic powder suspensions generally may make up problematic 
inks for robocasting compared to polymer suspensions due to their 

tendency for sedimentation and separation from the binder. They are 
mostly utilised as inks in sizes close to the colloidal range for electro
static stabilization and with the help of processing aids that promote 
their dispersion and adhesion with the suspending medium. 

Inks made of non-setting, concentrated ceramic suspensions should 
be conditioned to exhibit indefinite stable flow behaviour as a prereq
uisite of a reliable DIW assembly capable of working for many hours 
without clogging. Robocasting inks must generally fulfil three 
requirements:  

1. They must exhibit a well-controlled viscoelastic response such that 
they set once deposited to facilitate shape retention of the structure 
and fusion with the previously deposited material;  

2. They must contain a high solid volume fraction to minimize drying- 
induced shrinkage so that the particle network is able to resist 
compressive stresses arising from capillary tension;  

3. They must have a homogeneous particle distribution to ensure flow 
stability; 

The electrostatic forces between the particles and the binder need to 
be controlled carefully to meet these criteria by first stabilizing a highly 
filled suspension and then inducing a phase change to cause a viscous-to- 
elastic transition in flow behaviour. This strategy has been used to 
produce colloidal inks from various ceramic materials [116]. Another 
common strategy to optimize ink rheology has been the calcination of 
the particles prior to ink preparation. Although this is expected to affect 
the adhesion between the solid and liquid phases adversely, it reduces 
the effective solid loading and does not significantly alter the particle 
size. Hoelzle et al. investigated the effect of calcination time for hy
droxyapatite particle-containing inks. They reported that the viscosity 
decreased from 236 Pa s to 66 Pa s while the shear thinning index stayed 
constant at 0.35 by increasing the calcination time at 1100 ◦C from 30 
min To 10 h (both proceeded by 13 h ball milling in ethanol) [117]. This 
strategy is a trade-off between ink extrudability and filament rigidity 
that may backfire in the case of large particles due to insufficient 
grinding, resulting in significant phase separation and variations in 
filament density [118]. 

In addition to the aforementioned criteria for ink preparation (ink 
composition and additives, particle size), the printing parameters and 
printer structure must be precisely selected for each material. Compat
ibility of the additives and reinforcement agents with binder and po
tential applications are the main criteria to be considered during ink 
development. The ink development must be with regard to the printer 
structure, printing parameters such as nozzle diameter, and the size of 
the final desire product. 

In this review paper among the aforementioned materials for 
extrusion-based DW, the 3D printing challenges for ceramics and 
cementitious-based materials have been reviewed. The challenges for 
3D printing of ceramics and Cementitious composites, including 

Fig. 10. The velocity profile of a concentrated suspension undergoing apparent slip at the wall of a cylindrical tube [105].  

Fig. 11. The velocity profile of a concentrated suspension undergoing apparent 
slip at the wall of a sliding surface (plane Couette) [105]. 
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Injectability, rheology properties, bridge fabrication without support, 
shape retention and, nozzle clogging, have been discussed in the 
following sections. 

5.3.3. Challenges in ceramic composites direct writing 

5.3.3.1. Injectability. One of the main drawbacks of cementitious DW is 
phase separation. Phase separation refers to the separation of the pow
der substance from the liquid during material extrusion through the 
nozzle attributed to faster travel of the liquid phase than powder during 
extrusion, which leads to variation between the ratio of the solid phase 
to liquid phase [142]. The higher liquid content after deposition leads to 
a reduction of the viscosity, an increase of setting time, reduction of the 
paste adhesion, and therefore a decrease in the mechanical properties of 
printed objects. Furthermore, a higher ratio of powder remains in the 
barrel of extruder, which leads to nozzle clogging and blockage [143]. 
The phase separation in extruders could be quantified by the inject
ability notion [142]. The injectability is known as one of the most 
critical properties of cementitious composites printing and is defined as 
the extrudate mass to the mass of the initial paste [144]. Many studies 
have been conducted to improve the injectability of the ink for robo
casting [145]. Several methods have been reported to improve the 
injectability of cementitious composites. It is necessary to (i) reduce the 
extrusion pressure, which could be done by increasing the flowability, 
decreasing the viscosity or the shear thinning index of the ink or 
extruding through a larger/shorter channel and (ii) increasing the 
pressure required to force the liquid flow through the powder particles 
(Pps). Pps could be determined for Newtonian fluids using Eq. (4) [143]. 

