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Abstract 

The domain of three-dimensional (3D) printing holds limitless potential, 

encompassing a diverse range of materials and applications. This review offers a 

comprehensive exploration of the Direct Ink Writing (DIW) technique within 

additive manufacturing, alongside recent breakthroughs in material 

advancement. The purview extends to encompass DIW methodologies, graphene 

oxide, hydrogels, shape-memory polymers, ceramics, polymers, and composite-

based materials. The discussion delves into the multifaceted potential of 3D 

printing materials and their prospective applications, notably emphasizing the 

transformative role of DIW. The versatility of DIW is showcased in various 

fields, including energy storage, electronics, soft robotics, and biomedical 

applications. Through an in-depth analysis of capabilities of DIW and the diverse 

materials it encompasses, this review sheds light on the promising avenues that 

lie ahead in the evolving landscape of additive manufacturing. 

Keywords: Direct ink writing, Graphene oxide, Robocasting, Shape-memory 

polymers, Three-dimensional (3D) printing.  
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1. Introduction 

Conventional manufacturing is characterized by high energy consumption and 

environmental pollution. Additive manufacturing, particularly the Direct Ink 

Writing (DIW) technique, offers a solution to create more sustainable industries. 

DIW, which is also known as Direct Write Fabrication, Robocasting, or Robot-

Assisted Shape Deposition, falls within the classification of material extrusion 

methods [1]. Initially developed by Cesarani et al. in 1997 at Sandia National 

Laboratories, DIW was designed for producing concentrated materials, like 

ceramic pastes with organic binders. This simple, versatile, and cost-effective 

technology can be applied to various materials such as metals, ceramics, 

composites, and polymers [1]. In its ambient state, DIW printing material presents 

as a non-Newtonian viscous slurry comprising both liquid and solid phases [2]. One 

of its key advantages lies in its ability to fabricate parts without the need for 

machining or moulds, thus minimizing emissions and raw material consumption. 

The extrusion process allows for the use of water-based inks, contributing to 

reduced energy usage. The adaptability of DIW encompasses a broad spectrum of 

materials, including metals, highlighting its versatility [3]. 

The DIW process is executed through computer-controlled robots manoeuvring 

dispensers filled with printing ink. This ink is extruded under pressure through 

micronozzles to build up layer-by-layer geometries, enabling high printing 

resolution [4]. Notably, DIW demonstrates superiority over alternative printing 

techniques due to its minimal raw material usage, capacity for multi-material 

printing, broad material options, and open-source nature [5]. The technique is 

particularly suitable for lab settings and excels in printing nanocomposites 

featuring transparent or opaque nanoparticles.  

DIW techniques can be categorized into two approaches which are droplet-

based and filamentary (continuous) inks as illustrated in Fig. 1. These inks are 

commonly composed of colloidal, polymeric, or polyelectrolyte building blocks, 

which are either suspended or dissolved in a liquid or heated to achieve a stable, 

homogeneous ink with the desired and reproducible rheological (or flow) behaviour 

[6]. The success of DIW hinges on precise control of ink viscosity, which is 

influenced by rheological parameters [7]. These parameters include viscoelastic 

characteristics, shear yield strength, shear loss, and apparent viscosity [6]. Shear-

thinning behaviour pertains to a condition where viscosity diminishes as shear 

forces within the nozzle intensify - this phenomenon is of paramount importance 

during the DIW fabrication process [8].  

Shear-thinning facilitates the extrusion of inks under pressure through fine or 

micronozzles. Subsequent to ink discharge from the nozzle, both shear yield 

strength and high shear elastic modulus regain their original values. This deposition 

process preserves the intended shape, maintaining a filamentary structure on both 

sides, which is essential for the step-by-step layering process. Ensuring the proper 

viscosity is a prerequisite for successful DIW. This can be achieved by regulating 

printing temperature and introducing additives to manage rheological 

characteristics, thereby ensuring effective control for successful printing 

endeavours [9, 10]. 
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                      (a) droplet-based inks.        (b) filamentary-based inks. 

Fig. 1. Illustrative representation of ink-based deposition methods [6].  

While the exploration of multi-material printing is in its initial research phases, 

its potential for substantial influence in fields like electronics and biomedical is 

noteworthy. The integration of diverse materials within a single manufacturing 

procedure not only diminishes assembly duration but also minimizes waste [11]. 

This integration holds the promise of introducing novel structural and functional 

products, encompassing composites and gadgets. Notably, among additive 

manufacturing techniques, material extrusion and material jetting stand out as the 

sole methods exhibiting potential in the domain of multi-material printing [12]. 

This study is dedicated to delving into the different materials, applications, 

limitations and challenges associated with DIW.  

2. Materials   

In this study, DIW emerges as the focal technology under thorough exploration, 

primarily owing to its extensive potential with graphene oxide, shape-memory 

polymers, hydrogels, ceramics, polymer and composites-based materials. The 

distinctive viscoelastic attributes inherent to these materials render them 

extensively applicable in the fabrication of three-dimensional (3D) and four-

dimensional (4D) parts [13].  

2.1.  Graphene oxide-based materials 

Graphene-based inks play a pivotal role in enhancing the efficacy of 3D printing 

applications [14]. Given that DIW relies on the rheology of the suspension, 

precision in determining the optimal component concentration becomes imperative. 

DIW was leveraged for fabricating composites using graphene-infused ceramic 

pastes, thereby facilitating an investigation into product quality and mechanical 

attributes [12].  

2.1.1. Graphene-reinforced resin for biotissue generation 

An intriguing insight emerged, highlighting that graphene-reinforced resin 

possesses a higher potential for generating biotissues compared to conventional 

mould-based procedures. Within the domain of DIW rheological assessments, two 

key effects surfaced: the shear-thinning (pseudoplastic) behaviour was consistent 

across all studied pastes, and the concentration of Graphene Oxide (GO) wielded a 

notable influence on viscosity. Specifically, the 5 wt.% GO-alumina composite 

demonstrated the highest apparent viscosity, as shown in Fig. 2. The yield stress of 

the ink containing 5 wt.% of GO content exhibited a notably higher value compared 

to the inks with different compositions. When the GO content ranged from 0 to 5 

wt.%, the yield stress values escalated from 20 to 220 Pa, respectively.  On 
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comparative analysis, DIW has demonstrated the capability to improve the 

mechanical properties of graphene composites [15].  

 

Fig. 2. Relationship between apparent viscosity and shear rate for inks containing 

varying amounts (0, 0.5, 1, 5 wt.%) of GO in GO-alumina composites [15]. 

2.1.2. Graphene in flexible electronics 

The combination of remarkable electrical attributes alongside the inherent 

flexibility of graphene serves as a compelling catalyst for the utilization of graphene 

inks within the realm of flexible electronic circuitry. A study investigated on the 

resistance variation with bending cycles for graphene lines on PEN (Teonex Q51, 

50 µm) after inkjet printing with Intense Pulsed Light (IPL) annealing at 5.6 and 

7.8 J.cm-2. The resistance of these circuits showcased remarkable resilience, 

enduring more than 1000 bending cycles with the bending radii of curvature of 8.1 

mm, across a spectrum of energy densities as shown in Fig. 3 [16].  

 

Fig. 3. Variation in resistance with bending cycles for graphene patterns on PEN 

after IPL annealing at 5.6 and 7.8 J.cm-2, utilizing bending radii of 8.1 mm [16].  

The study emphasized the allure of graphene as a viable material for printed 

electronics. It presents a chemically stable, mechanically pliable, and electrically 

conductive substitute, offering advantages over traditional metal nanoparticle and 

conductive polymer inks [16]. Another study highlights that the inherent flow 

behaviour of liquid crystals GO fundamentally differs from that commonly 
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observed in viscoelastic materials, including polymers. Even at higher 

concentrations (up to 13.35 mg.ml-1), there was an absence of the elastic storage 

and viscous loss moduli (G'–G'') crossover phenomenon within the frequency range 

under investigation, up to 100 Hz. In addition, the observed behaviour resembled 

that of a gel-like substance, akin to cells or soft glassy materials, characterized by 

an exceptionally high elastic modulus ranging from 350 to 490 Pa [17].  

2.1.3. Graphene-based composite electrode and components 

A separate study introduces a composite electrode composed of Super-P aerogel 

and Reduced Graphene Oxide (rGO). This electrode is distinguished by its 

controllable porous structure, achieved through DIW. The combination of 

substantial specific area, high conductivity, and a well-organized hierarchical 

porous arrangement contributes to its exceptional attributes. In Table 1, the cell 

featuring the optimized Super-P/rGO aerogel electrode showcases a remarkable 

discharge capacity of 848 mA.h at a current density of 80 mA.cm-2, as compared to 

other materials. This represents a significant enhancement of 14.9% compared to 

the performance of cells utilizing the conventional graphite felt electrode, 

demonstrate promising potential in vanadium redox flow battery [18]. 

Table 1. Discharge capacity for different materials [18]. 

 Discharge Capacity (mA.cm-2)  

Reduced Graphene Oxide (rGO) 715.1 

Traditional graphite felt 738.2 

Carboxylic multi-walled carbon 

nanotubes/rGO 

759.5 

Carbon nanofibers/rGO 761.3 

Super-P/rGO 848.4 

In a recent investigation, a novel aqueous-phase pristine graphene ink was 

developed for 3D printing. This ink utilizes a formulation involving a conductive 

nanofibrillar network, achieved by precisely controlling the interfacial interactions 

between graphene and Poly (3,4-ethylenedioxythiophene): poly(styrenesulfonate) 

(PEDOT: PSS) nanofibrils. A set of inks consisting of graphene/PEDOT:PSS, with 

concentrations ranging from 1 to 9 wt.%, was formulated as shown in Fig. 4. It was 

found that the thixotropic nature of the inks intensifies with the concentration of 

graphene/PEDOT:PSS, as the formulated inks progressively transition from fluidic 

dispersions to 3D printable inks. Figure 5(a) displays the printed filaments of the 5 

wt.% ink, exhibiting a smoother texture in contrast to the 7 wt.% ink shown in Fig. 

5(b). The precision of printing for the 5 wt.% and 7 wt.% G/PEDOT:PSS inks were 

determined to be 72% and 96%, respectively [19]. 

Fig. 4. Images illustrating graphene/PEDOT:PSS inks  

across varying concentration levels (1, 3, 5, 7, 9 wt.%) [19]. 
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                                (a) 5 wt.% ink.                     (b) 7 wt.% ink.  

Fig. 5. Images of printed filament at different  

concentration levels of graphene/PEDOT:PSS inks [19]. 

The shape retention of the formulated inks was also assessed through contact 

angle measurements of the printed filaments, as illustrated in Fig. 6. At lower 

concentrations, the contact angle measurement reveals significant lateral spreading 

of the inks upon deposition on the glass substrate (contact angle of 71° for the 3 

wt.% ink), rendering them unsuitable for 3D printing. As graphene/PEDOT:PSS 

concentrations increase, the printed filaments exhibit reduced spreading and 

improved shape retention, featuring a distinct ink-substrate interface (contact 

angles of 107° and 125° for the 5 wt.% and 7 wt.% inks, respectively), indicating 

their suitability for multilayer printing [19].  

 

                          (a) 3 wt.%.             (b) 5 wt.%.               (c) 7 wt.% 

Fig. 6. Contact angle measurement of the  

printed filaments at different ink concentrations [19].            

In a separate investigation, 3D components were fabricated through the DIW 

process, utilizing a self-synthesized suspension composed of kaolin and GO 

composite. As the proportion of GO was augmented, the apparent viscosities and 

shear elastic/loss moduli of the suspensions exhibited an increase. Notably, the 

incorporation of GO lamellas led to a significant enhancement in both flexural and 

compressive strengths when compared to the cured pure kaolin suspension. As 

shown in Fig. 7, the flexural strength attained its peak value of 8.2 MPa, marking a 

substantial 63% increase compared to the reference samples. Likewise, the 

compressive strength achieved its maximum value of 39.5 MPa, showcasing a 

remarkable 72% enhancement relative to the comparison samples [20].  

Table 2 provides a succinct summary of diverse materials explored in the 

context of DIW with a focus on graphene oxide-based compositions. The GO-

alumina composite demonstrates tuneable viscosity, while graphene on PEN 

displays remarkable durability with over 1000 bending cycles. The Super-P/rGO 

composite electrode outperforms in discharge capacity, and kaolin/GO composites 
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reveal enhanced mechanical strengths, showcasing the versatility and promise of 

DIW in graphene-based applications. 

                    (a) flexural strength.                           (b) compressive strength. 

Fig. 7. Mechanical characteristics of pure kaolin and  

kaolin/GO composites under various curing conditions [20].  

Table 2. Summary of DIW-printed graphene oxide-based materials. 

Material 
Composition/ 

Process 
Key Findings 

GO-alumina composite  0, 0.5, 1, 5 wt.% of 

GO  

The 5 wt.% GO-alumina composite 

demonstrates the highest apparent 

viscosity [15]. 

Graphene on PEN  IPL annealing at 5.6 

and 7.8 J.cm-2 

Remarkable resilience with more than 

1000 bending cycles, even at small radii 

of curvature (8.1 mm) [16]. 

Super-P/rGO Composite rGO, Traditional 

graphite felt, 

Carboxylic multi-

walled carbon 

nanotubes/rGO, 

Carbon 

nanofibers/rGO, 

Super-P/rGO 

Super-P/rGO aerogel electrode 

showcases a remarkable discharge 

capacity of 848 mA.h at 80 mA.cm-2, 

14.9% enhancement compared to other 

materials [18]. 