Pps =
Qη0l
kA

Eq. 4  

where Q is the volumetric flow rate, η0 is the viscosity of the liquid, l is 
the length of the powder bed, k is permeability and A is the cross- 
sectional area of the powder bed. The well-known Krieger-Dougherty 
equation (Eq. (5)) for concentrated suspensions also applies to DW inks: 

ηS = η0*
(

1 −
φ

φmax

)− Bφmax

Eq. 5  

where ηS is the suspension viscosity that changes as a function of the 
liquid viscosity η0, the solid volume fraction φ, the maximum packing 
fraction φmax, and the intrinsic viscosity B which is generally taken as 2.5 
for rigid spherical particles in the suspension. An alternative form of this 
equation can be written in terms of the slip layer thickness and the mean 
particle size in place of the paranthesis. Many rheological studies on 
ceramic suspension have given empirical validation of this equation. For 
instance, in case of Calcium Phosphate (CaP) printing, the following 
procedures can be employed to improve the injectability:  

• The viscosity of the liquid phase: it has been observed that increasing 
the viscosity of the binder or the interface area around the particles 
by size reduction lead to higher Pps and consequently, improvement 
or elimination of the phase separation. Bohner et al. revealed that 
incorporation of xanthan as an additive improves the injectability of 
the CaP [144]. Franco et al. decreased the printing pressure by 
adding Pluronic_ F-127 solutions to the CaP paste. Their experiments 
revealed that by improving the injectability, the material could be 
printed by a nozzle as narrow as 0.1 mm in diameter [110]. Other 
studies show that the inclusion of additives such as cellulose ethers 
[146], gelling agent [147], and glass beads (Spheriglass) [148] lead 
to improved injectability of the CaP. The most direct way to increase 
the viscosity of the liquid phase is to cool it. This approach is 
commonly followed by the Freeze-Form Extrusion variant of the 
robocasting process. The ink is processed at lower temperatures than 
the ambient temperature, with better flow stability and frozen upon 
deposition on a stage kept at sub-zero temperatures [149].  

• Maximum packing fraction: in addition to enhancement of liquid 
phase viscosity of the cementitious paste, it is necessary to optimize 
the solid phase of the paste. Both powder particle and packing solid 
volume fraction play an important role in the permeability and 
injectability of the paste. The paste’s liquid phase should fill voids 
between the powder particles. The presence of excess liquid, in
creases the distance between particles and, consequently, the flow
ability of the paste. Increasing the flowability of the paste by 
increasing the liquid to powder ratio (LPR) results in an improve
ment in injectability [150]. Flowability could similarly be improved 
by modification of particle size [151], particle size distribution [152] 
and, particle shape [153], which directly affect the intrinsic viscosity 
and the maximum packing fraction.  

• Particles interaction: the strength of the particle network highly 
depends on the interaction between paste’s particles. It has been 
shown that friction reduction between the particles leads to 
increased flowability and consequently injectability [154].  

• Setting time: it has been observed that the inclusion of a setting agent 
to the mixture leads to an increase in friction between the particles. 
An increase in the friction between particles causes a decrease in the 
injectability of paste [125,154,155].  

• Extrusion parameters: other parameters influence the injectability of 
the ink, such as nozzle dimension [142,149] and the uniformity of 
the paste mixture [156]. 

5.3.3.2. Fresh properties. Fresh properties (i.e. dough time, initial 
setting time, final setting time, and open time) are primary rheological 
properties of the paste to be considered for robocasting. As pointed in 
Fig. 12, the initial setting time is defined as the time paste starts to 
harden after mixing. The final setting time refers when curing of the 
paste is completed and the flowability of the ink is tends to zero (i.e. 
paste complete solidification). Close to the initial setting time, paste has 
high flowability and low viscosity and close to the final setting time the 
viscosity of ink drastically increases and flowability decreases as evi
denced by the exponential nature of their pressure vs. time/displace
ment curves [157]. Although initial and final setting times are important 
for DW of cementitious composites, they could not provide the printing 
window of the inks. Therefore, the printing open time is defined as the 
printable time of the paste. For a suitable printable paste, the open time 
must be long enough to cover the period of adding paste into the 
reservoir barrel of the printer until material deposition. Short open time 
means the fast setting of the paste in the reservoir and extruder. 
Consequently, it is necessary to improve the rheological properties to 
elongate the open time of the ink [158]. This could be done by adding 
rheology modifier agents [29], retardant materials, or applying 
pre-shearing to the ink [159]. The rheology study of the ink is a key 
point for the development of new inks for DW. The fresh properties 

Fig. 12. Illustration of the fresh properties for CaP [159].  
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could be determined by measuring the rheological properties such as 
yield shear stress, apparent viscosity, plastic viscosity, loss (G”) and 
storage (G’) modulus and complex viscosity (η*) [160] (see Fig. 13). 