Graphene/PEDOT:PSS 1, 3, 5, 7, 9 wt.% of 

PEDOT:PSS 

The 7 wt.% samples exhibit 96% printing 

precision and contact angle of 125°, 

suitable for multilayer printing [19]. 

Kaolin/GO composite Pure kaolin,  kaolin/ 

GO composites 

Kaolin/GO composites yielded peak 

flexural strength at 8.2 MPa (63% 

increase), maximum compressive 

strength at 39.5 MPa (72% enhancement) 

compared to pure kaolin [20].  

2.2. Shape memory polymers (SMPs) 

While graphene-based materials exhibit remarkable versatility, ranging from 

biotissue generation to flexible electronics, Shape Memory Polymers (SMPs) 

introduce a dynamic dimension to the DIW landscape. SMPs are recognized as the 

prototypical materials for 4D printing owing to their distinctive property. This 

property allows 4D printed SMP objects to undergo deformation in response to 

pure kaolin             kaolin/GO composites                  pure kaolin           kaolin/GO composites 
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external stimuli, diverging from the static state characteristic of traditional 3D 

printing. As a result, the dominance of 4D printing using SMPs becomes evident 

over 3D printing with conventional polymers, particularly in the domain of shape-

changing materials. The application of various SMPs in 4D printing using DIW is 

evident, encompassing materials such as polyurethane (PU) [21, 22], polylactic 

acid (PLA) [23], epoxy [24], polycaprolactone (PCL) and others [25].  

The conventional heat-activated shape memory test consists of a sequential 

procedure comprising four distinct stages. To commence, the sample undergoes 

heating above its transition temperature, which can be exemplified by the glass 

transition temperature (Tg). During this stage, the sample experiences deformation 

under the influence of an external load. Subsequently, the deformation is sustained 

while the temperature is lowered below the Tg. In the third step, the external force 

is eliminated, leading to the fixation of the temporary shape of the sample. Finally, 

the sample undergoes reheating to reach the Tg once more, thereby causing it to 

revert back to its initial shape [24]. For SMPs, shape fixity (Rf) and shape recovery 

(Rr) ratio values were calculated from Eq. (1) and (2), respectively:  

𝑅𝑓  =  
𝜀

𝜀𝑙𝑜𝑎𝑑
 × 100%                                                  (1) 

𝑅𝑟  =  
𝜀−𝜀𝑟𝑒𝑐

𝜀𝑟𝑒𝑐
 × 100%                                  (2) 

where εload, ε, and εrec denote the strain before unloading, the strain after unloading, 

and the strain after recovery for a shape, respectively. The values of εrec and ε were 

based on the termination point of the strain plateau in the recovery curve [25]. 

2.2.1. Semicrystalline PCL 

A study conducted research to showcase the development of a flexible shape memory 

through DIW additive manufacturing. This was achieved by utilizing semicrystalline 

PCL as the base material, along with a photoinitiator, a diacrylate cross-linker, a 

rheology modifier, and n-butyl acrylate monomer to formulate a solvent-free printing 

ink. The ink was subjected to a temperature of 70°C to disrupt PCL crystallization and 

enable smooth extrusion. Each printed pattern was then cross-linked using ultraviolet 

(UV) light. The effect of DIW-printed elastomeric tube is illustrated in Fig. 8, from 

initial shape, fixed temporary shape, and recovered initial shape [25].  

 
                                           (a)                  (b)                 (c) 

Fig. 8. Shape memory effect of a DIW-printed  

elastomeric tube, with a scale bar of 2 mm, (a) initial shape,  

(b) fixed temporary shape, and (c) recovered initial shape [25].  
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As in Fig. 9(a), under stress-controlled testing mode with a programming strain 

exceeding 230%, the first cycle exhibited a shape fixity surpassing 93%, 

accompanied by a shape recovery ratio exceeding 95%. Alternatively, under strain-

controlled testing mode (with a stretching strain of 200%), the shape fixity reached 

approximately 99% over four cycles (Fig. 9(b)), while the shape recovery ratio 

showed a gradual decrease from 90% to 83% across the same cycles. The 

semicrystalline PCL network also contributed to a fracture strain of 500–600% at 

different printing angles from 0, 45 to 90° [25]. 

 

            (a)  stress-controlled mode.                     (b) strain-controlled mode. 

Fig. 9. Stress-strain behaviour of printed semi-IPN elastomers  

that examined using stress and strain-controlled modes [25].  

2.2.2. Tracheal scaffold design with PLA and PCL composites 

Utilizing the capabilities of 4D printing, a technique that employs intelligent 

materials for 3D printing, researchers successfully harnessed the attributes of SMPs 

to manufacture a tracheal scaffold as in Fig. 10 [23, 26]. In a particular study, 

varying compositions of PLA and PCL composites were subjected to 4D printing 

utilizing the DIW technique. In this context, PLA was employed as a stable phase 

responsible for maintaining the initial shape of sample, while PCL served as a 

reversible phase, aiding in the transition to and fixation of a temporary shape. By 

incorporating PCL into the composite, the flexibility of the samples was notably 

improved, allowing them to maintain their temporary shape following deformation. 

Concurrently, the Tg of the blends exhibited a decrease from 61 to 49°C with an 

increasing proportion of PCL within the PLA/PCL blend. Notably in Table 3, the 

PLA70/PCL30 blend demonstrated an optimal combination of and recovery and 

shape fixity, with ratio of 90-91% [23].  

        

                                                          (a)                          (b) 

Fig. 10. 4D printed tracheal scaffold using the shape memory  

PLA/iron oxide composite, (a) 4D printing process, (b) tracheal scaffold [26]. 
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Table 3. Shape fixity and shape recovery ratios for printed PLA/PCL strips [23]. 

Material 
Shape fixity 

ratio (%) 

Shape recovery 

ratio (%) 

PLA 76 97 

PLA70/PCL30 91 90 

PLA50/PCL50 94 79 

PLA30/PCL70 98 74 

2.2.3. UV-responsive SMP composites 

In a recent study, a novel approach involved the creation of ultraviolet light 

responsive SMP composites through the application of DIW 3D printing. This 

method integrated shape memory polyurethane (PU) with laboratory-prepared 

lignin nanotubes (LNT) to serve as UV absorbents. The resulting 3D printed 

LNT/PU composite demonstrated an impressive shape recovery ratio of 99% when 

exposed to UV radiation at a wavelength of 370 nm for a duration of 15 minutes as 

shown in Table 4. Furthermore, the tensile strength of the 3D printed SMP 

composite with 5wt.% LNT, experienced a substantial enhancement to 16.4 MPa, 

signifying a remarkable 131% increase over that of the pristine PU material, which 

possessed a tensile strength of 7.11 MPa. Notably, the Tg of the 3D printed LNT/PU 

SMP composite displayed a gradual shift from 47 to 33°C upon elevating the 

content of LNT to 9%. This adjustment contributes to the enhanced potential 

application versatility of the resulting composites [27].  