The rheological properties are also predominant parameters on the 
shape stability and quality of interlayer bonding of the deposited fila
ments in robocasting. Low viscosity leads to poor shape stability and 
collapse of deposited materials. On the other hand, high viscosity results 
in poor interlayer bonding and cohesiveness [161]. Several criteria have 
been suggested in order to improve printability and to control the 
deposited material’s slump. For instance, Li et al. suggest that for the 
polymer DW the difference between the storage modulus (G′) and loss 
modulus (G′′) should be lower than 0.8:1 [162]. Different studies 
revealed the necessity of high storage modulus and yield stress for DW of 
ceramic pastes. Zocca et al. indicated that for the ceramic pastes, storage 
modulus should be in the range of 105–106 Pa and yield stress in the 
range 102–103Pa [145]. Other authors suggested that the storage 
modulus must be more than 2000 kPa and the yield stress must be more 
than 200 Pa [163]. Shareen et al. proposed that buckling and yield stress 
is the key properties for structural stability. They introduced an equation 
(Eq. (6)) relating G′ and τy , which forms the boundary transitioning 
from good printability to slumping [160]. 

G′

=
K
τy

eq. 6  

where K is a constant. They have suggested that sufficiently high product 
of the yield stress and the storage modulus is necessary in order to avoid 
the slumping [160]. 

The cement robocasting technique may be further refined to utilize 
fast-setting cements by careful in situ control of the setting kinetics. This 
has not been possible by conventional methods employing plungers to 
induce pressure. Understanding of pre-shearing as a means to physically 
alter the evolution of dynamic cement microstructure and control the 
cement setting kinetics has opened the way to improvements in cement 
handling and processing [164]. This novel physical treatment of ce
ments was developed based on the observations that subjecting a 
cementitious calcium phosphate suspension to torsional strains in 
various shearing modes and according to cement-specific critical 
shearing conditions can significantly increase or decrease the setting 
time and the resultant viscosity [159]. It provides control on the thix
otropy of cements by inducing favourable mechanical responses to 
imposed shear strains for contiguous wall slip and stable flow. 

5.3.3.3. Fabrication of the bridge without support by 3D printing. Another 
drawback of the extrusion-based DW is the lack of shape retention 
during bridge deposition without the supports. Depending on the 
rheological properties, shape retention of the deposited bridge is crucial 
for the form stability of the part. Smay et al. considered the deposited 
filaments as beams with circular cross-sections supported at both ends 

and calculated the deflection Δ as a function of the physical properties of 
the ink and the filament using Eq. (7) [115]. 

Δ=
2(ρink − ρmed)gy

(
2Ly2 − y3 − L3

)

3ED2 Eq. 7  

where ρink is the density of the ink, ρmed is the density of the deposition 
medium (commonly air or oil), g is the gravitational constant, y is the 
distance from the supports at the ends of the spanning filament, L is the 
filament length, E is Young’s modulus of the ink ((E≈ 3G for the 
assumption of perfect plasticity) and D is the diameter of the ink. For a 
deflection of 0.05D at the centre of the cylindrical filament, the mini
mum storage modulus value (nearly equal to G) can be estimated as 
following (Eq. (8)) 

G
′

≥
1.4(ρink − ρmed)gL4

D3 Eq. 8 

The minimum storage modulus was reported by Ahn et al., as 2000 
Pa [136]. In another study, Rao et al. demonstrated that hexagonal and 
square-based filaments with similar dimensions require the deposited 
ink to be stiffer [138]. The maximum deflection for a particular ink 
deposited through a circular die can also be calculated from its physical 
properties (see Eq. (9)) [115]. 

Δmax =
10(ρink − ρmed)gD2

47E
Eq. 9 

In this regard, M’Barki proposed that the yield stress of ink should be 
high enough to oppose the gravitational force and capillary forces [141]. 
It is experimentally validated that the shape fidelity of the printed fila
ments of boehmite inks exceeds 90 % and the sintered density reaches 
97 % in that case. 

5.3.3.4. Shape retention. Inks with hard-to-control flow behaviour 
necessitate close control of the extrusion velocity concerning ink 
rheology to prevent liquid phase migration. Accordingly, material 
deposition speed varies and so should the speed of the moving stage. 
This is not practical due to the possible deformation of the extruded 
filaments by inertial effects. Instead, inks with predictable viscosities are 
commonly extruded at constant velocities according to a predetermined 
optimum printing speed for construct uniformity. Hence a priori rheo
logical characterisation and optimization are required to perform 
smooth deposition. The magnitude of ink viscosity is critical for the 
shape evolution of the filament as it leaves the nozzle. Ideally, the fila
ment should keep the shape of the contours in the nozzle die, but it can 
return to a shape with lower surface energy if it has low viscosity and 
enough time. The characteristic time that permits a non-setting ink to 
restore its unreformed shape is given by Rao et al. (Eq. (10)) [138]: 

t=
lη
γ

Eq. 10 

Fig. 13. Mechanical strength of the robocasting part in CaP (a) stress-strain (b) compressive strength [182].  
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where l is approximately the length of the nozzle, η is the shear viscosity 
and γ is the surface tension of the ink [138]. For a typical aqueous 
ceramic suspension of viscosity around 100 Pa s and surface tension 
around 50 mN/m, passing through a nozzle of 1 mm length, the filament 
can flow back to its undeformed shape if the deposition happens slower 
than 0.5 mm/s (edges become curves and surface features like corners 
disappear). This is especially important if the ink does not undergo a 
rapid shift from viscous to the elastic character during the deposition for 
example by quick drying. So it is generally advised to engineer the ink 
for induction of a phase change and to keep the deposition rate above a 
certain limit. 

5.3.3.5. Nozzle clogging. Clogging is known as one of the other chal
lenges in DW, which occurs mostly in DW of bone cement injection due 
to insufficient manual pressurising, while motor-driven high pressures 
were seen to adequately inject most suspensions [109] [165]. Manual 
pressurising results in the immobility of the solid particles while the 
liquid binder can percolate around them, facilitating mat formation and 
degradation of the ink prior to eventual clogging. A deforming region 
around a plug core (see Fig. 10) is the desired velocity profile for stable 
flow and prevention of phase migration. Such partial plug flow at the 
core also promotes filament shape retention upon deposition [101]. 

Additive manufacturing of cementitious composites that has been 
successfully practiced for over a decade by the civil engineering industry 
is the closest technology to the filament deposition of cementitious inks. 
Macro-structures are effectively made of construction cement using 
hose-like nozzles without clogging due to their considerably long setting 
times and stable flow behaviour [166]. In this case, hydrating particles 
have a relatively small size in comparison to the large nozzle diameter. 

Hence flow stability of inks can be improved by determination of the 
contiguous slip-enabling critical shear stress, correlating this property to 
the true shear rate at the wall (proportional to the volumetric flow rate), 
and adjusting the correlation coefficient (ink viscosity) by chemical or 
physical means to enable partial plug flow of the ink. Smay et al. suc
cessfully demonstrated this approach by varying the pH of non-setting 
lead zirconate titanate inks, viscoelastic properties of the suspension 
pH’s strong functions [167]. For more complex inks involving time de
pendency like cements, more rigorous monitoring and control of the 
wall slip parameters is essential. Generally, the ink is aimed to possess a 
low critical slip velocity resulting in low critical shear stresses, which 
reduces the risk of flow instabilities. Determination of the critical slip 
velocity is possible empirically by analysing the slip behaviour, i.e. the 
relation between applied stresses and slip velocities in capillary and 
rotational rheometers [106]. 