Table 4. Shape fixity and recovery rate for printed LNT/PU SMP composites [27]. 

Material 
Shape fixity 

ratio (%) 

Shape recovery 

ratio (%) 

Tensile 

Strength (MPa) 

PU 97.9 6.2 7.11 

PU/1wt.% LNT 98.2 92.5 11 

PU/3wt.% LNT 98.6 95.6 15 

PU/5wt.% LNT 98.7 98.2 16.4 

PU/7wt.% LNT 99.1 98.4 10 

PU/9wt.% LNT 98.8 98.1 8 

In a conducted study, UV-assisted DIW-printed thermally cured epoxy 

composites demonstrated notable characteristics, including elevated tensile 

toughness and favourable shape memory effects. The utilization of Interpenetrating 

Polymer Network (IPN) epoxy composites resulted in the enhancement of tensile 

toughness while offering the flexibility to adjust mechanical properties. 

Specifically, the moduli values were reported as 1.31, 1.06, and 0.61 GPa for 

weight fractions of 20, 30, and 40% photopolymer, respectively. Furthermore, the 

ultimate strain values were measured at 13.7, 18.1, and 32.1% for the respective 

weight fractions. The Tg of the composites exhibited tunability, spanning from 7 to 

95°C. Notably, the shape fixity ratio stood at approximately 97%, while the shape 

recovery ratio was approximately 98.5% [24].  

Table 5 provides a concise summary of shape fixity and recovery rates for 

SMPs. Notably, PU/5wt.% LNT SMPs emerge as the most promising, showcasing 

a remarkable shape fixity and recovery ratio exceeding 98%, coupled with a high 

tensile strength of 16.4 MPa. Besides, the IPN epoxy composites demonstrated 

notable attributes, including a shape fixity of 97%, shape recovery of 98.5%, and 

tuneable mechanical properties. 
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Table 5. Summary shape fixity and recovery rate for SMPs. 

Material 

Shape 

fixity 

ratio (%) 

Shape 

recovery 

ratio 

(%) 

Key Findings 

Semicrystalline 

PCL 

> 93 > 95 PCL demonstrated fracture strain of 500–

600% [25]. 

PLA 76 97 PLA70/PCL30 blend demonstrated an 

optimal combination of and recovery and 

shape fixity, with ratio of 90-91% [23]. 
PLA70/PCL30 91 90 

PLA50/PCL50 94 79 

PLA30/PCL70 98 74 

PU 97.9 6.2  

 

PU/5wt.% LNT experienced a substantial 

tensile strength of 16.4 MPa [27]. 

PU/1wt.% LNT 98.2 92.5 

PU/3wt.% LNT 98.6 95.6 

PU/5wt.% LNT 98.7 98.2 

PU/7wt.% LNT 99.1 98.4 

PU/9wt.% LNT 98.8 98.1 

IPN epoxy 

composites 

97 98.5 Tuneable mechanical properties and 

favourable shape memory effects [24]. 

2.3.  Hydrogels  

SMPs exhibit impressive shape-shifting abilities, while DIW in hydrogels has 

attracted considerable attention for their versatility and biocompatibility. This 

attention stems from DIW's capacity to craft intricate, complex, and remarkably 

adaptable structures under ambient conditions. These structures find application 

across a wide array of domains, notably within the biomedical, flexible electronics, 

or other sectors [28, 29]. Hydrogels represent a category of polymeric 3D structures 

adept at both retaining and dispensing substantial volumes of water or biological 

fluids, often exceeding their dry weight by thousands of times. Characterized by 

their adaptable mechanical attributes, notable porosity, and pliant texture, 

hydrogels hold remarkable versatility as biomaterials in diverse biomedical 

contexts [30, 31].  

2.3.1. Plant-based bio-hydrogels 

Of particular importance are hydrogels originating from natural sources, commonly 

referred to as bio-hydrogels, primarily derived from plant materials. These bio-

hydrogels have gained increasing attention due to their inherent benefits, such as 

biocompatibility and hydrophilicity. Employing the DIW method, a succession of 

3D bio-hydrogels composed of 2,2,6,6-tetramethylpiperidin-1-oxy-oxidized 

cellulose nanofibrils and aloe vera gel were successfully fabricated. Moreover, 

assessment of physical and structural attributes of the 3D-printed specimens was 

conducted, revealing their compliance with preliminary prerequisites for the 

envisaged applications. An example of a flower pattern created using DIW is also 

presented in Fig. 11. All the examined samples exhibited notable characteristics, 

including a high porosity exceeding 80%, along with remarkable water uptake 

capacity and retention ability [28].  
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Fig. 11. A demonstration of a flower pattern created through  

DIW printing using aloe vera/cellulose nanofibrils bio-hydrogel ink [28]. 

2.3.2. Carbomer as a rheology modifier 

A study introduces a novel 3D printing technique that leverages the rheology-

modifying agent Carbomer for the DIW of various hydrogels with specific 

functions. This research reveals Carbomer's remarkable efficacy in achieving 

desirable rheological characteristics for multifunctional hydrogel inks. Notably, 

these inks encompass various types of hydrogels, such as biogels, magnetic 

hydrogels, temperature-sensitive hydrogels, and double network hydrogels. The 

introduction of Carbomer at low concentrations (starting from 0.5% w/v), is 

demonstrated to yield optimal results.  

The study further uncovers that the incorporation of Carbomer contributes to 

enhancing the mechanical characteristics of hydrogels. This enhancement is 

attributed to the interaction between the polymeric matrix of the hydrogel and the 

polymeric chains of Carbomer. The investigation showcases an increase in Young's 

modulus, rising from 17 to 40 kPa, while concurrently noting a reduction in critical 

stretch from 547 to 260% as the Carbomer concentration escalates from 0.5 to 5.0% 

w/v, as shown in Fig. 12 [32]. 

 

Fig. 12. Effect of carbomer's content on Young's  

modulus and stretchability of hydrogels [32]. 
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2.3.3. 'Living' hydrogel photoinks 

In a recent study, a novel type of hydrogel photoinks was developed, known as 

"living" hydrogel photoinks (Fig. 13), which utilized the mechanism of reversible 

addition/fragmentation chain transfer polymerization involving type I 

photoinitiation. These specialized hydrogel photoinks were specifically formulated 

for utilization in DIW 3D printers. The unique property of "livingness" was 

effectively demonstrated by generating 3D printed parent hydrogel objects using a 

single-material approach. This achievement was facilitated by implementing post-

production modification of photoiniferter with N,N-dimethyl acrylamide and N-

isopropyl acrylamide, showcasing the distinctiveness of the concept [33]. 

            

                                       (a)                                                (b)  

Fig. 13. (a) The extrusion of "living" photoink in the DIW  

p        p                 “  v   ” p                     [33]. 