5.3.4. DIW of ceramic composites 
DIW printable mix is what can be considered as hardened cementi

tious composite and is comprised of three main ingredients: a binder or 
precursor, aggregate, and an activator. The binder is classified as the 
main ingredient which holding other components of the mixture 
together and is required for any mix to gain strength. Currently, the most 
widely available binder in cementitious composites is Ordinary Portland 
Cement (OPC), and several studies [168,169] have shown its usefulness 
when incorporated in DIW as it can generate adequate mechanical 
performance. Tri-calcium silicates (C3S) and di-calcium silicate (C2S) 
are known as the principal silicate compounds of OPC. Although these 
particles are stoichiometrically similar to each other, they generate a 
different amount of hydration products called Portlandite (CH), calcium 
silica hydrate (C–S–H), and Entringite (AFt). Besides the widespread 
utilisation of OPC and its high strength gain, several alternative binders, 
including mineral-based waste materials (e.g. chamotte and 
alumina-zirconia-silica) [170], nano-clays (e.g. Kaolinite clay and Met
akaoline) [171], ashes (e.g. fly ash) [172], and slags (e.g. Ground 
Granulated Blast-furnace Slag) [173], have recently been widely 
employed due to their more environmentally friendly nature. This is 

because the production of OPC involves high CO2 emissions along with a 
high energy demand leading to global concern about the use of OPC and 
greater pressure on industries to look into alternatives to OPC that are 
more environmentally friendly. The aforementioned binder materials 
are widely used due to their amorphous or poor crystalline micro
structure as well as their aluminosilicate-rich nature. These materials 
are highly reactive and can generate a hardened structure (C-A-S-H) 
with high mechanical strength, durability, and enhanced physical 
properties when subjected to an alkaline reaction [170]. The existence 
of alkaline solutions such as sodium silicate, sodium carbonate, sodium 
hydroxide, potassium silicate, potassium hydroxide, 
Tetra-methyl-ammonium hydroxide [174] and, hybrid of these activa
tors in the mix formulation of Alkali Activated Materials (AAM) and 
their concentration are reported to have a remarkable impact on the 
fresh and hardened properties of AAMs. Therefore, the selection of the 
correct alkaline solution in terms of type and ratio (i.e. ratio between the 
precursor and the liquid component) is pivotal to ease of the dissolution 
phase, as it plays the role of the medium through which dissolved alu
minosilicates ions can move [175]. The AAM’s exact reaction mecha
nism has not been entirely understood. However, several articles 
indicate that it relates to the precursor and the alkaline solution’s type 
and ratio. The utilisation of different binders and alkaline activator so
lutions generates several changes in the AAMs reaction chemistry, 
altering the hardened objects’ final characteristics and quality. Hence, 
several scholars have tried to identify and explain the different phases of 
alkali-activation. For instance, Khale et al. indicated that the 
alkali-activation reaction involved mechanism occurs in two steps: (i) 
releasing of alumina, silica, and lime; followed by (ii) generation of 
hydrated calcium aluminosilicate (C-A-S-H) [176]. In other words, as 
proposed by Duxson et al. the powder aluminosilicate source is first 
dissolved via alkaline hydrolysis, consuming water and releasing alu
minates and silicates monomers. The aforementioned monomers then 
combine, leading to form dimers, trimers, etc. By increasing the mix
ture’s pH, the dissolution process is accelerated. Hence the solution 
concentration increases, creating a gel structure. The system continues 
rearranging and generating new gel networks until a three-dimensional 
structure is established, which determines the principal components of 
the AAMs [177]. 

The major advancement in DIW over the past years involves the 
incorporation of reinforcing additives. Due to the brittle nature, poor 
tensile and flexural strength, as well as possessing low strain capacity of 
cementitious composite structures, different categories of additives, 
including fibers [178] and nanoparticles [179] are considered as rein
forcing agents [180]. These reinforcing additives have the ability to 
adjust the workability of fresh mixtures and also control the crack 
propagation in the hardened state [181]. One of the main advantages of 
the DW and 3D printing over conventional manufacturing processes is 
the ability to manufacture complex functional structures. Printed parts 
have a high ratio of porosity comparing to conventional manufacturing 
processes. While for bone and tissue in-situ applications high porosity 
ratio could be considered as one of the main advantages of robocasting. 
However, due to the high ratio of porosity and poor interlayer bonding, 
printed parts often suffer from the lack of sufficient mechanical strength. 
To improve mechanical properties several studies have been conducted 
to determine the influence of reinforcement additives. Zhao et al. 
studied the influence of polylactic-co-glycolic acid (PLGA) Fiber on 3D 
printing of the CaP Scaffolds for Osteoanagenesis [182]. Their obser
vations showed that the ultimate tensile strength of CaP with 3 % PLGA 
is two times more than the corresponding mix without PLGA [182]. The 
additives are added to the paste to enhance different physical properties. 
Adding Sodium alginate to CaP paste improves the antibacterial release 
of the paste while makes the young modulus as low as 1.3 MPa [98]. 
Cella et al. proposed that adding Poly(caprolactone) (PCL) to CaP in
creases the scaffold flexural strength, modulus, and fracture toughness 
[183]. Xiong et al. studied the effects of SiC particles, sintering tem
perature on the microstructure, composition, and related properties of 
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PCS-based slurries with various SiCp addition [184]. It is shown that 
during sintering at 1200 ◦C, increasing the ratio of SiCp/PCS decreases 
the weight loss and linear shrinkage and increases the tensile strength 
and density [184]. 

Jiang et al. studies the influence of gellan gum (GG) and thermal 
treatment of 3D printed Poly(tetrafluoroethylene) (PTFE) [185]. Their 
studies revealed that the additives incorporation could also improve the 
hydrophobicity, chemical resistivity, and biocompatibility of the PTFE 
while mechanical properties remain similar to 3D printed PTFE without 
additives [185]. Mondal et al. studied the influence of nozzle diameter 
on mechanical properties of robocasting manufactured part by poly
ethylene glycol diacrylate (PEGDA)/nanohydroxyapatite (nHA)-based 
nanocomposites [186]. Their observations show that reducing nozzle 
diameter highly increases the ultimate tensile strength, tensile modulus, 
and toughness. The toughness of printed parts is significantly higher 
than the casted part. Furthermore, the Ultimate strength of the printed 
part by 0.21 mm nozzle is more than twice of the casted part with the 
same material [186]. Coppola et al. studied 3D printing of 
Alkali-activated pastes (AAM) with Poly(methyl methacrylate) (PMMA) 
as an additive [139]. Their observation shows that the bending strength 
of the sample is approximately 45 MPa, which is higher than the bending 
strengths of casted material. 

Although strength is important in DIW, the rheological properties of 
the paste are equally as significant. High-viscosity mixtures require high 
printing pressure to flow material through the nozzle. This could lead to 
nozzle clogging, inconsistency in material deposition, and entrapment of 
the material in the extruder. On the contrary, low viscosity causes ma
terial flow under the weight of the ink, nozzle leakage, and lack of shape 
retention after deposition. Consequently, it is necessary to modify the 
rheological properties in order to print accordingly. Therefore, the in
clusion of additives such as poly(acrylic acid) sodium salt [170], poly 
(ethylenglycole) PEG [187], nano-MgO [188], silica fume [178], Poly
vinylpyrrolidone (PVP, 1-ethenyl-2-pyrrolidinone homopolymer) [189], 
α-TCP PHA(Polyhydroxyalkanoate) Nanoparticles, Na2HPO4 (Disodium 
phosphate) [125], Hydroxypropyl methylcellulose (HPMC) [190], Poly 
(ethyleneimine) (PEI) [190], can affect the rheology of mixtures by 
inducing the thixotropy behaviour and facilitated the printing perfor
mance of mixtures at high dimensional resolutions. Sajadi et al. reported 
that the inclusion of rheology-modifier additives into a mix subse
quently could have a large impact on the fresh properties, i.e. increasing 
the yield shear stress and storage modulus of the fresh mixtures 
improving shape retention of mixtures after deposition, making it suit
able for DIW [169]. For instance, In recent years, new emerging func
tional nanomaterials such as graphene-based materials (GBMs), 
including graphene nanoplatelets (GNP), nano graphite (nG) [191], and 
graphene oxide (GO) [192] have become widely used as rheology 
modifier agents for cementitious materials as they are able to impart a 
shear-thinning/thixotropy and an adequate viscosity behaviour within 
the fresh mixture [193]. It should be noticed that the inclusion of 
nanoparticles can potentially impede the mechanical enhancement of 
cementitious composites due to the agglomeration of nanoparticles 
serving as defects within the hardened structure. This means that the 
additives in the form of nanoparticles should be dispersed through the 
matrices. Therefore, dispersion methods such as ultrasonication and 
high shear mixing as well as dispersing agent materials such as Disper
sant high molecular urea modified medium polar polyamide (BYK 430) 
[178], Ammonium polyacrylate (PAANH4) [189], Dispersant Darvan® 
821 A (Sodium Polymethacrylate) [190] have been commonly 
employed in order to overcome this phenomenon. The dispersant or 
dispersing agents refer to the substances incorporated into the suspen
sion in order to improve the separation of the particles, prevent 
agglomeration of the suspensions, and prevent the ink’s fast setting. The 
use of robocasting, especially cementitious composites, makes it the 
most used process for printing in-situ bone and tissue prosthesis [101, 
110,119,120,123–126,194]. It is mainly due to the ability of stem cell 
delivery, growth factor and drug delivery, and revascularization of CPC 