2.4.  Ceramics based-materials 

A research study introduces an additive manufacturing investigation focused on a 

ceramic paste tailored for DIW applications within the ceramic industry. The study 

involved the formulation of several compositions featuring varying volumetric 

ratios of solids to water, spanning from 50 to 56%. To enhance the paste's 

properties, two distinct additives which are sodium polyacrylate and sodium silicate 

were incorporated at concentrations ranging from 0.2 to 0.8 wt.%. The resulting 

printable components were selected based on their capability to maintain their 

shape throughout the printing process, subsequent sintering, and suitability for 

diverse applications such as flooring and bathroom materials, tableware, and 

structural components [1, 14]. 

2.4.1. Alumina  

Cesarano et al. [34] who are credited with pioneering the robocasting technique, 

introduced the use of DIW technology to fabricate alumina components. In their 

seminal study, the slurry formulation exhibited a significant solid loading 

(exceeding 60 vol.%) while incorporating a minimal quantity of organic binder less 

than 1 vol.%. In a study, ceramic on-demand extrusion approach was introduced. 

The formulation comprised 60 vol.% of alumina powder with methylcellulose, 

ammonium polymethacrylate and deionized water. The printed alumina had a 

relative density of 98%, a Young’s modulus of 371 GPa, flexural strength of 364 

MPa, a fracture toughness of 4.5 MPa.m1/2, and a hardness of 19.8 GPa [35].  
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A DIW technique was employed to manufacture dense alumina ceramics, 

utilizing a low organic content (including 0.54 wt.% dispersants and 0.9 wt.% 

binders) and viscoelastic ink. The resulting printable inks (Fig. 14) exhibited a high-

volume fraction of alumina, reaching up to 81 wt.%. Alumina with 1 wt.% of TiO2 

and sintered at 1500°C, exhibit a relative density of 97%, flexural strength 

measuring 176.5 MPa, and Vickers hardness reaching 15.21 GPa [36]. In another 

study, highly pure alumina and yttria powders in a percentage–weight ratio of 64:36 

was mixed with 0.2 wt.% MgO in a total solid loading of 42 vol% in aqueous media, 

adding carboxymethyl cellulose and polyethyleneimine solution as additives. 

Samples sintered at 1600 and 1650°C presented similar average Vickers hardness 

values of about 14.5  GPa, with a relative density above 95% [37].  

Fig. 14. DIW-printed alumina bodies [36]. 

In a recent investigation, thorough examination has been carried out on the 

incorporation of nanoparticle effects into the densification and rheological 

characteristics of inks used in DIW. Initially, aqueous-based alumina-silica inks 

were formulated, utilizing nano-silica derived from waste rice husk ash at varying 

proportions (0–10 wt.%). The results revealed a consistent reduction in the solid-

to-liquid ratio as nano-silica content increased, thereby impacting the printable 

rheological properties of the inks. The nano-silica improves the packing efficiency 

of the system by filling the inter-particle pores, resulting in a decrease in porosity 

as shown in Fig. 15 [38]. 

 

Fig. 15. Effect of apparent porosity in samples with varying  

amounts of nano-silica sintered at different temperatures [38]. 

2.4.2. Zirconia  

Alumina, with their high-volume fraction and minimal organic content, exemplify 

the adaptability of DIW in crafting intricate designs. Shifting the lens to zirconia, 

where studies focusing on tailored slurries for dental components and intricate 
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structures, underscoring the versatility of DIW in achieving exceptional mechanical 

properties. A study focused on formulating a high-solid loading slurry (60 vol.%) 

intended for DIW of yttria-partially-stabilized zirconia. The resulting sintered 

components displayed an impressive density of 98%. Notably, the research asserted 

that the fracture toughness, flexural strength, and compressive strength of the 

produced parts exceeded the performance achieved by alternative manufacturing 

techniques, including selective laser sintering and binder jetting [39].  

Another study employed a slurry with 27 vol.% solid loading to 3D print 

zirconia dental components. The resulting parts demonstrated exceptional 

mechanical properties, including a fracture toughness of 6.7 MPa.m1/2 and a 

strength of 763 MPa [40].  

In a different study, a research endeavour focused on formulating zirconia 

slurries with high solid loading (80–90 wt.%) for the purpose of DIW fabrication 

of molar tooth structures, all without the inclusion of an organic binder. The DIW 

process utilized a paste consisting of 88 wt.% zirconia and 0.5 wt.% Dolapix CE64 

as the dispersant agent.  

An example of the molar tooth prototype is shown in Fig. 16. After undergoing 

the sintering process, the generated samples attained a density of 97% of theoretical 

density, showcased a fracture toughness of 4.11 MPa.m1/2 and Vickers hardness of 

1485 HV. These properties closely resembled those observed in parts fabricated 

using the slip-casting method [41]. Notably, the manufacturing costs of DIW 

printed zirconia crowns are lower than the manufacturing costs of CAD/CAM-

milled crowns [42].  

 

 (a) top view.                      (b) side view. 

Fig. 16. A prototype of a DIW-printed molar tooth  

(right side of each photo), with an extracted human molar  

(left side of each photo) for comparison purposes [41].  

Table 6 summarizes the composition or formulation of ceramics-based 

materials. Alumina materials generally demonstrate relative densities of 95% and 

above, along with remarkable flexural strength and fracture toughness. Alumina-

silica composites, incorporating nano-silica, exhibit improved packing efficiency 

and reduced porosity. On the other hand, zirconia-based materials generally 

demonstrate relative densities of 97% and above. The materials also present 

fracture toughness values varying from 4.11 to 6.7 MPa.m1/2. Overall, these 

materials showcase varying mechanical and structural properties suitable for 

diverse applications in DIW-based additive manufacturing. 
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Table 6. Summary of ceramics-based materials. 

Material Composition/ 

Formulation 
Key Findings 

60 vol.% of alumina powder with 

methylcellulose, ammonium 

polymethacrylate and deionized water  

Relative density of 98%,  

Young’s modulus of 371 GPa, flexural 

strength of 364 MPa,  

fracture toughness of 4.5 MPa.m1/2, 

hardness of 19.8 GPa [35]. 

81 wt.% alumina and  

1 wt.% of TiO2  

Relative density of 97%,  

flexural strength of 176.5 MPa, Vickers 

hardness of 15.21 GPa [36]. 

Alumina-yttria with  

0.2 wt.% MgO (solid loading of 42 vol%) 

Relative density above 95%, 

 Vickers hardness of 14.5 GPa [37]. 

Alumina-silica composites with nano-

silica derived from waste rice husk ash (0, 

2.5, 5, 7.5,10 wt.%) 

Nano-silica improves the packing 

efficiency with a decrease in porosity [38]. 

 60 vol.% of solid loading of yttria-

partially-stabilized zirconia. 

Relative density of 98% [39]. 