scaffolds [195]. The robocasting also widely used in: functionally 
ceramic graded material [196], transparent ceramics and optic [129, 
130], electronics and insulation [131–135,141], porous media and 
membrane [139]. 

6. Discussion 

DW brings opportunities for manufacturing complex parts with new 
multi-functional materials. DW enables design freedom, rapid 
manufacturing, and limited material waste. This technology has shown 
great application window from prototyping to high-end production. 

Further advances on DW require ink and printer development. This 
must be with regard to the part performance, desire printing scale and, 
printer structure of the final product. Part performances include suffi
cient mechanical properties, working environment, roughness, adhesion 
of the layers, and resolution of the deposited beads. Several challenges 
with DW processes which must be contemplated include the complex
ities in the interaction between hardware, software and the material 
behaviour used for printing, currently there is limited understanding on 
these interconnected processes. With a comprehensive understanding on 
the aforementioned categories and their individual constituent param
eters, accurate modelling of the process and eventually optimization of 
the process parameters according to the desire performance will be 
possible. As an example, additives including reinforcement agent, 
rheology modifiers and plasticisers, all need to be understood in terms of 
their role in modifying mechanical property of the printed final object. 
The mixture composition must ensure the fluidability and shape reten
tion of deposited beads while possessing sufficient performance once 
manufactured. In addition to material mixture design, extruder mech
anism and hopper set-up, influence the material deposition quality and 
therefore final product performance. The role of extruder becomes more 
prominent in the case of thixotropic materials, where the viscosity is 
time-dependent. In this case applying shear stress on the material in the 
extruder contributes to delays in ink setting. Therefore, mixture design 
and its theological properties must be suitable for the extruder being 
used. The extruder design is especially more important in the case of 
robocasting where there is no external source of energy influencing 
shape retention and solidification of the deposited paste. The extruder 
structure must ensure paste flows in the extruder through the nozzle. 

7. Conclusions 

An inclusive review of DW printing processes, materials, applica
tions, and current state of the art in various industries was carried out. 
The main challenges attributed to the development of new materials 
were also discussed. 

The extrusion-based AM processes or DW (called Robocasting for 
ceramics) are the emerging technologies enabling manufacture of 
complex, functional, and high-end precision macron-scale parts. DW is 
divided into three main categories: extrusion-based, energy-assisted and 
droplet-based technologies. Among all the DW processes, robocasting is 
the most common and cost-efficient. DW enables manufacturing of 
different kinds of materials such as metals, biomaterials, polymers, ce
ramics, slurry pastes, colloidal, and drugs. This enables the 
manufacturing of a wide range of dimensions scaling from sub-micron to 
several millimetres for different applications such as biomedical, pack
aging, electronics and electrics, and in-situ prosthesis. DW could also be 
used to manufacture multi-material, multi-colour, and shape memory 
parts. 

Printed parts manufactured by DW usually suffer from a lack of 
sufficient mechanical properties. This is mainly because the parts are 
manufactured layer by layer which leads to a high ratio of porosity and 
lack of cohesion between the deposited beads. Therefore, process pa
rameters and ink additives must be selected appropriately through in- 
depth optimization and long loop of trial and error, this makes it more 
challenging and less feasible at first, but once the optimum conditions 
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and parameter are found, it presents great opportunities for niche de
velopments. For the ink additives, the curing agents (for energy-assisted 
DW), the volatile solvent (for SC-DW), rheology modifier, mechanical 
strength enhancement agents, and drug delivery can be mentioned. 

This review shows the huge number of studies that have been 
focusing on development of new materials to broaden the applications of 
DW, where it could be concluded that the optimization of the rheological 
properties such as injectability and setting time or improvements in the 
ink composition, ink property, and extruder design are the critical points 
for achievement of this goal. 
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