27 vol.% solid loading of zirconia Fracture toughness of 6.7 MPa.m1/2, 

strength of 763 MPa [40]. 

80–90 wt.% solid loading of zirconia Relative density 97%,  

fracture toughness of 4.11 MPa.m1/2, 

Vickers hardness of 1485 HV [41]. 

2.5. Polymer and composites based-materials 

While ceramics offer unique properties and applications, the focus now shifts 

towards the versatility and innovations brought forth by polymers and composites. 

DIW has found applications in the fabrication of polymer nanocomposites to 

enhance battery performance. The flexibility of DIW surpasses that of traditional 

machining methods, making it compatible with a wide range of battery sizes and 

geometries. Regarding materials, while polyethylene oxide (PEO) has been 

commonly employed for battery electrolyte fabrication, there is a dearth of studies 

showcasing DIW's utilization in developing PEO electrolytes [43]. Cheng et al. 

demonstrated that DIW is viable for printing polymer electrolytes tailored for Li-

ion batteries due to their elevated apparent viscosity and viscoelastic properties. 

Enhanced printing characteristics of PEO polymers were achieved through the 

functionalization of hexagonal boron nitride with silane, generating silane-

hexagonal boron nitride [44].  

PEDOT: PSS is a promising conducting polymer although its rheological 

characteristics are not well-suited for DIW applications. A study sought to address 

this limitation by leveraging a non-conductive viscoelastic polymer with excellent 

spinnability, namely PEO. Through this approach, an ideal suspension comprising 

52 wt.% PEO and 4.33 wt.% PEDOT: PSS was identified as shown in Fig. 17. This 

formulation displayed an exceptionally favourable blend of rheological 

characteristics, encompassing elongational, shear, and thixotropic behaviours. 

Consequently, the formulation demonstrated exceptional printability and notable 

filament-shape retention subsequent to the printing process  [45].  

A recent study introduced an innovative printing approach that utilizes DIW 

technology to create polymer-derived ceramics reinforced with chopped fibres. 

This process involves polymer infiltration and pyrolysis (PIP) and aims to produce 

carbon fibre/silicon carbide (SiC) composites characterized by high strength and 
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minimal shrinkage. The results of the study demonstrate that the composite with a 

carbon fibre content of 30 wt.% showcases minimal linear shrinkage (0.5%) and 

significant bending strength of 7 MPa as shown in Fig. 18(a). Remarkably, after 

undergoing ten PIP cycles, the bending strength of the composite remarkably 

increased to approximately 100 MPa (Fig. 18(b)), demonstrating a substantial 

enhancement of approximately 30 times in comparison to the pure SiC matrix 

lacking carbon fibre reinforcement [46]. 

 

Fig. 17. A DIW-printed structure created using a  

mixture of 52 wt.% PEO and 4.33 wt.% PEDOT: PSS [45].   

  

       (a) carbon fibre content.                      (b) PIP-cycle counts. 

Fig. 18. Effect of carbon fibre content (0, 5, 10, 30, and 50 wt.%) and PIP- 

cycle counts (0 – 10) on the bending strength of fibre/SiC composites [46]. 

In summary, graphene-based inks demonstrate exceptional electrical 

conductivity, making them suitable for electronic applications. SMPs exhibit shape 

memory effects crucial for dynamic and responsive structures. Hydrogels, derived 

from natural and synthetic sources, present biocompatibility and hydrophilicity, 

enhancing their utility in biomedical applications. Ceramics-based materials, 

including alumina and zirconia formulations, showcase high densities, flexural 

strengths, and fracture toughness, catering to diverse industrial needs. Polymer-

based materials, such as polyethylene oxide (PEO) and PEDOT: PSS, are leveraged 

for battery electrolytes, demonstrating enhanced printability. The distinctive 

differences lie in the unique properties each material imparts, from electrical 

conductivity to shape memory to biocompatibility. Parameters like electrical 

conductivity, shape fixity and recovery ratios, porosity, and mechanical strength 

are crucial considerations when selecting materials for DIW, emphasizing the 

adaptability of the technology to a broad spectrum of applications. 
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3. Applications 

3.1. Electronics and energy storage 

DIW is a commonly employed method for the fabrication of various functional 

electronic components, encompassing transistors, sensors, antennas, and light-

emitting diodes. Abas and Rahman [47] adopted a combination of direct writing 

followed by a packing technique to create sensing arrays using carbon paste inks 

and carbon nanotube. Subsequently, these arrays were enclosed within 

photocurable resin and PET, resulting in precisely controlled sensor array shapes 

that led to reliable sensing outcomes. Consequently, the production of consistent, 

high-quality soft sensors using printable liquid metals is viable [48].  

3.1.1. Mechanochromic sensors 

DIW proves to be a promising avenue for generating high-resolution wear sensors, 

benefiting from its advantageous features. Parekh et al. [49] reported achieving 

line-to-line spacing and line width as small as 100 μm and 25 μm, respectively, 

through this technology. Li et al.[50] surpassed this record by achieving a line 

spacing of 50 μm with 15 μm silver lines, employing a 25 μm nozzle and the 

appropriate ink selection. Furthermore, studies have explored the effects of printed 

material surface topography and ink rheology on line resolution in integrated 

circuits employing DIW [51].  

Additionally, Chen et al. [52] developed a precursor ink that was employed 

through the DIW technique in conjunction with UV curing. This procedure 

involved the use of polybutylene acrylate spheres and a UV initiator that were 

expanded through 2-Ethylhexyl acrylate monomers, leading to the formation of a 

mechanochromic sensor. The subsequent UV light curing of the precursor led to 

the formation of a photonic crystal hydrogel that exhibited both elasticity and 

mechanochromic behaviour as show in Fig. 19. Specifically, the hydrogel changed 

colour as strain increased, providing a visual indication of the applied mechanical 

stress [52]. 

 

Fig. 19. Highly stretchable photonic crystal  

hydrogels for a sensitive mechanochromic sensor [52]. 

3.1.2. Electrochemical energy storage 

In a recent study, the hybrid electrode material of silver nanoparticles -MXene (Ag-

Ti3C2) that fabricated using DIW, demonstrated enhanced supercapacitive 

performance attributed to its enhanced electrical conductivity and outstanding 

redox contributions. The asymmetric supercapacitor device was constructed using 
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DIW-printed Ag-Ti3C2 as the anode and printed MnO2-Ti3C2 as the cathode 

materials. This configuration exhibited a maximum energy density of 38.16 

W.h.kg−1 along with minimum power density of 800 W.kg− 1. The results 

highlighted in this study suggest that the incorporation of hybrid structures 

introduces novel opportunities for the progression of high-performance printed 

electrochemical energy storage devices [53].  

A separate research initiative demonstrated Li-ion batteries that are both 

scalable and versatile in shape, fabricated using the DIW printing technique, as 

shown in Fig. 20. These batteries were coupled with high-performance printable 

gel polymer electrolytes. This innovative strategy highlights significant potential 

as a practical solution for supplying power to specific applications as required, 

showcasing flexible aesthetics, delivering competitive electrochemical 

performance, and accommodating designs without constraints [54].  

 

Fig. 20. Three different sizes of scalable  

DIW-printed anodes and cathodes [54].  

3.2. Biomedical 

Transitioning from the exploration of electronics and energy storage applications 

to the biomedical arena, the adaptability of DIW technology becomes even more 

pronounced. Over the past decade, polymers and ceramics have experienced 

remarkable growth within the realm of biomedical materials [55]. This surge in 

popularity can be attributed to the cost-effectiveness and enhanced durability of 

polymers in comparison to metals. Certain polymers also exhibit attributes such as 

biocompatibility, elasticity, and bio-inertness. This unique combination of 

properties inherent to polymeric materials has opened avenues for the creation of 

tailored structures [56].  

3.2.1. Ear tissue and implants 

An additional dimension was introduced by Visscher et al. [57], who brought 

attention to scaffold contraction as a crucial factor to be considered. This becomes 

particularly significant in practical endeavours such as ear tissue engineering, 

where achieving optimal mechanical compliance without compromising cell 

sources and scaffold properties is imperative. Figure 21 shows the side and top 

views of the PCL cage-like construct. Besides, cage constructs showed no 

shrinkage or deformation after in vitro culturing. Consequently, the development 

of a cage-like structure encapsulating materials like PCL emerges as an intriguing 

facet of ongoing research [57]. Besides, the human ear could be produced via DIW 

using the Alginate-PCL-HA ink as depicted in Fig. 22 [31]. 
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                               (a)                              (b)                                (c)  

Fig. 21. PCL cage construct (a) side view,  

(b) top view, (c) scaffold after in vitro culturing [57].  

      

(a)                                     (b) 

Fig. 22. Scalable, personalized, and gradient human ear 

implants DIW-printed using the Alginate-PCL-HA ink [31]. 

3.2.2. Scaffold engineering for bone tissue  

The DIW multi-nozzle forming method offers a distinctive advantage by enabling 

precise spatial arrangement of desired growth factors, cell numbers, or other bioactive 

substances compared to conventional forming methods. Yan et al. [58] devised a 

multi-nozzle system to produce scaffolds and constructs for bone tissue engineering. 

This approach employed single, double, or triple-nozzle deposition techniques to 

tailor the characteristics of the produced bone tissue engineering scaffolds. 

DIW techniques have gained popularity for the fabrication of hydroxyapatite 

(HA), zirconia and alumina-based materials in biomedical applications [59-61]. 

Alumina, a type of ceramic material, showcases remarkable mechanical and 

physical properties. These include exceptional compressive strength, a high elastic 

modulus, outstanding resistance to wear and corrosion, and notably resistance to 

chemical and thermal degradation even under high temperatures [1]. Yttria-

tetragonal zirconia polycrystal (Y-TZP) stands out for its impressive mechanical 

properties. It exhibits fracture toughness range of 4 to 10 MPa.m1/2, accompanied 

by a Young's modulus approximately within the range of 180 to 210 GPa. 

Additionally, Y-TZP exhibits a notable fracture strength that falls within the range 

of 900 to 1200 MPa and a Vickers hardness of 11 to 13 GPa [62].  

In a study, the DIW method was employed for the fabrication of porous HA 

scaffolds featuring a bimodal pore structure. The study utilized a concentrated HA 

ink with a solid loading of 45 vol.%. The research further delved into the in vivo 

reaction of the HA scaffolds, aiming to gain insight into how the structure of the 

scaffold influences the growth of bone [63]. By employing a water-based ink with 
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a concentration of 70 wt.%, the DIW method effectively created 3D cylindrical and 

woodpile zirconia scaffolds. Microscopic examination revealed the proliferation of 

HCT116 cells in the vicinity of the zirconia scaffolds. The 3D porous internal 

structure of these scaffolds proves advantageous for cell growth, offering increased 

attachment sites and proliferation areas for cells. Remarkably, the woodpile 

scaffold with around 63% porosity displayed a compressive strength of 8 MPa, 

whereas the cylindrical scaffold with 55% porosity exhibited an even higher 

compressive strength of 10 MPa, as shown in Fig. 23. These values notably 

exceeded the compressive strength of HA scaffolds [64]. 

 

                                         (a) woodpile.          (b) cylindrical. 

Fig. 23. 3D zirconia scaffolds [64]. 

Zirconia-toughened alumina (ZTA) materials have also found applications in 

bone and tissue engineering, utilizing the capabilities of DIW technology. The 

achievement of shape retention was realized by employing a well-dispersed and 

stable ink with the solid loading of 70 wt.%, that was injected into an acid pH water 

bath. The application of DIW-ZTA demonstrated successful culture of human 

osteoblasts on ZTA scaffolds, with even distribution throughout the entire scaffold 

thickness [59].  

3.3. Soft robotics 

The attributes of polymers and ceramics, previously harnessed in biomedical 

contexts, now manifest in creative ways within the realm of soft robotics, 

showcasing the extensive versatility of DIW across diverse applications. In recent 

years, there has been a surge of research interest in soft robotics, driven by its 

potential to seamlessly integrate motion agility, ensure human interaction safety, 

and adapt to unstructured environments [65]. An innovative hybrid 

magnetorheological material is created through the application of DIW, comprising 

magnetorheological fluid and magnetorheological elastomer [66]. This material 

demonstrates the robust magnetorheological effect characteristic of 

magnetorheological fluid and exhibits substantial mechanical stability akin to 

magnetorheological elastomer Using the DIW 3D printing process, soft robotic 

grippers are effectively manufactured. Impressively, the magnetorheological 

material displays superior clamping force (7×10−3 N) and swifter response rate (2 

seconds) in comparison to alternative actuators. In Fig. 24, the gripper grabs up the 

PU foam with 6 seconds under 300 mT magnetic field. This study introduces an 

innovative approach for crafting high-performance hybrid magnetorheological 

materials, holding significant potential across diverse applications [66]. 
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Fig. 24. Gripping process of the magnetorheological gripper [66]. 

In a more recent study, a multi-material DIW process is utilized to achieve a 

one-step fabrication method for flexible sensing materials and magnetic soft 

materials. This process facilitates seamless integration between flexible electronics 

and magnetic soft robots. The integration design within the multi-material system 

imparts the robot with seamless incorporation of diverse sensing capabilities, 

including electrochemical sensing (with a detection limit of 0.036 mM for sodium 

hydroxide solutions), tactile sensing (such as material recognition), and 

temperature sensing (with a linearity of 3.383 kΩ/°C). Consequently, the magnetic 

soft robot proposed in this study, enriched with multifunctional sensing 

capabilities, has the potential to propel the field of future magnetic soft robot [67]. 

DIW technology finds diverse applications across various domains, showcasing 

its adaptability and versatility, as summarized in Table 7. DIW has played a pivotal 

role in advancing electrochemical energy storage and mechanochromic sensors. In 

the biomedical field, DIW has demonstrated adaptability in ear tissue engineering 

and contributed to scaffold engineering for bone tissue applications. DIW has 

brought about groundbreaking advancements, from crafting hybrid 

magnetorheological materials for robotic grippers to enabling the one-step 

fabrication of flexible sensing materials and magnetic soft materials. 

Table 7. Applications of DIW technology. 

Application Material Key Findings 

Mechanochro

mic Sensors 

Hydrogel and UV curing Mechanochromic sensor formed through 

UV curing of precursor ink, exhibiting 

colour change with strain [52]. 

Electrochemi

cal Energy 

Storage 

Silver nanoparticles - 

MXene (Ag-Ti3C2) 

DIW-fabricated hybrid electrode material 

demonstrated enhanced supercapacitive 

performance [53, 54]. 

Biomedical Alginate-PCL-HA, HA, 

ZTA 

Human ear implants, scaffolds and 

constructs for bone tissue engineering 

[31, 64]. 

Soft Robotics Magnetorheological fluid, 

elastomer, various 

polymers 

Soft robotic grippers, flexible sensing and 

magnetic soft materials in soft robotics 

[66, 67] 

4. Limitations and challenges 

4.1. Structural limitations 

In the realm of 3D printing, many materials necessitate curing through UV or heat 

exposure. It's crucial to recognize that each material undergoes different levels of 

shrinkage or expansion during the curing process. Discrepancies in the shrinkage 
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strain among various printing materials can lead to complications like warping and 

bending [68]. The thickness of each printed layer is a fundamental consideration 

for ensuring quality. An important aspect to note is that increasing the layer 

thickness can result in inaccurately estimated curvature, leading to a phenomenon 

known as "stair-stepping," which is an error inherent to the technology [69].  

Conventional DIW techniques may present limitations such as poor structural 

properties. UV-assisted DIW can be implemented, where ceramics are mixed with 

photopolymers and extruded layer by layer under ultraviolet exposure. This 

approach enhances the structural integrity of overhangs in scaffolds. While some 

photopolymers used in this process may be toxic and expensive, the multi-material 

DIW method offers a solution by allowing the extrusion of two or more materials. 

This technique is particularly useful for co-extrusion and creating ceramic 

components with support structures, ultimately improving overall structural 

properties [60]. 

4.2. Rheological considerations  

Having explored the complexities associated with material shrinkage, layer 

thickness, and structural integrity, the focus now shifts to the profound influence of 

rheological properties. The additive manufacturability of ceramic slurries is 

significantly influenced by their rheological properties. The bottleneck in achieving 

complex geometries through the DIW process lies in challenges such as clogging 

of the deposition nozzle and the incapacity of the deposited slurry to support the 

load of subsequent layers.  

Highly viscous slurries encounter consistency issues during the DIW process, 

leading to prolonged processing times, clogging, and sudden slurry release. These 

issues constrain the printing time, part conformity, and dimensional accuracy of the 

DIW process. Addressing this problem involves establishing a correlation between 

the rheological behaviour of the slurry and its printability [1]. Furthermore, 

enhanced nozzle designs or nozzle size have the potential to alleviate the choking 

issue [70].  

4.3. Size scaling considerations 

Negotiating challenges posed by highly viscous slurries, clogging issues, and the 

delicate balance of consistency in the DIW process, the transition into size scaling 

becomes imperative. Achieving defect-free parts with uniform and isotropic 

properties on a large scale, both in terms of quantity and size, continues to be a 

significant challenge in ceramic 3D printing [71]. Moreover, when contemplating 

DIW processing models, it is essential to thoroughly address the size scale of the 

process. Models tailored for concrete printing, involving 1–10 mm beads, may not 

be applicable to parts featuring 100–500 µm beads. Small-scale components are 

affected by factors that may be disregarded on a larger scale, such as surface tension 

[72]. On the contrary, the timescales for the cooling or evaporation of large parts 

are considerably longer than those for small parts [73]. 

DIW technology confronts a spectrum of challenges, including structural 

limitations such as variations in shrinkage and layer thickness that impact print 

quality. While UV-assisted DIW offers some solutions, concerns persist regarding 

the toxicity of photopolymers. Rheological issues, including slurry consistency and 
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nozzle clogging, pose obstacles to efficient printing. Potential mitigations involve the 

implementation of enhanced nozzle designs and size adjustments. The process of size 

scaling introduces complexities in achieving uniform large-scale parts, necessitating 

considerations for bead size and timescales. Addressing these challenges is 

imperative to enhance the broader applicability of DIW across diverse industries. 

5. Conclusions 

The review has highlighted the boundless potential inherent in 3D printing. A 

comprehensive perspective has been provided on the significant role of DIW within 

the additive manufacturing landscape, along with recent advancements in material 

exploration. The array of additive manufacturing methods spans various materials, 

including graphene oxide, hydrogels, shape-memory polymers, polymers, ceramics, 

and composite-based materials. Additionally, the discourse has delved into the 

extensive array of materials achievable through DIW printing, shedding light on 

promising avenues for applications. DIW emerges as a prominent candidate capable 

of ushering in transformations in fields such as electronics, energy storage, 

biomedical applications, and soft robotics. The limitations and challenges in ceramic 

3D printing encompass a spectrum of factors that directly influence structural 

integrity, rheological considerations, and size scaling. By channelling efforts towards 

overcoming structural, rheological, and size scaling challenges, the future of DIW 

could witness transformative breakthroughs, leading to broader applications and 

enhanced capabilities in the realm of 3D and 4D printing. 
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Nomenclatures 

 

G' Elastic Storage Moduli  

G'' Viscous Loss Moduli  

Rf Shape Fixity Ratio 

Rr Shape Recovery Ratio 

Tg Glass Transition Temperature  

  
 

Abbreviations 
 

 

3D Three-Dimensional  

4D Four-Dimensional  

DIW Direct Ink Writing  
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GO Graphene Oxide  

HA Hydroxyapatite  

IPL Inkjet Printing with Intense Pulsed Light 

IPN Interpenetrating Polymer Network  

LNT Lignin Nanotubes 

PCL Polycaprolactone  

PEDOT:PSS Poly(3,4-Ethylenedioxythiophene): Poly(Styrenesulfonate)  

PEO Polyethylene Oxide  

PIP Polymer Infiltration and Pyrolysis  

PLA Polylactic Acid  

PU Polyurethane  

RGO Reduced Graphene Oxide  

SiC Silicon Carbide  

SLA Stereolithography  

SMPs Shape Memory Polymers  

UV Ultraviolet 

Y-TZP Yttria-Tetragonal Zirconia Polycrystal 

ZTA Zirconia-Toughened Alumina  
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